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Abstract—A hybrid quasi-steady thermal lattice Boltzmann 
model was used to study the combined effects of temperature and 
contact angle on the movement of slugs and droplets of oil in water 
(O/W) system flowing between two parallel plates. The model static 
contact angle due to the deposition of the O/W droplet on a flat 
surface with simulated hydrophilic characteristic at different fluid 
temperatures, matched very well the proposed theoretical calculation. 
Furthermore, the model was used to simulate the dynamic behavior 
of droplets and slugs deposited on the domain’s upper and lower 
surfaces, while subjected to parabolic flow conditions. The model 
accurately simulated the contact angle hysteresis for the dynamic 
droplets cases. It was also shown that at elevated temperatures the 
required power to transport the mixture diminished remarkably.  
 

Keywords—Lattice Boltzmann method, Gunstensen model, 
thermal, contact angle, high viscosity ratio.  

I. INTRODUCTION 

RUDE oil recovery is an important process, in which oil 
extraction has many difficulties in the miscellaneous 

stages of production and development. Thermal recovery 
method is used to improve the crude oil mobility especially for 
reservoirs containing heavy oil [1].  

Babadagli and Al-Bemani [2] studied the influence of steam 
injection on heavy oil inside carbonate reservoir rock. They 
found that the mechanism of thermal expansion was the main 
cause of the recovery.  

Babadagli [3] investigated the role of temperature on the 
mechanism of capillary imbibition. He used 3D capillary 
imbibition tests with a temperature range of 20-90oC. 
Babadagli utilized different types of O/W with wide range of 
interfacial tensions and viscosity ratios. The author found a 
reduction in interfacial tension and viscosity as temperature 
increased, which significantly altered the rate of capillary 
imbibition.  

Several research efforts targeted the chalk-water-crude oil 
interactions [4]-[10]. The authors showed that in the oil- 
water- rock system, the increase in temperature led to 
improving the water wetness of oil-wet chalk and resulted in 
an increased oil recovery, associated with a considerable 
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reduction in interfacial tension and contact angle. 
Al-Hadhrami and Blunt [11], [12] investigated the effect of 

temperature on the wettability alteration in oil-wet fractured 
carbonate reservoirs. They used hot-water injection and steam 
flooding in their investigation. Their results showed that as 
temperature increased the wettability changed from oil-wet to 
water-wet. 

Briggs et al. [13] studied heavy oil field numerically. They 
concluded that the oil viscosity had to be reduced in order to 
increase the efficiency of capillary imbibition, which led to an 
increased oil recovery. This target was accomplished by 
introducing heat into the oil field. 

Shi and Dhir [14] used Lennard-Jones molecular dynamics 
approach for simulating liquid and water droplets adjacent to 
a solid surface. The contact angle was obtained by using direct 
simulation. The particle-particle, particle-mesh method for 
long-range force correction was used in the simulation. The 
contact angle was derived as a function of system temperature 
and the solid/fluid interaction potential. The study concluded 
that the contact angle decreased with increasing system 
temperature and increased when the potential decreased. 

Huang et al. [15] proposed a method for approximating the 
adhesion parameters in the Shan and Chen multicomponent, 
multiphase lattice Boltzmann model, which leads to the 
desired fluid-solid contact angle. The method is a 
straightforward application of Young’s equation with 
substitution of the Shan and Chen cohesion parameter with a 
density factor for the fluid-fluid interfacial tension, and the 
adhesion parameters for the corresponding fluid-solid 
interfacial tensions. 

In this work, a thermal lattice Boltzmann model is coupled 
with a temperature dependent interfacial tension and contact 
angle modules to study the combined multi-physics effects on 
SAE-50 O/W system. The thermal-capillary effects have 
direct impact on the transport properties of crude oil. The 
model static contact angles on two channels with different 
surface energies were validated at different temperatures by 
comparison with the results of the mathematical model. The 
model was also used to simulate the dynamic behavior of the 
O/W system flowing between two parallel plates. Oil slugs 
and droplets attached to the upper and lower walls were 
investigated. The aim is to improve our understanding of the 
underlying physics associated with the secondary and tertiary 
extraction process of trapped crude oil in wells by injecting 
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hot water. 

II. NUMERICAL METHOD 

A. LBM and the Gunstensen Model 

The Bhatnagar-Gross-Krook (BGK) lattice Boltzmann 
(LBM) isothermal, single-relaxation model used in this work. 
LBM basic equation is derived from the Boltzmann kinetic 
equation:  

 

1
( )eqdf

f f f
dt 

       (1) 

 
where f  is the density distribution function,   is the 

macroscopic velocity, eqf  is the equilibrium distribution 

function, and   is the physical relaxation time. Equation (1) 
is first discretized by using a set of velocities  i  

confined to 

a finite number of directions and this leads to: 
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Fig. 1 Velocity vectors for the D2Q9 lattice Boltzmann method used 
in this model 

 
The Gunstensen multi-component model uses a color blind 

total density distribution function given by: 
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The collision step is first executed by using: 
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The lattice space 
x  

and the lattice time step t  
are taken as 

unity and their ratio 1x tc    , while q  refers to the light 

and heavy fluids and ( )i x  is the source term.  

A phase field function is used to track the O/W interface 
and it is calculated as: 
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The constituent fluids densities are given by: 
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After collision, the mixture is segregated, and the streaming 

step is executed by: 
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The macroscopic density and momentum are obtained from 

the distribution function as: 
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The kinematic viscosity is a function of the lattice 

relaxation time  , the square of speed of sound sc and it is 

given by: 
 

 
2( 0.5) s tc                                    (10) 

B. The Quasi-Steady Thermal Model 

Assuming small variations in the thermal fluid properties 
and no phase change due to temperature rise or fall, the 
following energy equation is used for the calculation of the 
flow temperature profile: 

 

   
  2

t ifsT T D T      u   (11) 

 
In (11) 

tT  accounts for the fluid temperature change in 

time,  T u
 
is the convection term, and 2

ifsD T  
is the 

diffusion term,   
accounts for the flow viscous dissipation. It 

is important to note that in the described model the lattice 
physical temperatures have a one to one relation. For more 
information about the thermal model the reader is referred to 
Hasan et al. [16]. 

C. The Surface Tension Temperature Depended Model 

The temperature dependent surface tension used here was 
presented in the work of Ganesan et al. [17]. 
 

  1( ) ( )f ref f refT C T T       (12) 

 
The value for C1 was calculated by using physical data for 
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oil in water system shown in Table I.  
 

TABLE I 
INTERFACIAL TENSIONS AT DIFFERENT TEMPERATURES 

Temperature (oC) Interfacial Tension (N/m) 

0 0.0271 

10 0.0253 

20 0.0235 

30 0.0217 

40 0.0199 

50 0.0181 

60 0.0163 

70 0.0145 

80 0.0127 

 
In order to use (10) for the simulation, the lattice initial 

surface tension 
0  was selected such that the lattice Eötvös 

number matched the physical number given by: 
 

   
2

0

g
Eo








    (13) 

 
where   is the characteristic length and g  is acceleration due 

to gravity of the matrix and   is the density difference.  

D. The Contact Angle Temperature Depended Model 

Venkatesan et al. [18] derived the following theoretical 
temperature dependent contact angle equation: 
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                 (14) 

 
where, 

d  is the temperature dependent dynamic contact 

angle, ref  is the equilibrium contact angle at the reference 

temperature, and 
ref  is the interfacial tension at reference 

temperature. 
The contact angle in the Gunstensen LBM can be achieved 

by assigning a phase field value for the wall. The calculated 
angles from (14) for several reference temperatures and 
contact surfaces, were used for determining the appropriate 
phase field values for the targeted contact angles. These values 
were curve fitted using second order and exponential 
polynomial formulas and the fitted curves equations were 
eventually used in the code for simulating variety of cases. 

III. SIMULATION AND DISCUSSION 

A two-dimensional (2D) domain representing a flow 
between two plates was used in the subsequent simulations. 
Three configurations were executed in the following 
simulations. The first consisted of 271 31 lu     domain and a 

central droplet radius 8R lu     deposited on the lower 

surface. The objective was to investigate the conformance of 
the temperature dependent static contact angle to the 
theoretical calculation results. The second configuration 
consisted of 2140 20 lu     to simulate the flow of one and two 

oil slugs attached to the top and bottom surfaces at different 
static temperatures. The last configuration consisted of 

2311 49 lu     and droplet radius 15R lu     and it was used to 

simulate the movement of four droplets placed on the upper 
and lower surfaces with three different static temperatures. 
The second configuration flow was subjected to a source term 

  0.000002i

p
x 
 


 and the third configuration to a source 

  0.000001i

p
x 
 


. This was to induce constant pressure 

gradient, which when associated with a second-order bounce 
back on the top and bottom surfaces resulted in a disturbed 
parabolic flow profile. Periodic boundary condition was 
imposed on the inlet and outlet boundaries. Dimensionless 
variables were used in the analysis of the simulation results 

with reference time calculated as follows: 
.

1/4( )h t   where 
.

  

is the shear strain rate calculated at 
4

h  with h  as the channel 

height and t as the time step. The height of the channel was 
used as the reference distance and the central velocity of the 
undisturbed parabolic flow was used as the reference velocity 

calculated by: 
2

max 2

h p
u




 


. 

The physical Eötvös number calculated at 40 o
avT c  is 

equal to 41.475 10 . Gravitational acceleration 
9 25.46 10g lu ts       and mixture interfacial tension 

1
0 0.01028 lf lu      were used to insure Eötvös number 

similarity. 

A. Validating the Temperature Dependent Static Contact 
Angle 

The first 2D configuration subjected was used without any 
source term, to check the values of the dependency of the 
contact angles on the domains temperature. The first case was 
done by assuming a reference contact angle of 66.7o   at 

20oT C . Several temperatures were used and the 
corresponding values of the static contact angles were 
measured directly from the simulations. The model was set to 
give the required theoretical contact angle calculated by (14) 
through changing the value of phase field assigned to the wall 
nodes by (5). The measurement results were then compared 
with the data from the mathematical calculations. 
Furthermore, a second set of simulations was done by 
assuming a reference contact angle of 45o   at 020T C  and 
the same procedure was adopted to check the model 
robustness.  

A trend of diminishing static contact angle is associated 
with the increase in temperature of the fluid for both reference 

angles. The results for 66.7o   and 45o   were fitted and 



International Journal of Engineering, Mathematical and Physical Sciences

ISSN: 2517-9934

Vol:11, No:10, 2017

439

the following regression formulae were found to describe their 
behavior: 

 
0.1052 (0.06148 ) 68.1 ( 0.002053 )Exp T Exp T    

20.01325 0.2065 45.84T T      
 

Tables II and III show the values of the calculated and the 
measured contact angles for both validation cases. The static 
contact angle dependency on temperature results are presented 
in Fig. 2. The measured contact angles from the simulations 
matched very well the calculated angles for the range of 
temperatures and for the two-different reference static contact 
angles. 
 

TABLE II 
VALUES OF CALCULATED, MEASURED AND RELATIVE ERRORS FOR CONTACT 

ANGLE FOR VALIDATION-1 
Temperature 

(oC) 
Calculated 

Contact Angle 
Measured 

Contact Angle 
Relative 

Error (%) 

20 66.7 65 2.54 

40 62.2 61.5 1.12 

60 55.3 56 1.26 

80 43.1 43.4 0.69 

 
TABLE III 

VALUES OF CALCULATED, MEASURED AND RELATIVE ERRORS FOR CONTACT 

ANGLE FOR VALIDATION-2 
Temperature 

(oC) 
Calculated 

Contact Angle 
Measured 

Contact Angle 
Relative 

Error (%) 
20 45 44.7 0.70 

30 40 40 0.11 

40 33.4 33 1.21 

50 23.4 23 1.67 

B. Simulating the Behavior of One and Two Slugs in 
Parabolic Flow at Different Temperatures 

The domain consisting of 2140 20 lu     was used in this 

simulation with attached one and two slugs to the top and 
bottom walls. Three different temperatures were used in the 
presented simulations. As shown in Fig. 3, with 40oT C , 
the applied source term was able to induce slug movement 
inside the channel. At fluid and wall temperature 50oT C , 
the slug moved faster and at 60oT C , the same source term 
was sufficient for moving the slug from its original position 
towards the end of the domain at higher speed. This was due 
to the reduced interfacial tension as a function of temperature, 
which allowed less energy dissipation into deforming the 
droplet. Furthermore, the reduced viscosity effects upon the 
rise in temperature, which resulted in higher average velocity 
of the flow, enhanced flow transport capabilities by imparting 
higher flow momentum on the slug. It is important to mention 
that the increasing adhesion force with temperature between 
the slug and the walls affects the flow average velocity, 
however this effect is marginalized by the higher flow 
momentum due to the diminishing viscosity with temperature 
while exhibiting small difference in the fluids density.  

The flow average velocity profile shown in Fig. 3 indicates 
the presence of fluctuations resembling a short wave and the 
slug moves like a caterpillar. It is clear from the velocity 

profile that the slug movement is due to a periodic detachment 
of one end after another. The dip in the average velocity 
shown in Fig. 3 is due to that a portion of the flow energy is 
absorbed in the slug interface, which eventually is released 
back, when an additional energy buildup from the flow 
subjected to constant source term, overcomes the adhesion 
force of the slug at one of its end. 

Fig. 4 represents the behavior of two slugs subjected to the 
same source term between two plates at different 
temperatures. At 40oT C  the slugs failed to move due to the 
high interfacial tension, which allows the slugs to dissipate a 
larger portion of the flow energy and transforms it into very 
small deformation. On the other hand, the higher viscosity of 
both fluids at the prescribed temperature allows the formation 
of a thicker boundary layer, leading to a lower average 
velocity of the flow, thus depriving the slugs from the required 
momentum to overcome its higher adhesion force on both 
walls. When temperature increased to 50oT C  the slugs 
were able to move due to the reduced interfacial tension as a 
function of temperature and at 60oT C  the slugs moved 
faster. The flow average velocity profile shown in Fig. 4 
indicates the presence of the same fluctuating motion as in the 
previous case, with a remarkable jump in average velocity in 
the case of two slugs at high temperature. This could be 
explained by the possibility that the two slugs may have 
continually detached from the walls within a small time-step 
difference. Since the two slugs constitute a considerable mass 
of the whole flow, a higher local fluctuation in the average 
velocity can be expected.  

C. Droplets Flow between Two Parallel Plates at Different 
Temperatures 

The 2311 49 lu     domain containing four droplets with 

initial radius 15iR   placed on the upper and lower surfaces 

was used for the dynamic simulation of multi-drops the O/W 
system. The second configuration source term was used to 
induce the droplets movement between the two parallel plates 
at two different temperatures. 

The droplets with domains and fluid’s temperatures 
20oT C  and 40oT C , showed movement of the droplets 

because of the smaller adhesion force compared to the slug 
case. It is obvious from Fig. 5 that the average flow velocity is 
almost doubled at higher temperature and that droplets 
transportation is more efficient for the same reasons 
mentioned in the previous section. The average flow velocity 
for all cases showed much less fluctuation. This is because the 
droplets are sticking to one side of the domain. 

The average contact angle hysteresis for temperatures 
20oT C , 40oT C  and 50oT C was measured as 7.3   , 

8.5   and 10.8  , respectively. The higher contact 
hysteresis associated with the higher temperature is due to 
lower droplets’ interfacial tension and higher adhesion force. 

The streamlines in Fig. 5 show the droplets at lower 
temperature, and hence the higher viscosity and interfacial 
tension act like a physical obstacle toward the suspending flow 
movement.  
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Fig. 2 Static contact angles at different temperatures for the first and 
the second validation cases and static contact angle vs. temperature 

 

Fig. 3 One slug displacement at different temperatures and same 
dimensionless time 

D. Flow Power Number Ratio 

The power content in the undisturbed flow through the 
channel is calculated by [19]:  

 
32

2
3

h

aveh

h p
Q udy u h




   

   (15) 

 
where Q is the volumetric flow rate through the channel, 

pF  
 is the applied source term, aveu  is the average 

undistributed flow velocity and h is half channel height. 
The power required for moving the undisturbed flow 

through the channel is calculated by:  
 

   
3 22

2
3 ave

h F
Q p u hF


    

    (16) 
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Fig. 4 Two slugs’ displacement at different temperatures and same 
dimensionless time  

 
The combined droplets’ mass center displacement was 

tracked in the simulations at equally spaced time steps. The 
suspended phase velocity was then calculated by numerically 
differentiating the mass center displacement using second 
order accuracy finite difference scheme. A droplet power 
number was derived as follows: 

 
3

d d dmc
d

V V
 


  (17)

 
 
Here d  is the droplet density, 

dV  is the initial combined 

droplets’ volume, 
dmcV  is the combined droplets’ mass center 

terminal velocity and   is the domain length. 
 

 

Fig. 5 Droplets displacement at two different temperatures and same 
times with negative source term. Insets are for the streamlines of the 

various cases  
 
The power number here represents the amount of power 

consumed by the slug/droplets from the flow in order for them 

to move; hence, a higher ratio d
PR

P


  indicates a system that 

is more efficient. In this case, the flow utilizes more energy 
into transporting the more important component in the system 
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(oil as the target fluid). 
As shown in Fig. 6, the power number for one slug case at 

40oT C  is 63.16 10 , which means that the slug could 
absorb some of the flow power and used it to move in the 
domain. At temperature 50oT C , the power number jumped 

to 51.85 10  and finally at 60oT C , the power number 
increased to 53.12 10 .  

For the two-slugs case, the power number at 40oT C  is 
equal to zero because the slug remained stationary. For 

50oT C , the power number jumped to 52.46 10 , indicating a 
better usage of the flow power. As the temperature increased 
to 60oT C , the power number increased to 54.12 10 . The 

power number for the droplets at 20oT C  is 64.42 10 , 
suggesting that the droplets were able to use some of the flow 
power in the domain. At temperature 40oT C  the power 

number jumped to 68 10  and finally at 50oT C  the power 
number increased to 51.25 10 .  

 

 

Fig. 6 Slugs and droplets power number ratios at different 
temperatures  

 
From Fig. 5, it is worth noticing the power numbers curves 

slopes with respect to temperature. The average slope for the 
one slug, two slugs and droplets are   45.56one slugtan    , 

  53.7two slugtan     and   11.88Droplettan s  , respectively. 

This stresses the fact that warming up the fluid leads to a more 
efficient transport system for multi slugs as compared to single 
slug and multi droplets. 

IV. CONCLUSION 

The model presented in this work is used to analyze the 
behavior of O/W systems under different thermal and surface 
conditions. The results for the static contact angle showed a 
very good agreement between the model and theoretical 
results at a variety of conditions. The single slug, two slugs 
and droplets flow simulations showed that the temperature 
plays an important role in controlling the velocity, power and 

contact angles of the system. The simulation results helped in 
better understanding the intricate relationship between 
temperature and contact angle on the mechanism for 
transporting O/W mixtures in confined spaces due to 
temperature and surface energy changes. 
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