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Abstract 
 

Accurate prediction of the temperature profile within a reservoir undergoing a thermal recovery process is a key factor in 

process design, production forecasting and reservoir management. Such profile is governed by the heat transfer between the 

rock matrix and flowing fluids, which is highly dependent on the thermal and rheological properties of the rock and fluids 

involved. In this work, the role of temperature-dependent rock and fluid properties in the development of the temperature 

profile during the thermal process was investigated employing the continuous time function as “memory.” Mathematical 

models were developed in terms of a group of heat transfer dimensionless numbers that correlate the varying rock and fluid 

properties. New heat transfer dimensionless numbers are proposed which can be characterized by rock and fluid properties. 

The model equations were then solved numerically through MATLAB programming to produce temperature profiles for a 

typical steam flood where the rock and fluid temperatures are assumed unequal throughout the reservoir, i.e. the rock does not 

attains the fluid temperature instantaneously. Results reveal the development of a temperature profile within the growing 

condensed water zone that is flowing ahead of the steam zone. The rock and fluid temperature profiles were found sensitive to 

the rheological properties, time and fluid velocity. The proposed model would be useful for better prediction of reservoir 

performance.  

 

Keywords: porous media, dimensionless number, temperature distribution, temperature profile, reservoir modeling, reservoir 

management, heat transfer coefficient 

 

INTRODUCTION 

Production decline from mature reservoirs is a major concern for the petroleum industry. Thermal flooding, which involves the 

injection of hot water or steam into the reservoir, is an enhanced oil recovery technique that has proven effective in prolonging 

production from many reservoirs worldwide. Many wells produce hydrocarbons at a high water/oil ratio due to water coning 

and fingering. In such a situation, economic production is compromised by producing below the critical flow rate to avoid 

water breakthrough [1]. A thermal operation may be effective in improving the oil mobility and, thus, increasing production 

rates. 

 Thermal EOR process is widely used for decades in enhancing hydrocarbon recovery. Figure 1 shows a typical thermal 

recovery process where upstream and downstream equipment and facilities are shown which has been demonstrated by 

Hossain et al. [2 – 3] and several other authors [4 – 6].  In steam flooding, where steam is injected into a number of wells while 

the oil is produced from adjacent wells (Figure 1), alterations of rock and fluid properties guide the temperature profile within 

the reservoir formation. Proper analysis of temperature propagation within the formation may help forecast performance 

parameters of the flood, which improves reservoir management. It can also be an effective diagnostic tool to identify potential 

problems such as water or gas encroachment or fingering, early breakthrough, open fractures, and inter-layer communication. 

It is also important in guiding the action of sliding sleeves and 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 a sustainable thermal oil recovery scheme in a heavy oil reservoir (redrawn from Hossain et al. [3]) 

 

 The use of temperature profile in a horizontal well for detecting water entry has been previously attempted by several 

authors [3, 7, 8]. Assuming equal temperatures for the flowing fluid and rock, they varied the production rate and types of oil 

to see their effects on the temperature profile. However, they did not check the effects of fluid velocity and injection steam 

velocity on temperature distribution. Hossain et al. [3, 9] investigated the influence of fluid and injection steam velocity and 

showed the variation of the temperature profile if the rock and fluid temperatures are assumed different. An extensive review 

of temperature propagation and its dependence on several parameters was presented by Hossain et al.  [3, 9 – 10]. Yoshioka et 

al. [11, 12] presented models for predicting the temperature profile in a horizontal well. They presented methods [11] to 

interpret measurements in complex wells for determining the inflow profiles of oil, gas and water under steady-state flow 

conditions. They considered a box-shaped homogeneous reservoir and assumed each segment to be ideally isolated. They 

investigated the effects of production rate, permeability and fluid types on temperature profiles.  

 During steam injection of an EOR scheme, alterations of rock and fluid properties are well established in the literature 

especially by Hossain et al., [2, 13, 14]. Such alteration guides the temperature profile within the reservoir formation which 

provides information on the water influx in the permeable zone. Therefore, understanding the temperature propagation is 

important in the process design and management.  

 Spillette’s model [15] is based on the assumption that heat transfer within the reservoir takes place by two mechanisms: 

1) the physical movement of the injected fluids and 2) thermal conduction. Convective heat transfer between the injected fluid 

and the original reservoir fluids and the permeable reservoir rock is assumed to be accounted for by the additional assumption 

of instantaneous thermal equilibrium in the reservoir. Hossain et al. [2, 3, 9] investigated temperature propagation pattern and 

its dependence on various parameters during thermal operations. They have completed an extensive review of temperature 

propagation and its dependence on several parameters. The model equations have been solved for temperature distribution 

throughout the reservoir for different cases. Results show that formation fluid velocity, steam injection velocity, and time have 

an impact on the behavior of temperature profiles. They identified that temperature distribution is much more sensitive to time, 
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and formation fluid velocity. It is also sensitive to steam or hot water injection rate or velocity. They assumed a linear function 

for fluid velocity in the formation. They did not consider the thermal effects in terms of Nusselt number, Peclet number and 

Prandtl number. Further investigation shows that due to temperature variation in the formation, the porosity, permeability and 

the rheology of reservoir may also change as a result of continuous heat transfer within the fluid and rock matrix [10, 13, 14]. 

This continuous alteration of fluid and pore space properties may greatly be influenced by the fluid memory especially in some 

geothermal area [10, 13, 14].  

 Therefore, the present study includes the effects of fluid memory in the fluid flow behavior during steam injection into an 

oil reservoir. As the literature shows that the fluid velocity, and time have strong effects on temperature propagation pattern, it 

is very important to investigate the effects of fluid memory as well as the rheology of rock/fluid based on heat transfer. In this 

study we are focusing how to model the complex heat transfer phenomena and alteration of temperature between rock and 

fluid and its influence on temperature profile in terms of Nusselt number, Peclet number and Prandtl number and two proposed 

numbers [16]. The existing models are unable to handle the alteration rock/fluid properties with time during thermal operation. 

So, the main objective of this study is to develop mathematical models to address this issue. The model equations are solved 

using Matlab coding to analyze the temperature profiles which is sensitive to time dimension. This analysis will give advance 

information on any change or anomaly of temperature profile due to water entry or breakthrough.  

 

MODEL DESCRIPTION 

It is taken into account a porous medium of uniform cross sectional area and homogeneous along the x-axis. It is normal 

practice to consider fluid flow in porous media to be governed by Darcy’s law. Since the medium is homogeneous, the 

pressure along the x-direction can be considered to vary initially according to Darcy diffusivity equation. In this study, we 

have used the modified Darcy’s law, which represents the notion of fluid memory. It is also considered that the thermal 

conductivities of both the fluid and solid rock matrix are not functions of temperature and, thus, are constant along the 

medium. Before initiation of the flood, both pressure and temperature are uniformly distributed throughout the reservoir. The 

initial and boundary conditions are defined as: 

 

   (   )     (   )     ,   (   )     (   )      , and   (   )     (   )                                                              (1)   

  

MATHEMATICAL FORMULATION OF THE MODEL  
To determine the temperature distribution in space and time, the energy balance equation is applied to 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 utilized where the x-axis is along the formation 

length. The mass flow rate and conservation of energy equations are employed in developing the model for temperature 

distribution in porous media.  

 For an incompressible fluid and 1D horizontal reservoir, the fluid velocity through the porous medium can be written 

using the continuity and momentum balance equations for describing the motion of a fluid phase through the system [2, 17 – 

18]. However, the inclusion of time-dependent rock and fluid properties is of great significance to reservoir engineers because 

the most uncertain parameter is accurate prediction of production performance [2, 13, 19]. Therefore, consideration of time-

dependent phenomena is very important for a well managed recovery project. To introduce the notion of time dependency in 

temperature distribution, the use of “memory” concept is a recent and well established tool [2, 13, 19 – 21]. With the inclusion 

of “memory” concept, the modified Darcy’s law is introduced as a rigorous flow rate equation, which may be written as [22]: 
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          with       .                                                        (1) 

 

The notation    is the fluid velocity, which represents time dependency and includes memory. Hossain et al. [19] defined the 

composite variable, , which is a function of permeability and viscosity for any type of reservoir as: 

 

    
 

   
( )                                         (2a) 

 

For a sandstone reservoir, Hossain et al. [22] employed the composite variable,   as: 
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Equation (2b) is based on oil field units which are: oil formation volume factor (  ), rb/stb; oil compressibility (  ), psi
-1

; oil 

formation volume factor at the bubble point(   ), rb/stb; oil viscosity at the bubble point(   ) , cp; oil viscosity above the 

bubble point(   ), cp; solution gas oil ratio (  ),       ⁄ ;  crude oil temperature ( ), oF; gas specific gravity (  ),       ⁄ ; 

oil specific gravity (  ),       ⁄ ; and oil API gravity (API), 
o
API.  

 

To develop a model equation for describing the temperature propagation in porous media, a 1D energy balance equations can 

be written [2, 9, 23] as: 
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where, 

                                                                                                                                                                   (5) 

                                                                                                                                                           (6) 

                                                                                                                                                            (7) 
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                                                                                                                                                                 (10) 

    (   )                                                                                                                   (11) 

 

Equations (3) and (4) represent the governing energy balance equations when both rock and fluid temperatures are considered 

separately and are not equal (i.e.      ). These two equations can be transformed into dimensionless forms using the non-

dimensional parameters defined as:     
 

  
    

  
  

  
    

  
  

  
    

 

 
     

 

  
     

     

  
     

   

      
   

   
   

      
  

where   is the distance between the production and injection wells. Substituting the above transformations into Eq. (3) yields: 
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Equation (12) reduces to: 
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The final form of Eq. (13) is, thus, written as: 
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where 

        
    

     
, and      

(   )

   

     

     
   

 

 The significance of the proposed numbers (             ) and their relations to other dimensionless groups such as 

Nusselt, Prandtl and Peclet numbers was thoroughly explained by Hossain and Abu-Khamsin [16, 24]. Again, substituting the 

above non-dimensional parameters to transform Eq. (4) into dimensionless form, and incorporating the memory concept of Eq. 

(1), Eq. (4) becomes: 
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Equation (15) then reduces to: 
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The final form of Eq. (16) thus becomes: 
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Equations (14) and (17) are solved simultaneously for the temperature profiles (   
  and   

 ) and heat transfer in terms of 

different rock and fluid parameters as well as different fluid velocities. The effect of memory on temperature distribution is 

also captured using the simultaneous solution of the model equations.  

 

To solve the model Eqs. (14) and (17), the following dimensionless initial and boundary conditions are set by using the 

dimensionless parameters defined above: 

 

    
 (   )     

 (   )   ,   
 (   )     

 (   )       ⁄ , and   
 (   )     

 (   )                                           (18) 

 

NUMERICAL SOLUTION 

The conventional mass flow rate equation of the modified Darcy’s law (Eq. (1)) can be used in solving these equations. 

However, Hossain et al. [2, 9] used a linear mass conservation based on Darcy’s law. They showed that the fluid velocity was 

a function of the initial reservoir pressure, distance between injection and production wells, initial injection velocity, 

permeability of the medium, viscosity of the fluid and the pressure gradient in the formation. Hossain et al. [13, 14, 22, and 25] 

showed how fluid pressure and other fluid and medium properties in the formation are dependent on fluid memory. Therefore, 

it is important to see how memory influences the heat transfer and temperature distribution in the formation.  

 A finite difference method with an explicit scheme is used to solve Eqs. (14) and (17) numerically. These two equations 

are discretized separately due to the consideration of no thermal equilibrium between rock and fluid (  
     

 ).  

Equation (14) can be discretized as: 
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Equation (19) can further be reduced to:  
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The final form of Eq. (20) is thus:  
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Similarly, Eq. (17) can be discretized as: 
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Equation (22) can further be reduced to:  
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The final form of Eq. (23) thus becomes:      
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where,    
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; and    

    

       

 

  
   . 

 

Equations (21) and (24) are the final discretized forms of the equations for formation rock and fluid temperature distributions, 

respectively. Hence, dimensionless temperature profiles are obtained by solving these two equations simultaneously when the 

fluid and rock matrix temperatures are not equal.  

 

RESULTS AND DISCUSSION 

Computations are carried out for a reservoir 3,000 meters long where steam is injected at a constant rate of 17.5 m
3
 of 

equivalent water volume per day. All assumed rock and fluid parameters are listed in Table 1. The time and distance steps are 

set at                            . Temperature variation is obtained for the case where the fluid and rock 

temperatures are considered not equal (i.e.      ). 

 In Eq. (17), the local Peclet number can be defined as (   )              ⁄  where    represents a characteristic 

length such as the mean pore throat diameter of the porous medium. During the computation,    is calculated by Kolodzie’s 

correlation [26]:          where                                  . In this correlation, k is in mD and     is in 

microns. Kolodzie [26] and Pittman [27] proposed this correlation as the best permeability estimator for sandstones. They and 

others [28] indicated that the best results are obtained from a mercury injection capillary pressure test at 35% mercury 

saturation. Other correlations for carbonate rocks are also proposed in the same literature.  

 Since the Nusselt number,     , refers to the ratio of total to conductive heat transfer, the local Nusselt number with 

respect to wellbore position and reservoir boundary can be defined as  (   )   ,  
    ⁄ -      . It can also be calculated 

using (   )   =    
   ⁄    

 Figures 2(a – b) show the variations of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for 

two fluid velocities:              ⁄               ⁄  The temperature profile with distance shows that the rock 

temperature profile and the fluid temperature profile do not change with fluid velocity for a given time (e.g.,    
                  ) and the rock gains more heat compared with the fluid at the same time (Figure 2(a)). The temperature 

profiles move forward with time but at higher temperatures. Again, the temperature profile with time shows that the rock 

temperature profile and the fluid temperature profile do not change with fluid velocity for a given distance (e.g.,    
                  ) and the rock gains more heat compared with the fluid at the same distance (Figure 2(b)). Around the 

injection well, heat transfer and temperature propagation are more pronounced with time. On the other hand, towards the outer 

boundary (the production well), there is no change in the temperature profile (Figure 2(b). 

 Figures 3(a – b) show variations of dimensionless temperature (  ) with      for different combinations of fluid 

velocity (  ) and dimensionless distance (  ) for a fixed            (Fig. 2(a)) or combinations of fluid velocity (  ) and 

dimensionless time (  ) for a fixed            (Fig. 3(b)). The temperature profile decreases nonlinearly with      for 

different    and    (Figure 3(a)). Temperature profile is more pronounced closer to the injection well with higher rock 

temperature distribution (Figure 3(a)). Here, the temperature profile is strongly effected by      especially around the 

injection well. The temperature profile again decreases nonlinearly with      for different    and    (Figure 3(b)). 

Temperature profile is more pronounced with time and rock temperature distribution is higher than that of fluid temeperature. 

Here temperature profile is strongly effected by          , and   . 
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                                      (a)                                                                       (b) 

Figure 2. Variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for for two fluid 

velocities (  ).  
 

 
                                      (a)                                                                       (b) 

Figure 3. Variation of dimensionless temperature (  ) with      at a fixed dimensionless time (               ) or at a 

fixed dimensionless distance (              ) for two fluid velocities (  ). 
 

Figures 4(a – b) depict variations of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for different 

sets of      and    values. Figure 3(a) is at            while Figure 4(b) is at           . The temperature profile 

decreases with distance and becomes stabilized at a distance of approximately         for rock and         for fluid 

where there is no traceable effects of      and    on either the rock or fluid temeprature profiles (Figure 4(a)). Here, the rock 

shows temperatures that are higher than those of the fluid. Figure 4(b) shows the rock and fluid to begin gaining temperature at 

approximately         and        , respectively. However, the rock matrix heats up faster than the interstitial fluid as a 

result of hot fluid injection for the same           , and there is no traceable effects of      and    on the temperature 

profile. 
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                                      (a)                                                                       (b) 

Figures 4. Variations of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for different      and 

   values. 

 

Figures 5(a – b) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for 

different sets of      and fluid viscosity ( ) values. Figure 5(a) is at             while Fig. 4(b) is at           . The 

temperature profile decreases with distance and become stabilized at a distance of approximately         for rock and 

        for fluid and there are no traceable effects of      and   on both rock and fluid temeprature profiles (Figure 5(a)). 

Here, the rock temperature profile is higher than that of the fluid. Figure 5(b) shows the rock and fluid begin to gain 

temperature at approximately         and        , respectively. The rock gains heat faster than the interstitial fluid at the 

same            and there are no traceable effects of      and   on the temperature profile. The patterns of the two 

temperature distributions are similar to those observed in Figures 4(a – b).  

 Figures 6(a – b) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) 
for different values of (    ) and fluid density (  ). Figure 6(a) is at            while Fig. 6(b) is at           . The 

temperature decreases with distance and becomes stabilized at different distances of approximately                    , 

respectively, with the increase of    and      for the rock (Figure 5(a)). The same trend is seen in the fluid temeprature at 

different stabilization distances:                    . This figure confirms that there is an effect of      and    on the 

temperature distribution of rock and fluid (Figure 6(a)). The temperature starts to increase with time at approximately    
                 , respectively with increase in    and       for the rock (Figure 6(b)). The same trend is seen in the fluid 

temeprature at different stabilization times:                     . With increase in      and   , the temeprature starts to 

decrease which confirms the effect of      and    on the temperature distributions of both rock and fluid (Figure 6(b)).   
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                                      (a)                                                                       (b) 

Figure 5. Variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for various      and    

values. 

 
                                      (a)                                                                       (b) 

Figure 6. Variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for different      and     

values. 

Figures 7(a – b) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for 
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volume of the solid phase. Any reduction in solid volume (and mass) will increase the rate of heating for a given amount of 

heat injected into the system.  While increased convection will reduce the solid temperature, increased rate of heating will 

increase solid temperature. These counteracting phenomena give rise to the existence of an optimal value, for which solid 

temperatue will begin to decrease.  However, this optimal value has not been investigated in this paper. The same trend is 

depicted in Figure 8(b). 

 Figure 8 also indicates that the solid temperature is consistently higher than fluid temperature. This behavior is not 

unexpected. In a porous medium, both solid mass and conductivity (see Table 1) are much higher than liquid mass and 

conductivity, respectively. This results in faster heat transfer within the solid phase.  Heat transfer within the fluid phase is 

mainly through convection, which depends largely on the flow rate. Higher injection rate will increase the convection, 

resulting in faster dissipation of heat within the fluid phase. However, the solid phase will remain relatively less affected 

because the role of convection is limited to rock-fluid interaction within the solid phase. It is possible that within certain 

injection rates, the temperature trends will reverse, but it was not investigated in this work. 

 
                                      (a)                                                                       (b) 

Figure 7. Variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for different      and    

values. 
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                                         (a)                                                                        (b)  

Figure 8. Variation of dimensionless temperature (  ) with (    )  for different porosity and       values. 

 

 Figures 10(a–b) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) at    
        but for different sets of      and    or    values. The temperature profile decreases with distance and become 

stabilized at a distance of approximately         for rock and         for fluid where there is no traceable effects of 

    ,     and    pronounced for both rock and fluid temeprature profile individually. Moreover, solid temperature profile is 

always higher than that of fluid temperature profile. Figures 10(c–d) depict the variation of dimensionless temperature (  ) 
with dimensionless time (  ) at a given distance (          ) for the same set of variables as in Figs. 10(a-b). Here, rock 

temperature distribution is higher than that of fluid temeprature as stated earlier. The rock and fluid start to gain temperature at 

approximately         and        respectively. The trend and behavior of the figures are same as stated for Figure 5(b) 

and 6(b). It is clear that there is no traceable effects of     ,   , and    on the temperature profile. 

 Figures 11(a–d) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) at    

        for different Peclet numbers (    ) with different (  ), (  ),      and (     ) values, respecively. The trend and 

behavior are the same as seen in Figures 10(a–b). There is no change of temeprature profile for   ,   , and    which indicate 

that those parameters do not have any significant influence on temperature profile. However, temperature distribution has an 

increasing trend for increase in        Rock and fluid temperature profiles show significant differences. 

 Figures 12(a – d) depict the variation of dimensionless temperature (  ) with dimensionless time (  ) for different Peclet 

numbers (    )  and different (  ), (  ),      and (     ) values, respectively at             The trend and behavior are 

the same as seen in Figures 10(c – d). There is no significant change of temeprature profile for   ,   , and    which indicates 

that those parameters do not have any significant influence on temperature profile. However, temperature distribution has an 

increasing trend for the increase of       (Figure 12(d)).   

 Figures 13(a–c) depict the variation of dimensionless temperature (  ) with dimensionless distance (  ) for different 

Prandtl numbers (   ) and different (  ),       and ( ) values, respectively at             There are no significant effects 

of          and   on dimensionless fluid and solid temperature distributions (Figures 13 (a, c)). The trend and behavior are the 

same as seen in Figures 11(a – c). Both dimensionless solid and fluid temperatures decrease with distance when     and     

increases (Figures 13 (b)). This indicates that both     and     have significant effects on temperature distribution which is 

similar to Figure 11(d).  For all the figures, both rock and fluid temperatures have significant differences. 

 Figures 14(a – c) depict the variation of dimensionless temperature (  ) with dimensionless time (  ) for different 

Prandtl numbers (   )  and different (  ),       and ( ) values, respectively at             The three figures show that 

rock temperature is more sensitive to          and   compared with fluid temperature. Fluid dimensionless temperature is less 

sensitive at the initial stage of steam flooding (Figures 14(a,c)). However, the temperature profile is more pronounced when 

         chanages with time (Figures 14(b)).  This is true for both solid and rock temperatures where rock temperature is very 

sensitive.    
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Figure 9. Variation of dimensionless temperature (  ) with permeability (k) for a given time (  ) at three locations (  ). 
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Figure 10. Variation of dimensionless temperature (  ) with dimensionless distance (  ) or time (  ) for different Nusselt 

number (    ), (  ) and (  ) values. 
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Figure 11. Variation of dimensionless temperature (  ) with dimensionless distance (  ) for different Peclet numbers (    )  

and different (  ), (  ),      and (     ) values.  
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Figure 12. Variation of dimensionless temperature (  ) with dimensionless time (  )  for different Peclet numbers (    ), 

and different (  ), (  ),     and (     ) values at a given distance.  
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Figure 13.  Variation of dimensionless temperature (  ) with dimensionless distance (  )  for different Prandlt 

numbers (   ), and different (  ), (   ), and ( ) values at a fixed   .  
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Figure 14.  Variation of dimensionless temperature (  ) with dimensionless time (  )  for different Prandlt numbers (   ), 
and different (  ), (   ), and ( ) values at a fixed   .  

 

CONCLUSIONS 

A set of mathematical models with the inclusion of “memory” concept is developed to investigate the temperature propagation 
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when continuous alteration phenomena happen within the porous medium. Results show that both rock and fluid temperature 

profiles are sensitive to space, time, system rheological properties, and fluid velocity. The effects of temperature on different 

reservoir parameters can be investigated using the proposed mathematical tool and dimensionless numbers.   
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NOMENCLATURE 

 

Latin Symbols 

 

   = total fluid compressibility of the system,    ⁄   

   = formation rock compressibility of the system,    ⁄  

   = total compressibility of the system,    ⁄  

    = specific heat capacity of injected fluid,      ⁄    

    = specific heat capacity of steam,       ⁄  

    = specific heat capacity of oil,      ⁄  

    = specific heat capacity of solid rock matrix,      ⁄  

    = specific heat capacity of water,       ⁄  

   = convection heat transfer coefficient,       ⁄     

  = original porous medium permeability,     

   = effective thermal conductivity of the system,        ⁄  

   = thermal conductivity of fluid,        ⁄   

   = thermal conductivity of gas,        ⁄   

   = thermal conductivity of oil,        ⁄   

   = thermal conductivity of solid rock matrix,        ⁄   

   = thermal conductivity of water,        ⁄   

  = distance between production and injection well along x direction,   

   =        = characteristic length i.e. pore throat diameter of the porous media,   

   = dimensionless length of the reservoir 

   = average system heat capacity,      ⁄  

     =       ⁄  = local Nusselt number, dimensionless  

     =            ⁄  = local Peclet number, dimensionless 

     =        ⁄  = pseudo Prandtl number, dimensionless 

  = pressure of the system,    

   = initial pressure of the system,    

   = Au = initial volume production rate,    ⁄       

      = Au = production volume flow rate of oil,    ⁄  

      = pore-throat radius, microns 

    = gas saturation, volume fraction 

   = oil saturation, volume fraction 

   = water saturation, volume fraction 

  = time, s 

  = temperature, K 

   = dimensionless temperature 

   = fluid temperature,   

   = initial reservoir temperature,   
   = reference temperature of injected fluid,   

    = average temperature of solid rock matrix,    
    = temperature of injected steam,  

    = dimensionless time 

    = fluid velocity in terms of memory,   ⁄      

   = dimensionless velocity 

   = flow dimension at any point along x-direction,   

   = dimensionless distance 

 

Greek Symbols 

 

  = fractional order of differentiation, dimensionless 
   =    ⁄  = kinematic viscosity (ratio of absolute or dynamic viscosity to density), m

2
/s  

  = ratio of the pseudopermeability of the medium with memory to fluid viscosity,         ⁄   
  = fluid dynamic viscosity,       
   = initial fluid dynamic viscosity,       
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  = a dummy variable for time i.e. real part in the plane of the integral, s 

     = gamma function 
   = fluid density,     ⁄    

  = porosity of the rock, volume fraction 

   = initial porosity of the rock, volume fraction 

    = density of fluid,     ⁄      

    = density of gas,     ⁄     

    = density of oil,     ⁄     

    = density of solid rock matrix,     ⁄     

    = density of water,     ⁄     
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Table 1: Fluid and rock properties for numerical computations 

 

 Fluid or rock property Fluid or rock property 

    = 29.7263 [      ⁄ ]     20% [vol/vol] 

    = 2.0934 [      ⁄ ]      60% [vol/vol] 

    =  0.8793 [      ⁄ ]    20% [vol/vol] 

    =  4.1868 ,      ⁄ ]     550 K 

   = 280.87  [        ⁄ ]     300 K 

   = 0.0143 [       ⁄ ]    16.7121 [    ⁄ ] 

    1.3962 [       ⁄ ]    800.923 [    ⁄ ] 

     9.3460 [       ⁄ ]    2675.08 [    ⁄ ] 

    3.7758 [       ⁄ ]     1000.0 [    ⁄ ] 

    10
-15

 [  ]      25% [    ⁄ ] 

     48263299.0 [Pa ]      10 Pa.s [    ⁄ ]   

    12.473       [   ⁄ ]          
  ⁄  ,          ⁄ - 

             
    ,   ⁄ -                        

 

 


