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ABSTRACT

The presence of fractures in a reservoir may significantly
affect the behaviour of a discharging well and complicate
the interpretation of drawdown/build-up well tests. Here
simple radial models, in both single- and dual-porosity
form, are used to investigate the near-well behaviour during
a drawdown/build-up well test. The dual-porosity model is
implemented with the multiple interacting continua or
MINC system (Pruess and Narasimhan, 1982; Pruess and
Narasimhan, 1985). For the dual-porosity model, the effect
on near-well behaviour of important parameters such as
fracture volume fraction, matrix permeability and fracture
spacing is evaluated. The results are compared with those
for a uniform porous (single-porosity) model.

1. INTRODUCTION

Most models of geothermal reservoirs have been based on
an equivalent porous medium or single-porosity approach
while a few have used the dual-porosity or MINC approach
(Pruess and Narasimhan, 1985). In the single-porosity
approach, fractured rock is represented as an equivalent,
single continuum, possibly non-uniform and anisotropic.

Although single-porosity models are satisfactory for
matching natural-state temperature and pressure data and
long-term production histories of geothermal reservoirs, in
some cases, the existence of fractures in the reservoir may
affect the short-term production behaviour and the effect of
injection on production (O'Sullivan et al., 2001).

Only a few geothermal fields have been modelled using the
dual-porosity and MINC approach, mainly because the
computational task involved for a standard three
dimensional geothermal reservoir model is formidable and
increases significantly for a dual-porosity model. Also the
data available on fracture parameters are scarce
(Bodvarsson et al., 1987).

By using a MINC model and the reservoir simulator
MULKOM (Pruess, 1983), Bodvarsson and Witherspoon
(1985) found for the Geysers in USA that the long-term
pressure decline in steam wells is primarily controlled by
the effective matrix permeability and fracture spacing as
well as the initial liquid saturation and well spacing.

Kiryukhin et al. (2008) used a dual-porosity model of
Pauzhetsky, Russia, and the inverse modelling software
iTOUGH2 (Finsterle, 2004) to estimate reservoir
parameters including fracture permeability and fracture
porosity. In the Northwest Geysers in the USA, a MINC
model was used to represent the shallow reservoir of the

Coldwater Creek steamfield (Antinez et al., 1994). In the
numerical modelling of Ngatamariki in New Zealand, a
dual-porosity MINC model was used as it was thought to be
appropriate for assessing the effects of reinjection on
production. The separate treatment of the fracture and
matrix using the MINC method provided better estimates of
thermal breakthrough (Clearwater et al., 2012).

Simulators other than TOUGH2 have also been used to set
up dual-porosity models of geothermal systems. For
example, in the case of the Rotokawa geothermal field in
New Zealand, a dual-porosity model was set up using
TETRAD (Bowyer and Holt, 2010). For Cerro Prieto,
Mexico, Butler et al. (2000) developed a 3D dual-porosity
model also using the TETRAD simulator. They used the
model to optimize field management and plan capacity
expansion. The grid blocks were divided into matrix and
fracture blocks for seven layers in the model. The
permeability of the fractures was set to be 100 times larger
than the matrix permeability.

Yeltekin et al. (2002) developed a 3D dual-porosity model
of Kizildere, Turkey, using the STAR simulator and
modelled the effects of reinjection. Permeability values
inferred from build-up tests and log-derived porosities were
used in the model. For Mori, Japan, Osada et al. (2010)
developed a dual-porosity 3D model also using the STAR
simulator. The dual-porosity model enabled them to
improve the match to production data in highly permeable
areas and to analyse and predict the behaviour of the
reservoir, production wells and reinjection wells. The
natural state modelling was carried out with a single-
porosity model while history matching and future
prediction were carried out with a dual-porosity model.

Nakanishi et al. (1995) developed a MINC model of the
Oguni geothermal reservoir (Japan), using a multi-phase
reservoir simulator called SING. They used the model to
assess the effect of cold water injection on the production
sector.

The current research is part of a general study aimed at
determining when dual-porosity models should be preferred
ahead of single-porosity models. Here the limited problem
of modelling a drawdown/build-up test is considered and
the different types of behaviour predicted by dual-porosity
models and single-porosity models are investigated.
Parameters such as fracture and matrix permeability,
fracture spacing and fracture volume fraction are
investigated to check what difference these properties make
on the near-well behaviour of a discharging well. The
simulations are carried out using AUTOUGH2 (O'Sullivan,
2000), The University of Auckland’s version of TOUGH2
(Pruess, 1991).
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2. FRACTURE EFFECTS ON WELL DISCHARGE

The presence of fractures in a reservoir changes the results
for a drawdown/build-up test significantly compared to
those for a uniform reservoir and complicates the
interpretation of the well tests. This was shown by
numerical experiments conducted by O'Sullivan (1987a) on
modelling well tests including constant rate drawdown
followed by build-up for an initially two-phase and an
initially liquid reservoir which flashes during the test
(O’Sullivan, 1987b). O’Sullivan (1987b) used numerical
modelling to estimate reservoir permeability and porosity
by matching the production rate, discharge enthalpy and
downhole pressure measured over a few days or weeks.

To investigate the effect of fractures in more detail, the
work of O’Sullivan (1987b) is extended here by
representing the presence of fractures by a multiple
interacting continua or MINC model.

2.1 The MINC model

Pruess and Narasimhan (1982) were the first to provide an
explanation for the production of dry-stream from an all-
liquid geothermal system and devised the MINC method
for treating the problem. The MINC method is a
generalization of the dual-porosity model (Barenblatt et al.,
1960; Warren and Root, 1963) which mathematically
idealizes the flow region as two interacting media, namely,
the fractures and the matrix.

The MINC method differs from the original dual-porosity
approach by subdividing the matrix blocks further by using
a nested sequence of blocks (Narasimhan, 1982) as shown
in Figure 1. Thus the MINC method is able to accurately
represent transient fracture-matrix flow in fractured porous
media (Lai, 1986) and is able to provide a better numerical
approximation for transient fracture-matrix interactions
than a single-porosity model (Wu and Harasaki, 2009).

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, +— fracture

matrix 1
matrix 2
matrix 3
matrix 4
matrix 5
matrix 6
matrix 7
matrix 8

matrix 9

Figure 1: Nested volumes used in the MINC method, modified
after Pruess et al. (2010)

A similar study by Pritchett (2005) showed that dual
porosity models are required for simulating the high-
enthalpy, and sometimes steam-dominated, discharge of
wells in reservoirs with liquid-hydrostatic vertical profiles
as such behaviour is related to high local heterogeneity in
the reservoir with a sharp permeability contrast between a
relatively impermeable rock matrix and fracture zones that
penetrate the matrix and provide channels for fluid flow.

As the first stage of the present study, a model with
parameters similar to the MINC model used by Pruess and

Narasimhan (1982, 1985) was created. The aim was to use
a finer grid than Pruess and Narasimhan to obtain more
accurate results. Model parameters are listed in Table 1.

Table 1. Parameters for the model used by Pruess and
Narasimhan

Fracture Matrix
Layer thickness 100m 100m
Permeability 26.8E-15m? | 1.0E-15m? 1.0E-16m?,
1.0E-17m?
Porosity 99% 8%

Rock grain density 2400kg/m® | 2400kg/m®

Rock specific heat 960J/kg K 960J/kg K

Rock conductivity 4W/m K 4W/m K
Relative permeability | Corey: S,=0.30, S\.=0.05
Wellbore radius 0.1m

Production rate 1.0kg/s

Pressure =35.268bar, Gas saturation =0.30
Temperature = 243°C

Initial conditions

As shown in Figure 2, the results obtained (dashed lines)
are in good agreement with those obtained by Pruess and
Narasimhan (1982, 1985).
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Figure 2: Simulated enthalpy transients, compared to the
results from Pruess and Narasimhan (1982 , 1985)

2.1.1 Methodology

Using as basis the work of Pruess and Narasimhan (1982,
1985), a 1D radial model was set-up to look into the effects
of varying matrix permeability and other fracture
parameters such as fracture volume fraction and fracture
spacing. The original model set up by Pruess and
Narasimhan included a very large well block as an
approximate method for representing a large skin effect.
For the current study it was decided not to include any skin
effect in order to be able to clearly distinguish differences
between results from dual porosity models and those from a
single porosity model. The parameters that were
investigated are:

¢ \Volume fraction of fractures (1E-2,1E-3,1E-4,1E-5)
o Matrix permeability
(AmD, 0.1mD, 0.03mD, 0.01mD)
e Fracture spacing (20m, 50m)
o Number of matrix blocks (16, 13, 10, 8, 7, 5)

2.1.2 MINC model grid

The grid created for the MINC model is based on the grid
for the uniform porous medium, as shown in Figure 3. The
model has a thickness of 100 m and a total radius of 5 km.
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The outer radius of the grid is chosen large enough so that
no changes in the outer blocks are observed in any of the
simulations.

(a) Uniform porous model

______

(b) MINC model

Figure 3: Block layout for the radial models

The mesh for the MINC model is set up using the pre-
processor GMINC (Pruess, 2010). It creates the secondary
mesh for the embedded matrix blocks which are required to
accurately represent flow from the fracture into the rock
matrix.

The first volume fraction is assigned to correspond to the
fracture while the rest of the volume is assigned to the
matrix. The volume fractions are chosen so as to provide
good resolution for the flow in the matrix.

Two sets of models using: (a) a fine matrix grid and (b) a
coarse matrix grid, were created to check what difference
the matrix grid resolution makes on the results. Each grid
block of the main mesh is partitioned into a sequence of
interacting continua according to an average fracture
spacing of 20 m or 50 m and a nest of 16, 13, 10 or 8 matrix
blocks in each reservoir block for the fine model and 10, 8,
7 or 5 matrix blocks in each reservoir block for the coarse
model. The nest of matrix blocks is embedded in a fracture
block with the whole system occupying the same space as
the reservoir block in the uniform reservoir model. In all
cases the first matrix block is assigned the same volume as
the fracture and then the volume of successive matrix
blocks is increased by an approximately constant factor.
Thus as the volume fraction for the fractures is increased
the number of blocks used in the matrix is decreased. (See
Table 2.)

Table 2: MINC blocks and fracture volume fractions

Number of MINC blocks Volume fraction, V¢
Fine model Coarse model
16 10 1E-5
13 8 1E-4
10 7 1E-3
8 5 1E-2

The fine MINC models are created by increasing the
volume fractions using a factor of ~2.25 and the coarse
MINC models are created by increasing the volume
fractions using a factor of ~4. The fracture volume fraction
is set to be 1075, 10, 10 or 10 The fracture network is

assumed to be three-dimensional and thus the option
THRED is used in GMINC.

2.1.3 Parameters for the MINC model

The single-porosity model is assigned a permeability of 50
millidarcy (mD). In the MINC model, the permeability of
50 mD is retained as the fracture permeability while the
matrix is assigned a permeability of 1.0, 0.1, 0.03 or 0.01
mD. For each volume fraction of fractures, V;, the porosity
of the fracture is set very high, porg,=0.99, and a matrix
porosity is chosen such that effective porosity of the dual
porosity model (see equation below) is the same as the
porosity of the single porosity model.

POFett = POTfracVs + POrmyrk (1—V)

Porosity values of 4.99905x107?, 4.9905x107%, 4.90492x107
and 4.040505x107 are used for fracture volume fractions of
1E-2, 1E-3, 1E-4 and 1E-5, respectively.

The Corey-type relative permeability function with residual
immobile liquid and gas saturation values of 0.3 and 0.05 is
used. The initial conditions for the model are a temperature
of 243°C and a gas saturation of 0.3.

A production rate is chosen low enough, at 1 kg/s, so that
the simulation can be completed even for very low values
of matrix permeability.

The numerical simulations are carried out with an
increasing time step sequence and are run to an end time of
1E+6 seconds. The rock and reservoir parameters used in
the model are summarized in Table 3.

Table 3: Parameters for the MINC model

Fracture Matrix

Layer thickness 100m 100m

Permeability 50E-15m? 1.0E-15m?, 1.0E-16m?

3.0E-17m? 1.0E-17m?

Porosity 99% 410 4.9%

Rock grain density 2600kg/m® | 2600kg/m®

Rock specific heat 1000J/kg K | 1000J/kg K

Rock conductivity 2.5W/m K 2.5W/m K

Relative permeability | Corey: S,=0.30, S\,=0.05

Wellbore radius 0.11m

Production rate 1.0kg/s

Initial conditions Pressure =35.268bar, Gas saturation =0.30
Temperature = 243°C

2.1.4 Drawdown test using the MINC model

The drawdown stage of the test was simulated for the
various cases and the production enthalpy and pressure in
the well block were recorded. It was of particular interest to
determine which model parameters gave the development
of a high production enthalpy in a short time frame.

Variation of fracture volume fraction

The model behaviour is very sensitive to the fracture
volume fraction (Vf). The highest, dry steam, production
enthalpy (2802 kJ/kg) is attained when the fracture volume
fraction is very small, within the range 1x10™ to 1x107, as
seen in Figures 4 and 6 for the fine model and Figures 5
and 7 for the coarse model. As the fracture volume fraction
increases, to V; =1x107, the maximum flowing enthalpy
attained becomes lower, in this case 2090 kJ/kg for the fine
model as seen in Figure 8 and 2063 kJ/kg for the coarse
model as seen in Figure 9. For the highest value of V¢ = 1x
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102, the dual porosity model gives a lower production
enthalpy than the single-porosity model: 1398 kJ/kg for the
fine model as seen in Figure 10 and 1385 kJ/kg for the
coarse model as seen in Figure 11.

For V¢ = 1x 10 or 1x10 the production enthalpy is
continuing to rise at the end of the simulation period
whereas for the smaller values of V; the enthalpy stabilises
earlier. Experimentation with longer simulation periods
show that even for the larger values of V; the enthalpy
eventually rises to a stable value. (See Figure 12 for
example.)

Some similar results on the sensitivity of the behaviour of a
MINC model to the fracture volume fraction were obtained
in a modelling study of the Ogiri geothermal system in
Japan. The MINC method was applied to selected grid
blocks in a model of the shallow zone of the Ogiri
geothermal system in Japan where a steam-water two-phase
zone and the fractured Ginyu Fault is situated (Itoi et al.,
2010; Kumamoto et al., 2009). The simulated enthalpies of
the Ogiri reservoir obtained using the MINC model are
consistently higher than those from the single porosity
model but they do not match the production history
(Kumamoto et al., 2009). Our results indicate that the
fracture volume fraction of 2 x10 used in the Ogiri model
may not be small enough.

Variations in matrix permeability

The model behaviour is also sensitive to the matrix
permeability. Four values of matrix permeability were used,
namely: 1mD, 0.1mD, 0.03mD, and 0.01mD. In all cases
the fracture permeability is 50mD and the fracture spacing
is 50m.

The flowing enthalpy increases when the matrix
permeability becomes small compared to the fracture
permeability. The increase in flowing enthalpy with
decreasing matrix permeability is shown in Figures 4 to 11.
The maximum flowing enthalpy is obtained most quickly
when Kux = 1E-17m? (0.01mD).

Low values of matrix permeability were used during
production history-matching with the MINC model of
Coldwater Creek steamfield in the Northwest Geysers in
the USA where a few wells gave enthalpies in the range
2880 kJ/kg for the main reservoir and up to 3070 kJ/kg for
the high-temperature zone. In the MINC model of
Coldwater Creek, the estimated fracture transmissivites
ranged from 0.5x107™° to 1x10™° m® (or 50 and 100 Darcy-
m) while field-wide matrix permeabilities were very low
ranging from 1x10% to 3x10%® m? or 0.01 to 3uD
(Antlnez et al., 1994).

Variations in the number of matrix blocks

Fine and coarse models, using the same fracture volume
fraction, were set-up to determine what difference the
number of matrix blocks makes. By comparing Figures 4
and 5 for V; = 1x 10°° and Figures 6 and 7 for V; = 1x 10,
Figures 8 and 9 for V; = 1x 103, and Figures 10 and 11 for
Vs = 1x 102 it is observed that there is no noticeable
difference between the enthalpy transients as a result of grid
refinement. This lack of sensitivity to grid resolution is very
encouraging because this means fewer MINC blocks may
be used to attain the same enthalpy transients. However, the
coarse grid is still quite fine and models with fewer matrix

blocks should be investigated. Using fewer MINC elements
will lessen the computational time considerably.
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Figure 12: Enthalpy transients, fine grid, Vs = 1x 10%,
longer production period

Variations in fracture spacing

The partitioning of matrix blocks based on distance from
fractures leads to a pattern of nested volume elements
(Pruess and Narasimhan, 1985). For any reservoir
subdomain V,, a “proximity function” PROX(x) can be
defined which represents a total fraction of matrix volume
within a distance x from the fracture interface (Pruess,
2010). In the MINC models used, a THRED proximity
function is used which represents three sets of plane parallel
infinite fractures at right angles with specified matrix block
dimension. In the plots shown above a fracture spacing of
50m was used. The simulations were then repeated using a
fracture spacing of 20m.

With the larger fracture spacing the flowing enthalpy rises
more slowly but reaches the same stable enthalpy value.
This behaviour is shown for V;= 1x10% in Figure 13.

The effect of fracture spacing on the resulting enthalpy
transients is more pronounced when the volume fraction of
the fractures is larger and a stable enthalpy is not reached
during the simulation period. A 464 kJ/kg difference in
flowing enthalpy is observed between results of fracture
distances of 20m (in colour) and 50m (in grey) for the fine
model where V;= 1x1073, as shown in Figure 14.
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Figure 13: Enthalpy transients, fine grid, Vi = 1x 103,
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In fractured media, changes in thermodynamic conditions
due to boiling propagate rapidly in the fracture network and
move slowly in the surrounding rock matrix. This
behaviour is illustrated in the plots of vapour saturation
against radial distance shown below in Figures 15 to 18.
These plots help to explain why the enthalpy transients
behave as shown above.

The plots of vapour saturation against radial distance show
that higher vapour saturations of greater radial extent are
obtained when the surrounding matrix permeability is low.
For reference, the matrix starts from the outer volume (next
to the fracture), which is designated as MINC level 2, and
ends at the inner volume, which is designated as MINC
level 16, for the 16 MINC block model.

The plot of radial vapour saturation for the 16-block fine
model (V; = 1x 10°°) with a matrix permeability of 1mD is
shown in Figure 15. Similar plots for other values of matrix
permeability are shown in Figures 16 to 18. The sequence
of plots clearly shows the increase in vapour saturation in
the fracture as the matrix permeability decreases.
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Figure 16: Vapour saturation vs. radius, fine model,
Vi = 1x 10, Kmnirx = 0.1mD
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Figure 17: Vapour saturation vs. radius, fine model,
Vi = 1x 105, Kinerk = 0.03mD

mass flow = 1 kg/s
16 MINC blocks, 3D, 50D spacing MINC level
Kirac/Kmirx = 5000
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Figure 18: Vapour saturation vs. radius, fine model,
Vi = 1X 10°%, Kanrx = 0.01mD

3. BUILD-UP TEST USING MINC MODEL

For the build-up test, the well is produced for 1e® seconds
and then the well is shut for the same time period.

The dual-porosity behaviour of the MINC models is
characterized by two parallel semilog straight lines and an
S-shaped transition between them, as seen in Figure 19.
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Figure 19: Buildup test, fine model, V; = 1x 10%, various
values of matrix permeability, semilog plot of
pressure vs. log time

Plots of vapour saturation against radial distance for a 16-
block MINC model (Vi = 1x 10°®) at various values of matrix
permeability are shown in Figures 20 to 23. The vapour
saturation increases steadily from the inner volume (MINC
level 16) to the outer volume (MINC level 1). The vapour
saturation changes very slowly in the surrounding matrix
but increases rapidly in the fracture network.
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Figure 20: Buildup test, vapour saturation vs. radius,
Vs = 1x 107, fine model, Kyex = 1mD
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Figure 21: Buildup test, vapour saturation vs. radius
Vi = 1x 107, fine model, Kpurx = 0.1mD
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Figure 22: Buildup test, vapour saturation vs. radius,
V; = 1x 10, fine model, Ky = 0.03mD
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Figure 23: Buildup test, vapour saturation vs. radius,
Vi = 1x 10, fine model, Kmirx = 0.01mD

4. SUMMARY AND CONCLUSIONS

The enthalpy transients for the production well show
greatest sensitivity to the fracture volume fraction and
matrix permeability. In cases where the volume fraction of
fractures is small, a stable two-phase enthalpy is
approached rapidly.

The highest, dry steam, enthalpy (2802 kJ/kg) is attained
when the fracture volume fraction is very small, within the
range 1x10 to 1x10°®, for both fine and coarse models. As
the fracture volume fraction becomes larger, the maximum
flowing enthalpy attained gets lower for both the fine and
coarse models. The model behaves somewhat differently
when the fracture volume is large enough, e.g. when Vi = 1x
10, as the enthalpy does not reach a stable value during
the simulation period.

There is not much difference between the resulting enthalpy
transients for the fine and coarse models which mean fewer
MINC blocks could be used to attain the same results while
decreasing the computational time.

A higher vapour saturation and greater radial extent of
drying out is reached when the surrounding matrix
permeability is lower. The changes in thermodynamic
conditions due to boiling propagate rapidly in the fracture
and move slowly in the surrounding rock matrix. The
thermodynamic conditions vary rapidly in the matrix in the
vicinity of the fracture.
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