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Abstract:

In the emergence of new technologies to harness renewable energy, industrial-scale
storage of heated water in a geothermal system is a promising technique. A porous,
permeable medium, bounded by a poorly thermally conductive/convective overburden and
underburden, can be used for transient subsurface thermal storage. The reservoir in this
concept forms a geothermal battery. As a very simplified scenario, consider a single
well injecting and producing hot water diurnally or seasonally. The source of the hot
water could be solar-heated water, for example, or possibly even water heated from the
excess regional electricity supply. For that situation, this study investigates the influence
of spatial permeability heterogeneity on heat recovery, and the distributions of temperature
and pressure inside the reservoir. Four heterogeneous models are created from lognormal
distributions of permeability by varying the standard deviations while keeping the mean
absolute permeability at 100 mD. The injection pressure experienced while pumping into
a candidate formation is affected by heterogeneity; higher bottom hole pressure is required
to inject water into a more heterogeneous reservoir. The spatial distribution of temperature
is less affected by permeability heterogeneity. In the simulations carried out, 91% of the
heat is recovered after the 30" cycle of injection/production operation in all cases proving
less impact of heterogeneity on heat recovery for fixed injection and production rates.

1. Introduction

Geothermal subsurface settings are used directly for recre-

seasonally) and subsequently the same water can be reinjected
after a subsequent heating cycle at the surface. This operation

ation, for indirect uses such as heating and certainly for
generating electricity. It is proposed that surrogate geothermal
reservoirs can also be engineering and used as a medium for
storing hot water that is heated at a surface facility using
excess electricity or direct solar heat (Wendt et al., 2019a,
2019b). This stored water can be produced back and converted
to electricity on demand. This conceptual geothermal system
is known as geothermal battery energy storage. In previous
studies (Green et al., 2020; Panja et al., 2020), it has been
demonstrated that geothermal battery is a potential technology
for storing hot water in high permeability and porosity forma-
tions during periods of adequate solar radiance. The water can
be produced for power generation when necessary (diurnally or

of injection and production in the same well is often known
colloquially as “huff and puff”.

Many factors that control the functionality of such a system
in a homogeneous reservoir have been addressed elsewhere
(Wendt et al., 2019a, 2019b; Green et al., 2020; Panja et
al., 2020, 2021). However, heterogeneity or geostatistical
distribution of geologic parameters such as permeability has
been shown to have a major impact on the fluid flow in
porous media. Heterogeneity in any property is a natural
characteristic of a porous medium that occurs due to slow
deposition and mixing of various materials over a long period.
The heterogeneity is prominent on a microscopic scale rather
than a field scale. Therefore, the heterogeneity in a nano-
porous medium such as shales or tight formation often has
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Table 1. List of base parameters for the formation, overburden, and underburden (Panja et al., 2020).

Parameters Formation  Overburden/Underburdon
Specific heat of rock (J/(Kg-K) 930 770

Thermal conductivity (W/(m-K) 2.5 1.05

Density (kg/m3) 2,000 2,500

Mean horizontal permeability, k, and k, (mD) 100 0.0001

Vertical permeability, k; (mD) 0.1 ky 0.0001

Porosity (%) 15 2.5

Initial temperature (°C) 120 120

Initial pressure (MPa) 12 12

Formation thickness (m) 110 70

a major impact on production. A fine grid reservoir model
is required to capture heterogeneity at this microscopic level.
This requires huge computational power and time. Practically,
the numerical model is developed by upscaling these properties
like permeability and porosity for better performance. The
heterogeneity on the microscopic or nanoscopic scale is often
lost in this numerical operation. Several studies consider the
consequences of permeability heterogeneity on the production
of hydrocarbons (Hopkinson et al., 1960; Gupta et al., 1988;
Assadoor et al., 1989; Newley and Begg, 1992; Yang and
Butler, 1992; Ehlig-Economides et al., 2004; Li and Xie,
2011; Naderi et al., 2015; Aragén-Aguilar et al., 2017; Ashley
et al.,, 2017). However, only a few studies are available for
heterogeneity in a geothermal reservoir.

Researchers from the National Renewable Energy Lab-
oratory showed that, depending on the specifics, the total
flow rate of methane and brine in a geo-pressured geothermal
reservoir can be higher in a layered situation compared to
a homogeneous reservoir with the same mean permeability
(Esposito and Augustine, 2012). Crooijmans et al. (2016) con-
sidered the impact of heterogeneity on energy extraction for a
low-temperature geothermal doublet system. Permeability and
porosity heterogeneity greatly affected CO, migration (Xu et
al., 2017; Wang et al., 2019) and the produced water temper-
ature and heat recovery (Li et al., 2019). Pandey et al. (2015)
showed the influence of reservoir permeability heterogeneity
during geothermal heat extraction. Another study showed
the effect of permeability on heat transfer and permeability
evolution in an enhanced geothermal system using a fully
implicit thermal simulator (Ijeje et al., 2019). However, none
of these publications considered a single well injection/pro-
duction scheme in porous formation for a geothermal energy
storage system. In our previous study (Panja et al., 2021),
it is shown that the heat recovery for a given cycle is not
affected significantly by permeability anisotropy and layering
of the storage medium. In this study, we investigate the
effects of permeability heterogeneity on geothermal battery
functionality.

2. Reservoir model and heterogeneity

Simultaneous flows of heat and fluid in porous media are
numerically calculated using a commercial thermal simulator;

STARS from the Computer Modeling Group, Calgary, Canada
(CMGL, 2021). The heat and fluid flow equations used in
STARS are summarized in Appendix A. A surrogate porous
medium for potential hot water storage (formation) is created
with insulating overburden and underburden zones. 25 layers
(10 meters of true vertical thickness each) constitute the
model; 7 layers for the overburden, 11 layers for the target
formation and, 7 layers for the underburden. The overburden
and underburden have low porosity (2.5%) and low permeabil-
ity (100 nD) compared to the target formation (15% porosity
and 100 mD permeability). The geologic and thermophysical
parameters are consistent with a previous study (Panja et al.,
2020) and are shown in Table 1.

The dimensions and the three segments (underburden,
overburden, and formation) of the numerical reservoir model
are shown in Fig. 1. The numerical model is 200 meters in
x— and 200 meters in y—directions. The formation thickness
is 110 meters and the overburden and the underburden have
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Fig. 1. The reservoir model showing the three segments namely overbur-
den, formation and underburden with the dimensions and heterogeneity in
permeability.
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Table 2. The data and lognormal distribution parameters used for assessing the role of spatial permeability heterogeneity.
Distribution No. Data distribution parameters Lognormal distribution parameters
Uy (mD) oy (mD) CV=on/uy K o
1 100 25.38 0.2538 4574 0.25
2 100 53.29 0.5329 4480 0.50
3 100 86.90 0.8690 4324 0.75
4 100 131.07 1.3107 4.105 1.00
70 meters thickness each. The well is drilled in the middle 0020 : 00D
of the formation with the perforations in the formation layers !
only. 0015
There are several methods such as Kriging, gaussian geo-
statistics to create a heterogeneous distribution of a property g T R=4574,02025
over a space. We have adopted the gaussian unconditional g0 q :ﬁ;j;’ﬁiz;g?g
geostatistical method in this study to create permeability * B =4.105, 6 =1.00
heterogeneity in the formation layer. The primary information 0.005 \ = = -Homogeneous
for this method is to obtain a probability distribution of PN\
permeability. Several studies proved that absolute permeability 0000 : N : ,
in porous media is commonly characterized by a lognormal o 100 200 300 400 500

distribution(Vargas-Guzman, 2009; Kusanagi et al., 2015).

Four different lognormal distributions of permeability are
chosen, each with a mean of 100 mD. The lognormal distribu-
tion parameters, (U and o, are computed from the mean, Uy,
and standard deviation, oy, of a lognormal random variable,
as shown in Eqgs. (1) and (2).

2
p=ln—EV__ (1)
\/ O+ 15
2
6= /in ("g“) @
Hy

The probability density function of the lognormal distribu-
tion is given by Eq. (3).

(Inx —p)
202

1
y:f(x|uao-):xcmexp |:_ :| ) (3)

for x >0

The mean (uy) of all distributed data is kept fixed at 100
mD and the standard deviation (oy) is varied as shown in Table
2. The coefficient of variation (CV), defined by the ratio of
standard deviation and mean of the distribution, is also shown
in Table 2.

The four lognormal distributions of permeability are com-
pared in Fig. 2. The permeability for a scenario with com-
pletely homogeneous and isotropic permeability is shown as
a vertical line.

As seen in Fig. 2, the distributions of absolute permeability
are skewed towards progressively lower values with increasing
standard deviation. Therefore, the mean of the lognormal
distribution also decreases with increasing standard deviation.

In the gaussian unconditional geostatistical method, the
values of permeability are randomly drawn from a predefined
lognormal distribution which is a possible representation of

Formation Permeability (mD)

Fig. 2. Lognormal distribution of permeability.

the field. These values are then assigned to each grid of
the numerical reservoir model as shown in Fig. 1. While
varying spatially (from element to element), at any point,
the permeability is the same in all horizontal directions. At
each element, there is a fixed anisotropic absolute permeability
ratio (ky/k; = 10) in the vertical direction. The overburden and
underburden segments are specified with spatially independent
and completely isotropic absolute permeability. Geostatistical
distributions (realization 1) from the four lognormal distribu-
tions on an x —y plane at mid-height of the target storage
formation are shown in Fig. 3.

Mathematically, very low to very high values of permeabil-
ity can be obtained from the four distributions. However, in a
field, it is not very common to observe permeability beyond
some limiting values. Therefore, the permeability values from
the lognormal distribution are chosen in the range of 10-400
mD to encompass feasible field scenarios. Values outside of
this range are not assigned to any grids of the reservoir model.

In the unconditional gaussian geostatistical method, several
sets of permeabilities can be mathematically created from a
single distribution for all grids of the storage layer. These sets
are statistically identical. However, each set of permeability
can be arranged geostatistically (spatially) in several ways
that are denoted as realizations. Consequently, each creates
a unique spatial distribution of permeability that leads to a
different reservoir model. Ideally, averaging of numerical re-
sults from hundreds of such models would be able to represent
the effects of heterogeneity. In this study, five realizations are
created for each distribution for practical purposes to reduce
the total simulation run time. Temperature, pressure profiles,
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Fig. 3. Spatial distribution of permeability of realization 1 (out of 5 realizations) from (a) homogeneous, k, = 100 mD; (b) distribution 1; (c) distribution 2;

(d) distribution 3; (e) distribution 4.

and heat recovery from all five of the realizations for each
distribution are averaged. Because, the layers in the numerical
reservoir model are refined in the x— and y— directions near
the wellbore for better numerical stability and accuracy, the
average permeability is determined based on the volumetric
average for each grid, as shown in Table 3.

Once the models are built, a vertical well is placed in
the middle of the reservoir with perforations covering the
entire target formation only (middle segment in Fig. 1). A
constant pressure boundary condition is used in these calcu-
lations. Other boundary conditions could have been selected
to represent different field scenarios (for example, multiple
wells with five-spot injection patterns). The analogy is to view
the reservoir as being surrounded by an aquifer with pressure
support. The reservoir is initially filled with connate water at
120 °C. The same well is mathematically envisioned as an
injection well and a production well at different times in an
injection/production/shut-in cycle. Water at 250 °C is injected
for 8 hours at a rate of 40 kg/s. The same mass of water is
produced for a longer time (10 hrs) at a slower rate of 32
kg/s. The well is then shut-in for 6 hours to complete a daily
cycle. This schedule is numerically repeated for 30 days (or
30 cycles).

3. Results and discussion

The results of this suite of simulations are discussed with
an emphasis on the temperature and pressure distributions
inside the formation after the end of injection and, production
of the 30" cycle. The amount of heat recovered after each
cycle is also calculated. Additionally, the evolution of the
bottom hole temperature and pressure with the number of
cycles is assessed.

3.1 Pressure

Pressure distributions at the mid-height of the injection
formation in the x —y plane (horizontal plane and a vertical
wellbore) are shown in Fig. 4 after the end of injection in the
30" cycle. The figure synthesizes four different permeability
distributions and a homogeneous case.

As would be intuitively anticipated, the pressure at the
wellbore is higher for a distribution with a higher standard
deviation. As seen in Table 3, the volumetrically averaged
permeabilities decrease with an increasing standard deviation
of the lognormal distribution; i.e., 100, 99.5, 94.5, and 86.7
mD for distribution 1, distribution 2, distribution 3 and distri-
bution 4, respectively. Therefore, higher pressure is required
to inject the same amount of water in the lower permeability
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Table 3. Mean and average permeability of each realization from four distributions.

Distribution Realization  Distribution mean, py (mD)  Volume average permeability (mD)

1 100 99.98
2 100 99.96
1 3 100 100.02
4 100 100.03
5 100 99.95
1 100 99.50
2 100 99.53
2 3 100 99.64
4 100 99.51
5 100 99.45
1 100 94.39
2 100 94.49
3 3 100 94.52
4 100 94.37
5 100 94.49
1 100 86.74
2 100 86.70
4 3 100 86.68
4 100 86.67
5 100 86.46
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Fig. 4. Spatial distribution of pressure (MPa) at the end of injection in the 30" cycle of operation on the x —y plane (200 metersx200 meters) at the
mid-height of the formation for heterogeneity from (a) homogeneous; (b) distribution 1; (c) distribution 2; (d) distribution 3; (e) distribution 4.
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Fig. 5. Spatial distribution of pressure (MPa) at the end of production of the 30" cycle of operation on the x —y plane (200 metersx200 meters) at the
mid-height of the formation for heterogeneity from (a) homogeneous; (b) distribution 1; (c) distribution 2; (d) distribution 3; (e) distribution 4.

reservoir. As a result, elevated pressure fronts propagate farther
towards the boundary with the increasing standard deviation
of the lognormal distribution (i.e., from distribution 1 to
distribution 4) at the end of the injection operation. The spatial
distributions of pressure on the x —y plane at the mid-height
of the formation after the end of production in the 30" cycle
are shown in Fig. 5.

The lowest pressure is required at the wellbore for the
lowest average permeability in distribution 4 due to the re-
quirement of the higher drawdown to produce the same amount
of water. The pressure along a linear path in the x—direction
at the mid-height of the formation is shown in Fig. 6.

The pressure front moves farther for distribution 4 having
a higher standard deviation and lower mean permeability. The
homogeneous case and distribution 1 have similar pressure
profiles since the average permeabilities are almost the same.
In Fig. 6(a), for example, the 12.3 MPa pressure front moves
17.0, 17.8, 22.8, 29.9, and 38.5 meters for homogeneous,
distribution 1, distribution 2, distribution 3, and distribution
4, respectively.

At the end of production in the 30" cycle, the pressure at
the wellbore is the lowest and increases towards the boundary-
this is expected. Permeability distribution 4 demonstrates the

lowest pressure, consistent with the lowest average permeabil-
ity. Tracking the 11.7 MPa pressure front, it moves 8.8, 9.5,
13.2, 19.2, and 27.2 meters for homogeneous, distribution 1,
distribution 2, distribution 3, and distribution 4, respectively.

The variations of the bottom hole pressure during injection
and production during 30 days (i.e., 30 cycles) of operations
are shown in Fig. 7.

The range of bottom hole pressure (injection to production)
increases with the increasing standard deviation in lognormal
distribution due to the lower average permeability. Therefore,
the lowest bottom hole pressures during production and the
highest bottom hole pressures during injection are required
for distribution 4 having the lowest average permeability. In a
single case, the injection pressure decreases and the production
pressure increases slowly in the first few cycles. The pore
volume near the wellbore expands under high pressure to
accommodate the injected water. The rock also expands due to
heating by the injected hot water, compensating, presumably
at least partially, for the competing pore volume expansion.
After the initial injection of hot water in the first few cycles,
the temperature of the grains (a solid component of the
reservoir) reaches a steady value as discussed in the next
section. Therefore, the rock doesn’t locally expand further due



Panja, P, et al. Advances in Geo-Energy Research, 2021, 5(2): 127-138

135 —
End of Injection: 30th Cycle
13.2
—Homogeneous

T = Lognormal Dist.1
% 12.9 ——Lognormal Dist.1
>~ Lognormal Dist.3
5 —Lognormal Dist.4
2 12,6
e
o

12.3

12.0 . . . -

0 20 40 60 80 100

Distance along X-axis (m)
(@)

133

12.0
11.8
g
S 11.6
g End of Production: 30th Cycle
ﬁ 114 —Homogeneous
T = |ognormal Dist.1
11.2 =L ognormal Dist.1
Lognormal Dist.3
—|_ognormal Dist.4
11.0 . - - :
0 20 40 60 80 100

Distance along X-axis (m)
()

Fig. 6. Pressure profiles along x—direction from the middle of the formation for different heterogeneity after the 30" cycle of operation at the end of (a)

injection; (b) production.

14 14 - 14
Homogeneous Lognormal Dist.1 Lognormal Dist.2
= 13 1 13 1 GRER
S g >3
S 12 212 £ 12 -
5 g 2
(2] n
8 2 3 J
s 114 $ 11 A o 11
S
o
10 T T T T T 10 T T T T T 1 10 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of Cycles Number of Cycles Number of Cycles
(@) (b) (©
14
Lognormal Dist.3 14

g 13 A E 13 -

2 12 S 12,

7 -

14 17}

E 11 3 11 |

o
10 . . . . . . 10 . . L?gnor[nal DIISt.4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of Cycles Number of Cycles
(d) (O]

Fig. 7. Bottomhole pressure at the mid-height of the formation versus cycles of operation for heterogeneity from (a) homogeneous; (b) distribution 1; (c)

distribution 2; (d) distribution 3; (e) distribution 4.

to heating with additional cycles. Consequently, the injection
and production pressures are almost stabilized (i.e., reach a
constant value) after 10 cycles of operation. Due to the rela-
tively higher permeability of the formation (around 100 mD)
and the constant boundary pressure condition, the pressure
disturbance in the formation during injection and production
doesn’t last long after shutting-in. Hence, the pressure rapidly
goes back to the initial reservoir pressure (12 MPa) during the
shut-in.

3.2 Temperature

The temperature distributions at the mid-height of the target
formation in the horizontal x —y plane are shown in Fig. § after
the end of injection in the 30" cycle. Temperature distributions
are shown for four different permeability distributions.

On a smaller scale (grid-scale), the temperature variations
are observed in all directions. However, overall it is not
dominant in any direction. The spatial distributions are almost
identical. This is due to the random distribution of permeability
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Fig. 8. Spatial distribution of temperature at the end of injection for the 30" cycle of operation on the x —y plane (80 metersx 80 meters) at the mid-height
of the formation for heterogeneity from (a) homogeneous; (b) distribution 1; (c) distribution 2; (d) distribution 3; (e) distribution 4.

without any localized higher or lower permeability regions.
Absolute permeability in a high permeability reservoir is
intrinsic to that reservoir and independent of the type of
fluid flowing through the porous rock. Although permeability
is a characteristic flow property of porous rock, it doesn’t
affect the conductive heat transfer. Permeability does affect
the convective heat transfer. Therefore, the temperature profile
is primarily affected by heat carried with the hot water in the
direction of the locally higher permeability. As a consequence,
the temperature profiles shown in Fig. 8 are dominated by
the local distribution of the permeability. The temperature
distributions at the mid-height of the formation in the x —y
plane are shown in Fig. 9 after the end of production in the
30" cycle for four different permeability distributions.

The spatial temperature distributions after production are
similar to those shown in Fig. 8 except that the temperatures
are lower as hot water near the wellbore is produced and
relatively colder in-situ water (120 °C) flows towards the
wellbore. The variations of the bottom hole temperature during
injection and production operations with the number of cycles
are shown in Fig. 10.

As discussed earlier, permeability heterogeneity has a

limited effect on the temperature profile. No significant dif-
ferences are noticed in the bottom hole temperature for the
different heterogeneities. The bottom hole temperature at the
end of the injection reaches the injection water temperature
(250 °C) after each cycle. During injection, the connate water
(120 °C) displaced radially and the injected water (250 °C)
moves in with an assumption of no significant mixing or
fingering. Similarly, during production, hot water in the near-
wellbore region is produced first, compelling the relatively
cold water from a distance to move towards the wellbore.
As a consequence, the wellbore reaches a lower temperature
after the end of production. However, as the reservoir is
being heated in every cycle due to less recovery of heat, the
temperature of the surrounding water near the wellbore also
increases. Therefore, the bottom hole temperature after the end
of a production event increases with the number of cycles. The
increment is slowly diminished as the heat transfer reaches a
steady value after a few cycles (around 25 cycles).

3.3 Heat recovery

The cumulative heat recoveries from the heterogeneous
reservoir created from 4 different distributions and a homoge-
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Fig. 9. Spatial distribution of temperature at the end of production of the 30™ cycle of operation on the x —y plane (80 meters x80 meters) at the mid-height
of the formation for heterogeneity from (a) homogeneous; (b) distribution 1; (c) distribution 2; (d) distribution 3; (e) distribution 4.
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neous reservoir are shown in Fig. 11.

No significant differences in cumulative heat recoveries are
observed among four heterogeneous and an equivalent homo-
geneous reservoir. As described in the previous section, the
spatial variation in permeability has less effect on temperature
distributions. Not surprisingly, the mean permeabilities for the
different heterogeneous situations near the wellbore (about 30
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Fig. 11. The cumulative energy recoveries from heterogeneous reservoirs
from four geostatistical distributions of permeability and a homogeneous
IEServoir.

meters) where the temperature change is observed during the
injection and the production cycle are almost the same.

4. Conclusions

Four lognormal distributions with the average permeabil-
ities of 100, 99.5, 94.5, and 86.7 mD and progressively
increasing standard deviations are studied. The results from
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five realizations of each distribution are averaged to obtain a
better quality of representation of heterogeneity. In the “huff
and puff” operation, hot water at 250 °C is injected for 8 hours
at a rate of 40 kg/s using an injection well and then the same
well is used to produce water at a rate of 32 kg/s for 10 hrs.
The well is then shut-in for the rest of the day. The effects of
heterogeneity on the geothermal battery energy storage using
this huff-puff method are not significant.

Higher injection pressures are required for a heterogeneous
reservoir with higher variability in permeability. The higher
pressure fronts also move farther from the wellbore in this
case. The temperature profile is less affected by permeabil-
ity heterogeneity. Higher variability in lognormal distribution
results in reduced average permeability. Therefore, higher
pressure is required to pump at a fixed rate. Consequently,
the initial pressure front travels more distances for higher
bottom hole pressure leads to a longer initial pressure front.
The spatial distributions of temperature for the different het-
erogeneities in permeability are almost identical because the
same amount of water is injected and the permeability is a
flow property and doesn’t affect the heat transfer. The shut-in
pressure after each cycle re-equilibrates at the constant bound-
ary pressure (12 MPa) over the 6-hour timeframe due to the
relatively high permeability. Heat recovery is not affected by
the different heterogeneities in permeability and approximately
91% of the heat is recovered after the 30" cycle in all cases.

The effects of heterogeneity may be different for different
ranges of permeability and its distribution. The trends in bot-
tom hole pressure, bottom hole temperature, and heat recovery
are also affected by the well’s operating conditions.
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Appendix A: Heat and fluid flow equations

STARS is CMG’s (CMGL, 2021) thermal simulator where simultaneous fluid and heat equations are numerically solved.
The simulator has the capability of chemical/polymer flooding, thermal applications, steam injection, horizontal wells, flexible
grids, fire flood, etc.

The simplified conservation equation of fluid flow ignoring reaction, mass diffusivity, adsorption, and aquifer equations is
given in Eq. (A.1) (space terms are discretized).

0 il
E [Vf(prwWi er()S()xi + pgSg)’i)] = Z [TwaWiAq)w + T()PoxiAcI)o + T>ngiAq)g] + PwqwikWi + PoqokXi + Pgqgkyi (A1)
k=1 .

(only for well layer k)

The simplified conservation equation of energy flow ignoring reaction, adsorption, heat loss source/sink terms, and thermal
aquifer equations is given in Eq. (A.2) (space terms are discretized).

d el
5 Vr(PwSwUy + PoSoUs + peS.Uy ) +V,U,| = Z (TwpwHWAD,, + T, po HoAD, + Ty po Hy AD |
k=1
ng (A2)
+ ) KAT + pyquiHy + PoqorHo + PgqeiHg (only for well layer k)
k=1

The phase equilibrium relationship can be found in the user manual (CMGL, 2021). Other basic relationships for the flow
of fluid and energy in a porous medium are discussed in many reservoir engineering textbooks (Dake, 1983; Ahmed, 2010).

Nomenclature

ny = number of neighboring regions or grid block faces
gk = well phase rate on k™ layer

S; = fluid phase saturation

p; = fluid phase molar density

U; = internal energy

U, = energy per rock volume

V; = total volume of fluid phases

V, = solid rock volume

w; = mole fraction of i component in water phase
x; = mole fraction of i component in oil phase

y; = mole fraction of i component in gas phase

T; =Tk,j/ (ujr;) phase transmissibilities

T = flow transmissibility between the two regions
kyj = relative permeability of 7" phase

U; = viscosity

r;j = phase resistance factors, normally 1.0

H; = phase enthalpy

®; = pj—pjgh, fluid potential

K = thermal transmissibility between the two regions
AT = temperature difference

Subscript
Jj = w (water), o (oil), g (gas), and s (solid)



