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Coupled Thermal-Hydrologic-Chemical 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). Section 5 

presents a 2015 publication related to model updates for including hydrous mineral dehydration. 

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 



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

September 25, 2015 3 

 

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) Saturation at t = 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  

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

airflow and heating at 260oC 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) 

and reduced saturation (blue) in the ponded water layer (Figure 2b). 

 

 

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 120oC to 260oC. 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.  

 

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 260oC. For Experiment 2 the heater was 5 cm 

(2.0 in.) above the water and set to 200oC. 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 5. Schematic of the experimental setup.  

 

 

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 2 x 5 x 2 in. 

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: 

 Although Experiment 2 had a cooler heater temperature than Experiment 1 by 60oC, the 

box sides were ~5oC warmer than Experiment 1 and the temperature gradient was 

considerably flatter. These results suggest heat pipe activity during Experiment 2. 

 Porosity change was not distributed where pre-test modeling suggested it would be 

(Jordan et al., 2014). 

 Porosity change is greatly accelerated by heating. 

 Thermal data were a poor match to pre-test modeling with temperatures generally cooler 

than predicted.  

 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 3.3. 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. 

 

 
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. 

  

(a) 
(b) 
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Parameter Granular salt Heater Tank Bench Air 

Solid density, 

kg/m3 

2165 2230 2000 2000 - 

Specific heat 

capacity,  

931 710 1000 1000 0.46 

Initial porosity 0.45 0.00001 0.00001 0.00001 0.999 

Initial 

saturation 

0.01, except 

ponded layer 

0.99 

1e-6 1e-6 1e-6 1e-6 

Thermal 

conductivity, 

W/m-K 

Variable 

(Stauffer et al., 

2013) 

1.1 1.05 1.05 14.0* 

Permeability, 

m2 

1e-12 1e-21 1e-25 1e-25 1e-8 

Relative 

permeability 

model 

Van 

Genuchten 

Linear Linear Linear Linear 

Capillary 

suction model 

Van 

Genuchten 

Linear Linear Linear Linear 

Liquid residual 

saturation 

0.01 0 0 0 1e-3 

Maximum 

liquid 

saturation 

1.0 1.0 1.0 1.0 1.0 

Inverse of air 

entry head, 

1/m 

50** - - - - 

Power n in 

Van 

Genuchten 

formula 

4** - - - - 

Maximum 

capillary 

pressure at 

zero saturation 

0.2 0 0 0 1e-3 

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 3.3.1). 

*** Calculated based on Millington-Quirk (Stauffer et al., 2013); values given are for initial saturation 

and porosity, computed as τ = (San)7/3/2 where  is porosity and Sa is gas saturation. 

Table 2. Simulation parameters for all modeled experiments.  

 



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

September 25, 2015 11 

 

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 E0 

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 E0 

tracer test. 

 
Figure 8. Numerical mesh for the model of Experiment 0.  

Initial Conditions 

Temperature IC 23oC everywhere 

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

Boundary Conditions 

Temperature BC 23oC 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 

 10-4 mol in the quarter-space) was injected was verified. In this experiment, 40 mL chloroform 

was inhected as a gas by syringe. 

 

Quantity Chloroform SF6 

Total amount of tracer in domain, mol 3.125  10-4 N/A 

Initial tracer concentration (injection) 31.5 mol/kg 

air 

N/A 

Table 4. Tracer information for E0. 

 

 
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 E0 chloroform 

tracer test for comparison with data. 

The chloroform background concentration for the E0 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 10-4 mol/kg air. At the same time in the simulation, airspace concentration 
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was 4.7 x 10-3 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/Ci, 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. 

 

 

 

Figure 10. Experiment 0 tracer test data and model comparison.  

The usefulness of the first chloroform tracer test in E0 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 E0, 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.  

 

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 E0 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 23oC everywhere 

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

Boundary Conditions 

Temperature BC 23oC on back, right side, top, bottom faces 

Heater temperature 23oC to 260oC 

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/SF6 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. 

 

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 

(200oC). Airflow was slightly less than in Experiment 1, at 0.702 L/min (42,120 cm3/hr) and the 

headspace volume was greater, leading to a lower air turnover rate of approximately 0.65 cm3/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 23oC everywhere 

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

Boundary Conditions 

Temperature BC 23oC on back, right side, top, bottom faces 

Heater temperature 23oC to 200oC 

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 Savannah River National Laboratory defense high level waste canister 

(Figure 17).  

 

 
Figure 17. Prototype 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 

LaGrit (lagrit.lanl.gov) software. The numerical mesh is 1/4 of the experiment (Figure 17), and 

includes the canister, heater strips, ceramic fill, steel foot, cement floor, and air surrounding the 

canister (Figure 19). Reflections boundaries are shown on the upper right image in Figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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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. 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.   

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. 
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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 - ICO2D  

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 
1 1 1 0.105 -30. 1.e0 
6 6 1 0.10   -30. 1.e0 
 
ngas 
3 
1  6  1 1.e-8    <initial ngas partial pressure 

 
                       < no humidity or specified saturation 

1 1 1 0.99 1.   < if inflow, 0.99 ngas mass fraction applied, aiped = 1. 
6 6 1 0.99 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 
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 80oC. 
1  1   1 -0.05 0.1 < target saturation value of 0.05 , air pressure condition of 0.1 
2  2   1 -888 0.1 < target saturation 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 
2 0. 5. 
pw 
0.105 0.10  < note specified pressure changed at 5 days 

ft  
30. 30. 
if 
1.e0 1.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 
2 0. 5. 
pw 
0.10 0.105  < note specified pressure changed at 5 days, produces a flow reversal 

ft  
30. 30. 
if 
1.e0 1.e0 
fxa 
0.001 0.001 
 
1 1 1 1 
6 6 1 2 

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 qng 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.  

thrmwc.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. 

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  
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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 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(I), VC2F(I) , VC3F(I), VC4F(I), VC5F(I), VC6F(I), VC7F(I), 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(I)                         real                         reference temperature (C) 

VC2F(I)                         real                         porosity-related  used in Bechthold equation 

VC3F(I)                         real                         Coefficient of 4th order term in Bechthold equation 

VC4F(I)                         real                         Coefficient of 3rd order term in Bechthold equation 

VC5F(I)                         real                         Coefficient of 2nd order term in Bechthold equation 

VC6F(I)                         real                         Coefficient of 1st order term in Bechthold equation 

VC7F(I)                         real                         Constant term in Bechthold equation 

VC8F(I)                         real                         Power law term in Bechthold equation 

 

IVCND                         integer                     Model number to apply to nodes 

Table 11. Usage of keyword saltvcon. 
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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 12. 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 H2O vapor pressure fit  

                                                                    with  no vapor pressure lowering  

IVAPRSALT             integer         IVAPRSALT = 1 - FEHM H2O vapor pressure fit  

                                                                    with  capillary vapor pressure lowering  

IVAPRSALT             integer         IVAPRSALT =2 - FEHM H2O vapor pressure fit  

                                                         with  salt-induced vapor pressure lowering                                                                      

IVAPRSALT             integer         IVAPRSALT =3 - FEHM H2O vapor pressure fit  

                                                         with  salt-induced vapor pressure lowering and  

                                                         capillary vapor pressure lowering                                                                   

Table 13. Usage of keyword saltvapr. 
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KEYWORD saltnum 

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",  

                                                              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                                                                                                                                                                                                                                                                                                         

  

Table 14. Usage of keyword saltnum. 

 

Table 15. Usage of keyword saltend. 
 
 

 

KEYWORD saltend 

This keyword is used to end the salt controller. 

 


