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The Effects of Thermal Alterations on Formation
Permeability and Porosity

M. E. Hossain,! S. H. Mousavizadegan,? and M. R. Islam!

'Department of Civil Engineering, Dalhousie University, Halifax,
Nova Scotia, Canada
2 Amirkabir University, Tehran, Iran

Abstract: An enhanced oil recovery (EOR) project becomes more attractive if poros-
ity and the residual oil saturation at the end of the primary recovery phase are higher. In
addition, greater permeability values contribute to an increase in efficiency of the EOR
scheme. It is well known that during thermal intervention, the reservoir permeability
and porosity are subject to alterations. However, few studies report the extent of such
alterations and their consequences. This study investigates the effects of permeability
and porosity during a thermal oil recovery scheme. A 1-D numerical model is used to
solve the heat conduction/convection problem, with the inclusion of thermal changes
in both permeability and porosity. Numerical results show that permeability decreases
and porosity increases with the increase of temperature for a particular time period.
This is contrary to the commonly held belief that permeability and porosity function
of temperature should have the same trend. The model also shows that pore volume
increases with the increase of temperature for a particular time period, which leads to
increased oil recovery. These findings show that the cumulative effect of oil recovery
is more favorable than expected through conventional analysis that does not consider
thermal alterations of permeability and porosity.

Keywords: cumulative oil production, rock expansion, temperature effects, thermal
operation

INTRODUCTION

The efficiency of an EOR method is defined as a measure of its ability to
provide better hydrocarbon recovery at an economically appealing production
rate than by natural depletion. It depends on reservoir characteristics and the
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nature of the displacing and displaced fluids. The reservoir characteristics
include average depth, structure, degree of heterogeneity, and petrophysical
properties, such as porosity, permeability, capillary pressure, and wettability.
The effect of capillary forces on recovery efficiency depends on the rate of
production. Capillary forces often have a detrimental effect, being responsible
for the trapping of oil within the pores. This trapping is a function of the
ratio viscous forces to capillary forces (up/o cos ) where u is the velocity
of the front. Thermal operation is a process where hot water or steam is
injected into a number of wells, while the oil is produced from adjacent
wells (Figure 1).

For generating hot water or steam, solar energy can be used for sustain-
ability with direct solar heating system. This technique has been demonstrated
by Khan et al. (2007). In some hot water or steam flood, the produced gas has
some residual heating value that can be utilized to heat the water (Kaye et al.,
1982; Chu, 1983). This heat can be used to preheat the water (Figure 1).
The flue gas passes through a small furnace to burn before releasing to
atmosphere. Finally, the chemical heat energy and furnace heat is used to
further preheat the water. This process not only lowers the hot water or
steam generation cost but also reduces the amount of air pollutants released
to the surroundings. This process will improve the economics of a thermal
operation process.

Ideally, hot water or steam forms a saturated zone around the injection
well. The temperature of this zone is nearly equal to injected hot water or
steam. As the hot water or steam moves away from the well, its temperature
drops as it continues to expand in response to pressure drop. At some
distances from the well, the steam condenses and forms a hot water bank. In
the steam zone, oil is displaced by steam distillation and gas (steam) drive. In
the hot water zone, physical changes in the characteristics of oil and reservoir
rock take place and result in oil recovery. These changes include thermal

Knocking drum ~ W(_compmwr
Lt

Water in

Packer if necessary
fHeavy oil Formation Zone

Figure 1. Injection and production wells in an oil field reservoir.
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expansion of rock and oil, as well as change in in situ pressure. Significant
research has been conducted on tracking the changes in fluid property changes
due to heat loss in the reservoir formation. This focus is due to the fact that
fluid properties are more susceptible to thermal alterations. The changes of
rock properties, such as rock expansion, permeability, and wettability, are
also significant but are rarely included in conventional analysis. Canbolat
et al. (2004) conducted an experiment to investigate steam-assisted gravity
drainage mechanisms with CO, and n-butane. They found that the steam
condensation temperature and the steam-oil ratio decreased as the amount of
carbon dioxide increased. Their findings also showed that the cumulative oil
recovery, as well as the recovery rate, decreases due to lower temperatures
and more viscous oil. They concluded that thermal operation is effective for
producing heavy oil-saturated limestone.

THEORETICAL ANALYSIS

Consider a porous medium with uniform cross-sectional area as depicted
in Figure 2. A constant rate of heat generation per unit volume Q, is
maintained. The boundary of the porous cell is maintained at a uniform
temperature 7;. The partial differential equations have a familiar form because
the system has been averaged over representative elementary volumes (REV).
The Boussinesq approximation is used to model the natural convection. It is
considered that a constant density for natural convection flows, except in the
buoyancy force term that drives the natural convection. The porous media
is considered as homogeneous and isotropic in its physical properties. The
thermal conductivity of fluid and solid is assumed to be constant with respect
to temperature.

1

Figure 2. Porous media representing the media.
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For an incompressible flow, the continuity equation can be written as

u
—~ =0 1
i ey
The momentum equation (Chan and Banerjee, 1981; Kaviany, 2002) subject
to the above conditions for describing the motion of fluid phase in the system
is

pydu  prudu _ dp w 9%u

> = + - —u-+ 2
b 01 42 ox  ox  PIET KM TR @

Substituting Eq. (1) into Eq. (2) becomes:

L= ppg—u— L (3a)

It is assumed that the axis x is horizontal and therefore,

Ip Ko prou
ox K o (30)
Now, the initial reservoir temperature 7; can be defined as the average
solid phase temperature 7Ty and fluid injection temperature 7s. These two
temperatures represent the thermal state of each phase in the same REV.
Here, Ty and Ty are different. So the heat transfer within the medium can
be represented by an energy balance equation (Chan and Banerjee, 1981;
Kaviany, 2002) for the two phases as:

9, 0T,
—gksa —( ¢)(Pcp)v + h(T; —Ty) (4a)
9 0T owTr) oTr
kg T ey ) _¢(Pcp)f3—tf +h(Ty=T,) (@)

When the reservoir becomes a thermally equilibrium condition, i.e., when
T; and Ty will be the same, then the total given heat QO will be equal to total
heat loss rate in the formation per unit length. Hagoort (2004) pointed out that
Qg is a function of temperature, length, and time. However, to simplify the
problem, Qg(T,s,t) is considered as constant with respect to temperature,
length, and time. Consider that the thermal conductivity of solid rock matrix
and fluid remains the same where there is no chemical and physical bond
change as energy conversion. Now combine Eqgs. (4a) and (4b) for a common
equilibrium temperature 7', which leads to the form of Eq. (5).

aT T
{pprepr + (11— ¢)p€CPY} +prpr — ks +kp)gm =0 )



03:50 18 February 2009

Downl oaded By: [sultan gaboos university] At:

1286 M. E. Hossain et al.

where
PfCpf = PwCpuSu + PoCpoSo + PgCpgSg (6)
ky=ky+ko+ kg (7
Pr = PuSu+ PoSo + pgSe ®)

and

Sw+ 8o+ 8, =1 )
Py = P, — Py (10)
Pego = Py — P, (1)

The length of the heated region can be estimated using a model developed
by Marx and Langenheim (1959). The amount of energy required to increase
the temperature of a porous rock is easily calculated from thermodynamic
tables and from heat capacity data at a constant pressure. Equation (12), as
given by Green and Willhite (1998), provides one with an expression of total
energy required to increase the temperature of 1 ft* of reservoir rock from
an initial temperature T to a higher temperature 7 (in °F).

Q¢ =MTy —-Ty) (12)
where
M = (1 - ¢),0sts + ¢Sopocpo + ¢Sw,0prw + ¢Sgpgcpg (13)

The mean heat capacities of each component are based on the temperature
difference. It can be defined as (Green and Willhite, 1998):

Hwa _er
o = kS fwr 14
R Ve 7 o
Ho _Ho i
Cpo = HoTy — Hol'i. (15)
Ty =T
H? _Hv i
Cps = HsTf = HsTi (16)
Ty =T
Hyrp — Horr
_ Mgty gT (17)

Cpg = Tf _ T'l
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In order to render Eq. (5) dimensionless, the following considerations have
been taken into care:
T u;t U;

1
_T,-’a —Tia it T ot L&t,

T P P o _ U
X _L,Bx _L,Bx _LE)x,L =T and u =

Here L,.; is the distance between production and injection well which is
200 ft.
Equation (13) can be used into Eq. (5) which can be written as:

oT oT 92T
M-t preppugs — (ks tkp)om =0
oT PrCpf oT (kg + kf) 02T _
o T Yoy T M a2 (18)

Using the dimensionless analysis, Eq. (18) can be written as:

T}M,' oT*
L or*

)T,- aT* (ks +ky) T; 3*T*
Uj)— - —— =
L ox* M L? 9x*2

IOfCPf (M*
M

The equation reduces to:

oT*
ot*

aT* (ks +kys) O*T*
ax* MLu; 0x*? 0 (19)

pfcpf *
)

Equation (19) has been used to find out the temperature distribution along
x-direction.

Permeability Alteration

For a fractured porous media, it is assumed that the Boussinesq approximation
(Ghorayeb and Firoozabadi, 2000; Islam and Nandakumar, 1990) is valid in
the range of temperature and pressure so that the density p is constant except
in the buoyancy term (pgz) where it varies linearly with the temperature 7.
So this approximation is invoked to model the permeability variation with
respect to heat transfer in the formation which is

pr = ps{l— (T, = Ty)} (20)

The fluid velocity in the media can be described by using Darcy’s law:

=Ko (2

0 (2 p 11 1, =7l e
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Substituting Ty = Ty = T in Eq. (19) becomes:
—puu
Koy = o 22)

]
£ +por 1 =BT, —T)}g

Furthermore, the relative permeability can be defined as the ratio of effective
permeability to absolute permeability. Therefore, from the definition, one can
write

Kerr
K, = —— 23
Kabs ( )

Porosity Alteration

Kiihn et al. (2002) used the Kozeny-Carman equation (Carman, 1956), which
links permeability to the effective pore radius and the formation factor to
produce a general permeability-porosity relationship (Pape et al., 1999) as a
three-term power series of porosity.

Ky = Ap + Bp? + C(10¢)7 (24)

where the exponents p and g depend on the fractal dimension. The coeffi-
cients A, B, and C need to be calibrated for each type of reservoir sandstone
or chemical pore-space modification. For average sandstone (porosity range
2: 40%), Pape et al. (1999) found coefficients and exponents

Ky = 31¢ + 7.463¢> + 191(10¢)" (25)

To investigate the effects of temperature on porosity, a steady state
situation is considered, where velocity does not change for a particular time
interval. So, for a constant time period, Eq. (25) can be differentiated with
respect to temperature and can be written as:

oK 3¢ d¢ 11,009
=315 + 14,9269 + 191 x 1011¢ -

T T aT
K _ (31 + 14, 926¢ + 191 x 1o“¢9)3—¢ (26)
aT ’ aT
Combining Egs. (3) and (22) yields:
K(T,t) = “ pf 3_1/l¢“Tu
PIE = M A +p{1=B(T, —T)lg
_ —Quru
Kan = H py ou @7

20/ — U —psBET: + prPgT

K, ¢ ot



03:50 18 February 2009

Downl oaded By: [sultan gaboos university] At:

Effects of Thermal Alterations on Formation Properties 1289

For a constant time, permeability can be differentiated with respect to tem-
perature T, and Eq. (27) becomes:

d
9K ——¢uru(2pfg —pu/Ki —pr/¢pou/ot —prBgT: + prpgT)

__oT
oT Lo pydu ?
[2pfg KT o pyBeT: + P.fﬂgT}
prou/ot d¢
(—¢ppu) x (_TB_T +prBg
2 Moy PRI BeT. 4o BeT ’
¢
K _ “ar "
oT M pr du
2078 —ou— L2 BT, T
[ PIE = U 5 prBeT: + prBg
prou/ot 0
(ppu) x (_fTE)_(;i + Pfﬂg)
+ - . (28)
po o pydu
2078 —tu— L2 BeT, T
[ PIE = U 5 prBeT: + prBg }
Substituting Eq. (28) into Eq. (26) yields:
prou/dt d¢
(ppu) x (—737 + prBg
2 Ko IO el 4 o BT ’
J— _u —_— - r
Pr& K, ¢ o1 prPE PrPg
¢
MME)_T
a nu  prou
2pg— B2 LR T, T
[ P18~ T prBeT: + prBg }
¢

= (31 + 14,926¢ + 191 x 10“¢9)3—T
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Let us assume

ou
Ay =2prg — LSy

T T, + T
K T prBg prBg

Substituting the value of 4, in the above equation,

(pru) x (—%g_ﬁ + P.fﬂg) uug—(;i
A2 A

d¢

= (31 + 14,926¢ + 191 x 10“¢9)3—T

(31 +14,926¢ + 191 x 10'¢° +

¢AZ 3t A )T

Again let

)
Ay = (31 +14,926¢ + 191 x 1011¢° 4 HO/HN ﬂ)

pA2 at A
Putting the value of A, in the above equation,

3¢ _ pupsubg
T~ Alx A,

Pore Volume Change

A7

ppsu du M) 99 _ pupruBg

(29)

Equation (29) represents the variation of porosity with temperature. Now,
in order to develop the change of pore volume due to heat transfer through
porous media, one can determine this from the definition of porosity. So the

relation between porosity and pore volume can be written as:

Vpore = ¢Vbulk

aVpore 3¢
T Vbulka_T

Cumulative Oil Recovery

The general form of material balance equation can be written as:

Connate  Change
water of pore
expansion = volume

(rb) (rb)

Underground  Expansion  Original ~ Expansion
withdrawal = of oil 4 dissolved + of gas cap +
(rb) (rb) gas (rb) gas (rb)

(30)

€1y}
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a) Underground withdrawal
Underground withdrawal = Np(Bo + (R, — Rs)Bg)
b) Expansion of oil
Expansion of oil = N(By — Bo;)
¢) Original dissolved gas
Original dissolved gas = N(Rs; — Rs) By

d) Expansion of gas cap gas

B
Expansion of gas cap gas = m N By; ( s _ 1)
gi

e) Change in pore volume

Change in pore volume, i.e., rock volume
NByi (CySuwi + Cy)

If we consider there is no water influx, then material balance equation be-
comes:

Np{Bo+ (Rp — Rs)Bg} = N(Bo — Bo;) + N(Rs; — Rs) B,

—+ mNB(),'(Bg/Bg,' — 1)

NBy;i (CySui + Cy)

+(1+m AP
Np = N {Bo— Boi + (Rs; — Rs)B
P T Bo+ (Rp — Re)Bpy U0 D0 TSI T ST
B Boi (CwSwi + C
+mBo,-( g —1)+(1+m) 0 (CwSwi +€1) \ p
Bg,' 1- Swi
We know that initial oil in place N can be defined as:
V(1 — Sw;
v = Vo= Su)
B,

So the above equation can be written as:

V(1 — Suwi) { By — Boi + (Rsi — Rs)Bg

Np =
{Byo+ (Rp — Rs)By,} By,

(Cw Swi + Cy)
1- Swi

B,
+m 3 1)+ +m) AP

gi
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Let
V(1 — Sy — By, P —

A = (I — Swi) {Bo Boi + (Rs RS)Bg_’_m(ﬁ_l)
{Bo+ (Rp — Rs)B,} By, Bgi
(14 m) S TCO) \p

1- Swi
So
Np = 943 (32)

Initial and Boundary Conditions

The initial conditions are specified as follows:
Tx—>Lt=0)=T,=Tyand Tx =0,t =0)=T; =T
The boundary conditions are as follows:
ginj = Constantat T(x =0,f) and T =T;, at x = L

7—;'njection = Tf at T(x = O,f) and T =T;, at x = L

NUMERICAL SIMULATION

The variation of permeability, porosity, and pore volume can be solved using a
momentum balance equation. Cumulative oil production can be solved using
a material balance equation with calculated porosity values. Temperature
variation along x-direction for a constant time period has been considered to
find out the rock parameters. Change of temperature with respect to distance
between injection and production well is calculated from an energy balance
equation of the system. Darcy and Boussinesq’s approximation model has
been used to simulate all the parameters presented in the theory.

To solve the problems, the Gauss-Seidel iteration explicit discretization
method has been used. Equation (20) has been solved for the variation of
permeability with different temperatures along x-direction using a momentum
equation (Eq. (3)) at different time steps. The following parameter values,
such as A,, = 200 ft?, A = 0.267 (7" ¢), ft?, g = 32.4 ft/sec?, K; = 100 md,
L = 200 ft, g;; = 500 sbl/day, T = 150°F ~ 500°F, T, = 500°F, T; =
150°F, u = 0.1217¢ ft/sec, Vpur = 200 ft}, ¢ = 25%, s = 10,000 cp,
pe = 1.0433 Ib/ft}, po = 50.0 1bu/f3, p, = 62.4 Iby/ft, S, = 20%,
So = 50%, S, = 30%, B = 0.0005 1/°F have been considered to simulate
the model. Here, ¢ is in hours. Similarly, Egs. (26) and (27) have been solved
to find out the variation of porosity and pore volume with temperature for
different time steps. To simulate the porosity with temperature, Eq. (29) has
been used. Here At = 1.0 hr has been considered.
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For cumulative oil production, Cy = 0.0000086, psi_l; C, = 0.000003,
psiT'; m = 0.4; S,; = 0.3; Rp = 0.0, scf/stb; B,; = 0.0006, rb/stb at
4,000 psi; B, = 0.00087, rb/stb at 3,330 psi; Rg; = 620, scf/stb at 4,000
psi; Boi = 1.2417, rb/stb at 4,000 psi; By = 1.2511, rb/stb at 3,330 psi;
AP = P, — P = 670.0 psi, Rs = 510, scf/stb at 3,330 psi; V = 200 ft3
have been considered in numerical simulation.

For temperature distribution along x-direction, u; = 0.1217 ft/sec; Ax =
0.001 ft; Az = 0.0000005; Az/(Ax)* = 0.5; Tinjection = Ty = 500°F, and
Thoundary = Tproduction = T; = 150°F have been considered in numerical
simulation. Equation (19) has been used for numerical simulation.

These phenomena describe the effects of enhanced oil recovery due to
heat loss in the formation during thermal operation. A change of thermal
expansion of rock is influenced in the oil recovery. After certain expansion,
i.e., when the reservoir will reach its steady state temperature 7; = T, then
the rock expansion will stop and hence the recovery of oil due to this criterion
will not further effect the recovery. It should be mentioned here that other
properties have not been considered during this calculation.

RESULTS AND DISCUSSION

Figures 3-8 show the rock properties change for different temperatures.
Figure 3 shows the variation of permeability with temperature along the
x-direction. This is for the 1-5-hr time interval. Permeability decreases with
the increase of temperature for every time step. As times goes up, perme-
ability change is more steep, i.e., the permeability changes more rapidly with
temperature at longer time.

Figure 4 shows the variation of permeability with temperature along the
x-direction. This is for time 6-10-hr time interval. Permeability decreases
with the increase of temperature for every time step. As time is increased,
permeability changes are steeper.

Figures 5 and 6 show the variation of porosity with temperature along
the x-direction. This is for time intervals of 1-5 hr and 6-10 hr, respectively.
Porosity decreases with the increase of temperature for every time step. As
times elapses, porosity changes are more pronounced.

Fluid expansion is more predominant than rock expansion within the pore
space. Due to this, when fluid moves from pore space toward a production
well, both the rock and the void space decompress, increasing respective
volumes. However, the rock decompression is much less pronounced than
fluid decompression, leading to an overall increase in porosity.

Figures 7 and 8 show the variation of pore volume with temperature
along the x-direction. This is for time intervals of 1-5 hr and 6-10 hr,
respectively. Pore volume increases with the increase of temperature for every
time step. As times goes up, pore volume change is more steep, i.e., the pore
volume changes more rapidly with temperature at longer times. Normally, the
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Figure 3. Variation of permeability with temperature after 1-5 hr.
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Figure 8. Variation of pore volume with temperature after 6-10 hr.



03:50 18 February 2009

[sul tan gaboos university] At:

Downl oaded By:

Effects of Thermal Alterations on Formation Properties 1297

pore volume value decreases with the increase of temperature. However, this
finding shows the opposite nature of pore volume change. Fluid expansion
is more predominant than rock expansion within the pore space. Due to this,
when fluid moves from pore space toward production well, the rock and void
space loses the pressure which increases the pore volume of the rock matrix.

Figures 9 and 10 show the cumulative oil production due to the change
of pore volume during thermal operation. These figures show the variation
of pore volume with temperature along the x-direction. This is for time
intervals of 1-5 hr and 6-10 hr, respectively. This cumulative oil production
is only due to the change of rock matrix when only temperature is considered
as a criterion for oil production. Cumulative oil production increases with
the increase of temperature for every time step. As times goes up, the
change is steeper, i.e., the oil recovery goes up rapidly with temperature
at a longer time. In cumulative oil production, the effect of temperature is
not significant during the later stage of production. This is a nominal addition
of cumulative oil production during thermal operation. The other factors, such
as fluid expansion, pressure change, and water influx, are the most dominant
factors for oil recovery. The previous section discusses the reason behind
such behavior.

Figure 11 shows the dimensionless temperature distribution with dimen-
sionless distance along the x-direction. The temperature profile reaches its
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Figure 9. Variation of cumulative oil production with temperature after 1-5 hr.
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Figure 10. Variation of cumulative oil production with temperature after 6-10 hr.
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Figure 11. Variation of temperature along x-direction.
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Figure 12. Variation of temperature along x-direction.

steady state when dimensionless distance becomes 0.912, i.e., temperature
reaches its boundary with the reservoir.

Figure 12 shows the temperature distribution along the x-direction. The
temperature profile reaches its steady state when dimensionless distance be-
comes 165.8 ft, i.e., temperature reaches its boundary with the reservoir.

CONCLUSIONS

A series of numerical runs was conducted in order to determine the role
of thermal alterations on porosity and permeability of rock. Based on this
numerical simulation study, the following conclusions can be reached.

1. Permeability decreases with an increase of temperature during thermal
operation in an oil recovery scheme. During a thermal injection scheme,
permeability increases with time.

2. Porosity increases with increase of temperature. During a thermal injection
scheme, porosity increases with time.

3. The net result of an increase in temperature is an overall increase in
cumulative oil production. The amount of incremental oil production is
found to be greater in case the combined effects of thermal alterations
on porosity and permeability are included than in conventional analysis,
which ignores thermal alterations.
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NOMENCLATURE

Ay Cross-sectional area of rock perpendicular to the flow of heat, ft

A Cross-sectional area of injection and production well, ft?

B, Gas formation volume factor, rb/stb

By, Gas formation volume factor at initial pressure, P;, rb/stb

By Oil formation volume factor at reduced pressure, P, rb/stb

By, Oil formation volume factor at initial pressure, P;, rb/stb

Cy Reservoir fluid compressibility, psi~!

Cy Reservoir water compressibility, psi~!

Cpf Specific heat capacity of injected fluid, Btu/lb,, — °F

Cpo Specific heat capacity of oil, Btu/lb,, — °F

Cps Specific heat capacity of solid rock matrix, Btu/lb,, — °F

Cpw Specific heat capacity of water, Btu/lb,, — °F

Cpg Specific heat capacity of hot water or steam, Btu/lb,, — °F

E Activation energy for viscous flow, Btu/mol

g Gravitational acceleration in x direction, ft/sec?

h Convection heat transfer coefficient, Btu/hr — ft> — °F

H,ry Enthalpy of oil at temperature 7'y, Btu/lby,

H,ri Enthalpy of oil at temperature 7;, Btu/lby,

Hry Enthalpy of rock at temperature T'r, Btu/lby,

Hr; Enthalpy of rock at temperature 7;, Btu/lby,

Hyry Enthalpy of water at temperature 77, Btu/lby,

Hyr, Enthalpy of water at temperature 7,, Btu/lby,

H,ryr Enthalpy of hot water or steam at temperature 7'z, Btu/lby,

H,r, Enthalpy of hot water or steam at temperature 7, Btu/lby,

K; Initial reservoir permeability, md

K, Reservoir permeability varies with temperature and time, md

ky Thermal conductivity of fluid, Btu/hr — ft — °F

k, Thermal conductivity of oil, Btu/hr — ft — °F

kg Thermal conductivity of solid rock matrix, Btu/hr — ft — °F

ku Thermal conductivity of water, Btu/hr — ft — °F

kg Thermal conductivity of hot water or steam, Btu/hr — ft — °F

L Distance between production and injection well along x direction,
ft

L* Dimensionless length of the reservoir

m Initial hydrocarbon volume of the gas cap/initial hydrocarbon
volume of oil

M Average volumetric heat capacity of the fluid-saturated rock,
Btuw/ft* — °F

N Initial oil in place = V(1 — Sy;)/Boi, stb

Np Cumulative oil production, stb

)4 Pressure of the system, psia

Py Capillary pressure of water oil interface, psia
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Capillary pressure of gas oil interface, psia

Pressure of oil, psia

Pressure of water, psia

Pressure of gas, psia

P; — P = Pressure drop in the reservoir, psi

Constant rate of heat generation per unit volume, Btu/ft>
Au = injection volume flow rate of hot water or steam, sbl/day
Au = production volume flow rate of oil, sbl/day
Universal gas constant, Btu/mol — °F

Cumulative gas-oil ratio = cumulative gas production/cumulative
oil production, scf/stb

Solution gas-oil ratio, scf/stb

Initial solution gas-oil ratio, scf/stb

Initial water saturation

Water saturation, volume fraction

Gas saturation, volume fraction

Qil saturation, volume fraction

Time, hr

Temperature, °F

Temperature of injected fluid, °F

Initial reservoir temperature, °F

Reference temperature of injected fluid, °F

Average temperature of solid rock matrix, °F
Dimensionless time

Dimensionless temperature

Filtration velocity in x direction, ft/sec

Dimensionless velocity

Total reservoir volume, ft3

Pore volume of rock matrix, ft?

Bulk volume of rock matrix, ft>

Dimensionless distance

Porosity of the rock, volume fraction

Dynamic viscosity of reservoir fluid at a reference temperature 7,
cp

Dynamic viscosity of reservoir fluid at temperature 7, cp
Coefficient of thermal expansion, 1/°F

Reference density, b, /£t

Density of fluid, b, /£t

Density of oil, b, /£t

Density of solid rock matrix, b, /£t

Density of water, b /ft3

Density of hot water or steam, b, /£t



