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ABSTRACT

MATRIX-FRACTURE TRANSFER IN NON-ISOTHERMAL CONDITIONS

Tavakkoli Osgouei , Yashar
Doctor of Philosophy, Petroleum and Natural Gas Engineering
Supervisor: Prof. Dr. Serhat Akin
Co-Supervisor: Assoc. Prof. Dr. Emre Artun

January 2020, 168 pages

A numerical and experimental study was carried out to investigate matrix-fracture
transfer in fractured porous media. Film type heat flux sensors were installed in four
different synthetically fractured core plugs to measure the temperature and heat flux
in fracture during cold water injection. Experimental values of heat flux were used to
calculate convective heat transfer coefficient. Fracture temperatures were used to
calibrate numerical model developed using CMG-STARS simulator to evaluate
contributing matrix thermal properties. The results show that the temperature decrease
in fracture is lower when rock matrix has higher thermal properties. The variations in
heat flux and temperature difference along matrix-fracture interface with respect to
time necessitates the use of variable convective heat transfer coefficients for accurate

analysis of matrix-fracture heat transfer.

Moreover, results of tracer experiments where Rhodamine B solution was injected at
a flow rate of 1 cc/min and outer temperature of 70 °C was used to determine
dispersion coefficients using aforementioned numerical model. Sensitivity analysis
of the numerical model indicated that thermal properties of matrix are effective in
matrix-fracture mass transfer similar to injection rate. To illustrate, the solute
penetration is higher in core plugs with larger matrix thermal properties that provide

larger temperature gradient over matrix-fracture interface. This can be explained by



the Soret effect that is kind of coupled heat and mass transfer at non-isothermal

conditions.

Keywords: Fractured porous media, Matrix-fracture transfers, Convective heat
transfer coefficient, Numerical simulation of tracer testing, Coupled heat and mass

transfers
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IZOTERMAL OLMAYAN KOSULLARDA MATRIKS - CATLAK
TRANSFERI

Tavakkoli Osgouei , Yashar
Doktora, Petrol ve Dogal Gaz Miihendisligi
Tez Damismani: Prof. Dr. Serhat Akin
Ortak Tez Danigsmani: Dog. Dr. Emre Artun

Ocak 2020, 168 sayfa

Catlakli gozenekli ortamda catlak - matriks transferini arastirmak i¢in sayisal ve
deneysel bir ¢alisma yapilmistir. Film tipi 1s1 akis1 sensorleri, soguk su enjeksiyonu
sirasinda catlaktaki sicakligi ve 1s1 akisim1 6lgmek i¢in dort farkli sentetik olarak
catlatilmis tapaya yerlestirilmistir. Konvektif 1s1 transfer katsayisint hesaplamak igin
deneysel 1s1 akis1 degerleri kullanilmistir. Matriks termal 6zelliklerini degerlendirmek
icin CMG-STARS simiilatorii kullanilarak gelistirilen sayisal modeli kalibre etmek
icin ¢atlak sicakliklar1 kullanilmistir. Sonuglar, kaya matriksinin daha yiiksek termal
Ozelliklere sahip olmasi halinde catlaktaki sicaklik diislisiniin daha az oldugunu
gostermektedir. Matriks-gatlak arayiizli boyunca zamana gore 1s1 akis1 ve sicaklik
farkindaki degisimler, matriks-gatlak 1s1 transferinin dogru analizi i¢in degisken

konvektif 1s1 transfer katsayilarinin kullanilmas1 gerektigini gostermistir.

Ayrica, yukarida belirtilen sayisal model kullanilarak Rhodamine B ¢ozeltisinin 1 cc
/ dakika akis hizinda 70°C dis sicaklikta enjekte edildigi izleyici deneylerinin
sonuglart dagilim katsayilarim1 belirlemek icin kullanilmistir. Sayisal modelin
duyarlilik analizi, matriksin termal 6zelliklerinin, enjeksiyon hizina benzer matriks -
catlak kiitle transferinde etkili oldugunu gostermistir. Ornek vermek gerekirse,

matriks — gatlak arayiizii tizerinde daha biiyiik sicaklik gradyani saglayan daha biiyiik

Vil



matris termal 6zelliklerine sahip tapalarda ¢ozlinen penetrasyon daha yiiksektir. Bu,
izotermal olmayan kosullarda bir tiir birlestirilmis 1s1 ve kiitle transferi olan Soret

etkisi ile agiklanabilir.

Anahtar Kelimeler: Catlakli poroz ortam, Matriks-¢atlak transferi, Konvektif 1s1
transfer katsayisi, izleyici testi sayisal modellemesi, 1s1 ve kiitle transferinin birlikte

degerlendirilmesi
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CHAPTER 1

INTRODUCTION

Over the recent decades, the need for the understanding, characterizing, and modeling
of flow and transfers as well as interactions within porous media has mainly been
increased (Berre et al., 2019). As porous medium can be defined as a solid structure
with interconnected voids, it can cover many areas, ranging from agricultural,
chemical, hydrological, environmental, petroleum and geothermal engineering to soil

and geo sciences (Olasolo et al., 2016).

Similar to geothermal reservoirs existing commonly as the matrix-fracture systems,
approximately 60 % of world’s hydrocarbon reservoirs are placed in the fractured
porous media. While different kinds of porous media are characterized by fracture
network, the scale of fractures can range from millimeters to hundreds of kilometers
(Berre et al., 2019; Olasolo et al., 2016).

Fractured porous media are somewhat different from homogeneous porous media in
the sense that they are highly heterogeneous systems. This heterogeneity can be
referred to the very large contrast in properties such as permeability and storage
capacity. Fractured porous media include high storage capacity and low permeability
matrix which acts as a storage and low storage capacity and high permeability fracture

providing flow path for fluid flow (Berre et al., 2019; Kumar, 2012).

The flow and transport through fractured porous media can be contrasted with those
in unfractured porous media. Therefore, there may be early breakthroughs in the
former structures compared to the latter ones. In fact, the heterogeneities of flow and
transport properties in both fracture networks and surrounding porous matrix result in
increasing uncertainties, making characterization of matrix-fracture systems more

complicated (Kumar, 2012).



The reason why fracture networks affect the flow and transport in matrix-fracture
systems can be clarified that the heterogeneous structure of fractured porous media
provides complex fluid velocity profiles. Because the flow velocity in fracture is
considerably faster than that in porous matrix, the large velocity gradient between
matrix and fracture can produce the potential for matrix-fracture transfers of mass and
heat over fluid flow in matrix-fracture systems (Kumar, 2012). In addition, other
physical and chemical processes such as chemical reaction and adsorption etc. can
affect transport process (Khuzhayorov and Mustofokulov, 2019; Khuzhayorov and
Mustofoqulov, 2018). The spatial heterogeneities in fractured porous media and the
variability in flow and transport properties make them intricate for analysis of matrix-
fracture transfers. That’s why, the single fracture-matrix systems are usually used to

have a precise analysis of matrix-fracture transfers (Bagalkot et al., 2018).

Although matrix-fracture thermal transport involves heat conduction within matrix
and forced heat convection along matrix-fracture interface due to fluid flow in
fracture, the analysis of matrix-fracture heat transfer can be simplified by theory of
local thermal non-equilibrium describing the convective heat transfer mechanism
(Shaik et al., 2011; Yamaguchi and Akibayashi, 1992). Thus, convective heat transfer
coefficient can be considered as a representative to determine the amount of heat

exchange in matrix-fracture system (Abdallah et al., 1995).

In the way that the large velocity gradient between matrix and fracture causes matrix-
fracture heat transfer due to temperature difference, it can also produce concentration
difference between matrix and fracture which is responsible for matrix-fracture mass
transfer (Kumar, 2012). Tracer testing is the most commonly used approach for the
characterization of porous media and the estimate of transport parameters. These
properties are usually determined through fitting tracer transport models to real data
over tracer testing. In fact, they are determinant quantities to analyze matrix-fracture

transfers in fractured porous media (Schmelling and Ross, 1989).



Although fractures can contribute heat and mass differences between matrix and
fracture for matrix-fracture transfers due to the large velocity gradient, the porous
matrix can be controlling factor in transport process along matrix-fracture interface,
namely, the properties of matrix can greatly affect matrix-fracture transfers (Wu et al.,
2010).

In present study, the single fractured core plugs were synthetically prepared to analyze
matrix-fracture transfers. The matrix-fracture transfers can be divided into the main
three categories: thermal transport, solute transport, and particles transport. Cold water
injection, tracer solution injection, and micro-tracer particles injection through the
single fracture-matrix systems were experimentally carried out for analysis of thermal
transport, solute transport, and particles transport, respectively. Also, each category
can be further divided into four steps: experimental measurements, development of
numerical model, history matching, and sensitivity analysis. The values of
temperature in fracture and heat flux along matrix-fracture interface over cold water
injection and outlet concentration of tracer over tracer injection constitute
experimental measurements. The numerical simulation models were developed for all
core plugs using CMG-STARS then matching the results of numerical models with
the values of experimental measurements were carried out to determine some
properties of matrix and fracture involved in matrix-fracture transfers. The calibrated
numerical model was used to investigate the effect of flow rate in fracture as well as

thermal and physical properties of matrix on matrix-fracture transfers in different core

plugs.

Because porous matrix acts as the source to supply heat over cold water injection and
the storage to retard tracer breakthrough due to dispersion within matrix over tracer
injection, the thermal properties of matrix along with physical properties can
determine the amount of matrix-fracture transfers in non-isothermal conditions. In
fact, coupled heat and mass transfers is effectively used to analyze simultaneous

occurrence of heat and mass transfers between matrix and fracture in non-isothermal



conditions. Figure 1.1. shows the flowchart of stages performed to study matrix-

fracture transfers in the single fracture-matrix systems.

History
Matching

Development of Numerical
Model by CMG - Stars

# Flow Rate Sensitivity [“

» Thermal Properties « Analysis
of Matrix

Figure 1.1. The flowchart of study on matrix-fracture transfers in non-isothermal conditions

In this chapter the overall concept of matrix-fracture transfers and the stages of current

study were briefly explained.

In chapter 2, the statement of the problems about matrix-fracture transfers then the

main stages handled in the current study are explained as well.

In chapter 3, the preparation of core plugs and fractured core assembly and design
of experimental setup used for flow-through experiments to measure heat flux and
temperature in fracture over cold water injection and outlet concentration of tracer

over tracer injection are described.

In chapter 4, the construction of numerical simulation models developed to study heat
and mass transfers through the single fractured core plugs are explained. The

fundamental of history matching is briefly described to achieve a calibrated numerical



model used for matrix-fracture transfers analysis and determining some uncertain

parameters as well.

In chapters 5, the investigations of thermal transport in the single fractured core plugs
are presented. Firstly, several previous studies and different aspect of heat transfer in
matrix-fracture systems reported in the literatures were reviewed. In the next step, the
procedures of experimental measurements and calibration of numerical models are
described. Then, experimental and numerical as well as analytical results are given

and compared for analysis of matrix-fracture heat transfers.

In chapters 6, the investigations of solute transport in the single fractured core plugs
are presented. Firstly, several previous studies and different aspect of solute transport
in matrix-fracture systems reported in the literatures were reviewed. In the next step,
the procedures of experimental measurements and calibration of numerical models are
described. Then, experimental and numerical as well as analytical results are given

and compared for analysis of matrix-fracture mass transfers.

In chapter 7, the investigations of particles transport in the single fractured core plugs
are presented. Firstly, several previous studies and different aspect of particles
transport in matrix-fracture systems reported in the literatures were reviewed. Then,
the experimental results of particles transport in the single fracture-matrix systems are

given.

In chapter 8, the summary of the most outstanding points of the current study in the
analysis of matrix-fracture transfers involving methodology, observations, and results

is given.






CHAPTER 2

STATEMENT OF PROBLEM

The analysis of matrix-fracture heat transfer can be convenient by calculating
convective heat transfer coefficient. In other words, it can be considered as a
representative of the amount of heat exchange between matrix and fracture in matrix-
fracture systems. The convective heat transfer coefficient depends on flowing fluid
properties, geometry of matrix-fracture interface, and temperature difference at
matrix-fracture interface. In addition to flow conditions in fracture and fracture
properties, thermal properties of matrix by establishing the temperature of fracture
surface can affect temperature difference at matrix-fracture interface. Although energy
balance method and analytical solution of heat transfer equations in matrix-fracture
systems are used to calculate the constant value of convective heat transfer coefficient,
it cannot exactly explain matrix-fracture thermal transport. It can be attributable to
variations in the values of temperature difference, in turn, heat flux along matrix-

fracture interface with respect to space and time in matrix-fracture systems.

To cope with this problem, heat flux sensor was used to measure experimental values
of heat flux and fracture temperature. The experimental values of fracture temperature
were used to calibrate numerical model by which thermal properties of matrix and
temperature difference along matrix-fracture interface in various times were
determined. The values of heat flux were used to calculate directly convective heat
transfer coefficient as well. Eventually, new form of heat transfer coefficient, namely,
local and transient convective heat transfer coefficients are introduced for analysis of

matrix-fracture thermal transport.



The level of tracer penetration into matrix can be used for analysis of matrix-fracture
mass transfer. It can be considered as a representative of the amount of mass transfer
between matrix and fracture in matrix-fracture systems. The rate of penetration
depends on flow conditions in fracture and fracture properties as well as matrix
properties. A constant and isotropic value of dispersion coefficient cannot adapt the

solute penetration in matrix-fracture systems due to their heterogeneous structure.

To analyze solute transport between matrix and fracture the anisotropic values of
dispersion coefficient were determined by numerical simulation model calibrated with
experimental values of outlet concentration of tracer. These values are compatible
with matrix permeability. Moreover, the calibrated numerical model was used to
investigate the effect of thermal properties of matrix on matrix-fracture solute
transport at different temperatures in non-isothermal conditions transport processes.
The Sorret effect as a representative of coupled heat and mass transfers was used to
explain the effect of thermal properties of matrix on solute transport through matrix-

fracture systems in non-isothermal conditions.

However, the development of numerical simulation model of micro particles transport
was impossible due to adsorbing or sticking of particles on fracture wall and surface

of the heat flux sensor as well as gravity settling of particles in the fracture.



CHAPTER 3

PREPARATION OF CORE PLUGS AND EXPERIMENTAL SETUP

3.1. Core Plugs Preparation and Properties

The core samples were prepared to the desirable dimensions through cutting and
trimming processes by using core drilling and sample cutting machines. The core

samples used in this study are limestone with low permeability.

After core plug preparation processes, the samples were then dried in an oven at 110
°C for 24 hours and cooled in a vacuum chamber until gas porosimeter and
permeability measurements were conducted by using core property measurement
apparatus available in petroleum and natural gas engineering department (Figure 3.1).
Four limestone core samples were selected for fracturing in order to use in flooding

experiments.

& @

)

Figure 3.1. Core plugs preparation and properties measurements

The physical properties of the core plugs used in experiments are listed in the below
Table 3.1:



Table 3.1. The physical properties of core plugs

Core Length Diameter  Porosity Permeability Pore Volume

Plug (cm) (cm) (%) (md) (cm?3)
#1 7.21 3.72 17.92 8.39 14.04
#3 7.13 3.72 19.00 3.79 14.73
#8 6.77 3.72 16.85 8.83 12.40
# 10 7.09 3.72 17.91 4.31 13.80

3.2. Fractured Core Assembly

For creating the single fracture and installing heat flux sensor within it, the core
samples were bisected along their length to install the heat flux sensor.

The thin film type heat flux sensor (Omega HFS-3) was used to measure the heat flux
and fracture temperature (Figure 3.2). The heat flux sensor sensor is a flexible and
self-generating thermopile transducer that the data was recorded by using a digital data
logger. It outputs microvolts with 4-wire sensor with thermocouple and the nominal
sensitivity 3.0 (uv/BTU/ft2hr).

Whereas the fracture including heat flux sensor was situated in the middle of the two
matrix blocks, the outside surface of the core plugs was sealed with epoxy resin. The
coating of core plugs was performed by placing fractured cores in the middle of the
cast acrylic tube and filling their surrounding space with epoxy resin of Neodecanoic
acid glycidyl ester type ER2188 with MW<=700. The sealing outer surface of core
plugs ensures fluid flow through single fracture and not along the outer surface,
creating a no flow boundary condition at the radial boundary. Consequently, it
provides a gap between top and bottom of core plugs’ halves to give only fluid flow
through a horizontal fracture with the aperture 0.01778 cm that is equal to thickness

of the film heat flux sensor.

Then the fractured core is positioned in a Teflon core holder with two end caps at the
top and bottom of the core for fluid flow in and out of the core holder. In order to
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distribute fluid in all direction of fractured core, the end cap faces that meet the rock

sample have spider-web-shaped channels (Figure 3.3).
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Figure 3.2. The artificial fractured core plug (A single fracture-matrix system)

Figure 3.3. Fractured core assembly
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3.3. Experimental Setup

This apparatus is made of injection fluid reservoir, pump (ISCO syringe-500D),
fractured core assembly, water bath to maintain the temperature of the core sample’s
outer surface at constant values (70 or 90 °C) by potting core assembly inside it,
thermocouples to measure inlet fluid, outlet fluid, and water bath temperatures over
cold water and tracer injection , production collector system, data logger (Elimko E-
680) to record heat flux along matrix-fracture interface, and inlet, outlet, and fracture
temperatures, and injection and production lines involving plastic and metal
transmission tubes. This set up was used for flow-through experiments such as cold
water injection (matrix-fracture thermal transport), tracer solution injection (matrix-
fracture solute transport), micro-particles tracer injection (matrix-fracture particles
transport) experiments. The schematic of the experimental apparatus is shown in the

following figures;

Figure 3.4. The core flooding experiments set-up
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Figure 3.5. Schematic drawing of experimental set-up used in flow-through experiments
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CHAPTER 4

NUMERICAL SIMULATION MODEL

4.1. Numerical model description

Numerical simulation is typically an appropriate method to analyze the mechanisms
involving the phenomena. In addition, for optimizing the parameters numerical model
should be built to predict system functionality and response under different conditions.
The aim of numerical simulation is representing of a real system to forecast the

capabilities of system in various steps and operations conditions (Heidari et al., 2011).

The numerical simulation is complementary of experimental outcomes in
identification of main controlling parameters in studies. The development of
numerical model to represent the realistic experimental observations is a useful tool
in the understanding of phenomena. It provides considerable and accurate insight into
the processes controlling solute flow and transport in fracture-matrix system unlike
analytical solution of solute transport equations, which are based on many

assumptions and simplifications (Sanaee et al., 2012).

The simulation of experimental data is used to design and optimize for calculation of
some decision variables. Therefore, the selection of an appropriate simulator can be
important step in modeling laboratory-scale experiments. The most prominent feature
of simulator used is the capacity and functionalities that is essential for modeling
(Mohammadi et al., 2012).

The three-phase multi-component thermal simulator, STARS by CMG (Computer
Modeling Group Ltd.) is used for implicit finite difference numerical simulation of
thermal transport and tracer solution transport in the single fracture-matrix systems
(CMG STARS Manual). For simplicity a quarter of the fractured core plugs were

simulated due to symmetrical shape.
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Figure 4.1. A quarter of the fractured core plug

The numerical model with the Cartesian grid system representing a single-matrix
system has 15x120%26 grid blocks in X, y, and z directions, respectively. The grid size
is variable with respect to space and directions. The grid blocks were set to be finer
near matrix-fracture interface to have an accurate analysis of matrix-fracture transfers.
The heterogeneities in numerical model were contrasted with respect to different
values of porosity and permeability for rock matrix, fracture, and sensor sections.

The numerical simulation of the single fracture-matrix system to model matrix-
fracture transfers over non-isothermal processes includes totally 46800 grid numbers

with various sizes.

In the current simulation, the ends of single fracture-matrix system were modeled as
injection and production wells. The wells were perforated at the fracture inlet and
outlet to flow only fluid through fracture over core flooding process. Fluid movement
is expected due to high values of permeability and porosity along fracture section.
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Figure 4.2. Heterogeneities in the 3D view of numerical simulation model

The reason for constructing a Cartesian grid type rather than Radial one of single
fracture-matrix system in simulation model is to ensure having 1-D fluid flow along
fracture similar to core flooding experiments (Tunnish et al., 2019). The following

table shows different section in single fracture-matrix system simulated.
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Table 4.1. Type and dimension of grid system in the numerical simulation model.

Rock Type Color Position
X Y Z
Matrix Blue 1:15 1:120 2:26
1:37
Fracture Red 1:15 1
84:120
Sensor Yellow 1:15 38:83 1

4.2. History matching

The numerical model can only be reliable in the case of good calibration with actual
observations. The model is calibrated when it can reproduce the observed data. This
calibration process is named history matching (Cavalcante et al., 2017). It is performed
by means of a trial and error method of adjusting model parameters until an acceptable
match is achieved. Accordingly, history matching is the most time-consuming,
expensive, and often frustrating step over numerical simulation of a process.
Therefore, the assisted history matching techniques has been introduced. In this
approach, the simulated data is verified by measured data through an objective
function. History matching is defined as an optimization problem in which objective
function is solved based on boundary conditions (Amini and Mohaghegh, 2019;
Shahkarami et al., 2015).

A group of parameters are selected for numerical model as the base values and the
parameter variations. Over history matching process, the base values are taken fixed,
but the parameter variations are modified to achieve a good match numerical results
with real data (Klump et al., 2011).

History matching involves the modification of uncertain parameters of model to
reproduce the real results. The purpose of history matching process is handling

uncertain parameters in the model calibration to reproduce results closer to observed
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data. Consequently, it can be used to analyze mechanisms involving in a process and

predict performance of a system in different conditions (Rai et al., 2015).

Numerical model is the significant tools for studying thermal transport (heat transfer)
over cold water injection and solute transport (mass transfer) over tracer solution
injection in a single fractured core plug. The comparison of experimental and
simulated data makes it possible to get information about the properties of matrix-
fracture transfers, and transport and flow parameters in the single fracture-matrix
systems. In general, a numerical simulation model should be calibrated to determine
a valid set of parameters providing the model to predict flow and matrix-fracture
transfers in fractured porous media for different flooding scenarios (Amini and
Mohaghegh, 2019). In addition to model verification, the calibrated model can be used

to understand more about the properties of samples.
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CHAPTER 5
THERMAL TRANSPORT IN SINGLE FRACTURE-MATRIX SYSTEMS

5.1. Theory
5.1.1. Heat Transfer Mechanisms

Heat transfer can be described as exchange of thermal energy (heat) because of
temperature gradient between physical systems while heat flux can be defined as the
amount of heat passing through a unit area per unit time. It is a vector quantity that its
magnitude is proportional to the magnitude of temperature difference (Bird et al.,
2002; Incropera and DeWitt, 2002).

Thermal transport process is classified into three different kinds of modes (Bird et al.,
2002; Incropera and DeWitt, 2002):

(1) Conduction

Heat conduction is transfer of thermal energy due to either random molecular motion
or due to the motion of free electrons. The driving force is temperature difference for
heat conduction, in fact, energy is transferred from more energetic zone to less

energetic zone. Conduction is sometimes also called heat diffusion.

Fourier’s law is used to explain the conductive heat flux. It illustrates that heat is
transferred from an area with higher temperature to area with lower temperature. This
law is stated by

=—kVT (5.1)

qconduction

where q is the conductive heat flux (J min™ cm); k is the thermal conductivity (J min-

LemteC?y; T is the temperature (°C).
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(if) Convection

Convective heat transfer is any transfer of thermal energy by the bulk motion of fluid.
It involves simultaneous occurrence of advection and diffusion mechanisms.
Convection can be categorized into two types: natural and forced based on their

driving force.

e Natural convection: It refers to fluid movement which naturally occurs by
buoyancy differences (density differences).
e Forced convection: It refers in which the fluid is made to flow by some

external agent like pump and fan etc.

The convective heat transfer occurs generally in system involving a solid surface in
contact with a flowing fluid. The rate of the convective heat transfer is proportional to
temperature difference between solid surface and fluid. The convective heat flux can
be described by Newton’s law of cooling, writing as

=h (T, —T¢) 5.2)

CIconvection

where q is the convective heat flux (J min cm™); h is convective heat transfer
coefficient (J min™ cm2 °C1); Ts and Trare temperatures of solid surface and flowing
fluid (°C).

(iii) Radiation
The radiative heat transfer is caused by electromagnetic radiation. The rate of heat

radiation depends mainly on their temperature and surface characteristics.

In radiative heat transfer, objects with differing thermal energies emit or absorb

electromagnetic waves/particles (photons). If a photon is absorbed the bodies thermal
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energy of the mass increases, if a photon is emitted the thermal energy of the mass

decreases. The radiative heat flux can be described by

4 4
qradiation:gFG(Tl _T2 ) (5.3)

where q is the radiative heat flux (J mint cm?); ¢ is Stephan-Boltzmann constant
3.406x1071% (J mint cm2°C™?); € is emissivity; F is the view factor; T1 and T are

temperatures of bodies (°C).

5.1.2. Thermal Properties
5.1.2.1. Thermal Conductivity

Thermal conductivity can be defined as the ability of materials to transfer heat. The
dimension of thermal conductivity is J S* mK™ in Sl system. It is equal to the amount
of heat per unit of the area of the surface per unit of time (Incropera and DeWitt, 2002;
Lienhard, 2013).

The geologic rocks have a large range of thermal conductivity values because thermal
conductivity of rocks depend on temperature, pressure, porosity, composition of rock
and pore-filling fluids, namely, the values of thermal conductivity range widely for
rocks and pore-filling fluids. In fact, thermal conductivity of all pore-filling fluids is
lower than that of rocks. This makes that the overall thermal conductivity decreases
with increasing porosity (Narasimhan, 2013). The effect of porosity on thermal

conductivity is shown in Figure 5.1.
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Figure 5.1. The effect of porosity on thermal conductivity of a sandstone with different pore-filling

fluids at ambient temperature and pressure (Narasimhan, 2013).

The dependency of thermal conductivity of a porous rock on porosity and fluid
saturation was described by a series of “mixing law” equations and given thermal
conductivity values of solid rock and pore-filling fluids (Kaviany, 1995; Narasimhan,
2013).

The minimum value of thermal conductivity can be calculated by the weighted

harmonic mean of the two conductivities (Nield and Bejan, 2006):
k kSkf
mn ~ | ' 5.4
g, + A= p)k ] 54

Where @ is rock porosity; ksand ks are thermal conductivity of solid rock and pore-
filling fluids
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The maximum value of thermal conductivity can be expressed as the weighted

arithmetic mean of the two conductivities (Nield and Bejan, 2006):

Krax = &K + (L= )k, (5.5)

Also, the thermal conductivity of porous rock can be described using geometric mean
(Nield and Bejan, 2006):

Lk P 7
kgeo o kf ks (5.6)

In general, the mathematical models proposed indicate the following order of different

thermal conductivities:

k <k <k

harmonic geometric arithmetic (5.7)

The extensive studies show that there are many correlations between temperature and
thermal conductivity measurements in rocks. Thermal conductivity is mainly
influenced by temperature variation in rocks with low porosity. The thermal
conductivity of most rocks declines by a factor of 1.5 to 4 when temperature increases
from 0 to 800 °C. The dependency of thermal conductivity of sedimentary and
metamorphic rocks on temperature variation is larger than that of volcanic rocks.
However, there are several exceptions to the general trend of decreasing thermal
conductivity with temperature. To illustrate, mineralogical structure and compositions
in rocks (i.e. feldspar content) cause that thermal conductivity of rocks increases with
rising temperature. Thermal conductivity of many rocks are direction-dependent
variation. Thermally anisotropic in rocks is due to a dominant orientation of an

anisotropic mineral (Kaviany, 1995; Narasimhan, 2013).
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5.1.2.2. Heat Capacity

The specific heat capacity is defined as the amount of energy to raise the temperature
of a unit of the mass of a matter by 1 degree. It explains the capability of the materials
to store heat with dimension in Sl: J/kg K. The specific heat can be measured at
constant pressure (cp) or at constant volume (cv) (Incropera and DeWitt, 2002;
Lienhard, 2013).

When there is no chemical reaction and no change in state, the variation in enthalpy

(H) with temperature at constant pressure can be expressed by:
OH =c,oT (5.8)

The heat capacity per unit mass of solids, liquids and gases generally increases with

temperature and the effect of temperature can be expressed as:
c, =b+cT + fT? (5.9)

Where cp is the specific heat at constant pressure and b, ¢, and f are coefficients.

In addition, the other form of heat capacity is volumetric heat capacity which can be
defined as density and specific heat product (pcp) with dimension J/m®K in SI. It
describes the ability of a given volume of a material to store internal energy while
undergoing a given temperature change, but without undergoing a phase transition. It
is different from specific heat capacity in that the volumetric heat capacity is a 'per
unit volume' measure of the relationship between thermal energy and temperature of
a material, while the specific heat is a 'per unit mass' measure. Studies indicate that
the heat capacity of geologic rocks increases with rising temperature at ambient

pressure.
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5.1.2.3. Thermal Diffusivity

Thermal diffusivity is the ratio of the thermal conductivity of the material to the
volumetric heat capacity of the material. In fact, it describes how fast heat can be
transferred across the medium with time in transient conditions. The dimension of
thermal diffusivity is m? /s in SI (Incropera and DeWitt, 2002; Lienhard, 2013).

a =— (5.10)

Where a, k, p, and cp are thermal diffusivity, thermal conductivity, density, and

specific heat capacity respectively.

Greater the value of thermal diffusivity, faster is the propagation of heat through the
medium. This will result either due to a high value of conductivity or a low value of

volumetric heat capacity (Kaviany, 1995).

5.1.3. Convective Heat Transfer Coefficient

When the fluid circulates over a solid surface, the challenging issue to analyze heat
transfer at solid-fluid system is the heat conduction problem within solid coupled with
the heat convection problem on the fluid side. The introduction of the convective heat
transfer coefficient makes it simple to evaluate the rate of heat transfer between solid
surface and flowing fluid (Bird et al., 2002). Therefore, convective heat transfer
coefficient can be used to quantify the amount of heat exchange at solid-fluid systems.

Convective heat transfer coefficient is a proportionality constant to correlate
convective heat flux and temperature difference between solid surface and flowing
fluid that is driving force for heat exchange. It is used to calculate convection heat

transfer between solid surface and surrounding fluid. Convective heat transfer
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coefficient can be defined as the rate of heat flux between a solid surface and a flowing

fluid per unit surface area per unit temperature difference (Zhao, 1992).

= d 5.11
(Ts _Tf) (.11)

where q is convective heat flux (J min™ cm "2); h is convective heat transfer coefficient

(3 min "t cm 2 °C); Ts and T are temperatures of solid surface and flowing fluid (°C).

In general, convective heat transfer coefficient is an experimentally determined
parameter, depending on all the variables involved in convection such as fluid

properties, geometry of solid surface, and bulk fluid velocity (Nield and Bejan, 2006).

At solid-fluid interface, the convective heat transfer coefficient depends on the
properties of flowing fluid, geometry of solid-fluid interface, and temperature
difference between solid surface and surrounding fluid. In practice, the temperature of
solid surface can be crucial in assigning temperature difference at solid-fluid interface,
in turn, the convective heat transfer coefficient (Zhao, 1992).

5.1.4. Thermal Transport in Fractured Porous Media

The substantial variations in rock properties such as permeability and porosity across
matrix and fracture make fractured porous media as a complicated structure for
analysis of matrix-fracture transfers. The matrix-fracture system consists of matrix
with low permeability acting as a storage and fracture with high permeability

providing path for fluid flow (Kaviany, 1995; Narasimhan, 2013).
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Figure 5.2. Matrix-fracture transfers

In fractured formations, matrix-fracture heat transfer is important in thermal transport
processes such as enhanced geothermal systems (EGS) for recovery and extraction
thermal energy and enhanced oil recovery (EOR). Matrix-fracture heat transfer has a
pivotal role in accomplishing enhanced geothermal systems (thermal transport from
hot dry rocks to flowing fluid in fracture by cold water injection) and thermal oil
recovery processes (thermal transport from fracture to rock matrix by hot water and
steam injection) (Martinez et al., 2014). The analysis of thermal transport in fracture-
matrix systems needs a comprehensive understanding of conductive heat transfer
within matrix, convective heat transfer along matrix-fracture interface, and fluid flow
through fracture (Abbasi et al., 2017; Shaik et al., 2011).

The equations involved in the analysis of thermal transport in fractured porous media
are continuity as well as momentum and energy equations, respectively (Bird et al.,
2002).
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E"'V’(pu) =0 (5.12)
ou )
,O(E + UVU) =-VP+ u4VUu+F (5.13)
oT
pCp(E+ UVT) =kV°T + Q (5.14)

Where u, T, t, P, F, and Q are velocity, temperature, time, pressure, body force, and
heat generation, respectively. The symbols p, u, cp and k represent the physical
properties of density, dynamic viscosity, specific heat capacity and thermal
conductivity. In the case of heat flow in a solid, the velocity is neglected, and the

equation reduces to the conduction equation.

oT
£C, (E) =kV°T +Q (5.15)

Thus, the reasons for the fact that convective heat transfer coefficient is considered as
a representative of the amount of heat exchange in matrix-fracture systems are as

follow;

Firstly, the analysis of matrix-fracture heat transfer to assess the heat exchange
through matrix- fracture interface involves the understanding of convective heat
transfer that is the combination of fluid flow in fracture and heat transfer mechanisms

in matrix and fracture (Zhao, 1992).

In addition, there exists temperature difference between matrix grains and pore-filling
fluids at the pore-scale. Although this temperature difference is relatively small, it can
be considered in the case of rapid thermal transients and highly concentrated heat

sources in one phase but not the other phase (Narasimhan, 2013).
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In homogeneous porous media where fluids move quite slowly, local thermal
equilibrium (LTE) between solid and fluid phases makes it simple to determine an
effective thermal conductivity without any need for separately examining heat
conduction in the solid and fluid although in fractured porous media, fluid in fracture
is assumed to be in thermal equilibrium with the fracture surface (matrix-fracture

interface) despite the temperature gradient within matrix (Narasimhan, 2013).

At the local thermal non-equilibrium (LTNE), temperature difference between fluid
and matrix exists and two energy equations are used to describe heat transfer in matrix-
fracture systems. In fact, this theory is an appropriate and real theory to analyze
thermal transport in matrix-fracture systems. It makes the convective heat transfer
coefficient as a significant parameter for understanding thermal transport in matrix-

fracture systems (Jiang and Ren, 2001).

5.1.5. Conceptual and Mathematical Model of Thermal Transport in Fractured

Porous Media

Mathematical modelling can be used for effective analysis of matrix-fracture transfer
processes. The heat transfer is by vertical conduction in the matrix and by forced
convection along the y- axis within the fracture. The heat conduction in the core plug
was modelled as 1- dimensional and perpendicular to the fracture surface in z-
direction. The fracture is a horizontal plane penetrating the entire length of the core
sample (y-axis) (Cheng et al., 2001).

In order to facilitate understanding of thermal transport in fractured porous media,
cold water injection through the single fractured core plug was studied. The
assumption of local thermal non-equilibrium (LTNE) provides the analysis of matrix-
fracture heat transfer by coupling heat transfer mechanisms in matrix and fracture as
well as flowing fluid in fracture (Zhao, 2014). In this process the matrix as a heat
storage supplies heat source while the fracture provides a pathway to remove heat

from rock fracture surface by circulating fluid for transport (Figure5.3).
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Figure 5.3. A sketch of a single matrix-fracture system in thermal transport process

To quantify thermal front propagation across the single matrix- fracture system as a
result of heat transfer along matrix-fracture interface, heat transport in fracture and
matrix can be divided by the two PDEs.

The heat transfer mechanisms involving in the fracture are advection, dispersion,
conduction and convection from fracture surfaces. The Eq. (5.16) represents the heat
transfer in the fracture (Cheng et al., 2001; Zhao, 2014):

T (y)  aT(y) *T((y) T (y)  k, oT, (y.z,)
+Uu -D, s —Qy ——
ot oy oy oy PuCoud Oz

|z=ib =O (516)

Where D¢ is the longitudinal thermal dispersion coefficient; aw is the water thermal
diffusivity; kw, pw, and cpw are the water thermal conductivity, water density, and
water specific heat capacity respectively; km is the matrix thermal conductivity; u is
the water velocity in the fracture; b is the half aperture of fracture; Tmand Tr are the

temperatures of matrix and bulk water in fracture.

The heat conduction within rock matrix as a dominant heat transfer mechanism can be
described by Eq. (5.17):

oM, (1,2) _  0T,(3,2)

ot m o722 (5.17)

32



Where am is matrix thermal diffusivity.

The single fractured core plugs including the fracture in y- direction were
manufactured to study heat transfer between matrix and fracture fluid. With
consideration of small and negligible dispersion effects, energy balance over the

fracture in steady state conditions yields

aT. (y) O°T, (y) K, OT.(y.z,)
u —ay, - |
oy oy PuCow b Oz

v =0 (5.18)

In addition, it was assumed that heat conduction within rock matrix is only carried out
in z direction, perpendicular to the fracture plan. The steady thermal conduction is as

follows;

0T, (y.2) _

ey 0 (5.19)

Analytical solutions to Egs. (5.18) and (5.19) with regard to the following initial and
boundary conditions given between Eqg. (5.20) through Eqg. (5.23) for single matrix-
fracture system under these assumptions that water temperatures in fracture and
fracture surface to be in an identical value makes it possible to calculate outlet

temperature and have temperature profile along fracture (6.24).

T, (y=0)=T, (5.20)
T (y=0)=T, (5.21)
T.(y,n)=T, (5.22)
T (y,0) =T, (y) (5.23)

An analytical model was used to predict the steady temperature profiles of water in
the fracture plane.
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(5.24)

X u:chp,w _ upwcp,w i n 4km
2|k, k,, brk,,

If water thermal diffusion (ow) is negligible, analytical model for prediction of
temperature along fracture in steady state conditions without water thermal diffusivity
can be simplified as follow (Zhao, 2014):

k
T,(Y)=T,+(T,-T,)exp| -y —"—— (5.25)
up,C. br

W™ p,w

5.1.6. Calculation of Convective Heat Transfer Coefficient

The analysis of thermal transport in matrix-fracture systems based on local thermal
non-equilibrium (LTNE) assumption can be appropriate using Newton’s cooling law
in Eq. (5.2). Therefore, it seems the convective heat transfer coefficient to be useful
to determine overall amount of heat exchange in matrix-fracture systems (Heinze et
al., 2017). In the recent studies, the convective heat transfer coefficient was calculated

by energy balance and analytical model.
5.1.6.1. Energy Balance

Over cold water injection through the single fractured core plug, heat transfer between
hot matrix and flowing cold fluid in fracture causes decrease in temperature of core
plug’s inner surface (fracture surface temperature). Therefore, the temperature
difference between outer surface and fracture surface in core plug contributes to heat
conduction within matrix.

While the outer surface of core plug was held at constant temperature (T,), the average
temperature of fracture surface (Ti) due to anisotropy in the fracture surface
temperature was taken into account in calculating convective heat transfer coefficient
(Zhang et al., 2015).
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The average temperature of fracture surface (Ti) can be calculated by analytical
solution of heat conduction equation in cylindrical coordinates (Eg. 5.26). An half of

the cylindrical core plug is assumed due to symmetry (Figure 5.4) (Bird et al., 2002).

() + S ——+—|=pc, —
rar( ar) r’06* oy’° Poe 5 (5.26)

k{l o, 0T, 107 aZT} aT
As the boundary conditions are complicated and dynamic, a semi-circle section of
model is used to analyze heat conduction and calculate the average temperature of
fracture surface (Ti) through the transformation of cylindrical coordinates to
rectangular coordinates and integral for temperature field (Zhang et al., 2015):

oT el

. _:0 —:O —
Assumption: oy - , T=T(r,0) (5.27)

To

Ti

Figure 5.4. Semi-circle section of the model

O°T 10T 10T _,
orz ror rroe? (5.28)
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BC-1: r=r , T=To (5.29)

BC-2: =0, O=x, T=T

(5.30)

The analytical solution of heat conduction to calculate the average temperature of

fracture surface of core plug (Ti) as follow (Zhang et al., 2015):

ac, M (T.,.—T.)
T- :-I- . p,w out in
' e 42 .32kL (5.31)

Where cpw is the specific heat capacity of water (J/Kg °C); m” is the water mass flow
rate (kg/s); Tin and Tout are water inlet and outlet temperatures (°C); k is thermal

conductivity of rock matrix (W/m °C); L is length of core plug (m).

The overall steady energy balance in the single fractured core plug (Zhao and Tso,
1993):

Heat conduction = Heat convection =  Heat removed by fluid

within matrix at matrix-fracture interface flow through fracture (5.32)

The heat removed by the water flow, as:

gq= Cp,wm. (Tout _Tin) (5.33)

Also, the heat convected out of the fractured surfaces can be calculated by:

q=h(2A)T, -T;) (5.34)
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T, =

2 (5.35)

The overall energy balance in the single fracture-matrix system can be used to
calculate the convective heat transfer coefficient using temperatures of fracture inlet
and outlet at steady state conditions (Zhao and Tso, 1993):

h Cp,wm.(Tout _Tin)
= _ (5.36)
2A(T, - (10 o))

where h is the convective heat transfer coefficient (J/min cm? °C); Ti and T are
average temperature of fracture surface of core plug and water mean temperature in

fracture (°C), respectively.

5.1.6.2. Analytical Solution of Heat Transfer Equation

With consideration of a constant heat transfer coefficient, steady heat transport in the
fracture is governed by Eq. (5.37) (Zhao, 2014):

LTy oTy) b

5%y pwcpywb[Tm<y,b)—Tf(y)]=o (5.37)

Similarly, analytical solutions to Egs. (5.19) and (5.37) in boundary conditions of
fracture surface Eq. (5.38) with assumption of constant convective heat transfer
coefficient and negligible thermal diffusivity of water makes it possible to calculate
convective heat transfer coefficient at fracture outlet with known water outlet

temperature by Eq. (5.39).

T, (y,2)

—k,.
0z

v =—h[T. (,0) =T, ()] (5.38)
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T, (y)-T, (5.39)
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yk,, +up,C,,orin

n o
5.2. Cold Water Injection Experiments

The cold water injection experiments were carried out to study thermal transport in
the single fracture-matrix system. The main objective of cold water injection
experiments is measuring the transient values of fracture temperature and heat flux at
matrix-fracture interface by heat flux sensor for analysis of thermal transport in single
fracture-matrix systems. The experimental measurements of fracture temperature
were used to derive thermal properties of matrix by matching the experimental data to

the simulation model of thermal transport.
5.2.1. Single Fracture-Matrix System

In present study, four artificial fractured core plugs including heat flux sensor to
measure heat flux and fracture temperature were used to conduct cold water injection
experiments (Figure 5.5). The physical properties of core plugs were given in the
Table 3.1.

z N s T
. \ J2b /—be )
x -

\\_‘ / M:_t:l

) L

—

Figure 5.5. Cold water injection experiments
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5.2.2. Experimental Procedure

In all experiment runs cold water is injected into fractured core assembly at one end
with temperature of (Tin) at constant flow rate by a ISCO pump and accumulated from
the other end in production collector system. The position of fracture plane and

direction of flow is horizontal in all runs.

Over all flooding processes, the temperature of the rock sample’s outer surface was
maintained at constant temperature of 70 and 90 °C (T,) by using a water bath. When
the desired initial temperature of core sample of 70 or 90 °C is measured by heat flux
sensor within fracture, this temperature is kept constant for at least an hour to
guarantee that the whole core plug is heated up at constant and uniform temperature

conditions.

After reaching a steady state temperature within core sample, cold water is injected at
different flow rates and injection temperatures for 30 minutes. The inlet cap is
connected to a ISCO pump through the injection line. The injection line contains a
thermocouple to measure the water inlet temperature(Tin) before entering fractured
core assembly. On the other hand, the other end of fractured core assembly is
connected to production collector system through production line. Water leaves the
fractured core, accumulating in the production collector system. Experimental
measurement of the fracture temperature and water inlet temperature in addition to
heat flux between matrix and fracture are recorded in time interval 1 minutes by means

of digital data logger over the experiment runs.
5.3. Results and Discussion

In this current study matrix-fracture thermal transport was analyzed by different
methods including experimental measurements, analytical model, and numerical
simulation. It is necessary to mention that all flow-through runs were carried out at

outer temperatures (To) 70 and 90 °C.
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5.3.1. Experimental Measurements

The temperature and heat flux in fracture were experimentally measured by the thin
film type heat flux sensor for outer temperatures (To) 70 and 90 °Cover cold water
injection. The experimental measurements of temperature in fracture for core plugs #
1 and # 3 in different flow rates (1,5,10, and 15 cc/min) and outer temperatures were
illustrated in the Figures 5.6 and 5.7. The transient temperature decrease in fracture

for core plugs # 8 and # 10 over cold water injection are given in appendices section.
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Figure 5.6. Experimental relative temperature decrease in fracture at outer temperature 70 °C
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Figure 5.7. Experimental relative temperature decrease in fracture at outer temperature 90 °C

As can be observed from Figures 5.6 and 5.7 that temperature in fracture decreases
with increasing flooding duration. This can be as a result of heat swept over fracture
surface, contributing to temperature drop in matrix-fracture interface over cold water
injection for single fractured core plugs. In spite of the fact that the temperature drop
in fracture is considerable in the early time, matrix as a supportive source provides
sufficiently heat for fluid within fracture to compensate the heat loss of flowing fluid
in fracture by advection at matrix-fracture systems. Therefore, it makes fracture
temperature to be constant value in the rest of experiment period. These transient
changes in fracture temperature were followed by a period of stability as temperature
hovered around a steady state value in fracture for all core plugs. Since heat transfer
between matrix and fluid in fracture reaches equilibrium after a certain period of cold
water injection. Also, the temperature in fracture declines faster with increasing in

injection rate for core plugs # 1,3,8, and 10.
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In addition, Figures 5.8 and 5.9 indicate the transient values of heat flux measured
experimentally in different injection rates and outer temperature 70 and 90 °C for core
plugs # 1 and #3 over cold water injection. The experimental values of heat flux at
matrix-fracture interface for core plugs # 8 and # 10 over cold water injection are given

in appendices section.
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Figure 5.8. Experimental heat flux at matrix-fracture interface at outer temperature 70 °C
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Figure 5.9. Experimental heat flux at matrix-fracture interface at outer temperature 90 °C

As revealed by experimental measurements of heat flux over matrix-fracture interface,
the drastic increase in the amount of heat flux in the early time of cold water injection
can be due to high temperature difference between fracture surface and fluid in
fracture in the first stage. However, with continuing cold water injection, the amount
of heat flux experiences a decrease trend. The cold water removes heat over solid-fluid
interface, temperature difference decreases and makes fracture surface colder.
Therefore, the amount of heat flux declines with reduction in temperature difference

over the flooding period.

Moreover, it can clearly be seen that the heat flux increases at the matrix-fracture
interface with a rise in flow rate. Because of large volume of cold water contacting
fracture at a given time in the case of high injection rate, the temperature increase of
flowing water in the fracture declines. In other words, flowing water in fracture is not
warmed more, which increases the temperature difference between fluid in fracture

and fracture surface as well as the heat flux over matrix-fracture interface.
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However, there are similar oscillatory trends in heat flux values with increasing flow
rate similar to those observed in temperature measurements. Eventually, the amplitude

of these oscillations decrease as the injection process progresses.

In fact, the large temperature difference in solid-fluid interface makes a higher heat
exchange between rock matrix and fluid in fracture. Figure 5.9 indicates that the extent
of heat flux increases with rising matrix temperature at 90 °C due to large temperature
difference. The steady experimental values of temperature in fracture and heat flux are
given in the Tables 5.1 and 5.2.
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Table 5.1. Experimental thermal values measured in Steady State conditions at outer temperature 70

°C
Core  Volumetric Injected  Injection Heat Temperature
plug flow rate pore  temperature  flux, in fracture
(Q), volume (Tin), °C J/min (T, °C
cm3/min cm?
1 2.14 31.9 0.28 69.7
5 10.68 31.7 1.80 64.0
# 10 21.37 31.6 5.32 57.6
15 32.05 316 8.90 54.1
1 2.04 32.1 0.21 69.5
5 10.18 31.9 2.94 60.0
" 10 20.37 31.6 3.82 51.0
15 30.55 315 4.70 45.7
1 2.42 31.8 0.31 69.7
5 12.10 31.3 0.69 62.4
" 10 24.19 314 1.35 53.6
15 36.29 315 1.89 48.6
1 2.17 31.9 0.31 69.6
410 5 10.87 315 2.05 61.2
10 21.74 314 1.82 53.3
15 32.61 314 2.79 47.4
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Table 5.2. Experimental thermal values measured in Steady State conditions at outer temperature 90

°C
Core Volumetric Injected Injection Heat Temperature
plug flow rate pore  temperature flux, in fracture
(Q), volume (Tin), °C J/min (T, °C
cm?/min cm?
1 2.14 31.6 0.25 89.9
5 10.68 30.9 5.37 81.7
i 10 21.37 31.1 14.73 72.9
15 32.05 30.8 16.77 68.5
1 2.04 31.2 0.23 89.9
5 10.18 30.6 3.35 75.8
# 10 20.37 30.5 6.53 63.0
15 30.55 30.5 6.26 55.0
1 2.42 314 0.30 89.9
5 12.10 30.5 2.94 80.3
" 10 24.19 30.6 4.25 66.9
15 36.29 30.6 4.65 59.3
1 2.17 31.3 0.38 89.9
410 5 10.87 30.6 8.26 75.8
10 21.74 30.6 16.97 61.5
15 32.61 30.6 20.19 55.1

Tables 5.1 and 5.2 indicate the steady state values of temperature in fracture and heat
flux at matrix-fracture interface for various pore volumes injected measured
experimentally at outer temperatures of 70 and 90 °C. As can clearly be seen that in
all core plugs, the amount of heat flux increase with a rise in flow rate while there is

a decrease trend in temperature of fracture in both outer temperatures. Even though
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this trend is similar in all core plugs, the magnitude of these changes are various in

different temperatures and core plugs.

In continue, sensitivity analysis by numerical model makes it possible to describe
matrix-fracture heat transfer and clarify the parameters involved in thermal transport

with respect to different core plugs (Baston et al., 2010).

5.3.2. Calibration of Numerical Model for Thermal Transport

The experimental measurements of temperature in fracture during cold water injection
experiments were taken as the basis for numerical simulation. The history matching
of thermal transport simulation model in the single fractured core plugs was carried
out using CMG-STARS simulator to reproduce the transient temperatures in fracture
similar to the trends measured experimentally. However, the analytical solution of
heat transfer equation for the single fracture-matrix systems provides only the steady

temperature profiles along fracture rather than the transient temperatures in fracture.

To calibrate numerical model of thermal transport, matrix porosity, matrix
permeability, capillary pressure, and initial temperature were assigned to be fixed
values. In contrast, fracture porosity, fracture permeability, matrix volumetric heat
capacity, and matrix thermal conductivity are the parameter variations for history
matching the numerical results with experimental measurements of fracture

temperature by iterative modification.

Figs 5.10-5.13 indicate that the transient temperature decrease in fracture were
obtained through experimental measurements and matched by numerical simulation
for core plugs #1 and #3 to compare at both outer temperatures 70 and 90 °Cover cold
water injection. Also, the history matchings of fracture temperatures for core plugs #8

and #10 are given in appendices section.

The figures of transient temperature in fracture at outer temperatures 70 and 90 °C

show that there is a decline trend in fracture temperature with a rise in flow rate for
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both experimental measurement and numerical model. Namely, the higher flow rate,

the more heat can be removed by advection in fracture.
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Figure 5.10. History matching of temperature in fracture for core plug #1 at outer temperature 70°C
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Figure 5.11. History matching of temperature in fracture for core plug #1 at outer temperature 90°C
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Figure 5.12. History matching of temperature in fracture for core plug #3 at outer temperature 70°C
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Figure 5.13. History matching of temperature in fracture for core plug #3 at outer temperature 90°C

The graphs illustrate that the simulation results for the fracture temperature coincide
very well with the experimental ones at outer temperatures 70 and 90 °C. This proves
that our modeling framework is working well. A comparative analysis of measured
and simulated results gives information about the properties of matrix-fracture

transport and flow in the single fractured core plugs investigated.

The important thermal properties such as volumetric heat capacity and thermal
conductivity for matrix were determined by history matching in addition to the
porosity and permeability values for fracture and sensor within fracture at outer
temperatures 70 and 90 °C. Some important parameters used for calibration of
numerical model are given in the Table 5.3. The calibrated model makes it possible to
evaluate the major contributing thermal properties of matrix in investigation of matrix-

fracture heat transfer and the thermal front propagation along fracture and predict
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temperature distribution within rock matrix with various thermal and physical

properties.

Table 5.3. The history matching parameters used for calibration of the numerical simulation model

Parameters Value
Fracture porosity (%) 90
Fracture permeability (md) 9000
Sensor porosity (%) 40
Sensor permeability (md) 7000
Water density (kg/cm?®) 0.001
Water thermal conductivity(J/min cm °C) 04
Core plug Outer temperature (°C) 70 90
1 Matrix volumetric heat capacity (JJcm3°C) 12 14
Matrix thermal conductivity (J/mincm °C) 3.5 4.5
Matrix volumetric heat Capacity (J/cm3°C) 5 5.8
" Matrix thermal conductivity (J/min cm °C) 1.9 2.5
49 Matrix volumetric heat Capacity (J/Jcm®°C) 8 13
Matrix thermal conductivity (J/mincm°C) 25 35
410 Matrix volumetric heat Capacity (J/cm3°C) 9 9

Matrix thermal conductivity (J/min cm °C) 2.3 24

The results illustrate that thermal properties are temperature dependent parameters, so
the thermal behavior of rock matrix will be different in various temperatures. The
history matching implies that matrix thermal properties increase with rising outer

temperature.
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In view of the calibration of numerical model for having fracture temperature closer
to experimental measurement, it makes possible to have detailed analysis of matrix-

fracture heat transfer using model by numerical simulation.

5.3.3. Sensitivity Analysis by Numerical Model

The numerical model calibrated was used to investigate the effect of thermal
properties of matrix on the amount of heat transfer and evaluate thermal transport in
matrix-fracture systems in different flow rates and outer temperatures for the core
plugs prepared in the present study. The selection of some variables and core plugs
contributes to precise investigation of thermal transport. In fact, the core plugs #1and
3 were selected as the representatives for sensitivity analysis of thermal transport
through the effect of thermal properties of matrix in addition to the effect of hydraulic
parameters on matrix-fracture heat transfer over cold water injection scenarios through

the single fractured core plugs.

5.3.3.1. Transient Temperature in Fracture

The transient temperature decrease in fracture during cold water injection is different
for two various core plugs, for different flow rates and outer temperatures 70 and 90
°C. The difference in transient temperature can be caused by flow rate in fracture and
thermal properties of matrix at various temperatures determining how heat is swept
over matrix-fracture interface and transported through matrix to fracture surface from

aspects of quantity and rapidity over cold water injection process.
)] The Effect of Flow Rate

Figure 5.14 indicates the transient temperature decrease in fracture during cold water
injection in different flow rates for core plug # 3. For two core plugs and all injection
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rates, the transient decrease in fracture temperature was followed by a period of
stability as fracture temperature stands for a steady value in the rest of cold water

injection period.

The results show that the decline of temperature within fracture increases with rising
in the flow rate. Namely, the more water is circulated along fracture, the more heat is
swept over matrix-fracture interface under high injection rates of cold water that

causes the reduced steady value of fracture temperature.
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Figure 5.14. Numerical relative temperature in fracture at outer temperature 70 °C for core plug #3

) The Effect of Thermal Properties of Matrix

As it was mentioned before that numerical simulation model would give us the useful
information about matrix-fracture transport. The analysis of transient temperature

decrease in fracture over the cold water injection for core plugs # 1 and #3 at the same
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injection rate 10 (cc/min) with outer temperatures 70 and 90 °C indicates that the
amount of temperature decrease depends not only on flow operational conditions, but

also on thermal properties of core plugs.

Thermal properties of core plugs can be determined by quantifying numerical model
to investigate the influence of temperature and thermal properties of matrix on the
amount of temperature decrease in fracture for different core plugs during cold water

injection (Figure 5.15).
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Figure 5.15. Numerical relative temperature in fracture in flow rate 10 (cc/min) for the two core plugs

It can be observed from Figure 5.15 that the amount of temperature decrease in
fracture is less in the case of core plug with larger values of thermal properties such
as volumetric heat capacity and thermal conductivity for the same flow rate and vice
versa. The temperature decrease in fracture is higher in the case of core plug # 3. It
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can come from its low values of volumetric heat capacity and thermal conductivity.
On the other hand, core plug # 1 with larger values of volumetric heat capacity and
thermal conductivity has lower temperature decrease in fracture. Moreover, the
amount of temperature decrease in fracture at outer temperature 90 °C is higher than
that of at outer temperature 70 °C for both core plugs. This can be described with the
fact that by rising outer temperature from 70 to 90 °C volumetric heat capacity of
matrix increases, causing less heat transferred from matrix to fracture in which water

is circulated.

The quantitative analysis of the plots of transient temperature decrease in fracture for
different core plugs at outer temperature of 70 and 90°Cover cold water injection with
injection rate of 10 (cc/min) represent that the slope of temperature gradient in
transient section of graph is a function of volumetric heat capacity while the duration
of this transient period depends on thermal diffusivity of matrix (Figure 5.15). In
addition, thermal conductivity has a critical role in the steady state trend. The matrix
with lower value of volumetric heat capacity has larger slope in temperature decrease
(core plug #3). However, the slope of temperature decrease is smaller in the case of

matrix with high value of volumetric heat capacity (core plug # 1).

The values of thermal properties were collected to compare in Table 5.4. It indicates
the values of rock thermal diffusivity and transient period in flow rate 10 (cc/min)
calculated, in addition to volumetric heat capacity and thermal conductivity of matrix

derived by numerical simulation model.
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Table 5.4. The thermal parameters involving in matrix-fracture thermal transport

Core Outer Matrix Matrix Matrix Transient
plug temperature thermal volumetric thermal period
°O) conductivity heat diffusivity (min)
(J/min cm capacity (cm?/min)
°C) (J/cm3 °C)
41 70 3.5 12 0.29 12
90 4.5 14 0.32 11
43 70 1.9 5 0.38 9
90 2.5 5.8 0.43 8
4g 70 2.5 8 0.31 11
90 3.5 13 0.27 13
70 2.3 9 0.26 13.5
#10 90 2.4 9 0.27 13

Because thermal diffusivity is the ratio of the thermal conductivity to the heat storage
capacity, the period of transient temperature decrease depends on the value of thermal
diffusivity. According to Table 5.4, the larger the value of thermal diffusivity, faster
is the propagation of heat through the medium corresponding to smaller transient

duration.

In the same way, as can clearly be seen that when value of thermal diffusivity is larger,
less heat is stored in matrix and more heat is conducted from matrix to fracture which
then will be removed by fluid flow (i.e. advection). In other words, more heat is
removed due to high thermal conductivity of matrix, since there is no sufficient heat
stored in matrix working as a supportive heat source for fracture fluid (low volumetric
heat capacity). Therefore, the slope of temperature decrease in fluid fracture is larger
leading to shorter transient period. By contrast, transient temperature decrease period

increases in the case of core plugs with low thermal diffusivity.
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5.3.3.2. Predicted Temperature Profile of Water along Fracture

The predicted temperature profiles of water along fracture in steady state conditions
for the two core plugs for different flow rates and outer temperatures were determined
using numerical model. Similar to the transient temperature decrease in fracture, the
cold water injection rate and thermal properties of matrix specify the rate of

temperature enhancement along fracture.

)] The Effect of Flow Rate

The influence of flow rate on temperature profile along fracture was investigated at
outer temperature 70 °C for core plug #3 (Figure 5.16). The temperature profile of
water along fracture represents that the water temperature increases with propagation
from fluid inlet to fracture outlet during cold water injection. Nevertheless, the
increasing trend involves two different features, firstly, with drastic temperature rise
and, secondly, with slight trend. For slower flow rates cooling along the fracture is
also slow. As the rate increases temperature along the fracture cools down faster
compared to those of the slower rates. The temperature profile becomes almost linear

towards the end of the fracture at higher injection rates (Bagalkot and Kumar, 2015).
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Figure 5.16. Predicted numerical relative temperature profile along fracture at outer temperature 70
°C for core plug # 3

This phenomenon can be attributed to the magnitude of temperature difference and
heat exchange between fracture surface and fluid in fracture. At the fluid inlet, the
high heat transfer due to the large temperature difference leads to considerable
increase in water temperature. Then water becomes warmer with circulation along
fracture. Therefore, this results in decreasing temperature difference of matrix-fracture
interface causing a slight increase in water temperature through decreasing the rate of
heat transfer for the rest of flow path (Luo et al., 2018).

As can be observed that temperature profile is different in various injection rates. The
results indicate that temperature profile along fracture decreases with rising cold water
injection rate. Since large volume of water flows through fracture space at a given
time, matrix cannot sufficiently heat up the water within fracture under high injection
rate of cold water. This contributes to decrease in the temperature in outlet fracture

with rising injection rate of cold water.

58



1)) The Effect of Thermal Properties of Matrix

In addition to flow operational conditions, thermal properties and temperature of
matrix have determinant roles in shaping the behavior of temperature profile along
fracture (Luo et al., 2017). The graph illustrates the thermal front propagation for core
plugs #1 and #3 in flow rate 10 (cc/min) at outer temperatures of 70 and 90 °C to
compare (Figure 5.17).
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Figure 5.17. Predicted numerical relative temperature profile along fracture in flow rate 10 (cc/min)
for the two core plugs

The temperature profile of water along fracture depends on thermal properties of
matrix. However, core plug # 1 has higher temperature profile due to its greater
volumetric heat capacity and thermal conductivity. The core plug # 3 with lower

values of thermal properties has a lower temperature profile along fracture.

59



In view of larger volumetric heat capacity in the core plugs at 90 °C, temperature
profiles along fracture becomes less compared to 70 °C. Because of larger volumetric
heat capacity of matrix, heat is prevented to transfer from matrix to fracture regardless

of its thermal conductivity.

5.3.4. Convective Heat Transfer Coefficient

The analysis of thermal transport in matrix-fracture system is carried out with
quantification of heat exchange between fracture surface and flowing fluid within
fracture. The convection over solid-fluid interface as the main thermal transport
mechanism in matrix-fracture system can be expressed by convective heat transfer
coefficient. Thus, convective heat transfer coefficient can be considered as a

representative of the amount of heat exchange in matrix-fracture system.

The convective heat transfer coefficient was calculated by energy balance method
(Zhao and Tso, 1993) and analytical solution of heat transfer equation in single
fracture-matrix systems (Zhao, 2014) (section 5.1.6). These methods were also used
to calculate convective heat transfer coefficient in different pore volume injected (flow

rates) and outer temperatures for various core plugs (Figures 5.18 and 5.19).
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Figure 5.18. Convective heat transfer coefficient for core plugs at outer temperature 70 °C
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Figure 5.19. Convective heat transfer coefficient for core plugs at outer temperature 90 °C

61



Figures 5.18 and 5.19 indicate that convective heat transfer coefficient calculated by
two methods for core plugs #1 and#3 during cold water injection. In contrast, the plots
of relative temperatures in fracture outlet in different pore volume injected are shown

at outer temperatures 70 and 90 °C for the two core plugs (Figure 5.20).

Figures 5.18 and 5.19 indicate that the magnitude of convective heat transfer
coefficient, calculated by energy balance and analytical methods, increases with
increasing flow rate although temperature in fracture outlet decreases during cold
water injection (Figure 5.20) which is due to temperature difference between fracture
surface and fluid in fracture. In other words, the increase in injection rate increases
temperature difference due to larger volume of cold water in fracture at a given time
increasing temperature of flowing water. Therefore, high temperature difference
causes a decrease in the convective heat transfer coefficient and a decrease of

temperature at the fracture outlet.
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Figure 5.20. Numerical relative temperature in fracture outlet for core plugs at different outer
temperatures
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As can be observed from figures that the values of convective heat transfer coefficient
calculated by energy balance and analytical model (Figures 5.18 and 5.19) cannot
verify the decrease of relative temperature in fracture outlet in different pore volume
injected over cold water injection (Figure 5.20). Although it was expected that
temperature in fracture outlet increases with the rise in injection rate as a result of
increment in convective heat transfer coefficient, outlet temperature decreases with

rising injection rate.

This drawback may come from some assumptions used to simplify of matrix-fracture
heat transfer. These hypotheses include local thermal equilibrium (LTE) assumption
representing the same temperature in fracture surface and fluid in fracture and

assumption of constant convective heat transfer coefficient along fracture as well.

The convective heat transfer coefficient as an index for quantitative analysis of the
amount of heat exchange over matrix-fracture interface is a function of physical and
thermal properties of fluid, geometrical shape of the interface, and temperature
difference in matrix-fracture interface. In practice, flowing the fluid through fracture
provides the temperature difference between fracture surface and fluid in fracture. The
rate of temperature difference can be affected by not only flow rate in fracture, but

also thermal properties of matrix.

Similar to real- world system, as observed in numerical model, there are temperature
distribution rather than uniform temperature in matrix-fracture system and
temperature difference in matrix-fracture interface for all core plugs and flow rates.
The temperature distribution in various injection rates at outer temperature 90 °C for

core plug # 3 during cold water injection are shown in Figure 5.21.
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Figure 5.21. Temperature distribution in matrix-fracture system for core plug # 3 at outer surface
temperature 90 °C, (a) injection rate 1 cc/min; (b) injection rate 5 cc/min; (c) injection rate 10
cc/min; (d) injection arte 15 cc/min

As mentioned previously, thermal properties of matrix affect the values of fracture
surface temperature in steady state heat transfer conditions. In turn the temperature of
fracture surface has a significant role in establishing of the temperature difference in
matrix-fracture interface and hence the convective heat transfer coefficient. The
matrix with larger values of thermal properties provides low temperature difference

over matrix-fracture interface, causing larger heat transfer coefficient.

In the current study, experimental heat flux values measured by the thin film type heat
flux sensor in fracture and temperature difference between fracture surface and fluid
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in fracture determined by using the numerical model in fracture were used to analyze
accurately matrix-fracture heat transfer. According to Newton’s cooling law at the
solid-fluid interface, the convective heat transfer coefficient is proportional to heat
flux amount, but inversely proportional with temperature difference between fracture
surface and fluid in fracture Eq. (5.11).

The values of convective heat transfer coefficient in different pore volumes injected

(flow rates) at outer temperatures 70 and 90 °C for core plugs #1 and #3 are shown in

the Figure 5.22.
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Figure 5.22. Convective heat transfer coefficient for the two core plugs

Figure 5.22 illustrates that the value of convective heat transfer coefficient is high
during early times (low pore volume injected). During this period the effect of thermal
properties of matrix on temperature difference of matrix-fracture interface is more

pronounced over cold water injection.
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In other words, the value of convective heat transfer coefficient affected by
temperature difference of matrix-fracture interface depends more on thermal
properties of matrix than fluid hydrodynamics conditions in low pore volume injected.
In contrast, fluid motion conditions in fracture affects considerably on the convective
heat transfer coefficient at later stages of flooding (high pore volume injected). For
example, core plug #1 with large volumetric heat capacity and thermal conductivity
that keeps the temperature difference over solid-fluid interface low, has larger heat
transfer coefficient as opposed to core plug #3 involving the low thermal properties in

low pore volume injected.

5.3.5. Variable Convective Heat Transfer Coefficient with Respect to Space and

Time

Because of the dependency of convective heat transfer coefficient on thermal
properties and flowing conditions at the matrix-fracture interface, it can be changed
along the fracture during cold water injection as a function of time. Therefore, the
determination of convective heat transfer coefficient along solid-fluid interface is
challenging to analyze the heat transfer in matrix-fracture system. To cope with the
problem, new forms of convective heat transfer coefficients were introduced in the
present study. Thus, local and transient convective heat transfer coefficients can be
calculated by using Eqg. (5.11) with experimental measurement of heat flux values as
well as temperature difference of solid-fluid interface determined by numerical
simulation model used as inputs. The use of heat flux values measured experimentally
over matrix-fracture interface is introduced for calculating of the convective heat
transfer coefficients. However, the dynamic heat transfer coefficient with respect to
spatial heterogeneity and temporal evolution was only determined by a numerical
simulation in the recent study (Heinze et al., 2017).
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5.3.5.1. Local Convective Heat Transfer Coefficient

The numerical model makes it possible to calculate temperature difference between
fracture surface and fluid in fracture at different cross sections. The numerical model
of the single fracture-matrix system, used in the present study, involves 46800 grids

with different sizes in X, y, and z directions respectively (chapter 4).

The temperature gradient between fracture surface and fluid in fracture was derived
from numerical model along fracture at steady state conditions. Figure 5.23 indicates
the steady temperature difference in matrix-fracture interface at different injection

rates and outer temperatures 70 and 90 °C for core plug # 3.
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Figure 5.23. The steady temperature difference in matrix-fracture interface for core plug # 3

The plots of steady temperature difference between fracture surface and fluid in
fracture along fracture plane indicate that temperature difference in matrix-fracture

interface is changing along the fracture. The figures show that the temperature
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difference at fracture inlet is higher than fracture outlet. The larger temperature
difference at the fracture inlet can arise from lower fluid temperature compared to
fracture surface at the inlet injection. Because the fluid is heated by the warmer
fracture surface (matrix-fracture interface) along the fracture the temperature
difference between fracture surface and fluid in fracture experiences a gradual
decrease. The slight increase in temperature difference in middle cross section of
fracture is due to the thin film heat flux sensor installed in the fracture with less value
of permeability. In fact, this section disrupts thermal transport. Near the outlet, the
temperature difference is less than that observed near the inlet. Moreover, the rate of
temperature difference in matrix-fracture interface increases with rising injection rate
and outer temperature of core plug. The low temperature increase of flowing water at
high flow rate during cold water injection is due to large volume of water within
fracture at a given time that results in large temperature difference along the matrix-

fracture interface.

Fig 5.24 shows the other parameters that assign the rate of temperature difference are

thermal properties and outer temperature of matrix.
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Figure 5.24. The steady temperature difference in matrix-fracture interface in flow rate 10 (cc/min)
for the two core plugs

Fig 5.24 indicates that the thermal properties of matrix determine the amount of
temperature difference over matrix-fracture interface. It can be seen that qualitative
behavior of temperature difference is similar the magnitude of the temperature
difference for different core plugs. This is probably due to different thermal properties
of the rock matrix. This shows that the thermal properties of rock matrix determine
the extent of temperature difference at the matrix-fracture interface. Core plug #1 with
higher volumetric heat capacity and thermal conductivity has lower temperature
difference by extracting more heat from rock matrix to matrix-fracture interface while
core plug #3 with smaller thermal properties has larger temperature difference during
cold water injection. The temperature difference at the matrix-fracture interface for 90
°C is higher than that of 70 °C. This can be caused by the higher volumetric heat
capacity of rock matrix leading to smaller heat transport from rock matrix to matrix-

fracture interface. With regard to dependency of convective heat transfer coefficient
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on temperature difference of matrix-fracture interface, thermal properties of rock
matrix are more effective than flow operational conditions in conductive/diffusive
dominant heat transfer mechanism at early times (i.e. low pore volume injected). On
the other hand, during late times, fluid hydrodynamic conditions play a crucial role in

temperature difference as advective heat transfer mechanism becomes dominant.

In current study, heat flux was experimentally measured at the fracture for various
injection rates at outer temperatures 70 and 90 °C for the two core plugs #1 and #3
over cold water injection. As a representative, the transient values of heat flux at

injection rate 10 (cc/min) are shown in Figure 5.25.
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Figure 5.25. The experimental values of heat flux in flow rate 10 cc/min for the two core plugs

The amount of heat flux increases with a rise of injection rate. Also, in each injection
rate, similar to temperature difference, heat flux in matrix-fracture interface is high at

the early times. In fact, the extent of heat flux between matrix and fluid in fracture is
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proportional to temperature difference in solid-fluid interface. Figure 5.25 indicates
that the extent of heat flux increases as a result of large temperature difference between
the injected fluid and the matrix increases. In this regard, the role of thermal properties
of matrix in heat transfer from matrix to matrix-fracture interface is undeniable. As
can clearly be seen that heat flux in core plug # 1 is higher than that of in core plug #3
in injection rate 10 (cc/min) over cold water injection. This amount is great in

temperature 90 °C compared to 70 °C due to large temperature difference.

The early transient changes in heat flux are followed by a period of stability with small
fluctuations around a constant value. This may come from reversible motion of water
in matrix-fracture interface. While water with low temperature penetrates into matrix,
hot water moves back to fracture trying to reach thermal equilibrium at cold water

injection.

In view of temperature difference of matrix-fracture interface along fracture distance,
we introduced a new method to determine local convective heat transfer coefficient
between matrix and flowing fluid in a matrix-fracture system. The local convective
heat transfer coefficient can be calculated by using the steady values of heat flux
measured at the fracture over the flow-through experiments and the steady values of
temperature difference of matrix-fracture (solid-fluid) interface derived from
numerical model for various locations along the fracture for different flow rates and

temperatures (Figure 5.26).
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Figure 5.26. Local convective heat transfer coefficient

Fig 5.27 shows the local heat transfer coefficient change along the fracture for

different injection rates and outer temperatures 70 and 90 °C for core plug # 3.
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Figure 5.27. Local convective heat transfer coefficient for core plug # 3
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It can be observed that the magnitude of local convective heat transfer coefficient
increases from fracture inlet to outlet in all flow rates. This can arise from the decrease
in temperature difference along the matrix-fracture interface in core plug. As
mentioned above, flowing water becomes warmer along fracture that causes the

decrease of temperature difference.

Furthermore, the heat transfer coefficient is larger for lower injection rates. Because
temperature difference increases with rising flow rates, this results in decreasing
convective heat transfer coefficient. As the temperature difference for a flow rate of 1

(cc/min) is extremely small, the values of heat transfer coefficient are very large.

To investigate the effect of temperature and thermal properties of matrix, the values
of local heat transfer coefficient along matrix-fracture interface for injection rate 10
(cc/min) for the two core plugs #1 and #3 during cold water injection are shown in
Figure 5.28.
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Figure 5.28. Local convective heat transfer coefficient in flow rate 10 cc/min for the two core plugs
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It can be observed from Figure 5.28 that the local heat transfer coefficient is larger in
core plug #1 due to its high thermal properties. Moreover, the effect of outer
temperature of matrix on the local heat transfer coefficient for core plug #1 is more
considerable than that of the core plug # 3. In fact, this is due to relatively high increase
in the values of matrix thermal properties at outer temperature 90 °C in the case of

core plug #1 compared to core plug #3.

5.3.5.2. Transient Convective Heat Transfer Coefficient

In addition to the local convective heat transfer coefficient calculated using steady
values of heat flux, fracture surface and fluid in fracture temperatures along the
fracture, the transient convective heat transfer coefficient can also be calculated using
the transient values of heat flux measured at the fracture over the flow- through
experiments and the transient values of temperature difference at the matrix-fracture
(solid-fluid) interface derived from numerical model for different flow rates and

temperatures (Figure5.29).
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Figure 5.29. Transient convective heat transfer coefficient
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Figure 5.30 shows the transient heat transfer coefficient for different injection rates
and outer temperatures 70 and 90 °C along the matrix-fracture interface for core plug
#3.

Figure 5.30 indicates that transient values of heat transfer coefficients are larger during
early times due to larger value of heat flux in the initial stage. When cold water
injection continues, the heat flux in matrix-fracture interface decreases, contributing

to decrease in convective heat transfer coefficient.
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Figure 5.30. Transient convective heat transfer coefficient for core plug # 3

Similar to local heat transfer coefficients, global transient heat transfer coefficients are
different for various core plugs with varying thermal properties. Core plug # 1 with

high heat flux as a result of its larger thermal properties has larger transient heat
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transfer coefficients in comparison with those of core plug #3. As observed in local

heat transfer coefficient, temperature effect on transient heat transfer coefficient for

core plug #1 is considerably larger than that of core plug #3 as well (Figure 5.31).
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Figure 5.31. Transient convective heat transfer coefficient in flow rate 10 (cc/min) for the two core

plugs

Therefore, the trends of convective heat transfer coefficient are relatively compatible

with those of heat flux values measured experimentally.
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CHAPTER 6

SOLUTE TRANSPORT IN SINGLE FRACTURE-MATRIX SYSTEMS

6.1. Theory
6.1.1. Solute Transport in Fractured Porous Media

A detailed understanding of flow and transport in fractured porous media is more
challenging than those of conventional porous media. It can arise from dealing with
kinds of heterogeneities in the case of fractured porous media. Fractured porous media
comprise high permeability fractures and low permeability matrix, representing

heterogeneous systems (Boon et al., 2017).

The spatial variability in physical properties such permeability and storage between
fractures and matrix provides heterogeneous distributions in flow and transport
properties. The heterogeneities in fractured porous media produce intricate fluid
velocity profiles. The large velocity difference between fracture and matrix in which
flow velocity in fracture is faster than that of matrix has a profound impact on the
nature of flow and transport in fractured porous media (Bijeljic et al., 2011; Kumar,
2012).

Fractured porous media contain two separate flow domains such the high-permeability
domain in fracture with advection dominant transport mechanism as opposed to the
low-permeability domain of matrix with dispersion and/or diffusion transport
mechanism. While fluid flow mainly occurs through fracture, matrix is not effective
for flow in fractured porous media. Nevertheless, matrix may have an important role
over matrix-fracture transfers. The pore space in matrix provides the storage capacity
in transport processes (Schmelling and Ross, 1989). Although solute transport in

fractured porous media can be considered as non-Fickian due to early breakthrough
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by heterogeneity, the difference of two distinct flow domains leads to considerable
solute concentration gradients between fracture and matrix. The solute concentration
gradient between matrix and fracture is the main reason for matrix-fracture mass
transfer (Geiger et al., 2010).

In addition to velocity difference between fracture and matrix in solute transport by
bulk movement of fluid, other chemical and physical processes such dispersion and
adsorption within matrix and over matrix-fracture interface can inhibit mass transport

in fractured porous media (Werth et al., 2006).

6.1.2. Solute Penetration

An effective parameter involved in matrix-fracture transfers through fractured porous
media is penetration process of heat and solute into matrix from fracture contributing
to estimation of transfer area in matrix-fracture systems. In fact, the amount of matrix-
fracture transfers is proportional to the level of penetration process (Polak et al., 2003;
Tachi et al., 2018; Zhu and Zhan, 2018).

Although fractures provide pathways for solute transport due to their high values of
permeability in comparison with surrounding matrix in fracture-matrix systems,
matrix which is adjacent to the fractures seems to has significant effect on solute
transport by penetration process through fractured porous media. Therefore, the main
parameters that control the level of solute penetration from fracture into matrix in
fractured porous media are (1) flow conditions in fracture, (2) dispersion within matrix
(Brouyere et al., 2005; Tang et al., 1981).

Matrix dispersion makes it possible to displace solute from the fracture into the matrix
over solute transport in a fracture-matrix system. In other words, the matrix dispersion
mechanism acts to reduce the solute concentration profile in fracture and retard

breakthrough concentration by removing some of the solute from the fluid in the
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fracture and storing it in the matrix (Grisak and Pickens, 1980; Lenormand et al.,
1998).

The dispersion in matrix that deals with solute penetration over matrix-fracture
transfers can be affected by the pore scale properties of matrix. Although the role of
physical properties of matrix (porosity and permeability) in the level of solute
penetration in fractured porous media has been identified in many areas of research,
in present study the effect of thermal properties of matrix (volumetric heat capacity
and conductivity) on solute transport through fractured porous media in different

temperatures was investigated in addition to physical properties of matrix.

The solute concentration profile in fracture and breakthrough concentration can be
used as a diagnostic tool in the assessment of the level of solute penetration from
fracture into matrix. This can be explained by the fact that as penetration level is high,
the amount of solute concentration profile in fracture and breakthrough concentration
decline. Namely it represents more solutes migrate from fracture into matrix over the

duration of flowing tests.

A detailed understanding of the effect of thermal properties of matrix on solute
penetration level in different temperatures over solute transport in fractured porous

media is essential.

6.1.3. Tracer Testing

Tracer is defined as a non-reactive chemical substance that is added to the fluid to map
flow paths, providing information on the flow and transport system heterogeneity in
porous media. In fact, tracer testing can be used to determine parameters such as flow
velocity, dispersivity, and Peclet number representing dominant transport mechanism.
In addition, tracer testing is widely implemented for characterization of spatial
distribution of heterogeneities and specification of properties in the porous media in
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numerous fields such enhanced oil recovery, enhanced geothermal systems, and
hydrological studies (Akin, 2001; Akin and Okandan, 1995).

Tracer testing involves the injection of a chemically inert tracer to flow through porous
media and the detection of its recovery through time. The main application of tracer
testing is study of flow pattern and quantification of porous media properties. In other
words, tracer testing is mostly used to characterize the flow paths and determine
transport parameter in porous media (Pruess et al., 2005). Moreover, it provides
important information in estimation of solute penetration level and surface area
involved in transfers. Tracers can be divided into two general groups: (1) chemical
tracers, and (2) radioactive tracers. The most commonly used approach in quantitative
measurement of chemical tracers is popular analytical methods. These methods make
chemical tracers more convenient than radioactive tracers for characterization of

heterogeneities in porous media (Axelsson, 2013).

6.1.4. Conceptual and Mathematical Models of Solute Transport in Porous
Media

Reynolds transport theorem is generally used to derive mass conservation, so the
continuity equation in a steady flow may be described as (Bird et al., 2002) (Sahimi,
2011);

o
pr jcv odV + j p(uen)dA=R 6.1)
CS

Where p is the density of flowing fluid with velocity u at time t and R is chemical
reaction term. The differential form of the continuity equation is given by;

op
—+Ve =R
- (pu) 6.2)

80



The governing continuity equation in the case of solute that is miscible in the solvent
is;

oC .
—+Ve|=R
ot J (6.3)

Where C is the solute concentration and j is total flux of the solute. As total flux of the

solute consists of advection flux and diffusion flux, so
j=Cu-D,VC (6.4)

Where Dn is the molecular diffusivity of the solute in the solvent. Thus, the continuity
equation for the solute with constant velocity (u) and molecular diffusion (Dm) without
any chemical reaction (R=0) can be expressed as advection-diffusion equation;

oC
E +UeVC = DmVZC (6.5)

As the advection-diffusion equation cannot describe the dispersion process in porous
media, the most commonly proposed equation to govern solute transport over flowing

through porous media is advection-dispersion equation;

0(¢C)
ot

+Ve(gCu) =V e (¢4DVC) (6.6)

%er.vc:wovzc (6.7)

Where @ is porosity of porous media and D is dispersion coefficient. Unlike the
thermal transport, the coupling in the solute transport is a function of the pore-scale

physical properties of matrix such as porosity and permeability.

The main transport mechanisms involved in the solute transport through porous media
are advection and hydrodynamic dispersion (mechanical dispersion along with

molecular diffusion). Advection is a mechanism that compound or dissolved solid is

81



transported by the bulk movement of fluid. However, hydrodynamic dispersion
(dispersion) occurs mainly as a result of mixing and spreading. The mixing is caused
by variations in velocity field due to the fluid flow conditions, heterogeneities in
medium, and the chemical and physical interactions with the solid surface of the
medium (Figure 6.1) (Sahimi, 2011).

N
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Figure 6.1. Variations in flow velocity caused by heterogeneities

In general, hydrodynamic dispersion (dispersion) includes mechanical dispersion

and molecular diffusion;
D=au+D, (6.8)

Where D is hydrodynamic dispersion (cm?/min); a is dispersivity (cm); u is velocity

(cm/min); Dm is molecular diffusion (cm?/min).

6.1.4.1. Homogeneous Porous Media

Mathematical description of mass balance for the non-reactive solute transport process
in homogeneous porous media is advection-dispersion equation. For incompressible
fluid, constant porosity, constant fluid velocity, and constant dispersion coefficient the
advection-dispersion equation can be written as (Sahimi, 2011):

§°C _ o8°C oC oC

DLW-F DT ?—Uya—a

(6.9)
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Figure 6.2. A homogeneous porous medium

The advection-dispersion equation in the case of one-dimensional flow
(longitudinally) is:

82C oC 6C
8y2 y ay at

Where C: solute concentration, D¢: longitudinal dispersion coefficient, Dt: transverse

D, (6.10)

dispersion coefficient, and u: solute velocity injected

Thus, the spreading of solute by both mechanical dispersion and molecular diffusion
in porous media can be illustrated by dispersive part of the advection-dispersion
equation. The solution of 1-D advection-dispersion equation with given initial and
boundary conditions is obtained by the Laplace transform technique (Coronado et al.,
2009):

initial condition: C(y=20,t=0)=0 (6.11)
boundary conditions: C(y=0,t>0)=C, (6.12)
C(y > o0,t>0)=0 (6.13)
(y-ut)®
C(y,1)= e
(y,t) = 2\/— XIO{ Dt (6.14)
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This can be rewritten to the complementary error function (erfc) in the form of
dimensionless parameters. The tracer concentration in continuous injection given by
Coats and Smith (1964) and Bear (1972) as follows (Ramirez-Sabag et al., 2005):

Cc(yDatD):% erfd Yo ~to_ +exp(y, Pe)erfc Yo +o

4t | Pe At [ Pe

(6.15)
Where dimensionless space; y, = % (6.16)
L; characteristic length
. . . tu
Dimensionless time; t, = T (6.17)
uL
Peclet number; Pe = ) (6.18)

Peclet number is usually used to evaluate the dominance of mass transfer by advection
or dispersion/diffusion. The Peclet number is a dimensionless numbers relevant in the
study of transport phenomena in a continuum. In mass transfer, it corresponds to the
ratio of mass transport by bulk fluid motion (advection) to mass transport by
dispersion or and diffusion. A large Peclet number is characteristic of an advective
system. On the other hand, the system becomes dispersion when the advective velocity

(u) approaches zero.
6.1.4.2. Fractured Porous Media

Fractured porous media are extremely heterogeneous systems. They are different from
homogeneous porous media in the sense of spatial distribution of physical
heterogeneities. The very large contrast in physical pore-scale properties such as

permeability and specific storage between matrix and fracture causes preferential
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behavior of flow through fracture in fractured porous media as opposed to

homogeneous porous media.

For simplicity in the understand of transport process in fractured porous media, a
single fracture-matrix system was used rather than the complex fracture geometries.
Figure 6.3 schematically shows solute transport process in a single fracture-matrix
system on which the mathematical model is established. A non-reactive solute is
injected into the fracture with half-aperture (b) at space y=0 by constant-concentration
source (Co) at constant flow rate. The solute concentration over outer boundary of

matrix is assumed to be zero.

The main transport mechanism of solute though fracture is advection while diffusion
IS predominant mechanism of solute transport within matrix in the z-direction. In
addition to solute diffusion within porous matrix, the solute diffusion is possible along
matrix-fracture interface as well. It also assumed that diffusion in y-direction within
matrix and longitudinal dispersion in fracture are negligible. Even though the fracture
with high permeability provides a flow paths to transport solute, the rock matrix
adjacent to the fracture is an important part in the overall solute transport process
(Bodin et al., 2003).

The physical properties of rock matrix such as porosity and permeability affect on the
quantity of solute transport in matrix-fracture systems through dispersion coefficient
(Boving and Grathwohl, 2001).
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Figure 6.3. A schematic representation of solute transport in a single fracture-matrix system
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For the fracture: dispersion coefficient in the fracture (Zou et al., 2016):
D=D; =au, +D, (6.19)

Where Dy is dispersion coefficient in fracture; a. is the longitudinal dispersivity along
the fracture; uy is fluid velocity in fracture; Dm is the molecular diffusion coefficient

of solute in the fracture fluid.

For the porous matrix (u=0): dispersion coefficient= effective diffusion coefficient
(De)

D=D,6 =, (6.20)
Where D is effective diffusion coefficient of matrix; T is the tortuosity of matrix; Dm
is the molecular diffusion coefficient of solute.

The governing equation for solute transport in the fracture (Zhu et al., 2016; Zou et
al., 2016):

oC oC 0°C
‘uZt_p, 2f_¢De oC,,
ot oy oy b 0z

o =0 (6.21)

Where Cs is solute concentration in the fracture; u is fluid velocity in fracture; Ds is
dispersion coefficient in fracture; De is effective diffusion coefficient of matrix; b is
the fracture half aperture; Cn is solute concentration in the rock matrix.

The equation for non-reactive solute transport and with a constant-concentration
source and negligible longitudinal dispersion in the fracture can be described as follow
5Cf 5Cf B ¢5De aCm

+u =
ot oy b o7 | 1ot (6.22)

Moreover, the transverse diffusion within rock matrix as a dominant solute transport

can be governed by:
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oc, . o°C,

ot ¢ az?

(6.23)

As solute concentrations in fracture and fracture surface are assumed to be equal over

matrix-fracture interface, analytical solution for solute transport in the fracture and

within rock matrix with respect to initial and boundary conditions as follows (Grisak

and Pickens, 1981; Zhu et al., 2016):

For fracture:

C;(y=01t)=C,

Ci(y,t=0)=0

c (v ¢D, y
As] ):erfc ub

5 if t>y/u
wa—e(ut—y)
u

Cn(y,2=b,1) =C; (y.1)

For matrix:

C.(y,z=m0t)=0

C.(y,z,t=0)=0

(™= y)+z b
ub

if t>yl/u
21/[38(ut—y)

Cf(y’t):Cm(y’Z’t):O if tSy/U

M = erfc
C
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6.1.5. Breakthrough Curve in Continuous Tracer Injection

Tracer breakthrough curve is the concentration history of tracer with respect to time
in a monitoring place. The increase of concentrations is an S-shaped curve rather than
a step-function form in homogeneous porous media over continuous tracer injection.
Whereas advection is responsible for bulk movement of tracer, the spread of the
breakthrough curve is due to dispersion in homogeneous porous media (Crhribi and
Chlendi, 2011).

Transport mechanisms of tracer in fractured porous media are advection and
dispersion, the same as in homogeneous porous media. In fractured porous media,
tracer is mainly transported by advection only through fractures while the predominant
mechanism of tracer transport in porous matrix is dispersion. Dispersion in fractured
porous media is caused by (1) mixing at fracture intersections, (2) variation in velocity
due to variations in opening widths, (3) molecular diffusion and penetration into inter

fracture of porous matrix blocks (Bozbiyik et al., 2017).

The shape of the breakthrough curves can be used to analyze matrix-fracture solute
transport in fractured porous media. In the case of no-dispersion transport process,
advection is only solute transport mechanism, so breakthrough curve is as a form of
the plug flow. The dispersion within porous matrix flattens the breakthrough curve
from the plug flow shape. The amount of spread in breakthrough curve practically
depends on dispersion within porous matrix. Therefore, the high dispersion range
results in an extended breakthrough curve over tracer transport process. Figure 6.4
shows the tracer breakthrough curves for different transport systems (Chowdhury et
al., 2015; Patel, 2019).
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Figure 6.4. The effect of dispersion on the shape of tracer breakthrough curves in different types of
porous media

It is observed that the flatness of a breakthrough curve in the single fracture-matrix
system is more than that in no dispersion transport process and less than that in
homogeneous porous media. It can come from the fracture that is responsible for the
main portion of transport by advection, decreasing the effect of dispersion mechanism
over solute transport in a single fracture- matrix system. Namely, in single fractured
core plugs, tracer penetration into porous matrix blocks and dispersion within rock
matrix spreads (flatten) the breakthrough curve from the steeper shape of initial
portion of the curve in the case of no dispersion (Biswas and Mishra, 2015;
Chowdhury et al., 2015).

6.1.6. Coupled Heat and Mass Transfers in Porous Media

The understanding of flow and transport phenomena (heat and mass transfers) through

porous media become essential from view point of their numerous applications in
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technological activities and enhanced recovery processes in oil and geothermal
reservoirs (Reddy et al., 2010).

Heat transfer is a process by which internal energy from a material transfers to another
one while mass transfer is the transport of matter (mass) through flowing media. In
the systems involving simultaneous heat and mass transfer processes with
concentration variation in different points, there is driving force for mass transport
within the system from a point of higher concentration to that of a lower concentration
to minimize the concentration difference along with heat transfer (Bird et al., 2002).
Thus, it is of increasing interest to incorporate transport processes due to simultaneous
occurrence of heat and mass transfers in nature and industries involving fluid flow in

non-isothermal conditions (Reddy and Govardhan, 2015).

Coupled heat and mass transfers in the fractured porous media (fracture-matrix
systems) over matrix-fracture interface by convection along fracture has many
applications in the analysis of processes of practical interest such as enhanced
geothermal systems, enhanced oil recovery, well stimulation, and solute/colloid
transport in fracture-matrix systems. As the heat flux (energy rate per unit area) and
the mass flux (mass flow rate per unit area) can be arisen from concentration gradient
and temperature gradient, the relationships between the driven potential and the
corresponding fluxes seem to be important. The heat (energy) flux due to mass
concentration (composition) gradient is called the Dufour or diffusion-thermo effect.
It results from isothermal mass concentration gradient. On the other hand, the
temperature gradient can also cause mass flux and this is called “Soret effect” or

thermal-diffusion effect (Pal and Chatterjee, 2013; Reddy and Rao, 2012).

In fact, Dufour and Soret effects represent the coupled heat and mass transfers in
presence of fluid flow. In general, the Dufour and Soret effects are noticed as smaller-
order magnitude than the transport mechanisms described by Fourier’s and Fick’s

laws over transport related processes. Nevertheless, they are taken into account in
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areas dealing with geosciences or hydrology such matrix-fracture transfers (Moorthy
and Senthilvadivu, 2012).

6.1.7. Soret Effect (Thermophoresis)

As mentioned previously, it can be defined as a kind of mass transport process due to
temperature gradient. In addition to the effect of matrix by dispersion or and diffusion
mechanism within matrix, the Soret effect, which occurs in form of solute migration
in fracture as a result of temperature gradient between fracture fluid and fracture
surface (T(z), can change concentration profile of solute along fracture plane over the
duration of the tracer injection experiments in non-isothermal conditions through
fracture-matrix systems. Figure 6.5 indicates the schematic representation of Soret
effect due to temperature gradient between fracture surface and fluid in fracture in

non-isothermal conditions.
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Figure 6.5. The Soret effect (thermophoresis) and temperature gradient in non-isothermal conditions

Along with dispersion/diffusion in fracture, solute particles can be moved in a fluid
due to a non-uniform temperature field. The rate of concentration changes for solute

due to temperature gradient is given by quantitative description:
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oC

E =Ve [DVC +aC(1—C)VT] (6.32)
Where D is the dispersion/diffusion coefficient; a is the thermal diffusion coefficient;
and C is the solute concentration. The first term on the right hand side is the Fick’ law

of diffusion whereas the second term represents the mass migration because of the
temperature gradient named “Soret effect” (Kuiken, 1994; Wiegand, 2004).

In fracture-matrix systems, the temperature gradient between fracture fluid and
fracture surface causes the Soret effect involving in mass transfer in addition to
advection and dispersion mechanisms along fracture. Because thermal properties of
matrix (thermal conductivity and volumetric heat capacity) play a crucial role in
establishment of temperature over fracture surface (matrix-fracture interface), in turn,
assigning the temperature gradient between fracture fluid and fracture surface, the
effect of thermal properties of matrix on mass transfer through Soret effect cannot be

underestimated.

This can be explained by the fact that the matrix with high values of thermal properties
produces the considerable Soret effect through constituting great temperature gradient

in matrix-fracture systems.

In brief, thermal properties of matrix through Soret effect in fracture along with
physical properties of matrix by dispersion/diffusion process within matrix lead to
changes in the outlet concentration and concentration profile along fracture over non-

isothermal tracer injection processes in matrix-fracture systems.

6.1.8. Calculation of Mass (solute) Remained in Matrix

Conservation of mass is usually used for mass balance of conserved quantity
(Bergman et al., 2011; Bird et al., 2002):
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(input of conserved quantity through the system boundary) -(output of conserved
quantity through the system boundary) + (generation of conserved quantity within the
system) -(consumption of conserved quantity within the system) = (accumulation of

conserved quantity within the system) (6.33)

Figure 6.6 illustrates the mass balance for a system where the solute transport occurs

only in 1-D (y-direction).
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Figure 6.6. The mass balance of solute transport in a single fractured core plug

As the mass per unit time (mass flow rate) that enters or leaves is equal with (A.J) in

the system, the mass balance for this case can be written in the following form:

(change of mass in the system in a time interval At) = (input mass flow rate) — (output

mass flow rate) (6.34)
oC
V’E:(A.Jl)_(A.JZ) (6.35)

Where V is injection volume; C is solute concentration; A is cross section area; J1 and

Jo are input flux and output flux

oC A
E:\7°(J1_J2) (6.36)
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0J

As the flux is changing in y-direction with gradient of 8_y , SO
0J

J,=Jd,+—°L (6.37)
oy

Finally, with the consideration of the control volume (A.L) the most general
transport equation in y direction is:

_GC = —Q 6.38
ot EY (6.38)
S oaCy .
Namely, the change of concentration with time E is simply given by the
. (Jy _ 3,
difference of what flows in L and minus what flows out T

The mass per unit time remained in the injection volume corresponds to concentration

changes as follows,

Al _m"_oC
ALV at (6.39)

J
L
oC _ Cin _Cout _ m*

ot At v (6.40)

As inlet and outlet concentrations, time interval (At), and the injection volume (V)

involving in flow are known, the mass of solute remained in matrix (m) is given by:

m’ _ Cin B Cout
v At (6.41)
m=> (m"xAt) (6.42)
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6.2. Solute Tracer Injection Experiments

The main objective of tracer injection experiment is obtaining tracer breakthrough
curve as the history of tracer concentration at a detection point. It can typically be used
to derive transport parameters by matching the experimental data to a transport model.

6.2.1. Single Fracture-Matrix System

In present study, four artificial fractured core plugs including heat flux sensor to
measure heat flux and fracture temperature were used to conduct tracer injection
experiments (Figure 6.7). The physical properties of core plugs were given in the
Table 3.1.
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Figure 6.7. Tracer injection experiments

6.2.2. Tracer Solution

In general, fluorescent dyes are simply detected for water tracing even in nominal
quantity by fluorometers. Therefore, Rhodamine B with molecular weight of 479.02
(g/gmol) (mark of Carlo Erba Reagenti) was used as a conventional and non-reactive

tracer.
6.2.3. Experimental Procedure

The experimental procedure involves continuous injection of rhodamine B as the

tracer (solute) with constant injection concentration (C,) and injection temperature 30
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°C (Tin) in a steady state flow. In all experiment runs tracer solution is injected into
fractured core assembly at one end at constant flow rate 1 cc/min by a ISCO pump
and accumulated from the other end with outlet concentration (Coutler) in production
collector system. The position of fracture plane and direction of flow is horizontal in
all runs. Over the all flooding processes, the temperature of the rock sample’s outer
surface was maintained constant at temperature (To) of 70 °C. When the desired initial
temperature 70 °C of core plug in the fracture is reached, this temperature is kept
constant for at least an hour to guarantee that the whole core sample is heated up at

constant and uniform temperature conditions.

After reaching the steady temperature within core plug, tracer solution is injected with
constant concentration (Co) and constant flow rate for 5 hours (300 minutes). The inlet
cap is connected to a ISCO pump through the injection line. The injection line contains
a thermocouple to measure the water inlet temperature(Tin) before entering fractured
core assembly. Over tracer injection experiments, temperature in fracture and heat flux
over matrix-fracture interface were measured by heat flux sensor, recording in time
intervals 5 minutes by means of digital data logger. The tracer effluents were collected
in production collector system at regular time intervals 5 minutes to measure their
concentrations over the duration of the experiments to obtain tracer breakthrough

curves.
6.2.4. Concentration Measurement of Tracer Solution

The most commonly used analytical method to determine the concentration of the
solute is spectrometry. The principle of spectrometry is correlating the concentration
of a species in solution to the amount of light it absorbs. The fluorescence
spectrometry is a common technique in measurement of concentration based on
induced fluorescence. The proper calibration procedure is applied to determine dye

concentration relative to calibration standards.
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After preparing the set of standard solutions with known concentration, the calibration
procedure was carried out using Turner Quantech Digital Filter Fluorometer Model

NO: FM109510-33 to measure the concentration of unknown samples.

Figure 6.8. Rhodamine B solutions and the fluorescence spectrometry

6.3. Results and Discussion
6.3.1. Experimental Measurements

The outlet Rhodamine B solution over tracer injection experiments through the single
fractured core plugs were collected at regular time intervals 5 minutes to measure their
concentrations by a digital fluorometer. Figure 6.9 shows tracer breakthrough curves

for different core plugs at outer surface temperature 70 °C in flow rate 1 (cc/min) for

5 hours (300 min).
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Figure 6.9. Experimental tracer breakthrough curve in flow rate 1 (cc/min) at outer temperature 70 °C
for different core plugs

As the tracer is gradually exhausted in four core plugs, a portion of tracer is propagated
into porous matrix by dispersion process over the duration of the tracer injection
experiments. Consequently, dispersion is a determinant factor in solute transport in

single fracture-matrix system.

As can be observed from experimental breakthrough curves that as time goes on, the
outlet concentrations increase for all single fractured core plugs. This increase
represents that advection is predominant mechanism of solute transport while a small

portion of influent tracer is penetrated into rock matrix blocks as a result of dispersion.

As time progresses, the matrix storage capacity (pore volume) is gradually utilized
causing large zone of rock matrix is saturated by tracer solution. Then the rise in outlet
concentration continues until equilibrium is established between the solute stored in
rock matrix and the solute present in fracture. In addition, the tracer effluents hover

around a relatively steady value at the rest of tracer injection experiment.
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As revealed by the experimental tracer breakthrough curves that steady values of
relative outlet concentration depend on physical properties of porous matrix,
especially, matrix permeability with the rest parameters fixed. The high value of
permeability in porous matrix results in low relative outlet concentration over tracer
injection experiments through single fractured core plugs. Figure 6.9 indicates that
core plug #3 with lowest matrix permeability has the highest value of relative outlet
concentration. In contrast, the lowest effluent concentration is for core plug #8
involving the highest value of matrix permeability. The reason for high outlet
concentration over solute transport in single fracture-matrix system for matrix with
low permeability is less amount of solute penetration into matrix through dispersion

mechanism.

Also, the values of heat flux in matrix-fracture interface and fracture temperature were
measured by a heat flux sensor over the duration of the tracer injection experiments at

flow rate 1 (cc/min) and outer surface temperature 70 °C (Figures 6.10 and 6.11).
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Figure 6.10. Experimental heat flux in flow rate 1 (cc/min) at outer temperature 70 °C for different
core plugs
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Figure 6.11. Experimental relative fracture temperature in flow rate 1 (cc/min) at outer temperature

70 °C for different core plugs

These figures illustrate that he thermal related values remains comparatively constant

at this low flow rate 1 (cc/min) in spite of tracer solution injection for different core

plugs. The steady values of experimental measurements are given in Table 6.1.
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Table 6.1. Experimental measurements of tracer injection in steady state conditions in flow rate 1

(cc/min) at outer temperature 70 °C

Core Matrix Injection Injection Relative Heat Relative
plug permeability concentration temperature  outlet flux fracture
(md) (ppb) ©0) concent  (J/min  temperature

ration cm?) (°C)

#1 8.39 39 30 0.69 0.32 0.99

#3 3.79 34 30 0.75 0.27 0.99

#8 8.83 32 30 0.64 0.32 0.99

#10 431 32 30 0.72 0.29 0.99

The forward difference in tracer outlet concentration at different time intervals can be
used to analyze the matrix-fracture mass transfer (solute transport) over tracer

injection through single fractured core plugs (Figure 6.12).
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Figure 6.12. Forward difference trends of outlet concentration at flow rate 1 (cc/min) and outer

temperature 70 °C for different core plugs
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It can be observed in the Figure 6.12 that there are oscillatory trends in the forward
difference of outlet concentration with respect to time intervals for all core plugs over
tracer injection experiments. The upward and downward trends represent an increase

and decrease in outlet concentration relative to preceding time interval, respectively.

The most significant reason behind oscillatory trends is the presence of reversible and
reciprocal movements of solute (tracer solution) between porous matrix and fracture.
The upward and downward trends in forward difference of outlet concentration can
be interpreted as the solute transport from matrix to fracture and from fracture to

matrix, respectively.

The amplitude of these oscillations in forward difference of outlet concentration is
high in the early time of tracer injection period. The magnitude of fluctuations
decreases in the rest of time intervals as a result of achieving an equilibrium in solute

transport between porous matrix and fracture.
6.3.2. Calibration of Solute Transport Models

The solute transport through homogeneous and fractured porous media can be
modeled then solved analytically and numerically. Tracer test can be used for
characterization of porous media achieved by matching mathematical model for tracer
transport to experimental data. As the values of porous media properties and transport
parameters are the fitting parameters in the model, they are quantified and calculated

over matching process.
6.3.2.1. Analytical Models

As there is difference between experimental data and the model’s prediction for any
given set of model parameters in the form of sums of squared error (SSE), finding the
appropriate values of fitting parameters in the models contributes to minimize the sum
of the square differences of data sets.

>(C, —C,)? — Minimum (6.43)
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Where Ce is the experimental concentrations measured; C. is the concentrations

calculated by model

The fitting parameters used to fit the tracer concentration model to experimental
measurement are peclet number (Pe) and dispersion coefficient (D) in homogeneous
porous media Eq. (6.15) and effective diffusion coefficient (De) in fractured porous
media Eq. (6.26). Practically, the estimation of transport parameters is searched by
fitting models to real data in the tracer tests. The values of peclet number, dispersion
coefficient, and effective diffusion coefficient for different core plugs were calculated
by minimizing the summation of the square of differences by means of Microsoft

Excel Solver as follows (Table 6.2):

Table 6.2. The transport parameters of core plugs determined by analytical models

Homogeneous Fractured
Porous media Porous Media
) o ) ) Effective
Matrix Injection Dispersion o
Core N ) o Peclet Diffusion
Permeability ~ Concentration  Coefficient o
Plug _ Number Coefficient
(md) (Ppb) (cm?/min) :
(cm?/min)
#1 8.39 39 2.88 0.23 0.73
#3 3.79 34 1.74 0.38 0.59
#8 8.83 32 3.86 0.16 0.90
#10 4.31 32 3.03 0.22 0.72

In the case of homogeneous porous media, there is a reverse relationship between
Peclet number and dispersion coefficient (Table 6.2). The quantity of Peclet number

is used to determine the properties of porous media and dominant transport process.
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The amount of Peclet number is the representative of the governing transport

mechanism. The greater the Peclet number, the less dispersion (Charette et al., 2007).

Mass transfer (solute transport) in the single fracture-matrix system is different from
homogeneous porous media in terms of fluid flow distribution. Because main portion
of fluid is transported through fracture, velocity within porous matrix is assumed to
be zero. That is why matrix dispersion coefficient is considered as the effective
diffusion coefficient. It increases with rising the value of matrix permeability.
Whereas core plug # 3 has the lowest effective diffusion coefficient 0.59 (cm?%min)
due to less matrix permeability. However, relatively large value of matrix permeability
in the case of core plug # 8 causes the highest effective diffusion coefficient 0.90
(cm?/min) (Table 6.2).

6.3.2.2. Numerical model

The history matching of experimental data was carried out using CMG-STARS
simulator. Firstly, the parameters considered as input data for history matching
process were investigated. To calibrate the solute transport model, data from tracer
injection experiments were assumed as validation data. The main controlling
parameter recognized for history matching of solute transport model is dispersion

coefficient.

The experimental measurements of Rhodamine B concentrations in the fracture outlet
were taken as the basis for numerical simulation. The fracture porosity, fracture
permeability, matrix volumetric heat capacity, and matrix thermal conductivity
parameters, which are determined in history matching process of thermal transport
model, were considered as the fixed values. The values of dispersion coefficient in
different directions (anisotropic dispersion coefficients Dx, Dy, D;) as the parameter
variations were iteratively modified until a satisfactory match of the numerical

simulation output with the experimental measurements was achieved. Namely, to
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align the simulated results with the measured values, the dispersion coefficient is
varied (Table 6.3).

Table 6.3. The dispersion coefficients used for calibration of the numerical model

Anisotropic Dispersion Coefficients (Dx , Dy , D)

Dy 40<D, <70
Dy 50 < Dy < 80
Core Matrix
PIU Permeability D,
J (md)
#1 8.39 0.009<D,< 1.3
#3 3.79 0.0035<D,< 0.75
#8 8.83 001<D,< 13
#10 431 0.006 <D, < 0.9

As opposed to a constant value of dispersion coefficient to fit the analytical models,
the anisotropic values of dispersion coefficients were assigned in the calibration of
numerical model of solute transport in the single fractured core plugs (Table 6.3). The
calibration determines a valid set of model parameters that enables the use of a
simulated model for the prediction of flow and/or transport behavior for different
scenarios of matrix-fracture solute transport (Dietrich et al., 2005).

The following Figures compare the results of analytical and numerical models
calibrated with experimental measurements of tracer outlet concentration that were

obtained in section 6.3.2.
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Figure 6.16. Comparison of tracer breakthrough curves in flow rate 1 (cc/min) at outer temperature

70 °C for core plug #10
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Figures 6.13-6.16 illustrate that the numerical simulation results for the outlet
concentration coincide very well with the experimental ones. This proves that our
modeling framework is working well. The good agreement between these simulations
and the experimental observations is to be expected because the values of fracture
porosity, fracture permeability, and dispersion coefficient are chosen to match the

experimental observed outlet concentration.

As single fracture-matrix system can be contrasted with homogeneous porous media
in heterogeneity like as fracture providing a pathway for flow and mass transfer.
Therefore, the assumptions related to fracture such as negligible longitudinal
dispersion in the fracture and equality in concentration between fracture and fracture
surface may affect the prediction of outlet concentration by analytical model
pertaining to single fracture-matrix system Eqg. (6.26).

Figures 6.13-6.16 indicate the noncompliance of outlet concentrations predicted by
analytical model of matrix-fracture system with experimental results in the early time
of tracer injection. However, as time progresses, this difference becomes less obvious.
This trend may be clarified by the fact that solute concentration is not equal over
matrix-fracture interface despite assumptions for analytical model in addition to the
presence of dispersion in fracture. The numerical models will show the presence of
difference in solute concentration between fracture and fracture surface and solute

dispersion along fracture.

6.3.3. Sensitivity Analysis by Numerical Model

Since the numerical simulation of solute transport allows the best approximation of
the model to the experimental outlet concentrations, the simulated outlet
concentrations are in good agreement with values measured in fracture outlet. This
represents the capabilities of CMG STARS to simulate these processes, and the

calibration of the numerical model with experimental measurements.
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The tracer breakthrough concentration, steady concentration profile in fracture, steady
concentration difference of fracture and fracture surface (matrix-fracture interface),
and mass remained in matrix can be used as a diagnostic tool in the assessment of the

level of solute penetration from fracture into matrix.

As can clearly be seen an excellent agreement was achieved for both tracer
breakthrough curve between numerical model and experimental results, the calibrated
numerical models of core plugs were used to have a sensitivity analysis for
investigation of the effect of flow rate and physical and thermal properties of matrix

at outer temperatures 70 and 90 °C on solute transport and penetration into matrix.

The focus on some variables and core plugs makes it possible to investigate accurately
and easily the solute transport. Thus, the core plugs # land # 3 and flow rates 0.25,
1.5, 5 (cc/min) were selected as the representatives for sensitivity analysis of solute

transport over tracer injection scenarios.
6.3.3.1. Predicted Tracer Breakthrough Curve

The tracer breakthrough curves are various for two different core plugs with different
physical and thermal properties. The difference in outlet concentration history for core
plugs # land # 3 can be as a result of changes in flow rates of tracer injection and

various outer temperatures 70 and 90 °C.
)] The Effect of Flow Rate

Figure 6.17 shows the predicted tracer breakthrough curves in different flow rates of
tracer injection at outer temperature 70 °C for core plug #3. For all core samples, the
outlet concentration increases with increasing injection rate. The tracer breakthrough
curve is hyperbolic character that represents a relatively lesser solute penetration from
fracture into porous matrix for flow rate 5 (cc/min). On the other hand, it changes to
parabolic in nature due to greater solute penetration into porous matrix in flow rate 1.5
(cc/min). At flow rate 0.25 (cc/min) the tracer breakthrough curve is almost linear

indicating the highest solute penetration into matrix.
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Figure 6.17. Predicted numerical tracer breakthrough curves in different flow rates at outer
temperature 70 °C for core plug #3

The high injection rate decreases the contact time of the solute in fracture and fracture
surface (matrix-fracture interface) contributing to a decline in solute penetration and
an increase in relative outlet concentration. Therefore, the tracer breakthrough is
appeared as a steeper curve. However, the tracer breakthrough curves become
comparatively less steep with decreasing flow rate, reflecting an extended
breakthrough curves as a result of high solute penetration into porous matrix at longer

contact time.
1)) The Effect of Thermal Properties of Matrix

Figure 6.18 indicates the predicted breakthrough curves in flow rate 1.5 (cc/min) for
core plugs #1 and #3 with different values of thermal properties of matrix at outer
temperature 70 and 90 °C. It can clearly be seen that relative outlet concentration of
core plug #3 is higher than that of core plug #1. Because of low value of dispersion
coefficient in matrix, the core plug #3 has higher relative outlet concentration
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compared to core plug #1 with high values of matrix permeability and dispersion

coefficient.

Although physical properties of matrix (i.e. matrix permeability) control solute
transport by dispersion within matrix in single fractured core plugs over tracer
injection processes, as revealed by numerical models calibrated that the tracer
breakthrough curves change with increasing outer temperature from 70 to 90 °C.
Figure 6.18 illustrates that relative outlet concentration increases with rising outer
temperature to 90 °C for core plug #3 while the relative outlet concentration decreases

at high temperature for core plug #1.
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Figure 6.18. Predicted numerical tracer breakthrough curves in flow rate 1.5 (cc/min) at outer

temperatures 70 and 90 °C for core plugs

The main reason why the outlet concentration changes over tracer injection in the fixed
flow rate and the same core plug in different outer temperatures of matrix can be

attributed to Soret effect (section 6.1.7). As stated before that the Soret effect causes
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solute or particle migration (mass flux) in fracture as a result of temperature gradient
between fracture and fracture surface in matrix-fracture systems in the non-isothermal

flowing tests.

The most important parameter in the formation of temperature gradient between
fracture and fracture surface (matrix-fracture interface) in the matrix-fracture systems
in the non-isothermal flow- through tests is thermal properties of matrix. Namely, the
thermal properties of matrix through establishment of temperature gradient that causes
Soret effect have a pivotal role on solute transport in matrix-fracture systems.

In fact, the trend of changes in tracer breakthrough curves is different for non-
isothermal tracer testing at different temperatures. It is evident that there is a trend of
rise in breakthrough curve for core plug # 3 as opposed to core plug # 1 that has a
decreasing trend with increasing outer temperature from 70 to 90 °C (Figure 6.18).

The reason behind this issue can be explained as follow.

I11)  The Soret Effect and Thermal Properties of Matrix

As seen previously in chapter 5 (Thermal Transport in Single Fracture-Matrix
Systems), the thermal properties of matrix are temperature dependent variables, and
the values of thermal properties of rock matrix increase with rising outer temperature
from 70 to 90 °C in all single fractured core plugs. However, the amount of increase
in the values of thermal properties over outer temperature rise from 70 to 90 °C is
various from a rock matrix to other ones. Table 6.4 indicates the amount of increase
in the values of thermal properties over outer temperature rise from 70 to 90 °C for all
core plugs. As can be observed from Table 6.4 that increase in the values of thermal

properties in core plugs # 1 and # 8 are higher than that of core plugs # 3 and # 10.
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Table 6.4. The difference of thermal properties values of rock matrix at outer temperature 70 and 90

°C
Core Thermal Properties of 70 90 Increase Rate
plug Matrix (°O) (°cO)
Thermal Conductivity 3.5 4.5 1.0
(J/min cm °C)
# Volumetric Heat Capacity 12 14 2.0
(Ilem?®°C)
Thermal Conductivity 1.9 2.5 0.6
(J/min cm °C)
#3
Volumetric Heat Capacity 5 5.8 0.8
(Ilemd °C)
Thermal Conductivity 2.5 3.5 1.0
(J/min cm °C)
" Volumetric Heat Capacity 8 13 5.0
(Jlem?® °C)
Thermal Conductivity 2.3 2.4 0.1
(J/min cm °C)
#10
Volumetric Heat Capacity 9 9 0
(Jlemd °C)

In core plugs #1 and # 8 with relatively high increase in the values of matrix thermal
properties over outer temperature rise from 70 to 90 °C, heat storage of rock matrix
increases, becoming more hot. Thus, the establishment of high temperature over
fracture surface (matrix-fracture interface) contributes to high temperature gradient
between fracture fluid and fracture surface. This causes that more tracer solute
migrates toward fracture surface (matrix-fracture interface) due to Soret effect over

non-isothermal tracer injection processes in the single fracture-matrix systems. For
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this reason, the amount of outlet concentration of solute decrease in the case of core
plugs # 1 and # 8 at temperature 90 °C (Figure 6.19).
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Figure 6.19. Predicted numerical tracer breakthrough curves in flow rate 1.5 (cc/min) at outer
temperatures 70 and 90 °C for core plugs

On the other hand, in the case of core plugs # 3 and # 10 with relatively low increase
in the values of matrix thermal properties over outer temperature rise from 70 to 90
°C, heat storage of rock matrix and temperature of fracture surface is low. Therefore,
the Soret effect is less as a result of low temperature gradient between fracture fluid
and fracture surface. Accordingly, the amount of outlet concentration of solute

becomes increase in the case of core plugs # 3 and # 10 at temperature 90 °C (Figure
6.20).

114



—=—#3,70 0C
—=—#3,90 0C
—#10, 70 oC
—#10, 90 oC
0.1 A
0 * T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300

Time (min)

Figure 6.20. Predicted numerical tracer breakthrough curves in flow rate 1.5 (cc/min) at outer
temperatures 70 and 90 °C for core plugs

6.3.3.2. Predicted Steady Tracer Concentration Difference in Matrix-Fracture

Interface
)] The Effect of Flow Rate

Figure 6.21 illustrates the steady concentration difference between fracture and
fracture surface in different tracer injection rates at outer temperature 70 °C for core
plug # 3. The various quantities of concentration difference along matrix-fracture in
different flow rates represent that the concentration difference at inlet zone is higher
than the rest of fracture length. In fact, it decreases exponentially, approaching to

about zero at fracture outlet for all fractured core plugs.
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Figure 6.21. Predicted numerical tracer concentration difference of matrix-fracture interface in
different flow rates at outer temperature 70 °C for core plug #3

The large difference in tracer concentration between fracture fluid and fracture surface
in near to fracture inlet of core plug can arise from more penetration of solute into
porous matrix in this section compared to the other parts of fracture length. As the rate
of solute penetration into matrix decreases, the difference of tracer concentration

experiences a gradual decline in matrix-fracture interface.

As revealed by sensitivity analysis, the amount of concentration difference increases
with rising injection rate, achieving the maximum difference at flow rate 1.5 (cc/min)
for all core plugs. This trend starts to reduce with increasing in flow rate from 1.5
(cc/min) to higher rates. It can clearly be seen for core plug #3 as a representative core
plug. This can be explained by the fact that the increase in flow rate causes large
concentration difference along matrix-fracture interface due to more penetration of
tracer into porous matrix by dispersion until flow rate 1.5 (cc/min). In continue of rise

in flow rate, however, the short contact time of the solute in fracture and fracture
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surface (matrix-fracture interface) in higher flow rate leads to decrease in solute

penetration into matrix. Accordingly, this causes a decline in concentration difference
(Fig 6.21).

) The Effect of Thermal Properties of Matrix

Figure 6.22 demonstrates the concentration difference along matrix-fracture interface

in flow rate 1.5 (cc/min) for core plugs # land # 3 at different outer temperature 70
and 90 °C.
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Figure 6.22. Predicted numerical tracer concentration difference of matrix-fracture interface in flow
rate 1.5 (cc/min) at outer temperatures 70 and 90 °C for core plugs

Furthermore, the various trends of changes in concentration difference in matrix-
fracture interface for core plugs # 1 and # 3 as a result of increase in outer temperature
from 70 to 90 °C can be revealed from Figure 6.22. This can come from thermal

properties of matrix that is responsible for temperature gradient between fracture and
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fracture surface. In the case of core plug # 3 the less Soret effect through low
temperature gradient between fracture fluid and fracture surface is the reason for
decrease in solute migration and concentration difference at 90 °C. In contrast, the
concentration difference increases slightly at 90 °C for core plug # 1 as a result of
large Soret effect through high rate of solute migration in great temperature gradient

over non-isothermal tracer injection processes.

6.3.3.3. Predicted Steady Tracer Relative Concentration Profile along Fracture
)] The Effect of Flow Rate

The influence of tracer injection rate on tracer concentration profile along fracture was
investigated at outer temperature 70 °C for core plug # 3 (Figure 6.23). The relative
concentration undergoes a substantial decrease along fracture plane in low flow rate
0.25 (cc/min) while it increases, approaching to around 1.0 with rising tracer injection
rate to 5 (cc/min). Figure 6.23 indicates that the large decrease in relative
concentration in the case of low flow rates can come from longer contact time of solute
in fracture with porous matrix causing more solute penetration into porous matrix.
However, the relative concentration along fracture increases with a decrease in the
rate of solute penetration in shorter contact time over high injection rate of tracer

through fracture-matrix systems.
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Figure 6.23. Predicted numerical tracer concentration profile along fracture in different flow rates at
outer temperature 70 °C for core plug #3

It was observed that the decrease in the relative concentration at the fluid inlet zone is
higher in comparison with the rest of fracture length in all flow rates. As seen in
concentration difference along matrix-fracture interface (section 6.3.3.2), the high
solute transport into matrix due to the relatively large concentration difference at the
fluid inlet zone: This results in a considerable decrease in relative concentration at the

fluid inlet zone compared to other zones of fracture length (Figure 6.23).

1)) The Effect of Thermal Properties of Matrix

The tracer relative concentration profiles along fracture in flow rate 1.5 (cc/min) for
core plugs #1 and #3 with various thermal properties of matrix at outer temperature
70 and 90 °C were shown in Figure 6.24. As can be observed that the core plug # 1

has less relative concentration along fracture compared to core plug# 3 in the same
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conditions as a result of high rate of solute dispersion from fracture into porous matrix

with respect to great permeability in its matrix.

Similar to tracer breakthrough curves, the different trends of changes in steady tracer
relative concentration along fracture for core plugs # 1 and # 3 in outer temperatures
70 and 90 °C can be seen over non-isothermal tracer injection processes (Figure 6.24).
As stated previously in section (6.3.3.1), the high intensity of Soret effect in core plug
# 1 because of high temperature gradient between fracture fluid and fracture surface
results in decrease in the relative concentration along fracture for core plug # 1 over

outer temperature rise from 70 and 90 °C.
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Figure 6.24. Predicted numerical tracer concentration profile along fracture in flow rate 1.5 (cc/min)
at outer temperatures 70 and 90°C for core plugs

However, the low temperature gradient over matrix-fracture interface in the case of
core plug # 3 due to its thermal properties of matrix makes a decrease in Soret effect
over outer temperature rise. In fact, the decrease in the rate of solute migration from

fracture fluid to fracture surface causes an increasing trend in the relative

120



concentration along fracture for core plug # 3 in non-isothermal tracer injection

processes (Figure 6.24).

6.3.3.4. Predicted Relative Mass Remained in Matrix

As the amount of mass remained in porous matrix blocks represents the rate of mass
transfer in matrix-fracture systems, it can be used to investigate the effect of different
parameters involved in solute transport during non-isothermal tracer injection
processes. The amount of solute remained in matrix blocks was calculated by mass
balance at different pore volumes injected (flow rates) at outer temperatures 70 and
90 °Cover tracer injection processes (section 6.1.8). The trend of mass remained in

porous matrix for different single fractured core plugs are shown in Figures 6.25-6.28.

)] The Effect of Flow Rate

Figures 6.25-6.28 indicate that the quantity of solute remained in matrix declines
exponentially with rising pore volume injected (flow rate) at outer temperatures 70
and 90 °C for all fracture-matrix systems. As mentioned before the decline in contact
time of tracer in fracture and fracture surface is responsible for less solute transport in
fracture-matrix systems with an increase in injection rate. Consequently, the decrease
in the amount of mass remained in matrix can be attributable to less solute transport

process with rising flow rate.

1)) The Effect of Thermal Properties of Matrix

Similar to tracer breakthrough curves and tracer concentration profiles, the Figures
6.25-6.28 show that the trend changes in the quantity of mass remained in matrix are
different for various core plugs over outer temperature rise from 70 to 90 °C in non-

isothermal tracer injection processes.
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As illustrated previously in Table 6.4, temperature gradient between fracture fluid and
fracture surface is large for core plugs # 1 and # 8 that causes an increase in the rate
of Soret effect. Thus, the amount of mass remained in matrix increases through more

migration of solute toward matrix at outer temperature rise to 90 °C (Figures 6.25 and

6.26).
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Figure 6.25. Predicted numerical mass remained in matrix in different pore volumes injected and
outer temperatures 70 and 90 °C for core plug #1
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Figure 6.26. Predicted numerical mass remained in matrix in different pore volumes injected and
outer temperatures 70 and 90 °C for core plug #8

In the case of core plugs # 3 and # 10 with relatively low temperature gradient between
fracture fluid and fracture surface, however, the solute migration into porous matrix
decreases over outer temperature rise from 70 to 90 °C. Therefore, the less Soret effect
is main responsible for decline in amount of mass remained in matrix at outer
temperature 90 °C (Figures 6.27 and 6.28).
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Figure 6.27. Predicted numerical mass remained in matrix in different pore volumes injected and
outer temperatures 70 and 90 °C for core plug #3
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Figure 6.28. Predicted numerical mass remained in matrix in different pore volumes injected and
outer temperatures 70 and 90 °C for core plug #10
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A precise observation of the Figures 6.25-6.28 indicates that the difference in the
amount of mass remained in matrix at outer temperatures 70 and 90 °C is appeared
only in the low pore volumes injected (low flow rates) as a result of Soret effect while
this difference comes to disappear at high pore volumes injected (high flow rates) over
non-isothermal tracer injection through fractured core plugs.

Where pore volume injected (flow rate) is relatively low, the Soret effect has an
overwhelming influence on the amount of mass remained in porous matrix through
matrix-fracture mass transfer in non-isothermal conditions. Thus, the dependency of
the Soret effect upon flow rate was investigated by tracer breakthrough curves of

numerical model.

I11)  The Soret Effect and Flow Rate

Figures 6.29 and 6.30 illustrate the tracer breakthrough curves in different flow rates
at outer temperature 70 and 90 °Cover tracer injection process. They show that the
difference in tracer breakthrough curve at high flow rates is negligible compared to
low flow rates. This can come back to Soret effect in non-isothermal tracer testing.
Namely, Soret effect can be considered as an effective parameter in solute transport at

a particular flow rate interval over non-isothermal tracer injection processes.
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Figure 6.29. Predicted numerical tracer breakthrough curve in different flow rates and outer
temperatures 70 and 90 °C for core plug #1

14 —
09 ——To0=700C, Q=05
cc/min
0.8 ——T0=90 oC, Q=0.5
S cc/min
S 07 ——T0=70 0C, Q=2
£06 cc/min
= —e—T0=90 oC, Q=2
© 0.5 cc/min
S 0.4 ——T0=70 0C, Q=4
o cc/min
E 03 ——T0=90 0oC, Q=4
% cc/min
x 0.2 —T0:7_0 oC, Q=10

cc/min
—T0=90 oC, Q=10
cc/min

0 30 60 90 120150180210240270300
Time (min)

Figure 6.30. Predicted numerical tracer breakthrough curve in different flow rates and outer

temperatures 70 and 90 °C for core plug #3
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Thus, Figures 6.29 and 6.30 represent the reason for dependency of the difference in
mass remained in matrix at outer temperature 70 and 90 °C in a particular range of
pore volumes injected in non-isothermal tracer injection through fracture-matrix

systems.
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CHAPTER 7

PARTICLES TRANSPORT IN SINGLE FRACTURE-MATRIX SYSTEMS

7.1. Theory

Micro/Nano-fluids can be defined as the dispersion of Micro/Nano particles in a
solution liquid like water. The flow of suspended particles through porous media
mainly takes place in different areas such as environmental, chemical, civil, and
petroleum engineering (Malgaresi et al., 2019). The migration of particles in Nano and
Micro scales has attracted many attentions in the large number of applications
pertaining to contamination treatment and areas of energy extraction. Micro/Nano
fluids have taken a wide interest in the energy sector such as fixing processes to
prevent formation damage, enhanced oil recovery, enhanced geothermal systems, and

well stimulation processes (Abdelfatah et al., 2017).

Despite the fact that the advancements in Nano-science contributes oil and gas
industry for exploration and production, the complicated local conditions such as
salinity, permeability, reservoir heterogeneities provide serious challenges in the case
of application for Micro/Nano particles (Abdelfatah et al., 2017).

The irreversible attachment to the rock grain surface provides the primary retention
mechanism in transport of colloidal particles through porous media. To predict flow,
advection is predominant transport mechanism in particle transport through porous

media, in addition to confined hydrodynamic dispersion and Darcy’s law (Yu et al.,
2012).

Making functional Micro/Nano fluids involves novel material syntheses and new
reservoir engineering approaches to determine reservoir parameters based on their
transport properties (Alaskar et al., 2012). In other applications of suspended particle

tracers, they are developed to be Micro/Nano sensors to acquire reservoir pressure and
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temperature at formation and near to wellbore. Fines migration are controlled using
hydraulic fracture proppant with nanocrystals without decreasing productivity (Yu et
al., 2012).

The conventional solution tracers provide insufficient information about
characterization of fractured porous media, in contrast to suspended Micro/Nano
particle tracers which are able to evaluate pore-scale properties of the fracture and
matrix. As a portion of conventional solution tracers tends to penetrate into matrix by
dispersion\ diffusion that is responsible for retardation and problem in
characterization. However, the Micro/ Nano particles tracers are useful to characterize
fractured porous media due to their physically and chemically-modified properties.
(Li etal., 2014).

The transport of suspended Micro/Nano particle through fractured porous media is
used to understand the controlling transport mechanisms, improving the analysis of
transport process at the molecular level. In fact, the transport behavior can be used to
characterize the size, shape, and connectivity of fracture network (Yu et al., 2012).

There are many factors involved in the particle transport such interstitial fluid velocity,
solution properties, temperature, and other particles interactions. Therefore, particles
should be stable in suspension and disperse in solution. The transport behavior of
particle in fracture can be influenced by advection, dispersion, adsorption, desorption,

physical straining and air-water interface capturing (Alaskar et al., 2014).

In the case of particle transport, Micro/Nano particles have to be safe to handle and
environmentally friendly matter in porous media. The stability of particles suspension
and dispersion in solution are crucial conditions during suspended tracer testing
processes. In addition, the cohesion of Micro/Nano particles to matrix grains and non-
reactivity with matrix grains should be verified (Alaskar et al., 2012).

The transport of Micro/Nano particles suspension in fractured porous media is
commonly faster than that of solution tracers. The kind of shape in breakthrough curve

of Micro/Nano particles tracer can be attributable to the collision of Micro/Nano
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particles with matrix grains. In fact, the rate of particle-matrix attachment determines
the breakthrough time of Micro/Nano particles. The absence of particles penetration
into surrounding matrix in matrix-fracture systems provides fast-moving flow in
fracture and thus faster breakthrough of suspended particle tracer (Alaskar et al.,
2014).

The enhanced particles transport through fracture-matrix systems can arise from
particles sizes, charge expulsion, and Taylor dispersion. The large size of particles
compared to pores throat size in porous matrix can cause such size exclusion at inlet
grains that particles circulate through fracture. When both particles and grain surfaces
have similar charge, an electrostatic repulsive barrier forces makes the particles away
from grain surfaces into flow streamlines within fracture. In addition, Taylor
dispersion can be caused by increase in particle size, enhancing particles transport by
preventing particles migration from high velocity streamline in fracture, in turn, and
the lack of dispersion/diffusion into porous matrix in the fractured porous media
(Alaskar et al., 2014).

The size and shape of particles and flow channel are the main factors for physical
straining of particles. Particles are physically trapped in the fracture with small
aperture. Also, particles with larger size than surrounding pore throat prevent the rest
of particles from further penetration. On the other hand, particles with smaller size
than surrounding pores throat may diffuse into the porous matrix increasing the rate
of collision with matrix grains and thus further particles filtration. In fact, matrix
diffusion is proportional to matrix porosity and inversely proportional to flow rate in
fracture and particle size (Alaskar et al., 2014).

While Micro/Nano particles are expected to migrate in high velocity streamlines,
gravity force is an important factor providing the conditions for particle filtration in
porous matrix. Similar to diffusion mechanism for particles transport, the fluid

velocity determines gravitational sedimentation (Bagalkot and Kumar, 2018).
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In general, the fluid advection and gravity settling as well as matrix diffusion govern
the particles transport over particle suspension injection through fractured porous
media. The gravity settling makes particles breakthrough time slower. In fact, the rate
of settling is proportional to the square of the particles diameter while diffusion is
inversely proportional to particles sizes (Bagalkot and Kumar, 2018).

7.2. Micro Particles Tracer Injection Experiments

In our study the suspension of micro particles based on melamine resin, Rhodamine
B-marked size 1pm was applied in tracer injection experiments. Then the results were
compared with those of Rhodamine B solution to evaluate their performance in the
fractured porous media characterization. The injection process and sampling strategies
in all experiments are similar to the solute tracer injection experiments in the four

single fractured core plugs (section 6.2).

7.2.1. Micro Particles Tracer Suspension

In order to investigate particle transport in matrix-fracture system, micro particles
based on melamine resin, Rhodamine B-marked size 1pm (mark of Sigma- Aldrich)
was used as a micro particles tracer. This micro particles tracer is made up of an
aqueous polycondensation of methylol melamine without surfactants and the micro
particles of Rhodamine B. The density of micro particles is 1.5 (g/cm®) with thermal
stability up to 300 °C. While surfaces of particles are hydrophilic, they are stable in

acidic and basic solutions.
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Figure 7.1. Micro particles based on melamine resin, Rhodamine B-marked size 1pm.

7.2.2. Concentration Measurement of Micro Particles Tracer Suspension

As the micro particles of Rhodamine B in tracer suspension are induced fluorescence,
the concentration measurements of micro particle suspensions were carried out by the
fluorescence spectrometry similar to Rhodamine B solutions (section 6.2). Thus,
Turner Quantech Digital Filter Fluorometer Model NO: FM109510-33 was used to

measure the concentration of unknown samples.
7.3. Results and Discussion
7.3.1. Experimental Measurements

The outlet Rhodamine B suspensions over tracer injection experiments through the
single fractured core plugs were collected at regular time intervals 5 minutes to
measure their concentrations by a digital fluorometer. Figure 7.2 shows tracer
breakthrough curves for different core plugs at outer surface temperature 70 °C in

injection rate 1 (cc/min) of micro particles suspension for 5 hours (300 min).
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Figure 7.2. Experimental micro particle rhodamine-B tracer breakthrough curve in flow rate 1
(cc/min) at outer temperature 70 °C for different core plugs

As can clearly be observed that the breakthrough curves of micro particles of
Rhodamine B suspension (Figure 7.2) differ from those of Rhodamine B solution
(Figure 6.9). It is evident that the breakthrough of micro particles suspension is faster

than that of solute in all fractured core plugs.

The shape of micro particles breakthrough curve gives detailed information about
matrix-fracture transfers and mechanisms involved in particle transport through
fractured porous media. As the fracture provides large transport pathway for micro
particles compared to the surrounding matrix, advection as predominant mechanism
causes the early breakthrough for micro particles transport through a single fracture-

matrix system.
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In fact, the lack of micro particles penetration into the surrounding matrix due to low
permeability of matrix, smaller pore throat size of matrix relative to particle size, and
similar charge of particles can be considered as a main reason for decreasing in
collision with matrix grains and fast-moving streamlines in fracture and thus faster
breakthrough for micro particles. No spread in breakthrough curve because of lower
attachment of micro particles to matrix grains results in the plug flow form in

breakthrough curve.

Similar to tracer testing by Rhodamine B solution injection, the values of heat flux in
matrix-fracture interface and fracture temperature were measured by a heat flux sensor
over the duration of the micro particles suspension injection at flow rate 1 (cc/min)

and outer temperature 70 °C (Figures 7.3 and 7.4).
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Figure 7.3. Experimental heat flux in flow rate 1 (cc/min) at outer temperature 70 °C for different

core plugs
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Figure 7.4. Experimental relative fracture temperature in flow rate 1 (cc/min) at outer temperature 70
°C for different core plugs

In view of low injection rate 1 (cc/min) of micro particles suspension, the values of
heat flux and temperature in fracture were hovered around the same level in all single

fractured core plugs.

7.3.2. Sensitivity Analysis

Although micro particles suspensions may offer some advantages in the
characterization of matrix-fracture systems, some problems involved in the
application of micro particles of Rhodamine B suspension make it challenging for

characterization of fractured porous media.
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Firstly, whereas suspension flow through the fractured core plugs is mainly dominated
by the flow through fracture, the micro particles of Rhodamine B are aggregated
within fracture. The aggregation of micro particles of Rhodamine B within fracture
may be as a result of adsorbing or sticking of micro particles on fracture wall (matrix-
fracture interface) and surface of the heat flux sensor as well as gravity settling of
particles in the fracture over micro particles suspension injection through the single

fractured core plugs.

In addition, the micro particles suspension used in particle transport study have to
ensure that particles are stable and in dispersion form in suspension over the duration
of the tracer testing processes. As revealed by observations, micro particles of
Rhodamine B suspension tend to be precipitated with progress in time, plugging flow

pathway (Figure7.5).

Figure 7.5. Micro particles of Rhodamine B: a) settlement b) suspension
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The above-mentioned reasons make it difficult to model the transport of micro
particles, having a sensitivity analysis of transport parameters in different transport

scenarios of micro particles in the single fracture-matrix systems.
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CHAPTER 8

CONCLUSIONS

8.1. Matrix-Fracture Thermal Transport

o The numerical model of cold water injection through single fractured core
plug was built using CMG STARS simulator to analyze matrix-fracture
heat transfer. The numerical model calibrated with experimental values of
fracture temperature was used to determine temperature difference along
matrix-fracture interface and some properties of matrix and fracture. Also,
it makes investigation of the effect of flow rate in fracture and thermal
properties of matrix on matrix-fracture heat transfer in different core plugs.
The model gives an accurate insight into the thermal front propagation
along fracture, temperature difference along matrix-fracture interface in

different times, and temperature distribution within matrix.

o The experimental measurements of heat flux and temperature in fracture
indicate that the values of both heat flux and temperature in fracture
decrease with rising cold water injection period. The former is due to
decrease in the temperature difference between fracture surface and fluid
in fracture while the latter is due to heat swept over fracture surface that
causes temperature drop in matrix-fracture interface over cold water
injection which were followed by a period of stability, reaching a relatively
steady values.
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The rise in injection rate results in more decrease in fracture temperature
whereas more increase in heat flux values over cold water injection. They
can come from large volume of water contacting fracture at a given time.
The large volume of water in fracture in high flow rate causes more
temperature drop at matrix-fracture interface, decreasing more fracture
temperature. However, the large volume of water in fracture in high flow
rate makes that flowing water in fracture is not warmed more. Thus, heat
flux increases due to high temperature difference between fracture surface

and fluid in fracture.

The numerical simulation model reveals that matrix-fracture heat transfer
depends on not only flow characteristics in fracture, but also thermal
properties of matrix with establishment of fracture surface temperature.
The rate of heat transfer in matrix-fracture interface is high in matrix with
large values of thermal properties as opposed to matrix with low values of
thermal properties at outer temperatures 70 and 90 °C. Also, numerical
model determined that the thermal properties of matrix are dependent on
the outer temperature. To illustrate, the amount of temperature decrease in
fracture is less while temperature profile increase along fracture is high in
core plug # 1 with large values of thermal properties compared to core plug
# 3 with low values of thermal properties over cold water injection through

the single fractured core plugs.

The amount of temperature decrease in fracture is increased while
temperature profile increase along fracture is reduced with increasing outer
temperature from 70 to 90 °C. This can be attributable to the increase in
volumetric heat capacity of matrix that reducing thermal conduction at high

temperatures.
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The convective heat transfer coefficients calculated by energy balance and
analytical model cannot justify the values of temperature in fracture outlet
whereas the convective heat transfer coefficients calculated directly using
experimental values of heat flux and the values of temperature difference
at matrix-fracture interface in numerical model can represent matrix-

fracture heat transfer.

The current study represents that thermal properties of matrix influence on
the amount of convective heat transfer coefficient and temperature
difference at matrix-fracture interface in diffusive dominant heat transfer
mechanism (low flow rate) whereas flow characteristics have important
effect on those at advective dominant heat transfer mechanism (high flow

rate).

The local and transient values of convective heat transfer coefficient were
introduced to analysis matrix-fracture heat transfer because of variable
values of heat flux and temperature difference at matrix-fracture interface

with respect to space and time.

According to experimental and numerical studies, the local convective heat
transfer coefficient depends mainly on temperature difference along
matrix-fracture interface. However, transient values of heat flux determine

principally the transient convective heat transfer coefficient.
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8.2. Matrix-Fracture Solute Transport

The solution of Rhodamine B was used as a non-reactive tracer
solution for investigation of matrix-fracture solute transport. As it is a
fluorescent dye, the fluorescence spectrometry was used to measure

concentration of tracer solution based on induced fluorescence.

The numerical model of tracer solution injection through single
fractured core plug was built using CMG STARS simulator to analyze
matrix-fracture mass transfer in non-isothermal conditions. The
numerical model calibrated with experimental values of outlet
concentration of tracer was used to determine the anisotropic values of
dispersion coefficient. Also, it makes investigation of the effect of flow
rate in fracture and thermal properties of matrix on matrix-fracture

solute transport in different core plugs.

The analysis of breakthrough curves shows that the outlet
concentrations increase for all single fractured core plugs over tracer
injection period. This can be referred to advective dominant
mechanism of solute transport. The tracer effluents hover around a
relatively steady value at the end of tracer solution injection because of
solute equilibrium between matrix and fracture. Also, tracer
breakthrough curves indicate that the high value of permeability in
porous matrix results in low outlet concentration over tracer injection
experiments through single fractured core plugs. Core plugs # 1 and 8
with large values of permeability and dispersion coefficient due to

more dispersion within matrix have lower outlet concentrations while
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core plugs # 3 and 10 with low values of physical properties of matrix
have high outlet concentrations of tracer over tracer injection through

matrix-fracture systems.

The level of solute penetration from fracture into matrix can be
considered as an index of matrix-fracture mass transfer. In addition, it
can be evaluated by the tracer breakthrough concentration, steady
concentration profile in fracture, and the amount of mass remained in

matrix.

The numerical simulation model illustrates that the outlet concentration
of tracer and concentration profile along fracture are high at large
injection rates due to short contact time of solute at matrix-fracture

interface that declines the solute penetration into matrix.

The numerical model indicates that thermal properties of matrix
control solute transport in matrix-fracture systems in addition to
physical properties of matrix. The thermal properties of matrix through
establishment of temperature gradient that causes Soret effect have a
pivotal role on solute transport in matrix-fracture systems. Core plugs
# 1 and 8 with high increase in the values of matrix thermal properties
over outer temperature rise from 70 to 90 °C have large temperature
gradient along matrix-fracture interface that more solute migrates from
fracture to matrix, decreasing outlet concentrations of tracer and tracer
concentration profile along fracture. But in the case of core plugs # 3
and 10 low increase in thermal properties of matrix over temperature

increase from 70 to 90 °C causes low temperature gradient that results
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in low migration of solute from fracture to matrix, in turn, high outlet

concentrations of tracer and tracer concentration profile along fracture.

Among the range of injection flow rates, the tracer concentration
difference at matrix-fracture increases with rising flow rate due to more
penetration into matrix, reaching maximum amount at flow rate 1.5
(cc/min). With increasing flow rate, the short contact time of the solute
at matrix-fracture interface contributes to decrease concentration

difference due to less solute penetration into matrix.

The thermal properties of matrix can affect on tracer concentration
difference through the establishment of temperature gradient at matrix-
fracture interface and Soret effect. In the case of core plug # 3 the less
Soret effect causes decrease in solute migration and concentration
difference at 90 °C. On the other hand, the concentration difference is
relatively high for core plug # 1 due to large Soret effect in non-

isothermal tracer injection processes.

The amount of mass remained in matrix decreases exponentially with
increasing injection flow rate due to short contact time of tracer at

matrix-fracture interface.

Thermal properties of matrix by Soret effect can be effective in the
amount of mass remained in matrix. In the case of core plugs # 1 and
8 with high Soret effect the amount of mass remained in matrix
increases over outer temperature increase from 70 to 90 °C while the
amount of mass remained in matrix decreases for core plugs # 3 and 10

due to low Soret effect.

144



e The Soret effect is predominant phenomenon in low injection rate over

non-isothermal mass transfer.

8.3. Matrix-Fracture Particles Transport

o The breakthrough of micro particles suspension is faster than that of

solute. It can be due to lack of micro particles penetration into matrix.
o Lower attachment of micro particles to matrix grains due to low

permeability of matrix, smaller pore throat size of matrix, and similar

charge of particles results in the plug flow form in breakthrough curve.
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Figure A.1. Experimental relative temperature decrease in fracture at outer temperature 70 °C
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