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ABSTRACT 

This thesis is focused on characterization of the heat transfer and water flow processes in 

a physical model of a borehole array in an unsaturated soil layer. The overall goal is to develop a 

dataset for validation of coupled thermo-hydraulic flow models used for simulating the efficiency 

of heat injection or extraction from soil-borehole thermal energy storage systems. The physical 

model consists of a layer of unsaturated silt compacted atop a layer of sand within an insulated, 

0.53 m-tall, 0.6 m-diameter cylindrical tank. A water table was imposed at the top of the sand layer. 

Three steel “U”-tube pipes were inserted through the silt layer into the top of the sand layer to 

represent a triangular array of geothermal borehole heat exchangers, and several tests were 

performed with different heat exchanger spacings. Heated fluid was circulated through the steel 

pipes to inject heat into the unsaturated silt layer at a constant rate, during which time changes in 

volumetric water content and temperature were measured at different depths along the center of 

the silt layer using dielectric sensors. The thermal conductivity and specific heat of the silt were 

also monitored using a thermal probe at the center of the soil layer at mid-height. The temperature 

of the silt at different distances from the heat exchangers, the inlet and outlet temperatures of the 

fluid, as well as the temperature and relative humidity of the air at the soil surface were monitored.  

Regardless of the heat exchanger spacing, the temperature of the unsaturated silt layer was 

observed to increase to a relatively steady-state value after a short period of time. Dielectric sensor 
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measurements initially show an increase in water content at all depths in the soil, indicating that 

that water is moving away from the heat exchangers, albeit at a slower rate than the heat flow 

process. Further, water was observed to condense at the soil surface, indicating that water vapor 

moved upward though the soil layer due to buoyancy. In the test with the smallest radial heat 

exchanger spacing of 80 mm, after the initial increase in water content, a sharp decrease in water 

content was observed. This indicates that water was driven from the center of the array into the 

surrounding soil, and that a convective cycle of water phase change did not occur for this small 

heat exchanger spacing. In the test with the greatest radial heat exchanger spacing of 300 mm, the 

soil in the center of the array did not experience a decrease in water content after the initial increase, 

which may indicate that a convective cycle was formed. In the case of the test with an intermediate 

heat exchanger spacing of 160 mm, an intermediate behavior was observed. In the tests, downward 

liquid water flow due to gravity could not be confirmed through evaluation of the water content 

data. This phenomenon, which is expected if a convective cycle of water phase change is observed 

in the array, may have been observed for longer testing times.  

The thermal conductivity measured using the thermal probe was observed to increase 

significantly during the heating process, and was observed to be a function of both the degree of 

saturation of the soil and the temperature. In the case of the smallest radial borehole heat exchanger 

spacing, the thermal conductivity of the soil inside of the array was observed to decrease as the 

water content decreased, while the thermal conductivity outside of the heat exchanger array was 

observed to increase with increasing radial location. This confirms that the borehole spacing can 

have an important effect on the long-term heat storage in the vadose zone, and that small spacings 

may lead to an increase in thermal energy transfer to the soil outside of the array. In the case of 

the largest radial borehole heat exchanger spacing, a stable increase in thermal conductivity of the 
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soil within the array was observed. As expected, the heat storage in the unsaturated soil within the 

array increased with the spacing of the heat exchangers. However, the increase in water content in 

the array with the widest spacing also likely contributed to the increase in heat storage. A 

recommendation from this study is to use a geotechnical centrifuge to better simulate the role of 

capillary rise and downward liquid water flow on the coupled heat transfer and water flow process 

within a small-scale physical model. These features may be critical in establishing a convective 

cycle, which may enhance the efficiency of heat injection into a soil-borehole thermal energy 

storage system.  
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1 

1. INTRODUCTION 

1.1 Motivation 

Soil-borehole thermal energy storage systems (SBTES) are an approach to provide efficient 

renewable resource-based thermal energy for the heating and cooling of buildings (Sibbit et al. 

2007; Zhang et al. 2012; McCartney et al. 2013a). They function by storing thermal energy in the 

subsurface soil or rock, then subsequently harvesting it at a later time. An example of a successful 

SBTES project is the Drake Landing Solar Community in Alberta, Canada (Sibbit et al. 2007). 

This project involves storage of heat collected from solar thermal panels in the summer within an 

array of closed-loop geothermal borehole heat exchangers. Heat is withdrawn from the array 

during the winter by circulating fluid through the heat exchangers and transferring it to the 

community of 52 houses. SBTES systems are similar to conventional ground-source heat exchange 

(GSHE) systems, where a fluid is circulated within a closed-loop pipe network installed in vertical 

boreholes to shed or absorb heat from the surrounding subsurface. However, they differ from 

conventional GSHE systems in that a heat pump may not be necessary, as the stored thermal energy 

can be used directly. SBTES systems are a convenient alternative to other energy storage systems 

such as batteries, brine tanks, or phase change fluids, as they are low cost, involve storage of 

renewable energy (solar thermal energy), and are space efficient.  

1.2  Problem Statement 

Zhang et al. (2012) analyzed the heat exchange processes at the Drake Landing site, and 

found that the efficiency of heat extraction is approximately 25%. Although this number is low, 

the Drake Landing site has been functional for several years and is able to provide 90% of the 

heating from the SBTES system (Sibbit et al. 2007). Although SBTES systems have been shown 

to be functional in practice, there is still an opportunity to improve the efficiency of heat transfer 
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into and out of the array of geothermal boreholes. In order to improve the heat exchange process 

in SBTES systems, one possibility is to take advantage of the mechanisms of coupled heat transfer 

and water flow in zone of unsaturated soil encountered near the ground surface. This zone of 

unsaturated soil above the water table is generally referred to as the vadose zone. During operation 

of a SBTES system in the vadose zone, the water content of unsaturated soils is expected to vary 

due to thermally induced water flow, and the thermo-hydraulic properties of the soil (e.g., 

hydraulic conductivity, specific heat, apparent thermal conductivity) may vary with temperature 

(Smits et al. 2012). Accordingly, it may be possible to engineer a SBTES system in the vadose 

zone to take advantage of phase change phenomena in the pore water to obtain greater heat 

injection and extraction rates, making the SBTES system more efficient (McCartney et al. 2013a). 

Specifically, the transfer of latent and sensible heat due to phase change of pore water in an 

unsaturated soil layer may lead to enhanced heat transfer due the formation of a convective cell in 

the ground between the borehole heat exchangers. Although the specific heat of water is greater 

than that of most soil grains, meaning that an unsaturated soil may have lower heat storage 

capabilities than a saturated soil, the rate of heat transfer to and from the ground is also important 

to the operation and efficiency of SBTES systems. 

During heating of an array of soil-borehole heat exchangers, coupled heat transfer and 

water flow is expected to occur within the array, meaning that convection should be considered in 

simulating the movement of heat in unsaturated soils subject to a temperature gradient. When water 

in unsaturated soil is heated to the point that it vaporizes, it will move upward due to buoyancy 

and toward colder regions away from the heat source, releasing latent energy as it cools and 

condenses. After condensing to liquid form, the water will flow downward due to gravity and back 

toward the dry soil around the heat source due to capillarity. This process is referred to as a 
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convective cell for coupled water and heat flow. Sakaguchi et al. (2009) observed the formation 

of such a convective cell in an unsaturated soil layer, and observed an increase in apparent thermal 

conductivity with increasing temperature and justified this increase with latent heat transfer 

processes occuring in the soil. Lu (2001) found that the rate of heat transfer in a convective cell in 

an unsaturated soil layer may be up to 10 times faster than the case where heat conduction is the 

only means of heat transfer. In this study, the mechanisms of latent and sensible heat transfer 

associated with phase change of pore water are investigated to evaluate their impact on heat 

transfer within an array of geothermal heat exchangers in an unsaturated silt layer.  

1.3 Hypothesis  

The hypothesis of this research is that the formation of a convective cell with coupled heat 

and water flow will lead to an increase in the rate of heat transfer from the borehole heat exchangers 

into the soil. A common application that incorporates coupled heat and water flow to enhance heat 

transfer that has analogous aspects to the problem under investigation is a heat pipe. A heat pipe 

is a device that involves a closed system containing a fluid that changes in phase and flows in 

response to thermal can capillary gradients to enhance the transfer of heat from a source to a sink. 

The configuration of a heat pipe that is used to cool electronic devices along with the different 

flow processes are shown in Figure 1.1. The heat pipe in this figure consists of a casing (i.e., a 

closed system) filled with a working fluid (typically carbon dioxide or ammonia) that changes in 

phase from liquid to vapor in the range of temperatures experienced by the heat source. The casing 

has a heat source at one end and a heat sink at the other, connected by a wick that permits the 

working fluid to flow in liquid form from the cold end back to the hot end by capillarity. At point 

1) in Figure 1.1, the working fluid absorbs thermal energy until reaching the required latent energy 

for vaporization. At point 2), the working fluid in vapor form travels through the cavity toward the 
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colder heat sink due to a vapor pressure gradient. When the working fluid in vapor form reaches 

point 3), it condenses and releases its latent heat adiabatically. The working fluid in liquid form 

then migrates back toward the heat source through the wick due to a capillary pressure gradient, 

after which then the process starts again. 

 

Figure 1.1 Heat exchange processes in a heat pipe 

It is possible that similar coupled heat transfer and water flow processes will occur in the 

unsaturated soil layer within a soil-borehole heat exchanger array in which case water is the 

working fluid. One difference between the two systems is that the boreholes provide a cylindrical 

heat source, and the cooler soil within the array (or outside of the array) is the heat sink. Further, 

the soil-borehole array is not a completely closed system, as heat and water vapor will flow away 

from the borehole heat exchangers in all directions. The mechanisms of heat transfer and water 

flow in the analogous convective cell expected within a borehole heat exchanger array are shown 

in 2-dimensions in Figure 1.2. As water in the pores of the unsaturated soil around the heat 
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exchangers is heated, it will vaporize and decrease in density. The vapor flows through the pores 

away from the borehole heat exchanger heat source (i.e. upward and toward the middle of the heat 

exchanger array, or away from the array) due to buoyancy and thermally induced water flow. The 

water vapor will then condense after reaching the soil surface or the colder zone of soil between 

the heat exchangers. Accordingly, enhanced heat transfer will occur when latent energy is absorbed 

by the water during vaporization and released during condensation. This implies that heat will be 

transferred at a greater rate from the heat exchangers to the soil within the exchanger array, which 

in turn implies that greater heat exchanger spacings can be used to store heat in a larger zone of 

soil within the array. It is expected that the convective cycle may break down after the temperature 

of the soil within the array reaches a uniform temperature.  

 

Figure 1.2  Heat pipe analogy within an array of soil-borehole heat exchangers  

One issue with the heat pipe analogy in the unsaturated soil within an array of heat 

exchangers is that it is not a closed system. Water may be lost from the zone of soil within the 

array to the soil outside of the array. Further, the boundary conditions in the vertical direction are 

different than in the heat pipe shown in Figure 1.1, as most unsaturated soil layers have a water 

table at some depth where the temperature is relatively steady, and a relatively dry upper surface 
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that fluctuates in temperature with the ambient air temperature. However, the formation of a 

convective cell can be facilitated by installing a hydraulic barrier at the soil surface to prevent 

escape of water vapor, as well as an insulation layer to minimize loss of stored heat into the 

atmosphere.   

A schematic of a hypothetical convective cell in a triangular SBTES that incorporates an 

insulated hydraulic barrier near the soil surface is shown in Figure 1.3. This hypothetical 

convective cell builds upon the concept developed by McCartney et al. (2013a), but clarifies how 

condensation and downward liquid water flow will occur within the center of the array. Although 

the heat transfer and water flow processes are not the same as in the heat pipe in Figure 1.1, the 

two-phase convective cell (Lu 2001) is similar to a heat pipe as the processes are expected to be 

similar to those shown in the soil element in Figure 1.2. During heating, water in the soil pores 

will absorb heat from the heat exchanger arrays and vaporize. The vapor will rise due to buoyancy 

toward the soil surface through the unsaturated soil body. When the water vapor reaches the 

hydraulic barrier near the ground surface (which has a relatively low temperature compared to the 

boreholes), the water will condense and release latent heat. The liquid water will form a saturated 

layer that will sink downward toward the water table under the pull of gravity and capillary forces. 

This convective cell is different from a heat pipe in that the goal is to increase the transfer of heat 

from the borehole heat exchangers into the soil rather than trying to move heat from one end of 

the to the other.   
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Figure 1.3 Heat transfer and water flow in an SBTES system in the vadose zone 

In natural conditions, the thermo-hydraulic properties of unsaturated soil layers vary with 

depth due to gravity drainage and surface infiltration and evaporation. The air permeability and 

water permeability follow inverted trends with depth as the pores in the soil mass will either be 

filled with air or water. Thermal conductivity, specific heat and water content are expected to be 

higher in the bottom portion of the unsaturated soil layer due to its proximity to the water table. 

Smits et al. (2012) observed that the apparent thermal conductivity of an unsaturated sand 

increased with temperature due to the effects of thermally induced water flow. One of the 

hypotheses of this research is that the formation of a convective cell may result in a uniform 
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distribution in water content with height in the soil layer, which would subsequently lead to 

uniform, enhanced thermo-hydraulic properties of the unsaturated silt with depth. Specifically, 

coupled heat transfer, liquid water flow, and water vapor flow may cause these properties to 

become constant with depth during heating. Following this line of thought, schematics of the 

expected thermo-hydraulic properties of the unsaturated soil before and after heat exchange starts 

are shown in Figure 1.4. After a convective cycle forms, it is possible that heat transfer will be 

enhanced by the uniformity of the thermal and hydraulic properties of the soil. Further, it is also 

possible that the heat storage of the unsaturated soil may be increased as the specific heat becomes 

more uniform over the height of the layer. 

 

Figure 1.4  Soil properties prior and during heating 

Another advantage of SBTES systems in the vadose zone is that the rate of lateral heat loss 

may be lower than in a SBTES system installed in a saturated soil layer. At room temperature 

conditions, unsaturated soils have lower thermal conductivity than water-saturated soils due to the 

effect of air filled pore spaces between the particles, which provide an insulating effect. This means 

that the rate of radial heat loss from a SBTES system in the vadose zone will be lower than that 

for a SBTES system installed in a saturated soil layer. 
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1.4 Objective and Approach 

The primary objective of this study is to understand the mechanisms of coupled heat 

transfer and water flow in unsaturated soils during injection of heat into variably-spaced arrays of 

borehole heat exchangers. An improved understanding of these mechanisms can be used evaluate 

changes in the rate of heat transfer and energy storage in the vadose zone, and can be used to 

configure the geometry of heat exchanger arrays for energy storage in the subsurface. The data can 

also be used to calibrate analyses of coupled heat transfer and water flow with programs such as 

COMSOL (2008) or TOUGH2 (Pruess 1991; Pruess et al. 1999). After these programs are 

calibrated, they can be used for in-depth design of SBTES systems in the field.  

The approach used in this study is to perform a series of physical modeling tests on a 

triangular array of three boreholes within an unsaturated silt layer. The physical model consists of 

a layer of unsaturated silt layer compacted atop a layer of sand in an insulated, 0.53 m-tall, 0.6 m-

diameter cylindrical tank. A water table is imposed at the top of the sand layer. The heat exchangers 

are modeled using steel pipes bent into “U”-tube shapes that can be inserted into the soil layer. 

Tests are performed by circulating heated fluid through the steel pipes to apply a constant heat 

flux. The boundary conditions in the test are meant to simulate the behavior of the soil between 

the boreholes shown in Figure 1.3. A set of sensors are also incorporated into the silt layer to 

monitor changes in temperature, volumetric water content and thermal conductivity. This 

information can be used to evaluate coupling between the thermo-hydraulic properties of the soil 

and to infer mechanisms of coupled heat water and vapor heat transfer. This study involves several 

tests on borehole arrays having different spacing values in order to understand the effect of 

geometry on the formation of a convective cell in the unsaturated silt layer.  



10 
 

1.5 Scope 

Chapter 2 includes an overview and explanation of the process involved in coupled heat 

water and vapor flow and a review of previously done studies. Chapter 3 includes a summary of 

properties of the materials used in the physical modeling experiments. An overview of the 

experimental setup along with information regarding the different instrumentation is given in 

Chapter 4. The methodology used to perform the different experiments are described in Chapter 5. 

This includes soil placement conditions, the process for saturation of the sand layer, and heating 

procedures. The results obtained from the different physical modeling experiments are presented 

in Chapter 6. The analysis of the data presented in Chapter 7 includes calculations of heat transfer 

and heat storage, an evaluation of the role of borehole spacing, and the relationship between 

coupled heat and water flow and the apparent thermal conductivity 7. The conclusions drawn from 

the physical modeling tests are presented in Chapter 8.  
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2. THEORETICAL BACKGROUND 

2.1 History 

Coupled heat transfer and water flow in unsaturated soils has been applied in many areas 

of engineering, including fluid transport in textile materials, wood drying, oil extraction, 

contaminant migration, drying of granular materials, heat exchangers, and heat transport in thermal 

insulation (Jahangir and Sadrnejad 2012). In agricultural engineering, the coupled flow of heat and 

water has been used in the prediction of the thermo-hydraulic interaction between surficial soils 

and the atmosphere. In geotechnical engineering, these concepts have been applied in the 

evaluation of geothermal heat exchange systems in the vadose zone and in predicting the behavior 

of compacted soils an understanding of the swelling and shrinkage of compacted clays used to 

encapsulate nuclear waste. Coupled heat and water flow has been studied through both physical 

experiments and theoretical models (Smith 1943; Philip and deVries 1957; Woodside and Kusmak 

1958).  

In the 1940s and 1950s, advancements in hydrology and agriculture lead to several new 

contributions to research on water flow in unsaturated soils, without taking into account soil 

deformation. An early study by Smith (1943) studied the movement of water in isothermal and 

nonisothermal conditions through unsaturated soils around a heating source. Smith (1943) 

discovered that in addition to water movement through unsaturated soils that are subject to 

temperature gradients, convective flux of dry air and pore water vapor will occur. Smith (1943) 

also discovered that water content gradients can also be affected by other convective currents in 

the pores of unsaturated soils.  

Philip and deVries (1957) proposed the liquid island theory, which stated that when the 

pores between soil particles contain water and the soil is subject to a temperature gradient, latent 
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heat transfer will occur when both heat and vapor move from the a zone of high temperature to 

another of lower temperature. Their approach also considered liquid water flow in response to 

volumetric water content gradient rather than a hydraulic-head gradient. Their volumetric water 

content-based formulation may be applicable to the analysis of homogeneous and isotropic 

systems in horizontal flow conditions, which is usually not the case in real-life applications. There 

are controversies regarding the liquid island theory as it does not take into account the liquid flow 

from the colder side to the hotter side of the pore (Jahangir et al. 2012). Luikov (1996) derived a 

set of partial differential equations that considered the coupled heat and mass transfer in the 

determination of the total head distributions in porous media, using thermodynamic processes. 

These equations are directly related to the prediction of retention behavior in unsaturated media or 

coupled migration of heat and water in soils. All these studies indicated that the soil temperature 

regime strongly affects soil water dynamics and coupling multiple processes is a useful approach 

for explaining their mechanisms.  

In this literature review, water flow through unsaturated soils will be reviewed, along with 

a discussion of relevant soil properties. Then heat flow processes in soils including conduction and 

convection in soils will be reviewed along with a discussion of relevant soil properties. Finally, 

the coupling between heat transfer, water flow, and vapor flow will be discussed. 

2.2 Water Flow in Unsaturated Soils 

2.2.1 Hydraulic Potential in Unsaturated Soils 

In an unsaturated soil, water is partially bound to solid surfaces (adsorptive pressures) via 

electric fields and short-range attractive forces (van Der Waals forces) and partially at the interface 

with the gaseous phase (capillary pressures). Hence, the liquid phase is (compared to saturated 

flow) constrained to narrower and more tortuous channels. Water is a wetting fluid for most soil 
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particles, which implies that the air-water menisci between individual soil particles are convex, 

tensioned membranes (McCartney 2007).  Thus, the air pressure is greater than the water pressure, 

so the water pressure has a negative magnitude when air is under atmospheric pressure.  The 

adsorptive and capillary pressures together are referred to as matric suction ψ, which is expressed 

in terms of a pressure (units of kPa). Water flow in unsaturated soils is driven by the gradient in 

hydraulic energy of water per unit mass, quantified as: 

2
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 (2.1) 

where Φ is the hydraulic energy per unit mass, z is the vertical distance from a selected datum, ν 

is the water discharge velocity, n is the porosity, and Po is the osmotic pressure.  In Equation (2.1), 

the four terms on the right hand side correspond to the potential energy, the kinetic energy, the 

energy due to the water pressure, and the energy due to the osmotic pressure.  The water seepage 

velocity (ν/n) is comparatively small in soils, leading to a negligible kinetic energy component.  

The osmotic pressure is typically considered constant for soils with different water contents, and 

consequently does not lead to a contribution to the gradient in hydraulic potential. Assuming that 

the pressure in the air phase is atmospheric (i.e., Pa = 0), ψ = - Pw, a simplified version Equation 

(2.1) can be written as follows: 

w

gz



    (2.2) 

2.2.2 Hydraulic Characteristics of Unsaturated Soils 

2.2.2.1 Water Retention Curve (WRC) 

An understanding of water storage in unsaturated soils is critical to interpreting their 

hydraulic behavior. Further, the amount of water storage in soils is closely related to the thermal 

conductivity of the soil. Water storage is quantified using the relationship between volumetric 
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water content and suction, referred to as the Water Retention Curve (WRC).  WRCs for different 

geotechnical materials are shown in Figure 2.1, plotted in terms of the degree of saturation (which 

normalizes the curves to account for different porosities).  The coarse-grained materials (sand and 

nonwoven geotextiles) show a significant decrease in degree of saturation over a narrow range in 

suction.  The fine-grained materials (silt and clay) show a more gradual decrease in degree of 

saturation with increasing suction. 

 

Figure 2.1 WRCs for different geotechnical materials (McCartney 2007) 

The nonlinearity observed in these relationships is partially due to the range of pore size 

distributions for these materials.  An important characteristic in a WRC is the air entry suction.  

During initial drying of a water-saturated specimen, the suction in the water increases, but air does 

not enter the specimen until the air entry suction is exceeded.  Beyond the air entry suction, the 

degree of saturation decreases from 1.0 until reaching a value that remains constant with increasing 

suction. This degree of saturation is often referred to as the residual saturation.  Residual saturation 

occurs when water only exists as films at particle contacts and cannot be extracted except in vapor 

form.  
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2.2.2.2 Hydraulic Conductivity Function (HCF) 

In unsaturated soil, the available water flow pathways decrease as the degree of saturation 

decreases or as suction increases (McCartney 2007). This is quantified by the hydraulic 

conductivity function (HCF), which accounts for the decrease in conductivity with increasing 

suction or decreasing degree of saturation.  The hydraulic conductivity (K) is the ratio between the 

discharge velocity through a soil and the total hydraulic gradient.  Hydraulic conductivity can also 

be theoretically associated with the characteristics of the soil and fluid.  For instance, K has been 

defined using the Hagen-Poisseuille law for viscous flow of water through a capillary tube, as 

follows (Mitchell 1979): 

2
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 (2.3) 

where Q is the flow rate over an area A, c is constant representing the pore shape, d is a 

characteristic pore diameter, ρw is the density of water, g is the gravitational constant, µw is the 

dynamic viscosity of water at a constant temperature and pressure, and H is the total head 

difference over a length L.  The hydraulic conductivity of water in soil can then be defined as: 
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where к = cd2 is the intrinsic permeability of the soil.  

The hydraulic conductivity is considered constant with changes in pore water pressure for 

a saturated soil with a constant void ratio and environmental conditions (temperature, pH, etc.).  

However, the hydraulic conductivity is not constant with changes in suction for an unsaturated soil.  

The relationship between hydraulic conductivity and suction, also referred to as the HCF, is the 

function representing the change in the proportionality between the flow rate and gradient in an 

unsaturated soil.  As the degree of saturation of a soil decreases, the total number of pathways 
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along which fluid can travel decreases. Accordingly, the HCF is a measure of the increased 

impedance to water flow with decreasing degree of saturation.   The HCF can be represented as a 

function of volumetric water content (Ө) or suction (ψ), depending on the application.  

Experimental techniques based on outflow typically yield a HCF that is a function of Ө, while 

techniques based on suction gradients yield a HCF that is a function of ψ.   

Early approaches to predict the HCF were empirical (Richards 1931; Wind 1955; Gardner 

1958). For example, Gardner (1958) proposed an exponential model (linear in log-space): 

     ( )    sK K e    (2.5) 

This model is particularly useful for analytical solution of Richards’ equation.  Statistical models 

based on pore size distributions were used later, with the goal of predicting the HCF from the 

WRC (Childs and Collis-George 1950; Burdine 1953; Mualem 1976). These approaches assume 

that the soil is an interconnected series of pores having a size distribution characterized by the 

shape of the WRC (Mualem 1986).  Most of the models have the form: 
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where b, r, and m are constants related to the pore size distribution, and x is an integration variable.  

The first term in Equation (2.6) is a correction factor used to account for tortuosity, while the 

second term is a ratio between the available, water filled fluid pathways and the total possible 

number of fluid pathways.  Burdine (1953) suggested that b = 2, r = 0, and m = 1, while Mualem 

(1976) suggested that b = 0.5, r = 1, and m = 2.  Mualem’s assumption is considered to be more 

suitable for fine-grained soils (Leong and Rahardjo 1999). The HCF can be predicted from the 

macroscopic approach by inserting a WRC relationship into Equation (2.6). The most commonly 
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used predictive HCF is obtained by substituting the van Genuchten (1980) model into the Mualem 

(1976) model, although there are several other models available. 

 

Figure 2.2 HCFs for different geotechnical materials (McCartney 2007) 

The HCFs for different geotechnical materials predicted using the van Genuchten-Mualem 

model are shown in Figure 2.2.  Near saturation, coarser-grained materials (sand and geotextiles) 

have high hydraulic conductivity, while finer-grained materials (silt and clay) have lower hydraulic 

conductivity (McCartney 2007).  However, the coarse-grained materials are less conductive than 

the fine-grained materials after reaching residual saturation. As the fine-grained materials can 

retain more water in the pores as suction increases, there are available pathways for water flow 

even when unsaturated.  An important consideration is the shape of the HCF at residual saturation.  

The curves in Figure 2.2 are shown over a wide range of hydraulic conductivity values to 

emphasize the relative difference between the materials.   

2.2.2.3 Water Flow in Unsaturated Soils 

The water seepage velocity through a soil in the vertical direction z can be estimated using 

Darcy’s law and Equation (2.2), as follows: 
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where Q is the volumetric flow rate, and A is the area of soil perpendicular to the flow direction.   

The governing equation for water flow in unsaturated soils is referred to as Richards’ 

equation. This equation is useful to define suction profiles for transient and steady-state water flow.  

A control volume of thickness dz is shown in Figure 2.3 to represent one-dimensional (1-D) water 

flow through a soil layer with thickness L.  The datum is selected as the base of the soil layer. 

 

Figure 2.3  Control volume for water flow in unsaturated soils 

The continuity principle in this control volume can be expressed as: 
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where the left-hand side represents the change in water storage in the control volume, and the right 

hand side represents the change in flow rate across the control volume.  Substitution of Equation 

(2.7) into Equation (2.8) leads to Richards’ equation: 
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Richards’ equation is a coupled, nonlinear, parabolic equation.  For real flow situations, it is often 

solved numerically using finite differences or finite elements.  Solutions can be challenging, as the 
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constitutive functions [K(ψ) and Ө(ψ))] are often nonlinear and may have undefined or zero 

derivatives.  In addition, boundary conditions are rarely straightforward.   

In simple situations, Richards’ equation can be solved analytically.  For instance, a useful 

analytical solution can be obtained for the suction profile in a soil layer during steady-state 

infiltration.  Dell’Avanzi et al. (2004) developed an analytical solution for Richards’ equation 

using Gardner’s model to represent the HCF.  The suction profile at steady state is: 
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 (2.10) 

where νp is the discharge velocity in a prototype, zp is the height of a prototype, α is a soil-specific 

fitting parameter for Gardner’s model, and ψ0 is the suction value imposed at the base of the 

specimen.  The suction profiles for different imposed discharge velocities on a soil layer with a 

saturated bottom boundary are shown in Figure 2.4. Measurements of hydraulic conductivity are 

usually made near the top of the soil layer, where a zone develops with a unit hydraulic gradient 

(i.e., constant suction).  In this zone, the hydraulic conductivity of the soil is equal to the infiltration 

rate.  Given the  parameter for Gardner’s model, the limiting suction in the upper zone of the soil 

layer may also be predicted (Dell’Avanzi et al. 2004): 
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Figure 2.4  Steady state suction profiles during downward infiltration into an unsaturated 

soil layer (McCartney 2007) 

2.3 Heat Transfer in Soils 

This section discusses the mechanisms involved in heat transfer in soils. Soil is a multiple 

phase system with a complex heat transfer mechanism involving conduction, radiation, convection, 

vapor diffusion, vaporization and condensation processes and freezing-thawing processes 

(Carslaw and Yeager 1959; Brandl 2006). Brandl (2006) observed that radiation usually 

contributes only negligibly to heat transfer in soils, except near the surface. The energy absorbed 

during phase change (freezing and thawing, evaporation and condensation) are a large source of 

heat transfer, especially if the fluid moves away from the heat exchanger before changing phase. 

Hence, in this study, heat transfer in soils will be reduced to the processes of heat conduction, heat 

convection and latent heat transfer. The total heat transfer in soil can be then quantified as follows: 

�̇�tot = �̇�cond + �̇�l,conv + �̇�v,cond + �̇�lat (2.12) 

where q̇tot is the total heat transfer, q̇cond the heat transfer due to conduction, q̇l,conv the heat transfer 

due to liquid convection, q̇v,cond the heat transfer due to vapor convection and q̇lat the latent heat 

transfer. 
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2.3.1 Conductive Heat Transfer 

Conduction refers to one of the modes of heat transfer in which energy transfer occurs in 

the solid phase of the porous media and fluids which are at rest (Hermansson et al. 2008). The 

grains of a soil, typically, are in contact with each other at distinct contact points and pores between 

grains are filled with a mixture of air and water. When completely dry the heat flow passes mainly 

through the grains, but has to bridge the air-filled gaps around the contact points. At very low water 

contents, thin adsorbed water layers cover the grains. The thickness of these layers increases with 

increasing water content as discussed by deVries (1958). At higher water contents, rings of liquid 

water form around the contact points between the grains. From this point, the thermal conductivity 

increases rapidly with increasing water content. This behavior was observed by Smits (2010; 2012) 

at steady temperatures and with a temperature gradient. At even higher water contents, the pores 

are completely filled with water resulting in a further but slower increase in thermal conductivity 

Heat transfer can be quantified using Fourier’s heat transfer equation. According to Fourier’s law, 

the heat flux density (q̇cond), the heat flux for heat volume Q through an arbitrary area A during 

time t can be quantified by equation (Brandl 2006):  

�̇�cond = 
𝑄

𝐴𝑡
=  

�̇�

𝐴
=  −𝜆

𝜕𝑇

𝜕𝑛
 (2.12) 

where is the thermal conductivity and  ∂T/∂n is the temperature gradient in the direction n. The 

term ∂T/∂n can be rewritten: 

𝜕𝑇

𝜕𝑛
=  

𝜕𝑇

𝜕𝑥
𝑒𝑥 +  

𝜕𝑇
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𝜕𝑇

𝜕𝑧
𝑒𝑧 =  ∇𝑇 = 𝑔𝑟𝑎𝑑𝑇 (2.13) 

where ∇𝑇 or gradT is the gradient in temperature with space, and  is the thermal conductivity. 

Hence Equation (2.12) becomes: 

�̇�cond =  −𝜆 (
𝜕𝑇

𝜕𝑥
𝑒𝑥 +  

𝜕𝑇

𝜕𝑦
𝑒𝑦 +  

𝜕𝑇

𝜕𝑧
𝑒𝑧) =  −𝜆∇𝑇 = −𝜆𝑔𝑟𝑎𝑑𝑇 (2.13) 
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Physically, the thermal conductivity (λ) represents the ability of a material to conduct heat 

by molecular excitation. Therefore, heat transfer occurs at a higher rate across materials of high 

thermal conductivity than across materials of low thermal conductivity.  In the case that conduction 

is used to simulate a problem in which convective heat transfer may occur, the thermal conductivity 

is referred to as the apparent thermal conductivity.  

2.3.2  Convective Heat Transfer 

Convection is the transfer of internal energy into or out of an object by the physical 

movement of a surrounding fluid that transfers the internal energy along with its mass. Although 

the heat is initially transferred between the object and the fluid by conduction, majority of energy 

transfer comes from the motion of the fluid. Convection can arise naturally through the creation of 

convection cells or can be forced by pushing the fluid across the medium or by the medium through 

the fluid. In this study, convection will be studied through the creation of a convection cell as 

discussed in the introduction. There are two distinct types of convective heat transfers: liquid 

convection and vapor convection. Heat transfer by fluid convection and vapor convection can 

respectively be expressed by the following heat flux terms: 

�̇�l,conv =  𝑐𝑤𝜌𝑤�̅�𝑤(𝑇 − 𝑇′) (2.14) 

�̇�l,conv =  𝑐𝑣𝜌𝑣�̅�𝑣(𝑇 − 𝑇′) (2.15) 

where 𝑐𝑤 and 𝑐𝑣 are the specific heat capacity of the soil water and vapor, respectively. 𝜌𝑤 and 𝜌𝑣 

are the density of the soil water and vapor, respectively. �̅�𝑤 and �̅�𝑣 are the vector of water and 

vapor velocity, respectively (�̅� = ki), and T’ is the temperature of the surrounding environment. 

Latent heat transfer occurs as a result of phase changes of water (vaporization and condensation. 

The latent heat flux term can be defined as follows: 

�̇�lat =  𝐿0𝜌𝑣�̅�𝑣 (2.16) 
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The magnitude of latent heat flux greatly depends on the amount of vapor transfer occurring in the 

soil: It increases with decreasing water content (Brandl 2006).  

2.4 Coupled Heat and Water Flow 

Coupled heat and water transfer refers to the connected process of heat and water flow in and 

through the three phase (e.g. solid, liquid, and gas) soil system, where heat may be latent and/or 

sensible and water may be liquid and/or vapor (Heitman and Horton 2011). Philip and deVries 

(1957, 1958, 1963) are the pioneers of the theoretical description of coupled heat and water transfer. 

They assume that gradients in water content and temperature are the main drivers of liquid flow. 

Their theory assumes (1) the soil is rigid and inert; (2) hysteresis of water retention curves and 

transport coefficients can be neglected; (3) transfer of mass and energy occurs only in the vertical 

direction; (4) the driving forces for water are temperature and matric pressure head gradients and 

gravity; (5) osmotic potential is negligible; (6) there is local thermodynamic equilibrium within 

the soil; and (7) heat transfer occurs by conduction and by convection of latent heat and sensible 

heat.  

2.4.1 Water Flow due to Temperature Gradients 

The total water flow in soils subject to a temperature gradient occurs in two distinct 

components: liquid and vapor. Vapor transport is primarily a diffusive process resulting from the 

development of a vapor pressure gradient in response to a thermal gradient. In saturated soils, the 

vapor flow is negligible as there is no air space for the vapor to move. Unsaturated soils have 

enough pore spaces to allow vapor movement. In this study we will focus on the unsaturated soils 

case. Liquid water is observed to flow from areas of warm to cold due to the presence of a surface 

tension gradient, as the surface tension of water in contact with air decreases with increasing 

temperature. The total water flux in an unsaturated soil can be written as: 
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q̇w =  q̇l +q̇v (2.17) 

where �̇�w is the total water flux, �̇�l is the water flux due to liquid flux and �̇�v is the water flux due 

to vapor flux. They are all in units of kg m-2 s-1. Liquid flux can be broken into matric potential 

driven flow and thermal gradient driven flow. Liquid flux driven by a gradient in matric potential 

and elevation can be described using a form of Darcy’s law, as follows: 

q̇𝑙
𝜌𝑙

⁄ = −𝐾 (
𝜕𝜓

𝜕𝑧
− 1) (2.18) 

where 𝜌𝑙 (kg m-3) is the liquid density of water, K (m s-1) is the hydraulic conductivity, 𝜓 (m) is 

the matric potential, z (m) is the depth in the direction of gravity. The water flux driven by a 

temperature gradient can be expressed as follows: 

q̇𝑙
𝜌𝑙

⁄ = −𝐷𝑇𝑙  
𝜕𝑇

𝜕𝑧
 (2.19) 

where 𝐷𝑇𝑙  (m2 s-1 K-1) is the liquid thermal diffusivity and T (K) is temperature. Thermal 

diffusivity is a measure of the ability of a substance to transmit a difference in temperature; 

expressed as the thermal conductivity divided by the product of specific heat capacity and density, 

as follows:  

𝐷 =  
𝜆

𝜌𝑐𝑝
− 𝐾 (2.20) 

where 𝑐𝑝 is the specific heat capacity and 𝜌 the total density. 

Combining Equations (2.18) and (2.19) yields the total liquid water flux within an 

unsaturated soil subject to temperature gradient, which can be defined as follows: 

q̇𝑙
𝜌𝑙

⁄ = −𝐾 
𝜕𝜓

𝜕𝑧
− 𝐾 − 𝐷𝑇𝑙  

𝜕𝑇

𝜕𝑧
 (2.21) 

The water vapor flux �̇�v is treated as simple diffusion process and can be expressed as follows: 
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q̇𝑙
𝜌𝑙

⁄ = −𝐷 
𝜕𝜌𝑣

𝜕𝑧
 (2.19) 

 

(2.22) 

where 𝜌𝑣 (kg m-3) is the water vapor density and D (m2 s-1) is the effective molecular diffusivity. 

In Equation (2.21), 𝜌𝑣 can be expressed in terms of 𝜓 and 𝑇. The term 𝜕𝜌𝑣 𝜕𝑧⁄  can be expanded 

to account for 𝜓 and 𝑇, as follows: 

𝜕𝜌𝑣

𝜕𝑧
 =  

𝜕𝜌𝑣

𝜕𝜓

𝜕𝜓

𝜕𝑧
+

𝜕𝜌𝑣

𝜕𝑇

𝜕𝑇

𝜕𝑧
 (2.23) 

Combining this equation with Equation 2.21, the heat flux due to vapor flux becomes: 

q̇𝑣 = −𝐷 
𝜕𝜌𝑣

𝜕𝜓
 
𝜕𝜓

𝜕𝑧
− 𝐷𝜂

𝜕𝜌𝑣

𝜕𝑇

𝜕𝑇

𝜕𝑧
 (2.24) 

where η is a constant to account for increased vapor flux due to locally enhanced thermal gradients 

across air gaps within the soil mass (Cass et al. 1984). Equation (2.23) can then be simplified as 

follows:  

q̇𝑣
𝜌𝑙

⁄ = −𝐷𝜓𝑣  
𝜕𝜓

𝜕𝑧
− 𝐷𝑇𝑣  

𝜕𝑇

𝜕𝑧
 (2.25) 

where according to Philip and deVries (1957), Dψv (m2 s−1) and DTv (m2 s−1 K−1) are the matric 

vapor and thermal vapor diffusivities, respectively, defined implicitly by Equation (2.23). The 

vapor water flow q̇𝑣 is divided by 𝜌𝑙 so that 𝐷𝜓𝑣 and 𝐷𝑇𝑣 to provide volume fluxes equivalent to 

transport terms defined in Equation (2.20) for liquid water. 

Similarly, as the total flux of water in the soil mass, the total mass of water within the soil 

mass can be expressed as follows: 

𝜃𝜌 = 𝜃𝑙𝜌𝑙 + 𝜃𝑣𝜌𝑣 (2.26) 

where 𝜃𝑙 (m
3 m-3) and 𝜃𝑣 (m3 m-3) are the fractions of the soil mass occupied by liquid water and 

by vapor water, respectively, such that the sum of 𝜃𝑙 and 𝜃𝑣 corresponds to the volume of voids. 

By conservation of mass, the continuity equation can be expressed as follows: 
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𝜕

𝜕𝑡
(𝜃𝑙𝜌𝑙 + 𝜃𝑣𝜌𝑣) =  𝛻�̇�𝑤 (2.27) 

where t (s) is time, and 𝛻�̇�𝑤 (kg m−2 s−1) is the gradient in total water mass flux. Expanding the 

terms on the left side of Equation (2.27), using the dependency of 𝜌𝑣 on ψ and T noted above and 

also the functional relationship between θ and ψ, the following governing equation can be defined 

as follows: 

𝜌𝑙

𝜕𝜃𝑙

𝜕𝑡
+ 𝜌𝑣

𝜕𝜃𝑣

𝜕𝑡
+ 𝜃𝑣

𝜕𝜌𝑣

𝜕𝜓

𝜕𝜓

𝜕𝜃𝑙

𝜕𝜃𝑙

𝜕𝑡
+ 𝜃𝑣

𝜕𝜌𝑣

𝜕𝑇

𝜕𝑇

𝜕𝑡
= 𝛻�̇�𝑤 (2.28) 

Finally, incorporating Equations (2.17), (2.21), and (2.25), and dividing all terms by 𝜌𝑙, a 

general partial differential equation to describe transient water flow for unsaturated, non-

isothermal conditions can be obtained, as follows:  

1 + (
𝜃𝑣

𝜌𝑙

𝜕𝜌𝑣

𝜕𝜓

𝜕𝜓

𝜕𝜃𝑙
−

𝜌𝑣

𝜌𝑙
)

𝜕𝜃𝑙

𝜕𝑡
+

𝜃𝑣

𝜌𝑙

𝜕𝜌𝑣

𝜕𝑇

𝜕𝑇

𝜕𝑡
= 𝛻 [(𝐾 + 𝐷𝜓𝑣)

𝜕𝜓

𝜕𝑧
+ (𝐷𝑇𝑙 + 𝐷𝑇𝑣)

𝜕𝑇

𝜕𝑧
+ 𝐾] (2.29) 

It should be noted that the relation between 𝜃𝑙 and 𝜃𝑣 was used to replace 
∂θ𝑣

∂t
⁄  with -(

∂θ𝑙
∂t

⁄ ) 

in order to simplify the expression. 

2.4.2 Heat Transfer with Water Flow 

As explained at the beginning of this section, heat transfer in soils can be reduced to the 

processes of heat conduction, heat convection and latent heat transfer. The total heat flux in the 

soil mass can be expressed as follows: 

�̇�ℎ = −𝜆
𝜕𝑇

𝜕𝑧
− 𝜌𝑙𝐿𝐷𝜓𝑣

𝜕𝜓

𝜕𝑧
+ 𝑐𝑙(𝑇 − 𝑇0)�̇�𝑤 (2.30) 

where �̇�ℎ (W m−2) is the total heat flux in the soil, λ (W m−1 K−1) is the thermal conductivity of the 

soil, L (J kg-1) is the latent heat of vaporization, 𝑐𝑙(J kg-1 K-1) is the specific heat of liquid water, 

T(K) and 𝑇0(𝐾)  are the temperature of the soil at a given time and the initial or reference 

temperature, respectively. The first term on the right of the equation is from Fourier’s law of 

http://www.springerreference.com/docs/link/2085202.html?s=329982&t=nonisothermal
http://www.springerreference.com/docs/link/2085202.html?s=329982&t=nonisothermal
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conductive heat transfer. Thermal conductivity λ is highly dependent on water content and 

temperature. The second term on the right is diffusion of water vapor, with associated latent heat 

from phase change, according to the matric potential gradient. The diffusion vapor flux is a 

component of the flux given in Equation (2.25). The rightmost term in Equation (2.30) is the 

convective transfer of sensible heat associated with the mass water flux. Because the water flux is 

on a mass rather than a volume basis, it is appropriate to consider the specific heat of the liquid to 

determine the associated heat transfer. However, the quantity of heat must be determined by 

specifying some reference state 𝑐𝑙 𝑇0 (Heitman and Horton 2011). 

When the soil is subject to a temperature gradient, the total heat stored is a combination of 

latent and sensible heat. This can be expressed as follows: 

𝑞ℎ = (𝑐𝑠𝜌𝑏 + 𝑐𝑙𝜌𝑙𝜃𝑙 + 𝑐𝑣𝜌𝑣𝜃𝑣)(𝑇 − 𝑇0) + 𝐿𝜌𝑣𝜃𝑣 (2.31) 

where 𝑐𝑠 (J kg-1 K-1) is the specific heat of the solid, 𝜌𝑏 (kg m-3) is the soil bulk density (mass of 

solid per total soil volume), and 𝑐𝑣 (J kg-1 K-1) is the specific heat of the vapor. By the conservation 

of energy, the change in the quantity of heat stored per volume of soil with time is equivalent to 

the gradient in total heat flux 𝛻𝑞ℎ. This can be expressed as follows: 

𝛻𝑞ℎ =
𝜕

𝜕𝑡
[(𝑐𝑠𝜌𝑏 + 𝑐𝑙𝜌𝑙𝜃𝑙 + 𝑐𝑣𝜌𝑣𝜃𝑣)(𝑇 − 𝑇0) + 𝐿𝜌𝑣𝜃𝑣] (2.32) 

Combining Equations (2.30) and (2.32), the gradient of heat flux in an unsaturated soil 

mass subject to a temperature gradient can be expressed as follows: 

𝛻�̇�ℎ = 𝛻 [−𝜆
𝜕𝑇

𝜕𝑧
− 𝜌𝑙𝐿𝐷𝜓𝑣

𝜕𝜓

𝜕𝑧
+ 𝑐𝑙(𝑇 − 𝑇0)�̇�𝑤] (2.33) 

The theory of coupled heat flow indicates that gradients in ψ and T are the main drivers for heat 

flux. It is also important to recognize how the magnitudes of liquid and vapor fluxes vary with 

associated transfer coefficients, which greatly depend on, among other things, the soil water 
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content (Nassar and Horton, 1997). Heitman et al. (2008) investigated the water flow coefficients 

as a function of water content of the soil for a silt loam. Typical relationships between K (m s-1), 

𝐷𝜓𝑣 (m s-1), 𝐷𝑇𝑙 (m
2 s-1 K-1) and 𝐷𝑇𝑣  (m2 s-1 K-1) and different values of water content defined 

by Heitman et al. (2008) for a silt loam are shown in Figure 2.5. 

 

Figure 2.5 Coupled heat and water transfer in soil, hydraulic conductivity (K), thermal 

liquid diffusivity (𝐃𝐓𝐥), isothermal vapor diffusivity (𝐃𝛙𝐯), and thermal vapor diffusivity 

(𝐃𝐓𝐯) as a function of soil liquid water content (𝛉𝐥). Transfer coefficients are based on the 

properties of a silt loam (Heitman et al. 2008) 

Several conclusions can be drawn from evaluation of the trends in Figure 2.5. At very low 

water contents, convection through either liquid or vapor is minimal, as evidenced by the small 

magnitudes of all four transfer coefficients. When liquid water is absent or water content is very 

small, conduction must be the dominant mechanism for heat transfer. As water content begins to 

increase, all transfer coefficients increase, but the most pronounced increase is for vapor 
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coefficients Dψv, and DTv. In this range, air-filled porosity remains high so as to readily allow 

diffusion (with rate also depending on drivers). Hence, while conduction may remain important, 

heat transfer may also occur with convection via vapor, particularly latent heat. As liquid water 

content continues to increase and air-filled porosity is diminished, Dψv, and DTv then decline. 

However, liquid transfer coefficients K and DTl continue to increase over the whole range in θl. 

Because liquid water carries with it only sensible heat, and because the vapor flux is limited, 

convection in wet soil occurs primarily as sensible heat alone. 

  



30 
 

3. LITERATURE REVIEW 

3.1 Variables Affecting the Thermal Properties of Unsaturated Soils 

Farouki (1981) presented a thorough literature review on thermal conductivity, and found 

that heat conduction is mainly influenced by the composition, structure, packing, density, porosity, 

grain and pore size structure, as well as by contacts and binding effects. Brandon and Mitchell 

(1989) presented results of experiments that were conducted on sand by the thermal needle method 

to measure the thermal conductivity. Experimental observations indicate that the thermal 

conductivity of sand is strongly influenced by mineralogy, dry density, water content and 

temperature. Experiments in this study will focus on the effect of temperature and water content 

(or degree of saturation) on an unsaturated compacted silt. 

3.1.1 Temperature Effects 

Previous studies (Philip and deVries 1957; Hopmans and Dane 1986; Campbell et al. 1994; 

Smits 2012) have indicated that thermal conductivity is varies due to temperature changes.  

deVries (1957) studied the transfer mechanisms in soils. In particular, he investigated the effect of 

temperature gradient on the thermal conductivity of liquid water. The values of apparent saturated 

thermal conductivity are shown in Figure 3.1. The results of their experiments implied that the 

thermal conductivity of water vapor increases drastically for higher temperatures. The value of λ 

for air is unaffected and the value of λ for water increases gradually with temperature. 
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Figure 3.1  Apparent thermal conductivity of saturated soil as a function of temperature 

(Philip and deVries 1957) 

Campbell et al. (1994) stated that λ increases dramatically with temperature in soils with 

high water content, reaching values up to three to five times higher at 90 °C than those at ambient 

temperature. The relationship between temperature and thermal conductivity for Ottawa sand at 

very high temperatures is shown in Figure 3.2. This graph was adapted from Flynn and Watson 

(1969) and covers a very wide range of temperatures. 

 

Figure 3.2  Thermal conductivity of Ottawa sand as a function of temperature (adapted 

from Flynn and Watson 1969) 
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3.1.2 Combined Effects of Saturation and Temperature 

Smits et al. (2012) explored the combined effect of temperature and degree of saturation 

on the thermal properties of sands over a range of temperatures using a modified pressure plate 

apparatus with an embedded tensiometer, dielectric sensor, and thermal needle. Results from their 

tests on dense and loose 30/40 sands are shown in Figures 3.3(a) and 3.3(b), respectively. They 

observed that the apparent thermal conductivity of sand varies with both the degree of saturation 

(S) and temperature.  

 

Figure 3.3 Variation of thermal conductivity as a function of volumetric water content and 

temperature for dense (left) and loose (left) sand (Smits 2012) 

Below 50 °C, temperature does not have a significant effect on the λ-S plots is insignificant, 

but has a greater effect for temperatures ranging from 30 to 70 °C. At very low degrees of 

saturation and very high degrees of saturation the change in thermal conductivity is very small. 

The apparent thermal conductivity varies more widely for intermediate degrees of saturation. The 

increase in thermal conductivity at mid-range degrees of saturation may be due to the additional 

heat transfer in the form of evaporation and condensation between the “liquid islands” (Philip and 

deVries 1957). That is the reason why in unsaturated soils, coupled flow of heat, liquid water and 

water vapor occurs because there are both air pores and liquid islands present in the soil (Salomone 

et al. 1984). The explanation for this is that the effective contact areas between particles and water 
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are increased, which leads to an increase in the apparent thermal conductivity of the soil. When 

the degree of saturation of the soil approaches 1, the effective contact area no longer increases with 

increasing volumetric water content. Consequently, the significant increase in thermal 

conductivity with increasing volumetric water content is not evident when more water is added to 

fill the pore spaces.  

Duarte et al. (2006) presented the experimental results for the impact of temperature on the 

thermal conductivity and specific heat of compacted residual soil. According to their findings, 

thermal conductivity of compacted soil at 25% gravimetric water content is two times greater than 

when the soil is almost dry. Results from literature have the same increasing trend as well. For a 

given temperature, the specific heat will increase as the water content increases, as shown in Figure 

3.4. Since the thermal diffusivity of soils is a ratio of thermal conductivity and specific heat, it will 

not change with temperature and water content as both the other variables typically change by 

similar amounts. The trends in Figure 3.4 contradict the observations of Mitchell (1993) and 

Farouki (1986), who observed that specific heat is not sensitive to temperature changes. Their 

argument is that as the temperature within the soil body increases, its capacity to store more heat 

will decrease. 

 

Figure 3.4  Specific heat relation between gravimetric water content and temperature for a 

compacted soil (adapted from Duarte et al. 2006). 
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3.2 Convective Cells in Unsaturated Soils 

 A convention cell is a self-contained convective zone in which a fluid, in its liquid or a gas 

phase is heated from below by a warm surface; the increase in temperature results in a decrease in 

density of the fluid, causing the hotter fluid to rise and cooler fluid to flow inward to replace it. As 

the warmer fluid rises, it loses its stored latent heat to the surroundings, becoming denser and 

heavier than the fluid below. When the fluid condenses in the cooler section, it spreads horizontally 

before drawn toward its starting point. Thermal convection in fluids heated from below is a 

classical problem and has been addressed extensively in both pure fluids and porous media (Lu 

2001).  As water in an unsaturated soil body is heated, it becomes less dense. By natural convection, 

the fluid flows upward through the unsaturated soil, where it cools down and condenses at the 

colder boundary. Cleall et al. (2013) developed a new cell to evaluate coupled heat and water flow 

within a specimen of compacted bentonite. The profiles of gravimetric water content and 

temperature at different times during heating the base of the specimen are shown Figure 3.5. Water 

was observed to move away from warm regions and accumulate in cool regions. They also 

observed that water subsequently moved back from the cooler regions to the warmer regions by 

capillarity, indicating the formation of a convective cell. In this study, an impervious insulation at 

the top of the specimen (colder boundary) was used to prevent water and heat loss to the 

surroundings.  
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Figure 3.5 Profiles of gravimetric water content and temperature in a specimen of 

compacted bentonite in a thermal convection cell (Cleall et al. 2013) 

Numerous studies have been performed to understand convection in porous media. Lu 

(2001) studied the onset of air convection in mine wastes covered with low-permeability covers, 

and used a dimensionless number called the “Rayleigh number” (𝑅𝑎) to predict the onset of 

convection. The Rayleigh number is expressed as follows:  

𝑅𝑎 =
𝛥𝜌𝑔𝜅𝐿

𝜇𝑘
 (3.1) 

where 𝛥𝜌 (kg m-3) is the density difference between the air at the top and bottom of the soil over 

a length L (m), 𝜇 (kg m-1 s-1) is the dynamic viscosity of air, g (m s-2) is gravity, 𝜅 (m2 s) is the 

thermal diffusivity, and k (m2) is the permeability (m2). Nield (1982) defined the critical Rayleigh 

number at which convection starts as 𝑅𝑎𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙
= 4𝜋2, with the assumption that air is an ideal gas. 

Once the Rayleigh number reaches that threshold, convection is initiated within the soil body. 
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4. MATERIALS 

The physical modeling experiments in this study were performed on a layered system 

involving a thin layer of sand overlain by a thick layer of compacted silt. The sand used in this 

study is referred to as “Nevada sand” and the silt used in this study is referred to as “Bonny silt”. 

The physical properties of these soils are presented in this section. 

4.1 Nevada Sand 

A 62 mm-thick layer of Nevada sand with a dry density of 1518 kg/m3 was used as the 

saturated layer beneath the vadose zone. For a relative density of 60%, it has a void ratio of 0.746 

(Goode 2012). The sand was placed first in the container by dry pluviation from a height of 

600 mm above the container level. To saturate the sand, a Mariotte bottle was placed at one of the 

bottom entry hole of the container and vacuum was applied on the other bottom entry hole. 

Physical properties of Nevada sand are shown in Table 4.1. 

Table 4.1  Properties of Nevada Sand along with Relevant Placement Conditions. 

Property Value Units 

Relative density, Dr 60 % 

Specific gravity, Gs 2.65  

Minimum void ratio, emin 0.586  

Maximum void ratio, emax 0.852  

Placement void ratio, e 0.746  

Placement dry density, γd 1518 kg/m3 

 

4.2 Bonny Silt 

Bonny silt from the Bonny dam site in Yuma County located in eastern Colorado was used 

in this experiment as the unsaturated soil within the vadose zone. This soil has been characterized 

in previous experimental studies at the University of Colorado Boulder (Khosravi 2011; Coccia 

and McCartney 2012; Vega 2012; Khosravi et al. 2012; Alsherif and McCartney 2012). The 

findings from these previous studies include the physical properties of Bonny silt such as particle-
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size distribution, Atterberg limits, specific gravity, compaction properties and thermal 

conductivity. These results are presented in this section. 

4.2.1 Particle Size Distribution 

The soil particle-size distribution of the Bonny silt was measured in previous experiments 

in accordance to ASTM D 422. The distribution of particle sizes larger than 75 μm (retained on 

the No. 200 sieve) was determined with a sieve analysis while that of particle sizes finer than 

75 μm was determined using a hydrometer analysis (Vega 2012). The particle-size distribution 

curve is shown in Figure 4.1 and characteristic values from the distribution are summarized in 

Table 4.2. Because of the high fines content, the silt is expected to behave as a low-permeability 

soil.  

 

Figure 4.1 Grain size distribution of Bonny silt 

Table 4.2 Characteristic values from the Bonny silt grain size distribution. 

Parameter Value 

D10 < 0.0013 mm 

D30 0.022 mm 

D50 0.039 mm 

% Passing No. 200 Sieve 83.9 % 

% Clay Size 14.0 % 

% Silt Size 69.9 % 

% Sand Size 16.1 % 
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4.2.2 Atterberg Limits 

The Atterberg limits, which include the liquid limit (LL), plastic limit (PL), and plasticity 

index (PI), were measured for Bonny silt according to ASTM D 4318. LL, PL and PI values of 

this soil are 25, 21 and 4, respectively. Based on the Atterberg limits and the shape of the particle 

size distribution, Bonny silt is classified as CL-ML (inorganic silt) according to the Unified Soil 

Classification System (ASTM D 2487). 

4.2.3 Specific Gravity 

The specific gravity of Bonny silt was determined by means of a water pycnometer in 

accordance to ASTM D 854. The value of specific gravity for most soils is usually in the range of 

2.6 to 2.9. Three tests were performed in previous experiments and the results yielded an average 

Gs value for Bonny silt of 2.63. 

4.2.4 Compaction Characteristics 

The standard Proctor compaction test (ASTM D 698) and the modified Proctor compaction 

test (ASTM D1557) were performed on Bonny silt to define the relationship between compaction 

water content and dry unit weight for different compaction energies. The standard and modified 

Proctor compaction curves for Bonny silt are presented in Figure 4.2. The standard Proctor 

compaction test revealed that the optimum water content and the maximum dry unit weight for 

Bonny silt are 16.3 kN/m3 and 13.6%, respectively. 
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Figure 4.2 Compaction curves for Bonny silt. 

4.2.5 Hydraulic Conductivity and Soil-Water Retention Curve 

The hydraulic properties of Bonny silt were measured using the flow pump technique 

developed by Aiban and Znidarcic (1989).  This technique was used to define the saturated 

hydraulic conductivity using a constant flow rate approach, and was later combined with the axis-

translation technique to measure the soil-water retention curve (SWRC) and hydraulic conductivity 

function (HCF) of unsaturated soils.   

A plot of saturated hydraulic conductivity for a variety of void ratios is presented in 

Figure 4.3.  The data for this plot was taken from previous literature published using this technique. 

The hydraulic conductivity of saturated specimens having  initial void ratios ranging from 0.5 to 

0.8  ranges from 1×10-9 to 1×10-7 m/s.  The SWRC for Bonny silt specimen having an initial void 

ratio of 0.69 under a range of net stresses are shown in Figure 3.4 (Khosravi 2011). 
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Figure 4.3 Hydraulic conductivity as a function of void ratio for a variety of tests 

performed on Bonny silt 

 

Figure 4.4 SWRCs for Bonny silt specimens having an initial void ratio of 0.69 under a 

range of net stresses (Khosravi 2011) 

4.2.6 Thermal Conductivity 

Thermal conductivity for Bonny silt was measured using a thermal needle test on a 

compacted silt specimen during isotropic compression, using the methodology described by 

McCartney et al. (2013b). Thermal conductivity of Bonny silt was measured as a function of the 

void ratio for two void ratio conditions. The test performed by inserting a thermal needle probe 

into a triaxial cell and then measuring thermal conductivity at those two void ratios throughout 
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consolidation. Results from the two tests performed on Bonny silt (Figure 3.5) shows that the 

thermal conductivity ranges from 1.37 to 1.47 W/(mK) for void ratios of 0.60 to 0.52.    

 

Figure 4.5  Thermal conductivity as a function of void ratio (McCartney et al. 2013) 
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5. EXPERIMENTAL SETUP 

5.1 Overview 

The experiment was conducted in a circular steel container that has a diameter of 603 mm 

and a height of 554 mm (Figure 5.1). The bottom of the container has two entry holes on each 

sides of its diameter to permit inflow and outflow of water. One of the holes in the base was linked 

to a Mariotte bottle used as a constant head reservoir to saturate the sand layer and maintain the 

water table at the top of the sand layer. 

 

Figure 5.1 Cross-section elevation and plan views of the soil container for a typical setup: 

(a) Instrumentation; (b) Expected heat and water transfer processes 

A temperature-regulated heating system coupled with a high temperature water pump was 

used to circulate water through steel closed-loop “U”-tube heat exchangers. The system consists 
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of a pressure cell and a heat regulator. The pressure cell has an outlet that provides hot water to 

the heat exchangers that are buried in the soil and an inlet that returns slightly colder water from 

them. The water in the pressure cell was pressurized using a pressure panel to ensure that the water 

does not vaporize under the elevated temperature, and to help in de-airing the circulation pump 

used to transfer fluid through the borehole heat exchangers. A schematic of the experimental set 

up is shown in Figure 5.2. 
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Figure 5.2 Schematic of the overall experimental setup 
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5.2 Temperature Probes 

Four Type-K thermocouple profile probes shown in Figure 5.3(a) were inserted into the 

soil at different radial locations to measure transient changes in soil temperature. They were four 

thermocouple probes, 450 mm long and 2 mm in diameter. Each probe has six sensors embedded 

inside it at different points spaced 90 mm from the tip as shown in Figure 5.3(b). 

 

Figure 5.3  (a) Picture of thermocouple profile probe; (b) Location of sensors in probe 

The connection cable of each sensor connects to a data acquisition box that has physical 

channels. The box in turn is connected to a data acquisition system and then connected to a 

computer (Figure 5.4). Virtual channels were created in LabView for the temperature sensors that 

correspond to the physical channels on the data acquisition system to get the readings from the 

sensors. In order to see how much heat is stored in the specimen, pipe plug thermocouples probes 

(Model TC-J-NPT-G-72 from Omega, Inc.) were also used to measure the temperature of the water 

going into and out of the heat exchanger tubes, as shown in Figure 5.5(a). They were mounted in 

(a) 
(b) 
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T-connections in the insulated tubing after the circulation pump and before circulating water 

returns to the pressure cell. Accordingly, they measure the collective heat transfer into the three 

borehole heat exchangers. Temperature changes and relative humidity at the surface of the 

specimen and in the experiment’s room were monitored as well using EL-USB-2LCD digital 

thermocouples (Figure 5.5(b)) manufactured by Lascar Electronics. The EL digital thermocouples 

were programmable for measurements using the software EasyLog.  

 

Figure 5.4  Physical connection of thermal probe sensors to the data acquisition system.  

 

Figure 5.5 (a) Pipe plug thermocouples; (b) Relative humidity and temperature gages 
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5.3 Temperature Control System 

The pressure cell is made of stainless steel. It has two functions used in this study. It is used 

to control the temperature of the heat exchanger fluid through a set of electrical resistance coils, 

and it is used to pressurize the fluid, as mentioned above. The pressure cell is cylindrical with an 

outside diameter of 153 mm and a height of 127 mm, and is closed at its top and bottom by two 

plates that are 25 mm thick. Pictures of the outside and inside of the pressure cell are shown in 

Figures 5.6(a) and 5.6(b), respectively.  

 

Figure 5.6 (a) Assembled temperature control cell, (b) Inside of temperature control cell 
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 The cylinder and the top and bottom plates are held together by four 12.7 mm diameter 

bolts. Inside the pressure cell, there is a tubular coiled heater that goes along the inside wall of the 

pressure cell as shown in Figure 5.6(b). The heater was manufactured by Watlow electronics and 

has a heat output of 4500 Watts. A schematic drawing of the pressure cell is shown in Figure 5.7. 

The pressure cell contains two thermocouples that are linked to the temperature control unit 

(Figure 5.8). The latter is used to set the coils to the desired temperature. It has two temperature 

reading sources which are the thermocouples. 

Cylindrical Upper 

Mounting Plate

Thermocouple 2Thermocouple 1

Heater

Specimen

O-Ring

Rolling 

Daiphrabg

Specimen Ring

Loading Shaft

Linear Ball 

Pushing

To Circulating 

Pump

To Circulating Pump

To Pressure 

Transducer

To Deaired 

Water/

Pressure Cell

Stainless 

Steel Porous 

Disk

Loading 

Piston

Cylindrical Cell

Cylindrical Lower 

Mounting Plate

3.2-mm Diameter Port

3.2-mm Diameter Port

Mounting Bolts

Differential Pressure 

Transducer

 

Figure 5.7 Schematic of thermal oedometer used as the temperature control cell (Vega 

2012) 
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Figure 5.8  Temperature regulator 

A solar powered DC circulation (Model TS5 15PV) water pump (Figure 5.9) manufactured 

by Heliatos Solar was used to circulate hot water through the heat exchanger tubes. One of the key 

features of the pump is the fact that it can operate at high temperatures. It is brushless which 

enables it to have more torque and a more efficient power. That also allows for a more continuous 

use of the pump with less maintenance required due to brushes wearing out.  

 

Figure 5.9 Dimensions and picture of the circulation pump 



49 
 

Another key feature is that unlike traditional water pumps, it is seal-less, leading to no leaks 

during application of high temperatures. In a seal-less magnetic drive pump, the impeller and 

motor have magnets attached to them. Permanent magnets are attached to the pump's drive 

assembly. The drive magnet, the magnet responsible for driving the inner rotor, is attached on a 

second shaft operated by the motor. When the motor turns on, it spins its magnet. The magnetic 

force from the motor's magnet causes the magnet on the impeller to spin and rotate the impeller.   

The pump, when powered through a 12V adaptor can operate at pressures up to 800 kPa, 

temperatures up to 100 ºC and can deliver water at a flow rate up to 3 gallons per minute. Water 

was used as the circulating fluid in the closed loop system. The properties of water for different 

temperatures are summarized in Table 5.1. 

Table 5.1 Water properties at different temperatures 

T 

(ºC) 

Density 

(×1000 

kg/m3) 

Viscosity 

(Pa-s) 

Kinematic 

Viscosity 

(m2/s) 

Surface 

Tension 

(N/m) 

Bulk 

Modulus 

(GPa) 

Thermal 

Expansion 

Coefficient 

(m/mºC) 

0 1.00 1.79E-03 1.79E-06 7.56E-02 1.99 -6.81E-05 

4 1.00 1.57E-03 1.57E-06 - - - 

10 1.00 1.31E-03 1.31E-06 7.42E-02 2.12 8.80E-05 

20 1.00 1.00E-03 1.00E-06 7.28E-02 2.21 2.07E-04 

30 1.00 7.98E-04 8.01E-07 7.12E-02 2.26 2.94E-04 

40 0.99 6.53E-04 6.58E-07 6.96E-02 2.29 3.85E-04 

50 0.99 5.47E-04 5.48E-07 6.79E-02 2.29 4.58E-04 

60 0.98 4.67E-04 4.75E-07 6.62E-02 2.28 5.23E-04 

70 0.98 4.04E-04 4.13E-07 6.64E-02 2.24 5.84E-04 

80 0.97 3.55E-04 3.65E-07 6.26E-02 2.20 6.41E-04 

90 0.97 3.15E-04 3.26E-07 - 2.14 6.96E-04 

100 0.96 2.82E-04 2.94E-07 5.89E-02 2.07 7.50E-04 
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5.4 Instrumentation 

5.4.1 Closed-Loop Heat Exchangers 

Three heat exchangers were used to transfer heat to the silt. They are each steel tubes that 

are bent into a U-shape to form a closed-loop, as shown in Figure 5.10. The tubing has an outside 

diameter of 6 mm and an inside diameter of 2 mm, and the heat exchanger has a length of 560 mm. 

The distance between the inlet and outlet pipes is approximately 75 mm. The heat exchangers were 

placed in the vadose zone (i.e., the unsaturated layer of Bonny silt). Heat is transferred into the soil 

by circulating hot water through the pipe at a flow rate sufficient to lead to turbulent conditions. 

Heat is transferred from the outside of the pipe into the soil via conduction, convection due to the 

movement of water vapor, and by latent heat as the water evaporates into the pores.   

 

Figure 5.10 Closed loop heat exchanger: (a) Mechanism; (b) Picture 

In this experiment, the heat exchange pipes were tentatively placed at equal distances from 

each other in a triangular array. Experiments were performed for different center-to-center radial 

distances of the heat exchanger tubes from the center of the container as shown in Figure 5.11. It 

should be noted that the uppermost sensors shown in this figure is 100 mm below the soil surface. 
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Figure 5.11 Plan view of heat exchanger setup with variables representing general 

instrumentation locations in the different tests 

5.4.2 Dielectric Sensors (Volumetric Water Content and Temperature) 

The volumetric water content and temperature of the soil was measured using five 5TE 

dielectric sensors manufactured by Decagon Devices of Pullman, WA. A picture of the sensors is 

shown in Figure 5.12. The 5TE sensors are an improvement to the ECH2-TE as they provide more 

accurate readings by using a 5 point calibration to measure the dielectric permittivity of the soil 

from the charge time of a capacitor circuit. The dielectric permittivity of the soil is linearly related 

to the volumetric water content. To measure temperature, the 5TE has a thermistor mounted within 

the probe body next to the prongs which are in direct contact with the soil. The sensor can also 

measure the electrical conductivity of the soil, but this was not used in this study. 
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Figure 5.12 Decagon 5TE dielectric sensors with embedded thermistor. 

To infer volumetric water content, the 5TE sensors uses an electromagnetic field to 

measure the dielectric permittivity of the soil. When prompted to take measurements, the sensor 

sends a 70 MHz oscillating wave to its prong, which in turn produce a charges depending on how 

dielectric the soil is. When the charge is produced, the soil will store some of this charge.  The 

stored charge is proportional to the soil’s volumetric water content and is measured by the 5TE 

sensor and a dielectric permittivity value is produced. The five 5TE sensors were placed at a 

uniform spacing of 85 mm with depth at the center line of the soil specimen (Figure 5.1). An 

ECH20 Em50 data logger from Decagon along with the ECH20 Utility software was used to 

collect readings from the sensors.  

5.4.3 Thermal Conductivity Sensor 

The KD2Pro thermal properties analyzer from Decagon Devices of Pullman Washington 

(Figure 5.13) was used to obtain thermal conductivity, temperature and specific heat data. The 
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KD2Pro Analyzer consists of a handheld data logger and sensors that can be inserted into subject 

soil specimen. The logger can be used to take automated measurements at an interval of 15 minutes 

and is capable of storing 4,095 measurements. The KD2 Pro Analyzer is compatible with three 

sensors: a 60-mm single-needle (KS-1) sensor, a 100-mm single-needle (TR-1) sensor, and a 30-

mm dual-needle (SH-1) sensor. In this experiment, the 30 mm dual-needle (SH-1) sensor was used 

(Figure 5.13) as it is capable of measuring temperature, volumetric specific heat capacity, and 

thermal diffusivity. These values can be used to calculate the thermal conductivity or thermal 

resistivity. 

 

Figure 5.13 KD2Pro thermal properties analyzer. 

The principle of the heat-pulse technique is used to measure the thermal conductivity 

(Kluitenberg et al. 1993). One of the needles contains a heating component and the other, a 

thermocouple. Energy is supplied to the heating needle in the form of heat, which is then 

transferred through the Bonny silt between the needles after which it is measured by the 

thermocouple in the other needle. The single-needle probe for the KD2Pro uses the line source 

method described by Carslaw and Jaeger (1959) to calculate the thermal conductivity. The line 

Dual-needle 
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source method can be used to calculate the thermal conductivity from the change in temperature 

of the needle when heat is applied at a constant rate. They predicted change in temperature of the 

line source as a function of time can be defined as follows:  

T(t, r) = −
Q L⁄

4πλ
Ei (−

r2

4Dt
) 

(5.1) 

where λ is the thermal conductivity (W m-1 K-1), D is the thermal diffusivity (m2 s), q = 𝑄 𝐿⁄  is the 

amount of heat applied per unit time and length (J m-1 s), t is the time over which heat is applied 

and r is the distance from the heat source. Ei is the exponential integral, solution of the following 

integral: 

−Ei(−x) = ∫
e−t

t
dt

∞

x

≅ −0.58 − ln (x) 
(5.2) 

Equation (5.2) can also be represented in a linearized form for small values of r in the 

following form: 

−Ei(−x) = 0.58 − ln (𝑥) (5.3) 

D and λ  can be determined by a non-linear least squares procedure (Marquardt 1963). 

Alternatively, after inserting Equation (5.3) into Equation (5.1) and taking the derivative with 

respect to time, the apparent thermal conductivity can be determined as follows: 

λ =
Q

4πL
[

dT

d(ln t)
]

−1

 (5.4) 

where L is the effective length of each closed-loop heat exchanger. The term [dT d(lnt)⁄ ]−1 

represents the slope of the change in mean fluid temperature versus logarithmic time. The 

differential form of the line source equation does not consider the impact of heat capacity of the 

line source (closed-loop heat exchangers) on the transient heating response; therefore, this slope 

should be measured over large time intervals (Murphy 2013). 
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5.4.4 Mariotte Bottle 

The Mariotte bottle, invented by Edmé Mariotte, a 17th-century French physicist is a 

closed vessel that delivers constant rate flow.  
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Figure 5.14 Mariotte bottle and mechanism 

In this experiment, the Mariotte bottle (Figure 5.14) is a closed container with an exit hole 

at the bottom to supply water to the sand. The top of the vessel is sealed and had a fitting through 

which a thin tube is inserted. The fitting also permits the location of the bottom of the tube to be 

adjusted. The top of the thin tube is open to atmospheric pressure, which implies that the the bottom 

end of the tube must also be at atmospheric pressure if bubbles of air move from the thin tube into 

the vessel. The principle behind the Mariotte bottle is that when it is full of water and the inlet tube 

is lifted above the exit hole by 𝛥ℎ, the pressure at the exit hole is greater than atmospheric pressure 

by ρg𝛥ℎ. That causes water to flow out of the exit hole at a constant rate. As soon as water begins 

http://www.sciencedirect.com/science?_ob=MImg&_imagekey=B6TCC-4NYTYCJ-9-9&_cdi=5167&_user=112642&_orig=browse&_coverDate=08/31/2007&_sk=999479995&view=c&wchp=dGLbVlz-zSkzk&md5=9d35de2d4a3525d359b085f945f67d33&ie=/sdarticle.pdf
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flowing out of the exit hole, the pressure inside the vessel decreases, causing the pressure at the 

bottom of the inlet tube to fall below atmospheric pressure. This causes air to enter the tube and 

form bubbles, keeping the pressure at the bottom of the tube at atmospheric pressure. As long as 

the level of water inside the cylinder is above the bottom of the inlet tube, the pressure at the exit 

hole will remain constant at ρg𝛥ℎ. The air that enters the system forms bubbles at the bottom of 

the tube to the air at the top of the cylinder, as shown in Figure 5.14. This is very important because 

when saturating the sand, as the water level should always stay at the top of the sand layer. 
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6. PROCEDURES 

6.1 Soil Placement Conditions 

6.1.1 Preparation of the Physical Model 

The first step before testing was to moisture condition the silt to a gravimetric water content 

of approximately 22% by mixing it with a shovel while spraying a fine mist of water using a 

pressurized spray bottle. After adding the required amount of water, the loose, moist silt was placed 

into a pair of sealed drums for at least 24 hours for the water content to homogenize. Before starting 

compaction, four samples of the moisture-conditioned silt were oven-dried to determine the 

average gravimetric water content, which was used to determine the total density of the specimen 

corresponding to the target dry density of 1400 kg/m3. The total density of the specimen is crucial 

as the mass of soil necessary per lift can be estimated to reach the target compaction conditions. 

The projected lift levels were marked on at four locations on the inside of the container (Figure 6.1). 

The levels where the dielectric sensors and thermal conductivity sensors were to be placed were 

also marked on the tape. A schedule of the lift levels used for compaction including the depths of 

the dielectric sensors in the different physical models is shown in Table 6.1.  

Table 6.1 Arrangement of sensors in the physical model (Note: all sensors are located at the 

center of the container) 

Sensor depth from top 

(mm) 
Type of Sensor 

440 5TE (Temperature & Volumetric water content) 

355 5TE (Temperature & Volumetric Water Content) 

270 5TE (Temperature & Volumetric Water Content) 

244 SH-1 (Temperature & Thermal Conductivity) 

185 5TE (Temperature & Volumetric Water Content) 

100 5TE (Temperature & Volumetric Water Content) 
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Figure 6.1 Experimental container with sensor level markings 

6.1.2 Sand Pluviation 

The holes at the bottom of the container used for supply of water to the sand layer were 

first covered with filter paper. This allowed for the holes to remain unclogged with sand during 

testing, especially when vacuum was applied to de-air the sand layer. The sand layer was placed 

by dry pluviation. Sand was poured continuously into the container from a height of approximately 

700 mm above the soil surface height to reach a relative density of approximately 60%. The sand 

was placed in two lifts having thicknesses of 31 mm. Although careful control of the density of 

the sand layer is not particularly important for the results of this study, the density was checked so 

that the hydraulic conductivity could be assumed from the results of previous experimental studies. 

At each sand lift, the sides of the container were hit with a hammer and the container was hit 

against the ground in order to achieve maximum density of the sand layer. A ruler was used to 

level the surface of the sand. A thin layer of filter fabric was placed over the surface of the sand to 

prevent its mixing with the overlying silt layer. 
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Figure 6.2 Sand Placement in experimental container 

6.1.3 Placement of Silt 

The center of the container was marked. The perimeter of the container was calculated and 

divided by three to determine the balanced positions of the closed-loop heat exchangers. They 

were also tentatively placed equally at different radial distances in each of the tests. While two 

people held the three closed-loop heat exchangers in to their proper positions, half a lift of silt was 

poured and compacted to lock the heat exchangers into position. They were held so that the flat 

portion of the “U” faced the middle of the container. An 80 kg cylindrical rod was used to compact 

the silt to approximately 93%. Compaction was performed at every half lift (i.e. each 13.6 kg of 

silt) to ensure uniformity of density. To compact the soil, the cylindrical rod was raised 

approximately 80 mm and then dropped on the silt. The edges were first compacted then the middle 

area. After reaching each lift, the level of the soil surface was verified to ensure that it matched the 

marked intended levels for each lift. The schedule used for compaction of the silt lifts in the 

container is shown in Table 6.2. 
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Table 6.2 Typical compaction details for the silt layer 

Lift number 
Thickness 

(mm) 

Depth from soil 

surface  

(mm) 

Mass of soil  

(kg) 

Sand 62 491.7 26.9 

1 61 431 27.2 

2 61 370 27.2 

3 61 309 27.2 

4 61 248 27.2 

5 61 187 27.2 

6 61 126 27.2 

7 61 65 27.2 

8 61 3.7 27.2 

Total specimen height (mm) 550   

Total specimen mass (kg) 245   

 

 

Figure 6.3(a) Compacting rod, (b) Compaction of silt layer, (c) 5TE dielectric sensor 

placement 



61 
 

Each dielectric sensor was placed at the depths shown in Table 6.1. Soil was compacted to 

slightly below the level of the sensor. Loose soil was placed a little above the intended dielectric 

sensor height upon which the sensor was put (in the middle of the container) and covered with 

more soil before compaction. The latter technique was done to provide some cushion for the 

dielectric sensor during compaction and avoid damaging it. In the same regards, compaction 

around the sensor needs to be done very gently. Soil samples were taken from the surroundings of 

each 5TE dielectric sensors then oven-dried to obtain the volumetric water content. The measured 

volumetric water contents were then plotted against the readings from the 5TE dielectric sensors 

to develop a soil-specific calibration. The calibration curve used for the sensors is shown in 

Figure 5.4.  Further work may be required to define a calibration curve for each sensor.  

 

Figure 6.4 Volumetric water content calibration for the dielectric sensors 

The dielectric sensors were placed at a vertical spacing of 85 mm apart along radial center 

of the soil layer. The thermal conductivity sensor was placed at mid-height of the silt layer at in 

the center of the container, next to the middle dielectric sensor. To obtain accurate readings, it was 
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important to make sure that the needles of the SH-1 sensor were inserted straight into the silt and 

parallel to each other. After all the lifts and sensors were placed, aluminum foil heat insulation was 

used to insulate the container on the top and sides. That was intended to minimize the effect of 

outside temperature and reduce heat loss from the sides of the container. The top of the soil 

specimen was also covered with several layers of saran wrap to minimize loss of water to the 

laboratory air due to evaporation during the experiment. The bottom of the container was left un-

insulated, as heat loss was expected from this zone of soil.  

The four K-type thermocouples profile probes were pushed into the silt layer after 

compaction of all of the soil lifts and placement of the insulation were completed. Before pushing 

the probes into the soil layer, holes were predrilled to facilitate insertion and to avoid bending. The 

probes were located at different distances from the heat exchangers, and were installed at different 

locations in each test as summarized in the next chapter. The depths of the sensors were consistent 

as shown in Figure 5.11. As mentioned earlier, the uppermost sensor was placed 100 mm below 

the soil surface. More plastic wrap was wrapped around the cables to minimize the chance for 

preferential pathways for water vapor to escape the system.  

6.2 Sand Saturation 

The Mariotte bottle was filled with water then connected to one of the bottom holes of the 

container. The thin inlet tube was kept at 62 mm above the bottom plate of the container (which is 

the height of the sand layer). This was done to ensure that the water level stays always at the sand 

level. applied vacuum of -57 kPa was applied to another of the ports in the base of the container 

opposite from the Mariotte bottle, and water was permitted to flow from the Mariotte bottle through 

the sand layer toward this port. After water exited from the port connected to vacuum, it was 

assumed that the sand layer was saturated with water. After this point, the Mariotte bottle was 
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filled with water and the level of the inlet tube was set to the top of the sand layer. This permits 

the water table (i.e., zero pressure head) to be maintained at the top of the sand layer. Throughout 

the experiment, the Mariotte bottle was refilled several times to ensure that the sand was always 

saturated.  

6.3 Heating Procedures 

A four-way splitter was used to supply an equal amount of the heated water to the three 

closed loop heat exchange pipes. Another four-way splitter was used to collect the outflow from 

the tubes and return it to the pressure cell. All of the tubing outside of the soil layer was insulated 

to minimize heat loss. 

The pressure cell was filled with de-aired water and was then pressurized to 150 kPa using 

a water-filled tank. The circulation pump was turned on and water was circulated through the 

closed-loop heat exchange tubes under room temperature. While the system was running, the valve 

at the top of the pressure cell was opened to flush air from the tubes and the pressure cell. When 

water with no bubbles came out of the pressure cell, the valve was closed. It was important to make 

sure at that point that the pump was working properly (i.e. to make sure that there were no 

entrapped air bubbles in the pump). Air bubbles were observed to cause the pump to run noisily, 

and an embedded sensor in the pump stops its operation automatically if air is detected. The initial 

circulation approach at room temperature was also used to ensure that there were no water leaks.  

The temperature and volumetric water content data from the dielectric sensors were 

acquired using an Em50 data logger. The ECH20 utility was used to first erase all previously 

recorded data, then was set to acquire data at an interval of one minute. The KD2Pro was 

programmed to record the thermal conductivity from the thermal conductivity probe every 15 

minutes. All thermocouples profile probes and the fluid inlet/outlet temperatures were set to record 
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data every second using a program written in LabView. With the pump running properly and all 

the data acquisition apparatus set to record, the water heater was turned on to a temperature of 

70 ºC. Pictures of the assembled test are shown in Figure 6.5. 

 

Figure 6.5 Pictures of the assembled experimental container in a typical test 
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7. RESULTS 

7.1 Scope of Testing 

Several heat storage tests were performed on compacted layers of unsaturated Bonny silt 

that were underlain by a saturated layer of Nevada sand. The goal of these tests was to characterize 

the coupled flow of water and heat in the unsaturated soil between an array of borehole heat 

exchangers having different spacings from the center of the container. The spacings for the closed-

loop borehole heat exchanger arrays from the center of the container were 80 mm, 160 mm, 300 

mm, 150 mm and 100 mm. The 5TE dielectric sensors and the SH-1 thermal conductivity sensor 

were placed at the same depths in all tests (see Table 6.1). However, the radial locations of the 

thermocouple profile probes was different in each test in order to understand the role of different 

geometries of the borehole array. A summary of the radial distances of the closed loop heat 

exchanger tubes and the thermal sensor probes in each test is also shown in Table 7.1. The initial 

soil conditions in the tests were similar. Profiles of the initial volumetric water contents obtained 

from oven-dried samples in four of the tests are shown in Figure 7.1.  

Table 7.1 Scope of testing in the four physical modeling tests 

Test 

Dry 

density 

(kg/m3) 

Initial 

volumetric 

water 

content 

(m3/m3) 

Initial 

degree of 

saturation 

Void 

ratio 

Borehole 

array 

spacing 

Radial spacing of thermal 

probes 

      r1 r2 r3 r4 

Test 1 1400 0.236 0.4 0.9 100 110 160 210 260 

Test 2 1400 0.231 0.4 0.9 160 160 200 240 280 

Test 3 1400 0.233 0.4 0.9 300 300 250 200 150 

Test 4 1400 0.236 0.4 0.9 150 163 177 193 235 

Test 5 1715 0.222 0.6 0.5 100 - - - - 
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Figure 7.1 Profiles of initial volumetric water content after compaction for Tests 1-4 

7.2 Test 1 

This test was performed to assess the changes in volumetric water content and temperature 

within the unsaturated zone of soil within a borehole heat exchanger having radial spacing of 

80 mm from the center of the container. The results were used to characterize the transfer 

mechanisms involved with coupled heat and water flow in the vadose zone. Insulation was placed 

over the saran wrap hydraulic barrier to help minimize loss of heat from the soil surface. The flow 

rate of water circulating through the borehole heat exchangers was measured to be 7 mL/s, and 

was assumed to be steady throughout the test. The temperature of the water entering the borehole 

heat exchangers was approximately 85 ºC, while the temperature of the fluid exiting the heat 

exchangers was approximately 79 ºC, as shown in Figure 7.2.  
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Figure 7.2 Inlet and outlet heat exchange fluid temperatures in Test 1 

The difference between the inlet and outlet fluid temperatures along with the mass flow 

rate and properties of water can be used to calculate the thermal energy input (power) into the 

system, as follows: 

�̇� =  h(T𝑖𝑛 – T𝑜𝑢𝑡) (7.1) 

where Tin and Tout are the temperatures of the water entering and exiting the heat exchanger loops, 

respectively, and h is the entropy drift, which can be calculated as follows: 

ℎ = �̇�𝐶 (7.2) 

where C is the specific heat capacity of water, equal to 4183 J kg-1 K-1, and �̇� is the mass flow 

rate, which can be calculated as follows: 

�̇� = �̇�𝜌 (7.3) 

where �̇� (mL/s) is the volumetric flow rate (the volume of water supplied by the pump to the heat 

exchangers per unit time) and  𝜌 is the water density (1 g/mL). By combining Equations (7.1), 
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(7.2), and (7.3), the expression used to calculate the thermal energy input (power) into the system 

is as follows: 

�̇� = �̇�𝜌 C (Tin – Tout) (7.4) 

The value of Q̇ calculated from the data in Figure 7.2 is relatively constant through the test, and is 

equivalent to an average of 132 W of energy input into the unsaturated soil layer during the course 

of the experiment. The results indicate that the power input into the system was relatively steady 

as a function of time. The volume of water supplied to the sand layer to maintain a water level at 

the top of the saturated sand layer was equal to 3 L, which was absorbed at a relatively steady pace 

over the course of the 435 hours of testing.  

7.2.1 Time Series of Temperature, Water Content, and Soil Properties 

A comparison of temperatures and humidity at the surface of the soil with that of the 

laboratory is shown in Figures 7.3 and 7.4. Ambient temperature and humidity oscillate in a 

relatively constant pattern while the temperature and relative humidity at the surface of the soil 

layer reach values of 50 ºC and 70%, respectively, within 10 hours. The temperatures of the soil 

at the depths of the five 5TE sensors are shown in Figure 7.5(a), while the change in temperature 

is shown in Figure 7.5(b). The bottom and top of the vadose zone show the lowest temperatures. 

The highest temperatures are observed at mid-height in the unsaturated soil layer. Temperatures 

are relatively stable after approximately 30 hours of operation. The average temperatures with 

depth from each of the thermocouple profile probes installed at different radial distances from one 

of the heat exchangers are shown in Figure 7.6. As expected, the thermocouple profile probes 

indicate that temperatures of the soil are lower as the radial distance from the heat exchangers 

increases.  
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Figure 7.3 Temperatures at the soil surface (under the hydraulic barrier) and in the 

laboratory for Test 1 

 

Figure 7.4 Relative humidities at the soil surface (under the hydraulic barrier) and in the 

laboratory for Test 1 
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Figure 7.5 Time series data over time in Test 1from the dielectric sensors embedded at the 

center of the soil layer (a) Temperature; (b) Change in temperature  

20

25

30

35

40

45

50

55

60

0 100 200 300 400

T
em

p
er

at
u

re
 (

°C
)

Time (hrs)

440 355

270 185

Sensor depth from 

surface (mm) 

0

5

10

15

20

25

30

35

40

0 100 200 300 400

D
T

 (
°C

)

Time (hrs)

440 355

270 185

100

Sensor depth from 

surface (mm) 

(a) 

(b) 



71 
 

 

 

Figure 7.6  Average soil temperature with depth at four different horizontal distances from 

the center of the borehole heat exchanger array in Test 1 

Time series of the volumetric water content and the change in volumetric water content are 

shown in Figures 7.7(a) and 7.7(b), respectively. The initial volumetric water content of each 

sensor was found to vary slightly (potentially due to sensor difference, but also potentially due to 

compaction variability), but the slope of their calibration curves were all assumed to be similar. 

The change in volumetric water content is thus a better representation of the flow processes 

occurring in the soil layer that initially had the same compaction water content.  
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(a) 

  

Figure 7.7  Time series data from the dielectric sensors embedded at different depths in 

Test 1: (a) Volumetric water content; (b) Change in volumetric water content  

The degree of saturation calculated from the change in volumetric water content was 

calculated as DS = S0 – D/n, where S0 is the initial degree of saturation and n is the porosity of 

the soil, and is shown in Figure 7.8. The data in Figures 7.7 and 7.8 show the same behavior at all 
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depths. Initially, a rapid increase in water content is observed, quickly followed by a slow decrease 

over time. The values of volumetric water content and degree of saturation at the end of the test 

(435 hours) were lower than their initial values for this heat exchanger spacing. The highest values 

of volumetric water content and degree of saturation were observed at the top of the silt layer while 

the lowest values were observed at the bottom. This observation indicates that the water near the 

heat exchangers vaporized, toward the dielectric sensors at the center of the array, and then moved 

upward. Condensation was clearly observed to occur at the underside of the hydraulic barrier at 

the soil surface. However, the results indicate that capillarity and gravity were not sufficient to 

cause the condensed liquid water to fall back down into the soil layer and rewet the soil at the 

center of the array.   

 

Figure 7.8  Time series data from dielectric sensors in Test 1: Degree of saturation at 

different depths in the center of the soil layer 
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certain point that corresponded to the peak in volumetric water content. After this point, the 

apparent thermal conductivity was observed to decrease slowly to a value of approximately 

0.55 W/mK. The specific heat capacity does not increase during the initial wetting of the soil, but 

increases slightly after the volumetric water content starts to decrease, then decreases to an 

asymptotic value of 1.5 MJ/m3K after 435 hours of heating. These values represent the steady-

state apparent thermal properties similar to those shown in Figure 1.4. Unfortunately, they were 

not higher than the initial apparent thermal properties for this borehole heat exchanger spacing.  

 

Figure 7.9 Time series data from SH-1 sensor embedded in the middle of the unsaturated 

soil layer in Test 1: Thermal conductivity and specific heat 

A post-test profile section of the unsaturated silt layer is shown in Figure 7.10. The water 

in the center of the array was observed to move outside of the array into the surrounding soil, 

visibly drying the soil within the array (lighter) and wetting the soil outside of the array (darker). 

This figure confirms that the array needs to be large enough to cause thermally induced water flow 

to enhance heat transfer, and not so small that water can be driven from the array. 
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Figure 7.10 Post-test profile section of the unsaturated silt layer showing the drying zone 

within the heat exchanger array in Test 1 

7.2.2 Profiles of Temperature and Volumetric Water Content  

The profiles of temperature and change in temperature for Test 1 are shown in Figure 7.11(a) 

and 7.11(b). The temperature is observed to reach a maximum value of approximately 58 °C after 

about 30 hours then remains constant for the remainder of the experiment. Temperatures are 

highest at mid-height in the unsaturated soil layer and are lowest in the upper region of the soil 

layer due to heat loss from the surface. Profiles of the change in water content and degree of 

saturation are shown in Figures 7.12(a) and 7.12(b). The volumetric water content increases 

rapidly at all depths, with the silt near the surface being wetter than the silt near the water table at 

the base of the silt layer. This reflects upward water vapor movement during the heating process. 

The soil layer is then observed to decrease in water content over time, after which it is nearly 

uniform with a degree of saturation of about 0.3. A comparison of the initial and final water content 

profiles is shown in Figure 7.13, and a uniform decrease in water content was observed with depth.  
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Figure 7.11 Dielectric sensor profiles for Test 1: (a) Temperatures; (b) Change in 

temperatures 
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Figure 7.12 Dielectric sensor profiles for Test 1: (a) Change in volumetric water content; 

(b) Degree of saturation 
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Figure 7.13 Dielectric sensor profiles for Test 1: Initial and final volumetric water contents 

7.3 Test 2 

This test was performed to assess the changes in volumetric water content and temperature 

within the unsaturated zone of soil within a borehole heat exchanger array having a radial spacing 

of 160 mm from the center of the container. The temperature of water entering the borehole heat 

exchangers was approximately 85 ºC, while the temperature of water exiting the heat exchangers 

was approximately 77 ºC, as shown in Figure 7.14. The experiment was stopped at 420 hours even 

though there were still minor changes in material properties. Heated water was supplied to the heat 

exchangers at a flow rate of 12 mL/s. Using Equation (7.4), this flow rate and the temperature 

difference of the fluid entering and exiting the heat exchangers corresponds to an average of 470 W 

of energy input to the unsaturated soil layer. The volume of water supplied to the sand layer to 

maintain a water pressure at the top of the system was equal to 6 L, which was absorbed at a 

relatively steady pace over the course of the 420 hours of testing.  
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Figure 7.14 Inlet and outlet heat exchange fluid temperatures in Test 2 

7.3.1 Time Series of Temperatures, Water Content and Soil Properties 

Temperatures and humidity at the surface of the soil and that of the experimental 

environment are compared in Figures 7.15 and 7.16. Insulation was placed over the hydraulic 

barrier so only slight oscillations in the room temperature were observed to affect the soil surface 

temperatures. Room temperature and humidity oscillates in a relatively constant pattern while at 

the surface of the soil the temperature and humidity reach values of 45 ºC and 70%, respectively 

within 30 hours.  
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Figure 7.15 Temperatures at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 2 

  

Figure 7.16 Relative humidities at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 2 
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depths. The top section of the unsaturated soil layer (e.g., at depths of 270, 185 and 100 mm) has 

the highest temperatures while the bottom section (e.g., at depths of 440 and 355 mm) show the 

lowest. 

  (a) 

 (b) 

Figure 7.17 Temperature data over time in Test 2 from the dielectric sensors embedded at 

the center of the soil layer (a) Temperature; (b) Change in temperature  

The average temperatures from the 6 sensors in each of the thermocouple profile probes 

are shown in Figure 7.18. As expected, the thermocouple probes indicate that temperatures are 

lower as the distance between the probes and the borehole array increases.  
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Figure 7.18 Average soil temperature with depth at four different horizontal distances 

from the center of the borehole heat exchanger array in Test 2 

The changes in volumetric water content at different depths in the soil layer are shown in 

Figure 7.19. Different from the previous test, the volumetric water content and degree of saturation 

of the soil at different depths within the borehole array did not go below their original values, 

although the rate of decrease in volumetric water content indicates that it has not completely yet 

stabilized after 420 hours of testing. At all depths, a rapid increase in volumetric water content was 

observed within the first 100 hours of heating, followed by a slow, steady decrease over time. The 

upper section of the unsaturated zone appear to reach the maximum volumetric water content 

values earlier than the lower section.  The soil at a depth of 355 mm in the unsaturated soil layer 

experienced the highest change in volumetric water content. In the mid-section of the vadose zone, 

volumetric water content stays relatively constant after the rapid increase. Condensation was 

observed under the hydraulic barrier at the soil surface. The initial increase indicate the movement 

of water due to the changes in temperature.  
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Figure 7.19 Time series of dielectric sensors data for Test 2: Change in volumetric water 

content  

The degrees of saturation at different depths in the soil layer are shown in Figure 7.20. The 

follow similar trends to those shown in Figure 7.19, and a maximum increase in degree of 

saturation of about 0.3 was observed during heating.    

 

Figure 7.20 Time series of dielectric sensor data for Test 2: Degree of saturation 
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The apparent thermal conductivity and specific heat capacity of the unsaturated soil at the 

center of the profile are shown in Figure 7.21. Within the first 30 hours, the apparent thermal 

conductivity rapidly increases to a maximum value of 1.32 W/mK, which corresponds to the peak 

volumetric water content at depth 270 mm then slowly decreases to a value of 1.26 W/mK. The 

specific heat increases to approximately 2.21 MJ/m3K following the same trend, but stays 

relatively constant for the rest of the test once it reaches the peak volumetric water content. 

Thermal conductivity is slightly enhanced with the borehole heat exchanger spacing in this test. 

Though it slowly decreases after it reaches its maximum value, it always stays higher that its initial 

value. 

 

Figure 7.21 Time series data from SH-1 sensor embedded in the middle of the unsaturated 

soil layer in Test 2: Thermal conductivity and specific heat 

7.3.2 Profiles of Temperature and Volumetric Water Content 

The profiles of temperature and change in temperature are shown in Figures 7.22(a) and 
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The lowest temperatures are observed at the upper and lower regions of the unsaturated soil due 

to heat loss toward the surface and through the bottom of the tank.  

  (a) 

  (b) 

Figure 7.22 Dielectric sensor temperature profiles for Test 2: (a) Temperatures; (b) Change 

in temperatures 

Profiles of the change in water content and degree of saturation are shown in Figures 7.23(a) 
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hours, the silt near the mid-height region of the unsaturated silt layer is the wettest in the 

unsaturated silt layer. It stays constant afterwards at that location while the lower region (355 mm) 

gets wetter while the volumetric water content of the upper and lower regions decrease. This may 

be due to both the upward movement of water from the lower regions and the flow of water to the 

middle of the array from the upper regions and the side regions. The unsaturated silt layer is then 

observed to slowly decrease in volumetric water content for the remainder of the experiment.  

    

  

Figure 7.23 Dielectric sensor profiles for Test 2: (a) Change in volumetric water content; 

(b) Degree of saturation 
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Initial and final volumetric water contents for Test 2 are shown in Figure 7.24. The final 

volumetric water content profile indicates a lower water content than measured using the sensors, 

which contradicts the results from the dielectric sensors.  

 

Figure 7.24 Dielectric sensor profiles for Test 2: Initial and final volumetric water contents  
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Figure 7.25 Temperatures at the soil surface (under the hydraulic barrier) and in the 

laboratory for Test 3 

7.4.1 Time Series of Temperature, Water Content, and Soil Properties 

Temperatures and humidity at the surface of the soil and that of the experimental 
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probes are shown in Figure 7.29. As expected, temperature decreases as the distance away from 

the borehole heat exchanger array increases. 

 

Figure 7.26 Temperatures at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 3 

 

Figure 7.27 Relative humidities at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 3 
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Figure 7.28 Time series of dielectric sensor data in Test 3: (a) Temperature;  (b) Change in 

temperature 
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Figure 7.29 Average soil temperature with depth at four different horizontal distances 

from the outside of the borehole heat exchanger array in Test 3 
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the test is shown in Figure 7.33.  A distinct zone of drying is not observed in this figure different 

than in Test 1, and the color of the soil was relatively consistent throughout the soil layer.  

   

Figure 7.30 Time series of dielectric sensor in Test 3: Change in volumetric water contentat 

different depths  

 

Figure 7.31 Time series of dielectric sensor data in Test 3: Degree of saturation at different 

depths  
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Figure 7.32 Time series from SH-1 sensor embedded in the middle of the unsaturated soil 

layer in Test 3: Thermal conductivity and specific heat capacity  

 

Figure 7.33 Post-test profile section of the unsaturated silt layer in Test 3 
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7.4.2 Profiles of Temperature and Volumetric Water Content 

The profiles of temperature and change in temperature with depth are shown in Figures 

7.34(a) and 7.34(b). The temperature is observed to reach a maximum value of approximately 

40 ºC in 120 hours of operation, after which it remains relatively constant. Temperatures are 

highest around the middle regions of the unsaturated silt layer.  

  

  

Figure 7.34  Dielectric sensor profiles in Test 3: (a) Temperatures; (b) Changes in 

temperature 
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The profiles of the change in volumetric water content and degree of saturation are shown 

in Figures 7.35(a) and 7.35(b). The lower maximum temperature may be attributed to the fact that 

energy is being transferred in a larger mass of soil (radius of 300 mm). Furthermore, the borehole 

heat exchangers were in contact with the boundary of the container, causing heat losses through 

the steel container. The volumetric water content initially increases rapidly at all depths. After 120 

hours, it stays relatively constant for the middle and upper regions, while it decreases in the bottom 

region. The silt near the water table at the base of the unsaturated silt is wetter than the silt near 

the surface. This result is opposite from that observed in Test 1 but consistent with observations 

made in Test 2. Figure 7.36 shows the initial and final volumetric water contents in Test 3. Like in 

Test 2, these water content profiles contradict the readings from the sensors. 

  

  

Figure 7.35 Dielectric sensor profiles in Test 3: (a) Volumetric water content; (b) Degree of 

saturation  
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Figure 7.36 Dielectric sensor profiles: Initial and final volumetric water contents in Test 3 

7.5 Test 4 

This test was performed to assess the changes in volumetric water content and temperature 

within the unsaturated zone of soil within a borehole heat exchanger array having a radial spacing 

of 150 mm from the center of the container. The temperature of water entering the borehole heat 

exchangers was approximately 84 ºC, while the temperature of water exiting the heat exchangers 

was approximately 78 ºC, as shown in Figure 7.37. The experiment was stopped at 370 hours even 

though there were still minor changes in material properties. The SH-1 thermal conductivity sensor 

was not placed in the soil body because it was defective at the time. Heated water was supplied to 

the heat exchangers at a flow rate of 7 mL/s. The flow rate of water circulating through the borehole 

heat exchangers was measured to be 7 mL/s. Using Equation (7.4), this is equivalent to an average 

of 180 W of energy input into the unsaturated soil layer. The volume of water supplied to the sand 

layer to maintain a water pressure at the top of the system was equal to 4.5 L, which was absorbed 

at a relatively steady pace over the course of the 370 hours of testing.  
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Figure 7.37 Inlet and outlet heat exchange fluid temperatures in Test 4 

7.5.1 Time Series of Temperature, Water Content, and Soil Properties 
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Figure 7.38 Temperatures at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 4 

 

Figure 7.39 Relative humidities at the soil surface (under hydraulic barrier) and in the 

laboratory for Test 4 
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increase in temperature after approximately 60 hours, after which it stabilizes at all depths. The 

mid-area of the unsaturated soil layer (e.g., at depths of 270 and 355 mm) shows the highest 

temperatures while the bottom and the top show the lowest. 

(a)

(b) 

Figure 7.40 Temperature data from the dielectric sensors embedded at the center of the soil 

layer (a) Temperature; (b) Change in temperature over time in Test 4 
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The average temperatures from the 6 sensors in each of the thermocouple profile probes 

are shown in Figure 7.41. As expected the thermocouple probes indicate that temperatures are 

lower as the horizontal distance from the closest heat exchanger increases.  

 

Figure 7.41 Average soil temperature with depth at four different horizontal distances 

from the center of the borehole heat exchanger array in Test 4 
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Figure 7.42 Time series of dielectric sensor data for Test 4: Change in volumetric water 

content  

 

Figure 7.43 Time series of dielectric sensor data for Test 4: Degree of saturation 
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7.5.2 Profiles of Temperature and Volumetric Water Content 

The profiles of temperature and change in temperature are shown in Figures 7.44(a) and 

7.44(b). Temperature is observed to reach a maximum value of approximately 46 °C of in 60 hours, 

after which it stays constant. Temperatures are highest at mid-height in the unsaturated soil layer. 

The lowest temperatures are observed at the upper and lower regions of the unsaturated soil.  

 

Figure 7.44 Dielectric sensors temperature profiles for Test 4: (a) Temperatures; (b) 
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Profiles of the change in water content and degree of saturation are shown in Figures 7.45(a) 

and 7.45(b). The volumetric water content initially increases rapidly. After approximately 120 

hours, the silt near the surface of the unsaturated silt layer is wetter than the silt at the bottom of 

the unsaturated silt layer. As explained earlier, this reflects the upward movement of water vapor 

during heating.  The unsaturated silt layer is then observed to rapidly decrease in water content for 

the remainder of the experiment, after which it is nearly uniform and similar to initial conditions.  

 

 

Figure 7.45 Dielectric sensor profiles for Test 4: (a) Change in volumetric water content; 

(b) Degree of saturation 
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Initial and final volumetric water contents for this test are shown in Figure 7.46. Consistent 

with the dielectric sensor measurements, even though the soil experienced a relatively uniform 

increase then decrease in water content, its final value is still higher than its initial.   

 

Figure 7.46 Dielectric sensor profiles for Test 4: Initial and final volumetric water content 
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lowest temperatures are observed in the upper and lower regions of the unsaturated silt layer. The 

highest temperatures are observed at mid-height in the silt layer (i.e. 355 mm and 270 mm).  

 

Figure 7.47 Time series of ielectric sensor data in Test 5: (a) Temperature;  (b) Change in 

temperature 
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observed in the first 20 hours of heating, followed by a slow steady decrease over time. The highest 

volumetric water content and degree of saturation is observed in the middle and lower regions of 

the unsaturated silt, while the lowest water content is observed in the upper regions.  This is the 

opposite of what was observed in the two previous tests. Condensation was observed near the 

surface of the unsaturated silt. This observation indicates that water flowed upwards at a much 

slower rate than in Test 1 and Test 2. The higher density of the silt causes porosity to be much 

lower, which in turn inhibits the vapor flow upwards. 

 

Figure 7.48 Time series of dielectric sensors data in Test 5: (a) Volumetric water content; 

(b) Change in volumetric water content 
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Figure 7.49 Time series of dielectric sensor data in Test 5: Degree of saturation at different 

depths 
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Figure 7.50 Time series from SH-1 sensor embedded in the middle of the unsaturated soil 

layer in Test 5: Thermal conductivity and specific heat capacity 
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Figure 7.51  Dielectric sensor profiles in Test 5: (a) Temperatures; (b) Change in 

temperatures 
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Figure 7.52 Dielectric sensor profiles in Test 5: (a) Volumetric water content; (b) Degree of 

saturation  
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decreased back to its initial value. These values might have been lower than initial values for a 

longer testing time. Figure 7.53 shows the initial and final volumetric water contents in Test 5. 

 

Figure 7.53 Dielectric sensor profiles: Initial and final volumetric water content in Test 5 
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8. ANALYSIS 

8.1 Coupling between Soil Properties 

In order to analyze the heat and water transfer in the vadose zone within the closed-loop 

heat exchangers array, the coupling between the different thermo-hydraulic properties of the 

unsaturated soil must be understood. Relationships between the apparent thermal conductivity, 

specific heat capacity, temperature, volumetric water content, and degree of saturation are explored 

in this section. This will focus on Tests 1, 2 and 3 as they have the most complete sets of data. The 

changes in apparent thermal conductivity and degree of saturation of the change in temperature 

during Test 1, 2 and 3 are shown in Figures 8.1, 8.2 and 8.3, respectively. It appears that thermal 

conductivity is enhanced by the presence of water as expected. For Test 1 (80 mm array spacing) 

at a change in temperature of 31 ºC, the degree of saturation decreases, leading to a sudden decrease 

in thermal conductivity. The energy transfer within the heat exchanger array causes water to flow 

out of the soil within the heat exchangers array in the form of water vapor. As a result, the soil 

pores are filled with air, which is a poor heat conductor. Conduction becomes the main mode of 

heat transfer within the borehole heat exchangers array, and heat transfer decreases. 

 

Figure 8.1 Apparent thermal conductivity and degree of saturation as a function of the 

change in during Test 1 
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The thermal conductivity and degree of saturation in Tests 2 and 3 follow the same 

simultaneous increase as in Figure 8.1 but a decrease is not observed. This may be due to the 

presence of water within the array. Contrary to Test 1, the amount of water within the borehole 

heat exchangers array did not get drier than it initially was. The presence of the extra water 

permitted a slight sustained increase in thermal conductivity. These results show a clear 

relationship between degree of saturation and thermal conductivity. 

 

Figure 8.2 Apparent thermal conductivity and degree of saturation as a function of the 

change in during Test 2 

 

Figure 8.3 Apparent thermal conductivity and degree of saturation with temperature 

changes in Test 3 
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Plots of the thermal conductivity and specific heat as a function of the degree of saturation 

in Test 1, 2 and 3 are shown in Figures 8.4 and 8.5 and 8.6, respectively. The results for Test 1 

indicate that the apparent thermal conductivity increases rapidly with saturation to a saturation 

value of approximately 0.6, and then declines on a different path as the soil gets dryer, similar to 

the drop-off with increasing change in temperature observed in Figure 8.1. The blue and red arrows 

represent the behavior of thermal conductivity and specific heat capacity, respectively during 

wetting and drying paths. Water within the closed-loop heat exchangers array may have vaporized 

and water flowed away from the array. The drying within the borehole heat exchanger array caused 

by this water movement was observed to lead to a decrease in thermal conductivity.  

 

Figure 8.4 Thermal conductivity and specific heat capacity with degree of saturation in 

Test 1 
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value of 0.53, they both still increase asymptotically. This indicates that a convective cell may 

have been formed, and heat transfer was enhanced. 

 

Figure 8.5 Thermal conductivity and specific heat capacity with degree of saturation in 

Test 2 

 

Figure 8.6 Thermal conductivity and specific heat capacity with degree of saturation in 

Test 3 
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The data from the thermocouple profile probes can also be used to calculate the changes in 

apparent thermal conductivity of the soil surrounding the borehole heat exchanger array. The 

thermal conductivity in the soil surrounding the heat exchanger array at steady state can be 

calculated as follows: 

λ =
�̇�

−2𝜋𝑅𝑙 [
𝑑𝑇
𝑑𝑟

]
 (8.1) 

where λ (W m-1 K-1) is the thermal conductivity, �̇� (W) is the energy transfer rate which can be 

calculated using Equation (7.4), l (m) is the total length of the borehole, R (m) is the radius of the 

borehole, and [
𝑑𝑇

𝑑𝑟
] (K/m) is the temperature gradient. The term 2𝜋𝑅𝑙 (m2) is the surface area of 

the borehole over which heat is transferred. The distribution of temperature at different locations 

(110 mm, 160 mm, 210 mm and 260 mm) for Tests 1 is shown in Figure 8.7. The temperature 

distributions are relatively linear, and are sufficient to define the thermal gradient in the soil outside 

of the heat exchanger zone. 

 

Figure 8.7 Test 1 thermal profile probes data: Temperatures at diferent radial locations 
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The thermal conductivity of the mass of soil outside of the heat exchanger array can be 

calculated using the overall slope of the data in Figure 8.7 and Equation (8.1). In this case, the 

overall thermal conductivity of the soil outside of the heat exchanger array can be compared with 

the overall thermal conductivity of the soil within the heat exchanger array, as shown in Figure 8.8. 

It is clear that the apparent thermal conductivity of the soil outside of the borehole heat exchanger 

array increased during the test, likely due to the gradual wetting of the soil surrounding the heat 

exchanger array for this particular spacing (80 mm).  

 

Figure 8.8 Thermal conductivity inside and outside the borehole array in Test 1 
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gravity was observed in these tests. The use of a geotechnical centrifuge may help to better capture 

the role of capillary rise and downward liquid water flow on the coupled heat transfer and water 

flow process. 

8.2 Role of Array Spacing 

The thermal conductivity was not measured in Test 4 (array spacing of 150 mm) due to a 

defective data logger. However, knowing that the thermal conductivity varies with the degree of 

saturation, the water flow monitored with the 5TE sensors still provides important information. A 

plot of the degree of saturation with borehole heat exchanger spacing is shown in Figure 8.9.   

 

Figure 8.9 Dielectric sensors time series: Degree of saturation with variations in borehole 

heat exchangers spacing 
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As shown in Chapter 7, an initial increase in degree of saturation followed by a steady 

decline was observed in all tests, although the rate of decrease in degree of saturation seems to 

depend on the spacing of the borehole array. The permanent drying was occurring but at a much 

slower rate for larger spacing. However, results from Test 1 (array spacing of 80 mm) indicate that 

within the borehole heat exchangers array, a brief wetting occurs followed by a sudden drying of 

the soil. The zone of influence of the heat exchanger pipes may have taken up all the space within 

the array, making it nearly as hot as the heat source. Water was then permanently vaporized within 

the array and flowed through capillarity to a cooler region. Volumetric water content 

measurements taken after the test was completed showed the presence of wetter soil around the 

sides of the container and around the top of the vadose zone. This is evidence that water migrated 

from the heat source to colder regions where it condensed. It was concluded that this spacing may 

be too small to induce a convective cell within the array.  

Test 5, which had slightly higher array spacing (100 mm) was inconclusive due to the 

duration of the test. It showed the initial increase in thermal conductivity with saturation but the 

lack of data made it impossible to observe the behavior of thermal conductivity at later times. 

Results from the 5TE sensors however indicated that rapid wetting then permanent drying occurred 

in the same way seen in Test 1. Test 3 which had the highest array spacing (300 mm) showed that 

the degree of saturation increased until it reached a relatively steady value. It was observed that 

thermal conductivity was still increasing even with a steady degree of saturation. This implies that 

a convective cell may have been formed within the array, with enough water to enhance the thermal 

conductivity. 
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8.3 Quantification of Heat Transfer 

The energy transfer during the course of the experiment was determined using the inlet and 

outlet temperatures. The amounts of energy transferred in to the silt over time for Tests 1, 2, 3 

and 4 are presented in Figure 8.10. Test 5 did not have the inlet and outlet temperature 

thermocouples, therefore energy input could not be estimated. In all tests, the amount of energy 

transfer initially has a high value as the temperature gradient is very high, then drops over time as 

the temperature within the array increases, then becomes relatively constant after approximately 

30 hours. These results indicate that for borehole arrays with wider spacings, more energy is 

transferred to the silt.  

 

Figure 8.10  Total energy transferred for Tests 1, 2, 3 and 4 
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The maximum energy stored in the unsaturated silt layer was calculated as follows: 

q =  V𝜌𝑐𝑝dt (8.2) 

where C (m3) is the total volume of the soil. This equation can be broken down to account for the 

heat storage capacities of the water, air and solids, as follows: 

q =  V𝑤𝜌𝑤𝑐𝑤 + 𝑉𝑎𝜌𝑎𝑐𝑎 + 𝑉𝑠𝜌𝑠𝑐𝑠 (8.3) 

where q is the heat storage is in kJ/K, Vw (kg/m3), Va (kg/m3) and Vs(kg/m3) are the volumes of 

water, air and solids, respectively, 𝑐𝑤 (kJ m3 K-1), 𝑐𝑎 (kJ m3 K-1)and 𝑐𝑠 (kJ m3 K-1), are the specific 

heat capacities if water, air and solids, respectively, and 𝜌𝑤 (kg/m3), 𝜌𝑎 (kg/m3) and 𝜌𝑠 (kg/m3) 

are the densities of water, air, and solids, respectively. The volumes were determined using the 

soil phase diagram. Table 8.1 presents the possible contributions of each phase to the energy 

storage. The highest specific heat capacity for the silt was observed in Test 3 (spacing of 300 mm), 

therefore its value was used in this calculation. 

 Table 8.1 Heat storage contributions from water, air and silt in Test 3 

 
Volume 

(m3) 

Volumetric 

heat capacity 

(kJ/m3K) 

Available 

heat storage 

(MJ/K) 

Water 0.020 4183000 2954 

Air 0.045 1.152 0.002 

Silt 0.074 3581200 9104 

    

Total available heat storage (kJ/K) 12058 

The actual heat storage within each soil layer was estimated as follows: 

q =  𝑞�̇� (8.4) 

where �̇�  (W or J/s) is the average heat transfer rate obtained from the inlet and outlet fluid 

temperatures, and t (s) is the duration of the experiment. The energy loss was estimated for the 

tests by calculating the thermal gradient between the soil at the inside boundary the container and 
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the ambient temperature of the laboratory at steady state, and multiplying it by the thermal 

conductivity of the aluminum container as follows: 

𝑞𝑙𝑜𝑠𝑡  =  λ𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚∇T (8.5) 

where λ𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 (W/(mK)) is the thermal conductivity of aluminum and ∇T  is the temperature 

gradient between the soil inside the container and the ambient temperature.  

∇T =  
𝑑𝑇

𝛿
 (8.6) 

where,  is the thickness of the aluminum insulation. The energy stored is the difference between 

the total energy injected and the energy that was lost to the surroundings as shown in Equation 8.7.  

q𝑠𝑡𝑜𝑟𝑒𝑑  =  𝑞𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 −  𝑞𝑙𝑜𝑠𝑡 (8.7) 

This calculation was performed only for Test 3 where the heat exchangers were at the boundary of 

the container. It is not entirely accurate as it is hard to quantify the amount of heat that was 

transferred in all directions in the soil. Furthermore for smaller spacings, it can be assumed that 

most of the injected energy dissipated in the soil and that the losses to the surroundings can be 

neglected. The energy transfer is expected to be significantly higher for larger spacing, where a 

convective cycle is allowed to form within the borehole heat exchangers array. 

The amount of energy injected, lost and stored in Test 3 are shown in Figure 8.11. As 

shown in Chapter 7, it takes several hours for the volumetric water content within the borehole 

array to stabilize. However, the energy storage reaches a stable value after approximately 50 hours 

of heat storage, which corresponds to the maximum heat storage capacity of the soil. Even though 

the water content was observed to change throughout the test, the energy transfer and storage 

stabilized very quickly after the temperatures reached a steady value. 
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Figure 8.11 Energy transfer and storage over time in Test 3 

The estimated heat storage over the course of the different tests is shown in Table 8.2. As 

expected, Test 3 has a significantly higher energy storage compared to the other tests as it had the 

largest volume of soil within the array. Future tests can evaluate the amount of the heat stored in 

the soil that can be subsequently extracted from the soil by circulating cold fluid through the heat 

exchangers. This can be used to define the efficiency of heat exchange in the borehole array.  

Table 8.2 Summary of the estimated energy storage for all tests 

 
Spacing 

(mm) 

Duration 

(hours) 

Average 

power 

transfer 

(W) 

Total 

Energy 

Injected 

(MJ) 

Energy 

Lost 

(W) 

Energy 

stored 

(W) 

Test 1 80 435 132 207 - 207 

Test 2 160 635 360 823 - 823 

Test 3 300 715 469 1207 95 1112 

Test 4 150 370 180 240 - 240 

Test 5 100 - - - - - 
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9. CONCLUSIONS 

A series of five tests were performed on unsaturated layers of Bonny silt underlain by a 

saturated layer of water-saturated Nevada sand. The unsaturated silt layer (i.e., the vadose zone) 

contained an array of three closed-loop heat exchangers with a different radial spacing in each test 

(80 mm, 160 mm, 300 mm, 150 mm and 100 mm). Water with a temperature of approximately 

70 °C was circulated through the heat exchangers to inject heat into the unsaturated soil layer. 

Coupled heat and water flow was examined by monitoring the changes in volumetric water content, 

temperature, thermal conductivity, and specific heat within the vadose zone.  The following 

conclusions were drawn from this study: 

 For borehole arrays with a close spacing (80 mm and 100 mm), permanent and rapid drying 

was observed in the unsaturated soil within the borehole array. Water was observed to escape 

from the array laterally toward the sides of the container and upward toward soil surface. A 

convective cell is not formed within these array.  

 For borehole arrays with a larger spacing of 150 mm and 160 mm, drying was also observed 

within the array. However, it occurred at a much slower rate. A convective cell was still not 

formed within these arrays.  

 For the borehole array with the largest spacing of 300 mm (i.e., heat exchangers at the boundary 

of the cylindrical container), the soil within the soil layer was observed to increase in water 

content, indicating that a convective cell may have formed. In this array, heat was able to 

escape from the sides of the container, but water was not able to escape laterally.  

 In the case of the arrays with spacings less than 300 mm, energy transfer into the array was 

observed to decrease over time as the soil dried. However, the same amount of heat was 

injected as the heat moved to the wetter soil outside of the array.  
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 Although water was observed to condense at the soil surface in all of the physical modeling 

experiments, the downward flow of liquid water due to gravity was not observed to be 

significant compared to the rate of upward vapor flow. Longer testing times may have revealed 

this phenomenon. A recommendation from this study would be to use a geotechnical centrifuge 

to better capture the role of capillary rise and downward liquid water flow on the coupled heat 

transfer and water flow process. 

 The thermal conductivity measured using the SH-1 sensor was observed to increase 

significantly during the heating process, and was observed to be a function of both the degree 

of saturation of the soil and the temperature. Similar behavior was noted in all of the 

experiments.  

 The heat storage in the soil layer defined as the difference between heat injection and heat loss 

away from the borehole array was observed to be the greatest in the array with the greatest 

spacing, both because there was the largest zone of soil within the array and because the soil 

experienced the greatest increase in water content within the area during heating. 
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