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ABSTRACT

We simulate the effect of chemical induced changes in the
pore space structure of porous aquifers on flow and
transport using a new numerical code developed in an
interdisciplinary project of 3-year duration. The three key
elements of this new simulation approach are: (1) a
relationship between changes in porosity and permeability
which is based on petrophysical principles; (2) a chemical
model for precipitation and dissolution reactions at high
temperature and salinity; (3) a numerical simulation tool for
coupled flow, heat and multi-component transport, and
chemical water-rock interaction. The derivation of the new
relationship between porosity and permeability comprises
the application of a fractal model of the pore space structure
and its change due to precipitation and dissolution of
minerals. Permeability is expressed as a power series of
porosity. Based on the Kozeny-Carman equation (Carman,
1956) the exponents of this series are calculated from the
fractal dimension of the fluid-rock interface which is a
fundamental structural parameter in our approach. This
expression was calibrated and validated with large
petrophysical data sets from clean and shaly sandstones.
This way, a set of curves was obtained in a permeability-
porosity plot in which each curve is characteristic for one
type of sandstone. The geochemical reaction model is based
on the speciation code PHRQPITZ (Plummer et al., 1988).
Following our code extension and update of its thermo-
dynamic data base it is now valid for brines of low to high
(5 mol/l) ionic strength and temperatures of 0-150 °C.
Reaction kinetics was added to account for the fact that
under- or over-saturation does not always trigger
dissolution or precipitation, which was observed in the
laboratory as well as in geothermal installations under
operation. With this new numerical tool coupled, three-
dimensional simulations can be run for total operation times
of 30-100 years and different production/injection regimes,
types of fluid mineralization, and fractal dimensions of the
precipitating mineral surface. It turns out that most changes
in the system occur at the propagating temperature front
and in the vicinity of the injection well due to the complex
interaction of all coupled processes. Finally, we identify
critical scenarios for the operation of a hydrothermal heat
mining installation over a period of 30-50 years.

1. INTRODUCTION
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A hydrothermal heat mining installation is a major
investment. In order to pay off, operation times of 30 years
and more are required during which a sufficient amount of
hot water can be produced. In this context, numerical
simulations of flow, heat and species transport, and water-
rock interaction are helpful to predict a reservoir's long-
term performance under operation. Of particular interest are
changes of the hydraulic properties of the reservoir rock
brought about by technical operations at the production or
injection wells, which offset the chemical equilibrium
between minerals of the reservoir rock and reservoir fluid.
This, in turn, causes transport of chemical species, solution
and precipitation of minerals in the pore space of the rock
as a function of space and time. These heterogeneous
chemical reactions change the pore space structure and alter
its porosity and permeability. Therefore our simulation
approach comprises coupled flow and heat transport,
multi-component species transport, a geochemical reaction
model, and a petrophysical model providing a relation for
changes in permeability caused by changes in porosity. In
this paper we focus on this particular relationship between
porosity and permeability in sandstones in general and on
permeability changes induced by precipitation of minerals.
In addition, Pape et al. (1999) showed how this theory can
be applied to derive permeability logs from standard
geophysical borehole logs.

2. PERMEABILITY-POROSITY RELATIONSHIP

Changes in porosity ¢ can be calculated without difficulty
from the reaction rates of the mineral components.
However, it is not as straightforward to estimate the
associated changes in permeability k, because permeability
depends not only on the bulk porosity but also strongly on
the structure of the pore space. Therefore it is not possible
to present one single equation which relates permeability to
porosity for all rock types. In the past, different empirical
approaches were used to describe the observed highly
nonlinear dependence of permeability on porosity by
exponential or power-law relationships. However, these
purely empirical approaches lack a petrophysical
motivation. For porosities larger than 10 % the slopes of
different linear regressions in the log(k) versus log(¢) plot
vary from 3 to 10.

Petrophysical model theory provides different permeability-
porosity relationships. Relatively simple models consisting
of a bundle of smooth capillaries or of a packing of smooth
spheres are successful to describe the behavior of clean
sandstones with high porosity. These models lead to a
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frequently used equation which has porosity taken to the
third power (e.g. Ungerer, 1990):

k= 0.5 (rgam)’ °/ (1-0)°, 1)
where 7,4, is the radius of model grains.

The compaction of sedimentary rocks during diagenesis
was described by overlapping spheres (van der Marck,
1999) or by network models (David et al.,1994; Zhu et al.,
1995). These theoretical approaches are useful to predict
changes in permeability and porosity due to mechanical
compaction and pressure dissolution, preferably for clean
sandstones, such as the Fontainebleau sandstone. For this
material Bourbie and Zinszner (1985) found a good fit
between permeability and porosity for the following
relation:

k=303 (100¢)*"

(nm?) for ¢ > 0.08, (2a)

k=0.0275 (100¢)"* (nm?) for ¢ < 0.08. (2b)

However, the Fontainebleau sandstone does not represent
the average type of sandstone which is characterized by a
large pore size distribution and highly structured pore
walls. A model which is particularly close to the natural
appearance of pore space in sedimentary rocks is the so-
called "pigeon hole* model, of Pape ef al. ( 1982, 1984,
1987 a,b). It is based on data from core samples of various
hydrocarbon reservoir rocks in northwest Germany. It
yields petrophysically justified relations between various
geometric, storage, and transport parameters of these
reservoir rocks. Like other fractal models, it is based on the
observation that the shape of the internal surface of rock
pores follows a self-similar rule. Thus, the theory of fractals
can be applied. A key parameter in this theory is the fractal
dimension D.

This model is combined with the Kozeny-Carman equation
(Carman, 1956) which links permeability to the effective
pore radius and the formation factor F. This yields a
general permeability-porosity relationship:

k=A ¢+ B ¢ + C (109)°* 3)

where the exponents expl and exp2 depend on the fractal
dimension and the coefficients need to be calibrated for
each sedimentary basin.

2.1 Theory

A fundamental expression for the permeability & of a
porous medium is given by the modified Kozeny-Carman
equation:

k=1l (8F), 4)

where F is the formation factor, which is defined as the
ratio of tortuosity 7 and porosity ¢:

F=T/¢. (5)
The formation (resistivity) factor is originally defined as the

ratio of the resistivity of a porous medium saturated with an
electrolyte and the resistivity of this electrolyte. It is a
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purely geometric parameter, which describes the way in
which the porous medium obstructs transport processes,
such as the passage of ions or even uncharged molecules. It
is related to permeability via the Kozeny-Carman equation
(4). Pape et al. (1987a) showed that tortuosity behaves as a
fractal and depends on the ratio of effective hydraulic
radius 7, and grain radius 7, (see taken to a
power which is a function of the fractal dimension D:

T=1.34 (Fgin/ ) "% 2. (6)

This implies that tortuosity increases with increasing fractal
dimension. However, this relation is valid only in the range
of 2<D<2.4. An empirical relationship between F and ¢ is
expressed by Archie's first law:

F=alp". (7

Here a is a factor which depends on lithology, and m is the
cementation or tortuosity factor which depends on rock
structure. The parameters ¢ and m vary in the ranges 0.6 <a
<2,and 1 <m <3. Archie’s law (equation 4) was later also
formally derived, starting from a fractal model for porous
rocks by Pape and Schopper (1988) and Shashwati and
Tarafdar (1997). For instance, for a pigeon hole model of
common sandstones this derivation starts from
equation (5), which expresses F by tortuosity 7 and
porosity ¢, and the following equations (Pape et al., 1987)
which express the fractal relationship between 7 and ¢:

T= 134 (rganrep) " O? =134 (grain | 7o) "™, (8)
¢: 0.534 (rgrain/rejf) 039(03) = 0.5 (rgrain / ref/) 02 B (9)
with D=2.36. Neglecting slight differences in the
exponents, equations (8) and (9) for tortuosity and porosity
yield

T=0.67/¢ (10)

(11)

and
2 _ .2 8
eff =1 grain (2¢) .

Using the Kozeny-Carman equation (4), the formation
factor, equation (5), tortuosity, equation (10), the effective
radius, equation (11) with the default value 7g,,;,, = 200 000
nm (an average grain radius in our sandstone data sets), k
can now be written as

k=191 (10 )"  (in nm?). (12)
Equation 12 for permeability defines a linear asymptote in a
log-log plot of & versus ¢. It is valid for porosities greater
than 0.1, whereas for lower porosities the measured
permeabilities exceed those predicted by equation (12). An
explanation is indicated by the effective pore radii of the
investigated samples, which do not decrease as rapidly with
decreasing porosity as suggested by equation (11) for the
effective radius. For the medium range of porosities
0.01<¢<0.1 we can improve the permeability estimates by
assigning a fixed value to the effective hydraulic pore
radius in the Kozeny-Carman equation, equation (4):
oo =200 nm. This is equal or near the mean of values
for the effective hydraulic pore radius determined for
medium range porosities from equations (4), (5), and (10)
from measured permeabilities and porosities. Instead of
equation (12) for permeability, a combination of the



Kozeny-Carman equation (4), the formation factor,
equation (5), and tortuosity, equation (10), yields:
k=0" o/ (8(0.67) = 7463¢° (innm?).  (13)

For very low porosities < 0.01 this expression still yields
permeabilities that are too small compared to the data. The
values for the effective hydraulic pore radius determined
for this porosity range from measured permeabilities and
porosities and equations (4), (5), and (10) are clearly
smaller than 200 nm, but not smaller than 50 nm. For this
range it therefore makes sense to assume a fixed minimum
value 7oy min = 50 nm and a fixed maximum tortuosity 7.
= 10 (Pape et al., 1987b). According to equation (10) for
tortuosity, equation (13) for permeability then reads

k=07 min! 8 Tax =310 (in nm?). (14)
The sum of the expressions for permeability in equations
(12), (13), and (14) provides an approximation of the
permeability for the entire range of porosity:

k=31¢+7463¢ + 191(100)'° (innm?).  (15)
The linear combination of the expressions for the low,
medium, and high porosity ranges is permissible since for a
given porosity, the expressions for the other two porosity
ranges do not contribute significantly, due to the difference
in the powers of porosity. The third term in the average
permeability-porosity relationship, equation (15), character-
izes the fractal behavior of sandstones, and the power of 10
reflects the fractal dimension D=2.36. Deviations from this
value of the fractal dimension result in powers other than
-0.25 in equation (9) for porosity. This results in a
correspondingly modified exponent for the third term in the
average permeability-porosity relationship, equation (15).
A fractal dimension 2<D<2.36 corresponds to an exponent
between 3 and 10, and a fractal dimension D>2.36 to a
larger exponent than 10. The k-¢ relationship (equation 15)
is of the general type of equation (3), where the factors A,
B, and C in equation (15) are valid for an average type of
sandstone, such as in the north German sedimentary basin.
When applied to other basins, it needs to be calibrated
anew.

We applied this approach to a petrophysical data set which
allows a very thorough characterization of Rotliegend
(Lower Permian) sandstone samples. It had been compiled
over a period of 15 years in east German hydrocarbon
industry laboratories. It comprises measured porosity and
permeability as well as distributions of pore radii and grain
sizes. With respect to this data set the average k-¢
relationship, equation (15), tends to underestimate
measured permeability, since these sandstones are
characterized by a relatively large permeability at any given
porosity. Therefore, the coefficients of ¢, ¢, and ¢'® in the
average k- relationship (equation 15) were calibrated to
this data set by nonlinear regression. Minimizing the least-
squares standard deviation of permeability calculated from
k= A¢+ Bo® + C(109)" yields the following expression:
k=1550+ 37315¢>+ 630(109)'° . (16)
Figure 2 shows a comparison between permeability and
porosity measured on different rock types and several
curves calibrated to equation (3) with independent, large
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data sets for rocks that vary from clean and shaly
sandstones to pure shales. The calibrated equation for shaly
sandstone is

k=6.20+ 1493+ 58(10¢)"° (17)
and for shale
k=0.1¢+26¢°+ (100)'° . (18)

The lower four curves in correspond to the fractal
model defined by equation (3) with exponents according to
a fractal dimension D = 2.36. . They are offset due to the
different effective grain radii r,.,;, which determine the
coefficients of the three terms. The smallest grain radius
corresponds to the lowest and most right curve for pure
shales.

In contrast, the data of Bourbie and Zinszer (1985) for
Fontainebleau sandstone define a curve which is quite
different. This rock is characterized by strong quartz
cementation. Its smooth internal surfaces correspond to a
fractal dimension of D = 2. Thus it is well suited for
description by the smooth grain packing model (equation 1)
in which permeability varies with porosity cubed.
Specifically, for porosities larger than 0.08, the
permeability of Fontainebleau sandstone varies with
porosity taken to a power of 3.05 (equation 2a). For smaller
porosities, however, the permeability of Fontainebleau
sandstone varies with porosity taken to a power of 7.33
(equation 2b). This corresponds to rougher surfaces with a
fractal dimension D > 2.

2.2 Influence of chemical reactions on permeability-
porosity relationship

The curves of permeability versus porosity of different rock
types (see can be interpreted as the result of a
diagenetic compaction process which starts with the
initially fresh sediment. In the data points for
permeability and porosity measured on sand by Schopper
(1967) represent this starting point which is strongly
influenced by the grain size distribution.

Then, during a subsequent subsidence in a sedimentary
basin, porosity decreases . Generally, the major part of
compaction is achieved by mechanical processes, which
reduce permeability to about 10 % for temperatures below
about 100 °C (Bjerkum et al., 1998). This mechanical
compaction can be simulated by the fractal petrophysical
model based on a constant fractal dimension. For average
sandstones this leads to a power law which relates
permeability to porosity taken to the tenth power. The final
porosity reduction below 10 % is mainly attributed to
chemical processes combined with the effects of pressure.
This part of the permeability-porosity curves is
characterized by a decrease of the power to which porosity
is taken in the other two terms of the general permeability-
porosity relationship (equation 3).

On the other hand, the smaller exponents may be due to
cementation which started at an early stage of basin
development, such as in the large-porosity branch of the
curve for Fontainebleau sandstone. Sandstones with strong
cementation are particularly interesting because the
properties of reservoir sandstones depend strongly on the



Pape, Bartels, Kiihn, and Clauser

amount and type of cementation. Most common is
cementation by quartz due to pressure dissolution and by
carbonates. Bjerkum (1996), Bjerkum and Walderhaug
(1990), and Walderhaug (1996) studied and simulated
these processes in detail with numerical models. The Rét
sandstone in the north German sedimentary basin, which is
of interest for geothermal use, provides an example for a
cementation by anhydrite. Compared with average
sandstones with the same effective hydraulic pore radius,
cemented sandstones have a lower specific surface. They
are characterized by a lower fractal dimension, which can
be determined from pore radius distributions. Accordingly,
the permeability-porosity relationship of cemented
sandstones has a largest exponent which is smaller than 10.
Permeability and porosity data measured on cores of Rét
sandstone were fitted by

k=10.309 (100¢)**° (nm?) . (19)
The data for Rét sandstone cemented by anhydrite in
Figure 2 agrees well with permeability-porosity data for
anhydrite rock of the Salado formation at the Waste
Isolation Pilot Plant (WIPP) in New Mexico, USA
(Howarth and Christian-Frear, 1997).

The permeability-porosity relationship for cemented
sandstone (equation 19) was used in our simulation code's
petrophysical model. It couples permeability changes to
porosity changes that are induced by the precipitation and
dissolution of anhydrite. As a first application, the
relocation of anhydrite in a sandstone core subjected to an
imposed temperature gradient during a high-pressure, high-
temperature core-flooding experiment was successfully
simulated.

3. CHEMICAL REACTION MODEL

A chemical reaction model was developed to calculate the
amount of precipitation and dissolution of each mineral
species at high temperature and salinity. It is a modification
of the geochemical simulation code, PHRQPITZ (Plummer
et al., 1988). It permits calculations of geochemical
reactions in brines and other highly concentrated electrolyte
solutions using the Pitzer virial coefficient approach for the
correction of activity coefficients. Reaction-modeling
capabilities include calculation of aqueous speciation and
mineral-saturation index as well as mineral solubility. The
computed results for each aqueous solution include the
osmotic coefficient, water activity, mineral saturation
indices, mean activity coefficients, total activity
coefficients, pH, individual-ion activities, and individual-
ion activity coefficients. A data base valid for temperatures
from 0 to 150 °C of Pitzer interaction parameters is
provided for the system:

Na-K-Mg-Ca-H-CI-SO,4-OH-(HCO;-CO5-CO,)-H,0.

The Pitzer treatment of the aqueous model is based largely
on the equations presented by Harvie and Weare (1980),
Harvie et al. (1984), and data of Greenberg and Moeller
(1989). Data for the incorporated carbonic acid system (set
in parentheses in the list above) are valid for temperatures
from 0-90 °C according to He and Morse (1993). For this
system and at 25 °C these data are identical to the data base
of Harvie et al. (1984). PHRQPITZ was developed by
Plummer et al. (1988) by replacing the aqueous ion-pairing
model used in PHREEQE (Parkhurst et al., 1980) by the
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Pitzer virial coefficient approach (Pitzer, 1973; Pitzer and
Mayorga, 1973, 1974; Pitzer and Kim, 1974; Pitzer, 1975).

We extended the PHRQPITZ code to include the
calculation of temperature dependent Pitzer coefficients. At
present, it still uses the Newton-Raphson approach to solve
a set of algebraic equations by generating successively
better estimates of the molalities and activity coefficients of
the aqueous species.

In a transient coupled simulation, our chemical module first
calculates any deviations from the chemical equilibrium
that may exist between fluid and rock minerals. Then, for
each time step of this simulation, it balances the chemical
reactions necessary to reach thermodynamic equilibrium. If
some reactions, for instance dissolution or precipitation of
minerals, are too slow and therefore do not reach an
equilibrium instantly, reaction kinetics needs to be
accounted for. Therefore, and since our interest was
focussed on sandstones cemented by anhydrite, the
dissolution constant of anhydrite was measured in the
laboratory at different temperatures and salinities.

4. NUMERICAL SIMULATION WITH COUPLED
FLOW, HEAT AND SPECIES TRANSPORT, AND
CHEMICALLY INDUCED PERMEABILITY
CHANGES.

Our numerical code for simulating coupled flow, heat and

multi-component transport, chemical reactions, and

associated permeability changes is used to model the long-
term behavior of a hydrothermal heat mining installation.

This allows, in principle, to test different scenarios, such as:

e A potential self-sealing of the exploited reservoir by
precipitation of minerals with prograde solubility
around the injection well;

e The redistribution of minerals with retrograde
solubility by precipitation at the warm temperature
front. This partial and transient sealing may either
diminish or increase the efficiency of heat mining in
the reservoir. On the one hand a slight reduction in
permeability which moves through the reservoir with
the warm temperature front may diverge the direct
flow between the injection and the production well and
thus increase the reservoir volume which is cooled. On
the other hand, if the sealing is too strong, the overall
flow rate may drop so much that the efficiency is
damaged;

e Possible technical measures to prevent the undesired
effects;

e  The influence of the position of the boreholes in the
reservoir and in respect to each other, pumping rates,
injection temperature, and other factors on these
processes.

This way, the long-term performance of such an installation

as well as the safety of the investment can be better

estimated.

CONCLUSIONS

A new numerical tool was developed for simulating the
operation of a hydrothermal heat mining installation over a
period of 30-50 years. Different production/injection
regimes and different types of fluid mineralization can be
accommodated. Critical scenarios focus around the



injection well where chemical equilibrium is perturbed due
to lower temperatures or changes in pH value compared to
the reservoir. At the propagating temperature front all
processes involved interact with each other in a complex
way. Chemical reactions causing dissolution and
precipitation of minerals induce porosity and permeability
changes. The permeability-porosity relationship is not
trivial and depends on the particular structure of the
precipitating mineral surface which is expressed by a
specific fractal dimension.

Based on a fractal model for porous rocks, new relations
were established in which effective radius, tortuosity and
porosity are connected through the fractal dimension D. A
default value of D = 2.36 was shown to be useful for the
interpretation of data from an ensemble of Rotliegend
(Lower Permian) sandstone samples. Permeability can be
estimated from a power-law relation between permeability
and porosity. This fractal model is flexible and applicable
over a wide range of porosities, and it can be adjusted to
different rock types. The average fractal permeability-
porosity relationship was successfully calibrated to a
comprehensive data set measured on Rotliegend sandstone
samples. A group of variants of this correspond to different
types of sandstones ranging from clean to shaly. When
applying this relationship to a specific basin, however, its
coefficients need to be determined anew, based on core data
from this specific basin. Different types of permeability-
porosity curves are discussed in relation to different
processes of diagenesis such as mechanical compaction,
cementation and pressure dissolution.

In conclusion, the new approach based on a fractal pore-
space geometry provides a simple and versatile technique to
estimate permeability changes due to porosity changes
caused by mineral reactions during the operation of
geothermal installations. The simulation tool permits to
evaluate different scenarios in respect to the long-term
performance of a hydrothermal heat mining installation and
should be helpful to assess the security of such a major
investment.
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Figure 2: Permeability versus porosity for different
consolidated and unconsolidated clean and shaly
sandstones (Symbols: measured permeability and
porosity; lines : fractal k-¢ relationships)
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