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Coupled Thermal-Hydrologic-Chemical Coupled Model
for
In-Drift Disposal Test

1. Introduction

The simulation work presented in this report supports DOE-NE Used Fuel Disposition
Campaign (UFDC) goals related to the development of drift scale in-situ field testing of heat
generating nuclear waste (HGNW) in salt formations. Numerical code verification and validation
is an important part of the lead-up to field testing, allowing exploration of potential heater
emplacement designs, monitoring locations, and perhaps most importantly the ability to predict
heat and mass transfer around an evolving test. Such predictions are crucial for the design and
location of sampling and monitoring that can be used to validate our understanding of a drift
scale test that is likely to span several years.

Many of the process level calculations and code developments presented herein are tied to
experimental work that is described in Jordan et al., (2014, 2015) and Stauffer et al., (2015). One
of the major experimental objectives was to collect data that could be used to validate models of
the physiochemical processes and hydrologic parameters relevant to moist, heated run-of-mine
(RoM) salt. In a feedback loop between the numerical model, laboratory experiments and field-
scale experiments, experimental results will be used to validate the model, while the model will
be used to interpret the field results. Together, the experiments and models will be the key to
understanding the processes and evolution of a system for disposal of HGNW in bedded salt
formations.

Simulations described in this report are built using the Finite Element Heat and Mass
Transfer Code (FEHM). This code has been developed at LANL for over 30 years (Zyvoloski,
1997, 2007) and started as a tool to simulate geothermal reservoirs as part of LANL’s
groundbreaking Hot Dry Rock geothermal energy program (Kelkar et al., 2011), but has grown
over the years to include unsaturated flow, reactive chemistry, stress, and carbon dioxide
(https://fehm.lanl.gov). FEHM uses a finite volume method for solving multiphase flow and
transport, while using a finite element formulation for the fully coupled stress solutions.
Capabilities pertinent to simulations in salt are presented in Stauffer et al. (2013). In Section 2 of
this milestone, we describe additions to FEHM that allow better simulation of airflow in fully
coupled thermal/hydrological/chemical problems. These additions to the code are necessary for
accurate modeling of ventilated drift-scale heated salt simulations, as well as the bench-scale
laboratory experiments described in Section 3. Section 4 describes initial modeling associated
with a full scale prototype waste canister containing embedded heaters to represent HGNW. The
prototype was built through a collaboration between LANL, and Stoller with the purpose of
gaining knowledge about canister fabrication and initial thermal testing (Stoller, 2014).

2. FEHM Updates

2.1 Enhancements to the Air-Water-Heat Physics Module

Several modifications were made to the air-water-heat physics module of FEHM that is
invoked with the ngas control statement (Zyvoloski et al., 1997). These were made to improve
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the performance of FEHM when simulating the dry-out of rock. Initial testing shows a very good
improvement in performance. Key additions to capability include:

1. The ability to set a fixed total pressure with a flowing mass fraction of air: This is useful
when applying a high pressure source of low humidity air to dry reservoir rock. Available in
ngas macro and boun macro.

2. Improved ability to simulate a constant saturation node by allowing both fixed saturation and
fixed pressure at the node: The simulated physics allows the saturation to be maintained at a
fixed value by addition/removal of water. The pressure is maintained by the addition/removal
of air in the vapor phase. Because the vapor phase contains water vapor and air, this by itself
can dry out the rock.

3. The outflow fluid mixture with constant pressure was corrected to include the correct mixture
of air and water.

4. The boundary conditions for air-water-heat physics are now available within the boun control
statement. New keyword ‘fxa’ for flowing ngas mass fraction added. This keyword
apportions incoming flow when the flow arises from a fixed pressure condition. Several
errors in other ngas boundary conditions also now work.

The ability to fix flowrates for both air and water remains unchanged. The humidity
boundary condition is changed to a saturation condition using the van Genuchten capillary
pressure function. The new usage of the ngas macro is given in Appendix A.

2.2 Salt Controller Module

A new controller module (saltctr.f) was created to manage simulations with salt. This was
implemented for three primary reasons: First, to isolate the added salt-related beta version
software modifications (Stauffer et al., 2013) into one location so that those modifications can
be merged with the primary FEHM software suite and allow a platform for future software
development. Second, to easily allow (via user input) different salt capabilities to be tested
separately to assess individual process (e.g. porosity change) importance and sensitivity. Third,
to allow the testing of numerical algorithms associated with the averaging and temporal updating
of the highly nonlinear salt-related physics. This new module was tested to insure that the
resulting code produced exactly the same numerical output when compared with software
modified by Stauffer and Harp. Key additions to capability include:

1. The ability to run salt simulations with a variety of combinations of water vapor
formulations with vapor pressure lowering with different salt concentrations and capillary
pressure vapor pressure lowering.

2. The option to initialize grid blocks to saturation temperature at total fluid pressure or total
fluid pressure at saturation temperature. The partial pressure of air in these conditions
was set to a prescribed small number.

3. Improved numerical performance with temporal averaging of porosities and
permeabilities. This simple change allowed significantly smaller porosities to be reached
in a simulation while maintaining large time steps. It also was the difference between
simulations finishing and not finishing for some parameter combinations.

4. The Sparrow (2003) vapor pressure model that includes the effect of salt has been
removed in favor of a fitted function that is used with the original FEHM vapor pressure
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model. The modified formulations allows vapor pressure lowering from both salt
concentration and capillary pressure.

The salt algorithm behaves as follows. At timestep n and simulation time days:
1. Solve coupled equations for pressure, temperature, vapor pressure, and saturation.
2. Save the inter-nodal flowrates for liquid and vapor phases.

3. Solve the tracer transport equations from timestep n—1 to n (time = days). The transport
equations are solved at smaller timesteps than the flow equation. The flow rates at time =
days, obtained in step 1, is used for the transport solution.

a. At every transport equation evaluate the chemical reactions and quantify
precipitation or dissolution of salt and change the porosity.

b. From the porosity change, evaluate the permeability change

4. Update flow equation properties, go step 1.

The input structure for the SALT module is similar to that of CO2 and stress modules in
FEHM. That is, it makes use of sub-keywords within the SALT input section. This module
allows input that is also available from other keywords (ppor, adif, vapl) but is logically included
here as well. Input description and usage is provided in Appendix B.

2.3 Code Testing

The code modifications were tested on a mesh developed for the salt box experiments
(Section 3). Both a fine mesh and a coarser mesh were tested. Results were in good agreement
between the two meshes when the salt material model was not used (referred to here as the “flow
only” case). The coarse mesh is shown in Figure 1, along with initial porosity and saturation. The
model represents a quarter-space with reflection boundaries on the XZ and YZ faces. Figure 1
shows material zones and the initial layer of ponded water. The mesh is cut away to show the top
of the tank; air nodes above are hidden with (a) Porosity at t = 0 days. (b) Saturationatt=0
days.The node with air inflow is at the center of the box at the top of the airspace above the salt,
while the node represented as outflow in the model is at the center, upper edge of the airspace
(Figure 1a).
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Figure 1. Numerical mesh for the salt box experiment

in saturation between the initial case (Figure 1b) and after 0.1 and 5 days of

airflow and heating at 260°C is shown in Figure 2. Immediately after the simulation begins,

capillary suction draws the water slightly upwards from the ponded water layer (see Section 3),
resulting in the fringe shown in Figure 2a. After additional heating and airflow for up to 5 days,
moisture movement through the box is evident in the higher saturations (red) along the box edges
(for which evidence is also seen in the experiments by the buildup of a crust along the corners)
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Figure 2. Saturation difference between (a) 0.1 and 0 days, and (b) 5 and 0 days.
Figure 3 shows water loss and water flow rate as a function of time for scenarios ranging
from heater temperature of 120°C to 260°C. As expected, higher temperatures result in greater
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net water discharge from the box. The initial flow rates vary somewhat non-monotonically but
the late-time discharge behavior is generally as expected.
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Figure 3. Total water loss and water flow rate for a flow-only, coarse-mesh model.

3. Bench-Scale Modeling

3.1 Experiment Description

The Draft Test Plan for Brine Migration Experimental Studies in Run-of-Mine Salt Backfill
(Jordan et al., 2014) was developed to identify key experimental objectives related to coupled
thermal/hydrological/chemical processes in heated RoM salt. One goal was to provide a data set
for comparison with the FEHM salt material model that would explore complex issues including
porosity change, airflow and evaporation, and potential heat pipe behavior. The experimental
effort took place from December 2014 to August 2015 and is described in Jordan et al., 2015.

The experimental setup is pictured in Figure 4 and diagrammed in Figure 5. In Figure 5,
some measurements are not indicated because the placement of components varied between
experiments. Figure 6 shows a top-down view of the experimental box after the thermocouples
were inserted. Two main experiments were performed. In Experiment 1, the heater was 15 cm
(5.9 in.) above the ponded water line and set to 260°C. For Experiment 2 the heater was 5 cm
(2.0 in.) above the water and set to 200°C. Table 1 lists certain dimensions of the two main
experiments. In Figure 6, bundle A is 1 in. from the heater’s long edge; B is 3.25 in.; and C is
6.75 in.
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Figure 4. Salt box, data loggers, and multi-gas monitor.
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Figure 6. Location of thermocouple bundles.
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Object Dimensions/Location

Box Outer dimensions L x W x H = 24 x 24 x 24 in. (including lid)
Inner dimensions = 23.5 x 23.5 x 23.5 (excluding lid)

Heater 2x5x2in,
Experiment 1: 5.9 in. above ponded water line, centered laterally
in salt
Experiment 2: 2.0 in. above ponded water line

Salt height 19.2 in. above box floor

Ponded water 2.5 in. above box floor

Tracer injection port 2.8 in. above box floor, centered laterally in salt

Thermocouples Bundle A =1 in. from heater edge (narrow dimension)
Bundle B = 3.25 in. from heater edge
Bundle C = 6.75 in. from heater edge

Table 1. Dimensions and locations of apparatus in the salt laboratory experiments.

The experiment provided temperature data from the three thermocouple bundles and infrared
camera images of the acrylic box faces; post-test moisture content data from destructive
sampling; porosity data; and tracer gas breakthrough data. During Experiment 1, five
breakthrough tests were successfully performed, two cool (pre- and post-test) injections and
three injections during active heating. For Experiment 2 the pre-test injection and one heated
injection were performed before the injection tube became clogged. Post-test forensics of the
experiments during excavation of the salt provided information about zones of consolidation
after heating.

The primary results of the experiments that relate to modeling efforts were the following:

e Although Experiment 2 had a cooler heater temperature than Experiment 1 by 60°C, the
box sides were ~5°C warmer than Experiment 1 and the temperature gradient was
considerably flatter. These results suggest heat pipe activity during Experiment 2.

e Porosity change was not distributed where pre-test modeling suggested it would be
(Jordan et al., 2014).

e Porosity change is greatly accelerated by heating.

e Thermal data were a poor match to pre-test modeling with temperatures generally cooler
than predicted.

e Gas breakthrough curves demonstrated clear evidence of porosity change and indicated
its timing relative to heater initiation.

3.2 Model Setup

The grid was developed using LaGriT (lagrit.lanl.gov) with refinement down to minimum node
spacing of 0.5 in. (1.3 cm) in the box (Figure 7). The mesh shown does not include the heater
(dimensions 2 in. by 2 in. by 5 in.), the location of which varied between experiments and is
shown in the subsections of section 4.4. Zones for the air outside the box, the air in the tank, the
tank material, granular salt, heater, and bench were delineated. The ponded water, which affects
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saturation in the granular salt but not granular salt material properties, is not shown. The
properties of each zone are given in Table 2. The heater is not shown (its location varied between
experiments; see Table 1). In Figure 7, the modeled domain is a quarter-space with reflection
boundaries on the two faces shown in (b). The smallest node spacing is 1.27 cm.

(b)

[2] (meters)

0 0.5 1

[x, y] (meters)

Figure 7. Zones in the numerical mesh used for modeling the laboratory experiment.

Transport in the model assumes the tracer undergoes temperature-dependent Henry’s law
partitioning. The free-air diffusion coefficient is modified by a tortuosity calculated using the
Millington-Quirk model (Stauffer et al., 2013). Boundary conditions generally included no-flow

boundaries at the far sides of the domain and a reflection boundary on the inner faces shown in
Figure 7.
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Parameter Granular salt Heater Tank Bench Air
Solid density, | 2165 2230 2000 2000 -
kg/m?®
Specific heat 931 710 1000 1000 0.46
capacity,

Initial porosity | 0.45 0.00001 0.00001 0.00001 0.999
Initial 0.01, except le-6 le-6 le-6 le-6
saturation ponded layer

0.99
Thermal Variable 1.1 1.05 1.05 14.0*
conductivity, (Stauffer et al.,
W/m-K 2013)
Permeability, | 1le-12 le-21 le-25 le-25 le-8
m2
Relative Van Linear Linear Linear Linear
permeability Genuchten
model
Capillary Van Linear Linear Linear Linear
suction model | Genuchten
Liquid residual | 0.01 0 0 0 le-3
saturation
Maximum 1.0 1.0 1.0 1.0 1.0
liquid
saturation
Inverse of air 50** - - - -
entry head,
1/m
Power nin 4** - - - -
Van
Genuchten
formula
Maximum 0.2 0 0 0 le-3
capillary
pressure at
zero saturation
Tortuosity*** | 0.77 0 0 0 1

* Based on a calculation for convective and radiative transfer in air, appropriate to in-drift disposal layout
(Stauffer et al., 2013).

** Based on a fit to Experiment 0 data (section 4.3.1).
*** Calculated based on Millington-Quirk (Stauffer et al., 2013); values given are for initial saturation
and porosity, computed as 7 = (San)"?/¢? where ¢ is porosity and S, is gas saturation.

Table 2. Simulation parameters for all modeled experiments.
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3.3 Results
3.3.1 Experiment 0

Useful results from this preliminary testing included the post-test water content profile and a
tracer test with chloroform and no airflow. (All subsequent tracer tests during Experiments 1 and
2 were during active airflow.) The no-airflow boundary condition tracer test of Experiment 0 was
modeled because it eliminates some of the uncertainty in the airflow modeling (e.g., accurate
simulation of mixing in the headspace). Figure 8 shows the mesh for Experiment 0, with porosity
shown to delineate the zones of differing materials. The salt is lower than in subsequent
experiments, and the heater configuration is different. Initial and boundary conditions for the EO
model are given in Table 3. In Figure 8, different zones are shown by porosity (solid materials
have n =0.00001; air is n = 0.999; granular salt n = 0.45; Table 2). The heater is situated in an
upright position near the top of the salt (unlike in Experiments 1 and 2 where it lays horizontally
closer to the bottom of the tank). Note that the heater was not activated before or during the EO
tracer test.
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Figure 8. Numerical mesh for the model of Experiment 0.

Initial Conditions

Temperature IC 23°C everywhere

Tracer IC Based on 3 second injection simulation of 3.125e-4 mol
Boundary Conditions
Temperature BC | 23°C on back, right side, top, bottom faces

Flow/Tracer BC | No flow on back, right, top, bottom faces; reflection boundary on front, left sides

Table 3. Experiment 0 initial and boundary conditions.
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3.3.1.1 Tracer results

The tracer test was performed before any heating but after the box had been sitting for ~2.5
months under various environmental conditions. The tracer was injected near the center of the
box, ~5 cm from the bottom. Table 4 lists tracer amounts in this simulation. To accurately
simulate injection by syringe, a simulation was first performed with slightly flowing air in one
node to simulate 3 seconds of point injection (Figure 9). That the correct amount of tracer (3.125
x 10 mol in the quarter-space) was injected was verified. In this experiment, 40 mL chloroform
was inhected as a gas by syringe.

Quantity Chloroform SFs
Total amount of tracer in domain, mol | 3.125 x 10 N/A
Initial tracer concentration (injection) | 31.5 mol/kg N/A
air

Table 4. Tracer information for EO.

Chloroform
(mol/kg air)
0.065
0.06
| 0.055
0.05

' 0.045

0.04
0.035
0.03
0.025
0.02

0.015
0.01
0.005

Figure 9. Simulated chloroform concentrations 3 seconds after injection.

Next, a simulation was restarted with the initial condition from the spread of tracer in the
syringe injection simulation. The simulation ran for 1 day to model the unheated EO chloroform
tracer test for comparison with data.

The chloroform background concentration for the EO data was estimated at 14.1 ppmv. At the
end of data collection (~9 hours after injection), concentration of chloroform in the headspace
was 17.3 ppmv. With background concentrations subtracted, this “equilibrium” value
corresponds to 1.1 x 10 mol/kg air. At the same time in the simulation, airspace concentration
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was 4.7 x 107 mol/kg air, a factor of ~40 times greater. The discrepancy between model and data
for this experiment will be further investigated.

Due to the consistent shift in recovery between the data and simulations, all curves are shown
normalized as C/Cmax (as opposed to C/Cj, where initial concentration Ci was 31.5 mol/kg air) to
compare the timing of breakthrough. The model had reached 92% of the equilibrium
concentration by 9 hours; the data are normalized assuming Cmax at 9 hours is 92% of the final
maximum concentration. Figure 10 shows normalized data and breakthrough from the
simulation. Using this scaling, the model/data match for breakthrough timing is excellent.

0.9 - * +°*
0.8 L ® Experiment 0

0.7 Model

= 0.6

Cf Cma
o
L
1
®

0.4 %

03 »
0.2

0.1

D : T T T T T T T

0 2 4 6 8 10 12 14 16
Time (hours)

Figure 10. Experiment O tracer test data and model comparison.

The usefulness of the first chloroform tracer test in EO is for comparison with water vapor migration
data also collected during the same experiment (Jordan et al., 2015). While chloroform partitions into the
liquid phase, it does not display hygroscopic behavior in salt like water vapor during migration.

3.3.1.2 Moisture Content/Suction

After three months of testing the salt box and equipment as part of EQ, the salt was excavated
and examined. Post-test forensics included thin section for porosity analysis and samples for
moisture content (Jordan et al., 2015). The moisture samples were taken along a vertical line
from the top of the salt to within the ponded layer. The samples were weighed, then oven-dried
and reweighed. The moisture content in wt.% was converted to saturation by assuming the
density in Table 2. The four samples sent for thin section analysis all had porosity of ~45%, but
none of these samples were taken from the ponded layer. Assuming saturation of 1 in the ponded
layer leads to porosity of 0.22 for that location. This may be reasonable, considering that
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consolidation was observed at the bottom of the box. (A more complete porosity profile with
depth, including the indurated layer, was taken for E1.) For comparison with model data, we
assume the bottom sample had porosity of 0.22 and all other depths had porosity of 0.45. The
experimental moisture content and model data are shown in Figure 11. The Van Genuchten
parameters that produced the reasonable match shown were used for all models and are given in
Table 2.

0 -

® Experiment O Model
5 -

Depth (cm)

W W N R s
¥y} (=] LA o ¥ o
1 | | 1 | |

°

=
o
|

0 0.2 0.4 0.6 0.8 1
Saturation

Figure 11. Saturation with depth in granular salt (t = 30 days): Model vs data

Figure 12 shows saturation in the model domain at 30 days. Note that this experimental effort
was not focused on determining retention characteristics, so we make use of the crude data and
approximate fit shown here; uniform grain size granular salt is not the material of interest for a
salt repository, so a dedicated effort to improve parameters for the granular salt model will not be
performed. Individual process experiments on actual RoM salt in the future may be used for
determining the parameters of interest to better accuracy for modeling drift-scale brine and water
vapor transport around HGNW. Initially, saturation is 0.01 in the salt with the exception of the
heater (zero saturation), while the ponded layer has saturation of 0.999.
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Figure 12. Saturation in the model after 30 days.

3.3.2 Experiment 1

Experiment 1 was the first and only experimental run with tracer data collected before,
during, and after heating. All tracer tests were performed while airflow was active at 1.053 L/min
(1.9 headspace turnovers per hour). Figure 13 shows the mesh for E1, with porosity shown to
delineate the zones of differing materials. The salt is higher than in EO and the heater is lower
and oriented horizontally. Initial and boundary conditions for the E1 model are given in Table 5.
In Figure 13 different zones are shown by porosity (solid materials have n = 0.00001; air is n =
0.999; granular salt n = 0.45; Table 2). The mesh is cut away to show the top of the tank; air
nodes above are hidden.
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Figure 13. Numerical mesh for the model of Experiment 1.

Initial Conditions

Temperature IC 23°C everywhere

Tracer IC Based on 3 second injection simulation of 3.125e-4 mol
Boundary Conditions
Temperature BC | 23°C on back, right side, top, bottom faces

Heater temperature 23°C to 260°C

Flow/Tracer BC | No flow on back, right, top, bottom faces; reflection boundary on front, left sides

Table 5. E1 initial and boundary conditions.
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3.3.2.1 Tracer results

The first tracer test (T1) was performed before heating began (“cool”) on April 22, 2015. The
next three tests (T2, T3, and T4) were performed during heating (“hot”). The final cool test (T5)
was performed after temperatures at the thermocouple locations had stabilized. Chloroform was
used during all tracer tests. The first three (T1-T3) used 0.1 mL chloroform only, vaporized to
fill ~40 mL in a syringe. The final two tests (T4-T5) used a chloroform/SFs tracer mixture. All
tracer data are presented in Jordan et al. (2015).

With the modifications to FEHM described above, the tracer runs from Experiment 1 with
airflow can be modeled. Preliminary modeling with precipitation/dissolution of salt turned off
was used to test the effects of airflow alone. Figure 14 shows chloroform tracer data from
Experiment 1 with no heat (T1) and modeled (predicted) curves for different airflow rates. The
airflow in the experiment was ~5e-6 kg/s, meaning that more analysis is needed to explain the
experimental results.

1
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Figure 14. Chloroform data from Experiment 1, cool pre-test run (T1).

3.3.2.2 Thermal results

Observed temperatures for Experiment 1 were generally cooler than expected based on the
numerical model (Figure 15), except near and within the ponded water layer. The numerical
model uses the variable thermal conductivity functions of Stauffer et al. (2013). Additional
research is necessary to determine the cause of the discrepancy.
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Figure 15. Temperature profile with depth for Experiment 1: Model vs Data

3.3.3 Experiment 2

In Experiment 2 the heater was closer to the water and maintained at a lower temperature
(200°C). Airflow was slightly less than in Experiment 1, at 0.702 L/min (42,120 cm®/hr) and the
headspace volume was greater, leading to a lower air turnover rate of approximately 0.65 cm?/hr.
Figure 16 shows the numerical mesh for E2, with porosity shown to delineate the zones of
differing materials. Initial and boundary conditions for the E2 model are given in Table 5. In
Figure 16, different zones are shown by porosity (solid materials have n = 0.00001; air is n = 0.999;
granular salt n = 0.45; Table 2). The mesh is cut away to show the top of the tank.
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Figure 16. Numerical mesh for the model of Experiment 2.

Initial Conditions

Temperature IC 23°C everywhere

Tracer IC Based on 3 second injection simulation of 3.125e-4 mol

Boundary Conditions

Temperature BC | 23°C on back, right side, top, bottom faces
Heater temperature 23°C to 200°C

Flow/Tracer BC | No flow on back, right, top, bottom faces; reflection boundary on front, left sides

Table 6. E2 initial and boundary conditions.

3.3.3.1 Results
Numerical results from this experiment are ongoing and will be reported in fiscal year (FY) 2016.
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4. Heater Test Modeling

Design, fabrication and assembly of a full scale prototype heated canister began in May of 2014
and was completed by August 2014. Thermal testing began in October 2014 and continues (Sept
2015) in Carlsbad, NM. The stainless steel canister, initially obtained from LLNL in 2014, was
designed to replicate a Savanna River National Laboratory defense high level waste canister
(Figure 17).

=

Figure 17. Pr

ototype canister heater. '

The empty canister was cut open and a heating harness was installed (Figure 18). Next,
ceramic beads with a thermal conductivity close to that of borosilicate glass was placed into the
remaining void space within the canister. More details on the construction can be found in Stoller
(2014). Maximum heating for both the primary and secondary variable load heater strip arrays is
1800W (Figure 19). Thermal measurements were made from thermocouples embedded within
the canister, on the outside skin of the canister, and in the room air.

Figure 18. Heating harness inserted into canister.
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A numerical representation of the canister was constructed using the LANL developed
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includes the canister, heater strips, ceramic fill, steel foot, cement floor, and air surrounding the

LaGrit (lagrit.lanl.gov) software. The numerical mesh is 1/4 of the experiment (Figure 17), and
canister (Figure 19). Reflections boundaries are shown on the upper right image in Figure 19.
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Figure 19. Numerical mesh of the prototype canister heater.
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Canister testing was performed at the LANL Mobile Loading Building on Airport Ave in
Carlsbad, NM. The heater was cycled at varying power levels from 250W to 1375W, and
temperature data were recorded. Each cycle was run until the temperature curve began to
asymptote to a near steady state (Figure 20).
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Figure 20. Temperature test data from the prototype canister.

Simulations using material properties based on readily available data for solid materials were
fixed (cement, steel, and ceramic beads), however the properties of air were allowed to vary to
test different heat transfer conceptual models. Preliminary results reveal that the effective heat
transfer across the steel/air boundary is best modeled by a low thermal conductivity skin coupled
to a constant temperature air mass. Using values obtained from tuning the heat transfer at the
boundary (one adjustable parameter) for a 250W experiment done in Oct 2014, the simulations
were able to obtain a relatively good match to the data at several monitoring points. The
simulation was then re-run with a 1250W heat source and predictions were made in December
2014. Figure 21 shows these predictions relative to the 1250W test data from February 2015.
Simulation data are generally in good agreement with the shape and approximate maximum
temperatures. However the simulations did not include variable air temperature and it is apparent
from Figure 21 that the reduction in maximum temperature for the data is aligned with a period
of low air temperature.
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Figure 21. Temperature: Prediction vs Data for the 1250W prototype canister.

5. Hydrous Mineral Dehydration around Heat-Generating Nuclear
Waste in Bedded Salt Formations (Published)

This section provides a copy of a journal publication accepted to ES&T in May 2015 that
was funded through DOE-NE and includes model development components.
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ABSTRACT: Heat-generating nuclear waste disposal in
bedded salt during the first two years after waste emplacement
is explored using numerical simulations tied to experiments of
hydrous mineral dehydration. Heating impure salt samples to
temperatures of 265 °C can release over 20% by mass of
hydrous minerals as water. Three steps in a series of
dehydration reactions are measured (65, 110, and 265 °C),
and water loss associated with each step is averaged from
experimental data into a water source model. Simulations using

Model for water release \nbast =alt

Dehydraticn of salt samples

% FAn . Mumerical model

100 200 309
Temparaturs ()

this dehydration model are used to predict temperature, moisture, and porosity after heating by 750-W waste canisters, assuming
hydrous mineral mass fractions from 0 to 10%. The formation of a three-phase heat pipe (with counter-circulation of vapor and
brine) occurs as water vapor is driven away from the heat source, condenses, and flows back toward the heat source, leading to
changes in porosity, permeability, temperature, saturation, and thermal conductivity of the backfill salt surrounding the waste
canisters. Heat pipe formation depends on temperature, moisture availability, and mobility. In certain cases, dehydration of
hydrous minerals provides sufficient extra moisture to push the system into a sustained heat pipe, where simulations neglecting

this process do not.

Bl INTRODUCTION

The question of where to store the nation’s heat-generating
nuclear waste (HGNW) provides motivation for scientific
research on disposal options. HGNW is composed of both
high-level nuclear waste (HLW) from nuclear weapons
production and spent nuclear fuel (SNF) from civilian and
defense reactors. A number of potential geologic media have
been proposed for HGNW repositories, including volcanic tuff,
shale, clay, crystalline rock, and both bedded and domal salt.' ™

Multiple geologically stable salt formations in the U.S. may
be suitable for nuclear waste disposal' Salt has unique
temperature-dependent viscoplastic properties that contribute
to self-sealing of tunnels and other disturbed zones to low
permeabilities associated with intact salt* in relatively short time
periods (tens to hundreds of years); " it also has a high thermal
conductivity when intact or reconsolidated; and salt is relatively
easy to mine. These characteristics make salt a favorable option
for locating a nuclear waste rel:iositcir},r.1 Long-term perform-
ance of a potential HGNW repository in salt will be dominated
by the mechanical deformation of salt surrounding the waste,
which will ultimately lead to room closure of the drifts and
isolation of the waste canisters in low-permeability intact salt,
but physical and chemical processes functioning around the
HGNW in the first few years have implications for extended
repository evolution."®

Domal salt formations are being extensively studied for
nuclear waste storage in Germany * and in the United States

I i © 2015 American Chemical Society
< ACS Publications
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for HGNW and natural gas stomge.m Bedded salt has been
studied at the Waste Isolation Pilot Plant (WTPP) in southem
New Mexico, and elsewhere in the US.” Recently, a new “in-
drift” waste cmelaccment strategy for disposal of HGNW has
been proposed.'” In this method, waste canisters are placed
directly on the floor of horizontal drifts, and run-of-mine
(RoM) excavated material is used as badkfill over them (Figure
1). In the configuration used for this study, RoM salt fills the
drift to the back, to both sides, and leaves an air gap between
the top of the backfill and the roof of the drift. Bedded salt is far
more heterogeneous and contains a higher mass fraction of
hydrous minerals, such as clay and gypsum, than domal salt."!
Thus, in-drift disposal in bedded salt will result in hydrous
minerals being incorporated into the RoM salt backhll.

Clays in bedded salt may be present both in relatively pure
layers up to several cm thick, or finely dispersed.*'* The
temperature, timing, and amount of water released from clay
dehydration depends on the presence of electrolytes, relative
humidity, temperature, and pressure.'® Sulfate minerals are also
identified in WIPP samples, such as gypsum (CaSO,-2H,0),
anhydrite (CaSO,), and polyhalite (K,Ca,Mg(S0,),-2H,0).
Gypsum (21 wt % water) can transition directly to anhydrite or
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Figure 1. Schematic of the in-drift waste disposal concept.

to metastable bassanite (CaS0,0.5H,0), followed by a
bassanite to anhydnte transition. Other hydrous minerals that
may be present include camallite (KMgCl;:6H,0), kieserite
(MgS0O,-H,0), and bischofite (MgCl,-6H,0)."* Temperatures
for dehydration transitions have been measured for several
scenarios by previous authors, with varying results.'*™'°

Heating at the base of a high-permeability pile of RoM salt
leads to natural convection and the creation of a chimney with
hot air rising above the waste packages. If there is sufficient
mobile water and heat supplied by the waste, a three-phase heat
pipe may form in the RoM salt. In a heat pipe, liquid water is
vaporized in a boiling region, convects and diffuses along vapor
concentration gradients to cooler regions where it recondenses
and flows back toward the heat source by a combination of
gravity flow and capillary pressure gmdients.w‘ls If brine re-
enters the boiling region, it will vaporize and deposit dissolved
salt as a precipitate, contributing to the buildup of a low-
porosity rind around the waste.

Bench-scale laboratory investigations have produced heat
pipes in moist salt under relevant repository conditions. ' One
component of the heat pipe process has been observed in situ
at WIPP: deposition of low-porosity salt during boiling of
brine.”” Numerical simulations of in-drift disposal of HGNW
show that if a heat pipe forms, the process can cause significant
changes in the time evolution of temperature, saturation, and
porosity of the backfilled RoM salt around the waste in the first
few years after waste disposal.®

Numerical modeling of HGNW disposal in salt has been
performed by multiple groups for WIPP and for other salt
repositories worldwide,” but simulation of the strongly coupled
thermal, hydrological, mechanical, and chemical (THMC)
processes have been done only at small spatial scales.” Current
state-of-the-art simulators for repository-scale simulations have
been limited to incomplete coupling, e.g, only simultaneous
coupling of THM processes to capture the viscoplastic
reconsolidation behavior of salt, or only coupled THC
processes to include the effects of porosity change from
precipitation and dissolution across temperature gra-
dients.*'**2® The THC model developed here does not
include mechanical effects that lead to room closure and RoM
reconsolidation. However, the modeled THC processes
operating on short time scales may be important to the salt
repository safety case because of impacts including different
rates of reconsolidation of RoM backfill based on moisture
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content,>*” altered potential for corrosion of the waste
canisters, gas generation, and a modified thermal regime (e.g,
maximum temperatures reached) immediately surrounding the
waste.

Initial coupled THC simulations indicated that the amount
and mobility of water in the RoM backfill would play an
important role in governing whether an active heat pipe would
form.>' Considerable uncertainty exists in the amount,
production, and retention characteristics of water in bedded
salt formations.'* Water in the system is found as fluid
inclusions in salt crystals, within the boundaries between salt
grains, or associated with hydrous minerals. The mobility of
these different populations of water, their chemical composi-
tion, and their relative amounts vary significantly within bedded
salt. Among these different water populations, water associated
with hydrous minerals may represent a substantial fraction of
moisture contained in salt.'> This paper presents a synthesis of
ongoing model development research”’ related to the impact of
water-producing physicochemical processes caused by the
heating of hydrous minerals. Our research advances prior
HGNW models for bedded salt and presents an example that
shows the potential importance of including mineral dehy-
dration in salt repository calculations.

The goal of this study is to incorporate a new empirically
derived hydrous mineral dehydration model for bedded salt
into a state-ofthe-art coupled numerical simulator to predict
the impact of available moisture on fluid and heat transport. In
the following sections, we first present recent experimental
hydrous mineral dehydration data from bedded salt samples.
Next, these data are used to develop a simple model for
hydrous mineral water releases as a function of temperature.
This model is then implemented into a numerical porous flow
simulator. Simulations are run for 2 years of heating by HGNW
canisters emplaced using the in-drift disposal method. Because
of large uncertainties in flow properties, hydrous mineral mass
fraction, and initial water content of RoM salt, many
simulations were performed across parameter space. We
present a subset of these simulations that highlights the
importance of including the hydrous mineral water source.

B MATERIALS AND METHODS

Salt Sampling and Characterization. Thirteen RoM salt
samples (100—200 g) were collected from WIPP, which is
mined in a bedded Permian-age salt formation 650 m below the
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surface, that represented a range of impurity content and mass
fractions in the salt, including mapped units such as clay seam
F, the orange marker bed, and relatively pure halite from the
drift floor in a freshly excavated room.*"* The samples were
sealed in plastic bags using an impulse heater immediately after
exiting the underground mine, and were kept in a sealed, large
plastic container until utilized. Residual minerals from the
samples were analyzed by X-ray diffraction (XRD). Residues
from clay seam F and orange marker bed samples were
composed primarily of corrensite—(Mg,Fe,Al)y((Si,Al)5Oa)-
(OH),;"4H,0—with minor amounts of quartz, magnesite,
mica, kaolinite (or possibly chlorite), hematite, and anhydrite.
All samples contained halite.

Gravimetric Characterization of Salt Dehydration. The
bulk samples (100—200 g) were weighed at the start of the
experiment, heated to certain designated temperatures, and
weighed again every 8—12 h until the weight stabilized
(typically, within 24—72 h). Once a constant weight was
achieved at the first temperature, the sample was heated to the
next desired temperature and the process was repeated. The
temperatures were 65, 110, 165, and 265 °C. These
temperatures were chosen based on expected dehydration
reactions. A portion of the samples were removed from the
heaters after 65 and 110 °C and allowed to rehydrate. The
maximum vacuum applied was 15 mmHg at 265 °C to ensure
the release of all water associated with the rock salt. The
moisture released from these experiments was not collected.

Thermogravimetric Analysis of Salt and Accessory
Minerals. Thermogravimetric analyses (TGA) of natural clay-
rich samples and washed clay samples were obtained using a
TA Instrument Inc. Q500 coupled with a mass spectrometer
that allows resolution of ion masses +1.0 amu. The instrument
was operated by equilibrating the samples at room temperature
for 2.0 min followed by a constant temperature ramp of 5 °C/
min from room temperature to 350 °C. The instrument was
operated under a constant 40 mL/min flow of high-purity
nitrogen. All experiments were performed on clay specimens of
1.5-2.0 mg collected from WIPP salt samples obtained from
clay seam F. A fraction of the gas flow through the sample was
continuously run through the mass spectrometer, allowing
characterization of the ion masses of the substances released
from the sample as a function of temperature.

Numerical Model. The porous media flow and transport
simulator FEHM was used to explore the impacts of mineral
dehydration on mass transfer for an in-drift repository-scale
example. FEHM uses the control volume finite element method
to solve the governing equations of mass and momentum
conservation, assuming a multiphase form of Darcy’s Law is
valid for all phases across the domain, and includes advection,
diffusion, and phase changes*® Many new capabilities have
been added to FEHM to model the tightly coupled THC
processes of fluid transport in heated salt in the RoM backfill
and DRZ, including the following:*' porosity change from
precipitation/dissolution of salt; salt solubility increasing with
temperature; permeability increasing with porosity using a
power law model with experimentally derived coefficients;”
thermal conductivity of salt as an empirical function of porosity
and temperature;”> vapor pressure of water as an empirical
function of concentration and tcn’q:mmt'llre;‘m and water vapor
diffusion as a function of saturation, porosity, pressure, and
temperature. The Millington—Quirk approach® is used to
calculate the tortuosity (7), which modifies vapor-phase free-air
diffusivity based on air saturation (S,) and porosity (¢), by
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= (S9) "y (1)

A hydrous mineral dehydration model based on our
experimental results was developed and wsed in numerical
simulations of a drift in a HGINW repository. Five heated waste
canisters, each a fixed enthalpy source of 750 W, 0.3-m radius,
and 2.4-m length, were spaced 0.3 m apart on the floor of a 4.9
m wide by 3.0 m high drift. Salt backfill over the canisters
extended 1.8 m in height above the drift floor, to the sides of
the drift (49 m), and 8.5 m in length at the bottom, tapering
toward the top (total volume of RoM salt: 57 m’). A section of
the numerical mesh developed for simulations of this
experiment is shown in Figure 2. The model represents a

Figure 2. Numerical mesh showing the zones of the model: intact salt,
damaged rock zone (DRZ), air, run-of-mine (RoM) backfill, and the

heated waste canisters.

quarter space, with reflection boundaries on both faces seen in
Figure 2. The zones represent the undisturbed, intact salt of the
repository; the damaged rock zone (DRZ) with enhanced
permeability due to damage related to excavating the drift; air;
the RoM salt backfill; and the heated waste canisters.

The DRZ permeability was initially 107" m?, while the intact
salt permeability was 107! m”. This model, which was used for
short-term calculations, does not indude any mechanical
deformation of salt. Following excavation of the drifts, the
permeability of the DRZ is expected to evolve anisotropically
due to fracture healing and viscoplastic creep that eventually
leads to room closure;” in the current work, permeability
change in the DRZ is only caused by salt precipitation and
dissolution. RoM backfill reconsolidation may affect the
porosity structure and have important feedbacks on hydro-
logical parameters, as 'ancstdi‘?atcd by multiple experiments and
TM and THM models*****

The RoM backfill was modeled to contain accessory hydrous
minerals. The typical accessory mineral content (f) in bedded
salt formations is highly variable, ranging from very little (<1 wt
% for nearly pure halite)' to argillaceous halite (up to 5 wt
%),"* with even higher amounts (up to 16 wt % in our samples)
found in the thin clay seams and marker beds.'>"*"®

The simulations are performed in volumetric saturation
space, with initial volumetric saturations (S;) varying from 0.01
to 0.07 (1—7%), while the experimental data are presented in
water mass fraction units (mass of water/mass of sample). At a
porosity of 0.35 and salt density of 2165 kg/m3, volumetric
saturation of 1% corresponds to mass fraction of 0.25 wt %, and

h32
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7% volumetric saturation is 1.8 wt %. Maximum capillary
suction (Pcmax) at residual saturation and §; are highly uncertain
and are varied in our simulations. The parameters used in the
simulations discussed in the main text and Supporting
Information (SI) are shown in Table 1. Values of P_,,, greater

Table 1. Simulation Parameters

f (%) 5, (%) Pz (MP2)
case 1 (a) 0 1 0.2
(b) 10 1 02
case 2 (a) 0 7 L0
(b} 10 7 10
case 3 (a) 10 1 0.2
(b} 10 1 10
case 4 (SI) (a) 0 5 02
(b} 0 10 02
(©) 0 10 10

than those observed”” are included because of uncertainty in
the grain size distribution in RoM salt as well as extrapolation
to very low saturation (e.g, in the boiling front very near the
canisters). An inverse linear relationship between capillary
suction and saturation was used due to large uncertainties in
the retention characteristics of mixed-grain size, consolidating
RoM salt under conditions of changing porosity. 2"

Bl RESULTS AND DISCUSSION

Moisture Release from Run-of-Mine Salt as a Function
of Temperature. In the dehydration experiment, an initial
weight gain ranging from 0.1-0.8 wt % occurred for all
samples, which was due to moisture absorption during
equilibration of samples at room temperature before the start
of the dehydration experiment. Heating clay-rich salt samples to
65 °C resulted in total sample weight loss of 1.2—2.1 wt %. By
fraction of clay and other accessory minerals, the loss was 12.1—
19.6% of hydrous mineral mass (average 14.8%) at 65 °C. Clear
salt samples, which contained very small amounts of accessory
minerals, lost less than 0.25 wt % of their total weight at 65 °C.
Dehydration of the clay rich samples at 65 “C was reversible; 3
samples removed from the oven and placed in a moist chamber
recovered their weight and then continued to accumulate water
rapidly.

The clay-rich samples heated to 110 °C lost 1.3—2.5 wt %.
By hydrous mineral fraction this was 14.6—20.4% of clay mass,
with an average of 17.3% (or 2.5% additional mass loss from
dehydration following the water loss at 65 °C). Clear salt with
minimal accessory minerals had water loss of less than 0.06 wt
%.

At 165 °C, the samples lost no additional weight after heating
for 15 h. The dehydration process was still reversible; a subset
of samples removed from the experiment to a moist
environment rapidly recovered all the moisture lost and then
accumulated additional moisture due to the abundance of clay
in the samples, which can undergo rapid and reversible
hydration/dehydration processes, and water sorption onto the
surface of both the clay and RoM salt grains.

The temperature was raised to 265 °C for the final test of
water loss. Samples lost a total of 0.09—3.5 wt %, or 20.1—
28.7% of hydrous mineral mass (average of 24.0%, or 6.7%
more following the previous dehydration to 110 °C).

The total weight loss is correlated with samples’ accessory
minerals content, rejecting the hypothesis that the water

6786

released upon heating is primarily intergranular pore fluid or
intragranular brine inclusions for the clay-rich samples.
Furthermore, the reversible water loss for T < 110 °C is
consistent with temperatures under which corrensite undergoes
hydration/dehydration processes: the XRD and TGA results
provide strong evidence of loss of interlayer water (5—13 wt %)
at 65—75 °C."* Concurrently, at around 75 °C, the gypsum to
bassanite phase transformation can release up to 15 wt % water.
The cause of the water loss at higher temperatures may be from
further dehydration of both mineral groups, particulary
bassanite to anhydrite, which can release an additional 6 wt
% water.

TGA experimental and mass spectrometer data are shown in
Figure 3, showing the weight loss and heat flow recorded
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Figure 3. Dehydration of accessory minerals from a sample obtained
from clay seam F at WIPP. The blue line shows the weight loss as a
function of temperature, the red line indicates the heat flow during
dehydration, and the green line indicates the ion current for m/e = 18,

during the dehydration of a clay-rich sample, along with the ion
current for mass to charge ratio (m/e) of 18 (water). The data
show an increase in the ion current indicating an initial water
release, additional water release just below 50 °C and slightly
above 50 °C, between 90 and 100 °C, and between 140 and
170 °C. The weight loss and energy flow curves show
significant changes in the same temperature domains, with
decreases in heat flow during mass loss indicating endothermic
processes. Similar experiments performed on day samples that
have been washed repeatedly to eliminate any soluble minerals
show a more pronounced weight loss between 50 and 70 °C
and lose the features visible between 90 and 100 °C and
between 140 and 170 °C (SI Figure S1). The weight loss
observed at 50 °C is most likely from water absorbed to mineral
grain surfaces, primarily clays. The second weight loss (70 °C)
is coincident with dehydration experiments of corrensite clay
from previous experiments,'® along with the transition of
gypsum to bassanite. The third weight loss, occurring near 100
°C, i1s most likely due to initial phase transformation of
bassanite to anhydrite.*® The water loss at 150 °C may also be
due to the bassanite to anhydrite phase transformation, which is
kinetically driven and may occur in stages. Alteratively, the
water loss at 150 “C may be due to another mineral breakdown
(such as MgCl,) which undergoes several dehydration stages,
one of which occurs between 140 and 170 °C. Polyhalite loses
its hydrate water at temperatures above 250 °C, and can lose up
to 6 wt % as water. Carnallite, kieserite, and bischofite may also
contribute to water loss of RoM samples under heating.h
Above 250 °C, water loss may be contributed from intra-
granular fluid inclusion release due to decrepitation.™ Although
the measured weight loss curves are highly useful for
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developing a water source term model, additional experimental
characterization of the clay composition and the dehydration of
the different species is needed to confirn the processes
producing the temperature-dependent weight loss curves.
Numerical Dehydration Model. Averages of the water
loss data as a function of temperture from the bulk salt
samples were used to develop a hydrous mineral dehydration
water release model (Figure 4).*' The model uses a simple
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Figure 4. Weight lost as a percentage of hydrous mineral weight
during the heating experiment and the stepwise dehydration model.™'

stair-step function, and does not allow rehydration. Because
temperatures monotonically increase and remain elevated in
the badkfill salt around the waste for the short-term (<2 years)
duration of these model runs, rehydmtion is not expected.
Representing hydrous mineral dehydration as one-time releases
is a simplification of kinetically driven water release as a
function of temperature, justiied by uncertainty due to
heterogeneity in hydrous mineral quantities and relative
abundances in a repository setting, and with the caveat that
this dehydration model is used only to demonstrate order-of-
magnitude effects that may be of importance to the repository
safety case.

As implemented in FEHM, the hydrous mineral dehydration
model can be applied to selected nodes or zones within the
model, and differing mass fractions of hydrous mineral content
can be specified across the model, e.g, if clay seams are
explicitly modeled. On the basis of the averaged experimental
data discussed above, at 65 °C, 14.8% of the mass of hydrous
minerals in the node is added as a source term in a one-time
release. At 110 °C, an additional percentage is released as water
(2.5%), and at 265 °C, more water is released (6.7%) for a total
mass release of 24.0% of the hydrous mineral weight. For a
given node for which the dehydration model is invoked, for a
specified mineral mass fraction f,, the mass of water produced
for the first 65 °C dehydration is given by

M, = ff (1 = ¢)nVea (2)

where f| is the fractional weight in water released at the first
dehydration (0.148), g, is the initial porosity of the node, p,_ is
the density of clay, and V_ is the volume of the node. The
water mass production for the second and third dehydration
temperatures follows similarly, with f, = 0.025 and f; = 0.067
replacing f; in eq 2 (Figure 4). The release of pure water from
mineral dehydration causes dissolution of solid salt and a
corresponding change in porosity.” The implementation of the
new hydrous mineral dehydration model in FEHM was tested
in a simplified 6-node simulation and it compared closely to]

calculated values.”
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Numerical Model Results. For a Case 1b, Figure 5 shows
the porosity and temperature at 460 days. The initial porosity

[ Porosity
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Figure 5. Porosity and temperature around the heaters at 460 days for
a case with f, = 10% in the RoM salt. RoM ¢, = 0.35, S, = 1%, and P,
= 0.2 MPa (Case 1b).

in the DRZ above and below the drift is 0.01, porosity in the air
is 0.999, and initial porosity in the RoM salt pile, where
significant precipitation and dissolution would be expected if a
heat pipe were to form, is ¢, = 0.35. After 460 days of heating,
however, the porosity is not significantly changed from the
initial state, in this case. This indicates very little heat pipe
activity.

The saturation, porosity, and temperature differences at 460
days between 10% clay and the corresponding simulation with
no clay are shown in Figure 6. Only minor differences are
observed in this example in the temperature and porosity. That
is, the dehydration process has only a minor impact on the final
state of the system in Case L.

In Figure 6c, a ring of higher saturation persists outside the
boiling region for the hydrous mineral-bearing case. The core of
the RoM salt is also cooler because of latent heat transfer. The
total amount of water produced in the simulation with 10%
hydrous minerals in the RoM salt pile in the model (one-
quarter of the full salt pile) is 119 kg at 460 days. By
comparison, the total initial amount of water in the RoM salt
with §; = 0.01 and porosity 0.35 is 504 kg.

The preceding example is a case where hydrous mineral
dehydration canses only small changes in the final temperature
and porosities observed after 460 days of heating. Case 2 shows
that the presence of hydrous minerals can cause major
differences, with evidence for heat pipe activity when
dehydration releases additional water (Figure 7). Evidence for
heat pipe activity includes lower porosity around the heaters
from evaporating brine, a high-porosity region where water
vapor condenses and dissolves the RoM solids, and a flatter
temperature gradient around the canisters®® (Figure 7b).
Differences in temperature and porosity at 460 days are
shown in Figure 8 for simulations with and without hydrous
mineral dehydration. This time, the difference in final
temperature (Figure 8a) is significant, with heater temperatures
up to 25 °C cooler. The heat pipe efficiently transports heat
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Figure 7. Porosity and temperature around the heaters at 460 days for
(a) Case 2a, f, = 0% and (b) Case 2b, f, = 10%. RoM ¢, = 035, S, =
7%, and P, = 1 MPa.

17 y :
away from the waste, ' leading to cooler maximum temper-
atures and less dry-out around the canisters. Beyond the
condensation front, the higher saturations of the case with the
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Figure 8. Differences of f. = 10% (Case 2b) minus pure halite (f, =
0%, Case 2a) at 460 days with S, = 7% and P, = 1 MPa: (a)
temperature and (b) porosity.

hydrous mineral dehydration model leads to lower thermal
diffusivity and thus hotter temperatures.

The choice of P_,,,, at zero saturation has an effect on the
moisture distribution as well (case 3), as discussed in the SI
(Figures S2 and S3).

Implications for Disposal of Heat-Generating Nuclear
Waste. Depending on uncertain factors such as initial moisture
content and retention properties of the RoM salt, the addition
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of water from hydrous mineral dehydration may make a
significant difference in final temperature, moisture, and
porosity redistribution. The redistribution of mass, moisture,
and temperature at early times may impact the time evolution
of salt plasticity and mechanical deformation at longer time
scales. Additionally, other strongly coupled thermal, hydro-
logical, and chemical processes around heat-generating nudear
waste in bedded salt formations are modified by water released
from minerals. Ongoing model development research and
experimental work will improve the ability to make longer-term
predictions, such as by including mechanical effects related to
viscoplastic creep in the host rock and reconsolidation of the
RoM salt.
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6. Future Work

Simulations tied to experiments have provided pathways forward to reduce uncertainty in our
understanding of multiphase flow and transport in granular salt. Continued iteration between data
collection and simulation will help us refine our conceptual and numerical models in anticipation
of a coming field scale test of heat generating nuclear waste in geological salt deposits.

The work performed in 2014-2015 highlighted a few differences between data and
simulations that are slated to be further explored in 2016. Numerical models of the experiments
show generally hotter temperatures than observed. This could be caused by several factors. One
possibility is that thermal conductivity functions for the experimental material (uniform grain
size pure sodium chloride) do not match the numerical parameters. Another model/data
difference that is under investigation concerns advective heat transfer with the complex boiling
and condensing of water and the changes in porosity and permeability structure caused by the
salt dissolution. Additional research is necessary with run-of-mine salt to confirm the thermal
properties of this material. Moderately heated runs, < 80 C, offer the possibility of assessing the
accuracy of the thermal conductivity without the complication of large porosity changes or
complex boiling and condensing fronts.

Confirming the nature of the discrepancies between the experiments and both conceptual and
numerical models is a substantial effort that will reduce uncertainty during design and
implementation of an in-drift disposal test. Such efforts will ensure less project risk in the field
and
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APPENDIX A: NGAS AND BOUN USAGE

The new usage of the ngas macro is given in Table 7. Annotated examples of its usage are given in
Table 8. A comprehensive list of changes made to FEHM source code files is provided in Error!
Reference source not found..

Group 1-1C0O2D

Group 2- JA, JB, JC, PCO2

Group 3-JA, JB, JC, HUM_SAT, PFLOWA
Group 4- JA, JB, JC, QCD, AIPED

Input Variable | Format | Default | Description

ICO2D Integer | 3 Solution descriptor for ngas
PCO2 Real 0. Initial partial pressure of noncondensible gas
HUM_SAT Real 0. Specified humidity (if > 0), specified saturation (if < 0;

absolute value used for specified saturation).

If HUM_SAT = -888, then the water source/sink associated
with humidity is disabled.

PFLOWA Real 0.1 Specified total pressure. Even if HUM_SAT is disabled (-888),
if PFLOWA > 0, it is enabled.

QCD Real 0. Specified noncondensible gas flowrate (kg/s) when AIPED = 0;
noncondensible gas mass fraction when AIPED # 0.

AIPED Real 1. Impedance factor.

Table 7. New usage of the FEHM ngas macro.

Example 1. Changes in ngas input showing new noncondensible gas mass fraction input. Flow macro
shown for completeness.

flow
1110.105-30. 1.e0
661010 -30.1.e0

ngas
3
1 6 11.e-8 <initial ngas partial pressure

< no humidity or specified saturation
1110.991. <ifinflow, 0.99 ngas mass fraction applied, aiped = 1.
6610.99 1. <node 6, if outflow, will ignore these values and use in place values (if inflow)
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Table 8. Annotated examples of the updated ngas and boun macros.
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Example 2. Boundary conditions for ngas showing new options. Flow macro was not needed.

ngas

3

16 1-80 < "-80" means the initial ngas partial pressure = Pi-Pv(80) where Py is the
< total pressure and Pv(80) is the water vapor pressure at 80°C.

11 1-0.050.1 <targetsaturation value of 0.05, air pressure condition of 0.1

2 2 1-8880.1 <targetsaturation disabled, air pressure condition of 0.1

< no ngas mass fraction or ngas flow rate

Example 3. Boundary conditions for ngas inputted in the boun macro. Flow macro was not needed.

ngas
3
1 6 1-80 <"-80" means the initial ngas partial pressure = Ptot-Pv(80) where Ptot is the
< total pressure and Pv(80) is the water vapor pressure at 80 C.
< no humidity input
< no ngas mass fraction or ngas flow rate

boun

model 1

ti

20.5.

pw

0.105 0.10 < note specified pressure changed at 5 days
ft

30. 30.

if

1.e01.e0

fxa

0.99 0.99 < flowing mass fraction (fxa) of ngas denoted by 'xa’, only for inflow
ts

0.0001 0.0001

model 2

ti

20.5.

pw

0.10 0.105 < note specified pressure changed at 5 days, produces a flow reversal
ft

30. 30.

if

1.e01.e0

fxa

0.001 0.001

1111
6612

Table 8, continued.
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File Description of changes
saltctr.f Created a general module to manage the coupled flow and
chemical reactions. Described in this report. Also works with the
chemistry turned off.
input.f Added a call to SALT module saltctr.f for reading input.
allocmem.f Added memory allocation for variable associated with new BC in

ngas module.

releasemem.f

Released memory for new variables as appropriate.

co2ctr.f

Modified input to allow humidity or saturation to be fixed. Added
input for flowing noncondensible gas mass fraction. Added
additional conditional blocks to separate functionality.

data.f

Initialized additional arrays for the salt module and to allow for
noncondensible gas mass fraction specification for inflow from
pressure source.

dvacalc.f

Modified code to change the noncondensible gas diffusion
coefficient from a fully implicit formulation to an explicit
formulation

comdi.f

Added arrays for additional ngas boundary conditions and new
keywords in boun macro. Added another permeability array for
last tracer timestep for permeability averaging.

comai.f

Added more global variables required for the salt controller.
Added integer variable associated with counting restarted time
steps.

comfi.f

Added real the allocatable variable gng to store the gas flowrate.

nr_stop_ctr.f

Made corrections that allow the Newton Raphson relaxation factor
to be modified when using the ngas keyword.

scanin.f

Added search for variables associated with new boun macro
keyword ‘fxa.” Needed for proper memory allocation.

wrtout.f

Added output to report repeated time steps, number of gridblock
in each phase state, and residual for noncondensible gas mass
balance. wrtout.f Added call to saltctr.f for salt output.

thrmwec.f

Added coding for new outflow BCs and added coding for
additional noncondensible gas mass fraction flow conditions. See
description in the report. Removed the section with the Sparrow
vapor pressure model. See psatl.f

psatl.f

Added call to vaporl_salt(in vaporl.f) for the fitted vapor pressure
lowering function that is equivalent to the Sparrow function. See
vaporl.f.

vaporl.f

Appended subroutine vaporl_salt.f which replaces the Sparrow
salt related vapor pressure fit.

varchk.f

Made modification to phase change criteria for ngas module and
added coding to restrict the maximum partial pressure of the
noncondensible gas to the total pressure.

model_setup.f

Added code for reading flowing ngas mass fraction.
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startup.f Added additional call co2ctr.f to support new boundary condition
setup. See co2ctr.f description.

fehmn_pcx.f Removed call to porosi.f for salt controlled porosity update. Added
calls

flow_boun.f Added coding for specifying flowing noncondensible gas mass

fraction.

flow_boundary_conditions.f

Added coding changing the flowing noncondensible gas mass
fraction.

csolve.f Added call to saltctr.f to manage porosity and permeability
changes.
porosi.f Fixed volume change calculation and moved salt-related printout

to saltctr.f

Table 9. Description of changes to FEHM source code files.
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APPENDIX B: SALT CONTROLLER MODULE USAGE

Keyword saltctr is used to initialize the salt controller. Descriptions of the inputs that follow are
provided in Table 10 to

KEYWORD saltend
This keyword is used to end the salt controller.

Table 15

KEYWORD saltppor
Keyword specifying type of porosity compressibility model.

Group 1 - IPOROS (only IPOROS = 6 or 7 allowed)

Group 2 - JA, JB, JC, POR1 ,POR2 ,POR3, POR4
(1 parameter entered for IPOROS = 6; 4 parameters entered for IPOROS = 7)

A warning message is written to the output file and the .err file if a salt porosity model is not entered.
NOTE: If the FEHM trac macro is not enabled, porosity models entered in saltppor will be disabled.

Table 10. Usage of keyword saltppor.

KEYWORD saltvcon
Only one thermal conductivity model (4) is implemented for salt in the salt controller. It is
based on the thermal conductivity for crushed salt (Bechthold et al, 2004).

Group 1 - IVCON(I), VC1F(l), VC2F(1) , VC3F(l), VC4F(I), VC5F(l), VC6F(I), VC7F(l), VC8F(I)
Group 2- JA, JB, JC, IVCND

A warning message is written to the output file and the .err file if a salt thermal conductivity
model is not entered.
Input Variable Format Description
IVCON(I) integer model type
IVCON(I) = 4 (only salt model available)

VC1F(l) real reference temperature (C)

VC2F(l) real porosity-related used in Bechthold equation
VC3F(l) real Coefficient of 4th order term in Bechthold equation
VCAF(l) real Coefficient of 3rd order term in Bechthold equation
VC5F(l) real Coefficient of 2nd order term in Bechthold equation
VC6F(l) real Coefficient of 1st order term in Bechthold equation
VCT7F(l) real Constant term in Bechthold equation

VCS8F(l) real Power law term in Bechthold equation

IVCND integer Model number to apply to nodes
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Table 11. Usage of keyword saltvcon.

| KEYWORD saltden
Table 12. Usage of keyword saltden.

KEYWORD saltadif
Group 1 - TORT

The appropriate diffusion models are TORT = 333 and TORT = 666 and are based on the
Millington-Quirk model (Millington and Quirk 1961). If other models are used, a warning
message is written to the output file and the .err file.

Table 13. Usage of keyword saltadif.

KEYWORD saltvapr
Reference: Sparrow (2003). Note: The Sparrow formulation has no capillary vapor pressure lowering.

Group 1 - IVAPRSALT

Input Variable Format Description

IVAPRSALT integer IVAPRSALT =0 - FEHM H0 vapor pressure fit
with no vapor pressure lowering

IVAPRSALT integer IVAPRSALT =1 - FEHM H0 vapor pressure fit
with capillary vapor pressure lowering

IVAPRSALT integer IVAPRSALT =2 - FEHM H20 vapor pressure fit

with salt-induced vapor pressure lowering
IVAPRSALT integer IVAPRSALT =3 - FEHM H20 vapor pressure fit

with salt-induced vapor pressure lowering and
capillary vapor pressure lowering

Table 14. Usage of keyword saltvapr.

KEYWORD salthum
This keyword manages the updating of the nonlinear salt related variables

Group 1 - ACTION, VALUE

Input Variable Format Description
ACTION character Salt process to be modified
ACTION = "permavg" - average permeability
after every tracer timestep
ACTION = "poravg" - average porosity
after every tracer timestep
ACTION = "pormin™ - set minimum porosity

VALUE real parameter value related to process
ACTION = "permavg",
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VALUE = 1-use new time step permeability
VALUE = 0-use old time step permeability
VALUE = 0.5-use average permeability
ACTION = "poravg",

VALUE = 1-use new time step porosity
VALUE = 0-use old time step porosity
VALUE = 0.5-use average porosity

ACTION =" pormin®,

VALUE = minimum porosity for ppor model 7

KEYWORD saltend
This keyword is used to end the salt controller.

Table 15. Usage of keyword saltnum.



