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Abstract A numerical model is developed for investigating the evolution of fracture permeability in

a coupled fracture-matrix system in the presence of fracture-skin with simultaneous colloidal and bacte-

rial transport, by taking into account the effects of thermal stress and silica precipitation/dissolution,

which is computed using linear reaction kinetics. The non-linear coupled equations are numerically

modeled using the fully implicit finite difference method and a constant continuous source is adopted

while modeling thermal, contaminant, colloidal and bacterial transport. Due to co-colloid bacterial trans-

port under non-isothermal conditions, in a coupled fracture-skin-matrix system, the fracture apertures

vary spatially, with a corresponding pressure variation for a constant discharge. A series of numerical

experiments were conducted for analyzing the spatial variation of fracture aperture in response to the

combined effects of thermal stress, silica precipitation/dissolution, and simultaneous colloidal and bacte-

rial transport in the presence of the fracture-skin. The simulation results suggest that temperature and

contaminant concentration of the mobile fluid within the fracture increases with reduction in initial frac-

ture aperture. The pattern of variation followed by the fracture aperture is nearly the same in the presence

and absence of bacterial transport but the magnitude of the fracture aperture is low under the influence of

bacterial transport. The variation in the fracture aperture resulting from precipitation-dissolution and
o.in (N. Natarajan).
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thermoelastic stress is significant when the fracture aperture is very low and reduces with increment in

fracture aperture. The variation in fracture aperture and pressure remains the same for both undersaturated

and supersaturated fluid entering the fracture due to the influence of bacterial transport at the inlet of the

fracture.

ª 2011, China University of Geosciences (Beijing) and Peking University. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Enhanced geothermal reservoir is a major source of renewable
energy and the ultimate goal of geothermal reservoir development
is to economically develop geothermal energy. One of the
important features of the geothermal reservoir is the efficiency of
the reservoir which is highly dependent on the permeability
through the rock fractures existing within the reservoir. The
permeability of fractures is affected by changes resulting from
thermal, hydraulic, mechanical, chemical and biological
processes. The geothermal fluid interacts with the adjacent rock-
matrix leading to the precipitation and dissolution of minerals due
to the high gradient in temperature, pressure and concentration
between the high permeability fracture and the low permeability
rock-matrix. Many studies have been conducted by researchers on
precipitation-dissolution in geothermal reservoirs (Robinson,
1982; Robinson and Pendergrass, 1989; Cline et al., 1992;
Malate and O’Sullivan, 1992; Lowell et al., 1993; Arvidson and
Mackenzie, 1999; Satman et al., 1999; O’Brien et al., 2003;
Taron et al., 2009; Taron and Elsworth, 2009). A few studies in
the recent past have focused on the aperture and pressure variation
resulting from coupled thermal, mechanical and chemical reac-
tions. Suresh Kumar and Ghassemi (2005) developed a numerical
model to simulate the combined effect of thermal and reactive
solute transport in a coupled fracture-matrix system using dual
porosity concepts. The model was applied to examine the mass of
silica dissolved/precipitated along the fracture and to compute the
change in fracture aperture. Ghassemi and Suresh Kumar (2007)
extended the numerical model to include the effect of thermo-
elastic stress and the temporal variation of the fracture aperture in
response to the individual and combined effects of thermal stress
and silica dissolution-precipitation was examined. Although most
of the studies conducted by the researchers address the evolution
of fracture permeability due to coupled processes in a coupled
fracture-matrix system, studies dealing with effect of fracture-skin
are very few. Fracture-skin is a low permeability material depos-
ited along the fracture walls was pointed out by Sharp (1993).
A few studies conducted with respect to solute transport in
fracture-skins have concluded that fracture-skins in the form of
clay filling (Driese et al., 2001), mineral precipitation (Fu et al.,
1993) and organic growth material (Robinson and Sharp, 1997)
have reduced the permeability in fracture-skin while some others
have concluded that the presence of fracture-skins has increased
the permeability in fracture-skins by developing micro-fractures
(Polak et al., 2003). The heat and mass transfer mechanisms at
the fracture-matrix interface are affected by the presence of
fracture-skin. Analogous to solute transport, the presence of
fracture-skin can significantly affect the heat conductivity in the
fracture-matrix system. Natarajan and Suresh Kumar (2011a) have
numerically modeled thermal transport in the coupled fracture-
matrix system in the presence of fracture-skin and analyzed the
spatial moment of the thermal fronts with the aid of moment
analysis. It was concluded that the presence of fracture-skin can
significantly affect the heat transfer mechanism between the
fracture and rock-matrix in the geothermal reservoir. Natarajan
and Suresh Kumar (2010a) have also analyzed the effect of
poroelastic and thermoelastic stresses in the coupled fracture-
matrix system in the presence of fracture-skin and have
concluded that the effect of poroelasticity is insignificant with
respect to fracture aperture for low discharges. Thus, the effect of
skin would have a significant impact on the precipitation-disso-
lution mechanism and thermoelastic stress in the coupled fracture-
matrix system. The objective of this work is to study the influence
of bacterial transport on the evolution of fracture permeability in
a coupled fracture-skin-matrix system subjected to thermale
chemical mechanical processes along with simultaneous colloidal
and bacterial transport. Literature review justifies the existence of
colloids in a geothermal reservoir (Hurtado et al., 1989; Potapov
et al., 2002; Bourcier et al., 2005; McLin et al., 2006). A partic-
ular category of bacteria known as thermophilic bacteria which
can sustain at very high temperatures in a geothermal reservoir has
been reported in the literatures. Yun (1986) has reported the
observations on the distribution of thermophilic microorganisms
in the hot springs of the volcanic geothermal area of Yunnan
province. Sand (2003) has reported the presence of bacteria under
aerobic and anoxic conditions in geothermal waters. Significant
research has been conducted on colloid facilitated contaminant
transport in coupled fracture matrix system (Abdel-Salam and
Chrysikopolous, 1994; Ibraki and Sudicky, 1995; Baek and Pitt,
1996; Chrysikopolous and Abdel-Salam, 1997; Abdel-Salam and
Chrysikopoulos, 1995). As far as transport of colloids in fracture-
skin-matrix is concerned, Natarajan and Suresh Kumar (2010b)
developed a numerical model for the colloid facilitated radionu-
clide transport in the coupled fracture-matrix system in the pres-
ence of fracture-skin. Their model assumed the radionuclides and
colloids to decay as well as sorb on the fracture surface, diffuse
into the fracture-skin and the rock-matrix. Filtration as well as
remobilization of colloids was also considered in that model and
sensitivity analysis was performed to investigate the effect of
various colloid properties on the colloid concentration. It was
concluded that the presence of colloids hinders the diffusion of
contaminants into the rock-matrix. Thus, the presence of colloids
and formation of fracture-skin can significantly affect the effi-
ciency of the geothermal reservoir, as they have direct influence
on the fracture permeability variation between the injection and
production well, resulting from the aperture and pressure variation
in the reservoir. Many numerical models have been developed for
bacteria facilitated contaminant transport in porous media
(Corapcioglu and Haridas, 1984; Corapcioglu and Kim, 1995;
Kim and Corapcioglu, 1996; Sen et al., 2005; Kim, 2005, 2006)
but very few studies have analyzed the same in the fractured media.
Recently Natarajan and Suresh Kumar (2011b) developed a numer-
ical model for bacteria facilitated contaminant transport in a coupled
fracture-matrix system.This study is an attempt to study the influence



Figure 1 Schematic diagram showing a coupled fracture-skin-matrix

system.
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of bacterial transport in the evolution of fracture permeability and
pressure variation due to coupled contaminant, bacteria, colloidal
transport along with silica precipitation-dissolution and thermo-
elasticity in a coupled fracture-skin-matrix system.

2. Physical system and governing equations

The conceptual model corresponding to a coupled fracture-skin-
matrix system (Robinson et al., 1998) is illustrated in Fig. 1.

In Fig. 1, b represents the half fracture aperture, d � b repre-
sents the thickness of the fracture-skin and H represents the
thickness of the half fracture spacing. The following assumptions
are used in the present study:

1. The fracture aperture is much smaller in comparison with the
length of the fracture;

2. Thermal dispersion is analogous to dispersion of solutes in
fracture-matrix system;

3. Convection within the fracture-skin and rock-matrix has been
ignored by assuming that there is no fluid flow within the
fracture-skin and rock-matrix;

4. Temperature at the fracture-skin interface, i.e., temperature
along the fracture walls and along the lower boundary of the
fracture-skin is assumed to be equal (at y Z b);

5. Temperature at the skin-matrix interface, i.e., temperature
along the upper boundary of the fracture-skin and the lower
boundary of the rock-matrix is assumed to be equal (at
y Z d ). The conductive flux in the fracture-skin is equal to
the conductive flux in the rock-matrix at the skin-matrix
interface as expressed in equation;

6. Specific heat capacities are not functions of temperature;
7. The solution is restricted to one-half of the fracture and its

adjacent fracture-skin and its associated rock-matrix by
assuming symmetry;

8. Thermal conduction is considered both in the fracture,
fracture-skin and the rock-matrix;

9. Only a single fluid phase exists;
10. Changes in fluid enthalpy with pressure are neglected;
11. Transverse diffusion and dispersion within the fracture assure

complete mixing across the fracture thickness/aperture at all
times;

12. Permeability of the fracture-skin and the rock-matrix is low,
and molecular diffusion is assumed to be the main transport
mechanism in them;

13. Transport along the fracture is much faster than transport in
fracture-skin and the rock-matrix;

14. Fracture, fracture-skin and the rock-matrix are saturated;
15. Colloids are assumed to be unaffected by the thermal trans-

port in the fracture and thus precipitation-dissolution is not
considered for colloids;

16. Bacteria do not diffuse into the fracture-skin and rock-matrix;
17. The mobile and immobile bacteria cells of a particular strain

of bacteria have similar surface characteristics, the
v
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be same;

18. Sorption of contaminants and bacteria is assumed to follow
linear isotherm;

19. Bacteria can survive at high temperatures;
20. The effect of pH is negligible.

The readers are advised to refer Suresh Kumar and Ghassemi
(2005) for the governing equations of the flow module. The
governing equations and the model assumptions for colloid
facilitated contaminant transport have been adopted from
Natarajan and Suresh Kumar (2010b) with radioactive decay term
to be zero as the contaminants assumed in this model are not
radionuclides. The governing equations for thermal transport in
fracture-skin-matrix system have been adopted from Natarajan
and Suresh Kumar (2011a) to avoid repetition. The governing
equations for bacterial facilitated contaminant transport have been
adopted from Natarajan and Suresh Kumar (2011b). A pictorial
representation of the fractured media involving the contaminants,
colloids and bacteria along with the physical processes followed
by them has been depicted in Fig. 2.

2.1. Bacterial transport in fracture-skin-matrix system

The governing equations for bacteria facilitated contaminant
transport in porous media were provided by Corapcioglu and Kim
(1995). The equations were modified for fractured media by
Natarajan and Suresh Kumar (2011b). The governing equations
for contaminant transport are given below.
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yZb



Figure 2 Pictorial representation of the fractured media along with the colloids, contaminants and bacteria.
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where K3 is the equilibrium distribution coefficient of the
dissolved contaminant on the fracture surface, rb is the bulk
density of the fracture-skin, q is the porosity of the fracture-skin,
K4 and K5 are the equilibrium distribution coefficients for the
contaminants with immobile and mobile bacteria, K6 is the
bacterial distribution coefficient between the aqueous phase and
the fracture surface, rc is the density of bacteria, sc is the volume
fraction of captured bacteria (volume of bacteria captured per unit
total volume of the medium), Cc is the mass concentration of the
suspended bacteria in the aqueous phase (mass of bacteria per unit
volume of the water phase), CD is the mass concentration of
contaminant dissolved in the aqueous phase, D is the hydrody-
namic dispersion coefficient, v is the velocity of the fluid, m is the
growth rate of bacteria, Y is the yield coefficient defined as the
mass of microorganisms per unit mass of substrate utilized and is
determined from balanced stochiometric equations, sD is the mass
fraction of contaminant adsorbed on the fracture surface, b is the
conversion factor of dead bacterial cells into contaminant mass
(mass of contaminant released per unit mass of dead cells), kd is
the decay rate coefficient, qP is the porosity of the fracture-skin,
DP is the diffusion coefficient of the contaminant in the
fracture-skin, b is the half fracture aperture, CDs

is the concen-
tration of contaminant in the fracture-skin.

The governing equation for bacterial transport in the fracture:

vðqRcCcÞ
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(Corapcioglu and Kim, 1995)
where Rc is the bacterial retardation coefficient expressed as

RcZ1þ rcK6

q
ð3Þ

The governing equation for contaminant transport in the frac-
ture-skin:
vCDs
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v2CDs

vy2
ð4Þ

The governing equation for contaminant transport in the rock-
matrix:
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where Dm is the diffusion coefficient of contaminants in the rock-
matrix, CDm

refers to the concentration of the contaminants in the
rock-matrix.

The corresponding initial and boundary conditions are given
below.
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2.2. Precipitation-dissolution of quartz in the
fracture-skin-matrix system

The principal solute transport mechanisms in the fracture are
advection, describing the motion of dissolved particles along the
circulating fluid, free molecular diffusion within the fracture in the
direction of fracture axis, diffusion limited solute transport at the
fracture-skin interface, dissolution of quartz within the fracture
and effective diffusion within the fracture-skin. The coupling
between the fracture and skin is ensured by the continuity of the
fluxes between them by assuming that the conductive flux from
the fracture to the skin takes place in a direction perpendicular to
the fracture. The quartz dissolution is described by linear reaction
kinetics and the modified form of fracture, fracture-skin and
matrix equations are given by Steefel and Lichtner (1998):

vS

vt
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b
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where k, kP, kmat refer to the rate constant in the fracture, fracture-
skin and in the rock-matrix, which are dependent on temperature.
The quartz concentration in the fracture, fracture-skin and rock-
matrix can be obtained using the expressions given below:

SZS� Seq ð18Þ

SPZSP � SeqP ð19Þ

SmatZSmat � Seqmat ð20Þ
where S is the total dissolved concentration in the fracture, SP is
the total dissolved concentration in the fracture-skin and Smat is
the total dissolved concentration in the rock-matrix. Seq, SeqP and
Seqmat are the equilibrium concentration in fracture, fracture-skin
and matrix which are temperature dependent.

The initial and boundary conditions associated with equations
(4)e(6) are as follows:
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The temperature dependent equilibrium concentration adopted
by Robinson and Pendergrass (1989) from Rimstidt and Barnes
(1980) is

SeqZ6� 104 � 10ð1:881�2:028�10�3T�1560=TÞ ð28Þ
where equilibrium concentration is in ppm and temperature is in
K.

The temperature dependent dissolution rate constant is given
by Robinson (1982)

kZ10ð0:433�4090=TÞ ð29Þ
where the units of k are m/s.

In order to compute the mass of silica deposited along in
the fracture at various times, the cumulative mass of silica
dissolved along the fracture is examined using the approach
followed by Robinson and Pendergrass (1989). For each time
interval, the mass of silica dissolved per unit fracture length is
given by

mqZ
10�6rwDtVfka

�ðSeq � SÞ
Lf

ð30Þ

where rw is the density of the circulating fluid in the fracture,
Vf(ZAf � Lf) is the volume of fluid in the fracture, Lf is the length
of the fracture and Af(Z2b � 1) is the cross-sectional area of the
fracture perpendicular to the flow direction. Since the fluid flow
occurs in the fractures, a relationship is developed for a)
assuming that the fracture can be approximated by the parallel
plate model:

a)Z
2fq
2b

ð31Þ

where fq is the volume fraction of quartz in the rock-matrix and 2b
is the mean fracture aperture. The quantity of silica dissolved in
the fracture is related to the fractional aperture change in the
average fracture aperture by assuming the fracture flow geometry
(Robinson and Pendergrass, 1989). For each time step, the frac-
tional aperture change, Dw, resulting form the chemical interac-
tion between the fracture and rock-matrix is related to the function
of total rock-matrix volume and its components and is given as
(Robinson and Pendergrass, 1989).

DwZ
�Lfmq

rqVf

ð32Þ

where rq is the density of quartz, Vf is the fluid volume in the
fracture, Lf is the length of the fracture.

2.3. Fracture aperture change due to thermoelasticity

The expression for rock displacement as a function of temperature
is given by Ghassemi and Suresh Kumar (2007) has been
modified.

vuy
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where v is the Poisson’s ratio and aT is the linear thermal
expansion coefficient.

The analytical solution for heat flux at the interface of the
fracture and rock-matrix given by Bodvarrson (1969) has been
modified to account for the fracture-skin.
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where Ts0 is the initial fracture-skin temperature, Tf0 is the initial
injection fluid temperature, Q the volumetric injection rate, rw the
fluid density and Cw is the water specific heat. If we assume the
temperature at infinity is Ts0 and DT Z Ts0 � Tf0 , we can write
equation (20) as:
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Differentiating equation (20) with respect to y:
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Substituting equation (21) into equation (19) yields:
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3. Numerical model

In this study, the system is described by a set of three partial
differential equations, one equation for the fracture, one for the
fracture-skin and the remaining for the rock-matrix, formulated
for a one-dimensional framework. The system of equations is non-
linear and couples the fracture, fracture-skin and the rock-matrix.
The coupled system is solved numerically using implicit finite
difference scheme. The continuity at the fracture-skin interface is
attained by iterating the solution at each time step. This is carried
out in solving contaminant transport facilitated by colloids and
bacteria, thermal transport, and reactive transport. A non-uniform
grid is adopted in the fracture-skin and rock-matrix. A smaller grid
size is adopted in the fracture-skin interface to accurately capture
the flux transfer at the fracture-skin interface.

Initially, the contaminant concentration facilitated by colloids
and bacteria is obtained by solving the governing equations per-
taining to colloid facilitated contaminant transport from Natarajan
and Suresh Kumar (2010b) and bacteria facilitated contaminant
transport in a coupled fracture-skin-matrix system from Natarajan
and Suresh Kumar (2011a,b). The temperature distribution along
the fracture in the coupled system is obtained by solving the
governing equations for thermal transport in the domain. Having
found the temperature distribution, the thermoelastic changes in
fracture aperture are calculated using the analytical solution
provided in equation (36) and the new fracture aperture is
computed. The computed temperature distribution is then used to
calculate the reaction constants for the fracture, fracture-skin and
the rock-matrix using equation (29) and thus evaluate the new
equilibrium concentration of silica using equation (28). The
reaction constants along with the existing contaminant concen-
tration are used to calculate the total dissolved concentration using
equations (15)e(17). This concentration is finally used in
computing the quartz concentration in the fracture, fracture-skin
and rock-matrix using equations (18)e(20). Based on this quartz
concentration, the mass of silica deposited/dissolved is computed
using equation (30) and the aperture change is calculated using
expression (32). The new fracture aperture is obtained by adding
this with the previous value. The final updated fracture aperture is
used to calculate the pressure variation using the Cubic law. The
old values of temperature and concentration profiles are updated
for the next time step. An iteration process is carried out as shown
below between the fracture and fracture-skin temperatures and
concentrations at the fracture and skin interface. The coupling
between the various components described above has been shown
using a flow chart in Fig. 3.

The discretization of the coupling term representing the last
term in equation (15) indicates the coupling at the interface of the
fracture and the fracture-skin. This coupling is discretised as

vSP
vt

Z
Snþ1
P2 � Snþ1

P1

Dyð1Þ

The concentration in the first node of the fracture-skin
becomes equal to the fracture concentration at the interface of
the fracture and the fracture-skin satisfying the assumed boundary
condition, i.e.,

Snþ1
P1 ZSnþ1

Since the concentration of the second node in the fracture-skin
(Snþ1

P2 ) is known only at the initial time (t Z 0) and is unknown at
the next time step, i.e., (n þ 1)th, the value is assumed and iterated
until convergence is achieved. Thus the concentrations for the ith,
(i�1)th and (iþ1)th nodes are solved at the next time step, i.e.,
(nþ1)th and the fourth unknown in the equation (Snþ1

P2 ) is assumed
and iterated until convergence is achieved.

4. Results and discussion

An implicit finite difference numerical model is developed to
determine the evolution of fracture permeability and fluid pressure
resulting from precipitation-dissolution of quartz in the presence
of fracture-skin and contaminant transport facilitated by colloids
and bacteria. The study considers situations in which the water
entering the fracture, either supersaturated or undersaturated with
respect to quartz flows through the fracture-skin-matrix system.
As the water entering the fracture gets heated by conduction, cools
the rock, leading to thermal stress in the rock mass and changes
the silica concentration in the fracture.

A scaled/relative concentration can be any concentration that
is conserved in a chemical reaction (Ghassemi and Suresh
Kumar, 2007). The equilibrium concentration obtained from
Rimstidt and Barnes (1980), in terms of parts per million, is
converted into mmol/L by dividing by the molecular weight of
silica (60.08 g/mol). Depending on the nature of the injected
fluid, the contaminant concentration at the inlet of the fracture
(or injection well) may be maintained either at undersaturated or
oversaturated concentration. A scaled/relative concentration of
1.0 is used as the boundary condition at the injection well, so
that the constant relative contaminant concentration at the
fracture inlet could be 0.25 (25 mmol/L) or 0.02 (2 mmol/L)
when the injection fluid is oversaturated or undersaturated with
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Figure 3 Coupling of contaminant transport, heat transport and reactive solute transport in a coupled fracture-skin-matrix system.
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respect to quartz, respectively (Ghassemi and Suresh Kumar,
2007). The equilibrium concentration value for quartz is
10 mmol/L.

The dataset that was adopted by Natarajan and Suresh Kumar
(2010b) in simulating colloid facilitated contaminant transport in
fracture-skin-matrix system has been adopted for this study also.
The parameters are provided in Table 1. The dataset used for
thermal transport in fracture-skin-matrix system is given in
Table 2.

The dataset that was adopted by Natarajan and Suresh Kumar
(2011a,b) in simulating bacteria facilitated contaminant transport
in fracture-skin-matrix system has been adopted for this study
also. The parameters are provided in Table 3.
In this section, the aperture and pressure variation along the
fracture are analyzed for the combined effects of chemical,
thermal and biological effects.

Fig. 4 shows the comparison of fracture aperture variation for
various initial half fracture apertures under the combined effects
of thermoelastic stress and chemical effects, in the presence and
absence of bacterial transport. It is observed from Fig. 4 that the
pattern of variation followed by the fracture aperture is nearly the
same in the presence and absence of bacterial transport but the
magnitude of the fracture aperture is low when bacterial transport
is considered. As in all the above cases, the variation of fracture
aperture is very low in the presence of bacterial growth, prolif-
eration of bacteria in small fracture apertures would decrease the



Table 1 Parameters used for the colloid facilitated contaminant transport.

Parameter Symbol Value

Initial half fracture aperture (m) b 200 � 10�6

Fracture-skin thickness (m) d � b 0.02

Fracture spacing (m) 2H 0.2

Diffusion coefficient of contaminants within the fracture-skin (m2/y) DP 0.01

Diffusion coefficient of contaminants within the rock-matrix (m2/y) Dmat 0.01

Porosity of the fracture-skin 0.09

Distribution coefficient for contaminants on the fracture surface (m) KdN 0

Distribution coefficient for contaminants in fracture-skin (m) KdNP 0

Distribution coefficient for contaminants in rock-matrix (m) KdNmat
0

Hydrodynamic dispersion coefficient of contaminants dissolved in the fracture

aqueous phase (m2/y)

D 10

Distribution coefficient for contaminants with mobile colloids within the fracture (for colloid

diameter of 300 nm) (m3/kg)

Kdm 40

Distribution coefficient for contaminants with immobile colloids within the fracture (m3/kg) Kdim 40

Distribution coefficient for contaminants with mobile colloids within the fracture-skin (m3/kg) KdmP
40

Distribution coefficient for contaminants with immobile colloids within the fracture-skin (m3/kg) KdimP
40

Distribution coefficient for contaminants with mobile colloids within the rock-matrix (m3/kg) Kdmmat
40

Distribution coefficient for contaminants with immobile colloids within the rock-matrix (m3/kg) Kdimmat
40

Average velocity of colloids in the fracture (m/y) VC 1

Colloid concentration at the inlet of the fracture (kg/m3) Co 1

Hydrodynamic dispersion coefficient of colloids suspended in the rock fracture (m2/y) DC 1

Filtration coefficient for colloids (m�1) lf 0.5

Percentage of diffusion for colloids 3 0.5

Diffusion coefficient of colloids within the fracture-skin (m2/y) DCP 2.2 � 10�8

Diffusion coefficient of colloids within the rock-matrix (m2/y) DCmat 1.5 � 10�9

Distribution coefficient for colloids within the fracture-skin KdCP 0.1

Distribution coefficient for colloids within the rock-matrix KdCmat
0.01

Remobilization coefficient for colloids in the fracture (y�1) Rmb 0.5

Length of the fracture (m) L 50

Total simulation time (y) t 5

Concentration of contaminants at the inlet of the fracture (kg/m3) N0 1
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reservoir efficiency significantly since the flow rate would reduce
drastically with decrement in fracture aperture. It has to be noted
that flow in a fracture is based on Cubic law where discharge is
directly proportional to cube of the fracture aperture. Therefore,
even a minor variation in the fracture aperture would affect the
discharge in the fracture and consequently would affect the
reservoir efficiency as it is directly dependent on the fracture
permeability. The fracture aperture is the same at the inlet of the
fracture with and without bacterial transport for different initial
fracture apertures but varies away from the fracture inlet. The
reduction in the magnitude of the fracture aperture when
subjected to bacterial transport is due to the consumption of
contaminants by bacteria as substrate. This reduces the contami-
nant concentration nearer to the inlet of the fracture and thus
affects the precipitation-dissolution of silica along the fracture. It
is observed from Fig. 4 that for high fracture apertures, the
magnitude difference in the fracture aperture with and without the
consideration of bacterial transport is minimal and this difference
increases with the reduction in the fracture aperture. When the
fracture aperture is very low (b Z 1 � 10�6 m), the magnitude
difference is very high, specifically toward the farther end of the
fracture.

Fig. 5 shows the comparison of pressure variation for various
initial half fracture apertures under the combined effects of ther-
moelastic stress and chemical effects, in the presence and absence
of bacterial transport. It is observed from Fig. 5 that the pattern of
variation followed by the pressure distribution is nearly the same
in the presence and absence of bacterial transport but the
magnitude of pressure distribution is high when bacterial transport
is considered. Fig. 5 shows the variation in pressure along the
fracture corresponding to the aperture variation shown in the
previous figure. The pressure variation is low for very high initial
fracture apertures and the variation increases with reduction in
initial fracture aperture. Similar to the fracture aperture variation,
it is observed from Fig. 5 that for high fracture apertures, the
magnitude difference in pressure with and without the consider-
ation of bacterial transport is minimal and the difference increases
with the reduction in the fracture aperture. Pressure variation is
observed throughout the length of the fracture for very small
fractures compared to large fractures. Thus, the growth of bacteria
is a case of concern for small fractures rather than large fractures.
Bacterial growth can significantly affect the geothermal reservoirs
consisting of very small fracture aperture thickness and thereby
affect the reservoir efficiency.

Fig. 6 shows the comparison of temperature variation for
various initial half fracture apertures, in the presence and absence
of bacterial transport. It is observed from Fig. 6 that the temper-
ature variation along the fracture is the same with and without the
consideration of bacterial transport. This is because bacterial
transport does not influence the thermal transport in the fracture



Table 2 Parameters used for thermal transport in fracture-

skin-matrix system.

Parameter Symbol Value

Initial fracture aperture (mm) b 200

Thermal dispersivity (m) bT 0.05

Rock-matrix specific heat capacity

(J/kg/K)

Cm 800

Rock density (kg/m3) rm 2600

Thermal conductivity of the rock-matrix lm 2

Specific heat capacity of the fracture-skin Cs 1500

Fracture-skin density (kg/m3) rs 1500

Thermal conductivity of the fracture-skin

(W/m-K)

ls 2

Rock-matrix porosity q 0.05

Specific heat capacity of fracture fluid

(J/kg/K)

Cf 5000

Fracture fluid density (kg/m3) rf 1000

Thermal conductivity of fracture fluid

(W/m/K)

lf 0.5

Initial temperature (matrix and

fracture) (K)

T0 600

Temperature at the inlet of the

fracture (K)

Ti 300

Length of the fracture (m) L 50

Total simulation time (y) T 5

Poisson’s ratio v 0.25

Linear thermal expansion

coefficient (K�1)

aT 8 � 10�6

Volume fraction of quartz in

rock-matrix

0.2

Figure 4 Comparison of variation of half fracture aperture along

the fracture for various initial half fracture apertures under the

combined effects of thermoelastic stress and chemical effects, along

with and without the influence of bacterial transport (t Z 5 yrs, Flow

rate Z 5 � 10�4 m3/y, fluid entering the fracture is undersaturated

(300 ppm), Refer Tables 1e3 for other data).
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and it has also been assumed that the bacterial transport is not
affected by the high temperature within the fracture. From Fig. 6,
it can be observed that as the half fracture aperture is reduced, the
relative temperature in the fracture takes a longer time to attain the
rock-matrix temperature. This is because, as the fracture aperture
is reduced, the velocity of the fluid increases. This reduces the
residence time for the fluid to extract heat from the fracture-skin
and thus matrix temperature is attained far away from the frac-
ture inlet even in the presence of fracture-skin.
Table 3 Parameters used for bacteria facilitated contaminant transpor

Parameter

Initial fracture aperture (mm)

Fluid velocity (m/y)

Density of bacteria (kg/m3)

Length of the fracture (m)

Specific growth rate (1/y)

Monod’s half saturation constant (Ks)

Bacteria decay rate (1/y)

Yield coefficient

Concentration of bacteria at the inlet of the fracture (kg/m3)

Equilibrium distribution coefficient of the dissolved contaminant on the

Equilibrium distribution coefficient of the contaminant on the mobile an

Equilibrium distribution coefficient of the bacteria in the aqueous phase

Total simulation time (y)
Fig. 7 shows the spatial distribution of contaminant concen-
tration for various initial half fracture apertures due to combined
thermoelastic stress, chemical and biological effects. It is
observed from Fig. 7 that the concentration of contaminants
increases in the fracture with reduction in half fracture aperture,
unlike the usual observation where the contaminant concentration
in the fracture reduces with reduction in fracture aperture due to
significant matrix diffusion. This is because of the filtration of
colloids from the aqueous phase, which increases with reduction
in fracture aperture. This reduces the diffusion of colloids and
contaminants into the fracture-skin. Therefore, colloid transport
mechanism differs from the solute transport process in fractures.
Moreover, the influence of colloidal transport mechanism on
contaminant transport would affect the fracture permeability for
various half fracture apertures and thereby affect the reservoir
efficiency.

Fig. 8 shows the change in the fracture aperture is due to
chemical precipitation for various initial half fracture apertures. It
is observed from Fig. 8 that the variation in the fracture aperture
t.

Symbol Value

b 200

V 1

rc 1700

Lf 50

m 1.5

kg/m3 0.1

kd 10 � 10�3

Y 0.1

CC0
0.01

fracture surface (m3/kg) K3 0.01

d immobile bacteria (m3/kg) K4, K5 10

and the fracture surface (m3/kg) K6 0.1

t 5



Figure 5 Comparison of variation of pressure along the fracture for

various initial half fracture apertures under the combined effects of

thermoelastic stress and chemical effects, along with and without the

influence of bacterial transport (tZ 5 yrs, Flow rateZ 5� 10�4 m3/y,

fluid entering the fracture is undersaturated (300 ppm), Refer Tables

1e3 for other data).

Figure 7 Spatial distribution of contaminant concentration along

the fracture for various initial half fracture apertures, Flow rate Z
5 � 10�4 m3/y. Fluid entering the fracture is undersaturated

(300 ppm). Refer Tables 1e3 for other data.

N. Natarajan, G. Suresh Kumar / Geoscience Frontiers 3(4) (2012) 503e514512
resulting from precipitation-dissolution is significant when the
fracture aperture is very low and is observed throughout the length
of the fracture. This is because the temperature variation gradually
occurs along the fracture for low fracture apertures (as observed in
Fig. 6) which aids in precipitation-dissolution to occur throughout
the domain. For initial fracture aperture of 1 � 10�4 m, the
fracture aperture variation occurs within 5 m from the fracture
inlet and remains constant thereafter. For large fracture aperture of
1 � 10�3 m, the aperture variation is very low and occurs very
near to the fracture inlet compared. This is because as the fracture
Figure 6 Comparison of spatial distribution of relative temperature

along the fracture for various initial half fracture apertures with and

without the influence of bacteria, Flow rate Z 5 � 10�4 m3/y. Fluid

entering the fracture is undersaturated (300 ppm). Refer Tables 1e3

for other data.
aperture becomes larger, the coupling between the fracture and the
adjacent rock-matrix with fracture skin reduces. In addition, heat
diffusion takes place rapidly (as observed in Fig. 6), resulting in
minor aperture variation.

Fig. 9 shows the change in the fracture aperture due to ther-
moelastic stress for various initial half fracture apertures. It is
observed from Fig. 9 that the variation in the fracture aperture
resulting from thermoelastic stress is significant when the fracture
aperture is very low and is observed throughout the length of the
fracture. This is because for low initial fracture apertures, thermal
transport occurs throughout the length of the fracture due to high
fluid velocity which provides low residence time for heat
diffusion.
Figure 8 Change in half fracture aperture due to chemical

precipitation for various initial half fracture apertures, Flow rate Z
5 � 10�4 m3/y. Fluid entering the fracture is undersaturated

(300 ppm). Refer Tables 1e3 for other data.



Figure 9 Change in half fracture aperture due to thermoelastic

stress for various initial half fracture apertures, Flow rate Z
5 � 10�4 m3/y. Fluid entering the fracture is undersaturated

(300 ppm). Refer Tables 1e3 for other data.

Figure 11 Variation in pressure along the fracture when under and

supersaturated fluid is entering into the fracture (t Z 5 yrs, initial

fracture aperture b0 Z 1 � 10�5 m, Flow rate Z 5 � 10�4 m3/y).

Refer Tables 1e3 for other data.
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For low initial fracture apertures of 1 � 10�4 m and
1 � 10�3 m, the fracture aperture variation occurs within 5 m from
the fracture inlet due to instantaneous heat transfer between the
fracture and the fracture-skin.

Fig. 10 shows the variation in the half fracture aperture when
undersaturated and supersaturated fluid enters the fracture. A
constant flow rate of 5 � 10�4 m3/y has been assumed. It is
observed that the aperture variation remains the same for both
undersaturated and supersaturated cases. This is because of the
influence of bacterial transport at the inlet of the fracture.

Fig. 11 shows the variation in pressure when undersaturated
and supersaturated fluid enters the fracture. A constant flow rate of
5 � 10�4 m3/y has been assumed. It is observed that the pressure
variation corresponding to the aperture variation remains the same
for both undersaturated and supersaturated cases.
Figure 10 Variation in half fracture aperture along the fracture

when undersaturated and supersaturated fluid is entering into the

fracture (t Z 5 yrs, initial fracture aperture b0 Z 1 � 10�5 m, Flow

rate Z 5 � 10�4 m3/y). Refer Tables 1e3 for other data.
5. Conclusion

A numerical model has been developed to investigate the influ-
ence of simultaneous colloidal and bacterial transport on the
evolution of fracture permeability due to the heat induced ther-
moelastic stress and silica water interaction in the coupled
fracture-skin-matrix system. Mass exchange between the hori-
zontal fracture and the fracture-skin is accounted for by assuming
diffusion limited transport for both colloids as well as contami-
nants The heat transfer between the fracture and the fracture-skin
was modeled using the lateral conduction heat flux from the
fracture-skin to the fracture, while the heat transport in the frac-
ture was modeled by considering thermal advection, dispersion
and conduction. The thermoelastic stress has been computed using
the analytical solution for simplicity. The pressure was allowed to
vary while the discharge was assumed to remain constant along
the fracture. A series of numerical simulations were carried out for
examining the variation of the fracture aperture and pressure and
the results were compared with those obtained without bacterial
transport.

The simulation results suggest that temperature and
contaminant concentration increase with reduction in initial
fracture aperture. The pattern of variation followed by the
fracture aperture is nearly the same with and without the influ-
ence of bacteria but the magnitude of the fracture aperture is low
when subjected to bacterial transport. The reduction in the
magnitude of the fracture aperture when subjected to bacterial
transport is due to the consumption of contaminants by bacteria
as substrate. Consequently, bacterial growth reduces the reser-
voir efficiency as it affects the fracture permeability signifi-
cantly. The variation in the fracture aperture resulting from
precipitation-dissolution and thermoelastic stresses is significant
when the fracture aperture is very low and reduces with incre-
ment in fracture aperture. The variation in fracture aperture and
pressure is same for both undersaturated and supersaturated fluid
entering the fracture due to the influence of bacterial transport at
the inlet of the fracture.
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