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Abstract
The study of heat and solute transport in fractured rock can provide complementary information in aid of
understanding the interaction between surface and groundwater, the long-term isolation of energy by
products, the application of renewable energy storage systems, and the treatment of contaminated sites.
Employing numerical modeling, this research was undertaken to assess the most influential factors
controlling heat migration in discretely fractured rock under natural groundwater flow conditions, to
address the effect of fracture aperture variability on the spatial distribution of a migrating thermal front,
and to compare heat and solute transport mechanisms. Using factorial analyses, it is shown that the most
influential factor controlling heat propagation in a single fracture setting is the velocity of the fluid in the
fracture. The combination of effects of the thermal conductivity of the matrix with the velocity of the
fluid, and of the thermal conductivity of the matrix with the aperture of the fracture dominantly control
the attenuation of the thermal front migration. By integrating variable aperture fields with contact points,
it is demonstrated that the effect of aperture variability on the spatial distribution of the thermal front is
defined mainly by the thermal conductivity of the rock matrix. The effect of groundwater flow channeling
on the spatial distribution of the thermal front is small, contrary to solute transport in a discrete fracture
setting, where channeling is sometimes a major contributor to widespread solute migration rates and
directions. The thermal plume in the fracture does not reach equilibrium over the 3-year period of the
simulation in contrast to the solute plume that reaches steady state in less than ten days, mainly due to
thermal conduction in the matrix which remains in disequilibrium. Two-dimensional conduction in the
plane of the fracture and three-dimensional conduction in the matrix are important factors to consider
when assessing the thermal plume in contrast to solute transport, whereas one-dimensional diffusion in
the matrix and two-dimensional dispersion in the fracture are good assumptions.
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Chapter 1
Introduction
Over the last 60 years, with advancements in data acquisition and temperature measurements,
heat has been recognized as a potential and practical tracer alongside of solute in aquifer
characterization (Bredehoeft and Papaopulos, 1965; Constantz et al., 2005; de La Bernardie et al.,
2018; Klepikova et al., 2016; Pruess et al., 2002; Stallman, 1965; Suzuki, 1960). Much has still to
be learned, however, on how these tracers interact with fractured rock under natural groundwater
conditions (de La Bernardie et al., 2018; Egan, 2018; Klepikova et al., 2016; Pastore et al., 2017;
Read et al., 2013a). Characterizing and understanding heat transport alongside solute transport in
low-porosity fractured media can also provide valuable information for applications in many
sectors. These sectors include, but are not limited to, renewable energy, shallow energy storage
and treatment mechanisms at contaminated sites. Other sectors include interaction between
surface and groundwater conditions especially with increasing variation in the climate, and the
long-term isolation of energy byproducts, such as radioactive waste (Anderson, 2005; Baston and
Kueper, 2009; Bödvarsson and Tsang, 1982; Chen et al., 2018; de La Bernardie et al., 2018;
Egan, 2018; Graf and Therrien, 2009; Guo et al., 2016; Hawkins et al., 2017; Klepikova et al.,
2016; Kocabas, 2005; Molson et al., 2007; Pandey and Chaudhuri, 2017; Pastore et al., 2015,
2017; Pehme et al., 2013; Read et al., 2013b; Saar, 2011; Tsang and Pruess, 2010; Wright and
Novakowski, 2019).

In low permeability fractured rock, heat transport takes place by conduction in the matrix and by
both conduction and convection in the fractures (Bear, 1972; Ingebritsen and Sanford, 1999). The
temperature field during thermal transport can be predicted using both analytical and numerical
models that couple heat transport and groundwater flow (Bodvarsson and Tsang, 1982; Doe et al.,
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2014; Gringarten et al., 1975; Pruess et al., 2012; Therrien et al., 2010; Yang et al., 1998).
However, such heat transport models require the input of several parameters such as the source
configuration (source dimensions), fluid velocity, porosity, intrinsic permeability, thermal
conductivity, fracture aperture, fracture spacing, fracture connectivity and thermal dispersivity
among others. Some of these parameters are estimated and identified from literature, while others
are relatively easy to measure. Characterization and estimation methods will be influenced by
time and cost constraints, the purpose of the test and sometimes environmental restrictions.

Numerical modeling of heat transfer in low-porosity discrete-fractured rock settings with variable
aperture fields is challenging, in part, because of the complexity associated with characterization
of fracture aperture variability. Naturally occurring fractures have variable aperture fields that
may enhance preferential flow paths and channeling (Abelin et al., 1994; Chen et al., 2018, 2017;
Dou et al., 2018; Gong and Rossen, 2017; Jeong and Song, 2005; Konzuk and Kueper, 2004;
Kosakowski et al., 2001; Lapcevic et al., 1999; Lee et al., 2003; Neretnieks, 1993; Novakowski et
al., 1985; Tsang et al., 1988; Wu et al., 1999). The differences between predictive heat models
and field observations, as documented by the efficiencies of geothermal systems and temperature
breakthrough curves, may be caused by flow channeling and fracture roughness (Kolditz, 1995;
Kolditz and Clauser, 1998). The potential effect of heat channeling in discrete fractures having
variable aperture distributions is less well understood, when considering natural groundwater
flow conditions (fluid velocity < 100 m/day).

Heat conduction and solute diffusion in the matrix are analogous (Ozisik, 1993). Heat conducts
through the matrix at rates approximately three times higher than that for solute (Graf and
Therrien, 2009; Read et al., 2013). As solute diffuses at a much lesser rate it does not diffuse far
into the matrix, and therefore, matrix diffusion of solute during transport can be reasonably
approximated to be one-dimensional (Chen, 1985). However, can we really use the same
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assumption used in solute transport for heat transport simulations? There is clearly a need to
conduct a robust comparison between heat and solute transport in a variable-aperture discretefracture setting under natural groundwater conditions, where three-dimensional (3-D) matrix
conduction and two-dimensional (2-D) conduction in the plane of the fracture are accommodated,
allowing for a better comparison between the spatial distribution of the thermal and solute
plumes. Thus, this research strives to improve the understanding and the controls of heat transport
in discrete variable aperture fractured rock and compare it to solute transport under the same
natural groundwater flow conditions.

1.1 Organization
The chapters in this thesis, except for this Introduction (Chapter 1) and the Conclusions and
Recommendations chapter (Chapter 5) are distinct, stand-alone manuscripts (Chapters 2, 3, and
4). Each manuscript contains an introduction, including a focused literature review, methodology,
results and discussion, and conclusions related to the specific topic. The research presented in
Chapter 2 has been published in Geothermics. Chapter 3 has been submitted to Geothermics and
is under review, and Chapter 4 has been submitted to the Journal of Hydrology. Chapter 5
provides conclusions and recommendations on the research in its totality.

1.2 Scope and Objectives
The intent of this work is to improve our understanding on how heat propagates in a discretefractured setting under natural groundwater flow conditions. The numerical research documented
in this thesis was conducted to assess the effect of source configuration, thermal conductivity,
thermal diffusivity, aperture and velocity of fluid on the propagation of a thermal front in a
discrete rock fracture. The research was also conducted to study the mode of heat propagation in
order to determine if heat channeling occurs at the lower end of the fluid velocity spectrum and to
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investigate the behavioral difference between solute and heat tracers in a variable-aperture
discrete fracture rock setting. The specific objective of each concept are summarized herein.

1.2.1 Chapter 2 – Identifying and assessing key parameters controlling heat
transport in discrete rock fractures.
The objective of Chapter 2 is to present a factorial design analysis for a single discrete fracture
setting to assess the effect of source configuration, thermal conductivity, thermal diffusivity,
aperture and velocity of fluid on the propagation of a thermal front. HydroGeoSphere, a finiteelement numerical model (Therrien et al., 2010), is utilized to conduct simulations. To our
knowledge it is not clear which of the parameters or combination of parameters are clearly the
drivers of the thermal front in discrete-fractured settings. Researchers typically target one or two
drivers at a time, since data gathering is an important and expensive activity. To better understand
the effect of these parameters on movement of the thermal front, the shape of the thermal front is
also assessed in this Chapter.

1.2.2 Chapter 3 – The effect of fracture aperture variability on heat transport in a
discrete rock fracture under natural groundwater flow conditions.
The objective of Chapter 3 is to assess the spatial distribution of the thermal front at the lower end
of the fluid velocity spectrum by employing HydroGeoSphere, a model that fully couples heat
transfer in a discrete variable aperture fracture and the surrounding rock matrix. The variable
fracture aperture fields, with specific mean, variance, correlation lengths, and closure points are
incorporated into the numerical model. The spatial distribution of the thermal front in the fracture
is assessed over time to demonstrate the effect of fracture aperture variability and to determine if
heat channeling occurs.
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1.2.3 Chapter 4 – Comparing heat and solute transport in a discrete rock
fracture of variable aperture.
The objective of Chapter 4 is to compare the spatial distribution of the thermal and solute fronts
at the lower end of the fluid velocity spectrum by employing a numerical model
(HydroGeoSphere) that fully couples heat and solute transport in a discrete variable aperture
fracture with the surrounding rock matrix. Variable fracture aperture fields, with specific mean,
variance, correlation lengths, and closure points, are incorporated into the numerical model. Due
to the differences in behavior between solute and heat tracers in the same discrete fracture, the
comparison assists in identifying heterogeneities in the fracture aperture field.
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Chapter 2
Identifying and Assessing Key Parameters Controlling Heat Transport
in Discrete Rock Fractures
2.1 Introduction
Heat transport theories pertaining to fractured rock are fundamental and important components in
understanding the drivers behind aquifer thermal energy storage and recovery methods
(Bödvarsson and Tsang, 1982; Li, 2014), thermal enhanced oil recovery processes (AL-Hadhrami
and Blunt, 2001) and thermal remediation techniques (Baston and Kueper, 2009). Heat transport
in low permeability fractured rock occurs in both the fluid phase (conduction and convection) in
the fractures, and the solid phase (conduction) in the matrix (Bear, 1972; Ingebritsen and Sanford,
1999). Both analytical and numerical models coupling heat transport and groundwater flow can
be used to predict the temperature field during thermal transport (Bodvarsson and Tsang, 1982;
Doe et al., 2014; Gringarten et al., 1975; Pruess et al., 2012; Therrien et al., 2010; Yang et al.,
1998). However, such heat transport models require input parameters such as the source
configuration (source dimensions), fluid velocity, porosity, intrinsic permeability, thermal
conductivity, fracture aperture, fracture spacing, fracture connectivity and thermal dispersivity
among others. Some of these parameters are relatively easy to measure and estimate, while others
are arrived at through approximations or values from literature.

Characterization and estimation methods will be influenced by time and cost constraints, the
purpose of the test and sometimes environmental restrictions. Further, the relative importance and
interaction of the various processes in heat transport models for a fractured rock setting and the
implication on the success of thermal energy storage and recovery, oil recovery and thermal
remediation are not well understood. In this investigation we focus on five main parameters that
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we believe control the propagation of a thermal front in a discrete fracture setting: length of the
heat source (SL), fracture thermal dispersivity (α), matrix thermal conductivity (λm), fracture
aperture (2b) and fluid velocity in the fracture (vf).

The dimensions of the heat source are believed to substantially influence heat transport and the
effect of thermal dispersion in a discrete fracture setting (Yang, 2016). When heat is applied to an
isolated section of a well, thermal propagation occurs in both the fluid phase in the fracture and
the solid phase in the matrix in contact with the heated source. The difficulty in handling nonpoint sources has led many researchers to assume a point source in solving the problem
analytically and semi-analytically (Baston and Kueper, 2009; Bodvarsson and Tsang, 1982;
Cheng et al., 2001; Jung and Pruess, 2012; Martínez et al., 2014; Yang et al., 1998; Yang and
Yeh, 2009). Numerical models are more flexible and can accommodate a more realistic
configuration that represents, for example, a nuclear waste repository or a test well (M. Klepikova
et al., 2016).

To the best of our knowledge, in the literature at present there are no reports of laboratory or field
scale experiments performed to measure thermal dispersivity in a single fracture. When
neglecting the effect of dispersion in porous media, substantial impacts on the distribution of the
thermal plume are observed (Metzger et al., 2004; Rau et al., 2012; Saar, 2011). Specifically, the
error introduced by omitting lateral dispersion in the heat transport equation for a single fracture
has been addressed by only few studies in the literature (Cheng et al., 2001; Jung and Pruess,
2012; Martínez et al., 2014; Yang, 2016). Cheng et al. (2001) analyzed the effect of thermal
dispersion in a fracture with an aperture of 20,000 µm and fluid velocity ranging between 0.5 and
1 cm/s (432-864 m/day) and a fracture length of 1 km, and concluded it to be not important.
These conclusions drawn from Cheng et al. (2001) were the basis for many other investigations
(Ghassemi and Zhou, 2011; Wu et al., 2015; Yang and Yeh, 2009; Zeng et al., 2013). However,
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dispersion is a function of fluid velocity and travel distance (Ganguly and Mohan Kumar, 2014;
Molina-Giraldo et al., 2011; Sauty et al., 1982) and it is influenced by the source configuration
(Yang, 2016), therefore the conclusions drawn from Cheng et al. (2001) may not be valid at all
aperture values, flow conditions and source configurations.

Conclusions from Cheng et al. (2001) are also limited by the assumption made for the matrix
equation where heat transport is restricted to thermal conduction in the direction perpendicular to
the fracture. Early work (Baston and Kueper, 2009; Cheng et al., 2001; Kolditz, 1995a; Martínez
et al., 2014; Metzger et al., 2004; Molson et al., 1992; Rau et al., 2012; Saar, 2011) only
considered perpendicular thermal conduction in the matrix and did not consider conduction in the
direction parallel to the fracture. Recent work has shown that when longitudinal thermal
conduction in the matrix is integrated in the models, the heat source will affect smaller regions in
the adjacent matrix (Martínez et al., 2014; Yang, 2016) and the effect of thermal dispersion in the
fracture is decreased (Yang, 2016). Numerical models, considering the full thermal conductivity
tensor in the matrix, will provide better results when studying thermal propagation in fractured
rock.

When considering low permeability fractured rock such as dolostone, limestone and granite, with
permeability values on the order of 5x10-17 m2, thermal propagation can be dominated by
conduction in the matrix (Bergman et al., 2011; Lienhard, 1981; Ozisk, 1993; Saar, 2011). A
good estimation of the matrix thermal conductivity is a prerequisite for the design of effective
borehole heat exchanger systems (Franco et al., 2016; Sanner et al., 2009). Errors in the
estimation of the matrix thermal conductivity of up to 38% can produce an important increase of
up to 43% in the performance costs of real borehole heat exchanger systems (Sanner et al., 2009).
In fractured low porosity rock, the heat capacity of the matrix will usually retard the progression
of the thermal front in the fracture (Bodvarsson, 1969; Geiger et al., 2006; Oldenburg and Pruess,
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1998). However, according to Baston and Kueper (2009), matrix thermal conductivity has a small
effect on the early time temperature distribution in thermal remediation processes. The
conclusions drawn by Baston and Kueper (2009) are based on a small range of matrix thermal
conductivity, between limestone (2.4 W/m K) and sandstone (3.03 W/m K), which is limited and
does not cover other low porosity rock types.

There has been limited research on the effect of groundwater influx on the location of the thermal
front in fractured rock. Jung and Pruess (2012) showed that temperature recovery during
backflow in thermal single-well injection-withdrawal tests (SWIW) is independent of flow rates
towards the well, but this might not be the case for all flow rate conditions (Baston and Kueper,
2009; Gehlin and Hellström, 2003; Li et al., 2017; Liebel et al., 2012; Lu and Xiang, 2012).
Target temperatures for remediation purposes using in-situ thermal treatment technologies may
not be reached or could be significantly delayed when the groundwater influx is large (Baston and
Kueper, 2009). Similar results have been observed for borehole heat exchanger systems when fast
moving groundwater in fractures occurs around the well, resulting in reduction of heat
accumulation around the borehole (Gehlin and Hellström, 2003; Li et al., 2017; Liebel et al.,
2012). These studies (Baston and Kueper, 2009; Lu and Xiang, 2012) suggest that with medium
to low groundwater influx, discrete fracture properties (aperture and spacing) do not appear to be
important and need not be characterized for predicting the temperature field in fractured rock.

In addition to the issues raised above, our research focuses on the effect of fracture aperture on
the propagation of the thermal front in a single discrete fracture setting. The importance depends
on both the magnitude of the aperture and the velocity of the water (Baston and Kueper, 2009;
Gringarten and Sauty, 1975; Jung and Pruess, 2012). In large aperture cases, increasing the
fracture aperture from 0.001 to 0.05 m will result in an increase in heat extracted with flowing
fluid (Li, 2014). Baston and Kueper (2009) used a realistic aperture ranging between 10 and 2000
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µm and showed the importance of fracture aperture at large groundwater fluxes. While Jung and
Pruess (2012) showed that the effect of fracture aperture (<10,000 µm) on temperature recovery
during backflow is weak.

As outlined earlier, it is not clear which of the parameters or combination of parameters are
clearly the drivers of the thermal front in discrete-fractured settings. Researchers typically target
one or two drivers at a time, since data gathering is an important and expensive activity. It is
currently not clear whether all of the parameters governing thermal transport in a single discrete
fracture need to be accurately determined for modelling purposes. Therefore, the objective of this
study is to present a factorial design analysis for a single discrete fracture setting to assess the
effect of source configuration, thermal conductivity, thermal diffusivity, aperture and velocity of
fluid on the propagation of a thermal front. The shape of the thermal front is also assessed to
better understand the effect of these parameters on the movement of the thermal front.

2.2 Methodology
HydroGeoSphere, a 3-D numerical model with a control-volume finite element package, which is
capable of simulating coupled hydrological and thermodynamic transport processes in fractured
and porous settings (Therrien et al., 2010), is utilized to conduct the simulations (Appendix A). A
limited number of numerical models are capable of simulating coupled hydrological and
thermodynamic transport processes in a discrete fractures setting (Baston et al., 2010; Molson et
al., 2007; Pruess et al., 2012). Simulating the performance of geothermal systems and ground heat
exchangers, along with thermal propagation assessment in fracture systems, has been successfully
performed using HydroGeoSphere (Doe et al., 2014; Irvine et al., 2015; Raymond and Therrien,
2014; Yang, 2016). The governing equations of the numerical model, the model set up and
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selection of parameters integrated into the numerical model along with the method of analysis and
model response values are presented in this section.

2.2.1 Governing equations
HydroGeoSphere utilizes the control-volume approach to discretize the groundwater flow
equations and the Galerkin finite element approach to solve the heat and solute transport
equations (Therrien et al., 2010).

In this investigation, the rock matrix is considered impermeable to fluid flow, and the heat is
transported via conduction in the matrix. This study was conducted under steady flow and fullysaturated conditions. The two-dimensional flow equation in a fracture that is fully saturated and
under steady flow conditions with an aperture 2b [L] is slightly modified from Richard’s equation
(Berkowitz et al., 1988; Sudicky and McLaren, 1992) and takes the form of:
̿. (2b. 𝑞𝑓 ) − 2b. Γ𝑓 = 2b (
−∇

𝜕𝑆𝑤𝑓
)=0
𝜕𝑡

(Equation 2-1)

where 𝑞𝑓 is the fluid flux given as:

̿(ℎ𝑓 ) = −𝐾𝑓 𝛻̿ (ℎ𝑓 )
𝑞𝑓 = −𝐾𝑓 . 𝑘𝑟𝑓 ∇

(Equation 2-2)

̿ is the two-dimensional gradient operator, ℎ𝑓 is the hydraulic head [L], Γ𝑓 is the fluid
where ∇
source/sink term [1/T], 𝑆𝑤𝑓 is the saturation of water [dimensionless] is equal to one, 𝑘𝑟𝑓 is the
relative permeability [dimensionless] and is equal to one, 𝑡 is the time [T] and 𝐾𝑓 [L/T] is the
hydraulic conductivity of the fracture given as [Bear, 1972]:
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𝐾𝑓 =

𝜌𝑤 𝑔(2𝑏)2
12𝜇

(Equation 2-3)

where 𝜌𝑤 is the density of the aqueous phase [M/L3], 𝑔 is gravitational acceleration [L/T2] and 𝜇
is the fluid viscosity [M/LT].

Concerning heat transport, the general conduction equation in a three-dimensional rock matrix
and the general convection-conduction equation in a two-dimensional fracture are given as
(Bergman et al., 2011; Cheng et al., 2001; Martínez et al., 2014; Ozisk, 1993; Raymond and
Therrien, 2014):

𝜆𝑚𝑦 𝜕 2 𝑇𝑚
𝜆𝑚𝑥 𝜕 2 𝑇𝑚
𝜆𝑚𝑧 𝜕 2 𝑇𝑚
𝜕𝑇𝑚
−
−
−
± Γ𝑇𝑚 = 0
𝜕𝑡
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑥 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑦 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑧 2

(Equation 2-4)

𝜕𝑇𝑓
𝜕𝑇𝑓
𝜕 2 𝑇𝑓
𝜕 2 𝑇𝑓
+ 𝑣𝑓
− 𝐷𝑇ℎ
−
𝐷
± Γ𝑇𝑓 = 0
𝐿ℎ
𝜕𝑡
𝜕𝑥
𝜕𝑥 2
𝜕𝑦 2

(Equation 2-5)

and

where 𝑇𝑚 is the temperature [K] in the rock matrix, 𝑇𝑓 is the temperature [K] in the fracture,
where 𝜆𝑚𝑥 [ML/T3K] is the longitudinal thermal conductivity in the matrix in the x-direction,
𝜆𝑚𝑦 [ML/T3K] is the lateral thermal conductivity in the matrix in the y-direction, 𝜆𝑚𝑧 [ML/T3K]
is the vertical thermal conductivity in the z-direction, 𝜌𝑚 is the bulk density of the matrix
[M/L3], 𝑐ℎ𝑚 is the bulk heat capacity of the rock matrix [L2/T2K], 𝐷𝐿ℎ and 𝐷𝑇ℎ are the fracture
thermal dispersion coefficients in the longitudinal and transverse directions [L2/T], and Γ𝑇𝑚 and
Γ𝑇𝑓 are the thermal source/sink terms for the rock matrix and fracture respectively [K/T].
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Assuming the rock matrix has a porosity of 𝜃𝑚 , the rock matrix parameters 𝑐ℎ𝑚, 𝜌𝑚 and 𝜆𝑚 are
calculated as volumetric averages (assuming the system remains saturated):

𝑐ℎ𝑚 𝜌𝑚 = (1 − 𝜃𝑚 )𝑐ℎ𝑠 𝜌𝑠 + 𝜃𝑚 𝑐𝑤 𝜌𝑤

(Equation 2-6)

𝜆𝑚 = (1 − 𝜃𝑚 )𝜆𝑠 + 𝜃𝑚 𝜆𝑤

(Equation 2-7)

where 𝜌𝑠 is the density of the solid phase [M/L3], 𝜌𝑤 is the density of the aqueous phase [M/L3],
𝑐ℎ𝑠 is the heat capacity of the solid phase [L2/T2K], 𝑐𝑤 is the heat capacity of the aqueous phase
[L2/T2K], 𝜆𝑠 is the solid phase thermal conductivity [ML/T3K], 𝜆𝑤 is the liquid phase thermal
conductivity [ML/T3K], and 𝜆𝑚 is the bulk thermal conductivity of the rock matrix [ML/T3K].

The fracture longitudinal and transverse thermal dispersion coefficients, 𝐷𝐿ℎ and 𝐷𝑇ℎ respectively
reflects both conduction in the fluid as well as dispersion occurring in the fracture plane due to
aperture variability. The thermal dispersion coefficient, representing both the longitudinal and
transverse directions, is analogous to the solute hydrodynamic dispersion coefficient and is given
as (Anderson, 2005; Bear, 1972; De Marsily, 1986a):

𝐷𝐿ℎ =

𝜆𝑤
+ 𝛼𝐿ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 2-8)

𝐷𝑇ℎ =

𝜆𝑤
+ 𝛼 𝑇ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 2-9)

where |𝑣𝑓 |represents the magnitude of the velocity of the fluid [L/T] and 𝛼𝐿ℎ and 𝛼 𝑇ℎ [L] denote
the longitudinal and transverse thermal dispersivities respectively.
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2.2.2 Model configuration
The fractured rock environment is modeled using a discrete smooth parallel plate fracture with
specified location and uniform aperture. The schematic diagram in Figure 2-1 provides a
conceptual model of the 3-D grid system that is implemented in the numerical model. A 60 m
square domain is considered. The size of the domain is chosen mainly to avoid boundary effects.
A single horizontal and parallel-plate discrete fracture divides the domain in half at an elevation
of 30 m. In the x-z plane at y = 0 m and y = 60 m, a Type I hydraulic boundary (constant head)
condition is applied (Figure 2-1). This creates uniform steady flow in the fracture. No-flow
boundary conditions are applied on the other faces. The bedrock matrix is assumed to be
impervious to the flow of groundwater.

The discretization is set at a constant grid spacing of 0.1 m extending 2 m in the z and xdirections near the fracture and heat source, respectively (Figure 2-1). The grid coarsens to 0.5 m
with distance away from both the fracture and the heat source. A sensitivity assessment of the
grid spacing was carried out, demonstrating that there was less than 0.1% change in temperature
values at monitoring points in the fracture and matrix when the grid size was reduced to 0.001 m
(Appendix C).

Table 2-1 summarizes the constant parameters used in the modeling. A 10°C uniform temperature
is set for the initial condition. A constant 20°C heat source is considered. Given the relatively
small increase in temperature, changes in bedrock and fluid properties as a function of
temperature are considered to be negligible (Baston and Kueper, 2009). Zero conductive heat flux
are set as boundary conditions for the x-y plane at z = 0 m and z = 60 m and for the y-z plane at x
= 0 m and x = 60 m. Monitoring points are assigned at the top, bottom, left and right boundaries
and the temperature is monitored to assess potential reflection boundary effects. Temperature
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changes of less than 0.002°C were observed at the boundaries at the end of the simulations,
demonstrating zero conductive thermal boundary conditions (Appendix B).

Figure 2-1 The 3-D conceptual model of the fractured environment and the numerical grid
system. The grid is shown for illustration with fine grid close to the fracture and heat
source, coarsening with distance away from both the fracture and the heat source.
Table 2-1 Thermal transport parameters used in the modeling.

Parameter

Value

Initial temperature of the system
and source

10°C
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Parameter

Value

Constant temperature of the heat
source
Isotropic hydraulic conductivity of
the matrix
Porosity of the matrix

20°C
1x10-40 m/s
0.2%

Thermal conductivity of water

0.6 W/m K

Specific heat capacity of water

4174 J/kg K
1000 kg/m3

Density of water

2.2.3 Method of analyses
Factorial analysis is used to define the effect of the parameter or the combined effect of the group
of parameters that influence heat migration in a single fracture setting. Using fewer computational
data requirements and sample size than conventional Monte Carlo techniques, factorial design
allows for a systematic evaluation with interchange between different parameters (Box et al.,
1978; Devore and Farnum, 1999). Two level factorial design is used in this investigation, defined
as 2k, where k is the number of factors that are used in the investigation. For this study, five
factors are considered. Minimum and maximum values are defined for all five factors. This
generates 25=32 combinations of parameters (Appendix D). A separate numerical simulation is
run for each combination of parameters and the temperature variation at the monitoring point
(depth of migration of the thermal front in the fracture) is used to calculate the effects (Box et al.,
1978; Devore and Farnum, 1999). The main effect of a factor is the difference between the
average of the maximum level response values and the average of the minimum level response
values. The two-factor interaction effect is the difference between the main effect of one factor at
the maximum level and minimum level of the other (Box et al., 1978; Devore and Farnum, 1999).
Factorial analyses have been applied successfully in defining the most important parameters in
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solute transport models in a fractured rock setting (Spiessl et al., 2008) and in heat transport
models applied to porous media (Raymond et al., 2011).

A statistical procedure is employed to sort the effects that have the most important contribution
from those with minimal contribution (Box et al., 1978; Devore and Farnum, 1999). The
graphical statistical method is the normal probability plot (quantile plot) of the effects. This
requires the calculation of the quantile value for the effects relying on the standard normal
cumulative distribution. The result is a plot illustrating a straight line fit to the effects that have
minimal contribution, with the most important effects lying farthest from the straight line (Box et
al., 1978; Devore and Farnum, 1999; Ju et al., 2018).

To better define the effect of the most important parameters that the factorial design identifies, an
informal sensitivity assessment is also conducted. The shape and location of the thermal front is
analyzed from the simulations conducted for the factorial analyses and additional simulations
performed by varying the most important parameters within the range of maximum and minimum
values identified for the factorial design.

2.2.4 Selection of parameters
The selection of parameters for the factorial design is based on data available in the literature.
Minimum and maximum values are selected and are believed to represent reasonable available
maximum and minimum estimates of individual parameters (Table 2-2). The base case in Table
2-2 is used for comparison purposes and is used in the assessment of the most important
parameters when identified.

Two types of constant 20°C heat sources are considered. The first is a narrow source, 0.1 m,
located in the middle of the fracture along the upgradient face of the domain. The second is a line
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source extending 1 m into the matrix along the z-axis on either side of the fracture. The narrow
source is similar to a point source which is usually used in the analytical assessments of similar
models (Baston and Kueper, 2009; Bodvarssonand Tsang, 1982; Cheng et al., 2001; Jung and
Pruess, 2012; Martínez et al., 2014; Yang et al., 1998; Yang and Yeh, 2009). The line source
represents real case scenarios when an isolated section of a well with an intersecting fracture is
heated (Klepikova et al., 2016).

Table 2-2 Minimum and maximum values of parameters used for the factorial analyses.

Parameter

Minimum

Base Case

Maximum

SL: Source length (m)

0.1

1

2

λm: Thermal conductivity of
matrix (W/m K)

0.5

3

10.5

2b: Fracture aperture (μm)

125

1000

2000

0.5

20

42

0.1

0.5

3

vf: Velocity of fluid in fracture
m/day
α: Thermal dispersivity in the
fracture (m)

Thermal conductivity varies between different rock types and rock forming minerals, and can be
bracketed between 0.5 and 10.5 W/m K (Eppelbaum et al., 2014; Issler and Jessop, 2011; Shim et
al., 2010; Shim and Park, 2013) at the temperature and pressure conditions of the shallow
subsurface. Table 2-3 provides a compilation of some ranges of thermal conductivity for most
common rocks and minerals. Although a few rocks such as quartzite might have a thermal
conductivity value above 10.5 W/m K, the 10.5 W/m K limit will be considered as the maximum
bracket in this assessment. The earth’s crust has a mean thermal conductivity of 2.0-2.5 W/m K
(Eppelbaum, 2014). The mean thermal conductivity that is expected for gneiss, or granite will
usually range between 2 and 4 W/m K as observed in parts of Canada and other parts of the world
(Issler and Jessop, 2011; Raymond et al., 2017; Shim et al., 2010; Shim and Park, 2013) and
elsewhere (Fuchs et al., 2013; Shim et al., 2010; Sundberg et al., 2009a, 2009b). The minimum
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value (0.5 W/m K) represents the mineral mica with a specific heat capacity of 880 J/kg K, and a
density of 2855 kg/m3 (Table 2-4). The maximum value for the factorial analysis is chosen as
10.5 W/m K and represents the mineral quartz with a specific heat capacity of 730 J/kg K, and a
density of 2647 kg/m3 (Table 2-4).
Table 2-3 Range of thermal conductivity of some common rocks and rock forming minerals
compiled using data from saturated and dry samples, at the temperature and pressure
conditions of the shallow subsurface (Beardsmore and Cull, 2001; Clauser and Huenges,
1995; Horai, 1971; Horai and Simmons, 1969; Robertson, 1988).

Approximate range of
thermal conductivity of
matrix (W/m K)
0.5 – 6.5
1.5 – 6.3
0.5 – 3.8
1.8 – 7.8
2.5 – 12.0
1.8 – 6.1
10.1 – 10.5
4.6 – 5.5
6.1 – 9.1
6.3 – 9.5
6.7 – 6.9
2.5 – 10.5
2.5 – 8.5
9.2 – 10.2
3.6 – 4.6
0.5 – 3.9
3.5 – 7.3
1.5 – 3.2
3.7 – 3.6

Rock &
Minerals
Limestone
Dolomite
Shale
Sandstone
Quartzite
Granite
Pyroxenite
Gabbro
Amphibolite
Syenite
Marble
Gneiss
Schist
Quartz
Garnet
Mica
Halite
K-Feldspar
Calcite
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Table 2-4 Mineral material properties for the maximum and minimum parameters
(Beardsmore and Cull, 2001; Clauser and Huenges, 1995; Horai, 1971; Horai and Simmons,
1969; Robertson, 1988).

Density of
the matrix
(kg/m3)

Minerals

2647
2855

Quartz
Mica

Heat
capacity of
the matrix
(J/kg K)
730
880

The maximum and minimum fracture aperture values and associated maximum and minimum
fluid velocity are selected based on field measurements conducted in naturally occurring single
fracture settings. Therefore, these should be representative of the values in natural conditions
(Bagalkot and Kumar, 2015; Novakowski et al., 2006; Tang et al., 1981; West et al., 2004; Zhou
et al., 2007) and correlate to field conditions that might be encountered at many different types of
field sites. The maximum fracture aperture is considered to be 2000 μm and the minimum is
considered to be 125 µm (Table 2-5). The range of apertures that is selected represents measured
apertures of naturally occurring fractures in natural settings (Bagalkot and Kumar, 2015;
Novakowski et al., 2006; Tang et al., 1981; West et al., 2004; Zhou et al., 2007). The fluid
velocity for these two aperture cases is 0.5 and 42 m/day. The associated hydraulic gradients for
the velocities of the large fracture aperture case are between 1.97x10-4 and 2.46x10-6 respectively
(Table 2-5). The hydraulic gradients that are selected represent measured gradients in naturally
occurring fractures (Bagalkot and Kumar, 2015; Novakowski et al., 2006; Tang et al., 1981; West
et al., 2004; Zhou et al., 2007). The associated gradients for the minimum fracture aperture case
are 0.60x10-4and 0.05, respectively (Table 2-5). For comparison purposes a special case with zero
fracture aperture is also assessed with the same set of parameters as for the conceptual model
defined in Figure 2-1.
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Table 2-5 Maximum and minimum values for fracture aperture and the associated fluid
velocity and hydraulic gradient.

Fracture
Aperture
(μm)
125

2000

Velocity of
Fluid in
Fracture
(m/day)

Hydraulic
Gradient
(-)

0.5

0.60x10-4

42

0.50x10-1

0.5

1.97x10-4

42

2.46x10-6

Due to the lack of laboratory and field scale values of fracture thermal dispersivity assumptions
for representative values must be made. As shown by tracer experiments conducted in discrete
fractures under natural groundwater flow conditions solute dispersivity increases as a function of
the fracture length (Guimerà and Carrera, 2000). For example, when increasing the field scale
from 3.0 to 45 m, the longitudinal solute dispersivity was observed to increases from 0.2 to 10 m
(Bodin et al., 2003; Gelhar et al., 1992; Lapcevic et al., 1999). In porous media the importance of
thermal dispersivity and its impact on heat transport has long been disputed in the literature (e.g.
Anderson, 2005; De Marsily, 1986; Rau et al., 2014; Vandenbohede et al., 2009). Bear (1972)
was the first to mention thermal dispersivity and considered it to be zero. Rau et al. (2012)
concluded that thermal dispersivity can be neglected in porous media when the Peclet number is
less than 0.5, characteristic of natural groundwater conditions. Actual values based on field
studies are rare as pointed out by Sauty et al. 1982 and De Marsily (1986). De Marsily (1986)
noted that thermal dispersivity should be the same if not five times less than solute dispersivity in
his discussion of results from several investigations. Constantz et al. (2005) and Park et al. (2015)
concluded that thermal dispersivity should not be neglected even if is much smaller than the
solute dispersivity. Vandenbohede et al. (2009) concluded from their push-pull test that thermal
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dispersivity is 2 to 7 times smaller than solute dispersivity. In this research we adopt a one order
of magnitude decrease between solute dispersivity and thermal dispersivity. Therefore, the 0.6 m
thermal dispersivity in the longitudinal direction represents a one order of magnitude decrease
from the solute dispersivity of 6 m assumed for the 55 m distance in the y-direction from the
source to the edge of the domain. In this study we widen the range of investigation to factor in the
thermal dispersivity of 0.6 suggested earlier and set the longitudinal thermal dispersivity at 3.0 m
as a maximum value and 0.1 m as a minimum value (Table 2-2). The value in the transverse
direction is set to 0.3 m for the maximum case and 0.01 m for the minimum case.

A sensitivity assessment is conducted on the combination of parameters defined by the factorial
analysis. The fluid velocity, fracture aperture and the matrix thermal conductivity parameters are
varied according to Tables 2-5 to 2-8; all other parameters were selected from the maximum and
minimum scenarios presented in Table 2-2. Table 2-6 outlines the fluid velocity values used in
the assessment with the associated hydraulic gradients at an aperture of 2000 μm. Table 2-7
presents the matrix thermal conductivity values along with the associated material properties
(Clauser and Huenges, 1995; Horai, 1971; Horai and Simmons, 1969; Robertson, 1988). Table 28 lists the fracture aperture values and associated hydraulic gradients while the fluid velocity is
kept constant at 42 m/day.
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Table 2-6 Fluid velocity and associated hydraulic gradient used in the assessment (fracture
aperture set at 2000 μm).

Velocity of Fluid in

Hydraulic

Fracture (m/day)
42

Gradient (-)
1.97x10-4

30

1.48x10-4

20

9.85x10-5

10

4.92x10-5

5

2.46x10-5

0.5

2.46x10-6

Table 2-7 Mineral material properties used in the assessment (Clauser and Huenges, 1995;
Horai, 1971; Horai and Simmons, 1969; Robertson, 1988).

Minerals

Thermal

Density

Heat

Conductivity of

(kg/m3)

Capacity

Matrix (mW/ m K)

(J/kg K)

Quartz

10.5

2647

730

Quartz

8.0

2647

730

Quartz

6.0

2647

730

Calcite

4.0

2721

840

Calcite

3.0

2721

840

Mica

2.0

2855

880

Mica

1.0

2855

880

Mica

0.5

2855

880
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Table 2-8 Fracture aperture and associated hydraulic gradient used in the assessment (fluid
velocity set at 42 m/day).

Fracture

Hydraulic

Aperture (μm)
2000

Gradient (-)
1.97x10-4

1500

3.5x10-4

1000

7.88x10-4

500

3.15x10-3

125

5.04x10-2

2.2.5 Model response value
Selecting an appropriate model response value is required when evaluating the effect of the
parameters and parameter combinations. The spatial extent of migration of the thermal front in
the fracture plane is chosen as the response value. The thermal front is defined at a temperature of
10.1°C considering in our case an initial temperature of 10°C and a constant source of 20°C. The
estimation of hydraulic properties between boreholes using heat transport requires measurement
of very small temperature changes (M. Klepikova et al., 2016). Measuring very low temperature
changes is now possible with high resolution fiber optics and thermistors, having typical accuracy
of ±0.001°C (Pehme et al., 2013; Read et al., 2013a). The spatial extent of migration of the
thermal front in the fracture is assessed at two simulation times; one at 10 days and one at 300
days near the end of the simulation.

2.3 Results and discussion
More than 130 simulations were conducted using the numerical model. The results for the
factorial analyses, at early and late times, and a sensitivity assessment of the major effects are
presented in this section.
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2.3.1 Factorial analyses
Figure 2-2 and 2-3 presents the normal probability plots of the 31 effects (2k-1) for the response
at 10 days (early time) and 300 days (late time), respectively. A sample calculation on how those
effects where calculated for the factorial analyses is presented in Appendix D. Whenever a
parameter is presented in the figure it means it is at its maximum value and all other parameters
are at their minimum values. Although Figure 2-2 and 2-3 show only 26 points, several points are
overlapping. Some parameters and combination of parameters show similar effects such as the
combination of effects of the source length with thermal conductivity of the matrix and with the
thermal dispersivity in the fracture. Figure 2-2 illustrates that fluid velocity has the most influence
on propagating the thermal front in the fracture, as this parameter lies the furthest from the
vertical straight line that represents no effect. Of lesser influence are fracture aperture and source
length, and the combination of effects of fluid velocity and fracture aperture. The combination of
effects of source length, matrix thermal conductivity and fracture thermal dispersivity, of fluid
velocity and fracture thermal dispersivity, between fracture aperture and fracture thermal
dispersivity; between fracture aperture, fluid velocity, and fracture thermal dispersivity, and the
matrix thermal conductivity have the least positive effect on the location of the thermal front.
While the combination of effects of matrix thermal conductivity and fluid velocity, between
matrix thermal conductivity and fracture aperture; and between matrix thermal conductivity, fluid
velocity and fracture aperture have the most influence on retarding the location of the thermal
front. The combination of effects of matrix thermal conductivity, fluid velocity and fracture
thermal dispersivity and of matrix thermal conductivity, fluid velocity and fracture thermal
dispersivity have a less retarding effect.

Figure 2-3 and Figure 2-2 show that the results of the 10 days are relatively consistent with the
response at 300 days. The source length moves from a moderate to a greater influence and matrix
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thermal conductivity moves from the no effect zone into a more moderate positive effect. At early
stages the matrix thermal conductivity plays a more important role than at later stages.

Under the conditions described, this study demonstrates that fluid velocity is the most important
factor in transporting heat away from the source in the fracture. This finding is consistent with
earlier studies assessing the efficiency of in-situ thermal treatment (Baston and Kueper, 2009) and
borehole heat exchanger systems (Gehlin and Hellström, 2003; Li et al., 2017; Liebel et al.,
2012). When the capacity of the matrix in absorbing the heat transmitted from the fracture is
reached, then the thermal front in the fracture advances faster than the thermal front in the matrix.
whichis what occurs under high fluid velocity conditions.

When combining high thermal conductivity values with either the high velocity of fluid in the
fracture or the large fracture aperture, this combination results in a major retarding effect on the
thermal front in the fracture. With high fluid velocity, the heated fluid in the fracture will be in
contact with a larger fracture surface area compared to the low fluid velocity case, allowing more
heat loss from the fluid into the matrix. Combining high fluid velocity with high thermal
conductivity of the matrix results in the largest transfer of heat into the matrix and hence the
minimum advancement of the thermal front in the fracture. With larger apertures more heated
fluid is present in the fracture allowing a more persistent large temperature gradient resulting in
the increase in losses of heat from the fluid into the matrix. Combining large aperture with high
thermal conductivity of the matrix results in the minimum advancement of the thermal front in
the fracture.
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2.5
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2b- vf

λm
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1
0.5
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SL - λm & α
vf - α
2b - α
2b - vf - α

0

-0.5

λm - vf - α
λm-α
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λm - 2b
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Effects
Figure 2-2 Normal probability plot of the effects for the factorial analysis at a model
response time of 10 days, where vf is the velocity of the fluid in the fracture, 2b is the
fracture aperture, λm is the thermal conductivity of the matrix, α is the thermal dispersivity
in the fracture, SL is the source length and (-) represents combinations between parameters.
Whenever the parameter or a combination of parameters are presented they are at the
maximum values and the rest are at their minimum.
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Figure 2-3 Normal probability plot of the effects for the factorial analysis at a model
response time of 300 days, where vf is the velocity of the fluid in the fracture, 2b is the
fracture aperture, λm is the thermal conductivity of the matrix, α is the thermal dispersivity
in the fracture, SL is the source length and (-) represents combinations between parameters.
Whenever a parameter or combination of parameters are presented they are at the
maximum values and the rest are at their minimum.
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The source length has a moderate effect on the propagation of the thermal front in the fracture at
the end of the test; but at earlier times the source length appears to have a more substantial effect.
Dispersivity under the current experimental conditions, using realistic flow velocities and
aperture values, has the least effect on the propagation of the thermal front and its omission might
produce minimal error. These results are consistent with the findings of Cheng et al. (2001), and
are in contrast to what is encountered in porous media (Metzger et al., 2004; Rau et al., 2012;
Saar, 2011).

2.3.2 Velocity effect
In addition to the runs conducted for the factorial analyses, 60 simulations were conducted to
further assess the importance of fluid velocity in heat transport in a fracture. Figure 2-4 shows the
location of the thermal front when fluid velocity in the fracture is the only parameter that is
varied, between 0.5 and 42 m/day as in Table 2-5. The rest of the parameters are set at maximum
and minimum values as presented in Table 2-2. For the minimum case, the increase in fluid
velocity from 0.5 to 42 m/day does not bring much change in the location of the thermal front.
The effect of fluid velocity, on the propagation of the thermal front, when all parameters are set to
minimum is negligible; in this condition the combination of the effects of fracture aperture and
matrix thermal conductivity comes into play. While at the maximum values, the effect is more
pronounced and fluid velocity is an important factor to assess.

Figure 2-5a and b present four cases for the temperature profile of the thermal front at 300 days in
a section perpendicular to the fracture and in the plane of the fracture, respectively. The cases are
as follows: 1) the maximum case where all the parameters are set at maximum values as shown in
Table 2-2 the matrix thermal conductivity case with the matrix thermal conductivity value set at
the minimum value and all other parameters are set to the maximum values; 3) the fluid velocity
case with fluid velocity value set at the minimum value with all the other parameters set at the
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maximum values; and 4) the final case when no fracture is considered in the model (conduction
only) and all other parameters are set at the maximum values. In the case when all parameters are
at maximum values (Figure 2-4a) there is only minor evidence of fracture influence. In this case
the isotropic 3-D thermal conduction in the matrix dictates the shape of the thermal front. This is
similar to the case when the velocity is set to a minimum and the case when no fracture is
considered, showing a more pronounced effect of the isotropic 3-D thermal conduction in the
matrix. When the matrix thermal conductivity is set at a minimum and all other parameters are set
at maximum values (Figure 2-4a and 2-4b) the system is completely dominated by the velocity of
the fluid in the fracture. This indicates that the combination of the effects between fracture
aperture and matrix thermal conductivity retards the movement of the thermal front in the fracture
and enhances its development in the matrix as if no fracture is present.

Figure 2-6a and b outlines the temperature profile of the thermal front at 300 days for three
velocities (0.5, 20 and 40 m/day) using the minimum conditions presented in Table 2-2. The
shape of the contour of the thermal front for the three velocities virtually overlap. This further
emphasizes the important combination of the effects between fracture aperture and matrix thermal
conductivity, even at high velocities, with heat being dominantly absorbed by the matrix and the
development of the thermal front in the matrix being limited as if the fracture does not exist.
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Figure 2-4 Location of the thermal front in the fracture at 300 days for the maximum and
the minimum cases from Table 2-2 with varying fluid velocity values between 0.5 and 42
m/day.
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a)

b)

Figure 2-5 Selected results showing the shape of the thermal front at 300 days a)
perpendicular to the fracture and b) in the plane of the fracture location as shown in Figure
2-1 for four cases. The maximum case where all the parameters are set at maximum values
as shown in Table 2-2; the matrix thermal conductivity case and fluid velocity case with
both values set at minimum value and all the other parameters are set a maximum value;
and the no-fracture case when no fracture is considered in the model and all other
parameters are set at maximum value. Note that the thermal front for the fluid velocity case
and the no fracture case are overlapping.
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a)
b)

Figure 2-6 Selected results showing the shape of the thermal front at 300 days a)
perpendicular to the fracture and b) in the plane of the fracture; for different fluid velocity
values when all the other parameters are set at the minimum value with fracture aperture
set at 1000 μm, source length at 0.1 m and fracture thermal dispersivity at 0.1 m.
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2.3.3 Interaction effect between fluid velocity and matrix thermal conductivity
Figure 2-7a and b outline the temperature profile of the thermal front at 300 days for eight
thermal conductivity values (0.5, 1, 2, 3, 4, 6, 8 and 10.5 W/m K) using the maximum conditions
presented in Table 2-2. Between 0.5 and 2 W/m K the thermal front advances rapidly due to the
dominance of advection in the fracture relative to conduction in the matrix (Figure 2-7a and 27b). Between approximately 3 and 4 W/m K no major advancement in the thermal front occurs,
most of the temperature migration occurs in the matrix, with evidence of a small thermal front
moving ahead in the fracture. Between approximately 6 and 10 W/m K the development of the
thermal front is approximately a uniform semicircle shape, indicating dominance of heat
conduction in the matrix. Similar results are observed for fluid velocities down to 10 m/s. For
fluid velocities as low as 10 m/s there is a small but gradual increase in the location of the thermal
front. This indicates that isotropic 3-D thermal conduction in the matrix dictates the shape of the
thermal front and the value of matrix thermal conductivity is an important factor to consider in
thermal models.

There is less than 10% difference in the location of the thermal front between the matrix thermal
conductivity values of 2 and 4 W/m K, with most of the development taking place in the matrix.
Note, however, that in most models thermal conductivities between 2 and 4 W/m K are assumed
(Baston et al., 2010; Ghassemi and Zhou, 2011; Graf and Therrien, 2009; M. Klepikova et al.,
2016; Pehme et al., 2013; J. Raymond et al., 2011b), which will not relay any major change in the
location of the thermal front in the fracture.

2.3.4 Interaction effect between fracture aperture and matrix thermal conductivity
To demonstrate the importance of fracture aperture and matrix thermal conductivity, 40
simulations were conducted. Figure 2-8 illustrates the change in the location of the 10.1°C
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thermal front at a model response time of 300 days when matrix thermal conductivity is varied
between the minimum (0.5 W/m K) value and the maximum (10.5 W/m K) value as shown in
Table 2-7; and when fracture aperture is also varied between minimum (125 µm) and maximum
(2000 μm) values as show in Table 2-8. All other parameters are set at their maximum value as
shown in Table 2-2.

Figure 2-8 illustrates five cases that are grouped into three scenarios for the location of the
thermal front under varying fracture aperture and matrix thermal conductivity values for the
maximum case presented in Table 2-2. The first scenario for aperture values between 2000 µm
and 1000 μm, the location of the front in the fracture decreases sharply between matrix thermal
conductivity values of 0.5 and 3 W/m K and then gradually levels out with no major change
between 3 and 10.5 W/m K. This indicates a dominance of advective movement in the lower
matrix thermal conductivity case and then at high matrix thermal conductivity cases most of the
heat is absorbed into the matrix and the movement of the front is conduction dominated. The
second scenario, for aperture values around 500 µm, the front location decreases sharply between
matrix thermal conductivity values of 0.5 and 2 W/m K and then gradually increases again
between 3 and 10.5 W/m K; ending in a thermal front which is more advanced, in term of
location, than for the minimum value of matrix thermal conductivity. This indicates a slight
dominance of advective movement in the lower matrix thermal conductivity case and then
gradually conduction dominates the advancement of the front in the fracture. The third scenario,
for aperture values around 125 μm, the front location gradually and continuously increases
between matrix thermal conductivity values of 0.5 and 10.5 W/m K. This scenario illustrates the
dominance of front propagation by matrix thermal conductivity. There is a maximum of 10 %
difference in the location of the thermal front between the matrix thermal conductivity values of 2
and 4 W/m K at minimum and maximum values of fracture aperture. However, for a fracture
aperture of 1000 µm, which is the average aperture size of the fracture used in the base case
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(Table 2-2), any thermal conductivity between 2 and 4 W/m K will have no major effect on the
advancement of the thermal front in the fracture.

a)

b)
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Figure 2-7 The shape of the thermal front at 300 days a) perpendicular to the

fracture and b) in the plane of the fracture for varying matrix thermal conductivity
values, at maximum values with fluid velocity at 42 m/day, source length at 2 m,
fracture aperture at 2000 μm and fracture thermal dispersivity at 3 m.
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Figure 2-8 Location of the thermal front after 300 days with varying fracture

aperture and matrix thermal conductivity values for the maximum case presented
in Table 2-2 with fluid velocity at 42 m/day, source length being 2 m in length and
fracture thermal dispersivity at 3 m.

41

2.4 Conclusions
Factorial analysis is performed with five parameters; source configuration, thermal conductivity
of the bedrock matrix, velocity of fluid in the fracture, thermal dispersivity in the fracture, and the
aperture of the fracture, assessing which one or combinations thereof substantially influence heat
migration in a single fracture setting assuming a parallel plate condition. According to the
numerical simulation results and associated sensitivity analyses, the following main conclusions
can be drawn:



The effect of the velocity of the fluid in a fracture is the key in controlling heat transport
in a discrete rock fracture setting. Identifying the velocity of the fluid in field settings is
key in determining the nature of the propagation of the thermal front and dictates whether
additional information needs to be defined.



The combination of effects between the thermal conductivity of the matrix with the
velocity of the fluid in the fracture and between the thermal conductivity of the matrix
with the fracture aperture have the highest attenuation effect on the propagation of the
thermal front in discrete rock fracture settings.



At low fluid velocities less than 10 m/day and apertures around 125 µm, thermal
conductivity of the matrix is the dominant parameter such that the thermal front will
propagate as if no fracture is present in the system.



When the fracture aperture is varied between 125 and 2000 μm, a change of up to 40 % in
the location of the thermal front in the fracture occurs for low values of matrix thermal
conductivity between 0.5 and 3 W/m K, and then a change of less than 10 % occurs
between 3 and 10.5 W/m K.



When matrix thermal conductivity is varied between 0.5 and 10.5 W/m K, fluid velocity
is above 10 m/day, and the aperture has less than 2000 µm a change of up to 40 % in the
42

location of the thermal front in the fracture occurs for matrix thermal conductivity less
than 3 W/m K, indicating a dominance of advection in the fracture, and a change of less
than 10 % occurs above 3 W/m K indicating a dominance of conduction in to the matrix.
Below 10 m/day the movement is dominated by conduction.


The combination of the effects of source length and the fracture thermal dispersivity both
have the least effect on the propagation of the thermal front in discrete rock fracture
settings.
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Chapter 3
The Effect of Fracture Aperture Variability on Heat Transport in a
Discrete Rock Fracture Under Natural Groundwater Flow Conditions
3.1 Introduction and Objectives
The growing demand for renewable energy, the increasing usage of heat as a treatment
mechanism at contaminated sites, understanding the interaction between surface and groundwater
conditions especially with increasing variation in the climate, and the developing need for longterm isolation of energy byproducts, such as radioactive waste, has resulted in the necessity to
accurately characterize heat transfer in low-porosity fractured media (Anderson, 2005; Baston
and Kueper, 2009; Bödvarsson and Tsang, 1982; Chen et al., 2018; Guo et al., 2016; M.
Klepikova et al., 2016; Li et al., 2017; Pandey and Chaudhuri, 2017; Saar, 2011; Tsang and
Pruess, 2010).

In a low matrix porosity discrete fracture setting, the velocity of the fluid in the facture, the
fracture aperture, and the thermal conductivity of the matrix are key parameters controlling heat
transport (Bou Jaoude et al., 2018) under natural groundwater flow conditions. Using an aperture
ranging between 10 and 2,000 μm, Baston and Kueper (2009) showed the importance of fracture
aperture on the migration of heat at large groundwater fluxes under natural gradient conditions
with Peclet numbers around ten. Baston and Kueper (2009), and Lu and Xiang (2012), suggest
that with medium to low groundwater fluxes and with a Peclet number of approximately 0.5,
discrete fracture properties (aperture and spacing) do not appear to be important and need not to
be characterized for predicting the temperature field in fractured rock. However, the above
studies only consider a parallel-plate setting approximation for fracture aperture, which does not
depict the natural conditions of fracture aperture variability.
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Numerical modeling of heat transfer in low-porosity discrete-fractured rock settings with variable
aperture fields is challenging, in part, because of the complexity associated with characterization
of fracture aperture variability. Naturally occurring fractures have variable aperture fields that
influence flow and transport and may enhance preferential flow paths and channeling (Abelin et
al., 1994; Chen et al., 2018, 2017; Dou et al., 2018; Gong and Rossen, 2017; Jeong and Song,
2005; Konzuk and Kueper, 2004; Kosakowski et al., 2001; Lapcevic et al., 1999; Lee et al., 2003;
Neretnieks, 1993; Novakowski et al., 1985; Tsang et al., 1988; Wu et al., 1999). Fluid flow
channeling and fracture roughness associated with fracture aperture variability may result in nonuniform temperature distributions in the adjacent rock body. This causes the movement of
warmer water in preferential conduits, thus resulting in heat channeling. Specifically heat
channeling can be defined as the movement of heated fluid in channels as documented under
high-energy performance geothermal systems with Peclet numbers of approximately 10,000, and
in some low groundwater velocity cases with Peclet numbers of approximately 200 (Andrade Jr.
et al., 2004; Bagalkot and Kumar, 2015; Chen et al., 2018; Fox et al., 2015; Guo et al., 2016; M.
Klepikova et al., 2016; Klepikova et al., 2014; Ma et al., 2018; Neuville et al., 2010a; Pandey et
al., 2017; Zhou et al., 2007). This heat channeling or the heterogeneous nonlinear spatial
distribution of the thermal front was also identified in laboratory investigations conducted in
fractured rocks (Bai et al., 2017; Cherubini et al., 2017; He et al., 2016; Luo et al., 2018; Zhao,
2014). Sensitivity analyses conducted on a rectangular rough-walled fractured with no contact
points and at a high Peclet number of more than 10,000 showed that the hydraulic aperture is a
better parameter in assessing thermal properties than the roughness coefficient and that largerange correlation lengths of fracture induce strong thermal channeling (Guo et al., 2016; Neuville
et al., 2010b). However, Neuville et al. (2010 a, b) utilized a simple model with no heat transfer
in the surrounding rock. Fox et al., (2015) used a more realistic approach that fully couples the
heat transfer between the variable aperture fractured with no contact points and the solid matrix.
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They showed that the effect of the aperture variation becomes insignificant when the ratio
between the standard deviation and the mean is less than 0.1.

Flow channeling and fracture roughness may also be the cause of the differences between
predictive heat models and field observations, as documented by the efficiencies of geothermal
systems and temperature breakthrough curves (Kolditz, 1995b; Kolditz and Clauser, 1998). In a
push-pull test, Klepikova et al. (2016) showed that for a fracture aperture of a few millimeters and
forced high flow rate conditions, the measured thermal breakthrough curves reveal a clear
signature of flow channeling. Klepikova et al. (2016) concluded that the parallel plate model
overestimates the amplitude of the temperature breakthrough curves and that the thermal
signature can be characterized by a system of multiple channels that are parametrized by the
mean channel density and aperture. The effect of channeling, however, might cause a decrease in
the heat exchange rate between a preferential flow path and the rock matrix, resulting in lowered
efficiency in enhanced geothermal systems (Chen et al., 2018; Guo et al., 2016; Shaik et al.,
2011; Sun et al., 2017).

Most of the research described above focused on high energy and fast flowing systems (fluid
velocity > 100 m/day) using push-pull and injection-withdrawal tests with fracture apertures that
are approximately 1,000 μm or greater. When considering natural groundwater flow conditions,
the potential effect of heat channeling in discrete fractures having variable aperture distributions
is less well understood.

In addition to considering parallel plate conditions, early work only considered perpendicular
thermal conduction in the rock matrix surrounding fractures, similar to 1-D diffusion of solute in
the rock matrix (Metzger et al., 2004; Saar, 2011; Sudicky and McLaren, 1992; Tang et al.,
1981). The heat capacity of the rock matrix in low porosity fractured systems usually retards the
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progression of the thermal front in the fracture (Bodvarsson, 1969; Bou Jaoude et al., 2018;
Geiger et al., 2006; Jung and Pruess, 2012; Oldenburg and Pruess, 1998). When longitudinal
thermal conduction in the rock matrix is integrated in the models, smaller regions in the rock
matrix and fracture around the source are affected (Martínez et al., 2014; Yang, 2016). Numerical
models can be used to simulate both variable aperture conditions and a thermal conduction tensor
in the rock matrix, which provides a more accurate approach to assessing heat migration.

As outlined, most research of heat transfer in variable aperture discrete-fractured rock focuses on
high energy and fast flowing systems. Heat channeling is well documented in those systems.
Research has not focused largely on the lower end of the fluid velocity spectrum that corresponds
to conditions of natural groundwater flow. We investigate in this study the mode of heat
propagation in variable aperture discrete-fractured rock settings at that lower end of the fluid
velocity spectrum to determine if heat channeling occurs. The objective of this study is to employ
a numerical model that fully couples heat transfer in a discrete variable aperture fracture and the
surrounding rock matrix to assess the spatial distribution of the thermal front at the lower end of
the fluid velocity spectrum, which is representative of natural groundwater flow conditions with
Peclet Numbers generally less than 1. The variable fracture aperture fields, with specific mean,
variance, correlation lengths, and closure points are incorporated into the numerical model and a
systematic and quantitative analysis is conducted to determine the spatial distribution of the
thermal front in the fracture. The spatial distribution of the thermal front in the fracture is
assessed over time to demonstrate the effect of fracture aperture variability. The shape of the
thermal front for the variable aperture fields is analyzed and compared to the uniform aperture
fields.
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3.2 Methodology
To conduct the simulations for this study, HydroGeoSphere (Appendix A), a three-dimensional
control-volume finite element model is utilized (Therrien et al., 2010). The model is capable of
simulating coupled hydrological and thermodynamic transport processes in fractured and porous
media (Therrien et al., 2010). HydroGeoSphere has been used successfully in simulating thermal
propagation in local and large-scale fracture systems, and in assessing the performance of groundheat exchangers and geothermal systems (Bou Jaoude et al., 2018; Doe et al., 2014; Irvine et al.,
2015; Raymond and Therrien, 2014; Yang, 2016). In this section the governing equations of the
numerical model, the model configuration, and the selection of parameters are presented.

3.2.1 Governing equations
HydroGeoSphere uses the Galerkin finite-element approach to solve the heat and solute transport
equations and a control-volume method to discretize the groundwater flow equations (Therrien et
al., 2010).

In this investigation, the rock matrix is considered impermeable to fluid flow, and the heat is
transported via conduction in the matrix. This study was conducted under steady flow and fullysaturated conditions. The two-dimensional flow equation in a fracture that is fully saturated and
under steady flow conditions with an aperture 2b [L] is slightly modified from Richard’s equation
(Berkowitz et al., 1988; Sudicky and McLaren, 1992) and takes the form of:
̿. (2b. 𝑞𝑓 ) − 2b. Γ𝑓 = 2b (
−∇

𝜕𝑆𝑤𝑓
)=0
𝜕𝑡

where 𝑞𝑓 is the fluid flux given as:
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(Equation 3-1)

̿(ℎ𝑓 ) = −𝐾𝑓 𝛻̿ (ℎ𝑓 )
𝑞𝑓 = −𝐾𝑓 . 𝑘𝑟𝑓 ∇

(Equation 3-2)

̿ is the two-dimensional gradient operator, ℎ𝑓 is the hydraulic head [L], respectively, Γ𝑓 is
where ∇
the fluid source/sink term [1/T], 𝑆𝑤𝑓 is the saturation of water [dimensionless] which is equal to
one, 𝑘𝑟𝑓 is the relative permeability [dimensionless] which is equal to one, 𝑡 is the time [T] and
𝐾𝑓 [L/T] is the hydraulic conductivity of the fracture given as [Bear, 1972]:

𝐾𝑓 =

𝜌𝑤 𝑔(2𝑏)2
12𝜇

(Equation 3-3)

where 𝜌𝑤 is the density of the aqueous phase [M/L3], 𝑔 is gravitational acceleration [L/T2] and 𝜇
is the fluid viscosity [M/LT].

Concerning heat transport, the general conduction equation in a three-dimensional rock matrix
and the general convection-conduction equation in a two-dimensional fracture are given as
(Bergman et al., 2011; Cheng et al., 2001; Martínez et al., 2014; Ozisk, 1993; Raymond and
Therrien, 2014):

𝜆𝑚𝑦 𝜕 2 𝑇𝑚
𝜆𝑚𝑥 𝜕 2 𝑇𝑚
𝜆𝑚𝑧 𝜕 2 𝑇𝑚
𝜕𝑇𝑚
−
−
−
± Γ𝑇𝑚 = 0
𝜕𝑡
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑥 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑦 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑧 2

(Equation 3-4)

𝜕𝑇𝑓
𝜕𝑇𝑓
𝜕 2 𝑇𝑓
𝜕 2 𝑇𝑓
+ 𝑣𝑓
− 𝐷𝑇ℎ
− 𝐷𝐿ℎ
± Γ𝑇𝑓 = 0
𝜕𝑡
𝜕𝑥
𝜕𝑥 2
𝜕𝑦 2

(Equation 3-5)

and

where 𝑇𝑚 is the temperature [K] in the rock matrix, 𝑇𝑓 is the temperature [K] in the fracture,
where 𝜆𝑚𝑥 [ML/T3K] is the longitudinal thermal conductivity in the matrix in the x-direction,
𝜆𝑚𝑦 [ML/T3K] is the lateral thermal conductivity in the matrix in the y-direction, 𝜆𝑚𝑧 [ML/T3K]
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is the vertical thermal conductivity in the z-direction, 𝜌𝑚 is the bulk density of the matrix
[M/L3], 𝑐ℎ𝑚 is the bulk heat capacity of the rock matrix [L2/T2K], 𝐷𝐿ℎ and 𝐷𝑇ℎ are the fracture
thermal dispersion coefficients in the longitudinal and transverse directions [L2/T], and Γ𝑇𝑚 and
Γ𝑇𝑓 are the thermal source/sink terms for the rock matrix and fracture respectively [K/T].
Assuming the rock matrix has a porosity of 𝜃𝑚 , the rock matrix parameters 𝑐ℎ𝑚, 𝜌𝑚 and 𝜆𝑚 are
calculated as volumetric averages (assuming the system remains saturated):

𝑐ℎ𝑚 𝜌𝑚 = (1 − 𝜃𝑚 )𝑐ℎ𝑠 𝜌𝑠 + 𝜃𝑚 𝑐𝑤 𝜌𝑤

(Equation 3-6)

𝜆𝑚 = (1 − 𝜃𝑚 )𝜆𝑠 + 𝜃𝑚 𝜆𝑤

(Equation 3-7)

where 𝜌𝑠 is the density of the solid phase [M/L3], 𝜌𝑤 is the density of the aqueous phase [M/L3],
𝑐ℎ𝑠 is the heat capacity of the solid phase [L2/T2K], 𝑐𝑤 is the heat capacity of the aqueous phase
[L2/T2K], 𝜆𝑠 is the solid phase thermal conductivity [ML/T3K], 𝜆𝑤 is the liquid phase thermal
conductivity [ML/T3K], and 𝜆𝑚 is the bulk thermal conductivity of the rock matrix [ML/T3K].

The thermal dispersion coefficient, representing both the longitudinal and transverse directions,
is analogous to the solute hydrodynamic dispersion coefficient and is given as (Anderson, 2005;
Bear, 1972; De Marsily, 1986a):

𝐷𝐿ℎ =

𝜆𝑤
+ 𝛼𝐿ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 3-8)

𝐷𝑇ℎ =

𝜆𝑤
+ 𝛼 𝑇ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 3-9)

where |𝑣𝑓 |represents the magnitude of the velocity of the fluid [L/T] and 𝛼𝐿ℎ and 𝛼 𝑇ℎ [L] denote
the longitudinal and transverse thermal dispersivities respectively.
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The Peclet number is a dimensionless parameter which reflects the rate of heat removed by
conduction from the fracture into the rock matrix compared to the convective movement of heat
in the fracture. There are various forms of this dimensionless parameter (Andrade Jr. et al., 2004;
De Marsily, 1986b; Huysmans and Dassargues, 2005; Martínez et al., 2014). However, the most
applicable to our model can be formulated as follows (Martínez et al., 2014):

𝑃𝑒ℎ =

𝑏𝑣𝑓
𝜃𝑚𝑠 𝛼𝑚

(Equation 3-10)

where 𝑃𝑒ℎ is the thermal Peclet number [dimensionless], b is the half fracture aperture [L], 𝑣𝑓 is
the velocity of the fluid in the fracture [L/T], 𝛼𝑚 is the rock matrix thermal diffusivity coefficient
[L2/T], and 𝜃𝑚𝑠 is the solid component of the rock matrix calculated as follows:

𝜃𝑚𝑠 =

𝑐ℎ𝑠 𝜌𝑠
𝑐𝑤 𝜌𝑤

(Equation 3-11)

For 𝑃𝑒ℎ < 1 conduction in the rock matrix dominates over convection in the fracture; for 𝑃𝑒ℎ > 1
convection dominates (Andrade Jr. et al., 2004).

3.2.2 Model configuration
The fractured rock environment is modeled as a discrete single horizontal fracture with specified
location and variable aperture. The schematic diagram in Figure 3-1 illustrates the 3-D grid
system that is implemented in the numerical model. An 80 m by 80 m by 60 m block domain is
considered in the x, y and z-directions, respectively. The size of the domain is selected to avoid
boundary effects. A single discrete horizontal fracture divides the domain in half at an elevation
of 40 m. A Type I hydraulic boundary (constant head) condition is applied in the x-z plane at y =
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0 m and y = 80 m (Figure 3-1). This Type I boundary creates a uniform steady flow in the
fracture. No-flow hydraulic boundary conditions are implemented on the other faces.

Table 3-1 summarizes the constant parameters employed in the modeling. A 10°C uniform
temperature is set for the initial condition. A constant 20°C line source extending 1 m into the
rock matrix along the z-axis on either side of the fracture is considered, 25 m from the upgradient boundary (Figure 3-1). The line source represents an isolated section of a well with an
intersecting fracture (M. Klepikova et al., 2016). In our experience conducting field work in
fractured rock, the 2-m packer spacing is typically at the smaller end of the practical range of
application. Given the relatively small increase in temperature, changes in bedrock and fluid
properties as a function of temperature are considered to be negligible (Baston and Kueper,
2009). The bedrock matrix is assumed to be impervious to the flow of groundwater, with a
uniform isotropic thermal conductivity.

Zero conductive heat flux is set as boundary conditions for the x-y plane at z = 0 m and z = 60 m
and for the y-z plane at x = 0 m and x = 60 m. Monitoring points are assigned at the top, bottom,
left and right boundaries and the temperature is monitored to ensure that reflection boundary
effects were never encountered. A maximum of less than 0.004°C temperature change was
observed at the boundaries at the completion of the simulations, demonstrating no conductive
heat flux thermal boundary conditions were unlikely to influence the simulation results for this
domain size (Appendix E).

For discretization, a constant grid spacing of 0.1 m extending 2 m in the x, y and z-directions in
the vicinity of the fracture and heat source is implemented (Figure 3-1). In the x and y-directions
the grid then coarsens to 0.4 m with distance away from both the fracture and the heat source, and
in the z-direction the grid coarsens to 0.5 m. A sensitivity assessment to grid spacing was carried
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out, demonstrating that there was less than 0.1% change in temperature values at monitoring
points in the fracture and rock matrix when the grid size was reduced to 0.001 m (Appendix F).

Assumptions for representative values of fracture thermal dispersivity must be made due to the
lack of laboratory and field scale values. Solute dispersivity increases as a function of the fracture
length as shown by tracer experiments conducted in discrete fractures under natural groundwater
flow conditions (Guimerà and Carrera, 2000). For example, longitudinal solute dispersivity was
observed to increases from 0.2 to 10 m when increasing the field scale from 3.0 to 45 m, (Bodin
et al., 2003; Gelhar et al., 1992; Lapcevic et al., 1999). In porous media the significance of
thermal dispersivity and its contribution to the heat transport has long been disputed in the
literature (e.g. Anderson, 2005; De Marsily, 1986; Rau et al., 2014; Vandenbohede et al., 2009).
The first mention of thermal dispersivity is by Bear (1972) who considered it to be zero. Rau et
al. (2012) concluded from their experiment on coarse sand that thermal dispersivity can be
neglected when the Peclet number is less than 0.5, characteristic of natural groundwater
conditions. Actual values based on field studies are rare as pointed out by Sauty et al. 1982 and
De Marsily (1986). De Marsily (1986) summarized the results from different investigations and
noted that thermal dispersivity should be the same if not five times less than solute dispersivity.
Constantz et al. (2005) and Park et al. (2015) concluded that thermal dispersivity is much smaller
than the solute dispersivity, but should not be neglected even if it is smaller than the solute
dispersivity under natural groundwater conditions. Vandenbohede et al. (2009) concluded from
their push-pull test that thermal dispersivity is 2 to 7 times smaller than solute dispersivity. Bou
Jaoude et al. (2018) showed under conditions similar to used herein (i.e. using realistic flow
velocities and aperture values), thermal dispersivity has a minimal effect on the propagation of a
thermal front and its omission might produce minimal error. In this research we adopt a one order
of magnitude decrease between solute dispersivity and thermal dispersivity. Therefore, the 0.6 m
thermal dispersivity in the longitudinal direction represents a one order of magnitude decrease
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from the solute dispersivity of 6 m assumed for the 55 m distance in the y-direction from the
source to the edge of the domain.

Figure 3-1 The 3-D grid system and the fractured environment is shown

conceptually. The illustrated grid is coarser than that actually used, as a depiction of
the actual grid would be unresolvable. This illustration shows the coarsening of the
elements with distance away from both the fracture and the heat source.
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Table 3-1 Thermal transport parameters employed in the modeling.

Parameter
Initial temperature of the system and source

Value
10°C

Constant temperature of the heat source

20°C

Isotropic hydraulic conductivity of the rock matrix

0 m/s

Porosity of the rock matrix

0.2%

Longitudinal thermal dispersivity in the fracture

0.6 m

Transverse thermal dispersivity in the fracture

0.06 m

Thermal conductivity of water
Specific heat capacity of water
Density of water

0.6 W/m K
4174 J/kg K
1000 kg/m3

3.2.3 Selection of additional parameters
3.2.3.1 Aperture fields
The fracture aperture mean, variance and correlation lengths (Table 3-2) are based on statistical
parameters obtained from hydraulic aperture measurements collected from naturally occurring
fractures in natural settings (Bagalkot and Kumar, 2015; Konzuk and Kueper, 2004; Lapcevic et
al., 1999; Novakowski et al., 2006; Tang et al., 1981; West et al., 2004; Zhou et al., 2007). The
range of fracture aperture considered is between 200 and 1,000 μm (Table 3-2). The highest
fracture aperture mean (1,000 µm) has been employed in the modeling of several engineered
geothermal systems (Guo et al., 2016; Pandey et al., 2017, 2014; Pandey and Chaudhuri, 2017).

Although not widely-studied, fracture aperture variances have been observed to vary between
1,000 and 10,000 μm2 for the mean fracture aperture values selected (Lapcevic et al., 1999). In
this study we set the variance to 10,000 μm2 (Guo et al., 2016; Lapcevic et al., 1999; Tsang and
Neretnieks, 1998; Tsang and Tsang, 1989, 1987). The correlation length of the aperture
distribution employed in the modeling is set to 10 m based on field observations (Lapcevic et al.,
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1999; Tsang and Neretnieks, 1998; Tsang and Tsang, 1989, 1987). In defining both the
correlation lengths and the variance with high values, we have set the model to produce a large
channeling effect (Guo et al., 2016; Lapcevic et al., 1999; Tsang and Neretnieks, 1998; Tsang
and Tsang, 1989, 1987).

Using the fracture aperture mean, variance and correlation lengths defined in Table 3-2, 50
random fracture aperture fields were generated using FGEN, a spatially-correlated field generator
based on the Discrete Fourier Transform method (Robin et al., 1993). Isotropic fields were
considered in the simulations with spatial correlation lengths equal in the x and y directions. An
exponential covariance model was utilized to generate the two-dimensional aperture fields with
the range of mean aperture values between 200 and 1,000 µm and a variance set at σ2 = 10,000
μm2. Aperture values below 20% of the mean aperture value were set to zero yielding a truncated
Gaussian distribution thus creating contact points in the aperture fields. The fracture aperture field
was generated at an x and y scale larger than the model domain, and then truncated to avoid edge
effects in the aperture generation process. The aperture values used throughout this paper were
the input mean aperture values, but FGEN returns an actual mean slightly different than the input
mean values (Appendix G). The hydraulic aperture was also calculated for the different
realizations from the output of the numerical model using the cubic law.

Even under natural conditions aperture fields change and are not static. Aperture fields change
due to many behaviors including chemical, mechanical, thermal, and hydraulic processes. These
processes have been addressed in many models in fractured media (Ghassemi and Zhou, 2011;
Pandey et al., 2017, 2015, 2014; Rawal and Ghassemi, 2014; Salimzadeh et al., 2018; Salimzadeh
and Nick, 2019). However, the objective of this study was to investigate the presence of
channeling in aperture fields under natural groundwater flow conditions and not to incorporate
aperture field changes at this stage.
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Table 3-2 Additional parameters employed in modeling

Value

Parameter
Velocity of fluid in fracture

100 and 50 m/day

Thermal conductivity of rock matrix

2 & 4 W/ m K
200 to 1,000 μm

Fracture aperture mean

10,000 μm2

Fracture aperture variance
Fracture aperture correlation length

10 m

3.2.3.2 Hydraulic gradients
With the fracture aperture conditions defined in Table 3-2, the natural groundwater velocities that
might be expected are less than and equal to approximately 100 m/day (Bagalkot and Kumar,
2015; Novakowski et al., 2006; Tang et al., 1981; Zhou et al., 2007). Knowing that the velocity
of the fluid is a dominant parameter controlling heat transport in a discrete rock fracture setting
(Bou Jaoude et al., 2018), another example at 50 m/day (Table 3-2) is illustrated.

The hydraulic gradients selected (Table 3-3) represent measured gradients in naturally occurring
fractures (Bagalkot and Kumar, 2015; Novakowski et al., 2006; Tang et al., 1981; West et al.,
2004; Zhou et al., 2007). The associated hydraulic gradients for the fluid velocity of
approximately 100 m/day are between 1.97x10-3 and 4.92x10-2 for fracture apertures of 1,000 μm
and 200 μm, respectively (Table 3-3).
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Table 3-3 Mean fracture aperture and associated hydraulic gradient used in the

assessment (fluid velocity set at approximately 100 m/day).
Fracture
Aperture (μm)

Hydraulic
Gradient (-)

1,000

1.97x10-3

900

2.43x10-3

700

4.02 x10-3

600

5.47x10-3

500

7.88 x10-3

400

1.23x10-2

300

2.19x10-2

200

4.92x10-2

3.2.3.3 Thermal conductivity
Thermal conductivity at shallow subsurface temperature and pressure conditions typically varies
between rock types and rock forming minerals, and can be bracketed between 0.5 and 10.5 W/m
K (Eppelbaum et al., 2014; Issler and Jessop, 2011; Shim et al., 2010; Shim and Park, 2013). The
mean thermal conductivity of the earth’s crust usually ranges between 2.0-2.5 W/m K
(Eppelbaum, 2014). Gneiss and granite have a mean thermal conductivity typically ranging
between 2 and 4 W/m K as observed in parts of Canada (Issler and Jessop, 2011; Raymond et al.,
2017; Shim et al., 2010; Shim and Park, 2013) and elsewhere (Fuchs et al., 2013; Shim et al.,
2010; Sundberg et al., 2009a, 2009b). Previous modeling studies have typically used thermal
conductivity values between 2 and 4 W/m K (Baston et al., 2010; Ghassemi and Zhou, 2011; Graf
and Therrien, 2009; M. Klepikova et al., 2016; Pehme et al., 2013; J. Raymond et al., 2011b).
This study employs thermal conductivity values from 2 to 4 W/m K. The thermal conductivity of
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2 W/m K represents the mineral mica with a specific heat capacity of 880 J/kg K and a density of
2855 kg/m3 (Table 3-4). The thermal conductivity of 4 W/m K represents the mineral dolomite
with a specific heat capacity of 920 J/kg K and a density of 2857 kg/m3 (Table 3-4).

Table 3-4 Mineral material properties used in this study (Beardsmore and Cull,

2001; Clauser and Huenges, 1995; Horai, 1971; Horai and Simmons, 1969;
Robertson, 1988).

Minerals
Dolomite
Mica

Thermal conductivity of
rock matrix
(W/m K)
4
2

Density of rock Heat capacity of
matrix
rock matrix
(kg/m3)
(J/kg K)
2857
920
2855
880

3.2.3.4 Method for comparison of results and number of realizations required
Choosing specific temperature distributions at several points in time, between a few days and five
years, was deemed an appropriate method to compare model results. The spatial extent of the
thermal front migrating in the fracture plane is chosen as the most representative distribution of
temperature. Setting in our case an initial temperature of 10°C with a constant source temperature
of 20°C, the thermal front is defined at a temperature of 10.1°C. Measurements of small
temperature changes are required for the estimation of hydraulic properties (Klepikova et al.,
2016). Measurement of low temperatures is now possible using fiber optics and thermistors,
having typical accuracy in the order of ±0.001°C (Pehme et al., 2013; Read et al., 2013a).

Figure 3-2 presents a cumulative average graph of the spatial extent of the thermal front (long
axis) for different aperture realizations. The extent of the thermal front is measured from the
source to the down-gradient limit of the thermal front, defined by a temperature of 10.1 C, after
three years of constant heat injection. The minimum number of realizations required to obtain a
representative result as observed in Figure 3-2 is approximately 30. However, the total number of
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randomly selected realizations simulated for the different conditions was set at 50 for each
thermal conductivity value.

A parallel plate model with constant aperture was also defined for comparison purposes. In this
model the mean aperture used in the variable aperture cases is selected to define a constant
parallel plate case. The spatial distribution of the thermal front in the fracture was then used to
compare the parallel plate model and the variable aperture model.

Cumulative Average of thermal front length (m)

40
35
30
25
20
15
10
5
0
0

10

20
30
Number of Runs

40

50

Figure 3-2 Cumulative average plot of the long axis of the thermal front for 50 runs

for a fluid velocity of approximately 100 m/day for different aperture realizations.
The aperture was defined by a mean of 1,000 μm, a standard deviation of 10,000
μm2 and a correlation length of 10 m.
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3.3 Results and discussion
Using the numerical model and varying the parameters according to Table 3-2, 220 simulations
were conducted. The spatial distribution of the thermal front at three years, the evolution of the
thermal front and the limits on the conduction-dominated flow system are presented in this
section.

3.3.1 Thermal front distribution at three years
Figures 3-3a and b illustrate the spatial distribution of the thermal front for eight different
aperture realizations at three years, in the plane of the fracture and perpendicular to the fracture,
respectively. The thermal conductivity of the rock matrix was set at 2 and 4 W/m K, the fluid
velocity was kept constant at approximately 100 m/day, and the mean fracture aperture was
defined as approximately 1,000 μm. The spatial distribution of the thermal front for the uniform
aperture field defined at 1,000 µm is also shown and is typically elliptical in shape. Note that
conduction against the direction of groundwater flow in the fractures occurs in all cases. The
eight examples represent the spatial distribution of the different groups observed from the 50
realizations analyzed. The examples represent conditions from conduction-dominated conditions
to convection-dominated conditions as compared to the uniform case which is convection
dominated (Figures 3-3a and 3-3b). The uniform case (U) represents an elliptical shaped
distribution of the thermal front with the long-axis oriented in the general direction of
groundwater flow (the y-direction) and the short-axes oriented in the x-direction. The group
represented in example 1 has a shorter long-axis than the uniform case, similar short-axis and the
same axis orientation as the uniform case. The group represented in example 2 has a slightly
deformed elliptical shape with respect to the uniform case, but retains similar long-axis and shortaxis lengths and the same axis orientation. The group represented in example 3 has a longer longaxis; same short-axis and the same long-axis orientation as the uniform case. The group
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represented in example 4 has a longer long-axis, similar short-axis and a slight rotation of the
long-axis to the right. The group represented in example 5 has a longer long-axis, similar shortaxis and a slight rotation of the long-axis to the left. The group represented in example 6 have
similar long-axes length, wider short-axis and slight rotation of long-axis to the left. The group
represented in example 7 has similar length of the long-axis, wider short-axis and slight rotation
of long-axis to the right. Both groups 6 and 7 have a deformed elliptical shape caused by either
conduction in the x-direction and/or convection in the x-y directions. With the exception of
groups presented in example 1 all other groups are considered to be influenced by both
conduction and convection of heat in the system.

For both rock matrix thermal conductivity values, the spatial distribution of the thermal front for
the variable aperture cases do not follow specific channels, rather they can be defined mainly as
deformed ellipses with a specific ratio of the long and the short axes. Even less deformation of the
ellipse can be observed when the fluid velocity was set to approximately 50 m/day (Figures 3-4a
and b).

Figures 3-4 a and b illustrate the spatial distribution of the thermal front for eight different
aperture realizations at three years, in the plane of the fracture and perpendicular to the fracture,
respectively, for a velocity of 50 m/day. Groups 1, 4, 5 and 6 retain the shape variation as
compared to the uniform case. While groups 2, 3 and 7 can be now lumped into one group with
longer long-axes, wider short-axes and no major shift in the long-axes as compared to the uniform
case. This change is attributed to the decrease in the velocity which results in the increase of
matrix conduction in the system and/or is a possible effect of the shorter travel distance in the
aperture fields.
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In both cases (Figures 3-3 and 3-4), when the thermal conductivity of the rock matrix is increased
from 2 to 4 W/m K, the shape of the thermal front becomes more circular, retracts in the fracture
and expands in the rock matrix indicating a conduction-dominated condition. When the thermal
conductivity of the rock matrix is increased from 2 to 4 W/m K the decrease in the ratio of the
long to short axis of the spatial distribution of the thermal front in the plane of the fracture is
approximately 24%, an average increase of 10% in the location of the thermal front in the rock
matrix, and an average decrease of approximately 25% in the location of the thermal front in the
fracture are observed. With the decrease in fluid velocity below approximately 100 m/day and
increase in thermal conductivity to 4 W/m K, the spatial distribution of the fracture aperture has
less of an effect on the distribution of the thermal front and the different cases approach in shape
and location to the uniform case (Figure 3-3). Contrary to the high energy systems where
channeling is observed (Andrade Jr. et al., 2004; Bagalkot and Kumar, 2015; Fox et al., 2015;
Guo et al., 2016; Klepikova et al., 2014; Neuville et al., 2010b; Pandey et al., 2017), no
substantial heat channeling of the thermal front was observed in all cases when the groundwater
velocity was less than approximately 100 m/day. This demonstrates that although the
groundwater velocity plays a major role in the propagation and distribution of the thermal front
(Bou Jaoude et al., 2018; Gehlin and Hellström, 2003; Li et al., 2017; Liebel et al., 2012), at
velocities less than approximately 100 m/day conduction in the rock matrix dictates the shape of
the thermal front. Depending on the application and the accuracy of the thermal front
measurement when the groundwater velocity is less than approximately 100 m/day, it is
reasonable to use the uniform case to describe the movement of the thermal front with less than
20% difference, defined as the maximum difference between the uniform case and the variable
aperture cases. When the rock matrix thermal conductivity is close to 4 W/m K the difference
diminishes to approximately 15%. This is further discussed below.
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Peclet numbers were calculated for the two cases presented (fluid velocities of approximately 100
and 50 m/day) for different fracture apertures values as shown in Table 3-5. For fluid velocities of
100 m /day when the mean fracture aperture was set at 1,000 µm, Pe was > 1 indicating a
convection dominated system. For mean aperture values between 800 and 1,000 μm, Pe number
was close to 1 indicating that the system is affected by conduction in the rock matrix and
convection in the fracture. For mean aperture values less than 600 µm, the Pe ≪ 1 indicating a
conduction-dominated system. In the case of approximately 50 m/day of fluid velocity all the
values of Pe are much less than 1 indicating a conduction-dominated system. This further
highlights the fact that even at high Peclet number no substantial heat channeling of the thermal
front was observed for fluid velocities lower than approximately 100 m/day, and conduction in
the rock matrix plays a major role in shaping the thermal front.

Table 3-5 Peclet numbers for velocities of 100 and 50 m/day for different apertures

used in this investigation. The highlighted values indicate where convection in the
fracture plays the major role, the rest are conduction-dominated.
Mean Fracture
Aperture
(µm)
1,000
800
600
400
200

Velocity of fluid in the
fracture 100 m/day
2
4
(W/m K)
(W/m K)
1.18
1.13
0.94
0.90
0.71
0.68
0.47
0.45
0.24
0.23
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Velocity of fluid in the
fracture 50 m/day
2
4
(W/m K) (W/m K)
0.59
0.16
0.47
0.13
0.35
0.10
0.24
0.06
0.12
0.03

a)

b)

Figure 3-3 Eight spatial distributions of the thermal front at 10.1°C in the plane of

the fracture (a), and perpendicular to the fracture (b), at three years for a fluid
velocity of approximately 100 m/day. A mean fracture aperture of 1,000 μm and a
variance of 10,000 µm2 were used to generate the aperture fields. Each line and/or
color represents one realization. The spatial distribution of the uniform aperture
field is also represented as the solid black line. Two cases, one for a rock matrix
thermal conductivity of 2 W/m K and one for 4 W/m K, were investigated. The
seven examples (numbered from 1 to 7) represent the spatial distribution of the
different groups observed from the 50 realizations analyzed. Uniform case (U).
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a)

b)

Figure 3-4 Eight spatial distributions of the thermal front at 10.1°C in the plane of

the fracture (a), and perpendicular to the fracture (b), at three years for a fluid
velocity of approximately 50 m/day. A mean fracture aperture of 1,000 μm and a
variance of 10,000 µm2 were used to generate the aperture fields. Each line and/or
color represents one realization. The spatial distribution of the uniform aperture
field is also represented as the solid black line. Two cases, one for a rock matrix
thermal conductivity of 2 W/m K and one for 4 W/m K, were investigated. The
seven examples (numbered from 1 to 7) represent the spatial distribution of the
different groups observed from the 50 realizations analyzed. Uniform case (U).
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3.3.2 Evolution of the thermal front distribution
Figure 3-5 presents three examples illustrating the development of the spatial distribution of the
thermal front with time over the duration of five years, overlain on the fracture aperture field
(mean approximately 1,000 µm, variance of 10,000 μm2 and correlation length of 10 m) and fluid
flow lines, for thermal conductivity values of 2 and 4 W/m K at a fluid velocity of approximately
100 m/day. Figure 3-6 presents the same conditions for a fluid velocity of approximately 50
m/day.

Figure 3-5a illustrates tortuous fluid flow lines around closure areas in the fracture. This does not
produce separation or divergence of the thermal front and does not result in thermal heat
channeling. The thermal front propagates in the areas of closure due to the effect of the thermal
conductivity of the rock matrix in the x and y directions. This is observed in Figure 3-5a
downstream from the source and to the right where flow diverges significantly, yet the heat front
propagates in a uniform manner. The propagation of the thermal front in areas of closure is more
pronounced when increasing the thermal conductivity of the rock matrix from 2 to 4 W/m K.

When the heat source is located in a major flow channel, as shown in Figure 3-5b, the
propagation of the thermal front is dominated by conduction. The shape of the thermal front
remains a deformed ellipse that can be defined by the ratio of the long to short axes. The shape of
the thermal front becomes more circular with an increase in the thermal conductivity of the rock
matrix. The source in Figure 3-5c is located in an area of closure, producing a defined circular
shape of the thermal front consistent over time, indicating a conduction-dominated regime.

Figure 3-6 illustrates that when the velocity of the fluid is decreased to approximately 50 m/day,
the shape of the thermal front is more elliptical than that for the 100 m/day case, and no major
channeling is observed. The lower fluid velocity diminishes further the effect of the closure
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points on the propagation and shape of the thermal front. The shape of the thermal front becomes
more circular revealing a more conduction-dominated migration, even when the source is located
in a channel. Less channeling, faster movement in closed areas, and more circular movement of
the front are observed with higher thermal conductivity.

These results indicate that contrary to solute transport in a discrete fracture setting where
channeling is sometimes a major contributor to solute migration rates (Abelin et al., 1994; Chen
et al., 2018, 2017; Dou et al., 2018; Gong and Rossen, 2017; Jeong and Song, 2005; Konzuk and
Kueper, 2004; Kosakowski et al., 2001; Lapcevic et al., 1999; Lee et al., 2003; Neretnieks, 1993;
Novakowski et al., 1985; Tsang et al., 1988; Wu et al., 1999) and in thermal transport under high
energy systems where extremely high groundwater velocity channeling may occur (Andrade Jr. et
al., 2004; Bagalkot and Kumar, 2015; Fox et al., 2015; Guo et al., 2016; Klepikova et al., 2014;
Neuville et al., 2010b; Pandey et al., 2017), under natural groundwater flow conditions with fluid
velocities less than approximately 100 m/day, no major thermal channeling is observed and the
spatial distribution of the thermal front is a deformed ellipse.
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a) Thermal conductivity: 2 W/m K

Thermal conductivity: 4 W/m K

b)

c)
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Figure 3-5 Three examples showing the development of the spatial distribution of the
thermal front with time, in the plane of the fracture, overlain on the fracture aperture field
(variance 10,000 μm2 and correlation length of 10 m) and fluid flow lines. Fluid velocity is
set at approximately 100 m/day with rock matrix thermal conductivity of 2 and 4 W/m K
shown side by side (left and right, respectively). a) The hydraulic aperture in this case is 997
µm and the thermal front is seen propagating through closure points, smoothing the
thermal front and eliminating the channeling effect. b) The hydraulic aperture in this case
is 1044 μm and although the source is located in a major flow channel, thermal channeling
is minimal. c) The hydraulic aperture in this case is 856 μm and the source is located in an
area of closure which eliminates major migration of the front by convection, resulting in a
circular shape dominated by conduction and no channeling is observed. Each dashed red
line represents the thermal front at different simulation times (where D is Days & Y is
Years).
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a) Thermal conductivity: 2 W/m K

Thermal conductivity: 4 W/m K

b)

c)
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Figure 3-6. Three examples showing the development of the spatial distribution of the
thermal front with time, in the plane of the fracture, overlain on the fracture aperture field
(variance 10,000 μm2 and correlation length of 10 m) and fluid flow lines. Fluid velocity is
set at approximately 50 m/day with rock matrix thermal conductivity of 2 and 4 W/m K
shown side by side. a) The hydraulic aperture in this case is 493 µm and the thermal front is
seen propagating through closure points, smoothing the thermal front and eliminating the
channeling effect. b) The hydraulic aperture in this case is 519 μm and although the source
is located in a major flow channel, thermal channeling is minimal. c) The hydraulic
aperture in this case is 435 μm and the source is located in close proximity to a closure area
which has an identical effect to that observed in Fig 5c. Each dashed red line represent the
thermal front at different simulation times (where D is Days & Y is Years).
3.3.3 Limits on conduction-dominated flow systems
As the shape of the thermal front is a deformed ellipse, a scatter plot of the ratio of the long and
the short axis for the front was plotted against the hydraulic aperture calculated for each case
from the output of the model using the cubic law (Figure 3-7). The fluid velocity in the fracture
was set at approximately 100 m/day and the mean aperture ranges from approximately 1,100 μm
to 150. The aspect ratios of the thermal front for the uniform aperture are plotted as straight lines
on Figure 3-7.

The ratio of the long to short axis for mean aperture values of approximately 1,000 μm ranges
from 2.7 to 1.3 for a thermal conductivity of 2 W/m K. The range diminishes to a ratio between
1.3 to 1.0 at mean aperture values of approximately 200 µm. This indicates that with a decrease in
mean aperture, the ratio of long to short axes approaches 1.0 indicating conduction-dominated
movement. For a thermal conductivity of 4 W/m K the range varies between 1.9 and 1.3 at mean
aperture values of approximately 1,000 μm and between 1.1 and 1.0 at mean aperture values of
approximately 200 µm. The ranges are less for a thermal conductivity of 4 W/m K, demonstrating
that a higher thermal conductivity results in a more conduction-dominated system.
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Figure 3-8 illustrates the spatial distribution of the thermal front at three years for the eight
different aperture realization groups as defined for the 1,000 µm case outlined in Figure 3-3. The
fracture fluid velocity is set at approximately 100 m/day and a mean fracture aperture of 300 µm.
For rock matrix thermal conductivity values of 2 and 4 W/m K, the thermal front mainly shows
that the distribution is a deformed ellipse and that there is no major channeling occurring at this
scale. The uniform case (U) represents a less elliptical, more circular shaped distribution of the
thermal front with a slightly longer long-axis oriented in the general direction of groundwater
flow (the y-direction) and a wider short-axis oriented in the x-direction. The group represented in
example 1 has a shorter long-axis, same short-axis and same axes orientation. The group
represented in example 4 has longer long-axis, wider short-axis and slight rotation of long-axis to
the right. The groups represented in examples 3, 5 and 6 can in this case be lumped into one
group with longer long-axis, wider short-axis and slight rotation of long-axis to the left. The
group represented in example 7 has a similar distribution as the uniform case. All groups in this
case are considered to be influenced by both conduction of heat in the system.

When the thermal conductivity in the rock matrix is increased from 2 to 4 W/m K the shape of the
thermal front becomes more circular indicating a more conduction-dominated condition. The
defined groups collapse into one group that is slightly deformed when compared to the uniform
case. This was also observed in Figure 3-3 when all conditions where the same but the mean
aperture was defined at 1,000 μm. In addition to being conduction-dominated, the different
examples close in on the uniform field case when the rock matrix thermal conductivity is
increased from 2 to 4 W/m K. The maximum difference between the different cases and the
uniform field is 15 %. This indicates that a uniform aperture can be used with this potential
degree of difference.
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Figure 3-7 Scatter plot of the ratio of the long and short axis of the thermal front

plotted against the results for a uniform aperture (straight dashed lines. Results are
shown for 220 realizations. The scatter plot reveals that with a decrease in the
hydraulic aperture, even at high fluid velocities of approximately 100 m/day, the
system becomes conduction-dominated (ratio approaching 1). At a fluid velocity of
approximately 100 m/day, the minimum acceptable mean aperture that can result in
a realistic hydraulic gradient (less than 0.05) was 0.2 mm.
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a)

b)

Figure 3-8 Eight spatial distributions of the thermal front at 10.1°C in the plane of

the fracture (a), and perpendicular to the fracture (b), at three years for a fluid
velocity of approximately 100 m/day. A mean fracture aperture of 300 μm and
variance of 10,000 µm2 were used to generate the aperture fields. Each line and/or
color represents one realization. The spatial distribution of the uniform aperture
field is represented as the solid black line. Two cases, one for a rock matrix thermal
conductivity of 2 W/m K and one for 4 W/m K, were investigated. The seven
examples (numbered from 1 to 7) represent the spatial distribution of the different
groups observed from the 50 realizations analyzed. Uniform case (U)..
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3.4 Conclusions
Numerical modeling was used to conduct more than 220 simulations for a discrete fracture setting
with natural groundwater flow conditions having velocities less than or equal to approximately
100 m/day and associated hydraulic gradients of less than 0.05. The fracture aperture variability
was defined by aperture means of approximately 1,000 μm, variances of 10,000 µm2, and
correlation lengths of 10 m. Based on the analysis of results, the following conclusions can be
made:



The effect of variability in the fracture aperture on the spatial distribution of the thermal
front is substantially defined by the thermal conductivity of the rock matrix.



In a single fracture setting with an aperture field having a mean aperture of approximately
1,000 µm, a variance of 10,000 μm2 and a correlation length of 10 m and having a fluid
velocity of 100 m /day and less, the spatial distribution of the thermal front for the
variable aperture cases do not follow specific channels, rather they can be defined mainly
as deformed ellipses. Thus the effect of flow channeling through high aperture regions of
the fracture on the spatial distribution of the thermal front is minimal for these conditions.



Under the conditions defined in the first conclusion and when the thermal conductivity of
the rock matrix is increased from 2 to 4 W/m K, the shape of the thermal front becomes
more circular. A decrease of approximately 24 % in the ratio of the long to short axis of
the spatial distribution of the thermal front in the plane of the fracture, an average
increase of 10 % in the location of the thermal front in the rock matrix and an average
decrease of approximately 25 % in the location of the thermal front in the fracture are
observed.



In a single fracture setting with an aperture field having a mean aperture of approximately
1,000 µm, a variance of 10,000 μm2 and a correlation length of 10 m and having a fluid
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velocity of 100 m /day and less, the thermal conductivity of the rock matrix even as low
as 2 W/ m K advances the front at closure points and where aperture sizes are restricted,
thereby eliminating heat channeling.


When the rock matrix thermal conductivity is increased from 2 to 4 W/m K and the
groundwater flow is around 100 m/day and less, the variable aperture cases having a
mean of approximately 300 µm and less can be replaced with uniform cases with less
than 15 % difference in the spatial distribution of the thermal front., eliminating the need
to define the aperture field below mean value.
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Chapter 4
Comparing Heat and Solute Transport in a Discrete Rock Fracture of
Variable Aperture
4.1 Introduction
More than half a century has passed since the recognition of heat as a potential tracer for
groundwater flow (Bredehoeft and Papaopulos, 1965; Stallman, 1965; Suzuki, 1960). For two
centuries now solute tracers have been used to assess groundwater flow (Davis et al., 1980), but
the real applications only started in the first half of the 20th century (Davis et al., 1980). At the
beginning of the 21st century, heat and solute tracers were applied together in studies allowing for
better assessment of the subsurface transport characteristics (Constantz et al., 2005; Pruess et al.,
2002). Subsequently, researchers utilized heat and solute tracers together for a variety of
applications, mainly focusing on porous media (Abrantes et al., 2018; Anderson, 2005; Constantz
et al., 2005; Irvine et al., 2015; Maria Klepikova et al., 2016; Li, 2018; Ma et al., 2012; Pruess et
al., 2002; Rau et al., 2012; Sarris et al., 2018; Taniguchi and Sharma, 1990; Vandenbohede et al.,
2009). More recently, both tracers were used simultaneously in assessing fractured media
(Cherubini et al., 2017; de La Bernardie et al., 2018; Hawkins et al., 2017; M. Klepikova et al.,
2016; Kocabas, 2005; Pastore et al., 2015; Read et al., 2013b), with applications including
subsurface characterization, hydraulic parameters assessment, heat storage and transport
mechanisms, and remediation applications (Cherubini et al., 2017; de La Bernardie et al., 2018;
Egan, 2018; Graf and Therrien, 2009; Hawkins et al., 2017; Klepikova et al., 2016; Kocabas,
2005; Molson et al., 2007; Pastore et al., 2015; Pehme et al., 2013; Read et al., 2013; Wright and
Novakowski, 2019).
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De La Bernardie et al. (2018) proposed that an instantaneous equilibrium between the rock and
the fluid in the fracture cannot be assumed, primarily because of the very long times of
conduction or heat exchange between the matrix and fluid. They concluded along with others
(Bödvarsson and Tsang, 1982; Gringarten et al., 1975; Kocabas, 2005; Lauwerier, 1955; Tang et
al., 1981) that under the conditions they presented, one-dimensional (1-D) conduction in the
matrix is a reasonable assumption in the assessment, and that longitudinal conduction does not
play a significant role on thermal transport in the fracture similar to what has been proposed for
solute transport. Cherubini et al. (2017) and Pastore et al. (2015) conducted bench scale
experiments, and concluded that the behavior of heat transport is entirely different compared to
mass transport at thermal-fracture matrix Peclet numbers less than one. Both studies assumed
one-dimensional (1-D) conduction in the matrix.

Other studies suggest that two-dimensional (2-D) conduction in the matrix, in directions
perpendicular and parallel to the fracture, must be accounted for (Bou Jaoude et al., 2018;
Kolditz, 1995b; Martínez et al., 2014; Yang, 2016). Bou Jaoude et al. (2018), in a numerical
study, noted that the migration of heat is primarily governed by the groundwater velocity in the
fracture and the size of the fracture aperture. As solute diffuses at a much lesser rate – it does not
diffuse far into the matrix, and therefore, matrix diffusion of solute during transport can be
reasonably approximated to be one-dimensional (Chen, 1985). Using numerical simulations, de
La Bernardie et al. (2018) demonstrated that longitudinal conduction does not play a significant
role in thermal transport in the fracture. In the plane of the fracture, the solute will have to travel
around the closed areas creating meandering of the solute, while a heat tracer will travel through
these closed areas through conduction parallel to the fracture orientation. Consequently,
conduction in the plane of the fracture will aid in smoothing the shape of the thermal front
(Chapter 3). There is clearly a need to conduct a robust comparison between heat and solute
tracers in a variable aperture discrete fracture setting under natural groundwater conditions, where
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three-dimensional (3-D) matrix conduction and two-dimensional (2-D) conduction in the plane of
the fracture are considered, allowing for a better comparison between the spatial distribution of
the thermal and solute plumes.

Both advection in the fracture and conduction in the matrix control the heat migration in a
discrete fracture (Abdallah et al., 1995; Baston and Kueper, 2009; Martínez et al., 2014).
Conduction dominates the movement of the heat transport when the underground system exhibits
a very low permeability or when the aperture of the fracture is small (Bou Jaoude et al., 2018;
Saar, 2011). Dehkordi et al. (2015) in a sensitivity assessment on the impact of vertical closedloop on geothermal heat pump systems established that the increase in groundwater flow, mainly
above 10-7 m/s, can substantially reshape and dissipate the thermal plume. They demonstrated that
the thermal plume keeps growing indicating that the accurate assessment of the subsurface
properties, including thermal conductivity of the matrix, is essential.

Flow channeling and fracture roughness may also be the cause of the differences between
predictive heat models and field observations, as documented by the efficiencies of geothermal
systems and temperature breakthrough curves (Kolditz, 1995; Kolditz and Clauser, 1998). Heat
channeling was identified under high-energy performance geothermal systems with high Peclet
numbers of approximately 10,000, and in some lower groundwater velocity cases with Peclet
numbers approximately 200 (Andrade Jr. et al., 2004; Bagalkot and Kumar, 2015; Chen et al.,
2018; Fox et al., 2015; Guo et al., 2016; M. Klepikova et al., 2016; Klepikova et al., 2014; Ma et
al., 2018; Neuville et al., 2010a, 2010b; Pandey et al., 2017; Zhou et al., 2007). The channeling
effect was also identified in laboratory investigations conducted in fractured rocks (Bai et al.,
2017; Cherubini et al., 2017; He et al., 2016; Luo et al., 2018; Zhao, 2014). Where Peclet
numbers are approximately one or less, heat channeling disappeared. This is attributed mainly to
the effect of the closure points and conduction in the matrix (Chapter 3). De La Bernardie et al.
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(2018) used a push-pull test and demonstrated that under a thermal-fracture matrix Peclet number
between 2000 - 40,000, and for a fracture aperture ranging between 2.8-10 cm, the assumption of
a parallel plate fracture of homogeneous aperture for modeling both solute and thermal transport
is invalidated. This is similar to results obtained by Klepikova et al. (2016) under the same
conditions. This unrealistic assumption is mainly due to flow channeling. Klepikova et al. (2016)
also concluded that the thermal signature could be characterized by a system of multiple channels
that are parametrized by the mean channel density and diameter. Although channeling was
identified in the studies conducted by several authors (e.g.: Bagalkot and Kumar, 2015; Fox et al.,
2015; Guo et al., 2016; Neuville et al., 2010b), they did not address the effect of contact points in
the aperture fields as their generated apertures lacked them.

Solute transport in discrete fractured media is reasonably understood and has been extensively
studied (Becker and Shapiro, 2000; Berkowitz, 2002; Bradbury and Muldoon, 1992; Cady et al.,
1993; Chen et al., 2017; Dorn et al., 2012; Meng et al., 2018; Neretnieks, 1993; West et al., 2004;
Yang et al., 2012). In discrete fractures, solute transport provides a method that confidently
determines connectivity and explores flow pathways. The main inherent complexity of natural
discrete fractures is the characterization of fracture aperture variability. Variable aperture fields
can influence flow and transport and may enhance preferential flow paths and channeling (Abelin
et al., 1994; Chen et al., 2017; Dou et al., 2018; Gong and Rossen, 2017; Jeong and Song, 2005;
Konzuk and Kueper, 2004; Kosakowski et al., 2001; Lapcevic et al., 1999; Lee et al., 2003; Li,
2018; Neretnieks, 1993; Novakowski et al., 1985; Tsang and Neretnieks, 1998; Watanabe et al.,
2008; Whitehouse et al., 1970; Wu et al., 1999). Channeling in discrete fractures is a key factor in
transport experiments causing the tracer transport to be unrepresentative of the mean flow and can
impact the breakthrough of tracers in ways that are challenging to analyze (Brown et al., 1998;
Tsang & Neretnieks, 1998; Tsang et al., 1988).
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Most research comparing heat and solute transport, and those for heat transfer alone, especially
under variable-aperture discrete-fractured rock settings, focuses on high energy and fast flowing
systems (Andrade Jr. et al., 2004; Bagalkot and Kumar, 2015; Chen et al., 2018; Fox et al., 2015;
Guo et al., 2016; M. Klepikova et al., 2016; Klepikova et al., 2014; Ma et al., 2018; Neuville et
al., 2010a, 2010b; Pandey et al., 2017; Zhou et al., 2007). As stated above, solute and heat
transport in fractured rock has an inherent complexity stemming from the fracture aperture
variability. Research has not focused on the lower end of the fluid velocity spectrum which
corresponds to conditions of natural groundwater flow.

The objective of this study is to employ a numerical model that fully couples heat and solute
transfer in a discrete variable aperture fracture with the surrounding rock matrix to compare and
assess the spatial distribution of the solute and thermal fronts. We focus on the lower end of the
fluid velocity spectrum, which is representative of natural groundwater flow conditions with a
Peclet number generally less than one. Due to the differences in behavior between solute and heat
tracers in the same discrete fracture, the comparison assists in identifying heterogeneity in
fracture aperture. The variable fracture aperture fields, with specific mean, variance, correlation
lengths, and closure points, are incorporated into the numerical model. Systematic and
quantitative analysis is conducted to determine the spatial distribution of the thermal and solute
front in the fracture. Comparing the time of development, the travel distance, the shape of the
front, and assessing the effect of closed areas on both tracers, allows a better understanding of
how each tracer traverses in the variable aperture fracture, thus revealing some characteristics on
the fractured aquifer under investigation. The results of this investigation can be used to design
field experiments to investigate in-situ natural fracture heterogeneity.
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4.2 Model and governing equations
HydroGeoSphere is the model used to conduct the simulations for this study (Therrien et al.,
2010). Model capability, success in previous applications and ease to use made HydroGeoSphere
a reasonable choice for this numerical investigation. HydroGeoSphere is a three-dimensional
control-volume finite element model that is capable of simulating coupled flow, mass transport
and thermodynamic transport processes in three-dimensional (3-D) porous and fractured media
(Therrien et al., 2010). The model has been used successfully in simulating solute and thermal
propagation in local and large-scale fracture systems, and in assessing the performance of groundheat exchangers and geothermal systems (Ben Abdelghani et al., 2015; Blessent et al., 2011; Bou
Jaoude et al., 2018; Doe et al., 2014; Irvine et al., 2015; Raymond and Therrien, 2014; Yang,
2016).

HydroGeoSphere uses the Galerkin finite-element approach to solve the heat and solute transport
equations and a control-volume method to discretize the groundwater flow equations (Therrien et
al., 2010).

In this investigation, the rock matrix is considered impermeable to fluid flow, and the solute is
transported via diffusion and the heat via conduction in the matrix. This study was conducted
under steady flow and fully-saturated conditions. The two-dimensional flow equation in a fracture
that is fully saturated and under steady flow conditions with an aperture 2b [L] is slightly
modified from Richard’s equation (Berkowitz et al., 1988; Sudicky and McLaren, 1992) and
takes the form of:
̿. (2b. 𝑞𝑓 ) − 2b. Γ𝑓 = 2b (
−∇

𝜕𝑆𝑤𝑓
)=0
𝜕𝑡

where 𝑞𝑓 is the fluid flux given as:
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(Equation 4-1)

̿(ℎ𝑓 ) = −𝐾𝑓 𝛻̿ (ℎ𝑓 )
𝑞𝑓 = −𝐾𝑓 . 𝑘𝑟𝑓 ∇

(Equation 4-2)

̿ is the two-dimensional gradient operator, ℎ𝑓 is the hydraulic head [L], respectively, Γ𝑓 is
where ∇
the fluid source/sink term [1/T], 𝑆𝑤𝑓 is the saturation of water [dimensionless] is equal to one,
𝑘𝑟𝑓 is the relative permeability [dimensionless] which is equal to one, 𝑡 is the time [T] and 𝐾𝑓
[L/T] is the hydraulic conductivity of the fracture given as [Bear, 1972]:

𝐾𝑓 =

𝜌𝑤 𝑔(2𝑏)2
12𝜇

(Equation 4-3)

where 𝜌𝑤 is the density of the aqueous phase [M/L3], 𝑔 is gravitational acceleration [L/T2] and 𝜇
is the fluid viscosity [M/LT].

The three-dimensional and two-dimensional conservative solute transport equations in the matrix
and the fracture with an aperture 2b [L] can be written as follows (Sudicky and McLaren, 1992;
Tang et al., 1981; Therrien and Sudicky, 1996):
𝜕𝑐𝑚
𝜕 2 𝑐𝑚
𝜕 2 𝑐𝑚
𝜕 2 𝑐𝑚
− 𝐷𝐿𝑠
−
𝐷
−
𝐷
± Γ𝑠𝑚 = 0
𝑇
𝑉
𝑠
𝑠
𝜕𝑡
𝜕𝑥 2
𝜕𝑦 2
𝜕𝑧 2

(Equation 4-4)

𝜕𝑐𝑓
𝜕𝑐𝑓
𝜕 2 𝑐𝑓
𝜕 2 𝑐𝑓
] ± 2Γ𝑠𝑓 = 0
2b [
+ 𝑣𝑓
− 𝐷′ 𝑇𝑠
+
𝐷′
𝐿𝑠
𝜕𝑡
𝜕𝑥
𝜕𝑥 2
𝜕𝑦 2

(Equation 4-5)

and

where the x-coordinate is in the direction of the fracture axis, the y-coordinate is in the transverse
direction in the plane of the fracture, the z-coordinate is in the vertical direction perpendicular to
the plane of the fracture, 𝑐𝑓 is the concentration of solute in the fracture [M/L3], 𝑣𝑓 is the
velocity of the fluid in the fracture [L/T], Γ𝑠𝑚 and Γ𝑠𝑓 are the diffusive sink terms of the matrix
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and fracture respectively [M/L3T], 𝐷𝐿𝑠 , 𝐷𝑇𝑠 and 𝐷𝑉𝑠 are the longitudinal, transverse horizontal and
transverse vertical hydrodynamic dispersion coefficients of the solute in the matrix respectively
[L2/T], considered to be the effective diffusion coefficient of the solute in the matrix 𝐷 [L2/T]
because the matrix is considered impermeable to flow. The longitudinal and transverse
hydrodynamic dispersion coefficients of the solute in the fracture 𝐷′𝐿𝑠 and 𝐷′ 𝑇𝑠 respectively
[L2/T] are defined as:

𝐷′𝐿𝑠 = 𝛼′𝐿𝑠 |𝑣𝑓 | +𝐷′

(Equation 4-6)

𝐷′ 𝑇𝑠 = 𝛼′ 𝑇𝑠 |𝑣𝑓 | +𝐷′

(Equation 4-7)

where 𝛼′𝐿𝑠 and 𝛼′ 𝑇𝑠 are the longitudinal and transverse dispersivities of the solute in the direction
and transverse to the fracture axis respectively [L], 𝐷′ is the effective diffusion coefficient of the
solute in the fracture [L2/T] which includes the geometric effect of the pathways in the pore
space, and |𝑣𝑓 | is the magnitude of the velocity of the fluid [L/T].

Concerning heat transport, the general conduction equation in a three-dimensional rock matrix
and the general convection-conduction equation in a two-dimensional fracture are given as
(Bergman et al., 2011; Cheng et al., 2001; Martínez et al., 2014; Ozisk, 1993; Raymond and
Therrien, 2014):

𝜆𝑚𝑦 𝜕 2 𝑇𝑚
𝜆𝑚𝑥 𝜕 2 𝑇𝑚
𝜆𝑚𝑧 𝜕 2 𝑇𝑚
𝜕𝑇𝑚
−
−
−
± Γ𝑇𝑚 = 0
𝜕𝑡
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑥 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑦 2
𝑐ℎ𝑚 𝜌𝑚 𝜕𝑧 2

and
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(Equation 4-8)

𝜕𝑇𝑓
𝜕𝑇𝑓
𝜕 2 𝑇𝑓
𝜕 2 𝑇𝑓
+ 𝑣𝑓
− 𝐷𝑇ℎ
− 𝐷𝐿ℎ
± Γ𝑇𝑓 = 0
𝜕𝑡
𝜕𝑥
𝜕𝑥 2
𝜕𝑦 2

(Equation 4-9)

where 𝑇𝑚 is the temperature [K] in the rock matrix, 𝑇𝑓 is the temperature [K] in the fracture,
where 𝜆𝑚𝑥 [ML/T3K] is the longitudinal thermal conductivity in the matrix in the x-direction,
𝜆𝑚𝑦 [ML/T3K] is the lateral thermal conductivity in the matrix in the y-direction, 𝜆𝑚𝑧 [ML/T3K]
is the vertical thermal conductivity in the z-direction, 𝜌𝑚 is the bulk density of the matrix
[M/L3], 𝑐ℎ𝑚 is the bulk heat capacity of the rock matrix [L2/T2K], 𝐷𝐿ℎ and 𝐷𝑇ℎ are the fracture
thermal dispersion coefficients in the longitudinal and transverse directions [L2/T] respectively,
and Γ𝑇𝑚 and Γ𝑇𝑓 are the thermal source/sink terms for the rock matrix and fracture respectively
[K/T].

Assuming the rock matrix has a porosity of 𝜃𝑚 , the rock matrix parameters 𝑐ℎ𝑚, 𝜌𝑚 and 𝜆𝑚 are
calculated as volumetric averages (assuming the system remains saturated):

𝑐ℎ𝑚 𝜌𝑚 = (1 − 𝜃𝑚 )𝑐ℎ𝑠 𝜌𝑠 + 𝜃𝑚 𝑐𝑤 𝜌𝑤

𝜆𝑚 = (1 − 𝜃𝑚 )𝜆𝑠 + 𝜃𝑚 𝜆𝑤

(Equation 4-10)

(Equation 4-11)

where 𝜌𝑠 is the density of the solid phase [M/L3], 𝜌𝑤 is the density of the aqueous phase [M/L3],
𝑐ℎ𝑠 is the heat capacity of the solid phase [L2/T2K], 𝑐𝑤 is the heat capacity of the aqueous phase
[L2/T2K], 𝜆𝑠 is the solid phase thermal conductivity [ML/T3K], 𝜆𝑤 is the liquid phase thermal
conductivity [ML/T3K], and 𝜆𝑚 is the bulk thermal conductivity of the rock matrix [ML/T3K].

The thermal dispersion coefficient, representing both the longitudinal and transverse directions,
is analogous to the solute hydrodynamic dispersion coefficient and is given as (Anderson, 2005;
Bear, 1972; De Marsily, 1986a):
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𝐷𝐿ℎ =

𝜆𝑤
+ 𝛼𝐿ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 4-12)

𝐷𝑇ℎ =

𝜆𝑤
+ 𝛼 𝑇ℎ |𝑣𝑓 |
𝑐𝑤 𝜌𝑤

(Equation 4-13)

where |𝑣𝑓 |represents the magnitude of the velocity of the fluid [L/T] and 𝛼𝐿ℎ and 𝛼 𝑇ℎ [L] denote
the longitudinal and transverse thermal dispersivities respectively.

The general form of the dimensionless Peclet number for the solute in a fracture is defined as the
ratio between the coefficients of advective and dispersive terms multiplied by a reference length
(Huysmans and Dassargues, 2005):

𝑃𝑒𝑠 =

𝐿𝑣𝑓
𝐷𝑠

(Equation 4-14)

where 𝑃𝑒𝑠 is the solute Peclet number [dimensionless], L is the reference length [L] referred to as
the characteristic scale of the model, 𝑣𝑓 is the velocity of the fluid in the fracture [L/T] and 𝐷𝑠 is
the hydrodynamic dispersion coefficient in the matrix defined as the longitudinal hydrodynamic
dispersion coefficient in the matrix 𝐷𝐿𝑠 [L2/T]. For 𝑃𝑒𝑠 < 1 diffusion in the rock matrix dominates
over advection in the fracture; for 𝑃𝑒𝑠 > 1 advection dominates (Huysmans and Dassargues,
2005).

The Peclet number is a dimensionless parameter which reflects the rate of heat removed by
conduction from the fracture into the rock matrix compared to the convective movement of heat
in the fracture. There are various forms of this dimensionless parameter (Andrade Jr. et al., 2004;
De Marsily, 1986b; Huysmans and Dassargues, 2005; Martínez et al., 2014). However, the most
applicable to our model can be formulated as follows (Martínez et al., 2014):
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𝑃𝑒ℎ =

𝑏𝑣𝑓
𝜃𝑚𝑠 𝛼𝑚

(Equation 4-15)

where 𝑃𝑒ℎ is the thermal Peclet number [dimensionless], b is the half of the fracture aperture [L],
𝑣𝑓 is the velocity of the fluid in the fracture [L/T], 𝛼𝑚 is the rock matrix thermal diffusivity
coefficient [L2/T], and 𝜃𝑚𝑠 is the solid component of the rock matrix calculated as follows:

𝜃𝑚𝑠 =

𝑐ℎ𝑠 𝜌𝑠
𝑐𝑤 𝜌𝑤

(Equation 4-16)

For 𝑃𝑒ℎ < 1 conduction in the rock matrix dominates over convection in the fracture; for 𝑃𝑒ℎ > 1
convection dominates (Andrade Jr. et al., 2004).

4.3 Model configuration, discretization, and boundary-initial conditions
A block of rock with specific parameters and a discrete single horizontal fracture with variable
aperture represents the modeled fractured rock environment. The schematic in Figure 4-1
illustrates the conceptual representation of the three-dimensional (3-D) grid system that is
employed in the numerical model. An 80 m by 80 m by 60 m block domain is considered in the x,
y and z-directions, respectively. The domain size is chosen to avoid boundary effects and to
enhance computing efficiency. At an elevation of 30 m in the z-direction, a single discrete
horizontal variable aperture fracture divides the domain in half. In the x-z plane at y = 0 m and y
= 80 m a Type I hydraulic boundary (constant head) condition is implemented (Figure 4-1). This
Type I hydraulic boundary generates uniform steady flow in the fracture. On all other faces, noflow hydraulic boundary conditions are applied.

The constant parameters and their respective values that are employed in the modeling are
presented in Table 4-1. A 10°C uniform temperature and zero chloride concentration are set for
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the initial condition. A constant line source extending 1 m into the rock matrix along the z-axis on
either side of the fracture is incorporated, set to a 20°C temperature and 1 mg/L solute (Figure 41). The line source represents an isolated section of a well with an intersecting fracture, and is
located 25 m from the up-stream boundary. In our experience, the 2-m packer spacing is usually
at the smaller end of the practical range of field applications in fractured rock (Lapcevic et al.,
2010). Given the relatively small increase in temperature from 10 to 20°C, changes in fluid and
bedrock properties as a function of temperature are considered to be negligible (Baston and
Kueper, 2009; Ma and Zheng, 2010; Simmons, 2005). The bedrock matrix has a uniform
isotropic thermal conductivity and is assumed to be impervious to the flow of groundwater.

Zero dispersive solute flux (zero-gradient) and zero conductive heat flux are set as boundary
conditions for the x-y plane at z = 0 m and z = 60 m and for the y-z plane at x = 0 m and x = 60
m. Chloride concentration and temperature values were evaluated at monitoring points located at
the top, bottom, left and right boundaries to assess that reflection boundary effects were never
encountered. A maximum of less than 1x10-3 mg/L of chloride concentration and less than
0.004°C temperature change were observed at the boundaries after the completion of the
simulations, demonstrating that boundary conditions were not likely to impact the simulation
results for this domain size.

For discretization, a constant grid spacing of 0.01 m extending 1 m in the z-direction in the
vicinity of the fracture is implemented (Figure 4-1). A constant grid spacing of 0.1 m extending 2
m in the x and y-directions in the vicinity of the heat source is considered (Figure 4-1). In the zdirection, the grid coarsens to 0.5 m with distance away from both the fracture, and in the x and
y-directions, the grid then coarsens to 0.4 m. In order to ensure accuracy of the solution, a
sensitivity assessment to grid spacing was carried out. The assessment demonstrated that when
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the grid size was reduced to 0.001 m, there was less than 0.1% change in temperature values and
chloride concentrations at monitoring points in the fracture and rock matrix.

Figure 4-1 The conceptual representation of the 3-D grid system and the fractured

rock environment modeled. This diagram illustrates the coarsening of the grid
elements with distance away from both the source and the fracture. The presented
grid is coarser than that used in the modeling, as an illustration of the actual grid
would be unresolvable. The location of the monitoring wells is indicated.
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4.4 Selection of additional model parameters
In addition to the parameters presented in Table 4-1 additional parameters used in the numerical
modeling were selected including parameters used to define the aperture fields, hydraulic
gradients, Peclet numbers, and the thermal conductivity and dispersivity.

Table 4-1 Solute and thermal transport parameters and their corresponding values

that are employed in the modeling.
Parameter

Value

Constant chloride concentration at the source

1 mg/L

Initial chloride concentration in the system

0 mg/L

Longitudinal solute dispersivity in the matrix

1m

Transverse solute dispersivity in the matrix

0.1 m

Vertical solute dispersivity in the matrix

0.01 m

Longitudinal solute dispersivity in the fracture

6m

Transverse solute dispersivity in the fracture

0.6 m

Free solution diffusion coefficient of chloride

2.24x10-9 m2/s

Initial temperature of the system and source

10°C

Constant temperature of the heat source

20°C

Isotropic hydraulic conductivity of the rock matrix

0 m/s

Porosity of the rock matrix

0.2%

Longitudinal thermal dispersivity in the fracture

0.6 m

Transverse thermal dispersivity in the fracture

0.06 m

Thermal conductivity of the rock matrix

2 W/m K

Thermal conductivity of water

0.6 W/m K

Specific heat capacity of water

4174 J/kg K
1001 kg/m3

Density of water
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4.4.1 Aperture fields
Table 4-2 lists the fracture aperture mean, variance and correlation lengths utilized to generate the
fracture aperture fields. They are selected based on statistical parameters obtained from
measurements of hydraulic aperture acquired under natural setting from naturally occurring
fractures (Bagalkot and Kumar, 2015; Konzuk and Kueper, 2004; Lapcevic et al., 1999;
Novakowski et al., 2006; Tang et al., 1981; West et al., 2004; Zhou et al., 2007). The mean
fracture aperture considered is 1,000 µm, a relatively high value for naturally occurring fractures,
but which has been used in the modeling of several engineered geothermal systems (Guo et al.,
2016; Pandey et al., 2017, 2014; Pandey and Chaudhuri, 2017).

The variance of the aperture values selected, although not widely-studied, have been observed to
vary between 1,000 and 10,000 μm2 (Lapcevic et al., 1999). We have set the variance to 10,000
μm2 in this study (Guo et al., 2016; Lapcevic et al., 1999; Tsang and Neretnieks, 1998; Tsang and
Tsang, 1989, 1987). Based on field observations, the correlation length of the aperture
distribution employed in the modeling is set to 10 m (Lapcevic et al., 1999; Tsang and
Neretnieks, 1998; Tsang and Tsang, 1989, 1987). By selecting these values, we have allowed the
model to generate significant channeling effects (Guo et al., 2016; Lapcevic et al., 1999; Tsang
and Neretnieks, 1998; Tsang and Tsang, 1989, 1987).

A spatially-correlated field generator based on the Discrete Fourier Transform method (FGEN Robin et al., 1993) was used to generate 50 random fracture aperture fields, based on the fracture
aperture mean, variance and correlation lengths defined in Table 4-2 (Appendix G). The aperture
values used throughout this paper are the input mean aperture values, but FGEN when creating
the aperture fields returns an actual mean, variance and correlation lengths slightly different than
the input mean values. Heterogeneous isotropic fields were considered in the simulations with
spatial correlation lengths equal in the x and y-directions. Heterogeneous isotropic fields were
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generated for this research, as many measurements of aperture distributions display isotropic
conditions when minimal shear is present (Auradou et al., 2005; Huang et al., 2018; Konzuk and
Kueper, 2004). The two-dimensional aperture fields were generated using an exponential
covariance model having a mean aperture set at 1,000 µm and variance set at σ2 = 10,000 μm2. To
create contact points in the aperture fields, aperture values below 20% of the mean aperture value
were set to zero yielding a truncated Gaussian distribution. A fracture aperture field was
generated larger than the model domain and then truncated to avoid edge effects in the aperture
generation process. Using the output of the numerical model, the cubic law was utilized to
calculate the hydraulic aperture for the different realizations.

Aperture fields are not static even under natural conditions. Many behaviors, including chemical,
mechanical, thermal, and hydraulic processes, cause changes in the aperture fields. Several
models have addressed these processes in fractured media (Ghassemi and Zhou, 2011; Pandey et
al., 2017, 2015, 2014; Rawal and Ghassemi, 2014; Salimzadeh et al., 2018; Salimzadeh and Nick,
2019). The objective of this study was to compare heat and solute transport in variable aperture
fields, under natural groundwater flow conditions and not to integrate aperture field changes at
this stage.

4.4.2 Hydraulic gradients and Peclet numbers
The maximum expected groundwater velocity, for the fracture aperture defined, is approximately
100 m/day (Table 4-2). The associated hydraulic gradient for the fluid velocity of approximately
100 m/day is 1.97x10-3. The selected hydraulic gradient selected represents measured gradients in
naturally occurring fractures (Bagalkot and Kumar, 2015; Novakowski et al., 2006; Tang et al.,
1981; West et al., 2004; Zhou et al., 2007).
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Solute Peclet numbers (𝑃𝑒𝑠 ) were calculated for fluid velocities of 100 m/day when the mean
fracture aperture was set at 1,000 µm. The 𝑃𝑒𝑠 was approximately 13.3 indicating both an
advection and dispersion influenced system.

Thermal-fracture matrix Peclet (𝑃𝑒ℎ ) numbers were calculated for fluid velocities of 100 m/day
when the mean fracture aperture was set at 1,000 µm. The 𝑃𝑒ℎ was approximately 1.18, indicating
a mixed conduction-convection system.

Table 4-2 Additional parameters employed in modeling
Parameter

Value

Velocity of fluid in fracture

100 m/day

Thermal conductivity of rock matrix

2 W/ m K

Fracture aperture mean

1,000 μm

Fracture aperture variance

10,000 μm2

Fracture aperture correlation length

10 m

4.4.3 Thermal conductivity and thermal dispersivity
Thermal conductivity can be bracketed between 0.5 and 10.5 W/m K for different rock types and
rock-forming minerals at shallow subsurface temperature and pressure conditions (Eppelbaum et
al., 2014; Issler and Jessop, 2011; Shim et al., 2010; Shim and Park, 2013). This study employs a
thermal conductivity of 2 W/m K (Table 4-1). Characteristically, earlier modeling studies used
thermal conductivities between 2 and 4 W/m K (Baston et al., 2010; Bou Jaoude et al., 2018;
Ghassemi and Zhou, 2011; Graf and Therrien, 2009; M. Klepikova et al., 2016; Pehme et al.,
2013; J. Raymond et al., 2011a). The thermal conductivity of 2 W/m K represents the mineral
mica with a specific heat capacity of 880 J/kg K and a density of 2855 kg/m3 (Beardsmore and
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Cull, 2001; Clauser and Huenges, 1995; Horai, 1971; Horai and Simmons, 1969; Robertson,
1988). This research will focus on the lower limit of thermal conductivity and so all the
simulations conducted will use 2 W/m K. The higher the thermal conductivity, the more
pronounced the effect of conduction (Bou Jaoude et al., 2018).

Bou Jaoude et al. (2018) demonstrated, using realistic flow velocities and aperture values under
conditions similar to those adopted here, that the thermal dispersivity has a minimal effect on the
propagation of a thermal front and its omission might produce a minimal error. These results are
similar to the findings of Cheng et al., 2001, and in contrast to what is encountered in porous
media (Metzger et al., 2004; Rau et al., 2012; Saar, 2011).

In porous media the significance of thermal dispersivity and its contribution to the heat transport
has long been disputed in the literature (e.g. Anderson, 2005; De Marsily, 1986; Rau et al., 2014;
Vandenbohede et al., 2009). Bear (1972) considered thermal dispersivity to be zero. Under
natural groundwater conditions, when the Peclet number is less than 0.5, Rau et al. (2012)
concluded from their experiment on coarse sand that thermal dispersivity can be neglected. Sauty
et al. 1982 and De Marsily (1986) pointed out that actual values base on field studies are rare. De
Marsily (1986) summarized the results from different investigations and noted that thermal
dispersivity should be the same if not five times less than solute dispersivity. Constantz et al.
(2005) and Park et al. (2015) concluded that thermal dispersivity should not be neglected even if
it is much smaller than the solute dispersivity under natural groundwater conditions.
Vandenbohede et al. (2009) concluded from their push pull test that thermal dispersivity is 2 to 7
times smaller than solute dispersivity. Bou Jaoude et al. (2018) showed thermal dispersivity has a
minimal effect on the propagation of a thermal front and its omission might produce minimal
error, under conditions similar to used herein (i.e. using realistic flow velocities and aperture
values). Solute dispersivity in fractured setting increases as a function of the fracture length as
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shown by tracer experiments conducted in discrete fractures under natural groundwater flow
conditions (Guimerà and Carrera, 2000). For example, longitudinal solute dispersivity was
observed to increases from 0.2 to 10 m when increasing the field scale from 3.0 to 45 m, (Bodin
et al., 2003; Gelhar et al., 1992; Lapcevic et al., 1999). Assumptions for representative values of
fracture thermal dispersivity must be made due to the lack of laboratory and field scale values. In
this research we adopt a one order of magnitude decrease between solute dispersivity and thermal
dispersivity. Therefore, the 0.6 m thermal dispersivity in the longitudinal direction represents one
order of magnitude decrease from the solute dispersivity of 6 m assumed for the 55 m distance in
the y-direction from the source to the edge of the domain (Table 4-1).

4.5 Results and discussion
Using the numerical model and varying the parameters according to Tables 4-1 & 4-2, a total of
100 simulations were conducted in separate realizations of the aperture field. The normalized
chloride concentrations and temperature values were calculated for the comparison. Knowing that
measurement of small temperature differentials is now possible using fiber optics and thermistors,
having typical accuracy in the order of ±0.001°C (Pehme et al., 2013; Read et al., 2013b), the
spatial distribution of the normalized solute and thermal front from a few days up to five years
were considered. The travel distance was analyzed in relation to time and hydraulic aperture. The
normalized concentration in monitoring wells is also discussed, and the shape of the plumes in the
model domain, assessed. Finally, the effect of the closed areas on the distribution of the thermal
front is analyzed.

4.5.1 Travel distance vs. time
The spatial extent/travel distance of the solute plume at a normalized chloride concentration of
0.1 as it develops with respect to time is illustrated in Figure 4-2. The travel distance is measured
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in the plane of the fracture from the source to the limit of the spatial extent of the plume in the ydirection as illustrated in Figure 4-1. Most of the growth of the chloride plume takes place in the
first few days. After only one day of injection, the plume reaches 95% of its maximum extent.
The chloride plume reaches steady state in the fracture at approximately 42 m after ten days.

Figure 4-3 illustrates the travel distance of the normalized thermal plume temperature at 0.1
(same normalized concentration as the solute plume) and 0.01 (tenfold less than the solute plume)
values. The normalized thermal plume of 0.1 reaches 8.5 m after three years and ten meters after
ten years. The plume does not reach steady state and it reaches approximately ¼ the extent of the
solute plume over much greater time. It is clear that the thermal plume for the same normalized
concentration migrates much slower when compared to the solute plume (de La Bernardie et al.,
2018). To allow for the thermal plumes and the solute plume to reach the same extent
(approximately 42 m) the normalized temperature had to be decreased tenfold (from 0.1 to 0.01)
and the elapsed time had to be increased 100 times (from ten days to three years). The travel
distance, being over several correlation length of the aperture fields, was chosen to allow for both
plumes to reach similar extents over the period of simulations. Even after this increase in time
and decrease in the normalized concentration, the thermal plume does not reach steady state. This
increase in time is mainly because of the heat loss from the fracture to the matrix as the thermal
conduction is much more significant than diffusion resulting in the mass loss in the solute case. A
thermal retardation factor has been proposed to explain the heat loss and such that heat transport
can be modeled by simply rescaling the effective velocity in the advection-dispersion equation
(de La Bernardie et al., 2018).
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Figure 4-2 Travel distance of the normalized solute plume concentration of 0.1 as it
progresses with respect to time. The travel distance of the solute plume is measured in the
plane of the fracture for a groundwater velocity of 100 m/day. Each point is an average of
50 realizations of the aperture field.
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Figure 4-3 Travel distance of the normalized thermal plume temperature values of 0.1 and
0.01 as they progress with respect to time. The travel distances of the thermal plumes are
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measured in the plane of the fracture for a groundwater velocity of 100 m/day. Each point is
an average of 50 realizations of the aperture field.
4.5.2 Travel distance vs. hydraulic aperture
Figures 4-4a and 4-4b represent scatter plots of the travel distance, of the 50 different realizations
of the aperture field, for the solute and thermal plumes at normalized concentration/temperature
values of 0.1 and 0.01 respectively measured after 24 hours and three years, respectively, plotted
against the hydraulic aperture. The scatter of the hydraulic apertures in Figures 4-4 and 4-5 is
around the two mean aperture values of 1,000 µm and 500 μm. The hydraulic aperture that was
back calculated from the output of HydroGeoSphere has a slight variation around 1,000 μm and
500 μm. The slight variation of the hydraulic aperture as observed in Figures 4-4 and 4-5 is
mainly attributed to the return values of FGEN, truncation of the aperture field and the allocation
of closure points as outlined in Section 4.4.1. This variation has no major effect on the results.
The maximum travel distances of the plumes are measured in the y-direction in the plane of the
fracture as illustrated in Figure 4-1. Figure 4-4a illustrates that the normalized chloride
concentration of 0.1 is widely scattered after 24 hours of injection with a mean, standard
deviation and variance of 33.5m, 13.6 m and 185.7 m2 respectively (Table 4-3). Conversely, the
normalized thermal temperature values at 0.1 are less scattered even after three years of injection
with a mean, standard deviation and variance of 6.9 m, 6.6 m and 2.6 m2, respectively (Table 43). The variation in scatter reveals that the distribution of the solute plume is much more
influenced by the flow field in the variable aperture fracture than the thermal plume when
comparing the same normalized values. After three years and for the normalized thermal
temperature value of 0.1, the distance of travel is close to one correlation length. The short travel
distance might not allow for much interaction with the fracture aperture variation. This delay in
the progress of the thermal plume is attributed to the effect of thermal conduction in the matrix.
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When comparing the 0.1 normalized concentration of chloride at 24 hours to the 0.01 normalized
temperature value after three years of injection, both values display a wide scatter (Figure 4-4b).
For the thermal case, the mean, standard deviation and variance are 29.3 m, 9.8 m and 95.5 m2,
respectively. The standard deviation of the chloride is higher than that of the thermal presented in
Table 4-3. Looking at these results one would assume that the propagation of the thermal plume
under the defined conditions might have been influenced by the variation in the aperture field as
with the solute case, as there are many reduced aperture zones through which the fluid migrates.
Clearly, matrix conduction creates short circuits through the matrix across these zones of reduced
aperture.

Figure 4-5 provides a scatter plot of the normalized vertical travel distance (extent in the zdirection) in the matrix for the solute and thermal plumes at 0.1 and 0.01 plotted against the
hydraulic aperture. The wide scatter and large penetration depth in the matrix is mainly attributed
to the 0.01 normalized thermal plume after three years of injection, with a mean, standard
deviation and variance of 10.9, 3.5 and 12.1, respectively. Conversely the chloride plume for a
normalized concentration of 0.01 and even after three years of injection moves only slightly into
the matrix. The relatively large penetration depth of heat is attributed to the process of heat
conduction through the matrix, which is approximately three times higher than solute diffusion
(Graf and Therrien, 2009; Read et al., 2013b). The important penetration depth of heat in the
matrix further highlights the importance of matrix conduction in defining the shape of the thermal
plume in the fracture.

4.5.3 Effect of conduction in the matrix
Figures 4-6a and 4-6b illustrate the vertical profile of the normalized concentration of solute at
0.1 and normalized temperature values at 0.01 in two monitoring wells located at 2 m and 10 m
downstream from the source location as presented in Figure 4-1. For Figure 4-6a the fracture
113

aperture field is the example shown in Figure 4-8a and the fracture aperture field in Figure 4-6b is
the example presented in Figure 4-8c The spatial distribution of the normalized plumes displayed
are for 24 hours and three years of injection. Fluid velocity is set at approximately 100 m/day
with a rock matrix thermal conductivity of 2 W/m K. In both cases at 2 m and 10 m in Figure46a and at 2 m in Figure 4-6b the solute plume advances almost 25% more than the thermal plume.
Only at the 10 m monitoring well in Figure 4-6b do both tracers propagate almost the same
distance in the fracture. It is evident that at that point the solute concentration is low mainly
attributed to the effect of the variable aperture field, whereas the thermal plume does not vary that
much. However, the thermal plume for both wells propagates inside the matrix mainly attributed
to conduction. The solute after three years penetrates less than 1 m vertically into the matrix. The
results demonstrate that the approximation of the one-dimensional solute diffusion in the matrix
is a reasonable assumption when formulating the solute equation. Inspection of the temperature
profiles at the wells, clearly illustrates the two-dimensionality of the thermal conduction gradients
in the matrix even at natural flow velocities.
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Figure 4-4 Scatter plots of travel distance for the normalized solute and thermal plumes at
0.1 and 0.01 respectively, plotted against the hydraulic aperture. The travel distances of the
plumes are measured in the plane of the fracture (extent in the y-direction) for the 50
realizations of the aperture fields. The hydraulic aperture was back-calculated from the
output of the model a) Travel distance of the 0.1 concentrations of chloride and 0.1 values of
temperature for 24 hours and three years. The scatter plots reveal that the normalized
chloride concentration is widely scattered after 24 hours compared to the scatter of the
same normalized temperature values after 24 hours and after three years. b) Travel
distance of the 0.1 normalized concentration of chloride compared to 0.01 normalized
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temperature values. The scatter plots reveal that both chloride and temperature values are
widely scattered (where H is hours, Y is years, temp. is temperature and Cl is chloride).
Table 4-3 Statistical values of the travel distances (m) of the normalized thermal and solute
plumes measured in the y-direction in the plane of the fracture
Temp. - 0.1

Temp. - 0.1

Temp. – 0.01

Chloride – 0.1

24 Hours

3 Years

3 Years

24 Hours

Minimum (m)

0.4

2.6

12.8

10.4

Maximum (m)

2.3

16.5

55

55

Mean (m)

1.3

6.9

29.3

33.5

Variance (m2)

0.1

6.6

95.5

185.7

Standard Deviation (m)

0.4

2.6

9.8

13.6

Element
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Figure 4-5 Scatter plots of the vertical travel distance (extent in the z-direction) in the
matrix for the normalized solute and thermal plumes at 0.1 and 0.01 plotted against the
hydraulic aperture. The penetration depth of the plumes for the 50 different aperture fields
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are measured in the matrix in the z-direction. The hydraulic aperture was back calculated
from the output of the model. The scatter plot reveals that the temperature values for a
normalized concentration of 0.01 are much more scattered and more pronounced than the
same values of chloride after three years of injection. Even if the normalized temperature
concentration is at 0.1 it still has higher penetration depth in the matrix than the chloride
after three years (where Y is years, temp. is temperature and Cl is chloride).

Table 4-4 Statistical values of the travel distance (m) of the normalized thermal and solute
plumes measured in the z-direction in the matrix
Temp. - 0.1

Temp. – 0.01

Chloride – 0.01

3 Years

3 Years

3Y Hours

Minimum (m)

0.8

5.3

0.6

Maximum (m)

3.5

18.7

0.9

Mean (m)

2.5

10.9

0.7

Variance (m2)

0.5

12.1

0

Standard Deviation (m)

0.7

3.5

0.1

Element

Figure 4-7 illustrates three-dimensional (3-D) representations of the spatial distribution in the
model domain of the normalized 0.1 solute plume concentration and 0.01 thermal plume
temperature after three years of continuous injection. Fluid velocity is set at approximately 100
m/day with a rock matrix thermal conductivity of 2 W/m K. The fracture is in the x-y plane,
slightly inclined forward. The fracture aperture field in Figure 4-7a is the example presented in
Figure 4-8a with a closed area in the direction of the flow 25 m downstream from the source. The
fracture aperture field in Figure 4-7b is the example illustrated in Figure 4-8c with a closed area
close to the source. Figure 4-7a illustrates that the spatial distribution of the normalized 0.1
chloride plume is forming a thin straight channel, after three years of injection. The plume is
meandering around the closed area located in the middle of the flow path. The plume is like an
117

elongate pancake barely propagating in the matrix which is mainly attributed to limited solute
diffusion. Figure 4-7a also illustrates the shape of the normalized thermal plume at 0.01 after
three years of injection. The thermal plume forms a balloon shape with significant propagation in
the matrix because of thermal conduction.

Figure 4-7b illustrates the spatial distribution of the normalized chloride plume at 0.1 and
normalized thermal plume at 0.01 after three years of injection. The solute plume forms a thin
right meandering channel conversely the thermal plume balloons in shape similar to the output of
Figure 4-7a. The ratio of the mass of solute stored in the matrix to that stored in the fracture after
three years of injection is approximately two. This is contrary to the ratio of thermal energy
stored in the matrix to that stored in the fracture, which is approximately 1.2x1011, approximately
eleven orders of magnitude higher. The spatial distributions in the three-dimensional domains
illustrate the importance of three-dimensional conduction in the matrix in controlling the
development of the shape of the thermal plume and the need to accommodate that in simulations.

a) 2m downstream

10 meters downstream
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b) 2m downstream

10 meters downstream

Figure 4-6 Vertical profiles of the normalized solute concentration at 0.1 and temperatures
at 0.01 in the monitoring wells located 2 m and 10 m downstream from the source. The
vertical spatial distribution of the normalized thermal plumes and solute plumes are
presented for an injection period of 24 hours and three years. The horizontal fracture is
located at a depth of 30m. a) The fracture aperture field is the example in Figure 4-8a. b)
The fracture aperture field is the example in Figure 4-8c (where H is hours, Y is years,
temp. is temperature and Cl is chloride).
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Figure 4-7 Three-dimensional examples illustrating the spatial distribution of the
normalized solute and thermal plumes at 0.1 and 0.01 respectively, in the model domain
after three years of injection. a) The fracture aperture field is the example in Figure 4-8a
with a closed area in the direction of the flow 25 m downstream from the source. b) The
fracture aperture field is the example in Figure 4-8c with a clear closed area close to the
source.
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4.5.4 Effect of closed areas and conduction in the plane of the fracture
Figure 4-8 presents three examples illustrating the development of the spatial distribution of the
solute and thermal plumes as they advance with time over one day for the solute and five years
for heat. The figure also illustrates the tortuous fluid flow lines moving around reduced-aperture
areas in the fracture. To better asses the difference between these two tracers under the conditions
defined, we compare the normalized concentration of the chloride plume at 0.1 with the
normalized thermal temperature value of 0.01 for 24 hours and three years, respectively. The
fracture examples in Figure 4-8a and c are those in Figures 4-6a and b, respectively.

Figure 4-8a illustrates the propagation of the plume of the normalized chloride concentration of
0.1 in a straight channel following the flow lines. The plume starts meandering around the closed
area located in the middle of the flow path at x and y-coordinates (40, 60), after one day of
injection. After one day of continuous injection, the solute plume reaches a maximum width of 10
meters and an extent of 40 mm whereas the spatial distribution of the normalized thermal plume
temperature at 0.01 is expanding in an elliptical shape in all directions, although dominantly in
the general direction of groundwater flow. The thermal plume does not follow the fluid flow
channels in the system and propagates in all directions and no clear thermal channeling is
observed. The maximum width of the thermal plume after three years of continuous injection is
25 m and the extent is 45 m. After two years of continuous injection of heat the thermal plume
reaches a closed area approximately 8 m in diameter centered around x and y-coordinates (42,
60). The thermal plume does not only meander with the fluid flow around the closed area, but
also advances through the closed area because of thermal conduction. The thermal front
propagates into the closed area in the y-direction while the hot fluid at the same time starts
enveloping the closed area from either side after two years allowing for conduction into the
closed area in the x-direction. The conduction in those two directions results in the propagation of
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the thermal front almost as fast as the moving fluid, allowing for the smoothening of the thermal
front and eliminating the effect of flow channeling during its propagation. After five years the
thermal front passes entirely through the closed area.

In Figure 4-8b the solute forms, after one day, an elongate right meandering plume with similar
dimensions as the one illustrated in Figure 4-8a. The spatial extent of the normalized thermal
plume at 0.01 is also similar to the one observed in Figure 4-8a with a comparable elliptical shape
after three years. Figure 4-8b also illustrates the solute avoiding a closed area approximately 4 m
in diameter located at x and y-coordinates (47, 25) on the right side of the source, whereas the
thermal plume propagates through it mainly attributed to conduction in the x-direction. In Figure
4-8c there is a small closed area approximately 2 m in diameter at x and y-coordinates of (40, 75)
that is being enveloped by the solute, but never reached by the thermal plume even after five
years of injection. In Figure 4-8c the normalized 0.01 thermal plume after three years of injection
is approximately 40 m wide and 60 m long while the normalized solute plume at 0.1 after one day
reaches the limit of the domain and is approximately 20 m wide. This illustrates the importance of
two-dimensional conduction and two-dimensional dispersion in the plane of the fracture in
controlling the development of the shape of the thermal plume and the solute plume, respectively,
and accommodating these processes in future simulations is recommended. Moreover, these
results indicate that contrary to heat transport in discrete fracture setting channeling is sometimes
a significant contributor to solute migration rates (Abelin et al., 1994; Chen et al., 2018, 2017;
Dou et al., 2018; Gong and Rossen, 2017; Jeong and Song, 2005; Konzuk and Kueper, 2004;
Kosakowski et al., 2001; Lapcevic et al., 1999; Lee et al., 2003; Neretnieks, 1993; Novakowski et
al., 1985; Tsang et al., 1988; Wu et al., 1999). Under natural groundwater flow conditions with
fluid velocities less than approximately 100 m/day, no major thermal channeling is observed and
the spatial distribution of the thermal front is a deformed ellipse as pointed out in Chapter 3.
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Under natural flow conditions defined for this research, solute transport is more significantly
affected by the variation in the variable fracture aperture field when compared to thermal
transport. Therefore, solute transport under natural groundwater conditions can provide a better
understanding on the heterogeneous aperture field while thermal transport can provide a mean
value of the field similar to what has been observed in porous media (Irvine et al., 2015). This is
in contrast to what has been seen in the limited number of field tracer tests that has been done
using both heat and solute tracers (Egan, 2018; Gerard et al., 2018; Hawkins et al., 2017; Read et
al., 2013a) under high thermal-fracture matrix Peclet number >> 1,000 where major channeling
of both tracers has been observed. The tracer test results showed that the two different tracers do
not provide the same information on the transport pathways, even at the scale of meters and the
thermal breakthrough is significantly attenuated, because of fracture-matrix heat exchange.
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a)

b)
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c)

Figure 4-8 Three examples illustrating the development of the spatial distribution of the
normalized solute and thermal plumes at 0.1 and 0.01 respectively, as they advance with
time, in the plane of the fracture, overlain on the random fracture aperture distributions.
Each dashed red line represents the thermal front at different simulation times. a) The
hydraulic aperture is 1054 µm and the chloride plume is seen propagating in a straight
channel along the flow lines and meandering around the closed area in the middle of the
flow path at coordinates (40,60). The spatial distribution of the thermal plume is expanding
in an elliptical shape, with no explicit flow channeling and propagating through the closed
area. The location and extent of the concentration profile presented in Figure 4-9 is also
displayed. b) The hydraulic aperture is 1060 μm and the solute plume is meandering to the
right following the flow lines whereas the thermal front is expanding in an elliptical fashion
advancing through the closed area close to the source. c) The hydraulic aperture is 1046 μm
and the chloride plume is meandering to the left following the flow lines conversely the
thermal front is expanding in an elliptical fashion (where H is hours, D is days, Y is years,
temp. is temperature and Cl is chloride).
Figure 4-9 illustrates the development of the spatial distribution of the normalized 0.1 solute
concentrations and the normalized 0.01 thermal temperatures as they advance with time in the
presence of a relatively large closed area. The plumes are both overlain on the fracture aperture
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field and the fluid flow lines. The field has a calculated hydraulic aperture of approximately1035
µm. Figure 4-9 also illustrates the tortuous fluid flow lines moving around a large closed area
centered around x and y-coordinates approximately (45, 45) and extending approximately 15 m in
length and is three to five meters wide. The normalized chloride plume is seen propagating almost
in a straight channel slightly meandering to the left avoiding the closed area. The normalized
thermal plume propagates uniformly and after 200 days it reaches the closed area and continues
with no separation or divergence of the plume thus moving into the closed area because of
thermal conduction in the x and y-direction.

Figure 4-9 An example illustrating the development of the spatial distribution of the
normalized solute and thermal plumes at 0.1 and 0.01 respectively side by side as they
advance with time, in the plane of the fracture, overlain on the fracture aperture field the
fluid flow lines for a case with a large closed area. Each dashed red line represent the
thermal front at different simulation times. The hydraulic aperture is 1035 µm and the
chloride plume is seen propagating almost in a straight channel slightly meandering to the
left avoiding a major closed area at x and y-coordinates (45, 45). The closed area is
approximately 15 meters long and three to five meters wide. The thermal plume propagates
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through the closed area because of thermal conduction in the x and y-directions (where H is
hours, D is days, Y is years, temp. is temperature and Cl is chloride).

4.6 Conclusions
Numerical modeling was used to compare the spatial distribution of solute and thermal plumes in
a discrete fracture setting with natural groundwater flow conditions having velocities less than
approximately 100 m/day and associated hydraulic gradients of less than 0.05. Based on the
analysis of results, the following conclusions can be made:



Assessing the movement of the thermal plume in the plane of the fracture or as a profile
in a well does not provide the entire detail on how the thermal plume develops. The
thermal plume also advances in the matrix along the direction of the fracture because of
the thermal conductivity of the rock. It is important to include monitoring points in the
matrix to better define the thermal plume. In contrast, the solute plume can be well
defined by looking at the concentrations in the fracture because of the limited diffusion in
the rock matrix for the time scales considered in this study. It is also important to
measure the thermal conductivity of the rock matrix in sites under investigation, whether
it is for shallow energy storage, treatment of contaminated sites or deep disposal of waste,
to allow for a better prediction of the spatial distribution and propagation of the thermal
plume.



The importance of three-dimensional and two-dimensional conduction in the matrix and
in the fracture, respectively, in controlling the development and the shape of the thermal
plume is identified for these natural flow conditions. Therefore, the need to accommodate
these processes in future simulations is essential, especially when addressing natural
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groundwater flow conditions, while the limited propagation of the solute plume in the
matrix allows for defensible one-dimensional solute diffusion in the matrix.


Contrary to solute transport in a discrete variable aperture fracture setting with an
aperture field having a mean of approximately 1,000 µm, a variance of 10,000 μm2 and a
correlation length of 10 m and having a fluid velocity of 100 m/day and less, where
channeling is sometimes a major contributor to solute migration rates; no significant
thermal channeling is observed under the same assumed conditions with a matrix thermal
conductivity of 2 W/m K. The spatial distribution of the thermal front is controlled
mainly by conduction in the matrix.



In a discrete variable aperture fracture setting solute transport is more influenced by
variations in the fracture aperture field when compared to thermal transport. Therefore,
monitoring concentrations in a well network can provide an understanding of the
heterogeneous aperture field in a single fracture setting, specifically channeling effects,
while monitoring temperature cannot. Monitoring temperature will provide a mean value
of the aperture field.
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Chapter 5
Conclusions and Recommendations
The research presented within this thesis was driven with the intent of providing more insight into
heat and solute transport in discrete-fractured rock settings. This was accomplished through
numerical investigation using HydroGeoSphere. The studies included a factorial design,
assessment of heat channeling and comparison between heat and solute transport. The following
sections provide summaries and conclusions from the three studies that are presented in Chapters
2, 3 and 4. Major contributions outlined in Section 5.4 and recommendations are presented in
Section 5.5.

5.1 Chapter 2 – Identifying and assessing key parameters controlling heat
transport in discrete rock fractures
Factorial analysis was performed with five parameters; source configuration, thermal
conductivity of the bedrock matrix, velocity of fluid in the fracture, thermal dispersivity in the
fracture, and the aperture of the fracture, assessing which one or combinations thereof
substantially influence heat migration in a single fracture setting assuming a parallel plate
condition. According to the numerical simulation results and associated sensitivity analyses, the
following main conclusions can be drawn:

1. The effect of the velocity of the fluid in a fracture is key in controlling heat transport in a
discrete rock fracture setting. Identifying the velocity of the fluid in field settings is key
in determining the nature of the propagation of the thermal front and dictates whether
additional information needs to be defined.
2. The combination of effects between the thermal conductivity of the matrix with the
velocity of the fluid in the fracture and between the thermal conductivity of the matrix
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with the fracture aperture have the highest attenuation effect on the propagation of the
thermal front in discrete rock fracture settings.
3. At low fluid velocities less than 10 m/day and apertures around 125 µm, thermal
conductivity of the matrix is the main parameter such that the thermal front will
propagate as if no fracture is present in the system.
4. When the fracture aperture is varied between 125 and 2,000 μm, a change of up to 40 %
in the location of the thermal front in the fracture occurs for low values of matrix thermal
conductivity between 0.5 and 3 W/m K, and a change of less than 10 % occurs between 3
and 10.5 W/m K.
5. When matrix thermal conductivity is varied between 0.5 and 10.5 W/m K, fluid velocity
is above 10 m/day, and with an aperture that is less than 2,000 µm a change of up to 40 %
in the location of the thermal front in the fracture occurs for matrix thermal conductivity
less than 3 W/m K, indicating a dominance of advection in the fracture, and a change of
less than 10 % occurs above 3 W/m K indicating a dominance of conduction into the
matrix. Below 10 m/day the movement is dominated by conduction.
6. The combination of the effects of source length and the fracture thermal dispersivity both
have the least effect on the propagation of the thermal front in discrete rock fracture
settings.

5.2 Chapter 3 - The effect of fracture aperture variability on heat transport in a
discrete rock fracture under natural groundwater flow conditions
Numerical modeling was used to conduct more than 220 simulations for a discrete fracture setting
with natural groundwater flow conditions having velocities less than or equal to approximately
100 m/day and associated hydraulic gradients of less than 0.05. The fracture aperture variability
was defined by aperture means of approximately 1,000 μm, variances of 10,000 µm2, and
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correlation lengths of 10 m. Based on the analysis of results, the following conclusions can be
made:

1. The effect of variability in the fracture aperture on the spatial distribution of the thermal
front is substantially defined by the thermal conductivity of the rock matrix.
2. In a single fracture setting with an aperture field having a mean aperture of approximately
1,000 µm, a variance of 10,000 μm2 and a correlation length of 10 m and having a fluid
velocity of 100 m /day and less, the spatial distribution of the thermal front for the
variable aperture cases does not follow specific channels, rather they can be defined
mainly as deformed ellipses. Thus the effect of flow channeling through high aperture
regions of the fracture on the spatial distribution of the thermal front is minimal for these
conditions.
3. Under the conditions defined in the first conclusion and when the thermal conductivity of
the rock matrix is increased from 2 to 4 W/m K, the shape of the thermal front becomes
more circular. A decrease of approximately 24 % in the ratio of the long to short axis of
the spatial distribution of the thermal front in the plane of the fracture, an average
increase of 10 % in the location of the thermal front in the rock matrix and an average
decrease of approximately 25 % in the location of the thermal front in the fracture are
observed.
4. In a single fracture setting with an aperture field having a mean aperture of approximately
1,000 µm, a variance of 10,000 μm2 and a correlation length of 10 m and having a fluid
velocity of 100 m /day and less, the thermal conductivity of the rock matrix even as low
as 2 W/ m K advances the front at closure points and where aperture sizes are restricted,
thereby eliminating heat channeling.
5. When the rock matrix thermal conductivity is increased from 2 to 4 W/m K and the
groundwater flow is around 100 m/day and less, the variable aperture cases having a
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mean of approximately 300 µm and less can be replaced with uniform cases with less
than 15 % difference in the spatial distribution of the thermal front, eliminating the need
to define the aperture field below mean value.

5.3 Chapter 4 – Comparing heat and solute transport in a variable aperture
discrete rock fractures
Numerical modeling was used to compare the spatial distribution of the solute and thermal plume
in a discrete fracture setting with natural groundwater flow conditions having velocities less than
approximately 100 m/day and associated hydraulic gradients of less than 0.05. The matrix
thermal conductivity was set at 2 W/ m K. The fracture aperture variability was defined by
aperture means of approximately 1,000 μm, variances of 10,000 µm2, and correlation lengths of
10 m. Based on the analysis of results, the following conclusions can be made:

1. Assessing the movement of a thermal plume in the plane of a fracture or as a profile in a
well does not provide the entire detail on how the thermal plume develops. The thermal
plume also advances in the matrix along the direction of the fracture because of the
thermal conductivity of the rock. It is important to include monitoring points in the
matrix to better define the thermal plume. In contrast, the solute plume can be well
defined by following at the concentrations in the fracture because of the limited diffusion
in the rock matrix for the time scales considered in this study. It is also important to
measure the thermal conductivity of the rock matrix at sites under investigation, whether
it is for shallow energy storage or treatment of contaminated sites of deep disposal of
waste, to allow for a better prediction of the spatial distribution and propagation of the
thermal plume.
2. The importance of three-dimensional and two-dimensional conduction in the matrix and
in the fracture, respectively, in controlling the development and the shape of the thermal
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plume is identified for these natural flow conditions. Therefore, the need to accommodate
these processes in future simulations is essential, especially when addressing natural
groundwater flow conditions, while the limited propagation of the solute plume in the
matrix allows for defensible one-dimensional solute diffusion in the matrix.
3. Contrary to solute transport in a discrete variable aperture fracture setting with an
aperture field having a mean of approximately 1,000 µm, a variance of 10,000 μm2 and a
correlation length of 10 m and having a fluid velocity of 100 m/day or less, where
channeling is sometimes a major contributor to solute migration rates; no significant
thermal channeling is observed under the same assumed conditions with a matrix thermal
conductivity of 2 W/m K. The spatial distribution of the thermal front is controlled
mainly by conduction in the matrix.
4. In a discrete variable aperture fracture setting solute transport is more influenced by
variations in the fracture aperture field when compared to thermal transport. Therefore,
monitoring concentrations in a well network can provide an understanding of the
heterogeneous aperture field in a single fracture setting, specifically channeling effects,
while monitoring temperature cannot. Monitoring temperature will provide a mean value
of the aperture field.

5.4 Major contributions
This research, in addition to shedding valuable insights on the mode of propagation of heat in a
discrete fractured rock and how it is different than the mode of propagation of solute, it provided
major contributions not only to the scientific community but also to many sectors of the industry.
1. With limited resources for the characterization of underground discrete rock fracture
setting for shallow energy storage or treatment of contamination and other applications,
identifying the velocity of the fluid in field settings is key in determining the nature of the
propagation of a thermal front and dictates whether additional information is needed.
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2. When characterizing or assessing the movement of the thermal front underground in a
discrete variable aperture fracture setting for deep disposal of energy byproducts and/or
for shallow energy storage and other similar applications with a fluid velocity of 100
m/day and with any fracture with a mean aperture less than 1,000 µm, no significant
thermal channeling should be considered even with a matrix thermal conductivity as low
as 2 W/m K.
3. When looking at a site with a fluid velocity less than 10 m/day and apertures around 125
µm, thermal conductivity of the matrix is the main parameter that controls and defines the
shape and extent of the thermal front. It is not required to define the aperture field of the
fractures or the fracture network in assessing the thermal movement in the system
therefore decreasing the cost of underground characterization.
4. In a discrete fractured site where the interest is in defining the mean fracture aperture,
heat transport can be easily and cheaply used to provide such information.

5.5 Recommendations
Heat transport in a discretely-fractured rock under natural groundwater conditions is a slow, long
and complex process. Simplifications were made for the purpose of this research; however, the
removal of some of the simplifications and addition of more parameters can provide a number of
opportunities for future research especially when compared to solute transport.
1. Introduction of heterogeneous anisotropic fracture aperture fields can be an upgrade to
this research. Knowing slip and deformation on fracture surfaces might result in
directional anisotropy. Assessing how heat transport when compared to solute transport
reacts to anisotropy in the aperture fields can be one direction to follow.
2. Multiple parallel variable aperture fractures can be considered to numerically assess how
heat transport propagates in these settings compared to solute transport.
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3. An analytical model integrating conduction in the matrix and convection in the fracture
should be developed (it is being developed by Dr. Kent’s research group) and used to
verify the results of the numerical model.
4. Field scale experiments combining solute and heat transport using natural groundwater
conditions should be conducted, even on a small scale, to verify the numerical results.
5. This research provides the bases for the assessment of heat migration in a fractured
network system, by first understanding heat migration in a single fracture. Expanding the
model to address a fracture network system is recommended to investigate whether the
conclusions reached in this research still stand. This will allow a better understanding of
complicated field scenarios.
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Appendix A: HydroGeoSphere Simulation input files
Appendix A compiles simulation input files for two representative simulations: XX_66 (base case
from Chapter 2), XX_77 (base case Chapters 3 and 4). The simulations are described in detail in
Sections 2.2, 3.2, 4.2 along with summary of the parameter selected for the simulations. All
simulations were completed in HydroGeoSphere.
The simulation of Chapter 2 has three input files: XX_66.grok (general input file),
XX_66.mprops (matrix parameters) and XX_66.fprops (fracture parameters) where XX_66 is the
simulation name (e.g. Run_32).
Run_32
Run_32.grok
numerical solution for heat transport in a single fracture
!_______________________ grid definition
generate blocks interactive
grade x
28.0 0.0 0.1 1.1 0.5
grade x
32.0 28.0 0.1 1.0 0.1
grade x
28.0 60.0 0.1 1.1 0.5
grade y
0.0 60.0 0.1 1.1 0.5
grade z
28.0 0.0 0.1 1.1 0.5
grade z
28.0 32.0 0.1 1.0 0.1
grade z
32.0 60.0 0.1 1.1 0.5
end !Block Generation
end
!_______________________ porous media properties

use domain type
porous media
properties file
Run_28.mprops
clear chosen elements
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choose elements block
-0.1 60.1
-0.1 60.1
-0.1 60.1
new zone
1
clear chosen zones
choose zone number
1
read properties
layer1
!_______________________ fracture media properties
use domain type
fracture
properties file
Run_28.fprops
clear chosen faces
choose faces z plane
30.0d0
1.0d-9
new zone
1
clear chosen zones
choose zone number
1
read properties
fracture1
!_______________________ heat transfer parameters
specific heat capacity of water
4174
thermal conductivity of water
0.5
reference fluid density
997.0d0
reference fluid viscosity
1.3d-3
solute
name
temperature
temperature species
end solute
mechanical heat dispersion
!_______________________ solver parameters
units: kilogram-metre-second
!_______________________ Timestep controls
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concentration control
0.5d0
initial time
5.0d0
initial timestep
1000.0d0
output times
60.0d0
1000.0
3600.0d0
8640.0d0
43200.0d0
86400.0d0
172800.0d0
259200.0d0
432000.0d0
864000.0d0
1296000.0d0
2592000.0d0
4320000.0d0
8640000.0d0
12960000.0d0
17280000.0d0
21600000.0d0
25920000.0d0
end
echo to output
!_______________________ initial conditions for flow
clear chosen nodes
choose nodes all
initial head
0.0000001d0
!_______________________ boundary conditions for flow
!left boundary
clear chosen nodes
choose nodes y plane
0.0
0.001
create node set
y0
echo on
boundary condition
type
head
node set
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y0
time value table
0.0 0.0840d0
end
end ! new specified head
!right boundary
clear chosen nodes
choose nodes y plane
60.0
0.001
create node set
y30
echo on
boundary condition
type
head
node set
y30
time value table
0.0 0.000001d0
end
end ! new specified headspecified head
echo flow boundary conditions
!_______________________ initial conditions for heat transfer
clear chosen nodes
choose nodes all
initial concentration
10
!_______________________ boundary conditions for heat transfer
clear chosen nodes
clear chosen nodes
choose nodes block
29.9d0 30.1d0
0.0d0 0.0d0
29.0d0 31.0d0
specified concentration
1
! number of time panels
0.0 1.0d20 20.0
! timeon. time off. species 1. 2. 3 concentration
echo transport boundary conditions
!_______________________ velocity and penetration depth
Plot maximum velocity
!_______________________ geometry output
make observation point
obs_f1
30.0 0.50 30.0
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make observation point
obs_f2
30.0 1.0 30.0
make observation point
obs_f3
30.0 4.0 30.0
make observation point
obs_f4
30.0 7.0 30.0
make observation point
obs_f5
30.0 10.0 30.0
make observation point
obs_f6
30.0 60.0 30.0
make observation point
obs_M1
30.0 0.0 32.0
make observation point
obs_M2
30.0 1.0 30.5
make observation point
obs_M3
30.0 5.0 30.5
make observation point
obs_bc1
30.0 30.0 0.0
make observation point
obs_bc2
30.0 30.0 60.0
make observation point
obs_bc3
29.0 0.0 30.0
make observation point
obs_bc4
29.0 60.0 30.0
make observation point
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obs_bc5
0.0 30.0 30.0
make observation point
obs_bc6
60.0 15.0 30.0
make observation point
obs_bc7
60.0 30.0 60.0
make observation point
obs_bc8
0.0 30.0 0.0
make observation point
obs_bc9
30.0 60.0 60.0
make observation well
obs_well_fracture
30.0 0.0 30.0
30.0 60.0 30.0
make observation well
obs_well_matrix
30.0 0.0 31.0
30.0 60.0 31.0
Run_32.mprops
!-----------------------------------------layer1
k isotropic
1.0d-50
thermal conductivity of solid
2.0d0
specific heat capacity of solid
880
bulk density
2855
porosity
0.002d0
longitudinal dispersivity
1.0d-3
transverse dispersivity
1.0d-3
vertical transverse dispersivity
1.0d-3
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tortuosity
1.0
end material
!-----------------------------------------Run_32.fprops
!-------------------------------------fracture1
aperture
750.0d-6
longitudinal dispersivity
3.0d0
transverse dispersivity
0.3d0
end
end
!--------------------------------------

The simulation of Chapter 3 and 4 include four input files: XX_77.grok (general input file),
XX_77.mprops (matrix parameters), XX_77.fprops (fracture parameters) and fgen_apertures.asc
(FGEN fracture aperture values) where XX_77 is the simulation name (e.g. Run_137_133).
Run_137_133
Run_137_133.grok
numerical solution for heat transport in a single fracture
!_______________________ grid definition
generate blocks interactive
grade x
38.0 0.0 0.1 1.1 0.4
grade x
38.0 42.0 0.11 1.0 0.11
grade x
42.0 80.0 0.1 1.1 0.4
grade y
23.0 0.0 0.1 1.1 0.4
grade y
23.0 27.0 0.11 1.0 0.11
grade y
27.0 80.0 0.1 1.1 0.4
grade z
28.0 0.0 0.1 1.1 0.5
grade z
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28.0 30.1 0.11 1.0 0.11
grade z
30.1 32.0 0.11 1.0 0.11
grade z
32.0 60.0 0.1 1.1 0.5
end !Block Generation
end
!_______________________ porous media properties
use domain type
porous media
properties file
Run_28.mprops
clear chosen elements
choose elements block
-0.5 80.5
-0.5 80.5
-0.5 60.5
new zone
1
clear chosen zones
choose zone number
1
read properties
layer1
!_______________________ fracture media properties
use domain type
fracture
properties file
Run_28.fprops
clear chosen faces
choose faces block
-0.5 80.5
-0.5 80.5
30.06 30.100
!new zone
!1
!clear chosen zones
!choose zone number
!1
!read properties
!fracture1

Make fractures from fgen
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fracture1
fgen_apertures.asc
!_______________________ heat transfer parameters
specific heat capacity of water
4174
thermal conductivity of water
0.5
reference fluid density
997.0d0
reference fluid viscosity
1.3d-3
solute
name
temperature
temperature species
end solute
Solute
name
Chloride
free-solution diffusion coefficient
2.24e-09
end solute
mechanical heat dispersion
!_______________________ solver parameters
do transport
echo to output
units: kilogram-metre-second
!_______________________ Timestep controls
concentration control
0.5d0
initial time
0.0d0
initial timestep
86400.0d0
output times
0.0
60.0d0
120.d0
1000.0
3600.0d0
8640.0d0
18000.0d0
21600.0d0
25200.0d0
28800.0d0
32400.0d0
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36000.0d0
39600.0d0
43200.0d0
86400.0d0
432000.0d0
864000.0d0
4320000.0d0
8640000.0d0
17280000.0d0
31536000.0d0
47260800.0d0
63072000.0d0
78796800.0d0
94608000.0d0
110332800.0d0
126144000.0d0
141868800.0d0
157680000.0d0
173404800.0d0
189216000.0d0
204940800.0d0
220752000.0d0
end
echo to output
!_______________________ initial conditions for flow
clear chosen nodes
choose nodes all
initial head
0.0000000001d0
!_______________________ boundary conditions for flow
!left boundary
clear chosen nodes
choose nodes y plane
0.0
0.25
create node set
y0
echo on
boundary condition
type
head
node set
y0
time value table
0.0 0.158d0
end
end ! new specified head
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!right boundary
clear chosen nodes
choose nodes y plane
80.0
0.25
create node set
y80
echo on
boundary condition
type
head
node set
y80
time value table
0.0 0.0000000001d0
end
end ! new specified headspecified head
echo flow boundary conditions
!_______________________ initial conditions for heat transfer
clear chosen nodes
choose nodes all
initial concentration
10.0
0.0
!_______________________ boundary conditions for heat transfer
clear chosen nodes
clear chosen nodes
choose nodes block
39.95d0 40.05d0
24.95d0 25.05d0
29.0d0 31.0d0
specified concentration
1
! number of time panels
60.0 1.0d20 20.0 1.1 ! timeon. time off. species 1. 2. 3 concentration
echo transport boundary conditions
!! 1000 ppb = 0.01 ppm = 0.01 gm/m^3 * 1/1000 kg/gm = 0.001 kg/m^3
!0.0001 0.0 1.0
!_______________________ velocity and penetration depth
Plot maximum velocity
!_______________________ geometry output
make observation point
obs_f1
39.98 25.50 30.09
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make observation point
obs_f2
39.98 26.0 30.09
make observation point
obs_f3
39.98 26.5 30.09
make observation point
obs_f4
39.98 27.0 30.09
make observation point
obs_f5
39.98 28.0 30.09
make observation point
obs_f6
39.98 30.0 30.09
make observation point
obs_f7
39.98 32.0 30.09
make observation point
obs_f8
39.98 35.0 30.09
make observation point
obs_f9
39.98 40.0 30.09
make observation point
obs_f10
39.98 60.0 30.09

make observation well
obs_vertical_well_1
39.98 25.5 60.0
39.98 25.5 0.0
make observation well
obs_vertical_well_2
39.98 26.0 60.0
39.98 26.0 0.0
make observation well
obs_vertical_well_3
39.98 27.0 60.0
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39.98 27.0 0.0
make observation well
obs_vertical_well_4
39.98 28.0 60.0
39.98 28.0 0.0
make observation well
obs_vertical_well_5
39.98 30.0 60.0
39.98 30.0 0.0
make observation well
obs_vertical_well_6
39.98 35.0 60.0
39.98 35.0 0.0

make observation well
obs_vertical_well_7
39.98 40.0 60.0
39.98 35.0 0.0
make observation point
obs_M1
40.0 25.0 32.0
make observation point
obs_M2
40.0 26.0 30.5
make observation point
obs_M3
40.0 30.0 30.5
make observation point
obs_bc1
40.0 40.0 0.0
make observation point
obs_bc2
40.0 40.0 60.0
make observation point
obs_bc3
40.0 0.0 30.0
make observation point
obs_bc4
40.0 80.0 30.0
157

make observation point
obs_bc5
0.0 40.0 30.0
make observation point
obs_bc6
80.0 20.0 30.0
make observation point
obs_bc7
80.0 80.0 30.0
make observation point
obs_bc8
0.0 00.0 30.0
make observation point
obs_bc9
40.0 80.0 60.0
make observation well
obs_well_source_fracture
39.98 0.0 30.09
39.98 80.0 30.09
make observation well
obs_well_matrix
40.0 0.0 27.0
40.0 80.0 27.0
make observation well
obs_well_endFracture1
80.0 27.0 30.09
00.0 27.0 30.09
make observation well
obs_well_endFracture2
80.0 30.0 30.09
00.0 30.0 30.09
make observation well
obs_well_endFracture3
80.0 40.0 30.09
00.0 40.0 30.09

Run_137_133.mprops
!-----------------------------------------158

layer1
k isotropic
1.0d-50
thermal conductivity of solid
2.0
specific heat capacity of solid
880
bulk density
2855
porosity
0.002d0
longitudinal dispersivity
1.0
transverse dispersivity
0.1
vertical transverse dispersivity
0.01
tortuosity
1.0
end material
!------------------------------------------

Run_137_133.fprops
!-------------------------------------fracture1
aperture
1000.0d-6
longitudinal dispersivity
6.0d0
transverse dispersivity
0.6d0
end
end
!-------------------------------------fgen_apertures.asc
!-------------------------------------title: log(b) or b
dummy
401
401
1 1 -999.0
!!nxfgen, nyfgen, nzfgen, dummy integer, fmiss
0.4
0.4
0.0
!!xspc,yspc,zspc
0.0
0.0
0.00
!!fgenxmin,fgenymin,fgenzmin
80.1
80.1
0.002
!!fgenxmax,fgenymax,fgenzmax
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-6.629175734
-6.599606535
-6.574916851
-6.685535835
-6.875821532
-6.923209188
-6.912411723
-6.905772246
-6.997140438
-6.958109835
-6.891473844
-6.851214372
-6.890521045
-7.003169567
.
.
.
.
.
end
end
!--------------------------------------
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Appendix B: Boundary Effect for the Model in Chapter 2
Seven monitoring points are assigned at the boundaries and the temperature is monitored to avoid
reflection boundary effects. Less than 0.002°C temperature change (Figure B. 1.) is observed at
the boundaries at the end of the simulations, demonstrating adiabatic thermal boundary
conditions.
10.020
BC1 (30, 30, 0)

10.018

BC2 (30, 30, 60)
BC4 (29, 60,30)

10.016

BC5 (0,30, 30)
BC7 (60,30,60)

10.014

Temperature (oC)

BC8 (0,30, 0)
BC9 (30, 60, 60)

10.012
10.010
10.008
10.006
10.004
10.002
10.000
0

50

100

150

200

250

300

Time (Days)

Figure B. 1. Illustration of the temperature changes at 7 monitoring points (co-ordinates
presented) located at the boundaries. The changes is less than 0.002°C.
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Appendix C: Grid Development for the Model in Chapter 2
Sensitivity assessment was conducted on the size of the grid in the z-direction (perpendicular to
the fracture). In the z-direction the grid size was changed form 0.001 m to 0.01m to 0.1 m. The
temperature profiles are presented in Figure C.2 to C.5in the y-direction, in the plane of the
fracture, from the source at coordinates (30, 0) to the model boundary at coordinates (30, 60) as
shown in Figure C.1. No major change was observed in the profiles as shown in Figures C.2 to
C.5. A grid spacing of 0.01 m adjacent to the fractures in the z-direction was therefore chosen.

Figure C. 1. Examples illustrating the development of the spatial distribution of the thermal
plume. The profiles in the next figures are extending in the y-direction from the source at
coordinates (30, 0) to the model boundary at coordinates (30, 60).
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11.0

10.9

10.8
Run 32- medium grid in z direction 0.01-300 Days
10.7

Temperature (oC)

Run 32- coarse grid in z direction 0.1-300 Days
10.6

Run 32- fine grid in z direction 0.001-300 Days

10.5

10.4

10.3

10.2

10.1

10.0
0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

Distance from source (m)

Figure C. 2. Illustration of the temperature profiles at 100 days and three years for Run_32.
Three grid spacing in the z-direction were used in the different simulations (0.1, 0.01 and
0.001 m). The three profiles for the same time are overlapping.
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Appendix D: Factorial Analyses - Sample Calucations - in Chapter 2
Table D.1. presents the five parameters. The table also illustrates the maximum value used in the
simulation assigned as +1 and the minimum value used assigned as -1. The high level value is
denoted as +1 and the low level value is denoted as -1 and this is the coding scheme used in this
factorial analyses. Table D.2. presents the combination of the different parameters resulting in the
thirty-two runs conducted for the factorial analysis. The matrix coded along with the travel
distance of the plume for each run at 10 days and 300 days are presented.
The contrast is calculated for each run using the following formula:
Contrast of A = (sign in run A*location of thermal front) + (sign in run B*location of thermal
front) +……….
Contrast of A = (+1*2.5) + (-1*5.1) + …
Then the main effect of run A is calculated by adding all the contrasts of Run A and dividing
them by half of the number of the runs:
Main Effect A = contrast A / 16
Then the rank (size of each number in the distribution) of each main effect is calculated. The
normal score is calculated using the rank for each effect, which is represents the inverse of the
standard normal cumulative distribution.
Table D.1. The five parameters used in the factorial design, their assigned letter and the
minimum and maximum value for each parameter.
Parameter

Low Level (-1)

Base Case

High Level (1)

A: Patch Size (Source length (m)

0.1

1

2

B: Thermal conductivity of Matrix (W/m K)

0.52

3

10.17

C: Aperture size (2b - μm)

125

1000

2000

D: Velocity of Fluid in Fracture m/day (m/s)

0.5 (0.6E-5)

10

42 (4.9E-4)

E: Thermal Dispersivity (α - m)

0.1

0.5

3
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Table D.2. Matrix of the runs and codes for the factorial design

Run
1

A

B

C

D

E

AB

AC

-1

-1

-1

-1

-1

1

….

ABC

ABD

1

-1

….

…

Location of
Thermal front
10.1°C at 300
days

Location of
Thermal
front 1 0.1°C
at 10 days

ABCE

ACDE

-1

1

1

2.5

0.9

A

2

1

-1

-1

-1

-1

-1

-1

1

1

-1

-1

5.1

1.4

B

3

-1

1

-1

-1

-1

-1

1

1

1

1

1

4.1

2.1

C

4

-1

-1

1

-1

-1

1

-1

1

-1

-1

-1

2.8

0.9

D
E

5
6

-1
-1

-1
-1

-1
-1

1
-1

-1
1

1
1

1
1

-1
-1

1
-1

-1
-1

-1
-1

3.6
2.5

1.1
0.9

AB

7

1

1

-1

-1

-1

1

-1

-1

-1

-1

-1

13.6

5.1

AC

8

1

-1

1

-1

-1

-1

1

-1

1

1

1

5.1

1.4

AD

9

1

-1

-1

1

-1

-1

-1

1

-1

1

1

6.1

1.6

AE

10

1

-1

-1

-1

1

-1

-1

1

1

1

1

5.1

1.4

BC

11

-1

1

1

-1

-1

-1

-1

-1

1

-1

-1

4.1

2.1

BD

12

-1

1

-1

1

-1

-1

1

1

-1

-1

-1

4.1

2.5

BE

13

-1

1

-1

-1

1

-1

1

1

1

-1

-1

4.1

2.1

CD

14

-1

-1

1

1

-1

1

-1

1

1

1

1

25.1

5.6

CE

15

-1

-1

1

-1

1

1

-1

1

-1

1

1

3.6

1.4

DE

16

-1

-1

-1

1

1

1

1

-1

1

1

1

6.1

2.5

ABC

17

1

1

1

-1

-1

1

1

1

-1

1

1

13.6

5.1

ABD

18

1

1

-1

1

-1

1

-1

-1

1

1

1

14.1

5.1

ABE

19

1

1

-1

-1

1

1

-1

-1

-1

1

1

13.6

5.1

ACD

20

1

-1

1

1

-1

-1

1

-1

-1

-1

-1

27.1

5.6

ACE

21

1

-1

1

-1

1

-1

1

-1

1

-1

-1

5.6

1.6

ADE

22

1

-1

-1

1

1

-1

-1

1

-1

-1

-1

7.6

2.8

BCD

23

-1

1

1

1

-1

-1

-1

-1

-1

1

1

7.1

3.2

BDE

24

-1

1

-1

1

1

-1

1

1

-1

1

1

5.1

2.8

BCE

25

-1

1

1

-1

1

-1

-1

-1

1

1

1

4.1

2.5

CDE

26

-1

-1

1

1

1

1

-1

1

1

-1

-1

33.1

10.6

ABCD

27

1

1

1

1

-1

1

1

1

1

-1

-1

17.6

5.6

ACDE

28

1

-1

1

1

1

-1

1

-1

-1

1

1

33.1

10.6

ABDE

29

1

1

-1

1

1

1

-1

-1

1

-1

-1

14.1

5.1

ABCE

30

1

1

1

-1

1

1

1

1

-1

-1

-1

13.6

5.1

BCDE

31

-1

1

1

1

1

-1

-1

-1

-1

-1

-1

13.1

5.6

ABCDE

32

1

1
9.0
0.6

1

1

1

1

1

1

1

1

1

19.1

6.6

116.4

133.0

27.8

58.0

-5.4

…

0.4

1.0

…

-1.4

-4.2

…

7.3

8.3

1.7

3.6

-0.3

…

0.0

0.1

…

-0.1

-0.3

…

Contrast

89.0

Main Effects

5.6
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Appendix E: Boundary Effect for the Model in Chapters 3 and 4
Nine monitoring points are assigned at the boundaries. The chloride concentration and
temperature values are checked at monitoring points located at the boundaries to ensure that
reflection boundary effects were never encountered. A maximum of less than 1x10-3 mg/L of
chloride concentration and less than 0.004°C temperature change were observed at the boundaries
after the completion of the simulations (Figures E.1. and E.2.), demonstrating boundary
conditions were not likely to impact the simulation results for this domain size.
10.040
BC1 (40, 40, 0)
BC2 (40, 40, 60)
BC3 (40, 0, 30)
BC4 (40, 80,30)
BC5 (0,40, 30)
BC6 (80, 20, 30)
BC7 (80,80,30)
BC8 (0,0, 30)
BC9 (40, 80, 60)

10.036
10.032

Temperature (oC)

10.028
10.024
10.020
10.016
10.012
10.008
10.004
10.000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Time (Years)

Figure E. 1. Illustration of the temperature changes at nine monitoring points (co-ordinates
presented) located at the boundaries. The changes is less than 0.004°C.
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2.0E-02
1.9E-02
BC1 (40, 40, 0)
BC2 (40, 40, 60)
BC5 (0,40, 30)
BC7 (80,80,30)
BC8 (0,0, 30)
BC9 (40, 80, 60)
BC3 (40, 0, 30)
BC4 (40, 80,30)
BC6 (80, 20, 30)

1.8E-02
1.7E-02

Chloride Concentration (mg/L)

1.6E-02
1.5E-02
1.4E-02
1.3E-02
1.2E-02
1.1E-02
1.0E-02
9.0E-03
8.0E-03
7.0E-03
6.0E-03
5.0E-03
4.0E-03
3.0E-03
2.0E-03
1.0E-03
0.0E+00
0.0

0.5

1.0

1.5

2.0

2.5

Time (Years)

Figure E. 2. Illustration of the chlrodie concnetraiton at nine monitoring points (coordinates presented) located at the boundaries. The changes is less than 1x10-3 mg/L..
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3.0

Appendix F: Grid Development for the Model in Chapters 2 and 3
Sensitivity assessment was conducted on the size of the grid in the z-direction (perpendicular to
the fracture) and in the y-direction (perpendicular to the fracture and parallel to the source).
In the z-direction the grid size was changed form 0.001 m to 0.01m to 0.1 m and in the ydirection changed from 0.1 m to 0.2 m to 0.3 m. The temperature profiles and the concentration
profiles extending in the y-direction, in the plane of the fracture, from the source at coordinates
(40, 25) to the model boundary at coordinates (40, 80) as shown in Figure F.1. No major change
was observed in the profiles as shown in Figures F.2 to F.5. A grid spacing of 0.1 m adjacent was
therefore chosen.

Figure F. 1. Examples illustrating the development of the spatial distribution of the
normalized 0.1 solute and 0.01 thermal plumes as they advance with time, in the plane of
the fracture, overlain on the fracture aperture field (variance 10,000 μm2 and correlation
length of 10 m) and fluid flow lines. Fluid velocity is set at approximately 100 m/day with
rock matrix thermal conductivity of 2 W/m K. The hydraulic aperture is 1054 µm. The
profiles in the next figures are extending in the y-direction from the source at coordinates
(40, 25) to the model boundary at coordinates (40, 80).

168

15.0
Run 133 -coarse grid in z direction 0.1 - 100 Days
14.5
Run 133 -coarse grid in z direction 0.1 - 3 Years
14.0
Run 133 -finer grid in z direction 0.01 - 3 years

Temperature (oC)

13.5
Run 133 -finer grid in z direction 0.01 - 100 Days
13.0
Run 133 -coarse grid in z direction 0.001 - 3 Years
12.5
12.0
11.5
11.0
10.5
10.0
25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Distance from source (m)

Figure F. 2. Illustration of the temperature profiles at 100 days and three years. Three grid
spacing in the z-direction were used in the different simulations (0.1, 0.01 and 0.001 m). The
three profiles for the same time are overlapping.

Chloride Concentration (mg/L)

1.0
0.9

Run 133 -finer grid in z direction 0.01 - 12 Hours

0.8

Run 133 -coarse grid in z direction 0.1 - 12 hours

0.7

Run 133 -coarse grid in z direction 0.001 - 12 hours

0.6
0.5
0.4
0.3
0.2
0.1
0.0
25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Distance from source (m)

Figure F. 3. Illustration of the concentration profiles at 12 hours. Three grid spacing in the
y-direction were used in the simulations (0.1, 0.01 and 0.001 m). The three profiles are
overlapping. The major drop in concentration observed between 55m and 60 m is related to
the closed aperture zone centered around co-ordinates (42, 58).
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15.0
Run 133 - 0.1 grid in y direction - 100 Days

14.5

Run 133 -0.1 grid in y direction - 3 Years
14.0

Run 133 - 0.2 grid in y direction - 3 Years
Run 133 - 0.2 grid in y direction - 100 Days

Temperature (oC)

13.5

Run 133 - 0.3 grid in y direction - 3 Years

13.0

Run 133 - 0.3 grid in y direction - 100 Days
12.5
12.0
11.5
11.0
10.5
10.0
25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Distance from source (m)

Figure F. 4. Illustration of the temperature profiles at 100 days and three years. Three grid
spacing in the y-direction were used in the different simulations (0.1, 0.2 and 0.3 m). The
three profiles for the same time are overlapping.

Chlordie (mg/l)

1.0
0.9

Run 133 - 0.1 grid in y direction - 12 Hours

0.8

Run 133 - 0.2 grid in y direction - 12 Hours

0.7

Run 133 - 0.3 grid in y direction - 12 Hours

0.6
0.5
0.4
0.3
0.2
0.1
0.0
25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Distance from source (m)

Figure F. 5. Illustration of the concentration profiles at 12 hours. Three grid spacing in the
y-direction were used in the simulations (0.1, 0.2 and 0.3 m). The three profiles are
overlapping. The major drop in concentration observed between 55m and 60 m is related to
the closed aperture zone centered around co-ordinates (42, 58).
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Appendix G: Input and output files of FGEN
Appendix E lists the input file (Input.gen) for FGEN and the output file statistics (Input.lst) for
the example Run_137_3. FGEN, a spatially-correlated field generator based on the Discrete
Fourier Transform method (Robin et al., 1993) was used to generate the random fracture aperture
fields for Chapters 2 and 3, based on the fracture aperture mean, variance and correlation lengths.
The aperture values used throughout Chapters 2 and 3 where the input mean aperture values
shown in the example of INPUT.gen file, but FGEN when creating the aperture fields returns an
actual mean, variance and correlation lengths slightly different than the input mean values shown
in the input.lst file. Heterogeneous isotropic fields were considered in the simulations with
spatial correlation lengths equal in the x and y-directions
Run_137_3
INPUT.gen
003 003
ISEEDH, ISEEDG first seeds for H and G
402 402
001
NFULL nodal dimensions of full field
201 201
001
NTRUNC nodal dimensions of truncated field
0.400 0.400 1.000
SSTEP spatial step size (delta X, Y, Z)
-6.913 0.000
HMEAN,GMEAN mean of H,G
0.0998 0.000
HVAR,GVAR variance of H,G
0.0 0.0
HNUG,GNUG nugget of H,G
2
ITYPE power spectrum type (1=gaussian, 2=exp. cov)
1
ICROSS cross spectrum type (1=lin, 2=+ X-spec, -2=- X-spec, 3=user)
0.0
COHER coherency sq (use COHER>0.0 for ICROSS=1)
10.0 10.0 1.0
HLAMDA correlation lengths H
1.0 1.0 1.00
GLAMDA ................... G (ignored if ICROSS=1)
-0.36
ASLOPE slope linear X-spectrum (ignored if ICROSS.NE.1)
0.0 0.0 0.0
DELAY delay vector for G relative to H
1
IPSCRN = 1 -> progress output to screen
1
ICAUTO = 1 -> calculate and output autocovariances
0
IWBIN = 1 -> write fields in binary format
1
IWASC = 1 -> write fields in free-format
0
IWSEC = 1 -> write 3 sections through middle of field
*** requires a LARGE amount of disk space

Input.lst
**********************************************************************
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FGEN - Cross-correlated random field generator
Three or fewer dimensions
Version 9.1
Original by: M.J.L. Robin
Modified by: C.A. Mendoza
Last update: August 29, 1991
Waterloo Centre for Groundwater Research
University of Waterloo
Waterloo, Ontario
CANADA
N2L 3G1
***********************************************************************

-------------------------- INPUT PARAMETERS --------------------------Initial random number seeds

3

3

Number of dimensions considered

2

Domain before field truncation
Number of X,Y,Z points
402
402
Total number of points
161604
X,Y,Z field lengths
160.800
160.800
Domain after field truncation
Number of X,Y,Z points
Total number of points
X,Y,Z field lengths

201
201
40401
80.400
80.400

Nodal spacing in X,Y,Z

0.4000

0.4000

Input statistical properties for variables H and G
Means
-6.913
0.000
Variances
0.100
0.000
Nuggets
0.000
0.000
Correlation scales
for H
for G
Coherency squared
Cross-spectrum slope
Delay vector

10.000
1.000

10.000
1.000

0.000E+00
-0.360
0.000E+00

0.000E+00
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1

1

Covariance model
Cross-spectrum model

2
1

Spec(H) based on exponential anisotropic covariance
Cross-spec = slope*cexp(-i*2*pi*freq(i)*delay(i))*Spec(H)
Spec(G) = slope^2*Spec(H)*|cexp(-i*2*pi*freq(i)*delay(i))|^2/Coher sq.
Note: the input parameters for Spec(G) are ignored.
They are derived from the cross-spectral relationship.
Nyquist frequencies
Frequency intervals

1.250
6.219E-03

1.250
6.219E-03

------------ SPECTRAL DISCRETIZATION AND TRUNCATION ERRORS ------------Nodes per correlation length
for H
25
for G
2

25
2

Correlation lengths per field
for H
16
for G
160

16
160

Sampled theoretical power spectral densities
at (0,0,0)
70.7564
9.1700
at (N,0,0)
1.460E-04 1.892E-05
at (0,N,0)
1.460E-04 1.892E-05
Total input variances
Integrated spectra

0.0998
0.1086

Spectral content (%)

108.8134

0.0129
0.0141
108.8144

Spectral content losses (%)
at (0,0,0)
2.7420
2.7420
in truncation
-11.5554 -11.5563

----------------------- TRUNCATED FIELD OUTPUT -----------------------Output statistical properties (truncated field)
Means
-6.7293
0.0661
Variances
0.1049
0.0136
Standard deviations
0.3239
0.1166
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Appendix H: Reynold’s Number Calculations
Appendix H outlines the values used in the calculation of the Reynold’s number for a case from
Chapter 2 with variable aperture having a fracture aperture mean of 1000 μm and having a fluid
velocity of 100 m/day. The flux is obtained from the output of HydroGeoSphere.
Table D.1. Outlines the parameter used in the calculation of Reynolds number for
Parameter at 20oC

Low Level (-1)

𝜌: Density of the water (kg/m3)

999.75

𝜇: Dynamic viscosity (Kg / m sec)

0.00131

Q: Flux (m3/sec)

8.4 x 10-5

W: Width of the domain (m)

80

Reynolds Number

0.81

The Reynold’s number was calculated using (Brush and Thomson 2003):
𝑅𝑒 =

𝜌𝑄
𝜇𝑊

Reference:
Brush, D., & Thomson, N. (2003). Fluid flow in synthetic rough-walled fractures: Navier-Stokes,
Stokes, and local cubic law simulations. Water Resources Research, 39(4), 5-1.
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