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EXECUTIVE SUMMARY 

To gain confidence in the predictive capability of numerical models, experimental validation 

must be performed to ensure that parameters and processes are correctly simulated. The 

laboratory investigations presented herein aim to address knowledge gaps for heat-generating 

nuclear waste (HGNW) disposal in bedded salt that remain after examination of prior field and 

laboratory test data. Primarily, we are interested in better constraining the thermal, hydrological, 

and physicochemical behavior of brine, water vapor, and salt when moist salt is heated (Jordan 

et al., 2014; Stauffer et al., 2015). The target of this work is to use run-of-mine (RoM) salt; 

however during FY2015 progress was made using high purity, granular sodium chloride. 

Coupled thermal/hydrological/chemical (THC) modeling performed to date has demonstrated 

that under certain conditions, enhanced heat transfer through water vapor transport may be 

sustained in crushed salt backfill around a heat source at temperatures relevant to high-level 

waste. Perturbations in thermal transport through vapor/liquid cycling may lead to significant 

porosity and permeability change, and a substantial impact on the predicted temperature and 

moisture state of the system. Model verification and validation are required to better understand 

the role of vapor transport in HGNW.  

The experiments described in this report take place under representative generic salt 

repository conditions at the laboratory scale using uniform grain size granular salt. There are two 

primary objectives to the experimental effort: (1) understanding and quantifying specific 

physical processes that may operate during disposal of heat-generating nuclear waste (HGNW) 

in drifts or alcoves backfilled with rubblized salt; and (2) validating numerical models that 

attempt to represent associated flow and transport processes.  

Three experiments were performed. The first was a preliminary run-through for testing of 

equipment and procedures, but it also provided useful results about water vapor migration under 

conditions of varying airflow. In particular, the relative humidity rebound curve showed 

hysteretic effects as time progressed, indicating that the hygroscopic behavior of the salt in the 

box leads to differences in water vapor migration as the system approaches equilibrium. A tracer 

test with chloroform was performed for comparison with the water vapor/relative humidity 

rebound curve. The next two experiments involved heating of the salt using a variable thermal 

output block heater in the presence of a small ponded water layer at the bottom of the 

experimental box. These tests included multiple tracer runs with chloroform and SF6. The 

breakthrough curves show that tracers may be used to interrogate internal structural changes in 

the salt during an experiment and indicate the timing of porosity change. Over the course of 3 

weeks, breakthrough curves for chloroform and SF6 became significantly more delayed, 

requiring smaller effective tortuosities to fit the data with a simple analytical solution to the 

advection-dispersion equation, suggesting an increase in salt reconsolidation which was verified 

through post-test forensics. Results from the final experiment show thermal effects indicative of 

vapor/liquid cycling, where higher temperatures were seen on the face of the experimental box 

for a lower heat load, and internal temperatures within the experimental box showed a region 

with a very shallow thermal gradient. 

Lessons learned during this first phase of experimentation and the observed results suggest a 

path forward for additional experiments. After the desired experimental test runs with granular 

salt, the procedures developed and lessons learned while using the granular salt will be applied to 

a similar experiment using screened RoM salt from the Waste Isolation Pilot Plant.
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Brine Transport Experiments in Granular Salt 

1. Introduction 

Unanswered questions regarding subsurface transport of liquid water and water vapor are the 

motivation for current and future experimental efforts (Jordan et al., 2014; Stauffer et al., 2015). 

Despite a strong basis of knowledge from prior studies (Kuhlman and Malama, 2013; Kuhlman 

and Sevougian, 2013), uncertainty can still be reduced for high-temperature heat-generating 

nuclear waste (HGNW) disposal in bedded salt in order to augment to existing safety case. Salt is 

an attractive material for a HGNW repository because of its properties. Although long-term 

isolation of waste is dominated by self-sealing viscoplastic salt reconsolidation and room closure 

(Hansen and Leigh, 2011), an understanding of short term behavior is necessary to make 

predictions about future field tests that will be required as part of any new underground storage 

facility.  

Understanding and reducing uncertainties in the short-term behavior of brine, water vapor, 

and solid salt in the vicinity of the waste canisters is the focus of this report. Because HGNW 

will generate a much higher heat load than low-level waste, and because the behavior of salt 

(including reconsolidation) is highly dependent on temperature, improved representations of 

multiphase transport are necessary for the strongly coupled thermal, hydrological, mechanical, 

and chemical (THMC) processes acting in bedded salt. This research is site-independent and will 

fill science gaps that apply to any potential salt HGNW repository setting (Robinson et al., 

2012). 

1.1 Objectives 

There are two primary objectives to the experimental effort developed as part of this 

research: (1) understanding specific physical processes that may operate during disposal of 

HGNW in drifts or alcoves with backfilled rubblized salt, and during full-scale heater 

experiments, that can be observed under controlled conditions in the laboratory; and (2) 

validating numerical models that attempt to represent associated flow and transport processes. 

Each is described in greater detail below. 

For objective 1, a thorough understanding of the physical processes operating in a heated, 

moist salt environment is required to understand the safety of HGNW disposal in salt formations. 

While prior research has been done on many aspects of hydrogeological processes in porous 

media, less data exist for these same processes in salt with a saturated brine. To date, few 

dedicated laboratory experiments have been performed on granular salt material under relevant 

temperatures and moisture conditions. Processes to be studied in the bench-scale experiment 

include brine and water vapor movement in porous granular salt around a heater, including the 

extent of porosity change, the hygroscopic behavior of salt, water vapor loss into ventilated air 

space, and the thermal properties of granular salt. Open questions include whether vapor 

transport is advection or diffusion dominated for temperatures relevant to HGNW; how much 

water vapor retardation is expected due to deliquescence and how that changes with time as the 

system approaches equilibrium; how porosity and permeability are modified under heated as well 

as unheated conditions (due to salt deliquescence and reconsolidation); and whether gas-phase 

tracers can be used to interrogate internal structural changes during salt experiments at various 

scales. 
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The validation of physicohemical and hydrologic parameters and processes is the second 

objective of the experimental work. The observed spatial and temporal change of porosity, 

temperature, and moisture will be compared to numerical predictions. The comparisons will be 

used to assess all sub-models and assumptions used in the numerical simulations. Currently, data 

gaps exist in the following physical processes as represented: evaporation rate as a function of 

temperature, relative humidity, saturation in the run-of-mine (RoM) salt, and air turnover rate; 

water vapor diffusivity in porous RoM backfill; thermal models in RoM salt and air, with 

parameters such as emissivity for radiative heat transfer considered highly uncertain; relative 

permeability and capillary suction parameters; and the effect of compaction during porosity 

reduction. 

It is not expected that the small-scale laboratory results will produce identical effects when 

upscaled to the repository level. Instead, these bench-scale experiments provide validation of the 

numerical models at the same scale, which will be used to design and predict results of larger 

intermediate- and field-scale heater experiments, which will then be validated with data at that 

scale (Stauffer et al., 2015). 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. 

Knowledge gained from this research into the coupled processes in salt will be highly 

applicable to potential salt formation repositories worldwide. Most of our in-situ data for bedded 

salt come from the Waste Isolation Pilot Plant (WIPP) in Carlsbad, NM; however, our results are 

general and would be applicable to the siting of a salt repository in one of multiple suitable 

locations.  

1.2 Background 

Experimental, theoretical, and modeling investigations into nuclear waste storage in salt have 

been performed since before the 1960s (Hansen and Leigh, 2011). Heater tests have taken place 

in salt mines in Kansas, Louisiana, Germany, and at WIPP, but few past field experiments have 

reached temperatures as high as is possible for HGNW (200–300oC). Several natural and man-

made analogues to hot waste storage have also been studied, e.g., magmatic intrusion into salt 

formations and underground nuclear weapon tests in salt (Hansen and Leigh, 2011). At Yucca 

Mountain, the original proposed repository in tuff for the nation’s HGNW, field-scale heater 

experiments were performed and an extensive modeling effort was undertaken (e.g., Pollock et 

al., 1986; Rutqvist et al., 2005; Bodvarsson et al., 1999).  

Heat in HGNW is generated by fission products such as Cs-137, Sr-90, and alpha decay of 

actinides, with the primary contributors to the heat load changing over time (Hansen and Leigh, 

2011). An ideal geologic repository setting would be in a medium with a high thermal 

conductivity, so that heat is transported away from the waste and extremely high temperatures do 

not build up around the source. Intact halite has a relatively high thermal conductivity (~5.5 W/m 

K) compared to other possible repository materials (Hansen and Leigh, 2011), but effective 

thermal conductivity is strongly dependent on temperature, porosity, and saturation. The crushed 

RoM salt material used as backfill over the waste canisters in the in-drift waste disposal concept, 

with its high porosity, initially has a much lower thermal conductivity (~0.7 W/m K) than intact 

salt (Clayton and Gable, 2009). However, the viscoplastic behavior of salt leads to porosity 
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reduction over time, and the properties of reconsolidated crushed salt are expected to eventually 

return to similar values as intact salt. 

Sources of water in bedded salt and in RoM salt backfill include pore fluid (intergranular 

water) as well as bound water. Bound water sources within intact salt crystals (intragranular) are 

fluid inclusions of typical size 2–250 microns (Kelly, 1985), which impart minor saturations of 

~0.1–1% (Robinson et al., 2012). More significant “bound” water includes clay layers and 

hydrate water in impurities commonly found in bedded salt formations (Caporuscio et al., 2013). 

“Free” water sources include releases of water from those structurally bound sources (e.g., 

dehydration of the clay layers), as well as releases from the waste packages and from external 

sources; and condensation from the gas phase. In the subsurface, free fluids migrate under the 

influence of gravity, capillary forces, and stress, pressure, and temperature gradients. Fluid 

migration may contribute to mechanical weakening of the salt (Urai et al., 1986), as well as 

porosity and permeability changes (e.g., if brine in equilibrium with one temperature migrates to 

a warmer region and dissolves additional salt).  

The bound fluids migrate as well, from factors such as pore collapse, grain boundary sliding 

associated with salt creep, dynamic recrystallization during dislocation creep, fracturing, 

decrepitation, and from temperature gradients. (Decrepitation is the violent fracturing of salt 

crystals which occurs around 280oC due to the pressure of heated brine; Kelly, 1985).  The exact 

temperature of decrepitation depends on the particular material composition.  In laboratory 

experiments, it is observed to cause a significant transfer of fluid from intra- to intergranular 

porosity (Kuhlman and Malama, 2013).  

Water vapor transport plays a significant role in moisture redistribution in rubblized salt. 

While intact salt is nearly impermeable to gas flow, permeability and porosity in crushed salt will 

initially be quite high. Within pores, water partitions between the liquid phase and the vapor 

phase in an amount determined by temperature, pressure, and ion concentration in the liquid 

(Stauffer et al., 2013).  

Between pores, movement of water vapor occurs by advection and diffusion, greatly 

modified by the presence of liquid saturation and the hygroscopic behavior of salt grains. The 

free-air diffusivity should be modified by a tortuosity term (τ) that may depend on porosity and 

saturation. Enhanced vapor diffusion is another saturation-dependent process that may affect 

water vapor transport in a repository setting. Normally, increasing saturation increases the 

tortuous path length for diffusion, decreasing the coefficient τ and the effective diffusivity. 

However, enhanced vapor diffusion in soils due to the presence of many little liquid islands was 

proposed even before direct evidence existed (Ho and Webb, 2006). Water condenses on the 

upgradient side of liquid islands and evaporates on the other side; the condensable particles in 

question (water or, e.g., isotopic tracers such as D2O) migrate through the liquid islands at a 

faster rate than diffusion through a tortuous porous medium alone. The effect has been seen in a 

pore-scale experiment (Silverman, 1998). In a salt repository setting, thermal gradients and vapor 

pressure lowering may increase the potential for enhanced vapor diffusion. 

Loss of water vapor from the salt pile occurs by evaporation and diffusion across the 

RoM/air boundary. Water loss from the salt pile will depend on the concentration gradient 

between water vapor in the “unventilated” pores (diffusion), advection from the salt pile into the 

air, and evaporation that depends on relative humidity, temperature, and water availability at the 
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surface of the pile (replenishment by suction). Ventilated air flow in the drift may allow efficient 

removal of water vapor.  

Temperatures around the waste may exceed the boiling point of brine, and if conditions are 

conducive to it, a heat pipe may be established in the crushed salt backfill (Figure 1). In a heat 

pipe, water is vaporized in the boiling region, advects and diffuses along concentration gradients 

to the cooler regions where it recondenses, and replenishment of fluid towards the heat source is 

established from gravity flow and capillary pressure gradients (Udell, 1985; Doughty and Pruess, 

1990). Water sources in the system that may feed the heat pipe include free pore fluids in the 

RoM salt, inflow from the DRZ into the RoM backfill, release of water from hydrous minerals, 

and, potentially, fluid inclusion migration up a temperature gradient. If a heat pipe is established, 

the result is a higher apparent or effective thermal conductivity and flatter temperature gradients 

around the waste (Udell, 1985; Birkholzer, 2004), lower maximum temperatures, and buildup of 

a low-porosity rind from evaporating brine in the boiling region (Stauffer et al., 2013).  

 

 

Figure 1: Heat pipe in salt. 

 

It is not well-known whether heat pipe effects are likely to be present in a typical bedded salt 

repository for HGNW, due to spatial heterogeneities in water content, seepage rates, and 

impurity fractions. Dry-out of the crushed salt backfill could prevent potential heat pipe 

behavior, particularly during the operational ventilated period. Vapor flow may also be affected 

by barometric pumping or pressure differentials between the waste drift and the access drifts.  

There is experimental evidence for porosity change from brine evaporation during 1980s 

heater tests at WIPP (Krumhansl et al., 1991). After heating to up to 130oC, heaters in both open 

boreholes and boreholes backfilled with crushed salt were found to be enclosed in solid rock salt 

with final bulk density within 99% of that of intact salt (2160 kg/m3) (Brady et al., 2013). The 

in-situ appearance of a rind from brine evaporation provides the primary motivation for studying 

the phenomenon in much greater detail to gain an understanding of whether such features are 

likely to form during HGNW repository operation.  

Other field experimental studies of brine migration and salt behavior have been performed at 

WIPP, Avery Island, and Asse, Germany (Kuhlman and Malama, 2013). One focus of several 

prior in-situ experiments was the rate of brine migration to openings, which was found to be 

highly variable even within the same repository, due to geologic heterogeneity. A major effort to 

understand backfill material (i.e., crushed or rubblized salt) was undertaken in the domal salt 
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Asse repository. Known as the Backfill and Material Behavior in Underground Salt Repositories 

(BAMBUS) project, it included a drift-scale 9-year-long test (1990-1999) with heater canisters 

covered with crushed salt backfill, and associated laboratory testing and analysis. In-situ 

humidity monitoring was performed within the salt. The BAMBUS II follow-on project involved 

laboratory investigations and further forensic analysis of the prior in-drift experiment (Bechthold 

et al., 2004), because the first round of experiments had produced variable results. The 

BAMBUS results focused on salt reconsolidation, and found an approximately 10% porosity 

reduction after 10 years of heating.  

While there have been laboratory experiments on compacted and intact salt from WIPP and 

other locations (Kuhlman and Malama, 2013), few laboratory experiments have been performed 

on crushed RoM-like material. The most relevant prior laboratory work on heated crushed salt is 

an experiment by Olivella et al. (2011), where a heat pipe was established in a 5 cm by 10 cm 

cylindrical apparatus with fixed temperature plates on both ends and a closed system for mass. 

Porosity change was observed along the length of the cylinder, with dissolution at the 

condensation front and buildup of a low-porosity rind. They provided destructive testing of the 

system at various times (7, 15, 30, and 65 days) to determine the spatial and temporal pattern of 

porosity change and saturation, and compared model results to the experimental. The 

experimental results were well-matched by the numerical model CODE-BRIGHT for the same 

scenario (Olivella et al., 2011).  

Other laboratory experimental investigations of heat pipes have been performed, but not in 

salt (e.g., Udell, 1985). The phenomenon was also observed at Yucca Mountain during a field 

heater test (Birkholzer and Tsang, 2000). The key difference between a heat pipe in salt versus 

other media is its three-phase nature. That is, besides liquid and vapor movement, precipitation 

and dissolution leads to solid redistribution as well. The added complexity of the strongly 

coupled thermal/hydrological processes associated with porosity change are a primary reason 

additional research is necessary into high-temperature, variably saturated salt. 

Gas breakthrough testing in salt has been performed for compacted salt, but not for the more 

granular RoM in the early stages (first few years) following HGNW disposal. During the 

laboratory experiments described by Cinar et al. (2006), granular salt (pure NaCl) was 

deliberately compacted to low porosities (down to 4.7%) to accelerate the decades-long process 

of mechanical change that is expected in a salt repository. They performed porosity and 

permeability measurements on cm-scale core samples using gas flow measurements and a 

mercury porosimeter. They also obtained capillary pressure curves as a function of saturation for 

draining and imbibition. Laboratory gas permeability testing of samples from WIPP and 

Germany has also been performed (Kuhlman and Malama, 2013). 

More common (both in the U.S. and other countries, e.g., Germany) than laboratory 

physiochemical and hydrologic testing in granular salt are mechanical and compaction studies, 

which are necessary for understanding the rates at which RoM salt will deform and what factors 

impede or enhance reconsolidation (e.g., Urai et al., 1986). Prior experiments to test water loss 

and evaporation in natural systems (e.g., with lysimeters) are plentiful, but typically are focused 

on effects such as radiation and insolation, evapotranspiration and the effects of crop cover, etc. 

Even for bare-soil experiments, the difference between the repository setting and an outdoor 

setting are significant. There is a dearth of relevant published studies that focus on evaporation 

rates from bare porous material, in an indoor (but ventilated) environment. Furthermore, our 
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system includes saturated brines, hygroscopic salt surfaces, and impurities that will be different 

from soil-water systems. Some preliminary laboratory and in-situ testing of evaporation from 

granular salt has been performed at WIPP and its associated surface laboratory (Shawn Otto and 

Doug Weaver, personal communication). In the in-situ experiments, environmental conditions 

were measured (temperature, relative humidity) with RoM salt was exposed to a ventilated 

environment while placed in pans or buckets on highly accurate scales. These experiments were 

terminated in February 2014.  

Similarly, water vapor diffusion in soils has been studied by prior researchers (e.g., Jin and 

Jury, 1996; Bruckler et al., 1989). The experiments typically measure diffusion through variably 

saturated materials and make comparisons with, e.g., the Millington-Quirk (Millington and 

Quirk, 1961) and other models for tortuosity. These experiments provide valuable insight into 

experimental design and setup, but have not been performed for material like RoM salt and with 

brine. 

2. Methods 

The experimental setup consisted of a 2 ft by 2 ft by 2 ft Plexiglas box, 0.5 in thick, with a 

removable lid, filled with granular salt. The setup is shown in Figure 2.  

 

Figure 2: (a) Salt box, data loggers, and multi-gas monitor. (b) Setup showing the apparatus for 

airflow of known relative humidity (from the house air) through the beaker on the counter, 

monitored with a relative humidity sensor, through the lid of the box. 

The material tested was store-bought granular salt of grain size 1-2 mm in diameter, with 

laboratory-measured unconsolidated porosity of ϕ ~ 45% and bulk density of 1.2 g/mL. Bulk 

thermal conductivity is expected to vary with porosity and temperature (Clayton and Gable, 

2009). An estimate for RoM salt at 25 and 250oC is calculated based on the functions used in 

LANL porous flow simulator, FEHM (Stauffer et al., 2013) which are derived from prior field 

experimental data. Table 1 lists properties of granular salt and bulk values. Bulk thermal 

conductivity and specific heat capacity are computed assuming a porosity of 45%. Use of the 

Kozeny-Carman equation (Freeze and Cherry, 1979) for spherical grains (porosity 45%) yields a 

permeability of ~4  10-9 m2. 
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 Constant Value 

Grain Density, ρ (g/mL)a 2.2 

Specific heat, cp (J/kg-K)b 864 

Thermal conductivity, Kt (W/m-K)c 
25oC  250oC 

5.4 2.9 

Bulk Density, ρ (g/mL)d 1.2 

Specific heat, cp (J/kg-K)e 927 

Thermal conductivity, Kt (W/m-K)f 
25oC  250oC 

0.84 0.45 
a Eppelbaum et al., 2014.  
bDomalski and Hearing, 2014.  
c Eq. 1 in Stauffer et al., 2013.  
d Laboratory measurement.  
e Bulk value based on porosity of 45%, cp,bulk = (1 – ϕ)cp,salt + ϕcp,air 
f Eq. 2-4 in Stauffer et al., 2013, based on porosity of 45%. 

Table 1: Properties of solid salt grains and bulk values. 

 

The heater was a rectangular cartridge of size 2 in. width by 5 in. length by 2 in. height. Its 

temperature was controlled with a dedicated thermocouple in contact with the metal. 

Temperature in the salt was monitored using 20 thermocouples (24 in. Omega Engineering 

probes) hooked up to a Graphtec Midi Logger model GL220. They were lashed together with 

heat-resistant tape to make bundles that were placed 1, 3.25, and 6.75 in. laterally from the 

heater’s edge (Figure 3). The thermocouple tips in each bundle were separated vertically by 2.25-

3.5 in. to get point temperature measurements at 6 to 7 different depths in the salt. A Vaisala 

probe that monitored relative humidity and temperature with its own logger was located in the 

headspace of the box. The basic setup of the heater experiments is shown in Figure 4. 

 

Figure 3. Location of thermocouple bundles. 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. Schematic of the experimental setup. Some measurements are not indicated here 

because the placement of components varied between experiments. 

 

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. 

Heater height E1: 5.4 in. above ponded water; E2: 2.4 in.  

Salt height E1: 19.2 in. above box floor; E2: 16.7 in. 

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 2. Dimensions and locations of apparatus in the salt laboratory experiments. 
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A ponded layer of saturated brine was present at the bottom of the salt, below the injection 

port. The ponded layer is not indented to mimic an expected feature of a typical bedded salt 

repository; it is used in these experiments to purposely provide a continual liquid source. The 

amount of water that flows to an excavated drift in salt is a highly uncertain quantity. Our 

experimental investigation is designed to study brine and water vapor movement in granular salt, 

recognizing that large uncertainties exist in the availability of mobile moisture in a typical 

generic bedded salt repository. 

Table 3 lists the experiments performed to date under the scope of this work.  

 

Test Analyses 

Experiment 0: 

Preliminary testing, 

unheated and heated 

Airflow, relative humidity, temperature, gas tracer 

(chloroform), IR camera, pre-test porosity, post-test moisture 

content, post-test porosity and structure. Duration: 3 months. 

Experiment 1: Heater 

test, with airflow 

Relative humidity of headspace, temperature, gas tracers 

(chloroform and SF6), IR camera, post-test porosity and 

structure, post-test moisture content.  

Experiment 2: Heater 

test #2, with airflow  

Relative humidity of headspace, temperature, gas tracers 

(chloroform and SF6), IR camera.  

Table 3. Experiment overview. 

 

Prior to performing the main experiments (Experiment 1 and 2 in Table 3), the 

salt/brine/water vapor system was monitored and tested to help understand evaporation, water 

vapor diffusion, and porosity/structural change of the granular salt (Experiment 0). During 

testing, 3 L saturated brine was injected at the bottom of the box and the headspace was 

monitored for relative humidity. For several weeks, airflow was first circulated, then shut off, 

and then turned back on (repeatedly) to see the equilibration and re-equilibration of relative 

humidity in the air space. The house air in was monitored, but not controlled, for temperature 

and relative humidity. The airflow rate was tested with a gas injection of chloroform in the 

headspace and measured with a flow meter. Chloroform was also injected at the bottom of the 

box and monitored above the salt to test the equipment and observed breakthrough.  

During Experiment 0, the heater was installed near the top of the box and tested for function 

and temperature distribution. The heater ran at 250oC for 24 hours. The box was allowed to cool 

and was sampled for porosity and moisture distribution. Post-test forensics consisted of digging 

back into the box and noting regions of structural change, e.g., consolidation, and sending 

samples to be made into thin sections.  

Experiments 1 and 2 were run with the heater placed deep in the box, above the level of 

ponded brine, with regular tracer injections in the salt near the bottom of the box. In Experiment 

1, the heater was 14 cm (5.4 in.) above the water level; in experiment 2, it was closer to the water 

at 6 cm (2.4 in.).  For Experiment 1 the box was filled with 450 lbs fresh granular salt (to height 

19.2 in.) and 10 L saturated brine were added to the bottom, resulting in a ponded water depth of 

2.5 in. In Experiment 2, 400 lbs salt was used with a height of 16.7 cm and ponded water depth 

of 2.5 in. In Experiment 1, airflow was measured at 1.053 L/min (63,180 cm3/hr) or 1.9 air 

turnovers per hour in the headspace. For Experiment 2, airflow was lower at 0.702 L/min 
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(42,120 cm3/hr) and the volume was greater, leading to a lower air turnover rate of 

approximately 0.65 cm3/hr. 

The injection port for tracer gases consists of a thin stainless steel tube from the edge to the 

middle of the box, above the ponded water line and below the heater (Figure 5). The port has a 

septum for gas injection by syringe. The tracer gases–chloroform (CHCl3) and SF6–were chosen 

because a Bruel & Kjaer photo-acoustic multi-gas monitor was made available. (The instrument 

can measure those two gases plus trichloroethylene, tetrachloroethylene, acetone, and water 

vapor.) SF6 was chosen for its conservative (negligibly partitioning) behavior; chloroform was 

chosen for comparison (using a gas tracer with non-negligible Henry’s Law partitioning 

produces additional information). Initially, chloroform alone was used as the tracer gas; the 

procedure was vaporizing 0.1 mL liquid chloroform under an applied vacuum. Subsequent tests 

used both chloroform and SF6, which were pre-mixed in a syringe. The tracer pulse was injected 

quickly.  

 

Figure 5. Experiment 1 setup showing heater controller, injection port, and ponded water line. A 

slight rise in the injection port stainless steel tube keeps it above the ponded water line. 

 

An infrared (IR) camera (FlirT-640, fully calibrated) was used to measure temperature on the 

outer face of the Plexiglas box. Its temperature sensitivity is <0.02oC at 30oC (Hank Herber, 

personal communication). 

Following cessation of heating and several weeks of sitting without airflow, the box was 

excavated in Experiment 1. Samples were collected for moisture content and thin section.  

A timeline of events for Experiment 1 is provided in Table 4. A timeline for Experiment 2 is 

presented in Table 5.  
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Date Action 

4/20/15–4/21/15 Box setup: salt placed in box; heater 

enclosed in salt with controlling 

thermocouple; gas tracer port installed; 10 

L saturated brine added to bottom of box 

(during salt emplacement); holes drilled in 

lid for thermocouple bundles; 

thermocouples placed in salt; relative 

humidity data collection begins 

4/22/15, 9:51 am–5:06 pm Pre-test chloroform injection run (T1-cool) 

4/23/15, 9:43 am 

4/23/15, 12:10 pm 

4/23/15, 5:17 pm 

Heater set to 160oC 

Heater temperature raised to 200oC 

Heater temperature raised to 260oC 

4/27/15, 9:56 am–2:25 pm Chloroform injection run (T2-hot) 

4/30/15, 9:48 am–2:17 pm Chloroform injection run (T3-hot) 

5/7/15, 12:01 pm–5:11 pm Chloroform/SF6 injection run (T4-hot) 

5/8/15, 12:15 pm Heater turned off 

5/11/15, 12:17 pm–6:13 pm Post-test chloroform/SF6 injection run 

(T5-cool) 

6/16/15–6/17/15 Destructive post-test forensics 

Table 4. Timeline of events for Experiment 1. 

 

Date Action 

7/10-11/15 Box setup: salt placed in box; heater 

enclosed in salt with controlling 

thermocouple; 9 L saturated brine added to 

bottom of box (during salt emplacement); 

relative humidity data collection begins in 

air space 

7/13-15/15 Thermocouple emplacement 

7/15/15, 9:40 am–2:15 pm First cool pre-test tracer test (poor data) 

7/16/15, 8:35 am–4:25 pm Duplicate cool pre-test tracer (T2-1-cool) 

7/17/15, 8:15 am Heater turned to 155oC 

7/17/15, 10:25 am Heater turned to 200oC 

7/17/15, 11:49 am–3:36 pm Heated tracer test (T2-2-hot) 

7/20/15, 8:17 am–10:45 am Attempted tracer test (poor data) 

7/21/15, 8:35 am Heater turned off 

7/22/15, 8:58 am Airflow turned off 

Table 5. Timeline of events for Experiment 2. 

 



Brine Transport Experiments in Granular Salt 
August 31, 2015 12 

3. Results and Discussion 

The following sections describe experimental results from the preliminary testing 

(Experiment 0), the first full test run (Experiment 1), and Experiment 2. 

3.1 Temperature Distribution 

Temperatures in the heated experiments in granular salt were generally lower than cursory 

pre-test numerical modeling (Jordan et al., 2014) indicated. The time series of temperature for 

several thermocouples in Experiment 1 is shown in Figure 6, showing the staged temperature 

increases of the heater during the first day and the approach to steady-state. At thermocouple A4, 

the closest one to the heater (3.2 cm away), the timescale for conductive equilibration (~L2/DT, 

where DT = Kt/ρcp) is approximately 42 minutes based on the bulk thermal properties of salt 

(Table 1). This is slightly faster than the times seen in Figure 6(b) for thermocouple A4’s 

temperatures to approach their equilibrium values (~2 hours) after each temperature jump. 

Inaccuracies in the thermal properties or simplifications made for bulk calculations may be 

responsible for the discrepancy. 

 

Figure 6. Temperature with time for the thermocouples of bundle A (closest to heater). Thermocouple A7 

is the shallowest in the salt and A1 is the deepest. Heater temperature is 260oC. 

Figure 7 shows the steady-state temperature with depth in the box for Experiments 1 and 2. 

The heater temperature and depth and depth of the ponded water line are indicated. The striking 

result that the temperature gradient is much flatter in Experiment 2 (more similar temperatures) 

throughout the box, particularly at points 2 and 3, may be evidence for heat pipe activity 

(Birkholzer et al., 2004) compared to Experiment 1. The other feature consistent with heat pipe 

activity is the hotter temperatures at Bundle C for Experiment 2. While the heater is 60oC cooler 

in Experiment 2, at a distance of 6.75 in laterally from the heater, temperatures are nearly 15oC 

hotter. This type of behavior is seen in simulations with heat pipe activity when comparing 

temperatures close to the heat source (generally cooler) with those further away (generally 

hotter) (Jordan et al., 2015).  
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Figure 7. Steady-state temperature distribution with depth for Experiments 1 and 2. The distance from the 

thermocouple bundle to the heater is indicated. 

 

The IR camera showed similar effects between the two experiments. While it is difficult to 

get a square face-on picture of the side of the apparatus due to limited space in the lab as well as 

reflection issues with the infrared imagery, the temperature-calibrated IR images of the Plexiglas 

faces will still be useful for constraining the numerical models. Figure 8 shows two faces of the 

box in Experiment 1, with (a) showing the side parallel to the long edge of the heater; the picture 

was taken 11 days after heater initiation.  
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Figure 8. Infrared images taken 5/4/15 (Experiment 1) of (a) the salt box face parallel to the long 

edge (5”) of the heater and (b) parallel to the short edge (2”) of the heater. Photos courtesy of 

Hank Herber. 

Figure 9 shows the temperature of the same face shown in Figure 8(a) for Experiment 2. The 

results confirm the hotter temperatures far from the heat source seen in the thermocouple data, 

with a maximum temperature on the Plexiglas face of 37.1oC, compared to 32.8oC in Experiment 

1.  

 

 

Figure 9. Infrared images taken 7/21/15 (Experiment 2) of the salt box face parallel to the long 

edge of the heater, as in Figure 8(a). Photo courtesy of Hank Herber. 
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3.2 Tracer Tests 

One tracer test was performed during preliminary testing of the box and equipment 

(Experiment 0) and five tracer tests were performed during Experiment 1. Two tracer tests were 

performed in Experiment 2 before the injection port became fully clogged.  

Multiple strongly coupled processes that affect gas migration through the variable porosity of 

the salt box experiment make a simplified analytical or numerical modeling approach quite 

challenging. Numerical simulation of the experiment is optimal to fully analyze the parameters 

and processes (e.g., changing tortuosity, tracer mass recovery). Fully coupled 

thermal/hydrological/chemical modeling is planned. On the other hand, an approach to fitting the 

breakthrough curves with a particular solution to a highly idealized case of the advection-

dispersion equation was found to be useful for providing intuition about the observed laboratory 

data. The fitted curves do not provide accurate values of effective tortuosity, vertical velocity, or 

total mass recovered from the system due to the simplifications and unrealistic assumptions that 

must be made. However, when comparing like curves from equivalent scenarios to each other, 

changes in the fitted parameters can show the timing and suggest the nature of internal structural 

change.  

 Figure 10 shows a schematic of the processes present and the idealized conceptual model of 

the system. A discussion of the major assumptions and approximations required for this model is 

given below. 

 

 

Figure 10. Conceptual diagram of the tracer transport model. Downward flow (dashed arrows) is 

not modeled. 
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The breakthrough tracer gas data were fit by an analytical solution to the 3-D advection-

dispersion equation with one-dimensional (vertical) flow, homogeneous and isotropic diffusivity, 

and a retardation factor due to Henry’s Law partitioning of chloroform into the aqueous phase 

(where the aqueous phase tracer is assumed immobile): 

 𝜕𝐶𝐺

𝜕𝑡
= 𝐷𝑅

∗𝛻2𝐶𝐺 − 𝑤𝑅
𝜕𝐶𝐺

𝜕𝑧
, (1) 

where CG is the gas phase concentration; 𝐷𝑅
∗=D*a

-1R-1 is the retardation dispersion 

coefficient, with R as the retardation factor due to Henry’s Law partitioning and D* = aτeffD0, 

where τeff is an effective tortuosity and D* is assumed to include any effects of dispersion for the 

heated cases; w is the vertical absolute velocity (w = qz/a) and wR = w/R. Additional related 

variables are shown in Figure 10. The retardation factor is calculated by 

 R = 1+ Hd/a (2) 

where  is the volumetric water content, a is the volumetric air content, and Hd is a 

dimensionless Henry’s Law partitioning coefficient of the form Hd = CL/CG.  

A discussion of the major assumptions and approximations required for this model is given 

below. Assuming infinite 3-D Cartesian geometry and a pulse input of total mass M at t = 0 

(ignoring residual tracer concentrations from previous tests), an analytical solution for 

concentration at location (x, y, z) and time t is given by (Hemond and Fechner, 1999, with 

modifications for unsaturated media and retardation): 
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(3) 

As an example, Figure 11 shows concentrations at t = 5 hours across the x, y top surface of 

the salt at z = 42 cm based on Equation 3 for SF6 with τeff = 0.26, a = 0.45, w = 0.0023 cm/s, R = 

1. 

 

Figure 11. Analytical solution (equation 3) for gas phase concentration of SF6 in the salt at z = 42 

cm, t = 5 hours, normalized by peak concentration. 



Brine Transport Experiments in Granular Salt 
August 31, 2015 17 

 

 

However, because this solution assumes an infinite homogeneous porous material, an 

additional approximation is made to handle the more realistic boundary condition of ventilated 

air space above the salt and flux-averaged concentrations sampled from that space. That is, we 

seek Cair, the concentration in the mixed, ventilated volume of air (V = 33,000 cm3; volumetric 

air flow rate Q = 65,000 cm3/hr). Figure 12 shows a schematic of the air mixing model discussed 

below. 

 

 

Figure 12. Schematic of the air mixing model. 

 

The first iteration of the air mixing model assumed perfect evacuation of the airspace on each 

timestep, i.e., zero concentration in the air was used to calculate the diffusive flux based on 

concentration gradient from the top of the salt to the air and to mix with the diffusive and 

convective fluxes. However, this is inaccurate because the turnover rate in the air was ~2 air 

space volumes per hour, while sampling was performed every few minutes. An improved version 

of the model used the known flow rate to adjust the concentration of the air instead of assuming 

zero concentrations.  

This model predicts breakthrough concentrations as follows. The pore gas concentration (CG) 

is first calculated for all time and x, y at z = 42 cm (the top of the salt) using Equation 3. Next, 

the air space is considered well-mixed and fluxes from convection (FC) and diffusion (FD) are 

calculated across the porous salt/free air interface: 

 FC = wCG 

FD = -aD0
𝑑𝐶

𝑑𝑧
 

(4) 

Where aD0 is used instead of Deff to represent the boundary between the salt and the free air 

(an approximation). The problem is discretized into 1 cm “cells” throughout the domain, where 
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dC  CG – Cair and dz = z = 1 cm. At each timestep, to compute the diffusive flux, Cair from the 

previous timestep is used. The discretized fluxes are multiplied by cell area and summed across 

the entire salt/air interface to obtain the mass into the air in time dt. The mass flow rate out of the 

air space is computed as CairQ, where Q is the volumetric rate of airflow and Cair from the 

previous timestep is used. Multiplied by time dt, the change in mass in the air in each timestep 

dMair is  

 

𝑑𝑀𝑎𝑖𝑟 = (∑∑(𝐹𝐶 + 𝐹𝐷)𝑑𝑥 𝑑𝑦

𝑦𝑥

)𝑑𝑡 − 𝑄𝐶𝑎𝑖𝑟𝑑𝑡 

(5) 

The total mass in the air, Mair, at any time t is the sum of the change in mass during that 

timestep and the previous timestep mass; dividing by volume provides the air space 

concentration at each timestep: 

 
𝐶𝑎𝑖𝑟(𝑡 + 𝑑𝑡) =

𝑀𝑎𝑖𝑟(𝑡) + 𝑑𝑀𝑎𝑖𝑟

𝑉
 

(6) 

This is our approximate model for fitting the measured concentrations in the air space. Where 

Cair is required to compute the desired quantities at time t + dt, the known value at time t is used 

in a timestepping loop. 

The free-air diffusivity, D0, and Henry’s Law coefficient, Hd, of the tracers depend on 

temperature. The model assumes a single value of D0 and Hd across the domain, which is an 

inaccurate assumption while a heterogeneous temperature field is established during heating; 

both are strongly dependent on temperature. For “cool” cases (unheated), D0 and Hd at 25oC are 

used. For “hot” cases (during heating), values at 75oC are used. Figure 13(a) shows Hd versus 

temperature for chloroform. SF6 is considerably more conservative as a gas-phase tracer, with Hd 

= 5.6  10-3 at 25oC, and is not shown. Figure 13(b) shows D0 as a function of temperature for 

chloroform and SF6.  

 

Figure 13. (a) Chloroform dimensionless Henry’s Law coefficient, Hd = CL/CG, as a function of 

temperature (Sander, 2015). (b) Free-air diffusion coefficient of SF6 (Watts, 1971) and 

chloroform (Marrero and Mason, 1972) as a function of temperature. 
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Constant Value 

Porosity, ϕ 0.45 

Saturation, S 0.01 

Salt depth, z (cm) 42 

Airspace volume, V (cm3) 3.3 x 104 

Volumetric air flow rate, Q (cm3/hr) 6.5 x 104 

Free-air diffusivity, D0 

(cm2/s) 

 25oC 75oC 

Chloroform 0.0866 0.113 

SF6 0.0968 0.131 

Henry’s Law coefficient, 

Hd (CL/CG) 

 25oC 75oC 

Chloroform 1.07 1.01 

SF6 - - 

Table 6: Breakthrough curve fitting model parameters. 

 

A schematic of the tracer tests for Experiment 1 is presented in Figure 14. The hypothesis or 

anticipated result is that the altered interior structure between the pre- and post-heating tracer 

runs will lead to a noticeable change in the breakthrough curves. Note that the actual distribution 

of porosity after heating, as shown in Figure 14 in a pattern that resembles pre-experiment 

numerical modeling, is unknown until post-test forensics and porosity sampling (section 3.3). 

The fitted parameters in the model are τeff, w = wRR, and M (when applicable), despite 

considerable uncertainties in other parameters such as porosity (set to  = 0.45), saturation 

(assumed liquid saturation of S = 0.01 or a = [1 – S] = 0.446), and temperature-dependent free 

air diffusivity and Henry’s Law parameters (see discussion of assumptions below). 

 

Figure 14. Schematic of tracer tests performed during Experiment 1. Note that the interior 

structure depicted in the post-test scenario is for illustration only and is not intended to be 

representative of the observed porosity distribution. 
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The following discussion presents the tracer gas data from Experiment 1 and model fitting 

results. The data come from the five tracer runs (T1 through T5) described in Table 4. The 

results for Experiment 2 are presented after the full discussion of Experiment 1. 

 Figure 15 shows the first three chloroform breakthrough curves for Experiment 1 (T1-cool, 

T2-hot, and T3-hot). For these three tracer tests, the same quantity of chloroform was injected 

(0.1 mL; 149 mg). The modeled curves are also shown. The best fit to the model curves came 

from the first iteration of the mixing model, where Cair was assumed perfectly evacuated, despite 

the presumed more realistic assumptions in the second iteration. All breakthrough curves shown 

below are from this model. A full discussion of assumptions and sources of error in the 

simplified models is presented below. 

To fit the cool, pre-heating case (T1 on 4/22/15), a τeff of 0.61 provides an excellent match to 

the data with diffusion only and no convection (w = 0). Although this value agrees well with 

other published values for tortuosity, e.g., τ ~ 0.66 (Jury and Horton, 2004), we stress that the 

fitted parameters to this highly idealized model are not expected to be realistic; they are used for 

comparison of otherwise similar scenarios (see below) and are used to gain intuition into the 

processes (advection, diffusion, dispersion) operating in the experimental apparatus. 

 

Figure 15. Chloroform breakthrough curves, both data and modeled, for the pre-test cool tracer 

run (T1-cool on 4/22/15), and the first and second heated tracer tests (T2-hot on 4/27/15 and T3-

hot on 4/30/15). 
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While the air mixing model matches the data extremely well for the cool case, the modeled 

curves perform worse for the heated tracer tests, especially in the tail (potentially due to residual 

concentrations from previous tests or other effects; assumptions are discussed below). A key 

observation, nonetheless, is that convective velocity (w) is required to fit the hot breakthrough 

curves. That is, the data cannot be matched by changing “effective” tortuosity alone. The best-fit 

vertical velocities of ~0.004 cm/s within the salt (height z = 42 cm) with D0 at 75oC = 0.11 cm2/s 

produce a Peclet number of Pe = wz/D0 ~ 1.5, suggesting neither advective nor diffusive 

dominance in this system. 

A jump occurs between the cool, pre-test effective tortuosity (τeff = 0.61) and the first heated 

test (τeff = 0.70), but this does not likely represent a physical change in the salt but instead other 

factors such as dispersivity as well as assumptions and issues with the model when convective 

fluxes are also present (see discussion below about simplifications). For the results that follow, 

we will generally compare cool cases directly to each other (pre- and post-heating; T1 and T5) 

and hot cases directly to each other (T2, T3, T4) to observe the differences that occur for cases 

that are otherwise comparable. 

The best fit values of M for the simplified mixing model were generally too high compared to 

the actual injected mass by a factor of ~10 based on 0.1 mL chloroform (0.149 g) injected. 

However, the second iteration of the mixing model produced M of a much more reasonable 80% 

of actual injected mass for the hot cases. The cool case has significantly lower recovery than the 

two hot cases with 0.1 mL injected (40%). Henry’s Law partitioning, where more tracer 

dissolves into the aqueous phase for the cool case, may be responsible for some of the loss. 

There may also be extra condensation of chloroform for the cool case. Other assumptions and 

errors in the model that may contribute to these low recovery factors (e.g., infinite domain) are 

discussed below.  

For the discussion that follows, the curves and model fits have been normalized by C/Cmax. 

We will be comparing fitted parameters τeff and w, which do not change when scaled from actual 

to normalized concentrations. Figure 16 shows pre- and post-heating chloroform breakthrough 

curves in the air space for Experiment 1 (T1, 4/22/15; and T5, 5/11/15), normalized by maximum 

detected chloroform (Cmax) and compared to the normalized solution based on the air mixing 

model.  
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Figure 16. Chloroform breakthrough curves, both data and modeled, for the pre-test cool tracer 

run (T1-cool on 4/22/15) and final post-test cool run (T5-cool on 5/11/15). 

 

The cool, pre- and post-test chloroform breakthrough curves differ substantially in the 

effective tortuosity required to fit the data (τeff = 0.61 to 0.31). We propose that this is due to 

structural changes in the salt box throughout the heating and concurrent moisture movement. 

(Observed structural changes after the box was excavated are discussed in section 3.3.)  

The decrease in τeff over time during the weeks of heating is also evident in the heated 

breakthrough curves (Figure 17). In particular, it seems that a fairly consistent trend of 

decreasing τeff between the first two heated tests (three days apart) and the last (seven days later) 

takes place. The best-fit values of τeff go from 0.70 (4/27; T2) to 0.60 (4/30; T3) to 0.34 (5/07; 

T4). Best-fit values of w are also presented. The first two breakthrough curves, as discussed 

above, are not particularly well fit in the tail. The third breakthrough curve (5/07) can be very 

well matched by the model but at a velocity that diverges from the other two. We note that the 

post-test cool (diffusion only) model for both chloroform and SF6 (discussed below) is a worse 

match to the model than the pre-test, presumably much more homogeneous case. More likely 

than a change in velocity (the system is at steady-state temperature) is a change in structure that 

makes the model assumptions even more challenged. Therefore, although the third tracer test 

appears to match the data for the hot cases much better than the first two, it is likely a 

coincidence. If the velocity is the same as the fitted value for the heated cases, an even lower τeff 

is required to fit the data (~0.29) but the fit performs poorly in the tail (not shown). 
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Figure 17. Chloroform breakthrough curves, both data and modeled, for the heated cases (T2-hot 

on 4/27/15; T3-hot on 4/30/15; and T4-hot on 5/07/15). The cool cases of Figure 16 (T1, pre-test 

and T2, post-test) are shown in gray for comparison. 

 

Figure 18 compares chloroform breakthrough curves shown above with SF6 data from the 

same runs (SF6 was only included in the final two tests, T4-hot and T5-cool). First, we note that 

very similar values of effective tortuosity are obtained for the two tracers, indicating that the 

model’s handling of Henry’s law partitioning–which imparts a retardation factor for chloroform, 

particularly during the cool test–is working. The differences in the hot chloroform and SF6 

curves are due almost entirely to the different diffusivities between the two gases (SF6 is more 

diffusive). On the other hand, less than half the difference between the cool curves can be 

explained by their diffusivities while the rest is due to partitioning of the vapor into the aqueous 

phase. This clearly demonstrates the strong temperature dependency of Henry’s Law 

partitioning. 
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Figure 18. Chloroform and SF6 breakthrough curves, both data and modeled, for T4-hot on 

5/07/15 and T5-cool on 5/11/15. 

The heated case best-fit vertical velocity of ~0.0030 cm/s for SF6 (D0 at 75oC = 0.13 cm2/s) 

produces a Pe ~ 0.97; for chloroform with w = 0.0027 cm/s and D0 at 75oC = 0.11 cm2/s, Pe ~ 

1.0. Table 7 summarizes the best-fit results for tracer tests T1 to T5. 

 

Test Date Tracer τeff w (cm/s) Pe 

T1 

(cool) 
4/22/2015 Chloroform 0.61 0 N/A 

T2 

(hot) 
4/27/2015 Chloroform 0.70 0.0039 1.49 

T3 

(hot) 
4/30/2015 Chloroform 0.60 0.0039 1.49 

T4 

(hot) 
5/7/2015 

Chloroform 0.34 0.0027 1.03 

SF6 0.34 0.0030 0.97 

T5 

(cool) 
5/11/2015 

Chloroform 0.31 0 N/A 

SF6 0.32 0 N/A 

Table 7. Summary of results from the best fits to the tracer breakthrough model.  
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Experiment 2 was intended to verify the results from Experiment 1 with a change to the 

configuration (lower heater, lower temperature). However, the injection port became clogged 

after the first heated test and subsequent tests could not be performed (e.g., post-test 

breakthrough). The first two sets of good data (T2-1, cool and T2-2, hot) are presented in Figure 

19. Fitted effective tortuosities are slightly lower than those for T1 and T2 in Experiment 1. As 

before, a jump in τeff for heated cases compared to cool is observed, potentially as a result of 

dispersion. The model fits the heated case extremely well, but the cool analytical solution 

behaves poorly in the tail. Assumptions and approximations that would lead to such poorly 

fitting behavior are discussed below. 

 

Figure 19. Chloroform and SF6 breakthrough curves, both data and modeled, for T2-1-cool on 

7/16/15 and T2-2-hot on 7/17/15. 

There are abundant issues and assumptions with our model; however, even without the 

model, the data show a clear trend towards delayed breakthrough over time in Experiment 1 and 

the model provides intuition and supports the argument that structural change is the cause. While 

various models were developed over the course of analyzing these data, from a clearly inaccurate 

resident concentration-type model to the various iterations of the air-mixing model, the primary 

results remained unchanged throughout (while values of the best-fit parameters varied): (1) that 

effective tortuosity declines from the pre-test to the post-test tracer runs, as well as during the 

heated runs; (2) that some sort of convective velocity parameter is required to fit the hot cases 

compared to the cool cases; and also that Henry’s law partitioning explains well the differences 

in chloroform and SF6 breakthrough. Simplifications, assumptions, and issues in the model are 

discussed in the following paragraphs. 
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The analytical solution for CG (Equation 3) assumes infinite 3-D space, despite being applied 

to a finite box. The box would be better modeled as a finite domain. The bottom boundary is a 

declining layer of ponded water; while it would be simple for the diffusion-only case to assume 

the water is a no-flow boundary, in fact there is some (increasing with time) available pore space 

below the injection port for filtering of the tracer gas, as well as partitioning into the water (for 

chloroform). At the air/salt interface, the solution for CG without consideration of the actual 

boundary is applied and then modified by the air mixing model, instead of more accurately 

representing the boundary as part of a finite domain with an air mixing model. The presence of a 

boundary layer at the salt-air interface makes this assumption more realistic, but still 

concentrations at depth will be modified by the fresher air above.  

Another simplification is that only an upward z-component of velocity is considered. 

Although we expect downward replenishment at the edges of the box of the central column of 

rising air above the heater, this is not included in either the computation of CG nor the air mixing 

model. This assumption is made because the downward component at the edges affects the 

lower-concentration regions of the box, while the higher-concentration regions are subject to the 

upward velocity component at the center. 

Most of the curves in this analysis show C/Cmax, instead of using a known C0 or injected mass 

(M). While the relative peaks and integrated mass of the curves provide additional information 

about tracer transport and storage, they do not affect the fitted w and τeff parameters but merely 

scale the solution by a multiplier. It does not affect the primary conclusions of this work (section 

4). In future work, attention will be paid to injected mass/concentration and additional analysis 

can be performed. Curves from the first three runs had the same M chloroform injected, but the 

last two runs followed a different procedure when SF6 was added to make a mixed tracer. In the 

future, all runs will use the same injected mass. 

Other assumptions in the model include that the mixing model assumes “perfect” mixing in 

the airspace, which is inaccurate (despite the high airflow and turnover rate) because of the 

narrow geometry of the airspace, residence times for air in the box at different locations, and 

inlet and outlet locations. The Reynolds number for air in the headspace (Re ~ uL/υ, where u is 

the airflow velocity, L is a characteristic dimension of the headspace in the box, and υ is dynamic 

viscosity of air) is ~10, suggesting nonturbulent flow but not considering that the effects of the 

inlet conditions (sharp) and the corners of the rectangularly shaped headspace may be 

turbulence-inducing. However, timescales for free-air diffusive mixing in the headspace (L2/D ~ 

1.5 hr for tracer appearing at the middle of the box) are relatively quick. Nonetheless, the 

observed breakthrough curves may be substantially affected by the residence time distribution in 

the headspace. 

Transport in the aqueous phase is assumed negligible (i.e., immobile). This is a reasonable 

assumption since diffusion coefficients for the tracers are orders of magnitude smaller in the 

aqueous phase, and velocities will also be smaller; in fact, many pores may be at residual 

saturation with zero relative permeability. The model also neglects condensation of chloroform. 

Chloroform is generally liquid at room temperature (boiling point 61oC at standard pressure), but 

we vaporized it before injection by applying a vacuum. Condensation may cause additional 

effective retardation of chloroform. The use of SF6 avoids the extra issues with chloroform 

partitioning and condensation. 
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Diffusion coefficients are assumed homogeneous and isotropic. This may be a poor 

assumption for the heated cases, as the reality is a very hot region surrounded by a sharp 

temperature decline. While the heater is at 260oC and the sides of the box are 25–32oC, for the 

hot case an “average” diffusion coefficient of D0 at 75oC is used. Similarly, Hd at 75oC is used. 

The model is not tested for sensitivity to these assumptions. The dispersion component of 

effective diffusivity is also unknown. This affects only the heated case and is expected to impart 

an anisotropy to the effective diffusivity. The unknown longitudinal dispersivity is wrapped into 

D*. This unusual choice of notation (where we fit τeffD0 as opposed to Deff = τD0 + DL) is made 

simply to avoid adding an additional uncertain parameter, DL. Thus τeff, the fitting parameter in 

this model, is not strictly just tortuosity. Depending on Peclet number, this choice of notation 

could lead to fitted τeff greater than 1, but we do not find that to be the case. We do see a jump in 

τeff for the heated cases compared to the diffusion-only cases and propose that the cause is 

dispersion.  

There are alternative approaches to the model developed here, both analytical and numerical, 

that would solve some or most of these issues. Analytical alternatives include using 

superposition theory to handle the air boundary, or convolving Laplace domain transfer functions 

to handle mixing in the airspace (e.g., Reimus et al., 2003). Although the model could be 

significantly improved with these approaches, due to other geometrical simplifications the 

resulting parameter estimation will still suffer from significant uncertainties. Numerical 

alternatives that improve on the simple model performed here include using a simple isothermal 

finite difference model with appropriate boundaries and allowing for heterogeneous properties, 

or using an advanced numerical code that correctly handles the equations of state, temperature-

dependent diffusivity and Henry’s law partitioning, heterogeneous properties, relative 

permeabilities, and three-phase (salt, water, air) processes. This will be done in future work. 

3.3 Post-Test Forensics 

Following Experiment 0 (preliminary testing, including several months of moisture 

movement with and without ventilation and 24 hours of heating to 250oC), the salt was excavated 

from the box and sampled for moisture content and thin section.  Qualitative observations were 

made of zones of salt consolidation (Figure 20). Consolidation generally increased with depth, 

with the exception of the top layer which had an ~1-1.5” thick crust layer that held together well. 

The heater in this preliminary experiment had been placed near the top of the box (seen in Figure 

20), and a completely dry, unconsolidated region with slight brown discoloration formed around 

the heater.  

Samples were collected from a vertical line near the edge of the box. The samples were 

immediately weighed, then oven-dried and re-weighed. Moisture content by weight is shown in 

Figure 21. The bottom sample was taken from the ponded, saturated layer. With an assumed 

grain density for salt of 2165 kg/m3, the moisture content by weight corresponds to a saturation 

of S = 1 if porosity ϕ = 21% (more consolidated than the initial porosity of ~45%). 
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Figure 20. Excavation of Experiment 0; observations of zones of salt consolidation. 

 

Figure 21. Moisture content with depth in the excavated Experiment 0 salt box. 

 

Experiment 1 has also been forensically examined. The qualitative observations were 

somewhat different than before. In this case, there was no observed surface crust, perhaps 

because the ventilated condition had been more consistently maintained for most of the 

experiment. The heater, which was buried lower than in Experiment 0 and run at 260oC for 

approximately 2 weeks, was found to have only a slightly more consolidated layer around it, 

although samples have been sent for thin section to look for evidence of porosity change or 

precipitation and dissolution of the grains. As before, a region around the heater was discolored 

and unconsolidated (Figure 22), although it held together significantly better than the dry, loose 

region seen in Experiment 0 (which was much closer to the top of the salt and ventilated air). 

The bottom of the box became significantly more consolidated than in Experiment 0, with 

lithified salt up to a depth of 5-6”. This region likely built up significantly during the week 

between tracer tests T3 and T4, when the breakthrough curve became significantly more delayed 
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(the injection port is within the tough layer that developed). The saturated layer dropped to 1” 

above the bottom of the box (when the experiment began, the ponded layer extended 2.5” above 

the bottom). A tough rind of 0.5-1” thick built up on the sides of the box, beginning a few inches 

from the top (Figure 23).  

 

Figure 22. Discolored region around the heater. Some very slight consolidation was observed, as 

well as some looseness of the salt immediately surrounding the heater. The loose region was 

significantly firmer and smaller than in Experiment 0 (Figure 20). 

 

 

 

Figure 23. Tough rind along the edges of the salt box. 
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Moisture content with depth was measured for Experiment 1 (Figure 24). In this case, the 

measured moisture content in the saturated later corresponds to S = 1 if ϕ is around 17%. 

Porosity based on thin section analysis for the consolidated layer suggests ϕ = 21%. 

 

Figure 24. Moisture content with depth in the excavated Experiment 1 salt box. 

 

Thin sections were taken from various locations in the box for Experiment 1. Figure 25 is a 

transmitted light image of thin section sample SS-22 showing dissolution and re-precipitation of 

salt grains in sample. 
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Figure 25. Transmitted light image of Sample SS-22 showing dissolution and re-precipitation of salt 

grains in sample. 
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Table 8 describes the porosity values calculated from color injected epoxy thin sections. 

Although thin section porosity values range from 21.8 to 59.4%, the samples are mostly 

disaggregated salt crystals. Only samples SS-17, SS-22, and SS-23 represent true porosity 

values.  

Sample #  Porosity (%) Petrographic description 

SS-10 39.63 Slight dissolution on grain corners, no re-precipitation 

SS-11 37.71 Slight dissolution on grain corners, no re-precipitation 

SS-12 37.35 very little dissolution on grain corners, no re-precipitation 

SS-13 47.35 very little dissolution on grain corners, no re-precipitation 

SS-14 59.36 Slight dissolution on grain corners, slight re-precipitation 

SS-15 57.18 Slight dissolution on grain corners, modest re-precipitation 

SS-16 57.88 Slight dissolution on grain corners, no re-precipitation 

SS-17 21.76 obvious  dissolution and re-precipitation, salt indurated 

SS-18 41.14 No dissolution on grain corners, no re-precipitation 

SS-19 51.15 Slight dissolution on grain corners, modest re-precipitation 

SS-20 50.36 Slight dissolution on grain corners, no re-precipitation 

SS-21 59.05 Slight dissolution on grain corners, no re-precipitation 

SS-22 33.06 obvious  dissolution and re-precipitation, salt indurated 

SS-23 45.55 obvious  dissolution and re-precipitation, salt indurated 

SS-24 43.43 Slight dissolution on grain corners, no re-precipitation  

Table 8. Calculated porosity and petrographic description of dissolution/ precipitation behavior.  

  

3.4 Water vapor behavior 

The draft test plan included proposed individual-process experiments to study the 

hygroscopic and diffusive behavior of water in RoM salt, as well as evaporation rates as a 

function of environmental conditions (including ventilation). Due to time and budget constraints 

the experiments performed to date have all taken place in the large box, instead of, e.g., column 

experiments designed to isolate individual processes. However, during Experiment 0 the 

unheated behavior of water vapor was observed while setting up and testing the equipment for 

the first heated experiment. In particular, the relative humidity was monitored in the air space 

above the box while the airflow was repeatedly turned off and on, while monitoring for 

temperature and relative humidity of the air in. The results are shown in Figure 26 for two cases 
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separated by over 2 months (69 days). The tests begin when the airflow is stopped after 

achieving an equilibrium ventilated relative humidity of ~30%.  

 

Figure 26. Relative humidity in the airspace during equipment and ventilation testing 

(Experiment 0). In both cases the airflow is stopped on day 0. Ponded water at the bottom of the 

salt box provides a moisture supply and the airspace relative humidity climbs in the absence of 

ventilation. 

 

During the test on 12/24/14, the relative humidity of the airspace increases much more 

slowly than the later test, on 3/3/15, after a significant period of additional testing and work in 

the box (but no heating). During this time, ventilation of the box was not controlled or recorded; 

the box was used for various tests and was sometimes closed without airflow; sometimes closed 

with airflow; and sometimes open to the laboratory air. That is, it first took 1-2 weeks for the 

water vapor front to migrate through the box from the ponded water at the bottom, while a later 

test shows a significantly faster rise (but was not allowed to complete to the expected 

equilibrium relative humidity). Concurrently, a chloroform tracer test performed with no airflow 

shows a much faster rise to breakthrough in the airspace (within 1 day; Figure 27). The 

hygroscopic nature of salt prevents the expected water vapor diffusivity based on its free-air 

diffusion coefficient and the tortuosity expected in an inert medium. As months pass and the 

salt/water system becomes more equilibrated throughout the box, the rise towards equilibrium 

occurs faster. While this very preliminary data set does not allow full exploration of the 

parameters and timescales involved, it suggests a line of study for a future column experiment. 

Our numerical models do not currently handle this process but could easily be adapted with a 

sorption coefficient for water vapor onto the solid. 
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Figure 27. Chloroform breakthrough during Experiment 0 during a test with no airflow. 

4. Conclusions 

The goals of the laboratory experimental work presented here are to understand processes 

operating in heated granular salt for which there is still much uncertainty, and to use these data to 

validate numerical models that will then be used to make useful predictions about moisture, 

temperature, and structural change at larger scales. The experiments performed to date offer 

promising insights into water vapor and brine transport in heated salt, including porosity change 

and hygroscopic retardation of water vapor. The initial data also suggest that gas tracers may be 

used to probe structural changes in the granular salt during the course of an experiment.  

The experimental setup consisted of a bench-scale acrylic box containing granular salt of 

relatively uniform grain diameter. The box was first filled with salt, instrumented, and tested to 

see how the system would behave under heating and how to perform post-test forensics. During 

this testing, relative humidity monitoring in the air under conditions of changing ventilation 

provided information about water vapor transport through the hygroscopic salt. The first 

breakthrough curve for relative humidity rebound when airflow was shut off showed a much 

slower approach to the expected equilibrium relative humidity above brine than a curve taken 2 

months later after various states of ventilated and unventilated conditions. The water vapor 

breakthrough curve was significantly delayed compared to a chloroform breakthrough curve. 

These results are preliminary and will be the subject of future work (section 5). 

The experimental results show the utility of tracer gas tests for experiments with variable 

internal porosity and structural change. While the analytical model presented here has significant 

limitations and does not produce accurate parameters, the approach is useful for interpreting 

results and observing the timing of an otherwise unobservable event (the rate of porosity change 

in a system that cannot be sampled forensically until after the experiment is completed). 

Experiment 1 was the first full, rigorous heated experiment including tracer tests of 

chloroform and SF6. The heater was placed 15 cm above the ponded water line and heated to 
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260oC for 15 days. Temperature distribution in the box was measured using three bundles of 

thermocouples with vertical spacing of several inches throughout the salt. Before, during, and 

after heating, gas tracers were injected into a port at the center of the box just above the water 

line. The gases were monitored in the airspace with an airflow rate of approximately two 

turnovers per hour in the volume of air above the salt. Breakthrough curves from Experiment 1 

were analyzed using a simple hybrid model combining an analytical solution to the advection-

dispersion equation with a discretized air mixing model. The following results were found: 

 A convective velocity term in the simplified model (z-direction, vertical velocity only) was 

required to fit the breakthrough curves during the heated cases, but not during the pre-test 

Experiment 1 cool case. The model curves for the Experiment 1 post-test cool case were not 

as good of a fit as the pre-test, possibly due to increased heterogeneity.  

 Including temperature-dependent retardation due to Henry’s Law partitioning in the model 

was an effective method for handling chloroform behavior, on the basis of compared model 

best-fit parameters between chloroform and SF6. A similar approach may be used for water 

vapor, once an effective retardation coefficient due to hygroscopic behavior is determined. 

 Breakthrough curves for chloroform and SF6 became significantly more delayed during and 

after heating, requiring smaller and smaller effective tortuosities to fit the data.  

 Salt reconsolidation was observed in post-test forensics in a thick layer between the ponded 

water line and the heater.  

During Experiment 2, the injection port became clogged and tracer tests were stopped after 

the first heated run with chloroform and SF6. Therefore, a similar breakthrough curve analysis as 

in Experiment 1 (e.g., pre- and post-test comparison) could not be performed. However, the 

results from Experiment 2 were highly illuminating as the data suggest evidence for heat pipe 

activity, as seen by the flatter temperature gradient, hotter temperatures on the box walls, and 

extra visible moisture in the box. 

The experiments have been a success in terms of making progress towards the overall 

objectives, but much work remains to be done. Lessons learned during these efforts will be 

applied to more laboratory tests in the future. 

5. Future Work 

From the preliminary testing (Experiment 0), we began to observe the effects of water vapor 

retardation as a function of the hygroscopic behavior of salt (Figure 26). Future work using 

simpler column-type experiments will continue to explore this phenomenon while avoiding the 

difficulty of setting up, filling and disposing of hundreds of pounds of salt; it will also simplify 

model comparisons. Effective retardation coefficients (time-dependent, hysteretic) for water 

vapor due to hygroscopic behavior in salt could be backed out of best-fit porous media diffusive 

model parameters for chloroform or SF6.  

The use of isotopic water tracers (e.g., D2O and H2
18O) will provide additional information 

that will fill important gaps between the tracers previously used (chloroform, SF6) and the 

primary gas of interest (water vapor). Column and individual-process experiments will also be 

performed to isolate other processes with uncertain parameterization (e.g., water vapor removal 

from ventilation; tortuosity of actual RoM salt). Modeling the breakthrough of the condensable 

versus noncondensible tracers (e.g., SF6) may also help separate out effects such as enhanced 
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vapor diffusion (Ho and Webb, 2006). This effect may be particularly important in correctly 

modeling water vapor migration in a salt repository due to high thermal gradients and vapor 

pressure lowering due to dissolved salt. Isotopic analysis and interpretation in brine systems can 

be complicated, which may be a greater factor in impure run-of-mine salt experiments than in 

pure granular NaCl tests (Horita, 1989).  

After the desired experimental runs with granular salt have been completed, the procedures 

developed and lessons learned while using the store-bought salt will be applied to a similar 

experiment using screened RoM salt from WIPP. Individual processes may be tested in a column 

apparatus while vapor/liquid cycling will be studied in the 2 ft by 2 ft box. Using real RoM salt 

will provide a more relevant exploration of parameters to feed numerical models, but additional 

complications arise from using impure salt, including production of acidic vapors under heating, 

and heterogeneous grain size. The choice of maximum grain diameter when sieving the RoM salt 

will affect the experiment results and its applicability for use in upscaled models. These issues 

will be explored. 

The second primary objective of the experimental work, which is validating numerical 

models to be used for prediction of salt behavior during larger-scale experiments and repository 

operation, has not yet been completed. Preliminary modeling results suggested that temperatures 

would be hotter at greater distances from the heater, and that porosity change would be roughly 

spherically symmetric around the heater (Jordan et al., 2014). Since the experiments differed 

from these early preliminary model results, confirming the nature of the discrepancies between 

the experiment and numerical model is a substantial effort that will be completed during future 

work. 
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