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Abstract
The heterogeneity in the spatial distribution of initial water saturation influences the performance of hot water flooding. 
The prospect of a reduction in oil recovery arises from the development of viscous instability. In the present study, a 
numerical simulation model has been developed by coupling heat transport, and multiphase flow in porous media inte-
grated with the non-isothermal flow, and the numerical model has been verified with the existing analytical solution by 
Buckley and Leverett. The formation of a wavy temperature profile at the condensation front was found with a decreased 
depth of temperature penetration. The average rise of temperature is drastically affected by the spatial distribution of 
initial water saturation. The formation of viscous fingering was highly dominating in the reservoir, with initial water 
saturation randomly distributed and causing the front to move in an irregular pattern from the initial stage of the flood-
ing. The heterogeneous reservoir with initial water distribution showed the earlier formation of viscous fingering than 
the homogeneous reservoir. The heterogeneity in the spatial distribution of initial water saturation had caused viscous 
instability, lower viscosity reduction, lower displacement sweeps efficiency, and higher residual oil saturation. The pre-
sent study is limited to spatial distribution in initial water saturation to a certain degree of heterogeneity. The heteroge-
neity in the spatial distribution of initial water saturation highly impacted the production performance of hot water 
flooding. The present study provides an idea for the implementation and future development of hot water flooding in a 
randomly initial water saturation distributed environment. 
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1. Introduction

Heavy oil is becoming one of the essential energy re-
sources as conventional oil has been depleting significant-
ly in recent years (Huang et al., 2023). The world’s heavy 
oil reserves are approximately 5.6 trillion barrels. Heavy 
oil has a viscosity range of 50 to 50000 mPa.s (Mai and 
Kantzas, 2009). Generally, crude oil with a viscosity 
higher than 100 mPa∙s can be assumed as heavy oil. The 
challenge is recovering such high viscosity of heavy oil 
from the deep reservoirs (Wang et al., 2021).

The homogenous reservoir description is straightfor-
ward. The properties of the reservoir do not change as a 
function of spatial location in the homogenous reservoir. 
The reservoir fluid and rock properties remain uniform 
inside the reservoir at each location. On the other hand, 
the reservoir properties such as permeability, porosity, 
thickness, saturation, rock characteristics, rock facies, 
faults, and fractures vary as a function of spatial location 

in the heterogenous reservoir (Ahmed, 2010). Reservoir 
heterogeneity performs a necessary function in the 
buildup and production of hydrocarbon reservoirs and 
limits the seepage factors of oil, gas, and water, dictates 
the grade of the reservoir, and controls the grade of the 
reservoir (Wang, 2021). So, the understanding of the 
heterogeneity of reservoirs is an initial step toward the 
better development of oil fields and their performances. 
Understanding reservoir heterogeneity provides insight 
to the reservoir engineer to execute the project efficient-
ly and effectively.

Hot water flooding is one of the techniques of tertiary 
hydrocarbon recovery. It is now adopted as a relatively 
economical thermal recovery method as it comprises 
sensible heat only (Zhao and Gates, 2013; Wang et al., 
2021; Farouq Ali 1974; Han et al., 2017; Gai et al., 
2012). The water injected inside the reservoir transfers 
heat energy to the reservoir fluid. The reservoir fluid 
temperature increases, and hence, the temperature of the 
reservoir fluid increases, and the viscosity of the reser-
voir fluid decreases. The decreased viscosity of the res-
ervoir fluid makes fluid more movable inside the reser-
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voir, which helps increase hydrocarbon production 
through the production well. Heating also reduces the 
interfacial tension and residual oil saturation, which 
cause an improvement in the displacement sweep effi-
ciency. However, quite limited research was reported 

regarding the application of hot water flooding in petro-
leum reservoirs (Wang et al., 2021). 

Hot water flooding is affected by the mobility ratio 
due to the difference in heavy oil and water mobility. 
The viscosity of heavy crude oil is higher than water, 

Figure 3: The conceptual model illustrating hot water flooding in 2D reservoir homogenous  
and heterogenous porous media with desired boundary conditions

Figure 1: The conceptual model illustrating hot water flooding in 3D cross-sectional homogenous  
and heterogenous porous media

Figure 2: The conceptual model illustrating hot water flooding in 2D cross-sectional homogenous  
and heterogenous porous media specified dimensions based on assumptions
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and therefore water mobility is higher than heavy oil. It 
is one of the reasons which causes water fingering 
through the reservoir. It is required to control the hot wa-
ter injection rate inside the reservoir to reduce the effect 
of water fingering (Mai and Kantzas, 2009).

The hot water injected into the reservoir delivers less 
heat to the reservoir fluid than the steam flooding be-
cause of the absence of latent heat in hot water, and hot 
water has difficulty causing the overlap of gravity flow. 
Hence, it is less effective in reducing the heavy oil vis-
cosity. However, at the same time, hot water flooding 
has an advantage over steam flooding because it can be 
applied to a thin pay zone (Zhao and Gates, 2015). Wa-
ter viscosity is much higher than steam, so it gives better 
displacement sweep efficiency than steam (Martin et 
al., 1967). The injection pressure of hot water flooding is 
higher than steam flooding at any particular temperature. 
As the pressure of water flooding is higher, it makes hot 
water remain at a higher temperature during a hot water 
state. Hot water is also cheaper to inject in comparison 
to steam, because of the low cost of pumping and the 
supports of high hydrostatic pressure gradients on the 
injection pressure (Zhao and Gates, 2015; Wang et al., 
2021; Wu & Liu, 2019). The temperature distribution of 
hot water on the reservoir tells the thermal influence of 
hot water inside the in-situ fluid and the temperature of 
the oil layers (Han et al., 2017).

Presently, numerous research published focused on hot 
water flooding in the reservoir, mainly focused to thermal 
recovery mechanisms by experimental techniques. The 
hot water recovery mechanisms are analyzed by perform-
ing several laboratory experiments (Ashrafi et al., 2012; 
Jensen et al., 1992; Karimaie and Torsæter, 2007; 
O’Carroll and Sleep, 2009; Luo and Torabi, 2013; 
O’Carroll and Sleep, 2007; Pang et al., 2015; Tang and 
Kovscek, 2004). Nevertheless, the transient temperature 
effect was ignored while experimenting, whereas the ef-
fect of injection velocity and reservoir parameters on the 
recovery of the reservoir were analyzed in previous stud-
ies of hot water flooding. The impact of the oil recovery 
highly depends on the micro distribution of initial oil and 
water in porous media (Liu et al., 2023). Heterogeneity 
due to porosity and permeability were studied associated 
with the reservoir, but heterogeneity associated with the 
spatial distribution of initial water saturation was seen as 
missing in the previous studies. 

Modelling is a systematic representation of field con-
ditions with the help of set of mathematical governing 
equations. The set of governing equations are discretized 
using explicit or implicit formulations (Srinivasa Red-
dy & Suresh Kumar, 2015). The multiphase flow mod-
elling in porous media is challenging. Understanding 
these mediums is an open challenge. Several researchers 
worked in the field of contaminant transport, CO2 se-
questration, and the recovery of petroleum by secondary 
and tertiary enhanced methods (Gudala and Govin-
darajan, 2021; Kumar and Reddy, 2017; Pavan et al., 
2022; Vulin et al., 2018; Ansari & Govindarajan, 

2022; Cheng et al., 2023; Sivasankar & Suresh Ku-
mar, 2018; Arnaut et al., 2021; Duru et al., 2022). The 
objective of the present study is to understand the effect 
of heterogeneity associated with initial water saturation 
on the thermal and rheological state of reservoir fluids, 
residual oil, and water saturation and displacement effi-
ciency, which are important parameters to decide the 
production forecasting of oil. In the present study, tem-
perature profiles and viscous fingering in a randomly 
distributed environment have been studied. The water 
front movement has been visualised at the different spa-
tiotemporal variation conditions. The effect of the rise of 
the temperature on the average viscosity of the heavy oil 
has been analyzed and its effect on the residual oil satu-
ration and displacement efficiency have been investi-
gated under non-isothermal conditions. 

2. Conceptual Model
The representative elementary volume in the ‘XY’ 

and ‘XZ’ planes is considered initially. It is considered 
that the porosity, initial water saturation, and permeabil-
ity are the same at each location on the ‘XZ’ plane, but 
porosity and initial water saturation are assumed to be 
different in the ‘XY’ plane at a different location. As the 
rock properties considered in the ‘XZ’ plane are the 
same and the ‘XY’ plane is different, studying a two-di-
mensional reservoir gives a better understanding of the 
heterogeneity of the reservoir. Hence, we have convert-
ed the three-dimensional reservoir into a two-dimen-
sional reservoir model. The schematic of conceptual 
modelling has been represented in Figures 1, 2, and 3.

3. Mathematical modelling
3.1 Assumptions

The reservoir is assumed cross-sectional two dimen-
sional in view under local thermal equilibrium (Ts = Tf = 
T). It is considered to have no heat source and have a 
high heat transfer coefficient. The overburden and un-
derburden heat transfer is considered negligible. The 
viscosity of oil and water is assumed to follow linear 
interpolation with the temperature, as shown in Table 1.

3.2 Governing equations 

The mathematical equations employed in the present 
study to analyze the pressure, temperature, and satura-
tion variation of water in the reservoir are described in 
Equations 1, 6, 7 and 8 (COMSOL Multiphysics). The 
governing equation for the heat transport in porous me-
dia at local temperature equilibrium is represented in 
Equation 1.

  (1)

Where:
q  - the conduction heat transport (W),
ρw’ - the density of water (kg/m3),
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ρo’ - the density of oil (kg/m3), 
Cw’ - the heat capacity of water (J/kgK),
Co’ - the heat capacity of oil (J/kgK), 
Am - area of flow (m2), 
u  - the convection velocity of the fluid (m/s), 
T  -  temperature of the rock and fluid at local thermal 

equilibrium (K). 
The conduction heat transport equation is taken from 

Fourier’s law of heat conduction which is represented 
below.
  (2)

Effective heat capacity  at constant pressure 
and effective thermal conductivity Kek are represented in 
Equation 2 and Equation 3 respectively.

  (3)

and

  (4)

Where:
θP’ - the volume fraction of rock, 
ρ - the density of rock (kg/m3), 
ks, ko and kw -  the thermal conductivity of rock, oil, 

and water (W/mK),
Cp’ - the heat capacity of rock (J/kgK). 
For no heat flow across overburden and underburden.

  (5)

Where ‘Q’ heat flux crossing the top and bottom 
boundaries.

The governing equations which are solved in mul-
tiphase flow are based on the mass conservation and the 
momentum conservation equations. The mass conserva-
tion and momentum conservation equation for both the 
phase are written below in Equation 6, Equation 7 and 
Equation 8. 

  (6)

  (7)

  (8)

Where:
  -  reservoir porosity, 

So’ and Sw’  -  saturation of oil phase and water phase, 
Qw’ and Qo’ -  mass flux rate of water and oil phase (kg/

m2s), 
K  -  the permeability of the reservoir (m2), 
g  -  the gravitational acceleration (m/s2), 
uo’ and uw’ -  velocity of oil and water phase (m/s), 
µw’ and µo’ -  the dynamic viscosity of water and oil 

phase (Pa.s), 

po and pw -  oil and water phase pressure field (Pa),
kro’ and krw’ -  the relative permeability of oil and water 

phase. 
The flow across top and bottom boundaries (overbur-

den and underburden) conditions;

  (9)

The fluid flow is analyzed in the presence of capillary 
effect. The influence of capillary pressure on the fluid 
flow is added using the Brooks and Corey model in mo-
mentum equation, which are written in Equation 12, 
Equation 13 and Equation 14 (Brooks and Corey, 
1964).

  (10)

  (11)

  (12)

  (13)

  (14)

Where: 
Snw and Sno -  normalized water and oil saturation, 
Sro and Srw -  residual oil saturation and irreducible wa-

ter saturation,
 -  entry capillary pressure (Pa), 

Pc -  capillary pressure (Pa),
ɛ -  pore size distribution index.

3.3  Mathematical relation for the coupled impacts 
on the reservoir fluid and rock properties

The porosity and permeability are varied as a function 
of transient reservoir pressure which is represented in 
Equation 15 and Equation 16 (Nabizadeh et al., 2022; 
Wang et al., 2016). The thermal conductivity of reser-
voir rock and water varied as a function of temperature, 
which is represented in Equation 17 and Equation 18 
(Gudala et al., 2022). The viscosity of reservoir fluid 
and injected fluid is taken as a function of temperature, 
which is shown in Table 1 (Nakornthap and Evans, 
1986).

  (15)

  (16)

  (17)

  (18)
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Where: 
 - initial porosity,
 - initial permeability (m2), 

C - compressibility of rock (Pa-1), 
Po - initial pressure of the reservoir (Pa), 
P - transient pressure of the reservoir (Pa).

condition of unconventional reservoir having sandstone 
rock and heavy viscous oil, have been taken from litera-
ture are shown in Table 2 (Cheng et al., 2013; Nassan, 
2018; Gudala and Govindarajan, 2021; Helland and 
Skjæveland, 2006; Iyi et al., 2022; Marotto and Pires, 
2018; Mohammadi and Ameli, 2019; Pang et al., 
2021; Zhao and Gates, 2015; Nabizadeh et al., 2022; 
Liu et al., 2020). The implementation of the simulation 
was performed in COMSOL Multiphysics. The simula-
tion was carried out after performing the mesh conver-
gence studies. 

Figure 4: Schematic of heterogeneity associated with initial 
water saturation

Table 1: Viscosity temperature relation of hot water and oil 
at various temperatures

Temperature (K) µo (Pa∙s) µw (Pa∙s)
294.261 0.03090 80 x 10-5

310.928 0.01995 62 x 10-5

322.039 0.01412 50 x 10-5

338.706 0.00977 38 x 10-5

355.372 0.00759 32 x 10-5

366.483 0.00631 28 x 10-5

394.261 0.00354 21x 10-5

4. Numerical model

4.1  Description of homogenous and heterogenous 
porous media 

The representation of schematic of distribution of ini-
tial water saturation have been represented in Figure 4. 
The fluid and rock properties are selected to meet the 

Table 2: Physical properties of the fluids and formation 
matrix 

Parameter Value
Initial porosity 0.26
Initial oil saturation 0.85
Water density (kg/m3) 1000
Oil density (kg/m3) 980
Rock density (kg/m3) 2600
Specific heat capacity oil (J/KgK) 2785.5631
Specific heat capacity rock (J/KgK) 720
Specific heat capacity water (J/KgK) 4200
Initial permeability (mD) 14
Initial reservoir temperature (°C) 50
Entry capillary pressure (kPa) 10
Pore size distribution index 2
Thermal conductivity of oil (kJ/m day °C) 11.5
Injection temperature (°C) 120
Injection pressure (MPa) 30
Initial reservoir pressure (MPa) 20
Production pressure (MPa) 10
Inlet velocity (m/s) 2.94×10-6

Compressibility of rock (Pa-1) 1.45×10-9

Initial conditions: Initially reservoir water saturation, 
temperature and pressure are assumed to have 15%, 
50°C and 20 MPa. 

Boundary conditions: The Dirichlet and Neumann 
type boundary condition has been applied in the simula-
tion. The overburden and underburden is assumed as a 
no flow condition. The boundary conditions are taken 
carefully as represented below.

Left and right boundary

 T (0, y, t) = Injection Temperature (19)

 T (x=L, y, t) = Initial reservoir temperature (20)

  (x=0, y, t) =  ×U (x=0, y, t) (21)

  (x=0, y, t) = 1-Sro (22)

	 -η.	( )	(x=0,	y,	t)	=	η.	( ) (x=0, y, t) = 0 (23)

Residual oil saturation 0.05

The two-dimensional oil-wet porous media with an 
average initial water saturation of 0.05 is assigned for 
the studies. The cap rock configuration has been consid-
ered tight enough not to cause a disturbance to the initial 
water saturation. The spatial distribution of initial water 
saturation is randomly assigned using a uniform proba-
bility distribution. The randomness in saturation has 
been adopted to consider the effect of the wettability, in-
terfacial tension but more importantly capillary pres-
sure, which is the result of pore-system morphology of 
reservoir system (Liu et al., 2023). According to pore 
system morphology, the presence of overburden pres-
sure may cause the shrinkage of the pore at lower depths 
which reduces the flow of water through the lower zone 
whereas the flow is enhanced at the higher rock zone. 
For the numerical simulation, the cross-sectional view 
of the porous media with a dimension of 100 m by 30 m 
has been taken in two-dimension, which is shown in 
Figures 2 and 3.
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Where:
 - mass flux rate of water (kg/m2s),
 - the density of water (kg/m3),

U – inlet velocity (m/s),
 - water phase saturation,

Sro – residual oil saturation, 
 - the density of oil (kg/m3),

 - oil phase velocity (m/s),
 - mass flux rate of oil (kg/m2s).

4.2 Execution of COMSOL Multiphysics

COMSOL Multiphysics was employed in the present 
work to study the multiphase fluid flow in a reservoir 
under the coupled effect of the heat transfer. It was ap-

Figure 5: Workflow chart of coupled energy transport and multiphase flow model
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plied in the porous media applications in the educational 
sector, research organizations and industries (Gudala & 
Govindarajan, 2021). The multiphase module was uti-
lized in this work, coupled with heat transfer. The Brooks 
and Corey model was implemented to incorporate the 
effect of capillary pressure on the saturation of water on 
the application of hot water flooding. The variation of 
the rock and fluid properties was considered explicitly as 
non-static local variables. The basic flow sheet is shown 
for the numerical model implementation in COMSOL in 
Figure 5. The temporal step discretization was per-
formed using the implicit backward differentiation for-
mula. The nonlinear system of equation was solved us-
ing the Parallel Direct Solver with a pivoting perturba-
tion of 10-13 in alliance with the Newton nonlinear 
method. 

5. Results and discussion

The impact of a fully coupled multiphase flow and 
heat transfer in a porous medium was investigated ef-
fectively at variable porosity and permeability in ho-
mogenous and heterogenous reservoir under transient 
temperature and pressure condition. The transient tem-
perature and pressure plot have been presented in Fig-
ures 7, 8, 9 and 10. 

5.1 Validation of model

In this work, saturation front displacement was vali-
dated using a two-phase Buckley-Leverett flow equation 
in one dimension (Buckley and Leverett, 1942). The 
numerical values used to find the waterfront displace-
ment were kept the same except for viscosity. The vis-
cosity of the fluid was kept constant to neglect the effect 
of temperature to meet the result of the analytical solu-
tion of the Buckley Leverett. The present work water 
front displacement was verified using the analytical so-

lution of front displacement using Buckley Leverett flow 
equation. It was observed that the frontal displacement 
of the present work had shown excellent agreement with 
the analytical solution represented in Figure 6. The 
frontal advancement was verified for 50 days. Buckley 
Leverett frontal advance was studied accurate even for 
the certain degree of heterogeneity (Singh, 1970). 
Hence, the same model has been extended after gaining 
the confidence in one dimension study to two dimen-
sions for further investigation of certain degree of het-
erogeneity in initial water saturation on the performance 
of hot water flooding under non-isothermal conditions.

5.2  The influence of heat transfer on temperature 
field distribution in porous media

The heat transport equation was coupled to mul-
tiphase flow in porous media to understand the distur-
bance of initial water saturation on the temperature dis-
tribution. The depth of penetration of the temperature 
and the nature of the profile is shown in Figures 7 and 8. 

The temperature distribution was found to propagate 
rapidly in the upper layer of the reservoir. The rapid tem-
perature transition in the upper layer was due to the den-
sity difference of hot fluid and higher conduction heat 
transfer. In a homogenous reservoir, the temperature 
front was observed to penetrate 40.5 m in the reservoir 
in 320 days, whereas the temperature front was observed 
to reach 31 m in a heterogenous reservoir with random 

Figure 6: Verification of water saturation profile of the 
present numerical model with Buckley and Leverett (1942).

Figure 7: Spatiotemporal variation of Temperature (K)  
in a homogeneous reservoir
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Figure 11: Schematic illustrating the variation of average 
temperature of reservoir with time enhancement

Figure 8: Spatiotemporal variation of Temperature (K)  
in a heterogeneous reservoir

Figure 9: Spatiotemporal variation of Pressure (10-1 MPa)  
in a homogeneous reservoir

Figure 10: Spatiotemporal variation of Pressure (10-1 MPa)  
in a heterogeneous reservoir

initial water saturation distribution in the upper layer in 
320 days. The temperature front was observed to follow 
the same trends in the middle layer and bottom layer of 
the reservoir. The bottom layer of the reservoir was ob-
served to have less temperature penetration depth in 
each situation. The heat transfer in the reservoir was ob-
served to dominate in the upper layer regardless of het-
erogeneity.
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The average temperature of the reservoir was ob-
served to be drastically impacted by the initial water 
saturation distribution. The average temperature of a res-
ervoir with time elapsed has been presented in Figure 
11. The average temperature of the reservoir was highly 
degraded when the heterogeneity in initial water satura-
tion was incorporated. The uneven distribution of water 
might cause a disturbance to the relative permeability, 
which caused the improper displacement of the tempera-
ture front and reduced heat transfer. It shows that the 
heterogeneity in initial water saturation is of huge con-
cern in the planning and development phases.

5.3  The effect of heterogeneity on water saturation 
front and viscous instability

The saturation front displacement was analyzed in the 
homogeneous and heterogeneous reservoirs. The effect 
of heterogeneity on the saturation front and viscous in-
stability was analyzed under transient pressure and tem-
perature condition using Figures 12 and 13. The satura-
tion front was observed to be smooth till 245 days and 
started to develop viscous instability after 245 days in a 
homogeneous reservoir. In contrast, heterogeneity due 
to initial water saturation formed viscous instability at 
117 days. In a heterogeneous reservoir, the saturation 
front disturbance started early because of the variation 
of the water saturation in the reservoir. The relative per-
meability of water was enhanced in the region having 
high water saturation. The uneven nature of the relative 
permeability of the waterfront at a spatial location caus-
es viscous instability. The oil’s viscosity reduction was 
observed more at the location of viscous instability be-
cause of the viscous dissipation, which makes the water 
saturation front move fast and becomes responsible for 
forming the viscous shielding and fingering. Viscous 
shielding dominated in the heterogeneous reservoir due 
to disturbance in the initial water saturation. The viscous 
dissipation effect was almost negligible in the homoge-
neous reservoir, which makes the water saturation front 
move smoothly inside the reservoir. Heterogeneity is 
caused by the viscous shielding and fingering effect in 
the reservoir from the early period of flooding.

5.4  The effect of time elapsed on the viscosity  
of oil, residual oil saturation and displacement 
sweep efficiency

The viscosity of oil was observed to reduce with time 
enhancement. The homogeneous reservoir was found to 
have a drastic reduction in viscosity, whereas the hetero-
geneous reservoir found a slow decline in viscosity 
which is presented in Figure 14. The magnitude of the 
viscosity reduction was found not significant in the het-
erogeneous reservoir compared to the homogeneous res-
ervoir, which reduces the mobility of the oil phase and 
causes the reduction in the recovery factor. 

Figure 13: Spatiotemporal variation of water front 
displacement in a heterogeneous reservoir

Figure 12: Spatiotemporal variation of water front 
displacement in a homogeneous reservoir
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The residual oil saturation was noted to fall mainly in 
the homogeneous reservoir compared to the heterogene-
ous reservoir. The difference in residual oil saturation 
decline of the heterogeneous reservoir was observed at 
1.2 % constant till 100 days. The difference in residual 
oil saturation started increasing and was observed at 2.9 
% till 300 days, and later it reached 5.7% compared to 
the homogeneous reservoir. The fall in residual oil satu-
ration was noticed to be impacted by the disturbance in 
initial water saturation. It can be analyzed from Figure 
15 the initial water saturation distribution impacted the 
residual oil saturation drastically.

The displacement sweep efficiency was noted to de-
cline with the reservoir incorporated with heterogeneity. 
This happened because of the disturbances associated 
with the reservoir. The initial water saturation distribu-
tion played a crucial role in reducing oil recovery. The 
front was noted to sweep rapidly in the region of signifi-
cant water saturation compared to the region where the 
initial water saturation was low. Hence, the displaced 
fluid saturation was observed to fall, which caused an 
increase in the residual oil saturation inside the reservoir. 
The heterogeneous reservoir with initial water saturation 
randomly distributed was observed with a low decre-
ment in the residual oil saturation. The heterogeneity 
owing to initial water saturation affected the displace-
ment efficiency of hydrocarbon drastically, which could 
be interpreted from Figure 16.

6. Conclusions

A numerical study has been performed to understand 
the impact of heterogeneity in the spatial distribution of 
initial water saturation on the production performance of 
hot water flooding under non-isothermal conditions. 
Very few earlier studies on the detailed spatial distribu-
tion of initial water saturation are associated with the 
development of present numerical work toward the per-
formance of hot water flooding in estimating the dis-
placement sweep efficiency and viscous instability. The 
purpose of the present study is to analyze the role of the 
spatial distribution of initial water saturation on the tem-
perature profiles and viscous fingering in a randomly 
distributed environment and understands its impact on 
the displacement sweep efficiency and residual oil satu-
ration. COMSOL Multiphysics has been employed 
which uses the finite element method to solve the cou-
pled heat transport and multiphase flow integrated with 
the non-isothermal flow. The spatial distribution in ini-
tial water saturation is incorporated into the coupled 
model using an active local variable. The water front 
displacement was validated against the Buckley Lever-
ett frontal advance to gain confidence in simulating the 
hot water flooding. 

The heterogeneity in the spatial distribution of initial 
water saturation highly impacted the production perfor-
mance of hot water flooding. The temperature of the res-

Figure 16: Schematic illustrating the variation of 
displacement sweep efficiency with time enhancement

Figure 14: Schematic illustrating the variation of average 
viscosity of oil with time enhancement

Figure 15: Schematic illustrating the variation of residual oil 
saturation with time enhancement
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ervoir increased with the time hot water elapsed, and the 
depth of penetration of temperature also increased with 
time. The temperature penetration depth was reduced 
with the initial water saturation distribution and was 
dominating on the upper layer of the reservoir in both 
cases. The amount of energy exchanged was impacted 
by the disturbance in initial water saturation. In a homo-
geneous reservoir, the saturation front movement was 
initially smooth but started forming viscous instability 
after 245 days. The heterogeneous reservoir showed the 
formation of viscous instability after 117 days. The pres-
ence of a randomly initial water saturation environment 
significantly impacted displacement sweep efficiency 
and residual oil saturation inside the reservoir. The rela-
tive decrease in displacement efficiency in heterogene-
ous media was 10.20% in comparison to the homogene-
ous media. Heterogeneity has shown a very crucial ef-
fect on the saturation front movement and caused early 
viscous instability, hence impacting the production per-
formance. Production forecasting can be achieved effec-
tively and efficiently if the heterogeneity of the reservoir 
owing to the spatial distribution in initial water satura-
tion is kept in attention while designing and executing 
the project.

The present study is limited to a certain degree of het-
erogeneity in the spatial distribution of initial water satu-
ration. It is recommended to explore the spatial distribu-
tion of initial water saturation along with the porosity 
and permeability distribution in sandstone and carbonate 
reservoirs with or without geomechanical consideration 
to analyze the overall effect on the production perfor-
mance at a higher degree of heterogeneity.
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SAŽETAK

Numeričko modeliranje utjecaja početne distribucije zasićenja vodom  
na izvedbu zavodnjavanja toplom vodom u neizotermnim uvjetima

Heterogenost u prostornoj distribuciji početog zasićenja vodom utječe na izvedbu zavodnjavanja toplom vodom. Sma-
njenje iscrpka nafte proizlazi iz povećanja nestabilnosti viskoznosti. U ovom je istraživanju razvijen numerički simula-
cijski model, koji uključuje prijenos topline i višefazni protok u poroznoj sredini integriran s neizotermnim protokom, 
pri čemu je navedeni numerički model potvrđen  postojećim analitičkim rješenjem Buckleya i Leveretta. Sa smanjenem 
dubine prodiranja topline utvrđeno je stvaranje valovitog temperaturnog profila na fronti kondenzacije. Na prosječni 
porast temperature drastično utječe prostorna raspodjela početnog zasićenja vodom. U ležištu s nasumično raspoređe-
nim početnim zasićenjem vodom domininantno je bilo prstoliko prodiranje vode (engl. fingering) koje je od početne faze 
zavodnjavanje uzrokovalo pomicanje fronte u nepravilnom obrascu. Heterogeno ležište s početnom raspodjelom vode 
pokazalo je raniju pojavu prstolikog prodiranja utisnute tople vode od homogenog ležišta. Heterogenost u prostornoj 
distribuciji početnog zasićenja vodom uzrokovala je nestabilnost viskoznosti, manje smanjenje viskoznosti, niži koefici-
jent istiskivanja fluida  i veću zasićenost zaostalom naftom. Ovo istraživanje je ograničeno na prostornu distribuciju 
početnog zasićenja vodom do određenog stupnja heterogenosti. Heterogenost u prostornoj distribuciji početnog zasiće-
nja vodom uvelike je utjecala na proizvodni učinak zavodnjavanja toplom vodom. Ovo istraživanje daje ideju za imple-
mentaciju i budući razvoj zavodnjavanja toplom vodom u poroznoj sredini s nasumično raspodijeljenim početnim zasi-
ćenjem vodom.

Ključne riječi: 
numerička simulacije; koeficijent istiskivanja fluida; heterogenost; zavodnjavanje toplom vodom; nustaljena tempera-
tura
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