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ABSTRACT                                                                                               

A promising energy storage option is to inject and store heat generated from renewable 

energy sources in geothermal borehole arrays to form soil-borehole thermal energy storage 

(SBTES) systems. SBTES systems involve direct circulation of heated fluid through closed-

loop geothermal heat exchangers in closely spaced vertical borehole arrays. Although pilot 

programs are successfully utilizing SBTES systems, two of the main limitations in large-scale 

implementation of these systems are low system efficiency and high initial installation costs. 

An approach to potentially enhance the efficiency of SBTES systems is to install them in the 

vadose zone (the unsaturated zone of soil above the water table). In this case, it is possible to 

take advantage of phase change and convective heat transfer phenomena in the pore water to 

obtain greater heat injection and extraction rates, making the SBTES system more efficient. 

Although it is widely recognized that the movement of water in liquid and vapor forms through 

unsaturated soils is closely coupled to heat transfer, these coupled processes have not been 

considered in modeling of SBTES systems located in the vadose zone. Instead, previous 

analyses have assumed that the soil is a purely conductive medium with constant hydraulic and 

thermal properties. 

The goal of this dissertation was to better understand heat and mass transfer processes 

with an application to SBTES systems installed in the vadose zone through conducting 

experimental and numerical studies in different scales. To achieve this goal, three different 

phases using both experimental and numerical investigations are defined. The experimental 

study included both two- and three-dimensional bench and intermediate scale experiments, 

respectively.  Experimental data were then used to validate a numerical model that solves for 

water and vapor flow and considers non-equilibrium phase change. In addition, a set of pore-

scale numerical simulations using the phase field method were defined to study soil thermal 

and hydraulic properties.   
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2-D experimental and numerical results demonstrated the importance of 

simultaneously analyzing coupled heat and mass transfer in SBTES systems installed in the 

vadose zone. For the initial and boundary conditions assumed in the study, results indicated 

that convective heat flux is considerably larger than conductive heat flux, demonstrating the 

importance of including convective heat transfer in modeling of SBTES systems, especially in 

the unsaturated soils where water vapor is present.   

Results of the 3-D study revealed that for the test conditions studied, convective heat 

transfer was higher than conductive heat transfer in the middle of the borehole array. Moreover, 

for experiments with unsaturated sand, about 10% of the total heat transfer was in the form of 

latent heat. Simulation results demonstrated the importance of including both convection and 

latent heat in SBTES system modeling. Results also revealed a need for implementing 

saturation-dependent effective thermal conductivity in SBTES numerical models rather than 

using constant values such as those obtained from system thermal response tests. 

Pore-scale simulations provide opportunities to understand the impact of smaller-scale 

phenomena on larger scale processes. Pore-scale simulation of heat conduction through 

unsaturated porous media showed an abrupt decrease in thermal conductivity at approximately 

60% saturation.  This abrupt decrease is most likely due to the disconnection of water-soil 

connections or “bridges” which in turn, diminished heat transfer through highly conductive 

water - soil pathways while the less conductive air - soil pathways dominated. In fact, a 4% 

decrease at approximately 60% saturation reduced the effective thermal conductivity by more 

than 30%. The pore scale model can be used to perform sensitivity analysis on several 

important properties, evaluate thermal and hydraulic properties in elevated temperatures and 

asses the validity of thermal-equilibrium assumption in continuum-scale models.  
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1 CHAPTER 1                                                                                                    

INTRODUCTION 

Chapter 1 provides the motivation and problem description of this work. A description of the 

research goals and objectives are also provided herein followed by an outline of the thesis. 

1.1 Motivation and Problem Description 

The rapidly growing gap between consumption and production of energy can be 

addressed by introducing new cost-effective and renewable energy sources such as wind or 

solar energy. An important issue limiting the implementation of renewable energy sources is 

energy storage, as it is not possible to control the timing of the supply of solar or wind energy. 

For example, unlocking solar energy’s full potential becomes relatively complex because its 

rate of generation is highest mid-day and during summer months, which is offset from the 

timing of the highest rates of heat consumption in winter (Pinel et al., 2011). Although a 

significant amount of research is being devoted to storage of electricity, the storage of heat can 

be more cost-effective, environmentally friendly and can be done on different scales. Soil-

borehole thermal energy storage (SBTES) systems are one such technology that have been 

shown to be effective at storing heat collected from solar thermal panels in the summer so that 

it can be later extracted during the winter. SBTES systems involve direct circulation of heated 

fluid through closed-loop geothermal heat exchangers in closely spaced vertical borehole 

arrays. Seasonal storage of thermal energy in geothermal borehole arrays was proposed as an 

alternative for energy storage in shallow aquifers due to the scarcity of such aquifers in arid 

and semi-arid regions and the management difficulties associated with the primary use of 

aquifers as water supply sources and potential recharge challenges (Bear et al., 1991). The 

subsurface soil and rock provides an excellent medium for heat storage due to their relative 

abundance along with their relatively high specific heat capacities (Gabrielsson et al., 2000). 
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The top or surface of a SBTES system typically includes a heat-insulated cap to reduce thermal 

losses to the environment. SBTES systems are attractive from an energy sustainability 

perspective for many reasons.  They usually harvest their energy from renewable energy 

sources (solar-thermal), are low cost compared to other energy storage systems, and space 

efficient (i.e. underground) enabling implementation in many locations (e.g. populated and 

rural environments). In addition, SBTES systems do not require long-distance energy 

transportation (localized energy storage), and are scalable from residential- to community- to 

utility-scale applications.  

Although pilot programs are successfully utilizing SBTES systems (e.g., Sibbitt et al., 

2007), two of the main limitations in large-scale implementation of geothermal heat exchangers 

are low system efficiency and high initial installation costs (Hughes, 2008). Efficiency is 

defined as the ratio of the total heat extracted from the SBTES space during discharge or usage 

periods to the total heat injected into the SBTES space. In general, efficiency depends on the 

volume and geometry of the SBTES space, number, length and spacing of the boreholes, 

injection/withdrawal scheme, and mechanical, hydrological, and thermal properties of the soil/ 

rock (Ohga and Mikoda, 2001). Zhang et al. (2012) numerically simulated heat transfer of a 

SBTES system at Drake Landing Solar Community (DLSC), Alberta, Canada. They predicted 

an energy recovery efficiency that increased over time, but with a magnitude of only 27% after 

10 years of operation. Despite the low efficiency, Sibbitt et al. (2007) found that the SBTES 

system at DLSC has provided over 90% of the heat required for 52 single-family homes. They 

noted that in most SBTES implementations the parameters controlling the efficiency of the 

system have not been clearly delineated.  Increasing the efficiency of these systems will result 

in a decrease in installment and implementation costs, making the systems more attractive. 

However, central solar heating plants with seasonal storage require further research, 
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specifically into how the storage efficiency is quantified and strategies to best increase the 

efficiency.  

An approach to potentially enhance the efficiency of SBTES systems is to install them 

in the vadose zone (the unsaturated zone of soil above the water table) as proposed by 

McCartney et al. (2013). In this case, it is possible to take advantage of phase change and 

convective heat transfer phenomena in the pore water to obtain greater heat injection and 

extraction rates by formation of convective heat fluxes between the borehole heat exchangers 

making the SBTES system more efficient. Convection can play a major role in transporting 

energy in unsaturated soils subject to a temperature gradient. For example, when the water 

around the heat exchanger array is heated, it can vaporize and move towards colder soil regions 

(i.e. away from the heat source).  The water vapor then cools and condenses, releasing latent 

heat.  Depending on the soil properties and initial moisture conditions, the liquid water can 

move due to the hydraulic gradient back toward the dry soil (i.e. towards the heat source) or 

accumulate.  

One of the main challenges in modeling SBTES systems that are installed in the 

unsaturated soil is the necessity of considering the coupled two-phase flow and heat transfer to 

develop mathematical models. Before any attempt to analyze complex system such as SBTES, 

a conceptual model of important parameters/processes must be developed. Therefore, to better 

illustrate the physics of the system of interest, a conceptual representation of governing 

processes for heat and mass transfer is depicted in Figure 1.1. Heat conduction is caused by 

thermal gradients that exist between heat source (i.e. soil boreholes) and surrounding soil. The 

heat conduction results in temperature rise in the soil and consequently triggers phase change. 

The water vapor concentration gradient due to phase change is responsible for vapor flow and 

latent heat transfer. Moreover, liquid water transport occurs due to capillary pressure gradient 

and buoyancy. Liquid water flow could be either an upward flow from the ground water surface 
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towards upper soil layers (i.e. capillary rise) or from surrounding soil towards the borehole. It 

is noted that certain processes can be included or excluded from the analyzing practice based 

on their effect on overall heat and mass transfer in the system. 

 

Figure 1.1. Conceptual representation of important processes in multiphase non-isothermal 
flow 

1.2 Objectives 

The aim of this research was to better understand the processes governing thermal 

energy storage capacity and efficiency of SBTES systems in unsaturated soil through 

laboratory physical modeling and numerical simulations. The general research objectives are: 

1) Develop unique experimental data for improving the theoretical understanding 

of the interaction between heat exchange processes and mass transfer in 

unsaturated soil 

2) Understand processes and parameterizations critical to proper SBTES 

implementation through integration of experimentation and numerical 

modeling 

3) Develop numerically affordable pore-scale modeling platform to better 

understand the thermal/hydraulic processes and properties at pore scale. 
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1.3 Hypotheses 

A large body of literature is available on coupled heat and mass transfer processes in 

soil under different boundary and initial conditions. However, a few have studied the 

importance of heat transfer mechanisms and effect of soil thermal and hydraulic properties in 

unsaturated condition with applications similar to SBTES systems such as ground source heat 

pumps (e.g. Reuss et al., 1997; Leong et al., 1998; Li et al., 2005; Pinel et al., 2011; Pavlov and 

Olesen, 2012). Based on the research gaps that exist in the literature on heat transfer processes 

related to SBTES system analysis and the objectives of this dissertation, we formulated three 

hypotheses to pursue these objectives:  

Hypothesis 1: Under certain initial and boundary conditions, convective and latent heat 

transfer can be significant (i.e., compared to conductive heat transfer) in the presence of high 

temperature gradients especially when the vapor phase is present.   

Convective and latent heat transfer in unsaturated soil can occur through liquid water 

and water vapor movement. Liquid water moves towards warmer regions (i.e. due to capillary 

suction) while the water vapor transfers from warmer regions towards the colder parts of the 

domain. In unsaturated soil, depending on the initial degree of saturation, convective heat 

transfer through liquid water movement can be limited compared to water vapor. However, in 

the presence of hot boundaries and enough moisture, liquid water vaporizes; water vapor moves 

toward colder regions, condenses and returns in the form of liquid water. The continuous 

circulation of moisture can significantly improve the overall heat transfer in the soil. 

Hypothesis 2: Soil type, variable soil thermal and hydraulic properties and initial and boundary 

condition (e.g. soil moisture, soil surface conditions, etc.) can have significant effects on the 

prediction of the SBTES system behavior installed in unsaturated soil. By understanding these 

conditions, one can develop an accurate numerical model that will consequently lead to an 

optimized design. 
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There are a few studies confirming the effect of abovementioned parameters and 

variables in efficiency of heat storage systems. For example, Reuss et al. (1997) showed that 

thermal conductivity, heat capacity and overall thermal performance of seasonal heat storage 

systems highly depend on the soil saturation. However, they did not show the overall 

importance of including these thermal properties under varying soil saturation conditions in 

modeling efforts.  The study by Leong et al. (1998) showed that the degree of saturation has a 

crucial effect on performance of ground source heat pump systems. Their study suggested that 

higher saturation results in higher system efficiency, although variations in degree of saturation 

above 50% has a relatively insignificant effect. Pavlov and Olesen (2012) discussed that 

thermal properties (e.g., heat capacity, thermal conductivity) of soil dictate spacing of 

boreholes that contain heat exchangers. However, they did not consider the effect of soil 

saturation and temperature on soil thermal properties. Previous studies clearly showed the 

importance of involving coupled heat and mass transfer, variable soil thermal-hydraulic 

properties and system configuration in any experimental or theoretical study of SBTES system 

behavior. However, none of them proposed a comprehensive modeling scheme to fully 

understand the system behavior in unsaturated soils.  

Hypothesis 3: Pore-scale modeling of multiphase flow and heat transfer in simplified 

domains can capture the behavior of more complicated porous media and therefore provides 

an affordable tool to confirm experimental observations and study the effects of different 

parameters/processes on heat and mass transfer as well as soil thermal properties in porous 

media. 

Observations and theory on heat and mass flow in porous media are generally 

associated with three different length scales being pore (microscopic), local (macroscopic), and 

field scales. The basis for understanding flow and transport stems from theories and 

experiments conducted at the macroscopic scale at which the coupled behavior of the pore-
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scale dynamics is not taken into account (Rashidi et al, 1996). While these macroscopic values 

provide excellent estimates for approximating transport phenomena over large areas, the flow 

processes in the system is ultimately dependent on pore level transport dynamics. Pore-scale 

simulation of heat and mass transfer can be used to describe the thermal and hydraulic 

properties of the soil and multiphase flow processes, confirm experimental observations and 

help to test the limitation and applicability of continuum scale formulations. For instance, in 

continuum formulation of heat transfer in unsaturated soil, it is usually assumed that all phases 

are at thermal equilibrium. Studying the effect of local thermal non-equilibrium assumption 

requires pore-scale modeling that can account for phase-specific temperatures. As another 

example, many studies reported that, there is an abrupt decrease in effective thermal 

conductivity when the saturation is at or around the residual saturation value of a soil. (e.g., de 

Vries, 1963; Horton and Wierenga, 1984; Hopmans and Dane, 1986; Bristow, 1998; Lu et al., 

2007, Smits et al., 2010). Below this threshold, the grain-water pathways disconnect and heat 

conduction therefore occurs largely along the grain-air pathways and contacts between grains, 

resulting in fewer thermally conductive channels within the soil matrix. The pore-scale 

simulation of heat and mass transfer can help in our understanding of such behaviors and verify 

the conceptual interpretation of the effective thermal conductivity-saturation relationship in 

terms of modeling drainage-imbibition processes.  

1.4 Study Phases 

To test these hypotheses and achieve the objectives of this dissertation, three different 

phases are defined as shown in Figure 1.2. In each phase, a series of experimental and/or 

numerical studies at different scales are designed. The experimental study was begun with the 

performance of two-dimensional bench scale experiments (i.e. less than 1 meter) followed by 

intermediate (i.e. 1-3 meters) three-dimensional experiments. The experimental data sets can 

be used to calibrate the numerical models. Moreover, a set of pore-scale simulations were 
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defined to study soil thermal properties at the pore scale through the development of a 

numerical model using the phase field method. Scopes of each phase were: 

1.4.1 Two-dimensional Bench Scale Study: 

 Understand heat and mass transfer processes for SBTES systems installed in 

the unsaturated zone  

 Develop a 2-D soil tank apparatus equipped with a sensor network for 

continuous and autonomous monitoring of soil moisture, temperature and soil 

thermal properties 

 Generate precision data using different test soils 

 Develop a fully coupled numerical model that solves for heat, liquid water and 

water vapor flux and allows for non-equilibrium liquid/gas phase change 

 Validate numerical model using experimental data 

 Perform a series of sensitivity analysis and determine the importance of 

including/excluding certain processes from SBTES modeling efforts 

1.4.2 Three-dimensional Study: 

 Monitor soil moisture, temperature and heat loss in 3-D through a well 

distributed sensor network 

 Validate numerical model using experimental data 

  Understand the effect of dimensionality 

 Further explore the physical processes involved in 3-D (e.g., latent heat 

transfer) through post-processing of simulation results 

1.4.3 Pore-scale Study: 

 Develop numerical model using the phase field method  

 Study air injection into a fully saturated porous media and construct numerical 

water retention curve 
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 Study steady state heat transfer at different saturation degrees and estimate 

effective thermal conductivity of the domain  

 

Figure 1.2. Three phases of research defined to test hypotheses and achieve dissertation 
objectives 

1.5 Thesis Outline 

This thesis is structured along the 6 chapters. The closing chapter (chapter 6) 

summarizes the conclusion drawn from this dissertation and provides some recommendations 

for future work. Each of the study phases noted above are organized into the following chapters: 

Chapter 2: Background and review of relevant literature 

This chapter provides and overview of previous relevant works on coupled heat and 

mass transfer in soil. In addition, a brief review of studies on SBTES system analysis is 

presented. Finally, the chapter provides a summary of pore-scale modeling techniques with an 

emphasis on interface tracking methods.  

Chapter 3: Two-dimensional bench-scale study  

This chapter is based on the paper that has been published in Geothermics entitled 

“Impact of coupled heat transfer and water flow on soil borehole thermal energy storage 

(SBTES) systems: Experimental and modeling investigation” by Ali Moradi (Primary 

Pore Scale 

1 cm

Bench Scale

60 cm

Intermediate scale
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researcher and author), Kathleen M Smits (Assistant professor at the Colorado School of 

Mines, CO-PI and thesis adviser), Jacob Massey (former Master’s student at the Colorado 

School of Mines who provided significant laboratory assistance with Bench-scale setup), 

Abdullah Cihan (Research Scientist at Lawrence national laboratory who provided modeling 

assistance) and John S. McCartney (Associate professor at the UC San Diego, principal 

investigator). This paper is related to phase I of study and addresses objectives 1 and 2 

(Hypothesis 1 and 2). Approval for republication of the manuscript was confirmed from 

Geothermics Journal and all co-authors.  

Chapter 4: Three-dimensional intermediate-scale study  

This chapter is based on the paper that has been published in Vadose Zone Journal 

entitled “Heat Transfer in Unsaturated Soil with Application to Borehole Thermal Energy 

Storage” by Ali Moradi (Primary researcher and author), Kathleen M Smits (Assistant 

professor at the Colorado School of Mines, CO-PI and thesis adviser), Ning Lu (Professor at 

the Colorado School of Mines, CO-PI) and John S. McCartney (Associate professor at the UC 

San Diego, principal investigator). This paper is related to phase II of study and addresses 

objectives 1 and 2 (Hypothesis 1 and 2). Approval for republication of the manuscript was 

confirmed from Vadose Zone Journal and all co-authors. 

Chapter 5: Pore-scale study using the phase field method 

This chapter is related to phase III of study and addresses objective 3 and hypothesis 3. 

This chapter is based on the manuscript that is in the process of being prepared for submission. 

Chapter 6: Conclusions and recommendations 
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2 CHAPTER 2                                                                                                     

BACKGROUND AND LITERATURE REVIEW 

This chapter provides an overview of previous research on coupled heat and mass transfer in 

unsaturated soil, SBTES system analysis and pore-scale modeling of multiphase flow. 

2.1 Coupled Heat and Mass Transfer in Unsaturated Soil  

 A large body of experimental observations is available on the movement of moisture 

under non-isothermal conditions (e.g., Bouyoucos, 1915; Smith, 1943; Maclean and Gwatkin, 

1953; Taylor and Gavazza, 1954; Kuzmak and Sereda, 1957; Philip and de Vries, 1957). 

Bouyoucos (1915) demonstrated that in a soil column of uniform saturation, water flows from 

the warmer portion or the column towards the colder portion. His finding was later confirmed 

in more detail by others (e.g., Smith 1943; Maclean and Gwatkin 1946), who concluded that 

for each soil type, there is an optimum degree of saturation in which maximum transfer of water 

occurs. Several experimental studies have been conducted thereafter in developing hypotheses 

to describe the mechanisms of thermally induced moisture movement. Gurr et al. (1952) 

performed a series of experiments on a closed column of loam soil to assess the contribution 

of liquid and vapor flow due to the temperature effect. The results of their study showed that 

in all cases except dry and saturated conditions, water flows towards the colder end of the 

column and water vapor moves toward colder regions, condenses, and returns in the form of 

liquid water. They theoretically demonstrated that when sufficient moisture exists in the soil, 

equilibrium is not reached and water circulates continuously. Taylor and Gavazza (1954), using 

an air gap technique, also pointed out that moisture flow towards cold regions in the soil occurs 

mostly due to vapor phase transfer accompanied by a return flow of liquid water in response to 

an induced flow potential gradient. A similar result was found by Kuzmak and Sereda (1957) 

in a partially saturated porous material. They demonstrated that moisture movement due to a 
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temperature gradient occurs in the vapor phase but on the other hand, when water moves due 

to a suction gradient, the moisture flow completely occurs in the liquid phase.  

After 1960, several papers were published which were mostly devoted to quantifying 

the importance of a thermal gradient on moisture transfer rather than confirming the occurrence 

of the phenomena (e.g., Cary, 1965; Cassel et al., 1969; Westcot and Wierenga, 1972; Bach, 

1992; Nassar and Horton, 1992; Thomas et al., 1998). The purpose of most of these studies 

was to develop and evaluate the theoretical relationships, validated by experimental results. 

For example, based on experimental observations, Cary (1965) developed a linear 

thermodynamic moisture flux equation, which more accurately predicted fluxes compared to 

Fick’s law. However, Cassel et al. (1λ6λ) later showed that both Fick’s law and the modified 

Taylor-Cary irreversible thermodynamic equation under-predicted the net water flux. Westcot 

and Wierenga (1972) were among the first to look at the effects of vapor transfer on heat 

movement in the soil. By measuring soil temperature and water content in sealed columns and 

employing a computer simulation model, they concluded that to make accurate predictions of 

temperature distributions in the soil, heat transfer by water vapor must be considered. In a 

comprehensive study, Nassar et al. (1992) conducted experimental and numerical studies to 

test a previously developed model by Nassar and Horton (1992). According to their findings, 

predicted and measured values were in good agreement when a relatively high initial soil water 

content and low initial solute concentration were considered. Recent improvements in 

numerical simulation resources and development of more rigorous methods for experimental 

studies, has made it possible to track and simulate phenomena that are more complex. As an 

example, Thomas et al. (1998) presented a three dimensional model to coupled modeling of 

heat, moisture and air transfer in unsaturated soil by considering the non-linear hydraulic 

properties of sand and variable thermal conductivity of soil. Moukalled and Saleh (2006) 
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developed a transient 2-D model of heat and mass transfer through soil that implemented a 

finite volume numerical method.  

2.2 SBTES System Analysis  

Numerical modeling of ground heat exchangers is usually performed either from the 

fluid within the U-tube to the borehole or from the surface of the borehole to the surrounding 

soil (Shirazi and Bernier, 2013). In the first category, attention has been paid to modeling heat 

transfer processes through the fluid and grout inside and within the borehole with the aim of 

estimating the borehole’s thermal resistance and the outlet fluid temperature (e.g. Gu and 

O’Neal, 1λλ8; Hellstrom, 1λλ1; Zeng et al., β00γ; Diao et al., β004). The grout consists of a 

mixture of silica sand and bentonite clay with some thermally-enhanced additives, and is used 

to backfill the borehole to assure good thermal contact with the ground (Florides and Kalogirou, 

2007).  For heat transfer outside of the borehole (i.e. from the surface of the borehole to the 

surrounding soil), several analytical and numerical models have been proposed, for instance, 

Kelvin’s line source model (Ingersoll and Plass, 1λ48), a cylindrical source model (Carslaw 

and Jaeger, 1946), a model developed by Eskilson (1987), and the finite line source model 

(Zeng et al., 2002). A detailed review of analytical and numerical models for analyzing the 

thermal behavior inside and outside of the U-tube can be found in the review paper presented 

by Yang et al. (2010). It is important to note that none of these analytical models have 

incorporated coupled heat and mass transfer processes. 

A common assumption in most SBTES numerical model approaches is to consider the 

soil as a purely conductive medium with constant hydraulic and thermal properties (Angelotti 

et al., 2014). Nonetheless, inlet fluid temperatures can create considerable temperature 

gradients and consequently moisture flow in regions surrounding the heat exchangers (Reuss 

et al., 1997). In soil science and hydrology literature, many experimental/numerical studies at 

both the laboratory and field scale investigate both heat and mass transfer simultaneously.  As 
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much understanding to SBTES can be gained from this literature, the next few paragraphs 

provide a brief review of some of the pertinent studies.  

There are a few works related to the uncertainties associated with hydraulic and thermal 

properties of the soil with application to Ground Source Heat Pump (GSHP) systems. Based 

on the Philip and de Vries (1957) theory of heat and mass transfer, Reuss et al. (1997) 

developed a computer model to simulate combined heat and moisture transport for 

temperatures up to 90 °C. In their study, the model is validated using several laboratory and 

field scale experiments. They showed that thermal conductivity, heat capacity and overall 

thermal performance of seasonal heat storage systems highly depend on the soil saturation. 

However, they did not show the overall importance of including these thermal properties under 

varying soil saturation conditions in modeling efforts.  The study by Leong et al. (1998) showed 

that the degree of saturation has a crucial effect on performance of GSHP systems. Their study 

suggested that higher saturation results in higher system efficiency, although variations in 

degree of saturation above 50% has a relatively insignificant effect. Pavlov and Olesen (2012) 

discussed that thermal properties (e.g., heat capacity, thermal conductivity) of soil dictate 

spacing of boreholes that contain heat exchangers. However, they did not consider the effect 

of soil saturation and temperature on soil thermal properties. Pinel et al. (2011) highlighted the 

effect of water diffusion or time/space variation of humidity in the performance of buried heat 

sources.  They suggested that to account for the heat convection due to moisture transfer in the 

soil, a comprehensive model including both heat and mass transfer processes is required.  What 

previous research demonstrates is that any experimental or theoretical study of SBTES systems 

behavior should involve both heat and mass transfer as well as non-isothermal conditions. In 

addition, the soil thermal and hydraulic properties should be defined as a function of 

environmental conditions. Thermal gradients can also change mechanical properties of soils 

and granular materials (e.g., Villar and Lloret, 2004; Gheibi et al., 2016). These effects need to 
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be considered especially in energy piles that are used to fulfill the building’s heating–cooling 

requirements (Saggu and Chakraborty, 2015). 

One important property that is necessary to properly understand soil thermal 

performance is thermal conductivity, which is subject to change in both space and time. Most 

models of SBTES assume that the thermal conductivity is constant although it is well known 

that it varies significantly with changes in saturation, temperature, soil density, grain size, 

porosity (η), mineral content, organic content, soil structure, and soil texture (Brigaud and 

Vasseur, 1989; Abu-Hamdeh, 2003). As the degree of saturation decreases, the effective 

thermal conductivity also decreases, but to varying degrees (e.g., Kaune et al., 1993; Ochsner 

et al., 2001).  Heat is often transferred by three mechanisms in soil which include conduction, 

radiation and convection. Under these conditions, thermal properties are often considered 

“apparent” thermal properties. The effective thermal conductivity also decreases with 

decreasing grain size. This effect is more significant in fine-grained soils than in coarse-grained 

soils due to the increased number of grain contacts in fine-grained soils (Midttømme and 

Roaldset, 1998).  The effective thermal conductivity increases with a decrease in η due to a 

greater fraction of soil material and to a higher extent in wetter soils (Usowicz et al., 1996; 

Abu-Hamdeh and Reeder, 2000).  Mineral content has a variable effect on the thermal 

properties of soil because of the unique nature and wide variability in mineral composition and 

volume among soils.  Past studies show that soil thermal conductivity varies inversely with 

organic matter content (Abu-Hamdeh and Reeder, 2000; Bachmann et al., 2001).   

Several models have been proposed to estimate the thermal conductivity/soil water 

content relationship based on easily measurable soil parameters (e.g. de Vries, 1963; Johansen, 

1975; McCumber and Pielke, 1981; Campbell, 1985; Campbell et al., 1994; Tarnawski et al., 

2000; Lu et al., 2007; Côté and Konrad, 2005), and very few consider the influence of changes 

in temperature. Campbell et al. (1994) as well as Tarnawski et al. (2000) proposed models to 



 

17 

predict thermal conductivity of soil as a function of temperature, soil moisture and composition 

of the porous media based on de Vries (1957) and Johansen (1975) models, respectively. 

Overall, these studies highlight the need for considering the effect of temperature and soil 

moisture variability on soil thermal properties applicable to design and implement more 

efficient SBTES systems. 

Further, the effect of soils with anisotropic properties on thermal energy storage seems 

to be lacking in literature.  It should be mentioned that Pruess et al. (2002) performed a 

remarkable approach for modeling anisotropic soils with “variably saturated flow with an 

active gas phase, heat transfer, associated phase change processes (boiling and condensation), 

solute transport, and precipitation-dissolution effects”. Although the objective of Pruess et al. 

(β00β) was not directly related to GHP systems, the relevance of “multiphase treatment of the 

simultaneous flow of aqueous and gas phases” and including “latent heat effects from 

vaporization and condensation” for conductive and convective heat transfer were built into 

their models. The work of Pruess et al. (2002) exemplified the extreme importance of careful 

and realistic representation of subsurface processes when performing numerical modeling. 

Based on the aforementioned studies, it is notable that although the assumption of 

constant ground hydraulic and thermal properties is valid for many cases (e.g. when completely 

dry or saturated conditions exists in the soil.), there is no clear definition of situations in which 

the effect of mass transfer efficiency of seasonal heat storage systems can be neglected (Pinel 

et al., 2011). Previous studies were performed without consideration of high temperature 

gradients, which is of critical importance for implementing SBTES systems (Reuss et al., 

1997). Generally, the validation behind the physics governing the coupling of multiphase fluid 

and heat transfer has not been implemented in both design and operation of SBTES systems to 

date. Thus, by not incorporating the coupled heat and multiphase mass transfer processes in the 

subsurface, the design of thermal energy storage systems could result in a less efficient and 
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more costly SBTES systems. Consequently, developing new modeling techniques along with 

suitable experimental tools to add more complexity in defining the physics of the heat and mass 

transport has critical importance in obtaining necessary knowledge in efficient design and 

implementation of SBTES systems. 

2.3 Pore-scale Modeling of Multiphase Flow and Transport 

Pore-scale modeling is expanding the field of research that aims at understanding the 

physics of flow and transport in porous media. Recent developments in visualization of pore 

spaces and computational power of numerical models has facilitated construction of 

sophisticated models to simulate and predict pore-scale phenomena. Pore-scale models in 

comparison with continuum models can better describe the physics of multiphase flow caused 

by various driving mechanism such as capillarity, viscous forces and gravitational forces 

(Joekar-Niasar and Hassanizadeh, 2012).  Several modeling techniques have been developed 

to simulate multiphase flow in porous media at the pore scale. These techniques are generally 

classified into two main groups: (1) pore network based models and (2) Computational Fluid 

Dynamics (CFD) based models. This section presents a summary of these methods to highlight 

their advantages and drawbacks with greater emphasis on interface tracking methods such as 

level set and the phase field. Mathematical formulation of the phase field method is presented 

in chapter 5.  

2.3.1 Pore Network-based Models 

 The first use of pore network models dates back to the 1950s (Fall, 1956) and the early 

forms of the pore network models were extensions to the “bundle of tubes” theory. In traditional 

pore network models, the void spaces of the porous media are represented by a lattice of wide 

pores connected by narrower throats (Blunt, 2001). The macroscopic properties of the porous 

media (e.g., relative permeability) or state variables (e.g., pressure, wetting and non-wetting 

saturation) can then be estimated within the network by applying the continuum-scale 
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governing equations of multiphase flow in porous media.  Different shapes can be selected to 

represent pores and throats.  

The shape of pore bodies and throats are not the only parameters that affect the 

modeling results. As Vogel and Roth (2001) showed, the connectivity of pores, pore geometry 

and topology of the network are also important. As pointed out by (Joekar-Niasar and 

Hassanizadeh, 2012), two main topological characteristics of a network topology are the spatial 

distribution of the pore bodies and connectivity of pore element. The spatial distribution of 

pores determines whether a network is structured or not. The connectivity of pores is defined 

by coordination number that gives the number of pore throats connected to a pore body. Based 

on these two properties, pore network models can be divided into four categories: structured 

regular, structured irregular, unstructured regular, and unstructured irregular networks (Joekar-

Niasar and Hassanizadeh, 2012). Unstructured irregular networks are suitable to simulate 

realistic and more complicated domains.  

2.3.2 Computational Fluid Dynamics (CFD)-based Models: 

In these methods, computational fluid dynamics is directly applied to the porous media 

domain. To capture the dynamics of flow, the pore space should be properly discretized, which 

can result in complicated meshing schemes in case of irregular pore structure and sharp 

interfaces. Two groups can identify these methods: continuum-based models and particle-

based models. Level Set (LS) method, Phase Field (PF) method, Volume of Fluid (VoF) method 

and the Density Functional Method (DFM) are among continuum-based models. Two main 

particle-based models are Lattice-Boltzmann (LB) method and Smoothed Particle 

Hydrodynamics (SPH) method (Joekar-Niasar and Hassanizadeh, 2012). The remaining of this 

section is devoted to briefly describe each of these methods. 

 



 

20 

Level Set (LS) Method: 

Osher and Sethian (1988) first formulated LS method to solve the equation of motion 

for a front that propagates with curvature-dependent speed. In this method, the surface is 

represented by a smooth function called “the level set function” which enables naturally 

handling the topological complexities and sharp changes in the moving front (Osher and 

Sethian, 1988). The LS method simulates the evolution of a moving interface between different 

phases by incorporating an advection equation. Since the diffusion term is neglected in basic 

formulations, the volume (area in two-dimensional problems) is not conserved in this method.  

One way to address this problem is to couple this method with other conservative schemes such 

as VoF method as suggested by Sussman and Puckett (2000). However, as pointed out by 

Olsson and Kreiss (2005), one of the drawbacks of coupling other methods with LS to achieve 

a conservative model is that they are not usually easy to implement compared to the LS method 

itself. Therefore, simplicity of the LS method is lost in a coupled scheme (Olsson and Kreiss, 

2005). To solve this problem Olsson et al. (2007) suggested a volume conservative LS method 

for two-phase flow. They added a diffusion term in the direction of compression only. By doing 

this, the traditional ways of stabilizing through adding an artificial diffusion term or coupling 

with other conservative methods are not needed. They could accurately simulate surface 

tension driven flows by coupling the LS method with the VoF method (Olsson et al., 2007). 

Phase Field (PF) Method: 

The PF method not only captures the dynamics of interface propagation, but it also 

gives a unique solution for which the total energy of the system is minimized. In the PF method, 

instead of a sharp interface, a thin transition region is defined between fluid phases or 

fluid/solid material. In this region, the interfacial forces are smoothly distributed by introducing 

an order parameter that changes through a thin interface layer (Badalassi et al., 2003). In this 



 

21 

method, evolution of phases and the interfaces between phases available in void spaces are 

related to a functional of the total free energy of the system. The total free energy of the system 

can be defined in terms of its order parameter, gradient and the rate of change with time at 

which the diffuse interface evolves (Qin and Bhadeshia, 2010). This method has several 

advantages; the micro-structural development can be easily visualized, the number of equations 

needed to be solved is far less than the number of particles that exist in the system and the 

diffuse-interface ensures that weak solutions exist for the problem (Yue et al., 2004). One of 

the main drawbacks of this method, according to Badalassi et al. (2003), is that an extremely 

thin interface layer is needed to obtain an accurate simulation of the physical phenomena, 

which results in computationally expensive numerical models. Extended discussions on the PF 

method and details of mathematical formulations are available in several papers (e.g., Cahn 

and Hilliard, 1958, 1959; Anderson et al., 1998; Jacqmin, 1999; Badalassi et al., 2003 and Yue 

et al., 2004). However, a review of basic equations is presented in chapter 5. 

Volume of Fluid (VoF) Method: 

The VoF method was first introduced by Hirt and Nicholas (1981). In their paper, they 

incorporated this method to track the free fluid surfaces. They demonstrated that Eulerian 

formulations could better describe the problems where the free boundaries are subjected to 

large deformations compared to Lagrangian methods (Hirt and Nicholas, 1981). As described 

by Gerlach et al. (2006) in the VoF method, the volume of each fluid is tracked in all rectangular 

grids that contain a part of the interface instead of tracking the interface. Then for each fluid 

inside the cells, a volume fraction function is obtained as the ratio of fluid volume to the total 

volume of the cell. This function varies from 0 to 1 when more than one fluid exists in the 

system. Unlike the VoF method in which the interface is represented with a discontinuous 

function which is advected by flow, the interface of the LS method is identified with a level set 

function (Tryggvason et al., 2011).  One other drawback of the VoF method as stated by 
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Gerlach et al. (2006) is the difficulty of considering the effect of surface tension effects on 

dynamics of the interface. Therefore, VoF does not seem to be a proper tool in modeling 

multiphase flow in porous media where surface tension plays an important role.  More details 

on the VoF method and different numerical schemes that incorporate it to solve the moving 

interface problems are available in the literature (e.g., Noh and Woodward, 1976; Hirt and 

Nicholas, 1981; Renardy et al., 2001; Gerlach et al., 2006; Tryggvason et al., 2011). 

Density Functional Method (DFM): 

The DFM is developed based on the statistical mechanical theory in which the average 

properties of a given system are calculated. This may be achieved through calculating the 

partition function referred to as Z. Using this function; all other thermodynamic properties of 

the system can be calculated. However, since all possible configurations of the system of 

interest should be considered to obtain this function, it is impossible to calculate an exact Z 

(Hughes et al., 2014). Therefore, DFM methods tries to approximate the free energy functional 

through a mathematical theorem that helps to define an intrinsic Helmholtz energy functional 

that is independent of the external potential (Wu and Li, 2007). It is shown that the free energy 

is a functional of fluid density profile (Hughes et al., 2014). Consequently, the equilibrium 

density profile can be obtained by minimization of the free energy functional. One important 

difference between the DFM and other traditional methods (e.g., VoF, LS and PF) is that there 

is no indicator/marker function needed to explicitly define the phases. This can be problematic 

for instance in assigning different thermal properties for each phase in simulation of heat 

transfer. A few papers are available in the literature that review the history of the DFM, basics 

and its applications in modeling multiphase hydrodynamics (e.g., Evans, 1992; Demianov et 

al. 2003; Wu and Li, 2007; Lutsko, 2010; Demianov et al., 2011). 
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Lattice-Boltzmann (LB) Method: 

The LB method is a relatively new technique to simulate fluid flow. In conventional 

CFD simulations, the Navier-Stokes and conservation equations of macroscopic properties 

such as mass and momentum are solved to obtain fluid flow dynamics. The numerical 

integration of these equations can be performed through discretizing the derivatives using first 

and second order derivatives. Finding the appropriate method of discretizing among many 

possible discretizations has been a challenge in CFD field. The LB method offers an alternative 

way to deal with the computational complexities of fluid flow dynamics. This method was 

originally developed in the late 1980s with the lattice gas methods. In lattice gas method, the 

particles are allowed to move on a discrete lattice by applying local collision models that 

conserve mass and momentum in the system. To eliminate the noisy nature of this method, the 

LB method was developed in which a density distribution can be advected within the system 

instead of discrete particles (Wagner, 2008). More details of the basic formulations and 

numerical model development are available in the literature (e.g., Succi et al., 1991; Junk and 

Klar, 2000; Wagner, 2008). 

The similarity between the Navier-Stokes velocity and temperature equations can help 

to develop the LB-based models to simulate non-isothermal problems by treating temperature 

as an additional velocity component (McNamara et al., 1995). Thermal LB models were 

developed after the work of McNamara and Alder (1993). One of the main limitations of this 

method was its numerical instability. Since 1993, different stabilization techniques have been 

proposed to further improve its stability.  

Several researchers have used thermal LB to simulate heat transfer. For instance, 

Mishra et al. (2009) developed a model to solve transient heat conduction in one, two and three-

dimensional Cartesian geometries. Guo and Zhao (2005), proposed a LB model for convective 
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heat transfer in porous media. In their proposed model, a novel distribution function is 

incorporated to simulate the temperature field. 

Smoothed Particle Hydrodynamics (SPH) Method: 

The SPH method was developed by Gingold and Monaghan (1977) for astrophysical 

problems but has been adopted by many researchers so far for different applications. SPH is a 

meshless Lagrangian method that can be used to solve partial differential equations 

(Tartakovsky et al., 2015). In this method, the fluid is replaced with a set of particles that are 

considered as interpolation points to approximate the properties of the fluid. One of the 

advantages of the SPE method is that if the equations are set up in a way that satisfies 

fundamental conservations laws (e.g., conservation of energy), it can be used to simulate heat 

transfer problems (Monaghan, 2005). There are a few studies that incorporated the SPE method 

to investigate heat transfer (e.g., Cleary and Monaghan, 1999; Jiang and Sousa, 2010) and 

predicted the effective thermal conductivity of a heterogeneous two-component material using 

the SPE method. However, it would be challenging to define proper fluid-solid boundaries and 

account for surface tension when modeling heat and mass transfer in porous media. 

2.3.3 Summary 

Pore-scale simulations provide opportunities to understand the impact of smaller-scale 

phenomena on larger scale processes.  This is because evaluating the effect of fluid properties, 

pore space geometry, and boundary conditions is easier in numerical simulations than in 

experimental studies (Meakin and Tartakovsky, 2009). In pore-network models, simplified 

pore space geometry and simplified physics are used to model the physical processes. Although 

pore-network based models can be computationally efficient due to simplifying assumptions, 

they are limited in their ability to capture the physics of for instance, multiphase flow in porous 

media (Meakin and Tartakovsky, 2009). With recent advances in computational resources and 

pore-scale imaging techniques, there is a need to develop more realistic models that can 
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accurately predict multiphase flow and transport in porous media using pore space images. 

Such models are critical components of an integrated suite of tools that can address “the 

challenge of scale” through finding average properties at different scales (Blunt et al, β01γ). 

Although computationally expensive, CFD-based models are better than pore-network models 

for realistically studying processes. 

Besides the numerical modeling of pore-scale phenomena, micromodels have been 

increasingly used to experimentally observe flow processes at pore scale. However, their 

application in the study of heat transfer is limited. One of the problems associated with using 

micromodels to observe non-isothermal processes arises from the difficulty of measuring the 

average temperatures of separate phases (Karadimitriou et al., 2014). 

Unlike the very few experimental investigations on non-isothermal pore-scale 

phenomena, several authors employed numerical models to simulate non-isothermal processes 

(e.g., Nuske et al., 2015; Akhlaghi Amiri and Hamouda, 2014; Liu and Wu, 2016a; Liu and 

Wu, 2016b). To properly model soil thermal performance in unsaturated porous media, 

knowledge of average soil hydraulic and thermal properties and their spatiotemporal change is 

needed. To our knowledge, no pore-scale study has investigated heat and mass transfer with 

the objective of estimating effective thermal properties of a porous medium. 
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3 CHAPTER 3                                                                                                                       

TWO-DIMENSIONAL BENCH-SCALE STUDY 

Modified from an article published in Geothermics with minor additions1 

Moradi, A.2,3, Smits2, K.M., Massey2, J., Cihan, A.4 and McCartney, J. 5 

This chapter is based on a 2-D bench scale study. A description of the numerical model, 

experimental apparatus and processes are provided followed by experimental and numerical 

results. Additional data related to this work is available in Appendix D. 

3.1 Introduction  

The goal of this study is to better understand heat and mass transfer processes for 

SBTES systems installed in the vadose zone. We modified a fully coupled numerical model 

previously developed by Smits et al. (2011, 2012) that solves for heat, liquid water and water 

vapor flux and allows for non-equilibrium liquid/gas phase change. We then used this model 

to investigate the influence of different hydraulic and thermal parameterizations on system 

behavior as well as further examine the importance of considering convection and conduction 

in heat transfer for SBTES modeling efforts. To better understand the physical processes and 

test the numerical model formulation, we performed a series of two dimensional experiments. 

A two-dimensional, heated tank apparatus was designed, constructed and implemented with a 

series of sensors to monitor changes in temperature, volumetric water content and soil thermal 

                                                 

1 Reprinted with permission from Geothermics Journal. (http://dx.doi.org/10.1016/j.geothermics.2015.05.007) 

2 Department of Civil and Environmental Engineering, Colorado School of Mines 

3 Primary researcher and author 
4 Earth Sciences Division, Lawrence Berkeley National Laboratory 

5 Department of Structural Engineering, University of California San Diego 
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properties. Four experiments were performed with different sands with varying grain size. The 

numerical model along with experimental results were used to test system behavior, perform a 

series of sensitivity analysis, and determine the importance of including/excluding certain 

processes from SBTES modeling efforts. Numerical modeling is aimed at better understanding 

of the physical processes within the system and illustrating any discrepancies between 

experimental and numerical results. The validated numerical model can also be used to 

simulate behavior of different soil types without conducting experiments. Although 

experimental test cases provide insight to coupled heat and moisture transfer, it is not possible 

to draw general conclusions with limited number of tests.  

3.2 Materials and methods 

3.2.1 Sand Materials 

Three types of uniform specialty silica sands (from Unimin Corp., Ottawa, MN) were 

tested.  Identified by the effective sieve number, the names of the sand are #12/20, #30/40, and 

#50/70. All three sands have different mean diameter sizes but have similar porosities. The 

uniformity coefficient for the sands is approximately 1.2, the grain density is 2650 kg.m-3, the 

grain shape is rounded, and the dominating mineral composition is quartz (99.8%) (Unimin 

Corps., under the trade name Accusands, Ottawa). In addition to these uniform sands, a mixture 

of 70% #12/20 and 30% #50/70 sands was also tested, herein referred to as C7F3. This mixing 

fraction was selected to ensure that the minimum porosity (i.e. maximum density) of the 

mixture was achieved (Koltermann and Gorelick, 1995; Sakaki and Smits, 2015). The 

geotechnical and hydraulic properties of the different soils are presented in Table 3.1. The 

properties for Bonny silt are also included in the table, as they are used in the validated 

numerical model to evaluate the role of a soil having a wider grain size distribution and 

different water retention characteristics.  
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Table 3.1. Selected properties of test sands used in experiments along with those of Bonny silt 
used in the parametric evaluation 

 

The thermal conductivity-degree of saturation relationships and drainage-path water 

retention curves (WRC) measured at room temperature for the four sands are shown in Figure 

3.1. These results were obtained using a modified Tempe cell that allowed continuous 

monitoring of water content, capillary pressure, temperature, and soil thermal properties. 

Details of experimental apparatus and procedures can be found in Smits et al. (2010, 2013), 

and similar experimental evaluations of the effects of temperature on the thermal conductivity 

were measured by Tarnawski et al. (2011). For all of the sands, effective thermal conductivity 

( t) decreases with decreasing degree of saturation. Unsaturated soil can be considered as a 

composite mixture of water, air and soil grains (quartz mineral for the sands under 

investigation).  Therefore, the t of unsaturated sand as a mixture is expected to be a function 

of the water and air contents. #12/20 and #30/40 sands have similar trends while the t values 

for the sand mixture (C7F3) are considerably higher than for the uniform sands. This was 

observed because the fine particles in the mixture fill the void spaces between the coarse 

particles, increasing the contact between sand particles and causing a decrease in porosity. As 

a result, the overall thermal conductivity of the mixture increases. The shape of the WRC 

depends on the particle size distribution (or pore space distribution). It can also change with 

organic carbon and clay contents (Rawls et al., 2003; Khorshidi and Lu, 2015; Khorshidi et al., 

2016) For uniform sands, since the pore spaces are uniformly distributed, they drain 

Experiments Sand  
d50  

(mm) 
Porosity 

Residual 
Volumetric 

Water 
Content 
(m/m) 

Saturated 
Hydraulic 

Conductivity, Ks, 
(m s-1) 

van Genuchten (1980) 
WRC Model 
Parameters  

 

VG (cm-1)  

 

nVG 

EX-1 12/20 1.040 0.318 0.017 3.76×10-3 0.0816 12.69 

EX-2 30/40 0.524 0.317 0.022 1.06×10-3 0.0600 17.81 
EX-3 50/70 0.27 0.327 0.075 2.90×10-4 0.0260 29.76 
EX-4 C7F3 - 0.245 0.010 3.97×10-4 0.0290 6.750 

 Bonny silt 0.039 0.430 0.030  1.3E-6 0.00863 1.580 
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simultaneously once the air entry capillary pressure is reached, resulting in the flat shape for 

their WRC. For the mixture, the influence of the fine soil particles controls the shape of the 

WRC, and the resulting WRC is less flat than that of the uniform soils. 

 

Figure 3.1. Thermal conductivity-degree of saturation (solid lines) and primary drainage 
capillary pressure-degree of saturation (dashed lines) relationships measured at room 
temperature for all test soils. 

3.2.2 Experimental Apparatus 

Experiments were conducted using a two dimensional test tank with inside dimensions 

of 609.6 mm × 609.6 mm × 89 mm (Height×Width×Thickness). The tank was formed from 

rectangular pieces of 12.7 mm-thick Plexiglas.  Custom-made aluminum heat plates from ABM 

Fabrication & Machining of Arvada, CO were placed inside the tank on the left and right 

boundaries to serve as constant temperature sources, reducing available width for soil within 

the box to 546.1 mm. A U-shape flow channel was incorporated within the plates for circulation 

of heated water. The inlet and outlet ports were located at the top of each heat plate and were 

connected to a heated circulating bath (Polyscience model AD07R-20) that supplies water 

having a constant temperature. Schematics of the 2-D tank along with the sensor locations and 

plumbing details are shown in Figure 3.2.  
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At the inlet and outlet ports for each heating plate, the fluid temperature was monitored 

using pipe-plug thermocouples (RT-1, 2 cm probe length with 0.1 °C resolution, Decagon 

Devices Inc.)  A total of 22 temperature (EC-T, 38 mm probe length, Decagon Devices Inc.) 

and 22 dielectric (ECH2O EC-5, 55-mm prong length, 70-MHz measurement frequency, 

Decagon Devices Inc.) sensors were installed throughout the tank at the locations shown in 

Figure 3.2. Prior to testing, all EC-5 sensors were calibrated using the method developed by 

Sakaki et al. (2008) to account for sensor-to-sensor variability readings for the analog-to-digital 

converter counts.  A thermal property analyzer (KD-2 Pro, Decagon Devices Inc.) connected 

to a 30 mm SH-1 dual needle heat pulse sensor was used to monitor changes in soil thermal 

properties 50 mm below the soil surface during the experiment. The SH-1 thermal sensor is a 

dual needle probe, where the needles are 30 mm in length and separated by a distance of 6 mm. 

In these sensors, Heat is applied to one needle for a set heating time followed by a cooling 

period. The temperature is measured by the other monitoring needle and thermal properties of 

thermal conductivity ( t), volumetric heat capacity (C), and thermal diffusivity are then 

calculated based on solving the heat conduction equation for a line heat source (Carslaw and 

Jeager, 1946).   

The sand was wet packed into the tank to minimize the likelihood of not having intimate 

contact between the sand and sensors (Varble and Chávez, 2011), as gaps can be a source of 

error in sensor readings (Ruelle and Laurent, 2008). The accuracy of EC-5 sensors may be 

influenced by temperature changes in the soil. To evaluate the need for a temperature sensitivity 

correction, a set of isothermal calibration experiments were conducted. In these experiments, 

the moisture readings of the sensors were compared to the actual moisture values of the soil 

sample which were experimentally measured. Although Kizito et al. (2008) indicates EC-5 

sensors may show some temperature sensitivity that can be corrected if the temperature of the 

soil is known at the same location, calibration tests using the sands used in the experiments 
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indicate that the temperature sensitivity up to 60°C is negligible and can be ignored. Five 

temperature sensors were placed at the outside boundary of the experimental apparatus and in 

the laboratory to monitor heat losses from the tank. 

Two constant head devices were used to supply water to the base of the sand layer while 

maintaining a water table at a predetermined level throughout the course of each experiment. 

The purpose of this was to study the hydraulic and thermal behavior of the sand under both 

saturated and unsaturated conditions. The top and bottom sides of the tank were thermally 

insulated, but the faces of the tank were not insulated due to the dense instrumentation array. 

Insulation was used at the soil surface as this is typically the case in SBTES systems used in 

the field (Sibbit et el. 2012; McCartney et al. 2013). The insulation also served to restrict vapor 

escape from the surface of the sand layer. 

 

Figure 3.2. Schematic of the test tank apparatus used in experiments discussed here (not to 
scale). 

3.2.3 Experimental Procedure 

Four experiments were performed as part of this study. For each experiment, each sand 

was carefully wet-packed to the porosity values listed in Table 1 in 20-mm lifts using the 
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procedure outlined by Sakaki and Illangasekare (2007). The water in the wet sand was 

deionized but was not deaired. This sand placement process results in initially saturated 

conditions without occluded air. After sand placement, the constant head device was adjusted 

to allow the soil sample to drain to a predetermined water table level such that the very bottom 

dielectric sensor (#22) was located in the saturated soil and the rest of the dielectric sensors 

were in the vadose zone. After reaching hydraulic equilibrium (i.e., when the dielectric sensors 

indicated stable results), heated water having a constant temperature of 60 °C was supplied to 

the heat plates on the left and right sides of the tank. All tests were conducted for 7 days.  

3.3 Numerical Model Formulations 

3.3.1 Mass Transport in Porous Media 

Darcy’s law is used to model the non-isothermal, non-equilibrium, two phase flow in 

porous medium. In this regard, two different governing equations are defined for both the liquid 

and gas phases. The total gas phase is assumed to be ideal and a binary mixture of water vapor 

and air. These two equations are related by capillary pressure to form the following coupled 

differential equations (Bear, 1972):  

 w c w c w int w w(d / d )( ρ / ) . ( ρ / )( ρ )rw w gwS P P t k k P g R                                             (3-1) 

c g c g int g g(d / d )( ρ / ) . ( ρ / )( ρ )g rg g gwS P P t k k P g R                                                   (3-2) 

Where   is the total porosity of soil, wS and gS are the water and gas degrees of 

saturation (dimensionless), wρ (kg.m-3) , w (Pa.s), gρ , g are the density and dynamic 

viscosity of water and gas respectively, cP (Pa) is the capillary pressure in porous medium (cP

= gP - wP ), intk is the intrinsic permeability of soil (m2), rwk (dimensionless) and rgk are the 

relative permeability of water and gas respectively, g (m2.s-1) is the gravitational acceleration 

and gwR  (kg.m-3 s-1) is the non-equilibrium phase change rate between liquid and vapor water 
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forms which is a result of evaporation or condensation in the system. For brevity, wS  is referred 

to as the degree of saturation S in the analyses of the experiment and numerical simulations. 

To calculate the unknown water and gas phase pressures (wP , gP ), Equations (3-1) and (3-2) 

are solved simultaneously. The model of van Genuchten (1980) is used to describe the water 

retention curve (WRC, or the Pc-S relationship) in this study and the relative permeability 

values for water and gas (rwk and rgk ) as a function of wS were estimated using the van 

Genuchten-Mualem model (van Genuchten, 1980). Since the temperature considerably 

changes in the experiment, the Pc-S relationship was modified to account for the effect of 

temperature on the air-water surface tension  (Assouline, 2006). Specifically, the Pc-S 

relationship measured at room temperature was modified by substituting the relationship 

       c c ref refT /P P T T T      in the Pc-S relationship, where refT is the reference 

temperature at which the original Pc-S relationship was measured and T is the test temperature.  

In addition, classical models for the WRC commonly fail to describe WRC data well enough 

at low water contents (e.g., Ross et al., 1991), which can be amplified at higher temperatures 

when the water content is near the residual water content. Accordingly, the residual water 

content is assumed to change linearly as a function of temperature using the approach of She 

and Sleep (1998), as follows:  

     r rθ T θ βλγ K 1 T βλγ Kc                                                                                     (3-3) 

where c is a fitting parameter. 

3.3.2 Phase Change under Non-equilibrium Condition 

Phase change occurs due to several simultaneous mechanisms (i.e. release/absorption, 

reflection and replacement) in the presence of a chemical potential gradient between liquid 

water and water vapor at the liquid-gas interface. When evaporation occurs, water molecules 
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start to volatilize from the bulk liquid. The volatilized molecules can remain as water vapor, be 

reflected back to the bulk water phase or replace other water molecules, which is referred to as 

condensation (Figure 3.3). To trigger evaporation, heat must be added to the system to break 

the strong bonds between water molecules in bulk liquid. When water vapor condenses, the 

energy is released in the form of heat (Bond, 2000; Marek and Straub, 2001). Statistical rate 

theory, irreversible thermodynamics and kinetic theory are used to describe the mass flux of 

water molecules evaporating or condensing (Bond, 2000). This mass flux occurs within a thin 

region that separates the liquid surface and bulk gas called the Knudsen layer (Rose, 1998). 

 

Figure 3.3. Evaporation and Condensation mechanisms at liquid water-water vapor interface 
(Adapted from Marek and Straub, 2001) 

In traditional liquid-gas phase change models, phase change between the liquid and 

vapor phases is often evaluated based on the assumption of equilibrium; evaporation or 

condensation behavior is often considered as an instantaneous process (e.g. Philips and de 

Vries, 1957; Bear et al., 1991). In modeling efforts based on the equilibrium assumption, the 

equilibrium vapor density is determined by Kelvin’s equation. Kelvin’s equation can describe 

the equilibrium condition between the relative humidity and capillary pressure in pore space 

(e.g., Lu and Likos, 2004):  

veq vs c mρln( T/ ρ ) / RPV                                                                                                        (3-4) 
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where vsρ (kg.m-3) is the saturated vapor density, mV  is the molar volume of water (Mw⁄

wρ ), R is the universal gas constant (J.mol-1.K-1) and T (K) is the temperature. Using Kelvin’s 

equation, one can readily find the relationship between vapor densities for both equilibrium 

and saturated conditions. The saturated vapor density changes with temperature and can be 

estimated using the empirical relationship of Campbell (1985), given as follows: 

-
vs

1 3 3T 7ρ exp( .9231.37 6 10014.7 T / T 109 )                                                              (3-5) 

Therefore, the equilibrium vapor density can be calculated by rearranging Eq. 3-4 and 

incorporating the value of vsρ from Eq. 3-5: 

veq vs c mρ ρ exp( RT)/PV                                                                                                        (3-6) 

In several studies, the assumption of equilibrium phase change is called into question 

(e.g., Bénet et al., 2009). The study carried out by Bénet et al. (2009) showed that the 

characteristic time associated with thermal equilibrium is much lower than the characteristic 

time associated with mass transfer. In a macroscopic model for liquid-gas phase change in 

hygroscopic porous media such as soil, phase change velocity is considerably influenced by 

hygroscopic effects of porous media (Cherblane et al., 2007). Since limited experimental data 

are available on the soil types that were used in our work, a method based on the difference 

between the vapor pressure in gas and the equilibrium pressure at the water-gas interface was 

used (Zhang and Datta, 2004). In this approach the phase change rate is defined as: 

veq vw / )( ρ )( ρgw WbS MR RT                                                                                               (3-7) 

where vρ ( kg.m-3) is the vapor density and b is defined as a fitting parameter that is 

assumed to be a function of soil properties. The value of b was fitted using experimental data 

obtained in this study for each soil type. Detailed information on this parameter can be found 

in Smits et al. (2011). 
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3.3.3 Heat Transfer in Porous Medium 

Conduction, convection and latent heat transfer due to phase change are considered as 

three main heat transfer mechanisms in soil. Heat conduction is caused by random transfer of 

molecular kinetic energy through random motion of the particles in the system. Heat 

conduction was first formulated by Fourier (1768-1830) and as a result it is also known as 

Fourier’s Law. The heat conduction process is described by a parabolic partial differential 

equation that relates the time rate of heat conduction to the negative gradient of temperature 

through a proportionality constant known as thermal conductivity. Heat conduction in 

unsaturated soil is not as simple as pure materials because the unsaturated soil consists of three 

different components each of which has quite different thermal properties. For instance, 

thermal conductivity of the soil components varies across two orders of magnitude (6-11    

W.m-1K-1 for quartz minerals, 0.58 at 25 °C for water, and 0.026 at 20 °C for air). Therefore, 

thermal properties of unsaturated soils are defined as the effective or apparent properties (e.g., 

apparent thermal conductivity) in analogy to the corresponding properties of pure materials. 

These effective properties depend on the state of the system and can vary in space and time. 

Water content of the soil has a major contribution in effective thermal conductivity of the 

unsaturated soil. Since the thermal conductivity of water is two orders of magnitude greater 

than air, an increase in the amount of water in the pore space leads to a higher effective thermal 

conductivity (Figure 3.4). 

 
Figure 3.4. Conceptual model of unsaturated soil composition in three different states: (a) 
completely dry, (b) unsaturated (c) saturated. 

Convective heat transfer occurs when kinetic energy is transported by the bulk 

movement of the pore fluid. In our model, both wetting and non-wetting phases are considered 
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as pore fluid. Therefore, the velocity of both phases is introduced in the convective component 

of heat transfer equation. To formulate the partial differential equation that describes the heat 

transfer in unsaturated soil, we assume local thermal equilibrium between the gas, liquid and 

solid phases.  By taking averages at the scale of a representative elementary volume (REV), 

the energy equation can be applied for each phase separately. Under the assumption of local 

thermal equilibrium, energy equations for each phase are then combined to yield a general form 

of heat transfer equation for porous media, given as follows: 

   ρ ρ ρw w g wP t g

*

gP P. ( (( ) ) ) s

T
u T uc c T T

t
c L QR                                                            (3-8) 

where Pc  (J.kg.K-1) is the heat capacity for the phase, wu  (ms-1) and gu are the liquid 

and gas velocities respectively, gwLR is the latent heat due to phase change, t is the effective 

thermal conductivity (W.m-1K-1) and sQ (J.m-3.s-1) is the heat loss from the system. The value 

of sQ can be estimated by incorporating Newton’s law of cooling. The heat loss coefficient 

was defined based on knowledge of the thermal properties of the soil tank and surrounding air 

and the difference between the ambient room temperature and temperature of the soil tank (i.e., 

Plexiglas).  

Estimation of average heat loss coefficient: The average heat loss coefficient was 

estimated using three dimensionless numbers (Grashof number, Rayleigh number and Nusselt 

number) and the ambient and surface temperatures.  

The Grashof (buoyancy forces/viscous forces) number is defined as: 

ρ
ρ ρ2

3
surf. mb.

2
a( )

G
V Vg g T g T T   

                                                                             (3-9) 

g: gravitational acceleration, m/s2 

μ coefficient of volume expansion, 1/K 
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δμ characteristic length of the geometry, m 

μ kinematics viscosity of the fluid, m2/s 

T∞: ambient temperature, (ᵒC) 

Tw: temperature of the heated wall, (ᵒC) 

U∞: ambient air velocity which is assumed to be zero in free convection 

Tw is measure by the sensors attached to the surface at sample points. In addition, temperature 

of the film equals:   

f surf amb.( . ) / 2T T T                                                                                                              (3-10) 

f1/T                                                                                                                                  (3-11) 

The Prandtl number (Kinematic viscosity/thermal diffusivity) is defined as: 
 

Pr  
                                                                                                                                 (3-12) 

Kinematic viscosity and thermal diffusivity values were calculate using the average 

ambient temperature. The following relationship was used to estimate the Rayleigh number: 

3
surf m

2
. a b.( )

Ra G.Pr .Pr
g T T 


                                                                                            (3-13) 

Finally, an experimental correlation for vertical plates was used to estimate the average 

Nusselt number: 

2
1/6

8/279/16

0.387Ra
Nu= 0.825

k 1 (0.492 / Pr)

h          
                                                                     (3-14) 

Where k [W.m-1K-1] is the thermal conductivity of air that changes with the air 

temperature [K] through the following empirical equation: 
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11 3 8 2 4k 1.5207 10 4.8574 10 1.0184 10 .0003933T T T                                    (3-15) 

By estimating the average Nusselt number and knowing the k value, the average natural 

heat convection coefficient (h) can be estimated. It should be mentioned that for each sensor 

installed on the tank surface, an area of influence was defined and the final heat loss coefficients 

were calculated as a weighted average of all values. In the Nusselt and Grashof formulations, 

the δ was defined as the height of each sub-area. 

Estimation of effective heat capacity and thermal conductivity: The term  ρ *

Pc

represents the effective heat capacity for all three phases and can be described by assuming 

that surface porosity is equal to the total porosity as follows: 

         ρ ρ ρ ρw

*

P P P Ps w g
1 gc c c S cS                                                                        (3-16) 

The thermal conductivity model of Campbell et al. (1994) was used in this study to 

estimate the effective thermal conductivity (t ) as it considers the effect of changes in 

saturation on the thermal conductivity of the soil and has been shown to be effective compared 

to other models. The fitting parameters for different soils are available in (Appendix-B). In this 

model, the thermal conductivity is considered as a weighted sum of thermal conductivities of 

components comprising the subsurface environment. Thus, for a soil consisting of three phases; 

the effective thermal conductivity is given by: 

w w g g s

w
t

w g

s

s

w

g

gk k k (1 )

k k k (1 )

S S

S S

                                                                                            (3-17) 

           Where kw , kg  , ks are weighting factors for water, gas and solid phases respectively and 

w  , g and s are the thermal conductivities for three phases available in the porous media. 
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3.3.4  Water Vapor Transport in Porous Medium 

Following mass balance equation that accounts for both diffusive and advective 

transport was used to simulate water vapor transport in the soil.  

ρ
ρ ρg v g

g g v g v gw

(
.(

)
)t

w S
u w D w R

t
                                                                                   (3-18) 

In the above equation, Dt is total diffusion coefficient of water vapor in the soil that is estimated 

using binary diffusion coefficient and the tortuosity. Detailed equations are given in chapter 4 

(Table 4.3).  

3.4 Experimental Results and Discussion 

3.4.1 Temperature Behavior in Soil 

The temperatures of the circulating fluid at the inlet and outlet of each heat exchanger 

(not shown) indicate that the outlet fluid temperature reaches steady state conditions after 2 

days. After this point, it is expected that the soil has reached its thermal storage capacity. 

Evaluation of the temperature profiles indicates that steady state conditions were established 

faster in the soil layer (i.e. less than 2 days). Similar behavior was observed in all of the 

experiments.  

Profiles of temperature in the soil for EX2 at steady state conditions are shown in Figure 

3.5(a). Because of symmetry, the results from only half of the sensors are shown. Higher 

temperatures are observed closer to the heating plates than in the center of the container. This 

is primarily due to heat loss out of the tank through the uninsulated faces. Furthermore, it is 

potentially affected by the heat loss associated with energy required to change liquid water to 

water vapor. The temperature is also observed to increase with depth in the tank.  This can be 

explained by the relationship between t and S shown in Figure 3.1. The bottom row of sensors 

is located in the saturated region (S≈100%) while the degree of saturation decreases with height 

above the saturated region. The effective thermal conductivity is expected to increase with the 
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degree of saturation according to the relationships shown in Figure 3.1. The temperature 

distributions suggest that availability of moisture and distance from the heat source are both 

relevant to consider. Figure 3.5(b) also shows the temperature variation with time in sensors 

located along transects A and B. As shown in the figure, steady state conditions are reached 

after about 1 day. 

 

Figure 3.5. Steady state temperature (time = 7days) measured vertically from the middle of the 
soil tank toward the heat plate and (a) temperature variation with time along transects A and B 
for EX2 (b). 

3.4.2 Saturation Behavior 

Experimental measurements of the degree of saturation as a function of time for EXβ 

on two vertical transects (Transects A and B in Figure 3.2) are plotted in Figure 3.6. In general, 

the degree of saturation appears to exhibit more dynamic behavior compared to the temperature 

data shown in Figure 3.5(b). A drying effect is observed in the data shown in Figure 3.6 at the 

locations of the sensors located close to the heat plate (transect B or sensor locations 1, 8, and 

15). Along transect B, the drying rate decreases with distance from soil surface (i.e. in the 

saturated region where moisture availability increases). It should be mentioned that in this 

study, moisture flow is referred to both liquid water and water vapor flow.  The effect of the 

initial degree of saturation on the thermally-induced moisture distribution pattern is highlighted 

in Bear et al. (1λλ1). They mentioned that for each soil type, there is a critical value for initial 
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degree of saturation below which significant drying will occur in the vicinity of hot boundaries. 

It has been shown theoretically that the liquid water and water vapor transfer processes in 

presence of thermal and hydraulic head gradients in the system are less likely to reach 

equilibrium for high water contents (Gurr et al., 1λ5β). In this case a continuous circulation of 

water within the system is expected. However, in this experiment, the initial water content is 

not high enough to establish a continuous moisture circulation and therefore, a steady state 

moisture distribution pattern was established as seen in the nearly stationary drying front close 

to the heat plates (Transect B). 

 

Figure 3.6. Degree of saturation with time for sensors located along transects A and B (EX2). 

The results for the changes in degree of saturation along transect A provide 

experimental evidence for thermally induced flow in the system.  An increasing trend in degree 

of saturation over time for the middle and top sensor (sensor #11 and #4) is an indication of 

moisture flow towards middle region of the tank. The rate of moisture flow decreases closer to 

the soil surface, as reflected in the slightly steeper change in sensor #11 readings compared to 

sensor #4 throughout the experiment. The bottom sensor (sensor #18) along transect A shows 

a decreasing trend in the degree of saturation. Since the tank is connected to the constant head 

devices at the sides of the container, the moisture loss due to thermally induced flow should be 

compensated with water supplied by the constant head devices. Nevertheless, the rates of water 
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loss and supply are not equal, potentially due to lower hydraulic conductivity of fine-grained 

soils such as #30/40 or #50/70 which led to a decreasing trend of moisture in vicinity of sensor 

#18. This trend for sensor #18 was not seen in EX1 (coarser #12/20 sand).  

An increase in the degree of saturation along transect A occurred in EX1 as well as in 

the other experiments (not shown). However, the rate of increase is different in each experiment 

due to the different hydraulic and thermal properties of the sands. In EX1 and EX2 on the two 

relatively coarse-grained sands, the rate of increase in the degree of saturation is similar. The 

lowest increase in degree of saturation was observed in EX3 in which a uniform, fine sand was 

used. The greatest increase in the degree of saturation occurred in EX4 on the sand mixture. 

This is in part due to higher thermal gradients which results in higher moisture flow in the 

system, and may indicate that the sand mixture provides better conditions for thermally induced 

water flow.  Degree of saturation at the locations of sensors 1 and 8 along with the heat plate 

and visual observations of the drying front propagation reveal that a drying front was less 

prominent in EX3 and EX4 than in the EX1 and EX2 which involved coarse-grained soils. 

3.4.3 Thermal Properties 

In-situ measurements of soil thermal properties in the experiments permits comparison 

with the t -S-T relationship derived in Tempe cell experiments using the same soils and 

packing conditions (Smits et al., 2010, 2013). This comparison also permits assessment of the 

effects of coupled mass and heat transfer on thermal properties.  The SH-1 sensor location was 

selected as variations in the degree of saturation and temperature over time were expected.  

Time series of the measured values of t and thermal diffusivity (α) are shown in Figure 

3.5, along with the values of temperature and degree of saturation in the vicinity of the SH-1 

sensor. After an initial decrease which is possibly due to a small amount of drainage of the 

system in initial stages of the experiment, t and α both increased over the course of the 



 

50 

experiment. This behavior is mainly due to the increase in degree of saturation at the same 

location. Although temperature also increased at the location over time, the rise in temperature 

had a minimal effect on the increase in soil thermal properties.   

Previous studies demonstrated that an increase in S results in an increase in t and α 

(e.g., de Vries, 1λ6γ; Horton and Wierenga, 1λ84; Côté and Konrad, β005; Başer et al., β014). 

In addition, t and α increase with an increase in temperature, mainly due to the transfer of 

latent heat in soil, thus increasing the effective thermal conductivity (e.g. Philip and de Vries, 

1957; Momose and Kasubuchi, 2002).  According to the experimental studies by Smits et al. 

(2013) on the same #30/40 sand, at intermediate degrees of saturation (~10-60 %), t and α 

increase at temperatures above 50 °C, with the maximum enhancement near the residual degree 

of saturation for each sand (S = 9%). For high and near-zero degree of saturation, such 

enhancement was insignificant. At temperatures below 50 °C, Smits et al. (2013) found that 

there was not a measurable difference in t with changes in temperature. For the experiment 

presented here, S values at the SH-1 sensor location varied between 7-11% while the 

temperature varied between 20-30 °C, far too low values of temperature to have a measurable 

effect on the thermal properties. Therefore, it seems that the effect of temperature on t is not 

considerable in the experimental conditions discussed here. On the other hand, as illustrated in 

Figure 3.5(b), the increasing trend for moisture in the vicinity of SH-1 sensor (both #3 and #4 

sensors) seems to be the main cause of thermal conductivity enhancement over time.  

Comparing values of t and α–S with those obtained in separate Tempe cell experiments 

conducted by Smits et al. (2013) shows that the values match very well.  This verification was 

needed to properly select the thermal property relationships for the numerical modeling (e.g. 

Campbell et al. relationship and parameters). The value of α shows similar behavior to  , which 

implies that the volumetric heat capacity is not changing during the test because it is related to 
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the thermal diffusivity as α= t /C. Specifically, a nearly constant value of volumetric heat 

capacity of about 1.8 MJ.m-3.K at the SH-1 sensor location was observed throughout the 

experiment.  

The thermal properties of test soils at a single location (same as EX2) with time were 

measured for all experiments (not shown). The results for thermal properties and temperature 

change are similar in all of the experiments to those shown in detail for EX2. Therefore, it 

appears that increase in degree of saturation is the main reason for enhancement of thermal 

properties for other experiments as well whereas temperature has minimal effect. In EX4 with 

the sand mixture, the thermal conductivity and diffusivity are considerably higher than for the 

other sands, potentially due to lower porosity and higher particle. Although the rate of change 

is different for each experiment, an overall increasing trend was observed. Results also show 

similar trends for the thermal diffusivity as a function of time for all experiments at the same 

location.  The similar trends in thermal conductivity and thermal diffusivity are due to the 

nearly constant volumetric heat capacity observed in all the experiments. 

 

Figure 3.7. Thermal properties of soil at the location of SH-1 sensor (a) in EX2. Degree of 
saturation and temperature profiles as a function of time for two adjacent sensors #4 and #3 for 
the same experiment (b). (M: Dielectric sensor, T: Temperature sensor) 

3.5 Numerical Simulation and Comparison with Experimental Results 

In this section, numerical model results are compared to experimental results to better 

understand any discrepancies between theory and experiments and the validity of the proposed 
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model. First, to validate the proposed two-dimensional, non-isothermal, non-equilibrium 

model, numerical results for temperature and degree of saturation are compared with 

experimental results from EX1-4. Secondly, the numerical model corresponding to EX2 was 

considered to discuss effective processes and finally to perform several parametric studies in 

following sections.  

The boundary conditions applied for mass and heat transfer are depicted in Figure 3.8. 

As shown in Figure 3.8(a), Neumann boundary conditions (no mass flux) were assumed for all 

boundaries for liquid water and water vapor flow. As shown in Figure 3.8(b) Neumann 

boundary conditions for heat transfer were used to represent the top and bottom insulated 

boundaries. However, for the right and left boundaries, Dirichlet boundary conditions were 

chosen as constant temperature was applied. The measured ambient temperature was slightly 

different for each experiment, so these measured values were considered as the initial 

temperature for the entire domain. The equilibrium degree of saturation measured using the 

dielectric sensors and the capillary pressures calculated from the WRC were used as the initial 

conditions for water and vapor flow.   

To develop the numerical model, the porous media properties, initial and boundary 

conditions of the experimental case were implemented. The system of differential equations 

was then solved using the COMSOL Multiphysics software package. After studying the 

sensitivity of model output to the number of elements, the domain was discretized by using 

8909 triangular elements. Smaller boundary elements were used in the boundaries with 

constant temperature (heat plates) and bottom valves (connection to the constant hydraulic 

devices) as well.  Each simulation required 20 minutes using an Intel Core i7, 3.4 GHz 

processor with 16 GB of RAM. 
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Figure 3.8. Boundary conditions for two-dimensional configuration where T is temperature, Pw 
is water pressure, Jc is mass flux (liquid water or water vapor) and JT is heat flux in the domain. 

3.5.1 Model Validation with Experimental Results 

The simulated vertical profiles of both temperature and degree of saturation at times 

t=0 and 7 days are shown in Figure 3.9, along with the experimental data along transects A and 

B from Figure 3.2 for comparison. Although the numerical model captures the trends in the 

experimental data well, some discrepancies exist which are statistically quantified using R2 

values that range from 0.660 to 0.907. Discrepancies between simulated and measured degrees 

of saturation and temperatures may, be due in part to the accuracy and resolution of the 

dielectric sensors and thermistors. The largest discrepancies were observed closer to the heat 

plate (i.e., transect B), the predicted and measured degrees of saturation at t=7 days. The 

observed degrees of saturation at the location of sensors #1 and #15 were lower than the model 

predicted, which indicates that the tank dried faster than the model predicted for these times. 

Although the effect of temperature on the WRC properties were accounted for using the 

modification of She and Sleep (1998), this model could still not capture the drying behavior 

observed at transect B where the temperature values were above 35 °C.  Poor estimation of 

residual water content at the location of sensors #1 and #15 at t=7 days could also be in part 

due to changes in soil water retention properties with changes in bulk density within the soil 

column (Assouline, 2006). 

 



 

54 

Comparisons between predicted and measured temperatures at different locations 

within the test tank along transects A and B are shown in Figure 3.9(c) and Figure 3.9(d).  

Although the measured and simulated values of temperature do not agree well, the model 

captured the general trend in the data (R2 values ranging from 0.660 to 0.907).  The 

discrepancies between the measured and simulated temperatures values may be due in part to 

the accuracy and resolution of the temperature sensors.  The shape of the temperature profile 

is likely associated with the nonlinear distribution of the thermal properties associated with 

water redistribution in response to temperature gradients (Prunty and Horton, 1994), heat loss 

out of the faces of the tank, and differences in the degree of saturation through the depth of the 

tank. The heat loss was accounted for in the model based on knowledge of the temperature 

distribution out of the tank and thermal properties of the Plexiglas tank material. The additional 

heat loss due to the latent heat of evaporation was also taken into account in the model by the 

transfer of latent heat as a result of liquid water-water vapor phase change. The phase change 

and latent heat transfer are responsible for the S-shape curve (blue line) by maximizing the heat 

transfer close to the heat plates above the saturated zone. Errors associated with prediction of 

numerical models for temperature and degree of saturation distribution under non-isothermal 

conditions as opposed to isothermal conditions were also reported by Bach (1992). Bach (1992) 

showed that adjusting the temperature coefficient of the matric potential resulted in better 

agreement between measured and predicted values. Thus, a closer fit might be obtained by 

considering the effect of temperature in WRC in a more realistic way. 
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Figure 3.9. Simulated and observed degree of saturation and temperature profiles along 
transects A and B at 0 and 7 days.  (a), (b) initial and final degree of saturation values and (c), 
(d) initial and final temperatures along transects A and B.   

To better understand the water vapor and liquid water movement throughout the domain 

over time, a comparison was made between the initial and final degree of saturation distribution 

in the domain. The simulated distribution of degree of saturation within the domain at the end 

of the experiment (t=7days) is shown in Figure 3.10(b). The surface plot depicts the liquid 

water distribution while the arrows represent the water vapor flow. As expected, saturation 

decreased in the vicinity of the heat plates and a dry region developed at both sides of the tank, 

adjacent to the heat plates, which is in agreement with experimental observations discussed in 

previous sections. Water vapor flow is observed to flow from the sides of the tank toward the 

centerline, as expected. To investigate the degree of saturation and temperature trends in the 

middle of the tank, three points were considered, and the degree of saturation and temperature 

at these points as a function of time are plotted in Figure 3.10(c) and Figure 3.10(d), 
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respectively. It should be mentioned that the fluctuations in the temperature and degree of 

saturation plots are caused by ambient air fluctuations which were implemented as an input 

function to the model to account for heat loss. At all three points, the simulations show a slight 

increase in both degree of saturation, which is consistent with the experimental results. This 

confirms that the model is accurately capturing the thermally induced moisture flow process in 

the sand layers. 

The increase in degree of saturation in the middle regions of the tank, along with the 

trends in the velocity field for the gas phase (shown by the arrows in Figure 3.10(b)), 

demonstrate the contribution of thermally induced vapor flow to the overall moisture 

movement. The water vapor movement is highest close to the heat plates and decreases with 

distance from the centerline. This is because the water evaporates from the regions close to the 

heat plates and condenses as it reaches the relatively colder regions towards the centerline of 

the domain. This results in an increase in the degree of saturation toward the centerline of the 

tank (hence the increase in degree of saturation for points #1-#3). It is important to note that 

although liquid water flow also contributes to overall moisture flow in the domain; its 

magnitude is smaller compared to vapor flow which is in part due to smaller percentage of 

saturated soil. Although degree of saturation increases in all three points, the rates of increase 

are different. For point #1, which is closer to the water table, the increasing rate in degree of 

saturation (slope of gray trend-line) is slightly smaller compared to that at point #2 located 

higher in the tank.  This could be due to better connectivity of air-filled pores in dryer soil 

(point #2). Since the water vapor transfers from both sides toward the centerline, the rate of 

increase in degree of saturation at both points #1 and #2 are larger than at point #3. 

 The temperature trends at points #1-3 are shown in Figure 3.10(d). Consistent with 

experimental results, since point #3 is closer to the heat plate; the temperature was higher 

compared to points #1 and #2. In addition, point #1 has a higher temperature than point #2; this 
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is due, in part, to the difference in degree of saturation and consequently differences in thermal 

properties. For instance, the higher degree of saturation at point #1 than point #2, resulted in a 

higher thermal conductivity, thus a higher temperature was reached. As seen in the Figure 

3.10(d), after an initial sharp increase in temperature, temperature remains almost constant for 

all three points. Similar behavior was observed in experimental results (Figure 3.7(b)). 

 

Figure 3.10. Simulated distribution in degree of saturation in the soil layer (a) at t=0 and (b) 
t=7 days (arrows representing velocity field) within the tank. The lower part of the tank (white 
portion) with almost saturated soil is excluded from Figure 3.10(a) and Figure 3.10(b) to better 
illustrate the soil degree of saturation differences throughout the unsaturated region. Points #1-
3 were selected corresponding to locations for three points depicted in Figure 3.10(b) to better 
illustrate the change in (c) degree of saturation and (d) temperature with time. 

3.5.2 The Importance of Conductive and Convective Heat Fluxes 

Surface plots of conductive and convective heat fluxes (i.e., heat transferred by liquid 

water and water vapor flow) within the domain are shown in Figure 3.11(a) and Figure 3.11(b), 

respectively. The convective heat flux is considerably larger than conductive heat flux, 

demonstrating that the liquid water and water vapor flow have more of a contribution to the 

 



 

58 

overall heat flux than the conductive fluxes. Cary (1965) also showed that most of the rise in 

net heat flux at higher average temperatures was due to latent heat transfer of vaporization. 

Based on surface integration values of the two components of the convective heat flux (i.e. 

liquid water and water vapor flux), liquid water flow contributes less to the overall convective 

flux (about 10% of total convective flux) as compared to the convective flux due to water vapor 

flow within the domain. This contribution will vary of course with soil degree of saturation; 

the percentage of liquid water flow is related to the percentage of saturated soil (around 25% 

of total soil volume for t=7 days).  

Conductive heat flux is a function of the temperature gradient and t  of the soil. Since 

the moisture flow within the domain alters t , it is expected to indirectly affect the conductive 

heat transfer rate. The results in Figure 9(a) indicate that a higher conductive flux is observed 

in the saturated soil than in the unsaturated soil. This is partially due to the higher thermal 

conductivity of the saturated soil than the unsaturated soil (e.g., dry vs. sat values). 

It is evident from Figure 3.11(b) that convective heat fluxes are higher in unsaturated 

regions close to the heat plates that are located just above the water table. This is likely due to 

the higher rate of phase change from liquid water to water vapor at these locations, which likely 

depends on the degree of saturation. Ruiz and Benet (2001) found that the liquid/gas interfacial 

area increases at low degrees of saturation, resulting in more locations for phase change to 

occur and hence higher rates of phase change. Close to the heat plates above the saturated zone, 

at t=7days, the soil is below the residual degree of saturation and phase change can occur 

readily. Although the same degree of saturation conditions exist in the middle of the tank and 

at the same vertical distance, the regions with higher convective flux do not extend to the 

middle part of the tank due to smaller evaporation rate. Since the evaporation is directly related 

to the temperature, in colder regions in the middle of the tank the temperature is not high 
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enough to trigger evaporation. These findings clearly indicate that the convective heat flux can 

have major contribution to overall heat transfer in SBTES systems installed in vadose zone, 

depending on the initial and boundary conditions. Therefore, convective heat flux should be 

considered in modeling and designing efforts for these systems. 

 

Figure 3.11. Surface plot of simulated conductive (a) and convective (b) heat flux. Arrows in 
(b) show the velocity field for gas phase. (Units: W/m2) 

3.5.3 Effect of Convective Heat Flux on Saturation and Temperature Distribution 

The impact of convective heat flux on the temperature and degree of saturation was 

evaluated as a function of time in a sample point of the domain (point #2 in Figure 3.10(b)) by 

comparing the results of the numerical simulations that do and do not include convective heat 

flux. In the case where convection was not included, conduction was the only mechanism for 

heat transfer. No considerable change in degree of saturation is observed in Figure 3.12(a) since 

only the heat transfer equation was modified. However, the impact of convective heat flux on 

temperature shown in Figure 3.12(b) indicates a greater effect. A temperature difference of 

almost 2 °C was observed in middle of the tank and the effect of convective heat flux on 

temperature rise increases with distance towards the heat plate. The temperature difference 
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between the cases with and without convective heat flux highlights the importance of 

convective heat flux in obtaining more realistic temperature distribution in SBTES systems.   

 

Figure 3.12. Effect of convective heat flux in (a) degree of saturation (b) temperature profile 
with time at point #2 as shown in Figure 3.10(b). 

3.5.4 Effect of Thermal and Hydraulic Gradients on Moisture Flow 

Temperature and total hydraulic head (i.e., suction and gravity) gradients are two main 

driving mechanisms for coupled heat and mass flow in porous media. Thus, calculating the 

range of variation for these gradients is necessary to draw conclusions on the effect of each 

individual variable on heat and moisture movement. Simulated surface plots of temperature 

and hydraulic head gradients at t=7 days are depicted in Figure 3.13(a) and (b), respectively. 

As seen from Figure 3.13(a), the temperature gradient is highest close to the heat plates and 

decreases with distance towards the centerline. The decreasing trend is slightly different in the 

bottom region of tank where the soil is mostly saturated.  As illustrated in Figure 3.13(b), the 

total hydraulic head gradient is considerably higher in the distinct boundary of the wetting front 

but it is negligible in rest of the domain (about 0.15 cm H2O/cm). Cary (1965) experimentally 

studied the contribution of hydraulic head and thermal gradients to net moisture flow. Based 

on his studies with separate liquid and vapor flow components as well as flow due to thermal 

gradient and pressure difference, a temperature gradient of 0.5 °C/cm at a suction head of 68 

cm H2O (about the total hydraulic head range within wetting front in current study), caused as 
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much moisture movement as a total head gradient of 2 cm H2O/cm. Therefore, by considering 

the magnitude of gradients observed in the numerical simulations in this study, it appears that 

moisture flow is influenced more by thermal gradients than total hydraulic head gradients for 

the initial and boundary conditions in this study.  

It is important to note that the hydraulic gradients may be more important than the 

thermal gradients at larger scales and at different initial degrees of saturation compared to this 

experimental study. However, as far as findings of current numerical simulations reveal, the 

thermal gradients should be taken into account to simulate moisture distribution when 

implementing field scale SBTES systems. Thermal and hydraulic gradients are closely coupled 

in SBTES systems installed in vadose zone; therefore, it is critical to understand their relative 

importance for properly determining SBTES system behavior. 

 

Figure 3.13. Simulated surface plots of (a) temperature gradient (°C/cm) and (b) hydraulic 
head gradient (cm H2O/cm) within the domain. Analysis of results demonstrates that thermal 
gradients have more contribution in moisture flow than total hydraulic head gradients. 

3.5.5 Effect of Temperature Correction on Soil Water Retention 

As mentioned in section 3.3.3, the WRC can be corrected to account for effects of 

temperature on the surface tension and residual degree of saturation (She and Sleep, 1998). 
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These corrections were applied to consider the effect of temperature on the soil water retention 

function. To investigate the impact of these corrections on the model output, a simulation was 

performed with and without applying the temperature corrections to the WRC; results were 

compared to the base case scenario (EX2) (with temperature corrections). The impact of the 

temperature correction is observed by looking at degree of saturation and temperature as a 

function of time in a sample point of the domain (point #2 in Figure 3.8(b)). As depicted in 

Figure 3.8(a), the model predicted higher values for both degree of saturation and temperature 

when no correction was applied to the WRC. For a constant capillary pressure, including the 

effect of higher temperature will result in a lower degree of saturation. This could be a main 

reason for the calculated degree of saturation level being lower when temperature is taken into 

account. Furthermore, as evident from Figure 3.12(a) without using a temperature correction 

for the WRC, fluctuations in ambient temperature do not affect the calculated degree of 

saturation values, resulting in a more consistent trend. It is important to highlight that in the 

original form of the van Genuchten WRC model (i.e. no temperature correction) the degree of 

saturation does not drop below the residual degree of saturation. For this reason, the model 

failed to properly predict the drying behavior close to the heat plates when the effect of 

temperature on the WRC was not considered. is important to note that the hydraulic gradients 

may be more important than the thermal gradients at larger scales and at different initial degrees 

of saturation compared to this experimental study. However, as far as findings of current 

numerical simulations reveal, the thermal gradients should be taken into account to simulate 

moisture distribution when implementing field scale SBTES systems. Thermal and hydraulic 

gradients are closely coupled in SBTES systems installed in vadose zone; therefore, it is critical 

to understand their relative importance for properly determining SBTES system behavior. In 

most of previous efforts to model SBTES systems, there was no need to implement a WRC in 

the simulations as multiphase flow within the soil was not considered. However, the results in 
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this study indicate that simulations that incorporate non-isothermal multiphase flow should 

consider the proper correction for temperature in the WRC.   

 

Figure 3.14. Effect of temperature correction of the WRC on the predicted trends at point #2 
in Figure 3.10(b): (a) degree of saturation (b) Temperature. 

3.5.6 Effect of Porosity and Saturated Hydraulic Conductivity 

To examine the effect of porosity and hydraulic conductivity on the distribution in 

degree of saturation and temperature, two sets of simulations were performed. In both sets, the 

values of porosity and hydraulic conductivity were changed by ±10% with respect to the base 

case values. The effects of porosity on the degree of saturation and temperature are shown in 

Figure 3.15(a) and Figure 3.15(b), while the effects of saturated hydraulic conductivity on the 

degree of saturation and temperature are shown in Figure 3.15(c) and Figure 3.15(d), 

respectively. The porosity is observed to have a significant effect on the trends in degree of 

saturation, while the hydraulic conductivity has less of an effect on the trends in degree of 

saturation. The results in Figure 3.15(a) indicate that the porosity value of the soil is a critical 

parameter to define when simulating field-scale SBTES systems to obtain realistic trends in 

degree of saturation. This is especially the case in soil layers with nonhomogeneous domains 

(i.e., porosity can decrease with distance from ground surface). Therefore, a proper approach 

should be applied to account for porosity variability in the domain. The observation from 

Figure 3.15(c) indicate that at lower initial degrees of saturation such as those evaluated in this 
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study, the hydraulic conductivity at saturated conditions is not as influential on the trends in 

degree of saturation as the WRC and relative permeability functions. The values of porosity or 

hydraulic conductivity do not have a significant effect on the trends in temperature. 

 

Figure 3.15. Effect of soil porosity (∅) in (a) degree of saturation (b) temperature with time and 
effect of saturated hydraulic conductivity (KH) in (c) degree of saturation (d) temperature at 
point #2 as shown in Figure 3.10(b). 

3.5.7 Effect of Thermal Conductivity 

The common practice in most previous simulations of SBTES systems is to assume 

constant subsurface thermal properties. Although this assumption can be realistic in some 

cases, it will not result in accurate simulations when modeling multiphase flow in unsaturated 

soil under non-isothermal conditions. The impact of assigning constant values of thermal 

conductivity in the numerical model was evaluated performing simulations with two different 

constant thermal conductivities ( sat and dry). The trends in degree of saturation and 
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temperature for each scenario are shown in Figure 3.16(a) and Figure 3.16(b) respectively, 

along with a comparison to the base case in which the Campbell model was used to estimate λt as a function of degree of saturation. Higher temperatures were observed in Figure 3.16(b) 

when sat was defined as a constant thermal conductivity throughout the domain. This is due to 

the increase in conductive heat transfer as  increases. Inversely, dry causes a decrease in 

conductive heat flux and consequently leads to lower temperatures in the system. The effect of 

this temperature change is reflected in the trends in degree of saturation in Figure 3.16(a). As 

discussed in section 3.3.5, the decrease in temperature can alter the WRC and therefore change 

the calculated degree of saturation values. For instance, as temperature decreases, degree of 

saturation increases for a constant capillary pressure. This is in general agreement with the 

trends in degree of saturation observed in Figure 3.16(a). The results in Figure 3.16 demonstrate 

the importance of properly assigning the thermal conductivity function in designing and 

implementing any SBTES systems in vadose zone. 

 

Figure 3.16. Effect of constant thermal conductivity in (a) degree of saturation (b) 
temperature profile with time at point #2 as shown in Figure 3.10(b). 

3.5.8 Numerical Results for a Natural Soil: Bonny Silt 

Now that the model has been validated using experimental results, it is possible to 

evaluate the physics of coupled heat and mass transfer in soil layers that will likely be 

encountered in SBTES systems in the vadose zone. Accordingly, simulations with same 
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assumptions and formulations were performed using the thermal and hydraulic properties of a 

natural soil named “Bonny Silt” (Dong et al., β014). General properties of the soil are provided 

in Table 3.1. The same geometry for soil domain was considered to simulate three cases with 

different initial saturation conditions to investigate the effect of initial moisture conditions on 

the heat and mass transfer within the soil. Three cases were considered: (I) an initial degree of 

saturation of approximately 19%, (II) the initial degree of saturation was varied between 48% 

to about 51%, and (III) a nearly saturated initial condition (89%< S <100%). The variation in 

initial degree of saturation is associated with self-weight drainage when establishing the initial 

conditions in the model.  An initial temperature of 21.3 °C was assumed for all simulations. 

For all three cases, a vertical profile of initial and final values of degree of saturation 

and temperature along transect A are shown in Figure 3.17. This figure clearly shows that 

maximum change in degree of saturation and temperature occurs in case one (S =19%), while 

case three with highest initial degree of saturation level, exhibits minimum variation in both 

temperature and degree of saturation.  These results therefore reveal that heat and mass transfer 

processes highly depend upon initial saturation conditions. To better illustrate the effect of 

convective heat flux, the final temperature profiles were plotted with (red line) and without 

(green dotted line) consideration of the convective component of heat transfer.  The results in 

Figure 3.17(b) indicate that convective heat flux has more contribution in soil with lower initial 

degree of saturation as opposed to the results in Figure 3.17(f) for a higher initial degree of 

saturation. A clear correlation between moisture variation and convective heat transfer is 

observed in the different cases presented in Figure 3.17.  It is obvious that as the initial degree 

of saturation increases, the effect of convective heat transfer on temperature rise decreases and 

the role of conduction becomes more significant. It can thus be suggested that for each soil 

type, there might be a critical degree of saturation in which overall heat transfer is maximum. 
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Similarly, as reported by Bear et al. (1991), there is also a critical degree of saturation that 

causes no considerable drying at the hot boundaries. 

 

 

 

Figure 3.17. Vertical profile of initial and final values for degree of saturation (a, c, e) and 
temperature (b, d, f) along transect A (Figure 3.2) for all three cases. Case 1: initial degree of 
saturation of approximately 19%, Case 2: 48 %< S <51%, Case 3: 89 %< S <100% 

To better represent the effect of initial degree of saturation, average temperature values 

along transect A for all three cases (with average degree of saturations) were plotted in Figure 

3.18. By increasing the degree of saturation, effect of conduction increases while convection 
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becomes less important. At saturation about 95%, convection has almost no contribution in 

temperature increase. 

 

Figure 3.18. Average temperature values along transect A for all three cases as a function of 
average degree of initial saturation 

3.6 Conclusions 

The experimental and numerical results of 2-D bench-scale study showed that the 

hydraulic and thermal processes in unsaturated soil are coupled and therefore, their effect 

should be simultaneously analyzed in any SBTES system installed in vadose zone. Although 

limited, the experimental results for different sands indicated that sands with a wider grain size 

distribution with minimal porosity may lead to higher temperature gradients and consequently 

higher thermally induced moisture flow in the system.  

For the initial and boundary conditions assumed in this study, results indicated that 

convective heat flux is considerably larger than conductive heat flux, demonstrating the 

importance of including convective heat transfer in modeling of SBTES systems, especially in 

the unsaturated soils when water vapor phase is present.   

The validated model provided a suitable tool to explore model sensitivity to different 

inputs and assumptions, including apparent thermal conductivity, soil water retention 

properties and porosity. It is therefore important to include more realistic 
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equations/assumptions in defining apparent thermal conductivity (e.g. the effect of degree of 

saturation and temperature on soil thermal conductivity), the WRC (e.g., temperature effects) 

and porosity variation when modeling SBTES systems in unsaturated soils.  The sensitivity 

analysis of validated model showed that traditional Van Genuchten model is not applicable in 

presence of high thermal gradient. Therefore, in order to consider the coupled hydraulic and 

thermal processes in SBTES systems, the effect of temperature should be considered in the 

WRC. An implication of these findings is that SBTES systems in the vadose zone where 

unsaturated conditions are present should include variable thermal and hydraulic properties. 

 Numerical simulation of coupled heat and mass transfer in Bonny silt revealed that 

convective heat flux is not as pronounced in saturated soils than unsaturated soils, which 

indicates that SBTES systems in saturated soil will not have a change in the rate of heat 

injection/extraction during the inject/extraction process. Nonetheless, they may still be affected 

by buoyancy changes due to changes in temperature of the fluid. Furthermore, the simulations 

for a natural soil (Bonny silt) highlighted the importance of initial degree of saturation on 

convective heat flux. In general, for any specific SBTES system, there is possibly an initial 

degree of saturation in which convective heat transfer and consequently overall heat transfer is 

maximized. 
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4 CHAPTER 4                                                                                                                  

THREE-DIMENSIONAL INTERMEDIATE-SCALE STUDY 

Modified from an article published in Vadose Zone Journal with minor additions 1 

Moradi, A.2,3, Smits3, K.M., Lu3, N. and McCartney, J.S.4 

This chapter is based on a 3-D intermediate scale study. A description of the numerical model, 

experimental apparatus and processes are provided followed by experimental and numerical 

results.  

4.1 Introduction  

Although there are several field-scale seasonal heat storage systems in operation (e.g., 

Argiriou 1997; Sibbit et al. 2007; Bauer et al. 2010; Nussbicker-Lux β01β; Bjoern β01γ; Başer 

et al. 2015b), the ability to collect the data necessary to properly develop and validate 

multiphase numerical models at these sites is difficult and costly to obtain.  Furthermore, 

application of a fully discretized 3-D field scale model is computationally expensive or in most 

cases impractical albeit necessary to properly understand, for example, processes such as 

transient heat and mass transfer within heat exchanger arrays.  Laboratory intermediate scale 

(approx. 1-10 m) experimental and numerical studies offer the opportunity to investigate heat 

transfer mechanisms and fundamental processes (e.g. convective and latent heat transfer) under 

well-controlled initial and boundary conditions, providing precise data sets that can be used for 

model validation. In fact, these experiments will be beneficial to the comparison of numerical 

model and experimental data since the parameter estimation uncertainty will be reduced under 

                                                 

1 Reprinted with permission from Vadose Zone Journal (DOI: 10.2136/vzj2016.03.0027) 

2 Primary researcher and author 

3 Department of Civil and Environmental Engineering, Colorado School of Mines 

4 Department of Structural Engineering, University of California San Diego 
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controlled conditions (Oostrom et al., 2007). Intermediate scale, as seen here, is defined as the 

scale in which small-scale processes (i.e. evaporation/condensation) occur so that their relative 

significance in overall system behavior (i.e. heat transfer here) can be determined (Lenhard et 

al., 1995). This requires that the environmental conditions are well controlled and that the 

experimental set up is compatible with the measurement techniques employed. Among the 

previous seasonal energy storage studies, none to date includes a 3-D intermediate scale 

laboratory study under unsaturated conditions.  

In this study, the influence of convective and latent heat transfer and variable soil 

thermal and hydraulic properties on heat transport in a laboratory, intermediate scale SBTES 

system was studied. Numerical simulations were performed using a 3-D fully coupled heat and 

mass transfer model that solves for multiphase (liquid and gas) flow and allows for non-

equilibrium liquid water/water vapor phase change, as will be discussed in section 3.1 below. 

To account for variable heat flux from U-shaped geothermal heat exchangers through which 

hot fluid is circulated to transfer heat into the soil, the fluid velocity inside heat exchangers was 

also modeled by solving the laminar Navier-Stokes equation. To validate the numerical model, 

a series of 3-D laboratory experiments with different initial conditions, injection temperatures 

and flow rates were performed, simulating SBTES system operation. The setup was 

instrumented with a series of sensors to monitor temperature and degree of saturation at high 

spatial and temporal resolutions. The validated numerical model was then used to evaluate the 

system behavior and quantify the significance and impact of variable soil thermal and hydraulic 

properties as well as different heat transfer mechanisms.   

4.2 Material and Methods 

4.2.1 Experimental Apparatus 

Laboratory-scale experiments were conducted in a γ-D tank with dimensions of β.1 m 

long, 1.β m wide and 0.6 m high (Figure 1). Plywood panels (γ0 mm-thick) were used to 
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construct the tank structure with aluminum t-slot beams providing external structural support. 

The inner part of the tank was lined with thin PVC sheets (γ mm thick) sealed together with 

marine glue to assure a watertight seal. Polystyrene (XPS) rigid foam was used to insulate the 

top surface of the tank. The foam was selected to represent an insulation layer, similar to those 

found at field scale SBTES systems, which help to restrict moisture and vapor exchange/losses 

with the atmosphere. The sides and bottom of the tank were not insulated to mimic an 

unrestricted heat flow boundary condition likely to be present in a field setting. The no-flow 

fluid boundary conditions do not represent the field setting, but no ground water flow is applied 

in these experiments, and the zone of thermally-induced water flow is only expected to be close 

to the heat exchangers and well away from the boundaries. Two constant head devices were 

used to adjust and maintain the water table in the soil layer at a predetermined level during the 

course of the experiments. Schematics of the γ-D tank, heat exchanger and sensor bar are 

depicted in Figure 4.1. 

Four U-shaped heat exchangers (i.e., model boreholes) were constructed using 

stainless-steel tubing with inner and outer diameters of γ.8 mm and 6.β mm, respectively. The 

heat exchangers were connected to a heated circulating bath (Polyscience model AD07R-β0) 

that supplies hot water to the U-shaped heat exchangers at a constant temperature and flow 

rate. All external tubing (approx. 1 meter long) used to connect the boreholes to the heat bath 

circulator was wrapped with 5 mm-thick insulation tape to minimize heat loss before the inlets. 

A total of β4 dielectric sensors (model 5TM from Decagon Devices of Pullman WA) were used 

to measure temperature with an accuracy of ±0.1°C and volumetric water content, VWC with 

an accuracy of ±γ%. These sensors were installed throughout the tank to measure vertical and 

horizontal distributions in degree of saturation and temperature with time. Each sensor was 

secured to a PVC rod (hereinafter referred to as a ‘sensor bar’) to allow for ease of installation 

and ensure that each sensor maintained its position while packing the tank with sand, as 
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discussed later. The method developed by Sakaki et al. (β008) that accounts for sensor-to-

sensor variability in analog-to-digital converter (ADC) counts (i.e. raw sensor outputs) was 

used to calibrate the dielectric sensors for VWC readings. In this method, ADC readings under 

dry and water-saturated conditions are used in a two-point α-mixing model to calculate the 

degree of saturation for each sensor location. The locations of each sensor can be seen in Figu

re 4.1. As seen in Figure 4.1, the inlet and outlet ports were instrumented with a ST-100 (70 

mm long, 6 mm diameter rubber housing enclosed, Apogee Instruments, USA) thermistors to 

monitor temperature and consequently determine the heat transfer rate in each experiment. To 

monitor heat loss through the tank walls, a total of 50 ST-100 and ST-β00 (Apogee Instruments, 

Logan, UT, USA) thermistors having an accuracy of ± 0.1°C were installed on the inner and 

outer surfaces of the vertical walls. An AM16/γβB multiplexer (Campbell Scientific, Inc., 

USA) interfaced with a CP1000 data logger (Campbell Scientific, Inc., Logan, UT, USA) was 

programmed to supply excitation voltage to measure the temperature. Room temperature was 

continuously monitored with a ST-100 thermistor located in the vicinity of the tank. The data 

from all the different sensors were collected every 15 minutes. 

After installation of the sensors into the tank, sand was wet-packed to the desired 

porosity (0.γ5) in 50 mm lifts using a similar procedure to that outlined by Sakaki and 

Illangasekare (β007) in order to achieve an initially saturated condition with minimal occluded 

air inside the sand. Deionized water was used as the pore fluid in all experiments. The sensor 

bars (left) and final thank setup connected to the data acquisition system (right) are shown in 

Figure 4.β. 
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Figure 4.1. Schematic of the 3-D tank apparatus along with sensor bar and boreholes locations 
and details. The boreholes (not to scale) are connected to a heat bath circulator. The tank is 
connected to two constant heat devices on both sides of the tank to control/change the water 
table level (dimensions are in cm). 

 

Figure 4.2. Sensor bars and U-shape heat exchangers before packing the tank (left) and final 
tank setup connected to the data acquisition system and heat bath circulator (right). 

4.2.2 Sand 

Well-characterized uniform specialty silica sand (#12/20) under the trade name 

Accusand, manufactured by Unimin Corp. of Ottawa, was used in all experiments. This sand 

was selected based on its hydraulic properties (i.e., air entry suction) so as to allow for the 
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development of an unsaturated zone within the available height of the soil tank. The grain 

density of the sand is 2650 kg.m-3 with a dominating mineral composition of quartz (99.8%). 

The uniformity coefficient for the sand is approximately 1.2. Selected hydraulic and thermal 

properties of this soil are presented in Table 4.1. 

Table 4.1. Selected hydraulic and thermal properties of test sand (#12/20) used in experiments. 

 

4.2.3 Experimental Procedure 

This study consisted of four experiments involving soil layers having different degrees 

of saturation and different heat transfer rates controlled using different inlet heat exchange fluid 

temperatures and flow rates, as summarized in Table 4.2. The heat exchange fluid (water) 

temperatures (i.e., 70 and 80 °C) were selected based on heat transfer rates can be obtained by 

SBTES systems as well as the upper temperature operating limits of some of the sensors used 

in this study (Başer et al. β015a). The first experiment was conducted with a saturated soil layer 

(Sw=1) as a baseline case for comparison with the unsaturated cases. To perform the 

experiments on unsaturated soils, the water level in the tank was lowered to a predetermined 

level (i.e., 50 mm above the bottom of the tank) by adjusting the constant head devices. For 

each experiment, after the desired saturation condition was achieved (either saturated or 

unsaturated), the circulation of the heat transfer fluid was started through the soil borehole heat 

exchangers. Although not shown, EX1 and EXβ were replicated to demonstrate experimental 

repeatability.    

d50  
(mm) 

Porosity
  

(m3m-3) 

Residual 
Volumetric 

Water 

Content,  

(m3m-3) 

Saturated 
Hydraulic 

Conductivity
Ks, (m s-1) 

Saturated 
Thermal 

Diffusivity , 
(m s-2) 

van Genuchten (1980) 
WRC Model 
Parameters  

 

dry 
(W/mK) 

 

sat 
(W/mK) αVG (cm-1) nVG 

1.040 0.35 0.017 3.76×10-3 11×10-7 0.0816 12.69 0.4 3.05 

† The hydraulic and effective thermal properties were determined using a small Tempe cell apparatus as outlined in 
Sakaki and Illangasekare (2007). 
  1 


rθ
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Table 4.2. Details of the three-dimensional experimental conditions. 

    

4.3 Numerical Model Development 

Although the experiments were designed to provide insight into the spatial and temporal 

distribution of temperature and soil degree of saturation, they do not permit conclusions to be 

drawn regarding heat and mass transfer processes and their impacts on SBTES systems.  

Therefore, numerical models are needed to obtain a more complete representation of heat 

transfer in these systems. By utilizing β-D and γ-D models, more complex phenomena and 

additional transport mechanisms such as convective and latent heat transfer, rather than only 

conduction, can be considered (Zhang et al. β015). In this study, the numerical model was used 

to investigate the impacts of different physical processes and assumptions on heat transfer 

inside the soil.  For this modeling effort, a multiphase flow model previously developed by 

Moradi et al. (β015a) in COMSOL Multiphysics software was used in this study. In this model, 

conduction, convection and latent heat transfer were taken into account to simulate coupled 

heat and mass transfer in a β-D bench-scale experimental setup. The model was modified to 

include a γ-D domain and different boundary and initial conditions. To better simulate the 

spatially and temporally variable heat flux from the boreholes, the fluid velocity inside the 

boreholes was also modeled. The reader is referred to the previous chapter of this thesis and 

papers published by the authors for an in depth discussion on model assumptions and 

formulations (Moradi et al. β015a; Smits et al. β011). However, this section includes a brief 

description of the main governing equations (Table 4.3) as well as new model developments. 

Experiment Saturation Condition Borehole Water Inlet 
Temperature (°C) 

Borehole Water 
Flow Rate (lpm) 

EX-1 Saturated 70 18 

EX-2 Unsaturated 70 18 

EX-3 Unsaturated 80 18 

EX-4 Unsaturated 80 9 
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4.3.1 Nonisothermal Multiphase Flow 

Darcy’s law is used to describe the non-isothermal multiphase flow in the soil. Two 

separate partial differential equations (Eqs. 4-1 & 4-β) for both the liquid and gas phases are 

coupled through the capillary pressure (Pc=Pg−Pw). The capillary pressure is related to the 

degree of saturation through the WRC. The WRC and relative permeability function are defined 

using the models of van Genuchten (1λ80) and van Genuchten-Mualem (van Genuchten 1λ80), 

respectively. To account for the effect of temperature on capillary pressure, the WRC measured 

previously at room temperature, is modified using Eq. 4-γ. Moreover, the She and Sleep (1λλ8) 

formulation (Eq. 4-4) is used to describe the change in residual water content at elevated 

temperatures. Phase change occurs due to a difference in chemical potential between the liquid 

and gas phases (e.g., Chammari et al. β00γ). As discussed in chapter γ, previous studies at the 

pore and REV scales have shown that the equilibrium phase change assumption, in which the 

phase change is considered to occur instantaneously, is not suitable under certain conditions 

such as high temperatures (e.g., greater than 50 °C) and high air flow due to the hygroscopic 

properties of the porous media (Cherblane et al. β007; Bénet et al. β00λ; Smits et al. β011; 

Ouedraogo et al. β01γ; Trautz et al. β015).    Non-equilibrium phase change accounts for the 

finite time associated with phase change and consequently latent heat transfer (Trautz et al. 

β015) and can better represent the dynamics of evaporation/condensation. For this reason, in 

this study, a non-equilibrium phase change formulation (Eq. 4-5) is used. The formulation 

selected here was used based on its stable model convergence and as it was successfully used 

in other tests (e.g., Zhang and Datta β004; Smits et al. β011). 

4.3.2 Water Vapor Transport 

The mass balance for water vapor in the gas phase is given in Eq. 4-6. The total diffusion 

coefficient of water vapor in soil (Eq. 4-7) is related to the binary diffusion coefficient in air 

(Eq. 4-8) and the tortuosity (Eq. 4-λ). The Millington and Quirk (1λ61) formulation is used to 
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express the tortuosity and the vapor enhancement factor (Eq. 4-10) of Cass et al. (1λ84) is 

introduced to address the underestimation of diffusive vapor fluxes by Fick’s law (Gurr et al. 

1λ5β) under non-isothermal conditions. 

4.3.3 Heat Transfer 

Conduction, convection, and latent heat transfer due to phase change are the three main 

heat transfer mechanisms in soils. As discussed in previous chapter, heat conduction in 

unsaturated soils is complicated due to the multicomponent nature of soil, consisting of soil 

grains, air and water, thus t of soil is defined as an effective property that depends on the state 

of the system in both space and time. Since the  of water is two orders of magnitude greater 

than air, an increase in the amount of water in the pore space leads to a higher t. Therefore, in 

this study, t was defined as a function of the degree of saturation. To account for convective 

heat transfer in our γD model, both wetting and non-wetting phases (i.e. water and air) are 

considered as pore fluids. Therefore, the velocity of both phases are used in the convective 

component of heat transfer equation. In the experiments on unsaturated soils performed in this 

study, the contribution of liquid phase velocity in overall convective heat transfer is minimal 

due to the relatively small volume of the saturated region. Conductive, convective and latent 

heat transfer are described through the energy balance equation (Eq. 4-11). This equation 

assumes local thermal equilibrium between phases (i.e. Tgas=Twater=Tsoil=T), allowing for 

effective thermal properties to be used. In general, effective thermal conductivity ( t) of soil 

changes with the degree of saturation and several mathematical models have been proposed to 

estimate this relationship based on easily measurable soil parameters (e.g. Côté and Konrad 

β005; Dong et al. β015; Lu and Dong β015). In this study, t as a function of degree of saturation 

was determined separately using a small Tempe cell apparatus as outlined in Smits et al. (β010) 

and was adjusted based upon the porosity of the domain using the Campbell model (Campbell 

et al. 1λλ4). The effect of temperature on the effective thermal conductivity was neglected to 
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simplify the numerical simulation as will be discussed later. The effective heat capacity is 

expressed as a weighted sum of the heat capacity values of each phase as given by Eq. 4-1β. 

Furthermore, the temperature dependency of the density and viscosity of water and air for non-

isothermal conditions were defined and incorporated into the model through temperature-

dependent non-linear functions (Hillel 1λ80; Lide β001). 

4.3.4 Fluid Flow inside the Borehole Heat Exchangers 

To simulate the physics of heat transfer in closed-loop geothermal borehole heat 

exchangers, the numerical model should be solved for two separate domains in a coupled 

manner; (a) the time dependent heat transfer in the soil outside of the boreholes; (b) the transient 

fluid flow and forced convective heat transfer inside the boreholes (Ozudogru et al. β014). 

According to the experimental data in this study, the heat conduction from the heat exchangers’ 

walls towards the soil results in a decrease in water temperature flowing inside the heat 

exchangers as monitored by ST-100 sensors installed at inlet and outlet ports of the boreholes. 

This temperature difference alters the outward heat flux from surface of the heat exchangers. 

The heat inside the borehole heat exchangers are transferred by a laminar, (Reynolds number 

<1600) pressure-driven flow of fluid which is coupled with heat transfer within the surrounding 

soil domain in the experiments. Coupling these two physics in the numerical model can lead to 

numerical complexities due to different time-scales associated with transient heat transfer 

inside and outside of the heat exchangers. For instance, short time steps are needed to capture 

rapid changes in temperature inside the borehole while for the surrounding soil, larger time 

steps may be sufficient. A domain decomposing approach might be used to address this problem 

as discussed in Kim et al. (β001) but is complex and is outside the scope of this study. Instead, 

a simplified, decoupled approach was utilized in this study to decrease the computational time. 

In our simplified approach, an initial simulation was first performed to obtain the steady 

state velocity field inside the heat exchangers. It should be mentioned that the water properties 
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(i.e. density and dynamic viscosity) were determined using the average inlet temperature (in 

steady state). Furthermore, the pressure drop due to viscous shear, friction heat, thermal 

resistance of borehole wall and the effect of temperature variation inside the heat exchangers 

on water properties were neglected. The velocity field was then implemented in the convective 

heat transfer component of the general heat transfer equation that solves for both domains 

inside and outside of the borehole heat exchangers (Eq. 4-11). In fact, in the transient simulation 

of heat transfer for the coupled domains, the velocity field of the circulating fluid inside the 

boreholes was introduced as an initial condition for convective heat transfer. The Navier-Stokes 

and continuity equations for incompressible Newtonian fluid built into COMSOL were used to 

calculate the velocity field inside the boreholes (Eqs. 4-15 & 4-16). Since the heat exchange 

fluid circulation rate remained constant over the course of the experiments, the fluid flow was 

assumed to be at steady state. 

4.3.5 Initial and Boundary Conditions and Numerical Solver 

Initial and boundary conditions were defined based on the characteristics of the soil 

tank experimental measurements. Neumann boundary conditions (no-mass flux) for liquid 

water and water vapor flow were assigned for all boundaries of the tank. The top boundary was 

thermally insulated (zero heat flux) and convective heat flux boundary conditions were 

assigned to the bottom and side boundaries (Eq. 4-14). 

In this type of boundary condition, a heat transfer coefficient should be assigned for 

each convective surface (h in Eq. 4-14). The heat transfer coefficient can be related to the 

geometry of the cooling surface (i.e. length scale), the physical properties of the cooling fluid 

(i.e. density and viscosity of air around the tank), and the temperature difference between 

surface and external fluid bulk across a fictitious thermal boundary layer. 
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Table 4.3. Summary of numerical model equations 

 

To estimate these coefficients under natural convection, a set of correlations for vertical 

and horizontal surfaces (Equations λ.β6-λ.β7 and λ.γ0-λ.γβ in Incropera and DeWitt (β00β)) 

were incorporated. These correlations are defined based on three dimensionless numbers 

(Grashof number, Rayleigh number and Nusselt number). At the inlet and outlet of boreholes, 
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Eq. (4-1) Darcy’s equation for liquid (Bear, 1λ7β) 

Eq. (4-β) Darcy’s equation for gas 

Eq. (4-3) Temperature correction for capillary pressure (Grant 

and Salehzadeh, 1996) 
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Eq. (4-6) Water vapor mass balance 

Eq. (4-7) Total diffusion coefficient 

Eq. (4-8) Binary diffusion coefficient (Campbell, 1985) 

Eq. (4-9) Tortuosity (Millington and Quirk, 1961) 

Eq. (4-10) Vapor enhancement factor (Cass et al., 1984) 
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Eq. (4-11) Energy balance (Whitaker, 1977)   

Eq. (4-12) Effective heat capacity 

Eq. (4-13) Latent heat of vaporization (Monteith and 
Unsworth, 1990)  

Eq. (4-14) External natural convective flux from boundaries 

Fluid flow inside boreholes   
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Eq. (4-15) Steady-state Navier-Stokes equation 

Eq. (4-16) Continuity equation 
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experimentally measured time series of temperature were used to prescribe Dirichlet boundary 

conditions. To create the initial saturation within the soil domain, the fully saturated domain 

was drained by applying a constant pressure boundary condition at the bottom of the tank to 

match the initial experimental condition. Therefore, the initial water pressure was hydrostatic 

and the total gas pressure was set to atmospheric pressure. The initial vapor concentration was 

set to zero and the average temperature measured inside the soil tank at the beginning of the 

experiment was considered the initial temperature for the entire domain including the fluid 

inside the boreholes. 

The system of differential equations was solved using COMSOL Multiphysics 

software. The domain was discretized by 587,5β7 elements (14155λ0 DOFs) with finer 

elements being used around the boreholes. Due to the high number of elements in the domain, 

the simulations were performed in a single node of a cluster with 64 GB of memory and 16 

processors using a batch script in UNIX (Appendix-A). Simulations were run for 8 days 

correlating with the experiment durations after creating the initial saturation condition based 

on the experimental measurements. 

4.4 Results and Discussion 

4.4.1 Temperature Behavior inside the Soil 

To demonstrate the dynamics of temperature variations in all of the experiments, two 

sample points (Aβ and Dβ in Figure 4.1) in the domain were selected. Figure 4.3 shows the 

temperature trends of these two points for all four experiments. Evaluation of the temperature 

inside the soil indicates that steady state conditions were established within the first three days 

of the test for all unsaturated experiments and five days for the saturated case. The longer period 

for the saturated case is mainly due to the smaller thermal diffusivity of saturated soil at the 

location of Aβ compared to unsaturated soil that is confirmed by numerical model results 

(11×10-7 to 1γ.5×10-7 mβ/s). Since the thermal diffusivity describes the rate at which heat is 
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conducted through soil, in the saturated experiment the rate of temperature increase is smaller 

as seen in Figure 4.3(a) and Figure 4.3(b).  It should be mentioned that the volume of the 

domain within the array of borehole heat exchangers is referred to as the “impact zone” 

hereafter. In a full-scale SBTES system, the impact zone would be the primary location for 

storing heat, although heat is also stored outside of the borehole array. The cross-section of the 

impact zone at the soil surface is highlighted in Figure 4.1.  Figure 4.3(a) shows the temperature 

change with time for all four experiments at the location of Aβ, located outside of the heat 

exchangers impact zone. As seen from the figure, temperature trends for unsaturated 

experiments (EXβ, EXγ and EX4) are similar due to similar thermal diffusivity.  It is noted that 

the steady state temperature at point Aβ for the saturated case is slightly higher than that of the 

two unsaturated experiments (EXγ and EX4) whereas they have 10°C higher inlet temperature. 

Figure β (b) shows the temperature trends for sensor Dβ, located inside the boreholes’ impact 

zone in the middle of the domain. The temperature trends are slightly different inside the impact 

zone compared to outside. For instance, while the temperature outside of the impact zone (Aβ) 

in the fully saturated experiment (EX1) is almost the same as EXγ and EX4 (with 10°C higher 

inlet temperature) except the initial stages, lower temperature is observed for the same 

experiment inside the impact zone. This implies that heat loss from the system in the 

experiment on the saturated sand is higher for two reasons.  First, the saturated sand has a 

higher t within the domain.  Secondly, convective heat fluxes (buoyancy-driven water flow) 

around the boreholes as will be shown later, result in lower temperatures inside the borehole 

array and consequently, higher soil temperatures outside the impact zone. Similar behavior was 

observed in all of the sensors throughout the tank. 

Measured ambient temperature was varied slightly for each experiment (Figure β (a)) 

due to climate variation in the lab where the experiments were conducted. The mean ambient 

temperatures were βγ.7, βγ.8, β4.β and βγ.λ °C with variances of γ.β6, γ.57, γ.γλ and β.λ7 for 
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EX1, EXβ, EXγ and EX4, respectively. As Figure 4.3(a) shows, the ambient temperature does 

not have a direct impact on the transient behavior of soil temperature since no diurnal 

fluctuation is observed in the temperature trends inside the soil. However, the ambient 

temperature affects the steady state temperature through the natural convective heat flux from 

the tank walls (Eq. 4-14).   

 

Figure 4.3. Observed temperature change with time in all experiments for (a) sensor A2 located 
outside of boreholes impact zone as well as ambient temperature and (b) sensor D2 located in 
middle of the domain and inside the impact zone. Location of these sensors are depicted in 
Figure 4.1. 

Steady state temperature profiles for sensors located along transects A, B, C and D (see 

Figure 4.1) along with the temperature values for ST-100/ST-β00 sensors installed on the inner 

and outer surfaces of the vertical walls are plotted versus distance from the center of the tank 

as shown in Figure 4.4. It is noted that ST-100/ST-β00 sensors are not exactly aligned with 

transects A, B, C and D. Transects A and C are located 1β0 mm below the soil surface (480 mm 

from bottom of the tank) while transects B and D are at a 480 mm depth (1β0 mm from bottom 

of the tank). As evident in Figure 4.4, higher temperatures are observed closer to the boreholes. 

This is mainly due to radial heat conduction and in part, the heat loss through the uninsulated 

walls of the tank. It should be mentioned that the temperature does not change linearly between 

measuring points mainly due to the radial heat conduction; the dashed lines are only used to 

represent the average temperature gradient that correlates with the slope of connecting lines.   

Figure 4.4(a) shows the temperature profile along transect A, which is close to the insulated 
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surface of the tank. As seen in this figure, the temperature profile of EXγ and EX4 with 80°C 

injection temperature are almost the same. However, in EX1 and EXβ with an equal injection 

temperature of 70°C, different average temperature gradients are observed. Compared to the 

unsaturated experiment (EXβ), in the experiment on the saturated sand (EX1), the average 

temperature gradient is slightly higher in the middle parts of the domain but decreases in close 

proximity to the boreholes. Specifically, outside of the boreholes’ impact zone, the temperature 

gradient for the saturated experiment is smaller than that of the unsaturated experiment (EXβ). 

This is due to the t of the saturated sand in EX1 being higher than the unsaturated sand in the 

other experiments and the effect of buoyancy-driven water flow as mentioned before. No such 

deviation in temperature gradients are observed along transect B, located 480 mm below the 

soil surface (Figure 4.4(b)). This is because the sensors along transect B are located in the 

capillary fringe (i.e., ~100 mm of capillary fringe above ~50 mm of a fully saturated region) 

where the soil has the same saturation and effective thermal properties in all experiments. 

Similar trends are observed along two other transects as seen in Figure 4.4(c) and Figure 4.4

(d). Although not shown here, evaluation of steady state temperatures for the rest of the sensors 

reveals that temperature trends in the saturated experiment start to deviate from the trends in 

the unsaturated experiment with the same injection temperature (EXβ) as we move toward the 

soil surface. This is due to the change in degree of the saturation and consequently the effective 

thermal properties of the soil. However, the temperature trends at all depths are almost the same 

for the last two unsaturated experiments (EXγ and EX4) which have equal injection 

temperatures (80°C) but different injection flow rates. 
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Figure 4.4. Steady state temperature profiles (t=8 days) for all experiments along (a) Transect 
A, (b) Transect B, (c) Transect C and (d) Transect D from Figure 1. 

4.4.2 Total Injected Heat into the Soil 

For each experiment, temperatures of the circulating fluid at the inlet and outlet of the 

boreholes were measured to estimate the total injected heat into the system. Although not 

shown here, the highest average temperature difference between the inlet and outlet (highest 

heat injection) is observed in EX1 (γ.5 °C) under fully saturated conditions, correlating with 

the higher effective heat capacity of the saturated soil in the domain. The lowest temperature 

difference (β °C) was seen in EXβ in which the inlet temperature of 70°C was applied to the 

unsaturated soil. Although experiments EXγ and EX4 were carried out under unsaturated 

conditions, the inlet temperature of both experiments was equally increased by 10°C compared 

to the first two experiments. In addition, the flow rate in EX4 was decreased by 50% with 
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respect to the base flow rate used in EX1-γ as highlighted in Table 4.2. The comparison of 

temperature differences between the inlet and outlet for the last two experiments showed that 

the decrease in flow rate resulted in a slight increase in temperature difference (β.4 to β.6 °C). 

This difference was not large enough to significantly impact the temperature distributions 

within the domain as discussed in the previous section. By numerically integrating over time, 

the total average heat injection can be determined using Eq. 4-17 in Table 4.3. In this equation, 

Δt (minutes) is the measurement time interval, n is the total number of time steps in 

experimental data set, m (kg/min) is the mass flow rate of circulated water through the 

boreholes for the time interval and c (J/kg·°C) is the specific heat capacity of water. Figure 4.

5 represents the results of these calculations. As indicated from impaction of Eq. 4-17, the total 

injected heat correlates with the flow rate and the temperature difference between the inlet and 

outlet of the heat exchanger. Therefore, similar behavior is expected. 

 

Figure 4.5. Total injected heat into the soil for EX-1 through 4. 

4.4.3 Model Validation 

Temperature 

The experimental results were used to validate the γ-D numerical model by comparing 

the predicted and measured temperatures. These comparisons at a single point, located in the 
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similar results were obtained for other locations throughout the tank. The numerical results are 

generally in good agreement with measured values regarding both magnitude and trends. The 

model provides a better prediction of temperature in the saturated experiment as evident in Fi

gure 4.6(a), while it slightly overestimated the steady-state temperature in the unsaturated cases 

(Figure 4.6(b), (c) and (d)). This is in part due to the additional physics involved in the heat 

transfer processes in the experiments involving unsaturated sand (i.e. vapor transport, latent 

heat transfer, etc.) compared to the experiments involving saturated sand. These issues increase 

the model output uncertainty based on additional model inputs. Although the numerical model 

predicts the experimental data well, some discrepancies exist as statistically quantified using 

R-squared values of 0.λλ4, 0.λ75, 0.λ8γ and 0.λ7λ for EX1, EXβ, EXγ and EX4 respectively.  

These discrepancies are, in part, due to model uncertainty and natural variability associated 

with mathematical modeling (Isukapalli and Georgopoulos β001; Moradi et al. β015b). The 

model uncertainty pertains to simplifications made in the model structure and the constitutive 

relationships incorporated in the model. For instance, continuum scale formulations of heat and 

mass transfer cannot fully capture the physics of multiphase flow caused by pore-scale various 

driving mechanism such as capillarity and latent heat transfer. Furthermore, the decoupled 

approach that was used to model variable heat flux from the heat exchangers can introduce 

some error in model predictions. Natural variability is introduced by the spatial and temporal 

variability of environmental parameters and variables such as porosity, soil bulk density, 

thermal properties, and the vapor diffusion coefficient. For instance, soil bulk density increases 

during compaction and can influence the WRC as a result (Assouline β006). In fact, all the 

model inputs in our numerical model were deterministic with most of them being subject to 

environmental randomness.   
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Figure 4.6. Simulated and observed temperature at a single point located in the middle of the 
domain (D2) for (a) EX-1, (b) EX-2, (c) EX-3 and (d) EX-4. 

Degree of Saturation 

The simulated and observed degrees of saturation along Sensor bar (D) and (B) at 0 and 

8 days for EXβ are shown in Figure 4.7. Comparison between predicted and measured values 

at different locations within the test tank shows that the model captures the drying behavior 

around the heat sources (Figure 4.7 (b)). However, some discrepancies exist, especially for 

sensor bar (D) located in the middle of the tank. Although simulated results demonstrate a 

decrease in the degree of saturation along sensor bar (D), no considerable drying is observed 

in experimental data. This is, in part, due to the accuracy of the sensors. The differences 

between measured and predicted values are within the accuracy of the sensors (1-β% in 

volumetric water content or degree of saturation) using medium specific calibration. The range 

of variation for each sensor reading is graphically represented by error bars in Figure 4.7. It 

should be mentioned that elevated temperatures could introduce another source of error through 

affecting sensor electronics as well as changing the electrical conductivity of both water and 
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air.  However, as shown by Kizito et al. (β015), temperature sensitivity to soil water content 

for the family of ECHβO sensors used in this study is sufficiently small. Temperature effects 

are expected to be even less significant at residual saturation conditions due to the temperature 

dependency of air electrical conductivity/ADC counts being smaller than that of water. Similar 

drying patterns were observed in all simulations. It is important to note that, unlike the β-D 

bench scale results in Moradi et al. (β015a), there is no detectable thermally induced moisture 

increase in the experiments. This is likely due to the effect of the different boundary conditions 

and dimensionality in this work. In the γ-D experiments presented here, the amount of 

evaporated/condensed water is considerably less than the total amount of pore water available. 

Phase change occurs in a relatively larger volume, and water vapor moves in three dimensions, 

thus decreasing the amount of water that condenses at a given location. 

 

Figure 4.7. Simulated and observed degree of saturation along sensor bars (D) and (B) at 0 and 
8 days for EX-2. Error bars represent 2% sensor accuracy as reported by manufacturer. 

4.4.4 Convective and Conductive Heat Transfer 

The magnitude of conductive and convective heat fluxes for EX-β are shown on a 

logarithmic scale in Figure 3.7 (a) and (b) at t = 8 days. It should be noted that the magnitude 

of both convective and conductive heat flux is significantly higher in the vicinity of heat 

exchangers and for this reason, a log scale plot can better reflect the variability of heat flux 

within the domain. As seen from the results in Figure 4.8(a), conductive heat transfer magnitude 

is greater near the heat exchangers due to larger thermal gradients. In addition, higher 
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conductive heat is observed in the bottom of the tank where the soil has a higher degree of 

saturation and consequently higher t. The regions with higher conductive heat flux do not 

extend to the middle part of the domain as the temperature gradient decreases due to symmetric 

placement of the heat exchangers. Similar to conductive flux, convective flux is greatest close 

to the heat exchangers. This is due to the higher density-driven flow of both phases resulting 

from presence of higher temperature gradients. 

Although both convective and conductive heat fluxes are small in the middle part of the 

domain, the convective flux is relatively larger (up to 80 times) than the conductive flux as 

shown in Figure 4.8(c).  The volume in which convective flux is dominant does not extend all 

the way through the impact zone, suggesting that SBTES systems can be engineered (i.e. 

through borehole heat exchanger configuration and spacing, injection temperature and initial 

saturation condition) in a way that convective heat transfer could potentially play an important 

role in overall heat transfer. It is noted that the convective flux of gas phase can also affect the 

latent heat transfer since they are strongly coupled in non-isothermal unsaturated conditions. 

To represent the transient behavior of convective and conductive heat transfer in both 

saturated and unsaturated conditions, two points that are located at the same distance from the 

heat exchanger (BH1) outside and inside of the impact zone were selected for comparison. 

Figure 8 represents the change of these fluxes at points Dγ and Gγ (shown in Figure 4.1) as a 

function of time for first two experiments. In the saturated case (EX1) (Figure 4.λ(a) and (b)), 

the conductive flux is higher compared to the convective flux showing that the conduction is 

the main form of energy transfer under fully saturated conditions. Since the temperature 

gradients outside of the impact zone are higher compared to the inside domain, higher 

conductive heat flux is observed in outside of the boreholes’ impact zone as shown in Figure 

4.λ(a) and Figure 4.λ. Buoyancy-driven water flow drives the convective heat transfer in the 
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saturated case. This is due to temperature gradients impacting the density of the pore water 

therefore creating convective water currents in close proximity to the heat sources. 

 

Figure 4.8. Volume plot of simulated (a) conductive (b) convective and (c) ratio of convective 
to conductive heat flux magnitude (c) at t=8 days for EX-2 (units: W/m2). Note that only half 
of the domain is plotted. 

In addition to the temperature gradients, another factor affecting the convective currents 

is the soil permeability. Brink and Hoogendoorn (1λ8γ) showed that for sandy soils with 

permeabilities higher than 10-11 mβ, these convective currents could adversely affect the 

efficiency of seasonal heat storage systems as they can carry heat upward and away from the 
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storage volume. The sand used in the experiments has a permeability of 1.08×10-11 mβ. 

Therefore, the high permeability of the sand along with the higher temperature gradients in 

outer parts of the impact zone, can result in a greater buoyancy-driven water flow as confirmed 

by numerical simulation results (not shown here) and consequently higher convective heat flux 

in the outer domain of EX1 as opposed to the impact zone.  Unlike the observations from the 

experiment on saturated sand, the convective flux appears to be the dominant mode of heat 

transfer inside the impact zone especially in the upper, less saturated parts of the domain in the 

experiment on unsaturated sand (EXβ) (also shown in Figure 4.8(c)).  Conduction is higher 

outside of the impact zone, similar to that of the saturated case due to higher temperature 

gradients.  It should be noted that both of the selected points for EXβ are located in the 

unsaturated region. Therefore, the convective flux only occurs due to the bulk movement of 

the gas through the pore space and not due to liquid movement as in the saturated case. 

 

 

Figure 4.9. Conductive and convective heat flux as a function of time at (a) point D3 and (b) p
oint G3 in EX-1. Same fluxes at points (c) D3 and point (d) G3 in EX-2. 
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In a dynamic, unsaturated non-isothermal system, thermally induced vapor flow occurs 

due to two temperature-dependent mechanismsμ diffusive transport that occurs because of a 

vapor concentration gradient and advective transport due to the bulk movement of gas phase 

in the system. To understand the dynamics of vapor transport in this study, normalized vapor 

concentrations as well as total vapor flow directions at initial and final stages of EX-β are 

plotted in Figure 4.10. The white regions in Figure 4.10 represent the saturated zone/capillary 

fringe in which the air-filled porosity and consequently the vapor concentration is zero. As the 

system starts to warm up, the residual water close to the heat exchangers begin to volatilize and 

a region with lower vapor concentration develops. During this time, the middle part of the 

impact zone as well as the outer part of the domain are cooler than the regions close to the heat 

exchangers. Since vapor generally moves from hot to colder regions of the domain, it 

accumulates in the central region of the tank leading to an increase in vapor concentration, as 

is highlighted in red in Figure 4.10(a). Similar behavior leads to higher concentrations outside 

of the impact zone. As the temperature of soil at the center of the tank approaches steady state 

(approx. after β days), the region with lower vapor concentration develops throughout the 

central domain resulting in a uniform distribution of vapor with lower concentration in impact 

zone (highlighted in green in Figure 4.10(b)). However, due to the availability of pore water at 

the bottom of the tank, a region with high vapor concentration is observed above the saturated 

region. By the end of the simulation, the concentration gradient between the relatively dry zone 

in the middle and outside of the impact zone, changes the direction of vapor flux as illustrated 

by the white arrows in Figure 4.10(b). It is important to note that, in field scale systems, it 

might take a long time to reach equilibrium, depending on the borehole configuration and soil 

thermal properties. In addition, this process might not occur in the same form in an open system 

(i.e., a field scale SBTES surrounded by an infinite soil domain in which vapor can potentially 

escape the impact zone) as opposed to an isolated tank system with defined soil boundaries. 
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Figure 4.10. Volume plot of simulated normalized vapor concentration at t=0.5 day (a) and t=8 
days (b) for EX-2. Arrows show total vapor flow (unit: kg.m-2.s-1) and are not plotted to scale. 
Only a quarter of the domain is shown. 

Latent heat transfer due to evaporation/condensation is one of the main heat transfer 

mechanisms in unsaturated soils especially at elevated temperatures. Water vapor moves from 

hot boundaries and condenses as it reaches colder parts thus releasing the absorbed energy. At 

high temperatures, latent heat transfer can significantly contribute to overall heat flux (Cary, 

1λ65). However, the significance of latent heat in efficiency of SBTES systems installed in the 

vadose zone is yet to be understood. Obviously, phase change and consequently latent heat 

transfer depend on several state variables such as temperature, water content, gas pressure and 

soil properties. To evaluate the dynamics of latent heat transfer in the system, the integral of 

the latent heat rate over the soil volume (J/s) was calculated for EX-β. Figure 4.11 shows the 

change in total latent heat transfer rate within the soil domain as a function of time for the 

simulation period. The increase in latent heat rate represents the energy absorption from the 

system while the decrease correlates with the release of energy due to condensation.  

Lozano et al. (β00λ) showed that evaporation and condensation do not occur at identical 

sites of pore spaces, thus resulting in different water distribution and transport characteristic 

time which is referred to as asymmetric behavior of evaporation/condensation. We do not have 

experimental evidence of such behavior in this study. In addition, it is not possible to confirm 
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the effect of pore geometry using current numerical model since in a continuum-scale 

formulation such as the one used in current study the effect of pore space geometry is not 

considered. However, investigating the dynamic of phase change (Eq. 4-5) revealed that soil 

temperature has minimal effect on asymmetric behavior of latent heat transfer rate and it occurs 

mainly due to the combined effect of Sw(ρveq-ρv) term in Eq. 4-5. Apparently, as the system 

moves toward an equilibrium state, the gradient between the actual vapor concentration and 

equilibrium vapor concentration decreases and the latent heat transfer rate approaches zero. 

Similar behavior was observed in two other unsaturated experiments. It is important to note 

that the total mass of evaporated/condensed water (about 0.15 kg during 8 days of experiment) 

is significantly less (<1%) than total amount of water available in the unsaturated regions of 

the tank as residual water (about 18 kg). Therefore, for the experimental conditions in this 

study, the condensation of water vapors cannot significantly contribute to increasing the degree 

of saturation as discussed in section 4.4.γ. This is confirmed by both moisture sensor readings 

(5TM sensors) and numerical simulations. However, as will be discussed later, an experiment 

on partially insulated soil surface provided experimental evidence of thermally induced vapor 

transport being condensed beneath the insulation layer.  

To quantify the significance of the total latent heat transfer with respect to the total heat 

injected into the system depicted in Figure 4.5, we calculated the area under the total latent heat 

rate-time curve. It appeared that in EX-β, λ.γ% of total injected heat was transferred in the form 

of latent heat. It is noted that the latent heat transfer is related to soil’s ability to retain water. 

Therefore, contribution of latent heat to overall heat transfer increases by increase in degree of 

saturation. On the other hand, increase in soil saturation above a certain degree can hinder the 

vapor transport and consequently latent heat transfer by decreasing the air-filled porosity. As 

shown in Figure 4.10(b), symmetric heating can lead to the development of a zone with 

uniformly distributed low vapor concentration inside the impact zone. In such conditions, the 
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latent heat transfer will be hindered after a certain time, which might change based on the size 

and configuration of the SBTES system as well as initial and boundary conditions.  

Alternatively, a non-symmetric heat injection scheme might be useful in sustaining the 

evaporation/condensation processes within the impact zone. For instance, by temporarily 

shutting down the heat injection from a few selected central heat exchangers, local cold regions 

will be developed inside the impact zone. These cold regions can prevent water vapor from 

escaping the system and create a continuous circulation of vapor inside the impact zone. 

Sustaining evaporation/condensation process within the impact zone can likely increase the 

time that a system needs to reach an equilibrium state leading to an increase in area under the 

total latent heat rate-time curve. Moreover, as shown by Zhang et al. (β015), variable inlet 

temperature improves the thermal performance of borehole heat exchangers by alleviating the 

heat buildup around the borehole. 

 

Figure 4.11. Volume integral of latent heat with time for EX-2. 

4.4.5 Thermal Property Variation within the Domain 

Thermal properties are key parameters in analyzing heat transfer in unsaturated soils. It 

is a common practice in most previous numerical studies of SBTES systems to assume constant 

thermal properties for the entire soil domain. However, the soil’s degree of saturation can 

significantly change the t. It this study, the effect of temperature on t was neglected according 

to the experimental studies by Smit et al. (2013). They found that for high and near residual 
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degrees of saturation at temperatures below 50°C, the thermal property enhancement due to 

temperature increase is insignificant. In all of our experiments, except in the immediate 

proximity of the boreholes, soil temperature is below 50°C.  

To illustrate the change of t over the course of the unsaturated experiments, the volume 

plot of t at times t = 0 and 8 days for EX-2 are plotted in Figure 4.12. The variation in initial 

degree of saturation due to self-weight drainage of an initially saturated soil tank to a 

predetermined water table (50 mm above the bottom of the tank) results in vertically variable 

t (1-3 W/mK) as seen in Figure 4.12(a). By applying temperature gradients from heat 

exchangers, the regions with lower degree of saturation starts to develop close to the hot 

boundaries, reducing the t of the soil (Figure 4.12(b)). Considerable drying adjacent to the 

heat exchangers can hinder heat transfer to the soil. Consistent with modeling results, at lower 

degrees of saturation, t is extremely sensitive to soil degree of saturation while effective heat 

capacity does not considerably change with saturation. In macroscopic (i.e., continuum) 

formulations, effective heat capacity is defined as a weighted average of heat capacities for all 

three phases (Eq. 4-12). Therefore, at lower saturations, its dependency to soil degree of 

saturation is minimal. However, unlike the effective heat capacity, t is a function of the state 

of the pore fluid distribution and geometrical arrangement of phases (soil-water interaction 

regimes) at the pore scale rather than the amount of available water in the pore space (Cahill 

and Parlange, 1998).  
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Figure 4.12. Volume plot of simulated t (W/m.K) at t=0 day (a) and t=8 days (b) for EX-2. 
Note that only a quarter of the domain is shown. 

Moradi et al. (2015a) evaluated the impact of the constant t value on heat transfer under 

unsaturated conditions in a 2-D bench scale study. They showed that assigning a constant t to 

the entire domain could result in unrealistic model predictions. In their study, it was shown that 

the temperature distribution in unsaturated soil (even near residual moisture contents) is 

sensitive to the thermal conductivity.  To evaluate the impact of such assumptions at the 3-D 

intermediate scale, three simulations were performed. In these simulations, three values 

(0.5 sat, 0.75 sat and1.5 sat) were assigned to the entire soil domain. All other hydraulic 

properties, initial conditions and boundary conditions mimicked the base case scenario (EX-

2).  The trends in temperature for all scenarios at a single point (D2) are shown in Figure 4.13 

along with a comparison to the base case (black line) in which a variable t was used. As seen 

in the figure, all three scenarios underestimated the temperature as compared to the base case, 

especially in the case with higher t (=1.5 sat). It shows that a higher t does not necessarily 

lead to higher temperatures inside the boreholes’ impact zone, which is due to an increase in 

heat loss from the soil. Although higher t increases the rate of heat transfer to the impact zone, 

it also simultaneously contributes to the lateral heat loss from the system. It is important to note 

that, in field scale problems, the underestimation of temperature might not be as pronounced 
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as in our intermediate scale study due to differences in lateral convective boundary conditions 

and degree of saturation profile. However, this example indicates that defining a proper t for 

the domain could have a significant effect in temperature trends, and that this should be a major 

design consideration for SBTES systems in the vadose zone. 

 

Figure 4.13 . Effect of constant t on temperature change with time at point D2 for EX-2. 

4.4.6 Effect of Surface Boundary Condition: 

To study the effect of surface insulation on heat transfer, the same 3-D setup was used 

to conduct three additional experiments with only one heat source in operation (BH1in Figure 

4.1). Details of each experiment are shown in Table 4.4. The first experiment (EX-S1) was 

conducted with full surface insulation as a baseline case for comparison while in the second 

experiment (EX- S2), a part of soil surface around the borehole heat exchanger was insulated 

using a 40 cm×40 cm Polystyrene rigid foam acting as thermo-hydraulic barrier. In the last 

experiment, the insulation layer was completely removed (EX- S3).  The heat exchanger fluid 

temperature was set to 80°C and all tests were conducted for 4 days.  
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Table 4.4. Description of surface boundary conditions.  

 

All the sensors from previous tests were kept in place and the distribution of soil 

temperature and moisture within the soil domain as well as ambient temperature fluctuations 

were continuously monitored. Time series of soil surface temperature were also measured at 

two points using EC-T temperature sensors (38 mm probe length, Decagon Devices Inc.). 

Furthermore, to obtain surface temperature in the vicinity of the insulation layer, a 320×240 

pixel resolution infrared camera (Model 7320, Infrared Cameras, Inc. (ICI); USA, spectral 

range =7-14 m, accuracy = ±1oC) was used. The camera was calibrated before each 

experiment according to the users’ manual and correction for transmission, reflection, and 

emissivity were instantaneously applied using the software provided by the manufacturer. 

Figure 4.14 (bottom) schematically shows the placement of insulation layer in EX-S2 and the 

locations of two surface EC-T temperature sensors. One of the sensors (EC-T1) was placed on 

top of the insulation layer to evaluate the efficacy of the insulation layer in restricting heat flow. 

Figure 4.14 (top) shows the final setup for EX-S2 with the insulation layer around the borehole 

heat exchanger.  

Temperature behavior inside the soil: Analysis of temperature and moisture (not shown) 

results for all the sensor locations throughout the tank revealed that for the soil conditions 

tested, the surface boundary condition did not have a considerable effect in the temperature 

variation inside the soil domain. 

Experiment Insulation Condition 
Borehole Water Inlet 

Temperature (°C) 

EX-S1 Full Insulation 80 

EX-S2 Partial Insulation 80 

EX-S3 No Insulation 80 
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Figure 4.14. Final setup for EX-S2 with partial insulation (top) and schematics of surface 
insulation around borehole exchangers along with locations of EC-T sensors (bottom). The 
dimensions are in centimeter.  

Figure 4.15 shows the temperature trends of two points A1 and B1 for three 

experiments. As seen from this figure, temperature at the location of both sensors in EX-S2 

with partial insulation is slightly higher than two other experiments. The difference which is 

within the accuracy of 5TM sensors, is not large enough to be considered as a major boundary 

effect. In fact, the results indicate that the surface boundary does not play an important role in 
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temperature distribution at least in this setting which is in part due to a single heat source 

instead of four as in previous experiments.  

 

Figure 4.15. Observed temperature change with time in all three experiments for (a) sensor A1 
located outside of the borehole impact zone as well as ambient temperature (Tamb.) and (b) 
sensor B1 located inside the impact zone next to BH1 heat exchanger. Location of these sensors 
are depicted in Figure 4.14. 

Temperature behavior at soil surface: To evaluate the effectiveness of partial insulation 

in EX-S2, an EC-T temperature sensor was installed on top of the insulation layer. Another 

sensor was placed at the soil surface far from the heat exchanger as schematically shown in 

Figure 4.14. As shown in Figure 4.16(a), partial insulation effectively restricted the vertical 

heat flow since there is no considerable difference between EC-T1 readings and ambient 

temperature fluctuations. However, in EX-S3 with no insulation, the soil surface temperature 

was higher at the same location, as expected. The temperature readings from the EC-T2 sensor 

shows that the soil surface temperature was not affected by the heat transfer from the borehole 

in both experiments. In should be mentioned that the fluctuations in temperature readings of 

EC-T2 are caused by ambient temperature.  

Although the surface boundary condition did not affect the temperature distribution 

inside the soil as well as the soil surface temperature in the locations relatively far from the 

heat source (EC-T2), it resulted in different soil surface temperature distributions in close 

proximity of borehole. 
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Figure 4.16. Temperature variation with time in EX-S2 and EX-S3 for (a) sensor EC-T1 as 
well as ambient temperature (Tamb.) variation and (b) sensor EC-T2. Locations of these 
sensors are depicted in Figure 4.14. 

Figure 4.17 shows the thermal images of the area close to the borehole (approximately 

depicted in Figure 4.14) obtained by the infrared camera. The temperature distributions for 

both EX-S2 and EX-S3 revealed that the insulation around the boreholes heat exchanger not 

only changed the shape of radial heat transfer from the borehole, it also resulted in heat 

accumulation and consequently higher surface temperatures in the experiment with partial 

insulation (EX-S2).  

Besides the effect of insulation in restricting vertical heat flow, higher temperature in 

the test with partial insulation (EX-S2) can be in part due to latent heat transfer. As discussed 

in previous chapters, convection of water vapor and its condensation in colder regions of the 

domain, can be one of the heat transfer modes, especially in unsaturated conditions with high 

thermal gradients. In EX-S2, although the condensation of the vapor was not captured by 5TM 

sensors inside the soil domain as discussed in section 4.4.3, the moisture accumulation beneath 

the insulation layer after termination of EX-S2 as seen in Figure 4.18, provides experimental 

evidence of condensation of water vapor and consequently latent heat transfer around the 

borehole and close to the soil surface. However, we did not perform any numerical simulation 

to quantify the significance of such heat transfer mechanism in higher temperature values for 

EX-S2 as seen in the Figure 4.17. 
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Figure 4.17. Thermal image of approximate area depicted in Figure 4.14 for EX-S3 (left) with 
no insulation and EX-S2 (right) with partial insulation at different times.  

It should be noted that the current setup was not ideally designed to quantitatively study 

the effect of insulation and surface boundary conditions on the subsurface heat transfer. The 
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tank dimension did not allow for the testing of the effect of heat source interaction, different 

soil types and atmospheric conditions on overall heat loss from these systems. To better 

understand the effect of insulation and surface boundary conditions, numerical simulations are 

required similar to study performed by Başer et al. (2016). 

 

Figure 4.18. Condensation of water vapor around the borehole heat exchanger in EX-S2.  

4.5 Conclusions 

This phase of study examines heat transfer processes in a 3-D intermediate laboratory 

scale SBTES system under both saturated and unsaturated conditions. A non-isothermal, non-

equilibrium model for coupled heat and mass transfer was modified and tested using 

experimental data. The model predictions agreed well with the measured values suggesting 

that such a model can be used to study SBTES system behavior in unsaturated soils. It is noted 

that these results are specific to the soil type and experimental conditions used in this study 

and are not necessarily valid for all soil types or boundary/initial conditions. Evaluation of 

experimental observations along with the numerical model simulations led to the following 

conclusions:  

 Although limited, experimental results for the temperature distribution inside 

the soil showed that the steady state conditions were established faster in 
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unsaturated experiments than the fully saturated case due to the lower thermal 

diffusivity of saturated soil.  

 Simulation results showed that in experiments on unsaturated sand, convective 

heat flux due to gas transport is larger (up to 80 times) than the conductive flux 

close to the thermally insulated soil surface and inside the boreholes’ impact 

zone. Increasing the convective heat flux due to gas transport increases the rate 

of latent heat transfer through increasing the vapor transport within the domain.  

 The volume in which convective flux is dominant does not extend all the way 

through the impact zone. Although the convective heat flux due to buoyancy-

driven water movement is higher close to the boreholes, conduction is the main 

form of energy transfer in saturated conditions.  

 For the test conditions considered in this study, latent heat transfer was 

responsible for about 10% of total heat transfer in the experiments on 

unsaturated sand. Latent heat transfer was higher at initial stages of heat 

injection and it decreased as the relatively dry zone developed inside the 

borehole’s impact zone. This suggests that a non-symmetric heat injection 

scheme (i.e. temporarily shutting down the heat injection from a few central 

heat exchangers) might be useful in sustaining the evaporation/condensation 

processes within the impact zone. By sustaining evaporation/condensation 

within the impact zone, we can take advantage of water as a heat exchanger. 

The water in liquid phase absorbs thermal energy close to heat sources, travels 

within the domain and releases that heat when reaches colder regions. This 

process happens as long as water vapor does not escape the impact zone due to 

vapor diffusion. 
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 Assigning a constant t in modeling SBTES systems installed in unsaturated 

soils could introduce significant errors in the temperature distribution, and a 

model for t that considers the dependency on the degree of saturation is needed 

for accurate SBTES simulations. 

 Experiments on surface boundary conditions showed that changing the surface 

boundary condition did not affect the temperature distribution inside the soil. 

However, the temperature distributions for the experiment with partial and no 

insulation revealed that the insulation around the boreholes heat exchanger not 

only changed the shape of radial heat transfer from the borehole, but it also 

resulted in heat accumulation and consequently higher temperature in the 

experiment with partial insulation. 
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5 CHAPTER 5                                                                                                                       

PORE-SCALE STUDY USING PHASE FIELD METHOD 

This chapter presents the results of pore-scale simulations using the phase field method. 

Mathematical description of the method, numerical solver settings, and development of pore- 

scale domain are also provided. 

5.1 Introduction 

Pore-scale simulations provide opportunities to understand the impact of smaller-scale 

phenomena on larger scale processes.  They are oftentimes easier to implement than 

experimental studies to evaluate the effect of fluid properties, pore space geometry, and 

boundary conditions (Meakin and Tartakovsky, 2009). Pore-scale models are extensively used 

to simulate multiphase flow and pressure saturation characteristics as well as to estimate 

properties such as relative permeability, dispersivity, and reaction rate (e.g., Zhu et al., 1999; 

Maier et al., 2000; Zhang and Kang, 2004; Behbahani and Blunt, 2005; Schaap et al., 2007; 

Ferrari and Lunati, 2013; Guibert et al., 2015)  As discussed in Section 2.3, several modeling 

techniques have been developed to simulate multiphase flow in porous media at the pore scale 

which are classified as pore-network models and direct models.  In pore-network models, 

simplified pore space geometry and simplified physics are used to model the physical 

processes. Although pore-network based models can be computationally efficient due to 

simplifying assumptions, they are limited in their ability to capture the physics of for instance, 

multiphase flow in porous media (Meakin and Tartakovsky, 2009). With recent advances in 

computational resources and pore-scale imaging techniques, there is a need to develop more 

realistic models that can accurately predict multiphase flow and transport in porous media using 

pore space images. Such models, known as direct models, are critical components of an 

integrated suite of tools that can address “the challenge of scale” through finding average 
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properties at different scales (Blunt et al, 2013). One such direct model, although 

computationally expensive are CFD-based models.  They are better than pore-network models 

for realistically studying processes as reviewed by, for example, Meakin and Tartakovsky, 

2009.  

In addition to the numerical modeling of pore-scale phenomena, micromodels have 

been increasingly used to experimentally observe flow processes at the pore scale. A 

micromodel, which is an idealized representation of a porous medium, is usually two-

dimensional and artificially fabricated to provide a network of connected pores through which 

fluid and solutes can flow (Karadimitriou and Hassanizadeh, 2012). A detailed review of 

micromodels and their application in two-phase flow studies is provided in Karadimitriou and 

Hassanizadeh (2012). Although micromodels have been extensively used for investigating 

multiphase flow at the pore scale, their application in the study of heat transfer is limited. One 

of the problems associated with using micromodels to observe non-isothermal processes arises 

from the difficulty of measuring the average temperatures of separate phases (Karadimitriou et 

al., 2014). The temperature measurement of phases at the pore scale was first carried out by 

Karadimitriou et al., (2014). The authors were able to determine the average temperatures of 

phases during a dynamic process in a micromodel set up using optical and thermal cameras.  

Unlike the experimental investigations on non-isothermal pore-scale phenomena, 

several authors employed numerical models to simulate non-isothermal processes. For 

instance, Nuske et al. (2015) calibrated a macro-scale model by simulating the non-isothermal 

pore-scale experiment performed by Karadimitriou et al. (2014) and showed that local thermal 

non-equilibrium is not particularly important for the conditions simulated. Akhlaghi Amiri and 

Hamouda (2014) simulated hot water injection into a dual permeability medium with different 

viscous fingering patterns by solving coupled Cahn–Hilliard phase field and heat transfer 

equations. Liu and Wu (2016a) simulated fluid flow and heat transfer in reconstructed porous 
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media at the pore-scale using Lattice-Boltzmann method. They could obtain detailed velocity 

and temperature distributions in complex pore spaces; in a similar study, they simulated 

velocity and temperature fields in the liquid-gas two-phase fluid system by considering the 

effect of contact angle (Liu and Wu, 2016b). 

To properly model soil thermal performance in unsaturated porous media, knowledge 

of average soil hydraulic and thermal properties and their spatiotemporal change is needed. For 

instance, effective thermal conductivity (thermal conductivity of a mixture in analogy to the 

corresponding properties of pure materials), is often included in numerical models through the 

use of empirical relationships and simplified mathematical formulations developed based on 

experimental data obtained at the Representative Elementary Volume (REV) scale. Several 

conceptual models have been proposed to describe the thermal conductivity-saturation 

behavior, but have yet to be verified by a robust pore-scale model. For instance, as reported in 

many studies (e.g., de Vries, 1963; Horton and Wierenga, 1984; Hopmans and Dane, 1986; 

Bristow, 1998; Lu et al., 2007, Smits et al., 2010), there is an abrupt decrease in effective 

thermal conductivity when the saturation is at or around the residual saturation value of a soil. 

Below this threshold, the grain-water pathways disconnect and heat conduction therefore 

occurs largely along the grain-air pathways and contacts between grains, resulting in fewer 

thermally conductive channels within the soil matrix. The pore-scale simulation of heat and 

mass transfer can help in our understanding of such behaviors and verify the conceptual 

interpretation of the effective thermal conductivity-saturation relationship in terms of modeling 

drainage-imbibition processes. To our knowledge, no pore-scale study has investigated heat 

and mass transfer with the objective of estimating effective thermal properties of a porous 

medium. In this study, we used phase field method to simulate the water retention curve and 

effective thermal conductivity-saturation relationship at the pore-scale using #30/40 sand 

characteristics. 
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The phase field method, as a CFD-based model not only captures the dynamics of 

interface propagation, it also gives a unique solution for which the total energy of the system 

is minimized. In this method, evolution of phases and the interfaces between phases available 

in void spaces are related to a functional of the total free energy of the system. The total free 

energy of the system can be defined in terms of its order parameter, gradient and the rate of 

change with time at which the diffuse interface evolves (Qin and Bhadeshia, 2010). The 

equilibrium interface can be obtained by minimizing the free energy functional with respect to 

the variations of function (Badalassi et al., 2003). The interface velocity is calculated by solving 

the Navier-Stokes equation.  

The variational formalism of the phase field method helps to easily incorporate the 

complex geometries and sharp solid interfaces. In other words, this method can handle 

topological changes in the evolving interface. This method has several advantages; the micro-

structural development can be easily visualized, the number of equations needed to be solved 

is far less than the number of particles that exist in the system; and the diffuse-interface ensures 

that weak solutions exist for the problem (Yue et al., 2004). Furthermore, Akhlaghi Amiri and 

Hamouda (2013) showed that the phase field method can realistically capture pore-scale 

phenomena due to viscous and capillary forces with reasonable computational expenses. For 

the reasons mentioned above, and to address complexity of pore geometry used in this study, 

the phase field method was employed to simulate air-water displacements. 

In the phase field method, instead of a sharp interface, a thin transition region is defined 

between fluid phases or fluid/solid material. In this method, the state of the system is 

represented by a variable known as the order parameter ( ). For instance, 1   represents the 

air phase and 1    represents the water phase. The diffuse interface between the two phases 
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can then be defined where 1 1    (Qin and Bhadeshia, 2010).  Figure 5.1 shows the change 

in order parameter in the interface of two different phases. 

 

Figure 5.1. Order parameter in diffuse interface (adopted from: Qin and Bhadeshia, 2010) 

The purpose of this work was to model water retention curve and thermal conductivity- 

saturation relationship using the properties of #30/40 sand at the pore scale to compare with 

the large scale observed results. The pore-scale results provide opportunities to explain the 

larger-scale behavior of coarse-grained sands such as the one used in this study. This chapter 

contains the mathematical description of phase field method as well as numerical solver 

settings. The results of both multiphase flow and heat transfer simulations are also provided.  

5.2 Material and Methods 

5.2.1 Mathematical Description 

Since the phase-field is defined as a continuous function, the interface is described as a 

continuous transition in value of order parameter ( ), which can vary in space and time (i.e., 

( , )x t ) between -1 and +1 over a finite thickness (Wheeler et al., 1995). Cahn and Hillard 
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(1958 and 1959), using a multivariate Tylor expansion1, developed a relationship for total free 

energy of a heterogeneous system (g ) using free energy of the system in homogenous state 

and gradient energy term that takes the increase in free energy due to formation of an interface 

into account. The total free energy of a heterogeneous system can be obtained by integrating 

over volume V:  

0

2
2, , ) ( )

2
(

V
G g c dVT

     
                                                                                            (5-1) 

where 0g is the free energy of the system per unit volume of a homogenous phase of 

composition c at temperature T. Total free energy of a heterogeneous system (g ) and   are 

obtained by writing a multivariate Taylor expansion about 0g : 
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Since the free energy of a system cannot vary with a change in sign of the coordinate, 

the coefficients of odd orders in the above expansion must be set to zero (Qin and Bhadeshia, 

2010). Eq. 5-1 is derived by further simplification of Eq. 5-5. In Eq. 5-1, (m) is the gradient 
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energy coefficient that scales with the interface thickness and is assumed to be constant. In fact, 

it characterizes both interface thickness and its surface energy (Wheeler et al., 1995)μ 

02
2

2
0

2
2 ( ) /

( )

g g                                                                                                       (5-3) 

To formulate a partial differential equation that can track the interface evolution, an 

equation is needed in which the total free energy of the system decreases by time: 

g
M

t

  


                                                                                                                          (5-4) 

where M is the proportionality constant (Wheeler et al., 1995). Evaluating the 

variational derivatives of free energy functional and approximating the interfacial diffusion 

fluxes through chemical potential gradients leads to a partial differential equation that governs 

the two-phase flow dynamics called Cahn-Hilliard convection equation (Badalassi et al., 

β00γ):  

. .( )G
t

      u                                                                                                                (5-5) 

In above equation, u (m.s-1) is the interface velocity,  (m3.s.kg-1) is the mobility or 

diffusion coefficient, and G (J.m-3) is the chemical potential given by the following equation: 

2
2

2

( 1)
G

                                                                                                               (5-6) 

Where  (N) is the mixing energy density. It is assumed that the diffuse interface has 

a finite thickness; two phases are mixed inside the interface and therefore store a mixing energy 

(Yue et al., 2004). Since Eq. 5-5 has forth-order derivative, it therefore is split into two 

equations in the numerical solver by introducing a help variable ( ):  
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2 2( 1).                                                                                                               (5-8) 

The mixing energy density in the interface can be related to the interfacial tension and 

interface thickness parameter by considering that the mixing energy as a measure of molecular 

interaction between two phases should be equal to the traditional surface energy due to surface 

tension. By assuming the interface is at equilibrium condition and solving all equations with 

proper boundary condition in a planar interface, the following relationship is obtained (Yue et 

al., 2004):  

2 2

3

                                                                                                                                (5-9) 

Where  (N.m-1) is the surface tension between two phases (i.e. water and air). The 

velocity in Eq. 5-5 is obtained by solving Navier-Stokes and continuity equations for mass and 

momentum transport. It should be noted that the external forces in Navier-Stokes equation 

needs to be modified to account for the effects of surface tension and capillarity:  
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In above equations, F is the surface tension forces acting at the interface. Material 

properties in the interface are defined using the specific properties and volume fraction of each 

phase. These definitions allow the proper material properties (i.e. density and viscosity) of the 

pure phases to be assigned while letting the properties change smoothly over the interface: 
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p p,nw p,w p,nw w( )Vc c c c                                                                                                      (5-18) 

where, nwV  is the volume fraction of the non-wetting fluid (i.e. air) and wV  is the 

volume fraction of the wetting phase (i.e. water), ρ (kg.m-3) and  (kg.m-1.s-1) are the density 

and dynamic viscosity, respectively, and k (W.m-1K-1) and pc (J.kg-1.K-1) are the thermal 

conductivity and heat capacity, respectively. 

Heat Transfer: Since heat transfer was not coupled with mass transfer in this study, the 

convective term of the heat transfer due to bulk movement of both phases was neglected. It 

should be mentioned that our intention from simulating heat transfer was not to account for 

thermally induced flow or evaluate the coupled heat and mass transfer at pore scale. The heat 

transfer simulations were solely performed to evaluate the temperature distribution within the 

domain and calculate the effective thermal conductivity of the domain by applying a small 

thermal gradient and estimating the flux through the heterogeneous (i.e. in terms of both pore 

structure and phase distribution) domain. Therefore, only the conductive heat transfer equation 

was considered and energy balance equation was reduced to the following form:  

ρ p . )(
T

c k T
t
  


                                                                                                               (5-19) 

where T (K) is the temperature, and k and pc  are the thermal conductivity and heat 

capacity for either solids (i.e. soil grains) or fluids in the domain, respectively. 
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Boundary conditions between solid and fluids: The wetted wall coupling feature in the 

numerical solver allows a set contact angle at the interface of solids and fluids. The contact 

angle is defined as the angle that is formed by the intersection of the liquid-solid interface and 

liquid-gas interface when all three phases are in thermodynamic equilibrium. It can be 

geometrically measured using a tangent line from the contact point of all three phases along 

the liquid-gas interface (Yuan and Lee, β01γ). In fact, the contact angle acts as a boundary 

condition for the Young-Laplace (Young, 1805; Laplace, 1805) equation. The contact angle is 

included in the wetted wall boundary condition, and the fluid-fluid interface can move along 

the wall as it appears in multiphase flow in porous media. Furthermore, the wetted wall 

boundary condition defines no-mass flow along the wall. In phase field formulation, this 

boundary condition is described using following equationsμ  

2 2 con. s( )                                                                                                              (5-20) 

2
n. ( ) 0
                                                                                                                        (5-21) 

Where   is the contact angle an n is the unit normal vector to the wall. Since it was 

assumed that the interface does not move due to advection at the boundary, the no-slip boundary 

condition was implemented in the momentum equation (COMSOL Multiphysics user’s guide, 

β01γ).  

5.2.2 Domain Construction  

Two circular domains were considered for the simulations. A circular shape was 

selected to eliminate the boundary effects in fluid flow since, for instance in square domain, 

the top and bottom boundaries can increase the local water trapping. The problem evaluation 

began with modeling an idealized medium in which soil grains were represented by circles with 

a constant diameter of 0.5β mm (d50; mean diameter for #γ0/40 sand) as shown in Figure 5.2 

(ideal domain). The circles were randomly displaced to help the model convergence while 
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providing a slightly heterogeneous distribution of pore spaces. In this domain, it was assumed 

that there is no contact between soil grains and the distance between grains was chosen such 

that the porosity of the domain (~0.γ1λ) resembles the actual porosity of wet-packed #γ0/40 

sand (~0.γ17) used in Tempe cell experiment (Table 3.1). Delineating a reliable REV size for 

unsaturated soils is quite challenging or even impossible as mentioned in the work by Costanza-

Robinson et al. (β011). Using micro-CT imaging of unsaturated soil with homogenous moisture 

distribution, they estimated a REV<8mmγ for porosity and REV<55 mmγ for moisture 

saturation. However, REV size for heterogeneous distribution of moisture could not be 

estimated due to the absence of distinct “REV plateau” within the maximum imaged volume.  

By evaluating image data and the expected behavior of air-water interfacial area (AI)- 

saturation (Sw) relationship, they also showed that if porosity REV is satisfied,  AI - Sw data are 

reliable even for heterogeneous domain (Costanza-Robinson et al., β011). In a different study, 

Razavi et al. (β006) used X-ray computed tomography images to estimate the REV size of glass 

beads, Silica sand, and Ottawa sand. Their result showed that the porosity REV radius for Silica 

sand with elongated particles was 5-11 times of d50 while this ratio was λ-16 times of d50 for 

Ottawa sand that mainly contains subrounded particles (Razavi et al., β006). In this study, the 

radius of the first domain was considered to be γ.05 mm (6d50, total area= βλ mmβ); smaller 

than the range mentioned in Razavi et al. (β006) due to constant radius of the particles.  

The second domain was reconstructed with images taken from dry #γ0/40 (real domain) 

sand using synchrotron X-ray micro-tomography (DiCarlo et al., β010). The radius of circular 

domain is 4.75 mm (~λd50) with about 70 mmβ total surface area (by accounting for the central 

region of the domain that was removed to inject air). To generate the domain, an arbitrary slice 

of a dry sand image that was originally composed of grids of pixels was selected. 
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Figure 5.2. Two-dimensional domain consisting of randomly displaced circles with constant 
diameter (ideal domain). 

In order to export to the modeling environment, the raw image was first modified to 

replace the jagged edges with smoother lines using Inkscape software (version 0.λ1) as seen in 

Figure 5.3 (left). The image was then vectorized to delineate the edges of the soil grains as 

shown in Figure 5.3 (right). Vector images consist of lines and curves based on their 

mathematical description. This image format makes it possible to work in a modeling 

environment where boundary conditions need to be assigned in the domain. It should be noted 

that the boundaries of the soil grains were slightly modified to prevent dead-ends where large 

volume of water can get trapped within these spaces. In real γ-D domain these pores would 

most likely drain due to their connections to upper and lower pore spaces. Porosity of the 

second domain was 0.41β. 

5.2.3 Numerical Solver and Problem Description 

Two important parameters in model convergence and accuracy in the phase field 

method are the interface thickness parameter (  ) and mobility (  ). The interface thickness 

parameter is usually correlated with the mesh size in numerical models and should be set small 

enough to approximate a sharp interface limit (Zhou et al., β010). 
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Figure 5.3. A modified slice of images taken from dry #30/40 sand using synchrotron X-ray 
micro-tomography (DiCarlo et al., 2010) (left), the same image in vector format exported to 
the modeling environment (right). 

The choice of mobility is also crucial as it determines the time-scale of the Cahn-Hillard 

diffusion which is not experimentally measurable at macroscopic scale (Yue et al., β006). 

Mobility can affect the quality of the solution especially near critical events such as interface 

rupture and reconnections (Yue et al., β004). It is defined using the interface thickness 

parameter and a characteristic length or tuning parameter   ( 2   ). Akhlaghi Amiri and 

Hamouda (β014) reported that the tuning parameter ( ) 1   leads to less volume shrinkage and 

more realistic results. Therefore, the same value was used in our simulations.  

 Akhlaghi Amiri and Hamouda (β014) conducted different sensitivity analysis on model 

convergence, mesh convergence, and mobility of the phase field method. They reported that at 

Cahn number (Cn) = 0.0γ and mesh size 0.8h   , the model convergence and mesh 

convergence are both satisfied. It should be mentioned that Cn is defined as /cl   where cl is 

the characteristic length usually considered as the average grain dimeter in the domain 

(Akhlaghi Amiri and Hamouda, β014). In this study, both the interface thickness parameter 

and mesh size were selected based on these two conditions. Before performing the simulations, 
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a sensitivity analysis was completed to investigate the sensitivity of the model output to domain 

discretization. This analysis was performed by changing the maximum mesh size and 

evaluating the change in model output. To simulate flow through porous media, only the 

narrow channels between soil grains were discretized with triangular elements. COMSOL 

Multiphysics was used to perform the simulations in a single node of a cluster with 64 GB of 

memory and 16 processors using a batch script in UNIX (Appendix-A).  

Boundary and initial conditions: As shown in Figure 5.4 (a), for both domains, the non-

wetting phase (air) was injected from the inlet located in the center of the domain, and the 

pressure in the outlet boundary was set to zero. The domain was initially filled with wetting 

phase (water) and different pressure differential values (Pc) were applied to create different 

drainage patterns equivalent to an average degree of water saturation in the domain. Wetted 

boundary conditions as described by Eqs. 5-20 and 5-21 were assigned for all grain-fluid 

interfaces with a contact angle of 60 degrees. The contact angle value of dry #30/40 was 

obtained by Weisbrod et al. (2009) using a pure water solution.  

Heat transfer simulations were performed when water drainage due to air injection 

reached steady state condition. To simulate conductive heat transfer through the soil domain, 

constant temperature values were defined is the inlet and outlet boundaries to create a 

temperature gradient as depicted in Figure 5.4 (b). The steady state distribution of phases after 

injection of air was used to assign thermal properties in the domain. The density, thermal 

conductivity and heat capacity of the soil grains were assumed to be 2600 kg.m-3, 8 W.m-1K-1 

(for quartz minerals), and 730 J.kg-1K-1, respectively. The values of thermal and hydraulic 

properties of air and water at 25ᵒ C were also incorporated into the model. It was also assumed 

that all phases have constant initial temperature.  
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Figure 5.4. Initial and boundary conditions for (a) water drainage in a fully saturated domain 
(b) conductive heat transfer when water drainage reached steady state condition. 

5.3 Results and Discussion 

5.3.1 Two-phase Flow 

In this study, several numerical experiments were performed by applying different 

pressure differential values (Pc) in both domains, and water drainage from the system was 

monitored until it reached steady state condition. Through close investigation of the pore fluid 

distribution in all numerical experiments, the formation and evolution of water menisci can be 

observed. The surface tension forces acting on water-air interface form a concave meniscus as 

seen in Figure 5.5 which qualitatively confirms that the phase field method captures the physics 

of air-water-soil interaction.  In this figure, the water is shown in blue while red color represents 

the air phase.   

To better illustrate water drainage, surface plots of steady state pore fluid distribution 

in ideal domain under six pressure differential values are shown in Figure 5.6. As expected, 

higher pressure resulted in higher water drainage and, consequently, lower water phase 

remained in the water as residual. 
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Figure 5.5. Formation of water menisci as air phase invades the pore space and replaces the 
water in the domain. Water is shown in blue while the red color represents air. 

The random displacement of soil grains leads to a non-symmetric evolution of the 

system as seen in the figure. Similarly, Figure 5.7 shows steady state pore fluid distribution in 

real domain under different pressure differential values. The phase distribution in real domain 

has a more heterogeneous nature due to more complex pore space geometry compared to the 

ideal case.   

The average degree of saturation for each pressure differential value is obtained by 

calculating the ratio of surface integration of the volume fraction of water to the total area of 

the pore space at steady sate using the following equation: 

p
wA

w
p

V dA

A
S                                                                                                                       (5-22) 

where Ap is the total area of pore space and Vw is the volume fraction of water (dimensionless). 

For each average capillary pressure applied to the domain, an average saturation can be 

obtained and used to construct the water retention curve (WRC). 
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Figure 5.6. Steady state pore fluid distribution in ideal domain for different pressure 
differentials. 
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Figure 5.7. Steady state pore fluid distribution in real domain for different pressure 
differentials. 
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Figure 5.8 shows simulated pore-scale WRC for both ideal and real domains plotted 

against the observed WRC using Tempe cell experiment (as shown in Figure 3.1). As Figure 

5.8 shows, simulated and observed curves vary in a number of respects. First, simulated results 

are unable to accurately capture air entry pressure, the pressure that must be exceeded before 

air recedes into the soil pores. The air entry pressure is correlated with the size of the largest 

pore in the domain. For air to push water through a pore throat, the pressure exerted on the air-

water interface needs to exceed the surface tension forces acting on the water-air-solid 

interface. The simulations underestimated the experimental air entry pressure (~500 Pa vs. 

~2000 Pa) which is most likely due to the effect of the dimensionality, pore size from where 

the air was injected and the contact angle. In 3-D, the pores are not as accessible as pores in a 

2-D domain, therefore, observed air entry pressure in a 3-D domain is expected to be higher 

than that of in 2-D. In our simulations, the air front is injected only from certain pores in the 

center of the domain and could replace the water even with a small pressure value causing a 

decrease in water saturation in the domain.  We did not perform any sensitivity analysis on the 

effect of the size of injection ports and contact angle to quantitatively determine their 

contribution in the overall discrepancy between the simulated and observed WRC.  

A second discrepancy is the slope of WRC. As seen from Figure 5.8, the simulated 

WRC curves have steeper slopes compared to that of observed WRC. This could be in part due 

to the effect of dimensionality and gravity forces since the gravity effect was not considered in 

our 2-D simulations. Several researches reported the need for correction of experimentally 

obtained macroscopic WRC due to hydrostatic fluid pressure especially in coarse-grained soil 

(e.g., Liu and Dane, 1λλ5; Schroth et al., 1996, Jalbert and Dane, 2001; Tokunaga et al., 2002). 

Further study is needed to determine whether the gravity effect is significant in influencing the 

slope of experimentally observed WRCs.  
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As shown in Figure 5.8, the WRCs of real and ideal domains match at higher saturation 

values and start to deviate when the saturation drops below 60%. This is due to the different 

difference residual saturations in both domains. In coarse-grained soils, the residual saturation 

is associated with trapped water due to the pore space geometry as the absorption of water to 

the surface of soil grains is negligible. In the real domain, a large portion of residual pore water 

exist in the form of disconnected menisci in the vicinity of sharp corners as seen in Figure 5.7 

(Pc=12000). Moreover, a part of trapped water in real domain is due to the unrealistic pore 

connections. In fact, some of the pores that are difficult to drain in 2-D domain will most likely 

drain as they are connected to upper or lower pores in a 3-D domain. The latter is likely the 

main reason for the residual saturation of the real domain being higher than that of 3-D 

experimental results.  

 

Figure 5.8. Pore-scale water retention curve for both domains in comparison with Tempe cell 
experimental result (#30/40 sand). 

5.3.2 Heat Transfer  

To simulate the conductive heat transfer under different pressure boundary conditions, 

constant temperatures were applied at the inlet and outlet of the domains as shown in Figure 

5.4. The inlet boundary temperature was set to be 5ᵒ C higher than that of the outlet boundary.  

As mentioned earlier, the steady state phase distribution obtained from water drainage was used 

0
1
2
3
4
5
6
7
8
9

10

0 10 20 30 40 50 60 70 80 90 100

P
C

 (k
P

a)

Saturation (%)

Water Retention Curve

 Tempe Cell Experiment

Ideal domain

Real domain



 

135 

to assign thermal properties in the domain. Since we did not account for phase change and 

latent heat transfer, a moderate value (25ᵒ C) was used for the initial temperature of the entire 

domain.   

To better illustrate the conductive heat fluxes through both domains under different 

saturation conditions, surface plots of conductive heat flux on logarithmic scale are depicted in  

Figure 5.9 and Figure 5.10.  In the ideal domain, as mentioned earlier, it was assumed that 

there is no contact between soil grains. This assumption does not reflect realistic nature of 

heat conduction through soil since a part of overall heat conduction occurs through a limited 

number of discrete contact spots between soil grains (Tarnawski et al., β00β). However, in 

reality, the contact surface between two soil grains is usually smaller than a theoretically 

possible perfect surface leading to a constricted path to heat flow. The smaller contact surface 

acts as a thermal contact resistance (TCR) (Tarnawski et al., β00β). Addition of a small 

amount of water to this contact point increases the surface available for heat conduction by 

forming a capillary bridge. Ewing and Horton (2007) tested this conceptual description using 

a cubic array of solid spheres and they showed that capillary bridges can cause large 

increases in thermal conductivity at very low water contents. The conductive heat flux 

simulation in our ideal domain as seen in  

Figure 5.9 qualitatively confirms the effect of capillary bridges in forming highly 

conductive pathways. In the second domain, unlike the ideal domain soil grains have contacts 

at some parts of the domain. The complexity in geometry of pore space and various shape of 

the grains in real domain leads to different conductive heat transfer patterns as seen in Figure 

5.10. With smaller pressure differential values, a homogenous conduction of heat occurs 

through the domain. However, by increasing the pressure, more invading fronts form in the 

domain acting as insulating pathways. The increase in pressure results in a decrease in number 
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of highly conductive pathways (water-grain bridges) and consequently lower conductive heat 

flux.  

 

Figure 5.9. Conductive heat flux in ideal domain on logarithmic scale (W/m2) for different 
pressure differential (saturation) values. 
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Figure 5.10. Conductive heat flux in real domain on logarithmic scale (W/m2) for different 
pressure differential (saturation) values. 

A quantitative representation of change in conductive heat fluxes due to air invasion 

can be done by estimating an effective thermal conductivity value for each saturation condition. 
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The equation of radial heat conduction through a hollow cylinder having a unit thickness was 

used to estimate the effective thermal conductivity of heterogeneous domain: 

in
t

in

ln( / )

2 ( )
out

out

q r r

T T
                                                                                                                  (5-23) 

where t (W.m-1.K-1) is the effective thermal conductivity of the domain, q (W.m-1) is 

the total conductive flux in outlet boundary, Tin (30 o C) is the inlet temperature, Tout (25 oC) is 

the temperature of outlet and rout (m) and rin are outer and inner radius as shown in Figure 5.4. 

Figure 5.11 shows the results of effective thermal conductivity calculations for each pressure 

differential and saturation value in both domains.  

 

Figure 5.11. Effective thermal conductivity as a function of saturation for (a) real and (b) ideal 
domains. 

As seen in this figure, a sharp decrease in thermal conductivity occurs close to S=100%. 

This is due to the injection of air from the middle part of domain. Once the air entry pressure 

reached (>500 Pa), the air front invades the pores around the inlet boundary where higher 

temperature was assigned forming less thermally conductive layers and consequently causing 

a sharp decrease in overall conductive flux through the domain. As seen from both plots, the 

thermal conductivity-saturation curve has a similar behavior in both domains but they are in 

disagreement with observed thermal conductivity-saturation relationship similar to those 

shown in Figure 3.1. As discussed before, experimental observations show an abrupt decrease 
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in effective thermal conductivity when the degree of saturation drops below the residual 

saturation. However, in our pore-scale simulations, an abrupt decrease occurs in saturation 

around 60%. This could be qualitatively confirmed by looking at the surface plots of saturation 

and heat conduction for the points adjacent to the abrupt decrease (green dots in Figure 5.11). 

These plots are presented in Figure 5.12. As shown in Figure 5.12 (a), two fully saturated zones 

are separated by invading fronts in both sides but are still connected to the middle part of the 

domain through water bridges that are highlighted by yellow rectangles in the figure. These 

critical water-grain bridges maintain highly conductive zones as demonstrated in Figure 5.12 

(c). A small increase in pressure differential that causes only 4% decrease in the average 

saturation, the two highly conductive zones lose connections to the center of the domain and 

the conductive heat fluxes diminish as seen in Figure 5.12 (d). In fact, after only a 4% decrease 

in saturation, effective thermal conductivity decreases by more than 30%. It is also expected 

that the radial from of heat transfer diminishes the effect of invading fronts in decreasing 

effective thermal conductivity as they are parallel to the heat flow.  

It should be noted that the domains used in this study are small 2-D representations of 

a real 3-D domains. It is likely that in a 3-D porous media, more critical pathways will get 

disconnected resulting in a greater decrease in thermal conductivity below a certain saturation.  

We did not perform extensive sensitivity analysis to investigate effects of more parameters on 

WRC and thermal conductivity-saturation behavior or with bigger domains. Since this is 

ongoing research, more insight into the discrepancies between experimental observations and 

pore-scale models is expected to be achievable.   
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Figure 5.12. Surface plots of saturation and heat conduction for the points adjacent to the abrupt 
decrease in thermal conductivity shown by green dots in Figure 5.11. 

5.4 Conclusions 

Close investigation of the pore fluid distribution in all numerical experiments showed 

that the formation and evolution of water menisci due to surface tension forces acting on water-

air interface can be observed. It qualitatively confirms that the phase field method captures the 

physics of multiphase flow in pore pace. Steady state pore fluid distribution in both domains 

under different pressure differential values showed that, higher pressure resulted in higher 

water drainage and, consequently, lower water phase remained in the water as residual. The 
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water retention curve constructed from pore fluid distribution under different injection pressure 

varied with respect to observed 3-D results. Simulated results are unable to accurately capture 

air entry pressure, the pressure that must be exceeded before air recedes into the soil pores. It 

is because in 3-D, the pores are not as accessible as pores in a 2-D domain, therefore, observed 

air entry pressure in a 3-D domain is expected to be higher than that of in 2-D. In addition, the 

simulated WRC curves have steeper slopes compared to that of observed WRC which could 

be in part due to the effect of dimensionality and gravity forces.  

The conductive heat flux simulation in both domains qualitatively confirmed the effect 

of capillary bridges in forming highly conductive pathways. Moreover, the pore-scale 

simulation results of the water retention curve and effective thermal conductivity relationship 

using two circular 2-D domains showed an abrupt decrease in thermal conductivity at a degree 

of saturation around 60% which was due to disconnection between water-soil bridges that 

diminished heat transfer through highly conductive zones. In fact, after only a 4% decrease in 

saturation, effective thermal conductivity decreased by more than 30%. Additional simulations 

on heat and mass transfer and the effects of different parameters such as temperature, contact 

angle and pore geometry may offer more insight into describing soil thermal behavior that can 

then be translated to engineering applications.   
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6 CHAPTER 6                                                                                                                  

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Major Observations and Conclusions 

The objective of this dissertation was to better understand heat transfer in unsaturated 

soil with energy storage applications through laboratory physical modeling and numerical 

simulations.  Unique experimental data in 2-D and 3-D dimensions were generated and used to 

develop and validate a numerical model that can account for coupled heat and mass transfer in 

porous media. The numerical model was utilized to understand processes and 

parameterizations critical to proper SBTES implementation. Furthermore, a numerically 

affordable pore-scale model was developed to better understand the soil thermal/hydraulic 

behavior at the pore-scale. Three hypotheses were defined to pursue the objectives of this 

dissertation. A summary of findings is presented under each hypothesis.  

Hypothesis 1: Under certain initial and boundary conditions, convective and latent heat 

transfer can be significant (i.e., compared to conductive heat transfer) in the presence of high 

temperature gradients, especially when water the vapor phase is present.   

For the initial and boundary conditions assumed in the 2-D bench-scale study, results 

indicated that convective heat flux is considerably larger than conductive heat flux, 

demonstrating the importance of including convective heat transfer in modeling of SBTES 

systems, especially in unsaturated soils when water vapor is present.   

In the 3-D case, simulation results showed that in unsaturated sand experiments, 

convective heat flux is larger (up to 80 times) than the conductive flux close to the thermally 

insulated soil surface and inside the boreholes’ impact zone (i.e. volume of the domain within 

the array of heat exchangers). This increase in convective heat flux increases the rate of latent 

heat transfer as well.  However, the volume in which convective flux is dominant does not 
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extend all the way through the impact zone. Experimental and numerical study of fully 

saturated sand showed that convective heat flux due to buoyancy-driven water movement is 

higher close to the boreholes. However, conduction is the main form of energy transfer in 

saturated conditions. For the test conditions considered in this study, latent heat transfer was 

responsible for about 10% of total heat transfer in the experiments on unsaturated sand. Latent 

heat transfer was higher at initial stages of heat injection and it decreased as the relatively dry 

zone developed inside the borehole’s impact zone. This suggests that a non-symmetric heat 

injection scheme (i.e. temporarily shutting down the heat injection from a few central heat 

exchangers, thus sustaining the evaporation/condensation processes within the impact zone). 

By sustaining evaporation/condensation, we can take advantage of water’s heat exchange 

capacity compared to that of air. Liquid water absorbs thermal energy close to heat sources, 

travels within the domain and releases that heat when it reaches colder regions. This process 

happens as long as water vapor does not escape the impact zone due to vapor diffusion.  

These results suggest that SBTES systems in unsaturated soils may have greater heat 

transfer capabilities than traditional heat storage systems due to effect of convective and latent 

heat transfer. This may have important effects on the heat injection and extraction processes in 

SBTES systems, as well as on their energy extraction efficiency. 

Hypothesis 2: Soil type, variable soil thermal and hydraulic properties and, initial and 

boundary conditions (e.g. soil moisture, soil surface conditions, etc.) can have significant 

effects on the prediction of SBTES system behavior installed in unsaturated soil. By 

understanding these conditions, one can develop an accurate numerical model that will 

consequently lead to an optimized design. 

The numerical model developed in this dissertation provides a suitable tool to explore 

SBTES system sensitivity to different inputs and assumptions, including effective thermal 
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conductivity, soil water retention properties and porosity. A sensitivity analysis using the 2-D 

model showed that it is important to include more realistic equations/assumptions in defining 

effective thermal conductivity (e.g. the effect of degree of saturation and temperature on soil 

thermal conductivity), the WRC (e.g., temperature effects) and porosity variation when 

modeling SBTES systems in unsaturated soils.  The results of the sensitivity analysis using the 

2-D model also showed that the traditional Van Genuchten model is not applicable in the 

presence of a high thermal gradient. Therefore, to properly consider the coupled hydraulic and 

thermal processes in SBTES systems, the effect of temperature should be included in the WRC. 

An implication of these findings is that the modeling of SBTES systems installed in unsaturated 

soils should include variable thermal and hydraulic properties. Furthermore, results of 3-D 

simulations showed that assigning a constant t could introduce significant errors in the 

temperature distribution, and a model for t that considers the dependency on the degree of 

saturation is needed for accurate SBTES simulations. 

The simulations for a natural soil (Bonny silt) highlighted the importance of initial 

degree of saturation on convective heat flux. In general, for any specific SBTES system, there 

is likely an initial degree of saturation in which total heat transfer is maximized. 

Although limited, the experimental results for different sands in bench-scale 

experiments indicated that sands with a wider grain size distribution with minimal porosity 

may lead to higher temperature gradients and consequently higher thermally induced moisture 

flow in the system. This was observed because the fine particles in the mixture fill the void 

spaces between the coarse particles, increasing the contact between sand particles and causing 

a decrease in porosity. As a result, the overall thermal conductivity of the mixture increases. 

3-D Experiments on surface boundary conditions showed that changing the surface 

boundary condition had negligible effect on the temperature distribution inside the soil. 
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However, the thermal images of the soil surface revealed that the insulation around the 

boreholes heat exchanger not only changed the shape of radial heat transfer from the borehole, 

but it also resulted in heat accumulation and consequently higher temperature beneath the 

insulation layer in the experiment with partial insulation. 

Hypothesis 3: Pore-scale modeling of multiphase flow and heat transfer in simplified domains 

can capture the behavior of more complicated porous media and therefore provides an 

affordable tool to confirm experimental observations and study the effects of different 

parameters/processes on heat and mass transfer as well as soil thermal properties in porous 

media. 

The results of pore-scale simulations using two domains showed that the water-grain 

bridges are highly conductive of heat in unsaturated conditions. At a degree of saturation 

around 60%, the effective thermal conductivity values showed an abrupt decrease of more than 

30% for just 4% decrease in saturation which highlighted the importance of critical water-grain 

bridges in conducting heat. The results of pore-scale WRC and thermal conductivity-saturation 

curves showed discrepancies with macroscale experimental results. A part of this disagreement 

is due to the comparison of 2D simulations with 3D experimental data; a 2-D pore-scale 

medium is not truly representative of a large 3-D domain. 

Broader Impacts and Implications 

Coupled heat and mass transfer in porous media is of interest to several engineering 

applications. The findings from this dissertation can be applied to practical engineering 

problems. Three major areas of interest where heat transfer in unsaturated porous media is 

important to consider are safe disposal of nuclear waste, heat transfer around buried objects 

(i.e., high-voltage electrical cables) and thermally-enhanced cleanup of contaminated soils (i.e. 

soil vapor extraction and thermally-enhanced bioremediation). The results of this study can 
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help to improve our conceptual understanding of the thermo-hydraulic behavior of these 

engineering problems. 

Several coupled physical phenomena such as heat transfer, moisture movement and dry 

air flow take place during the disposal of nuclear waste. The engineering performance of these 

systems is highly dependent on using predictive numerical models that can account for the 

physical processes in a coupled manner. For safe disposal, the nuclear waste is placed within a 

partially saturated barrier system and the performance of these barriers is affected by elevated 

temperatures. Therefore, the simulation of heat transfer needs to be addressed with reasonable 

accuracy.  

The simulations of heat and mass transfer is important in designing underground power 

transmission systems. Heat generated by electrical current can increase the temperature of the 

cable and shorten its lifetime while reducing the cable’s carrying capacity. It is therefore 

important to accurately model the temperature distribution around buried cables that are usually 

buried within 2-4 feet of the soil surface (i.e. unsaturated zone).  

Finally, the findings of this dissertation are applicable to soil remediation techniques 

such as soil vapor extraction and thermally enhanced bioremediation in which air flow, 

moisture and heat transfer within the soil are key aspects. Since the numerical model developed 

in this study can account for these coupled processes, it provides a suitable tool to better study 

the design of these systems. 

6.2 Recommendations for Future Research 

This research demonstrates the need for further experimental and theoretical study on 

SBTES system behavior in three dimensional and field scales, the effect of boundary and initial 

conditions (e.g. source heat flux, moisture content), and incorporating different 

formulations/assumptions to define soil thermal and hydraulic properties. Further research is 
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needed to evaluate how these processes can be exploited, specifically focusing on the impact 

of these mechanisms on the injection/extraction schemes and the long-term efficiency. An 

additional consideration is the effect of natural soils. For example, in natural soils, solute 

transport may impact the heat transfer process at hot boundaries. The drying out of the soil can 

increase the solute concentration close to the hot boundaries leading to lower equilibrium vapor 

pressures.   Convective, dispersive and diffusive solute transport as well as osmotic effects can 

then develop because of a variation in equilibrium vapor pressure (Bear et al., 1991). We used 

deionized water in all experiments and did not consider the effect of solute transport. Hence, 

more experimental and theoretical investigations are required to better understand the effect of 

more complex processes such as solute transport on coupled heat and moisture transfer in 

natural soils. 

Seasonal fluctuations in groundwater level can affect the efficiency of SBTES systems 

installed in unsaturated soils. There are several factors that can cause groundwater fluctuations 

such as change in surface stream flows, evaporations, precipitation and aquifer management 

scenarios. The effect of these fluctuations are more pronounced in natural soils and need to be 

considered in analyzing SBTES systems installed in unsaturated soils.   

To our knowledge, the effect of borehole configuration and spacing in SBTES systems 

installed in unsaturated soils has not yet been studied while it is crucial to designing more 

efficient SBTES systems. For instance, the highly convective zone in the middle regions as 

mentioned in section 4.4.4, is a function of borehole spacing, initial saturation and injection 

temperature. More experimental and numerical results should be performed to study the effect 

of these factors in development of highly convective zones.   

The injection/extraction schemes and the length of these cycles has been shown to be 

important in SBTES systems efficiency by other studies. However, the effect of convective and 
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latent heat transfer as well as variable thermal properties of soil have not been included in such 

analyses. Therefore, it could be an important subject for future studies. 

Pore-scale simulation of heat and mass transfer provides opportunities to understand 

the physics of heat transfer and variation of soil thermal-hydraulic properties in unsaturated 

conditions. Additional simulations on heat and mass transfer and the effects of different 

parameters such as temperature, contact angle and pore geometry may offer more insight into 

describing soil thermal behavior that can then be translated to engineering applications.   
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7   APPENDIX A                                                                                                              

BATCH SCRIPT for CLUSTER SIMULATION 

This appendix provides the batch script that was used to perform Comsol simulations on super 

computer nodes with a UNIX operating system. Due to the high number of elements in the 

domain, the simulations were performed in a single node of a cluster with 64 GB of memory 

and 16 processors. It should be noted that using a cluster for a transient simulation does not 

necessarily increase computational speed due to parallelization. However, higher memory per 

each node will make memory-intensive simulations possible. Furthermore, it is possible to 

submit several jobs simultaneously during the model validation process. 

 

################################################################### 

##                                                                                                                              ## 

##                                    ** Colorado School of Mines **                                      ## 

##                                             ** AuN - Golden **                                                ## 

#!/bin/bash -x 

#SBATCH --job-name="bench400" 

#SBATCH -A 150311113553 

#SBATCH --nodes=1 

#SBATCH --tasks-per-node=16 

#SBATCH --exclusive 

#SBATCH --export=ALL 

#SBATCH --time=144:00:00 

#SBATCH --mail-type=ALL 

# Go to the directory from which the job was launched 

cd $SLURM_SUBMIT_DIR 
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# Details of input and output files 

INPUTFILE=~/scratch/Unsat70.mph 

OUTPUTFILE=Unsat70_out.mph 

mkdir $SLURM_JOB_ID 

cd $SLURM_JOB_ID 

mkdir scratch 

export WORK_DIR=`pwd` 

export TMPDIR=$WORK_DIR/scratch 

export NHOSTS=$SLURM_NNODES 

export NPROCS=`echo "$(($NHOSTS *  $SLURM_TASKS_PER_NODE))"` 

######## DO NOT EDIT BELOW THIS LINE ######## 

export PATH=$PATH:/opt/comsol/comsol44/COMSOL44/bin 

#SETUP THE COMSOL Environment 

# Create a machinefile for mpd 

srun hostname | sort -n > $WORK_DIR/machine_file 

printenv > $SLURM_JOB_ID.env 

cp machine_file $SLURM_JOB_ID.nodes 

cat $0 > script.$SLURM_JOB_ID 

## Run COMSOL in batch mode with the input and output detailed above. 

/opt/comsol/comsol44/COMSOL44/bin/comsol server -tmpdir $TMPDIR -nn 

$SLURM_NNODES batch -inputfile $INPUTFILE -outputfile $OUTPUTFILE -study std3 

cp $SLURM_SUBMIT_DIR/slurm-$SLURM_JOB_ID.out . 
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8 APPENDIX B                                                                                                             

Campbell MODEL PARAMETERS for THERMAL CONDUCTIVITY 

The fitting parameters used in Campbell model are provided in this appendix.  

Table B. 1. Campbell model parameters for thermal conductivity-saturation (#12/20 sand) 

Volume fraction of solids (1-porosity) 0.682 

Volume fraction of quartz 0.66 

Volume fraction of minerals other than quartz 0.0067 

Thermal Conductivity of dry air (W/mK) 0.026 

Thermal conductivity of quartz (W/mK) 8 

Thermal Conductivity of material other than quartz (W/mK) 1.5 

ga 0.057 

gc 0.886 

qo 2.853 

q 2.856 

dg (particle grain size) (um) 
270 

xwo (cutoff water content for liquid recirculation)   
water content at which water starts to affect thermal conductivity 

0.023 

Table B. 2. Campbell model parameters for thermal conductivity-saturation (#30/40 sand) 

Volume fraction of solids (1-porosity) 0.683 

Volume fraction of quartz 0.66 

Volume fraction of minerals other than quartz 0.0067 

Thermal Conductivity of dry air (W/mK) 0.026 

Thermal conductivity of quartz (W/mK) 8 

Thermal Conductivity of material other than quartz (W/mK) 1.5 

ga 0.1086 

gc 0.7827 

qo 10.552 

q 10.563 

dg (particle grain size) (um) 310 

xwo (cutoff water content for liquid recirculation)   
water content at which water starts to affect thermal conductivity 

0.02997 
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Table B. 3. Campbell model parameters for thermal conductivity-saturation (#50/70 sand). 

Volume fraction of solids (1-porosity) 0.673 

Volume fraction of quartz 0.66 

Volume fraction of minerals other than quartz 0.0067 

Thermal Conductivity of dry air (W/mK) 0.026 

Thermal conductivity of quartz (W/mK) 8 

Thermal Conductivity of material other than quartz (W/mK) 1.5 

ga 0.119 

gc 0.761 

qo 3.048 

q 3.051 

dg (particle grain size) (um) 270 

xwo (cutoff water content for liquid recirculation)   
water content at which water starts to affect thermal conductivity 

0.022 

 
 
Table B. 4. Campbell model parameters for thermal conductivity-saturation (#C7F3 sand). 

Volume fraction of solids (1-porosity) 0.755 

Volume fraction of quartz 0.66 

Volume fraction of minerals other than quartz 0.0067 

Thermal Conductivity of dry air (W/mK) 0.026 

Thermal conductivity of quartz (W/mK) 8 

Thermal Conductivity of material other than quartz (W/mK) 1.5 

ga 0.095 

gc 0.81 

qo 3.8 

q 3.804 

dg (particle grain size) (um) 310 

xwo (cutoff water content for liquid recirculation)   
water content at which water starts to affect thermal conductivity 

0.0158 
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9 APPENDIX C                                                                                                             

HYDRAULIC AND THERMAL PROPERTIES OF BONNY SILT 

Water retention curve parameters and thermal conductivity-saturation relationship for Bonny 

Silt used in 2-D simulations are provided in this appendix.  

Table C. 1. Water retention properties of Bonny Silt. 

porosity  0.43 
Bulk density 1.4991(g/cm3) 
αVG 0.088 (1/kPa) 
d50  0.039 mm 
nVG  1.58 
Residual saturation  1.29 

 

 

Figure C. 1. Effective thermal conductivity-saturation relationship for Bonny Silt. 
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10 APPENDIX D                                                                                                          

ADDITIONAL DATA RELATED TO CHAPTER 3 

Appendix D contains the additional data for all 2-D bench scale experiments.  

 

Figure D. 1. Steady state temperature (time = 7 days) measured vertically from the middle of 
the soil tank toward the heat plate in EX-1. 

 

Figure D. 2. Steady state temperature (time = 7 days) measured vertically from the middle of 
the soil tank toward the heat plate in EX-2. 
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Figure D. 3. Steady state temperature (time = 7 days) measured vertically from the middle of 
the soil tank toward the heat plate in EX-3. 

 

Figure D. 4. Steady state temperature (time = 7 days) measured vertically from the middle of 
the soil tank toward the heat plate in EX-4. 

Time series for degree of saturation for each experiment along transects A and B (Figure 3.2) 

are shown in following figures: 
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Figure D. 5. Time series for degree of saturation for EX-1 along transects A and B. 

 

Figure D. 6. Time series for degree of saturation for EX-3 along transects A and B. 
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Figure D. 7. Time series for degree of saturation for EX-4 along transects A and B. 
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11 APPENDIX E                                                                                                        

PERMISSIONS from JOURNALS 

Appendix E contains the permission from the managing editor of Vadose Zone Journal for 

reprinting of the paper published in the journal. 
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