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ABSTRACT

The temperature distribution in a reservoir formation is becoming a very
important issue due to its utilization in detecting water or gas influx or type of fluid
entering into the wellbore. This information is necessary for better reservoir
management. Prediction of temperature distribution behavior during the steam
injection or thermal process is significant for production evaluation of field
operations. Such a prediction can be used in the case of hot water injection into a
reservoir and also applies in some other thermal recovery processes, such as in-situ
combustion. This study investigated temperature propagation pattern and its
dependence on various parameters during steam flooding. The model equation has
been solved for temperature distribution throughout the reservoir for different cases.
It is found that the fluid and rock matrix temperature difference is negligible. Results
show that formation fluid velocity, steam injection velocity, and time have an impact
on temperature profiles behavior.

INTRODUCTION

Steam flooding is a process whereby steam is injected into a number of wells while the
oil is produced from adjacent wells (Figure 1). For generating steam or hot water, solar
energy can be used for sustainability with a direct solar heating system. This direct solar
heating technique has been demonstrated by Hossain (Kays et al., 1982; Chu, 1983; Khan et
al., 2005; Hossain et al., 2008). In some steam flooding operations, the produced gas has
some residual heating value that can be utilized to heat the water. This heat can also be used
to preheat the water. The flue gas passes through a small furnace to burn before releasing into
atmosphere. Finally, the chemical heat energy and furnace heat is used to preheat the water.
This process not only lowers the steam generation cost but also reduces the amount of air
pollutants released into the surrounding. This process will improve lower the costs of the
steam flooding process while reducing environmental pollution.

The temperature distribution is very important in thermal oil recovery. Increasing the
temperature in the formation, the mobility of heavy viscous fluid increases the levels of oil
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that is produced. As the steam moves away from the well, its temperature drops as it
continues to expand in response to pressure drop. At some distance from the well, the steam
starts to condense and forms a hot water zone. In the steam zone, the oil is displaced by gas
(steam) drive. In the hot water zone, physical changes in the characteristics of oil and
reservoir rock take place and result in additional oil recovery.

The understanding of temperature propagation through a formation is important in the
design of thermal injection projects. Temperature profile may be used to predict the fracture
characteristics in the reservoir. It can be applied to identify water or gas entries in the
reservoir. It is also important to guide the action of sliding sleeves or other downhole flow
control devices. Therefore, it is useful to investigate the pattern of temperature propagation
and heat exchange between fluid and rock in the formation.
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Figure 1. Mechanism of Oil recovery scheme using injection and production wells in an oil field reservoir

The properties of fluid and matrix are functions of the media temperature and pressure.
So, it is necessary to know the temperature and pressure distribution to predict these
properties. When rock and fluid temperature are different in the formation, it behaves like
hydraulic fracture flow in the formation. Atkinson and Ramey (1977) presented mathematical
models to study heat transfer behavior in fractured and non-fractured porous media. The
models are used to calculate the temperature distributions caused by nonisothermal fluid flow
through a uniform porous medium. They concluded that their models are useful to find the
relative importance of different heat transfer mechanisms. They assumed a uniform and
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constant fluid flow in the formation. They also considered a uniform temperature in the
reservoir for both fluid and rock matrix. They neglected the heat transfer in the solid rock
matrix.

Crookston et al. (1979) presented a model for numerically simulating thermal recovery
processes. The simulator describes the flow of water, oil, and gas. They showed the
temperature distribution with time. They include gravity and capillary effects but did not
include the effects of formation fluid velocity and injection steam velocity. They showed heat
transfer by conduction, convection, and vaporization condensation of both water and
hydrocarbons. However, they discarded the effects of the rock and fluid temperature
difference. Meyer (1989) proposed a combined convection along a vertical fracture with
conduction and convection in the reservoir. He investigated temperature distribution
throughout the reservoir for both fracture and non-fracture conditions by varying different
heat rates. He took into account that the rock and fluid temperatures are the same. He did not
study the different parameters that may affect temperature distribution.

Akin (2004) proposed a mathematical model for gravity drainage in heavy oil reservoirs
and tar sands during steam injection. In his model, he assumed a temperature profile which is
only time-dependent and decline exponentially with distance from the interface. However, he
acknowledged that with the increase of steam temperature, oil rate increases. He did not
validate this argument and did not consider other influential factors such as liquid velocity,
steam velocity, and temperature difference between rock and fluid. Cheng and Kuznetsov
(2005) studied heat transfer in a helical pipe filled with a fluid saturated porous medium.
They investigated the effects of the Darcy number, the Forchheimer coefficient, Dean and
Germano numbers on the axial flow velocity, secondary flow, temperature distribution, and
the Nusselt number. Their numerical simulations of heat transfer in the media was based on
laminar flow of a Newtonian fluid in a helical pipe filled with a fluid saturated porous
medium subjected to a constant wall heat flux. They did not study the effects of fluid velocity
on rock and fluid temperature distribution. Yoshioka et al. (2005) presented a model for
predicting the temperature profile in a horizontal well. This is for a steady state flow
condition. They assumed the reservoir is ideally isolated with each segment. They considered
a box-shaped homogeneous reservoir. They investigated the effects of production rate,
permeability and fluid types on temperature profiles. However, they did not investigate the
effects of formation fluid and steam injection velocity.

Dawkrajai et al. (2006) studied the water entry location identification by temperature
profile in a horizontal well. They varied the production rate and types of oil to see their
effects on temperature profile. They assumed that flowing fluid and rock temperature are the
same. They did not check the effects of fluid velocity and injection steam velocity on
temperature distribution. Jiang and Lu (2006) investigated fluid flow and convective heat
transfer of water in sintered bronze porous plate channels. The numerical simulations
assumed a simple cubic structure with homogeneous particles. They also considered a small
contact area and a finite-thickness wall subject to a constant heat flux at the surface. They
numerically determined some fluid and rock properties. They also studied temperature
distributions in the porous media. They only nominally investigated the effects of fluid
velocity on temperature distribution. They recommended further investigations of the
boundary characteristics and internal phenomena controlling heat transfer in porous media. In
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the present study, these criteria have been investigated to find the role of these parameters in
temperature distribution throughout the reservoir.

Hossain et al. (2007) investigated temperature propagation pattern and its dependence on
various parameters during thermal flooding. The model equation has been solved for
temperature distribution throughout the reservoir for different cases. Results show that
formation fluid velocity and time have an impact on temperature profiles behavior. They also
showed that temperature distribution is much more sensitive to time, and formation fluid
velocity. However, they did not investigate the effects of hot water injection rate or velocity.
It is known that temperature profile is sensitive to steam or hot water injection rate or
velocity. The shape and type of the temperature profile is dependent on fluid and steam
velocity.

Significant work has been done on fluid property changes due to heat loss in the reservoir
formation. It is due to the more tempting changes of fluid properties with temperature change.
However, there is little in the literature that deals with temperature propagation in the
formation. The effects of formation fluid velocity and steam velocity on temperature
distribution are still ignored by the researchers. There is no existing literature that investigates
the effects of fluid and rock temperature separately. This study investigates these aspects.

THEORITICAL DEVELOPMENT

To determine temperature distribution with space and time, energy balance equation is
considered to be the governing equation for both rock and fluid separately. The partial
differential equations have a familiar form because the system has been averaged over
representative elementary volumes (REV). A right handed Cartesian coordinate system is
considered where the x-axis is along the formation length. The general form of differential
energy balance equations in three dimensions may be given as (Chan and Banerjee, 1981;
Kaviany, 2002)

V(ks XVTS)Z (1_¢)(pcp)s a;-ts + hc(Ts _Tf ) 1)
_ oT,
Vik, xvT,)-(oc,), (vWV)T, =gloc,). ?mo(ﬂ -T,) @)

where T, and T, are the rock matrix and fluid temperatures, respectively. These represent

the thermal state of each phase in the same REV.

It takes into account a porous medium of uniform cross sectional area homogeneous
along the x-axis. It is normal practice to consider that the fluid flow in porous media is
governed by Darcy’s law. It is also considered that the thermal conductivity of the fluid and
solid rock matrix is not a function of temperature and is constant along the media. Therefore,
equations (1) and (2) can be written in one dimensional form as
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0T, aT,
ks W = (1_¢):0st5 E"‘ hc (Ts _Tf ) (3)
o°T, oT, oT,
kf —6)(2 —prpr§=¢prpfﬁ+hc(Tf _Ts) (4)
where,
prpf =pwcpwsw+pocposo +ngpgSg (5)
ki =k, +k, +K, (6)
pf :pwsw+poso+pgsg (7)
SytS,+5,=1. (8)

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 heat capacity data at constant

pressure. If we consider a constant rate of heat generation per unit volume Qg is maintained

then equation (9) gives total energy required to increase the temperature of 1 ft* of reservoir
rock from an initial temperature, T, to a higher temperature, Ts (in °F) (Green and Willhite,
1998).

Qg =M (Ths _Ts) (9)

where, M =(1—9)p.Cos + @ S;0,Cp0 + &S, PuCou +PSy04C 0 (10)

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

Cou :(Hwa _er)/(Tf _T)' Co :(Hon - HoTi)/(Tf _Ti)v
¢ =(Her —Ho (T =T). ¢ =(Hyry —H e /(T - T,) (11)

We make (3) and (4) dimensionless using the non-dimensional parameters defined as

* u
,p =—andu =— (12)
. u.
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where L is the distance between production and injection well. Let, M, = (1—¢)pscps,

M, = ¢,ofcpf and using equation (12), the dimensionless form of equations (3) and (4) are

given as

. -
aTi __ Kk 0 -[; + h.L (T*—Tf*)=0 (13)
ot M,Lu, ox u;M,

or; u aT; ki 0T{ hlL

Ll o+ (r-7.)=0
ot ¢ ox  M,uL ox M.u;

(14)

These two partial differential equations should be solved simultaneously to find the
temperature distribution for fluid, Tf* and rock matrix, T, in the formation. These equation

are subjected to

T, (x,0)=T,(x,0)=T, in dimensionl ess formas T;(x,0)=T. (x,0)=1
Tf (01 t) = Ts (01 t) = Tsteam // Tf*(o’ t) = Ts* (0’ t) = Tsteam /TI (15)
T (L) =T, (Lt)=T, I T (Lt)=T/(Lt)=1

that present the initial and boundary conditions.

If the temperature of the fluid and rock matrix are the same, the energy balance equations
can be combined. Combining equation (3) and equation (4) for both fluid and rock matrix in
the formation, the energy balance is given in single equation as

oT oT 07T
{¢pfcpf + (1_¢)pscps}a + pfcpfu & - (ks + kf )y

=0 (16)
Using equation (10) and the dimensionless parameters in equation (12), equation (16)
reduces to

*

oT"  PiCe (u*\aT* ~ (k, +k, ) 07T _

- Tox" MLu, oy

p v . 0. 17)

This equation gives the dimensionless temperature profile along the formation length
when the rock and fluid temperature are same. The initial and boundary conditions are
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T"(x, 0)=1, T°(0, t)=T,,,/T, and T7(L, t)=1. (18)

steam

Darcy’s law can be written in a dimensionless form according to the definition of
dimensionless parameters of equation (12) as U” =—(p,k/u;L #)ap”/ox" . Accordingly, the

velocity of the fluid may be written as U” = a g(t*) . Hence, the coefficient a is a function of

the initial reservoir pressure, distance between injection and production wells, initial injection
velocity, permeability of the media, viscosity of the fluid and pressure gradient of the

formation. The formation velocity is considered as a linear function of time, u” =at™ .

NUMERICAL SIMULATION

The dimensionless temperature profiles are obtained by solving the equations (13) and
(14) simultaneously when we consider that fluid and rock matrix temperatures are different.
Equation (17) is solved for the temperature profile when fluid and rock matrix temperatures
are the same. These dimensionless temperature profiles with respect to dimensionless space
and time are obtained numerically with the finite difference method using implicit scheme.
The equation (13) can be written as

oT, 0T, o o
e +a, v +a5(TS —Tf)=0
S hCL
where a, =— and a; =
Ly, Ui

Using finite difference method, the equation can be written as;

Ts?n+l _TsTn +a TS(?+1) B 2Tsin +Ts(?—1)
* 4 *\2
At (AX )

S1

rag (T -T;")=0

*

AL)Z(T;Ein“’ -2 Ty )-aat (T T3

Tfn+1 :Tfn _ 8.4
(Ax

N S1

*

T =T Ll +2a, (AAXt* )2 - asAt*J + TSEL{— a, (AAX—t*)ZJ + Ts*(?l){_ a, (AAX;*)ZJ +agAtT("
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T =T, L+ 2a,h - A )+ T, (—a,h) + T (—ah) + a At T,
Now let, @, =—a,h and a, = a;At" . The above equation becomes;

T."™ =T"(1-2a, — )+aT(

Sl

)+aT0”+aT”

i+1

Again let, 8, =1-2a, —a, and put the value in the above equation
*n+l *n *n
T alTSI +a, Ty s(i+1) + a2Ts(i—1) + a3Tf (19)
Equation 19 can be written in terms of programming language which becomes;
T (+10) =T (i)*a + T (ji+1)*a, + T, (i -1)*a, + T/ (j.i)*a

In equation (14), the velocity of the fluid may be written as u” =at” and the equation can be
written as

oy at" T, Kk, ny h,L

+— - =
ot ¢ X M,u.L ox”? M LU,

Let, by =h.L/M,u;, b, =-k; /M,Lu;, b, =a/¢

The above equation becomes;

*

oT,

) -
+(b7t*)a;i +b, ZXT*; +h, (T =T)=0

Using finite difference method, the equation can be written as;

*|

T;nﬂ —Tfin [b *'len(i+1) _Tfn(i,l)
————+ bt |
2AX

T fiv1) ~ 2Tf| +T( 1)

(axf

+b;

*

At

*
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T =Ty -t ot ]—12 Axtfn“‘”—bm T (Zl;il)z l W _poat' (T -,
W AT btUAX AtT b t'AX
T =T, _(AX*)Z ! 5 > T + (AX*)Z ! 5 > Trio
At” .

—(Tf (i+1) — 2T 4" + T:?i—l))_bsAt*(T;n —T -n)

Sl

Let.h = At"/(Ax ) .

s L BUAX bt AX" _,
T =Ty, _h7T f(i+l)+h 5 Tria)

—b5h( Tt — 2T + T4 1)) by At (T ( "-Ta )
Now again let, b, = —b,AX"t"h/2, and b, = bAt"

T =T 4B, Tl ) — BTy —bsh(Trhy — 2T + T )b, (T = T27)

|+1 si

Tam =1+ 2bh—b, JT7" + (b —bsh)T i,y — (b +bsh )T,y + b, T
Let, b, =1+2b,h—b,, b, =b, —b;h, and b, = —(b, +b.h)
T =bT" +b,T (., +bT () +b,T (20)

Equation 20 can be written in terms of programming language which becomes;
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T (j+L) =T, (j,i)*b, + T, (j,i +1)*b, + T, (j,i =1)*b, +T."(j,i) *D,

In equation (17), the velocity of the fluid may be written as u” =at” and the equation can be
written as

aT*+pfcp( A\OT” (ks+kf)aZT*_0
ot M "o MLu, oy

Let, C; =apCy /M, C, = —(kS +K; )/MLui and the above equation becomes;

T’ LoT” o°T
— +Ct —+¢C, 5
ot OX ox”

*

=0

Using finite difference method, the above equation can be written as;

-I-_*(n+1) _ T_*n T

4T gt i+

T(I _1) T(l +1) 2T n + T( )
* C7 2
At 2AX" (AX*)

T T _At'et” T(ifl) _T(ifl) L e AL T(ifl) - 2Ti " +T(if1) _

i i 6 ZAX* 7 (AX*)Z
. At" c t'AX At" c t'AX .
T =T _(AX*)Z 8 > T(.+1) (AX*)Z ° 2 T(ifl)

—C, At (T(I +1) 2-|—i*n + T(:Tl))

Let, c, =—C,h, and ¢, = —C.ht"AX" /2
T =T +c Ty —Cs T +C, (T(:—]l) —2T" + T(Tfl))
*n+1 (1 2c, )T -+ (Cs +C, )T(:Tl) -+ (C4 —GCs )T(;Tl)

Let, ¢, =1-2c,, c, =C, +C,, C; =C, —C¢,

Therefore,
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*Nn+1 *n *n *n
T =C I, " +C, T, +C3T; (21)
This equation can be written as

T(j+L1)=T(j,i)*c, +T(j,i+1)*c, +T(j,i —-1)*c,

RESULTS AND DISCUSSION

The computations are carried out for a reservoir of L =500 ft. The steam is injected
through a 7" well diameter. The properties of the rock and fluids are given in Table 1. It is

taken into account that AX™ = 0.02, At™ = 0.0001.

The variations of temperatures are obtained for two cases. At first, it is assumed that the
fluid and rock temperature are same. In the second case, the variations of the fluid and rock
temperatures are obtained separately. The computations are carried out for different fluid
velocities. It is taken into account that the velocity coefficient is a = 0.04108, 0.035, 0.03,
0.025, 0.02, 0.01, 0.001 and 0.0001. The effects of the injected steam velocity are also
investigated by changing the rate of the steam. It is taken into account that

u, =0.1217 ft/sec 0.085 ft/sec,0.049 ft/sec,0.024 ft/sec,0.012 ft/sec.

Table 1 Fluid and Rock properties value for numerical computation

Fluid and Rock properties Fluid and Rock properties
C e = 7.1[Btu/lb, —°F ] S, = 20% [vol/vol]
C,o =05 [Btu/lb,—°F ] S, = 60% [vol/vol]
C,,= 021 [Btu/Ib,—°F ] S,, = 20% [vol/vol]
¢, = 1.0 [Btu/Ib, —°F ] T, eom = 500|°F |
h, = 13.74 [ Btu/hr — ft2—F ] T, =150 |°F]
k, =0.0023 [ Btu/hr — ft-"F ] p, =1.0433[Ib , /ft°]
K, = 100.0 [md] p,=500[lb, /ft°]
K, = 0.22408 [ Btu/hr — ft-"F ] p.=167.0[lb, / ft*]
k. =15[Btu/hr — ft—°F ] p,=625[b, /ft*]
k, =0.606 [ Btu/hr — ft—"F ] ¢ = 25% [volvol]
p, =4000 [psia ] #; =10000 [cp]
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Temperature variation with distance and time for fluid velocity

The variation of dimensionless temperature along the length of the reservoir is depicted
in Figs. 2a & 2b for a = 0.04108 and 0.0001, respectively, when u, =0.1217 ft/sec for

different time steps andT, =T, . At the beginning of the steam injection, the reservoir

formation heats up only around the injection wellbore. For low velocity, reservoir temperature
goes up gradually with time. However, if the fluid velocity goes up, the overall reservoir
temperature goes up faster with time. Temperature distribution along x-direction can be
separated into three zones, steam zone, hot water zone, and unaffected zone. For low velocity,
the steam zone is steeper, the hot water zone is only a little wider and the unaffected zone is
almost 50% of the reservoir, whereas for high velocity, steam zone and hot water zone
become gradually widen with time.

The temperature profile is depicted in Figs. 3a & 3b when T, # T, . The same trend is
shown in this situation. The difference between rock and fluid temperature is very small in the

range of 10, The profile of temperature shows that the reservoir temperature is going up in
this case.
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The variation of dimensionless temperature with time of the reservoir is shown in Figs.
4a & 4b for a = 0.04108 and 0.0001 and u; =0.1217 ft/sec at different distances when

T, =T, . When fluid velocity is low, reservoir temperature does not propagate evenly for

long time after its 50% distance. However, temperature increases gradually around the
wellbore. If the fluid velocity is increased, the propagation is higher and temperature goes up
rapidly with time and reaches its maximum temperature after a longer time.

The temperature profile is depicted in Figs. 5a & 5b when T, # T, . Almost the same
trend is shown in this situation. The difference between rock and fluid temperature is very

small in the range of 10°%. The profile of temperature shows that the reservoir temperature is
going up and rises faster with time for both situations in comparison with the first case.
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Effects of fluid velocity on temperature with time and along distance

The variation of dimensionless temperature along the length of the reservoir is presented
in Figs. 6a & 6b for different fluid velocity. This is for the same fluid and rock temperature.

Here, u, =0.1217 ft/sec is taken into account. At the beginning of the steam injection,

formation velocity has less impact on temperature distribution and it does not heat up very far
away from the injection well. However, as time goes up the reservoir formation heats up
gradually and goes deeper into the formation. If formation velocity goes down, the
temperature profile cannot propagate further with respect to space.

Figs. 7a & 7b represent in the same way for the same conditions when T, # T, . The

pattern of the graph is almost the same as the first case. This indicates that if fluid and rock
temperatures are different, this criterion has less impact on the temperature propagation.
However, this consideration makes the propagation somewhat faster and more in line with the
first case. This indicates that the fluid convection effects are less important than conduction.
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The variation of dimensionless temperature with dimensionless time of the reservoir is
presented in Figs. 8a & 8b for different fluid velocity. This is for the same fluid and rock

temperature. Here, U, =0.1217 ft/sec is taken into account. It is very clear that fluid

velocity has a strong influence on temperature propagation. The reservoir heats up quickly
with time and reaches its injected steam temperature depending on the time and velocity of
fluid. When velocity of fluid decreases, the reservoir does not heat up faster and remains
almost the same as the initial reservoir temperature for low fluid velocity. At the beginning of
the steam injection, formation velocity has less impact on temperature distribution and it does
not heat up very far away from the injection well. However, as time passes the reservoir
formation heats up gradually and goes deeper to the formation. If formation velocity goes
down, the temperature profile cannot propagate further with respect to space.

Figs. 9a & 9b represents same for the same conditions when T, # T, . Fluid velocity has

more effect on the temperature profile in this case compared with the other case. The
reservoir heats up faster in less time than case two. Temperature profile propagates gradually
with time even at low fluid velocity. The difference between rock and fluid temperatures is
not very significant throughout these fluid velocity changes.
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Temperature variation with distance and time for initial steam velocity

The variation of dimensionless temperature along the length of the reservoir is depicted
in Figs. 10a & 10b for u, =0.1217 ft/sec and u, =0.01217 ft/sec respectively when

for u"=0.011t" at different time steps when T, =T, . At the beginning of the steam

injection, the reservoir formation heats up only around the injection wellbore. For low
velocity, reservoir temperature goes up gradually with time. If the injection steam velocity
decline, the overall reservoir temperature goes up faster with time.

The temperature profile is shown Figs. 11a & 11b when T, # T, . These plotting are for

u, =0.1217 ft/sec and u, =0.024 ft/sec because numerical computation does not work

properly when initial steam velocity is beyond this level. Initial steam velocity has more
influence on temperature profile when fluid and rock temperatures are different. However,
there is no significant change between these two temperatures. Temperature distribution
propagates more than case | for any time step. Initial steam velocity has more impact on this
distribution. When the velocity is low, reservoir heats up quickly at any distance from the
reservoir.
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The variation of dimensionless temperature with time of the reservoir is shown in
Figs. 12a &12b for u, =0.1217 ft/sec and u, =0.01217 ft/sec respectively and for

u =0.01t" at different distances when T, =T, . When fluid velocity is low, reservoir

temperature goes up gradually with time throughout the reservoir and the pattern is smooth.
However, if the velocity is higher, the temperature increases slower than that of low velocity
and around the production zone, it does not heat up well.

The temperature profile is depicted in Figs. 13a & 13b when T, # T, . These plotting are

for u, =0.1217 ft/sec and u, =0.024 ft/sec because numerical computation does not

work properly when initial steam velocity is beyond this level. If fluid and rock temperatures
are not the same, initial steam velocity has more impact on temperature propagation.
Reservoir heats up faster in comparison with case I. In this case, temperature propagation is
deeper than case I. If initial velocity is decreased, it takes less time to heat up the whole
reservoir and reaches the range of steam velocity in less time.

Effects of initial steam velocity on temperature with time and along distance

The variation of dimensionless temperature along the length of the reservoir is presented
in Figs. 14a & 14b for different initial injection velocity. This is for the same fluid and rock

temperature. Here, u=0.01t" is taken into account. At the beginning of the steam
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injection, initial steam velocity has less impact on temperature distribution and it does not
heat up very far away from the injection well. However, as time progresses the reservoir
formation heats up gradually and goes deeper to the formation especially when initial steam
velocity is less.

Figs.15a & 15b represent the same for the same conditions when T, # T, . These figures

indicate that if fluid and rock temperatures are different, initial steam velocity has less impact
on the temperature propagation. The range of temperature difference is within 103, At the
beginning of steam injection, reservoir heats up gradually. If initial steam velocity becomes
less, temperature propagation goes further towards the production well. However, as times
increases, the reservoir heats up faster, and for low velocity the trend of the curve is opposite
to higher velocity. This behavior of temperature propagation indicates that heat conduction is
more active in the reservoir when velocity is less and thus temperature propagation travels
more pathways within the reservoir.

The variation of dimensionless temperature with time is presented in Fig. 16a & 16b for

different initial injection velocity. These figures are plotted when T, =T, . Here,

u=0.01t" is taken into account. As time increases, the reservoir starts to heat up. When
velocity decline, reservoir temperature goes up faster for a particular distance. As the distance
increases with respect to the injection well, the temperature propagation becomes weaker.
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Figs. 17a & 17b show the same distribution when T, # T, . In this case the pattern and

shape of the cure is opposite to case |. Reservoir temperature goes up faster around the
injection wellbore. When steam temperature declines, reservoir temperature goes up quickly
and reaches steam temperature in a longer time.

CONCLUSION

Energy balance equation for temperature distribution in porous media has been solved
using a convection and conduction heat transfer concept when fluid and rock temperatures are
considered different and the same. A simultaneous iteration process is used when fluid and
rock temperatures are considered to be different. It is found that the fluid and rock matrix
temperature difference is negligible. The convection does not play a deciding role in the
temperature profile due to very slow motion of fluid inside the medium. It is also sensitive to
steam or hot water injection rate or velocity. The temperature distributions along x-direction
for various times have also been investigated. The shape and type of the temperature profile is
dependent on formation fluid and hot water or steam injection velocity.
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NOMENCLATURE

C, = Specific heat capacity of injected fluid, Btu/lbm —F

C 5o = Specific heat capacity of oil, Btu/Ib, —°F

C,, = Specific heat capacity of solid rock matrix, Btu/lbm -F
C ., = Specific heat capacity of water, Btu/Ib,, —°F

C,q = Specific heat capacity of steam, Btu/lbrn -F

g = gravitational acceleration in x direction, ft/SeC2
h
H, = enthalpy of oil at temperature, Ty, Btu/Ib,,

. = convection heat transfer coefficient, Btu/hr — ft*~°F
H,; = enthalpy of oil at temperature, T;, Btu/Ib,,

H.; = enthalpy of rock at temperature, T¢, Btu/Ib,,

H.;, = enthalpy of rock at temperature, T;, Btu/Ib,

H,r = enthalpy of water at temperature, T¢, Btu/Ib,,

H . = enthalpy of water at temperature, T,, Btu/Ib,,

H ;= enthalpy of steam at temperature, Ty, Btu/lb,

H ., = enthalpy of steam at temperature, T,, Btu/Ib

K, =Permeability, md

k, = thermal conductivity of fluid, Btu/hr — ft—°F

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

k. = thermal conductivity of solid rock matrix, Btu/hr — ft—"F
k,, = thermal conductivity of water, Btu/hr — ft—°F

k, = thermal conductivity of steam, Btu/hr — ft-°F

L = distance between production and injection well along x direction, ft

L = dimensionless length of the reservoir
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M = Average volumetric heat capacity of the fluid-saturated rock, Btu/ ft*-°F

Qg = constant rate of heat generation per unit volume, Btu/ ft®
0inj = Au = injection volume flow rate of steam, sbl/day

0 proq = AU = production volume flow rate of oil, shl/day

S,; =initial water saturation

S,, = water saturation, volume fraction

S, = Gas saturation, volume fraction

S, = oil saturation, volume fraction

t=time, hr

T = Temperature, °F

T; = Temperature of injected fluid, °F

T; = initial reservoir temperature, °F

T, = Reference temperature of injected fluid, °F
Ts = Average temperature of solid rock matrix, °F
t" = dimensionless time

T" =dimensionless temperature

u = filtration velocity in x direction, ft/sec

u" =dimensionless velocity

X~ = dimensionless distance

¢ = Porosity of the rock, volume fraction

p = reference density, b, / ft?

P = density of fluid, Ib,, / ft*

P, = density of oil, Ib, / ft*

p, = density of solid rock matrix, Ib,, / ft*
p,,= density of water, Ib, / ft®

p, = density of steam, Ib,, / ft’
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