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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.  

 

 
 

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 



Rock and Fluid Temperature Changes during Thermal Operation in EOR Process 

 

4 

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) 

 

 

      fsc
s

spSs TTh
t

T
cTk 




   1                                                        (1) 

 

          sfc

f

fpffpff TTh
t

T
cTVcTk 




                                 (2) 

 

where sT  and fT  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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where, 

 gpggopoowpwwpff ScScScc                                                                       (5) 

gowf kkkk                                                                                                            (6) 

ggoowwf SSS                                                                                             (7) 

1 gow SSS  .                                                                                                          (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 gQ  is maintained 

then equation (9) gives total energy required to increase the temperature of 1 ft
3
 of reservoir 

rock from an initial temperature, Ts to a higher temperature, Ths (in 
0
F) (Green and Willhite, 

1998).  

 

   shsg TTMQ                                                            (9) 

 

 

where,  pgggpwwwpooopss cScScScM     )1(                        (10) 

 

The mean heat capacities of each component are based on the temperature difference. It 

can be defined as (Green and Willhite, 1998): 
 
 

 

   TTHHc fwrwTfpw  ,    ifoTioTfpo TTHHc  , 

   TTHHc fsTisTfps  ,    rfgTrgTfpg TTHHc                                  (11) 

 

We make (3) and (4) dimensionless using the non-dimensional parameters defined as 
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where L  is the distance between production and injection well.  Let,   psscM  11 , 

pff cM 2  and using equation (12),  the dimensionless form of equations (3) and (4) are 

given as  
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These two partial differential equations should be solved simultaneously to find the 

temperature distribution for fluid, 
*

fT  and rock matrix, 
*

sT  in the formation. These equation 

are subjected to 

  

 

   

 

  1),(,                          //             ),(),(

 ),0(,0                  //                 ),0(),0(

1)0,(0,    as form   essdimensionlin     )0,(0,

**

**

**







tLTtLTTtLTtLT

TTtTtTTtTtT

xTxTTxTxT

sfisf

isteamsfsteamsf

sfisf

   (15) 

 

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 
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Using equation (10) and the dimensionless parameters in equation (12), equation (16) 

reduces to 
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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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      1  ,      and   )  ,0(   , 10  , ***  tLTTTtTxT isteam .                                     (18) 

 

Darcy’s law can be written in a dimensionless form according to the definition of 

dimensionless parameters of equation (12) as   *** xpLukpu ii   . Accordingly, the 

velocity of the fluid may be written as )(  ** tgau  . 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,   t ** au  .  

 

 

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  
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Using finite difference method, the equation can be written as; 
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Again let, 321 21 aaa   and put the value in the above equation 
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Equation 19 can be written in terms of programming language which becomes; 
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In equation (14), the velocity of the fluid may be written as 
**  tau   and the equation can be 

written as  
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The above equation becomes; 
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Using finite difference method, the equation can be written as; 
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Equation 20 can be written in terms of programming language which becomes; 
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In equation (17), the velocity of the fluid may be written as 
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Using finite difference method, the above equation can be written as; 
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Therefore, 
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This equation can be written as 

  

         321 *1,*1,*,,1 cijTcijTcijTijT                                 

 

 

RESULTS AND DISCUSSION 
  

 The computations are carried out for a reservoir of  500L  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 02.0* x , 0001.0* t . 

 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 ,04108.0a  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  

sec 1217.0 ftui   0.085 sec ft , 0.049 sec ft , 0.024 sec ft , 0.012 sec ft .  

 

 Table 1 Fluid and Rock properties value for numerical computation 

 

  

Fluid and Rock properties  Fluid and Rock properties 

pgc = 7.1 [ FlbBtu m

0 ] gS = 20% [vol/vol] 

poc = 0.5 [ FlbBtu m

0 ] oS = 60% [vol/vol] 

psc = 0.21 [ FlbBtu m

0 ] wS = 20% [vol/vol] 

pwc = 1.0 [ FlbBtu m

0 ]  FTsteam

0 500  

ch = 13.74 [ FfthrBtu 02 ]  FTi

0  150  

gk  = 0.0023 [ FfthrBtu 0 ] ]ftlb[ 0433.1 3

mg  

iK  = 100.0 [md] o = 50.0 [
3ftlbm ] 

0k  = 0.22408 [ FfthrBtu 0 ] s =167.0 [
3ftlbm ] 

sk = 1.5 [ FfthrBtu 0 ] w = 62.5 [
3ftlbm ] 

wk = 0.606 [ FfthrBtu 0 ]   = 25% [vol/vol] 

  psia   4000ip   cp 10000f  
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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 sec 1217.0 ftui   for 

different time steps and fs TT  . 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 fs TT  . The same trend is 

shown in this situation. The difference between rock and fluid temperature is very small in the 

range of 10
-3

. The profile of temperature shows that the reservoir temperature is going up in 

this case. 

 

 
 

Figure 2 Temperature variation as a function of distance for case I 
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Figure 2 Temperature variation as a function of distance for case I 

 

 
 

Figure 3 Temperature variations as a function of distance for case II  
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Figure 3 Temperature variations as a function of distance for case II  

  

The variation of dimensionless temperature with time of the reservoir is shown in Figs. 

4a & 4b for a = 0.04108 and 0.0001 and sec 1217.0 ftui   at different distances when 

fs TT  . 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 fs TT  . Almost the same 

trend is shown in this situation. The difference between rock and fluid temperature is very 

small in the range of 10
-3

. 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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Figure 4 Temperature variations as a function of time for case I   
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Figure 5 Temperature variations as a function of time for case II  
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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, sec 1217.0 ftui   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 fs TT  . 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.  

 

 

 
 

Figure 6 Temperature variations for different fluid velocity as a function of distance for case I  
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Figure 6 Temperature variations for different fluid velocity as a function of distance for case I  

   

 
 

Figure 7 Temperature variations for different fluid velocity as a function of distance for case II  

 

0

0.5

1

1.5

2

2.5

3

3.5

0 0.2 0.4 0.6 0.8 1

Dimensionless distance, x*

D
im

en
si

on
le

ss
 te

m
pe

ra
tu

re
, T

  *

0.04108, 0.035,
0.03, 0.02,
0.01, 0.001,
0.0001

0

0.5

1

1.5

2

2.5

3

3.5

0 0.2 0.4 0.6 0.8 1

Dimensionless distance, x*

D
im

en
si

on
le

ss
 T

em
pe

ra
tu

re
, T

 *

 0.04108, 0.035, 0.03,
0.02, 0.01, 0.001,
0.0001 -- Ts        //  0.04108, 0.035,
0.03, 0.02, 0.01,
0.001, 0.0001 -- Tf

0.5 ) * tb  

0.1 ) * ta  



Rock and Fluid Temperature Changes during Thermal Operation in EOR Process 

 

19 

 
 

Figure 7 Temperature variations for different fluid velocity as a function of distance for case II  

 

 
 

Figure 8 Temperature variations for different fluid velocity as a function of time for case I  
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Figure 8 Temperature variations for different fluid velocity as a function of time for case I  
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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 fs TT  . 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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Figure 9 Temperature variations for different fluid velocity as a function of time for case II 
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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 sec 1217.0 ftui   and sec 01217.0 ftui   respectively when 

for 
**   01.0 tu   at different time steps when fs TT  . 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 fs TT  . These plotting are for 

sec 1217.0 ftui   and sec 024.0 ftui  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 I 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.  

 

 

 
 

Figure 10 Temperature variations for different steam velocity as a function of distance for case I 
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Figure 10 Temperature variations for different steam velocity as a function of distance for case I 

 

 
 

Figure 11 Temperature variations for different steam velocity as a function of distance for case II 
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Figure 11 Temperature variations for different steam velocity as a function of distance for case II 

  

 
 

Figure 12 Temperature variations for different steam velocity as a function of time where for case I 
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Figure 12 Temperature variations for different steam velocity as a function of time where for case I 

 

 
 

Figure 13 Temperature variations for different steam velocity as a function of time where for case II 
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Figure 13 Temperature variations for different steam velocity as a function of time where for case II 
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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 fs TT  . 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   10
-3

. 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 fs TT  . Here, 

* 01.0 tu   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.    

 

 
 

Figure 14 Temperature variations with distance for different steam velocity for case I 
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Figure 14 Temperature variations with distance for different steam velocity for case I 

   

 
 

Figure 15 Temperature variations with distance for different steam velocity for case II 
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Figure 15 Temperature variations with distance for different steam velocity for case II 

 

 
 

Figure 16 Temperature variations with time for different steam velocity for case I 
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Figure 16 Temperature variations with time for different steam velocity for case I 

 

 
 

Figure 17 Temperature variations with time for different steam velocity for case II 
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Figure 17 Temperature variations with time for different steam velocity for case II 

 

 Figs. 17a & 17b show the same distribution when fs TT  .  In this case the pattern and 

shape of the cure is opposite to case I. 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 
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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 
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NOMENCLATURE 
 

pfc = Specific heat capacity of injected fluid, FlbBtu m

0  

poc = Specific heat capacity of oil, FlbBtu m

0  

psc = Specific heat capacity of solid rock matrix, FlbBtu m

0  

pwc = Specific heat capacity of water,  FlbBtu m

0  

pgc = Specific heat capacity of steam,  FlbBtu m

0  

g  = gravitational acceleration in x direction, 
2secft  

ch = convection heat transfer coefficient, FfthrBtu 02       

oTfH  = enthalpy of oil at temperature, Tf,  mlbBtu  

oTiH  = enthalpy of oil at temperature, Ti , mlbBtu   

sTfH  = enthalpy of rock at temperature, Tf , mlbBtu  

sTiH  = enthalpy of rock at temperature, Ti , mlbBtu  

wTfH  = enthalpy of water at temperature, Tf , mlbBtu   

wTrH  = enthalpy of water at temperature, Tr , mlbBtu  

gTfH  = enthalpy of steam at temperature, Tf , mlbBtu  

gTrH  = enthalpy of steam at temperature, Tr , mlbBtu  

iK Permeability, md 

fk = thermal conductivity of fluid, FfthrBtu 0   

ok = thermal conductivity of oil, FfthrBtu 0  

sk = thermal conductivity of solid rock matrix, FfthrBtu 0  

wk = thermal conductivity of water, FfthrBtu 0  

gk = thermal conductivity of steam, FfthrBtu 0  

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, FftBtu 03   

gQ = constant rate of heat generation per unit volume, 
3ftBtu    

injq = Au = injection volume flow rate of steam,  sbl/day 

prodq = Au = production volume flow rate of oil, sbl/day 

wiS initial water saturation 

wS = water saturation, volume fraction 

gS = Gas saturation, volume fraction 

oS = oil saturation, volume fraction 

t = time, hr 

T = Temperature, Fo
 

Tf = Temperature of injected fluid, Fo
 

Ti = initial reservoir temperature, Fo
 

Tr = Reference temperature of injected fluid, Fo
 

Ts = Average temperature of solid rock matrix, Fo
 

*t  dimensionless time 

*T dimensionless temperature 

u = filtration velocity in x direction,  secft  

*u dimensionless velocity 

*x  dimensionless distance 

  = Porosity of the rock, volume fraction 

 = reference density, 
3ftlbm  

f = density of fluid, 
3ftlbm  

o = density of oil, 
3ftlbm  

s = density of solid rock matrix, 
3ftlbm  

w = density of water, 
3ftlbm  

g = density of steam, 
3ftlbm  
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