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Abstract 

In this study a computational fluid dynamics (CFD) method has been developed to simulate the 

effect of pore morphology and its distribution in a 2D micromodel on the enhanced oil recovery 

factor in the nanofluid flooding. Seven types of micromodels with different schematic and pore 

shapewere considered. SiO2 nanoparticles, dispersed in the distilled water, were used for 

preparation of the nanofluid and flooding operation. To generate the desirable porous media, the 

geometry of micromodels was generated using the commercial grid generation tool, Gambit 2.3. 

Then, the momentum and mass transport equations were solved based on the finite volume 

method using the Fluent 6.3 software to investigate the displacement of oil at the pore scale. In 

order to better understand nanoparticles effects and to confirm the validity of CFD simulations, 

numerical results have been compared with the experimental data. Some parameters influence 

such as heterogeneity of pores, connectivity of pores with or without throat line, tortuosity and 

pore shape on the enhanced oil recovery, breakthrough time and fluid trapping in the porous 

media was investigated. From the results, it has been found that random generation of pore 

distribution illustrates better results compared to the homogeneous pore distribution. In addition, 

in the presence of nanoparticles in the injected fluid the number of fingers decreases. The 

fingering effect has a main effect on the oil recovery factor and less fingering effect have more 

recovery factor. So, in the homogeneous pattern the nanofluid flow in the porous media is 

uniform and symmetric. But in the random distribution model, the fluid flow is more realistic 

and similar to the fluid flow in reservoirs.  
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1. Introduction 

There is a burgeoning tendency toward application of new technologies in the enhanced oil 

recovery (EOR) processes by which the oil production can be improved substantially. 

Nanotechnology which is the science of materials at nano-scale, offers outstanding performances 

in this way and it can establish an effective bridge between large scale and atomic as well as 

molecular scales. The unique characteristics of nanoparticles such as mechanical, chemical and 

thermal properties are significant driving forces for their applications in various EOR methods.
1
 

Generally EOR technologies divided into several main categories; namely miscible/immiscible 

methods, chemical processes, as well as thermal techniques.
2, 3

 The conventional EOR 

approaches would suffer from different demerits; for instance, low sweep efficiency in 

heterogeneous porous media, instability in unconventional reservoirs, economic infeasibility, 

possibility of formation damage e.g. permeability reduction, drastic consequences for the 

environment, and corrosion potential. By contrast, addition of nanoparticles due to their nano-

size can solve several drawbacks regarding conventional methods and increase the sweep 

efficiency of the displacing fluid. Because nanoparticles improve the interfacial properties and 

also thermal conductivity of the base fluids. In addition, they are stable in high 

temperature/pressure conditions, environmentally compatible , and cost-effective.
1, 4

 It is worthy 

to mention that almost all EOR methods are expensive processes, but myriad advantages of the 

nanofluid flooding can compensate its economic drawbacks. 

Therefore, among available products applied in different EOR methods, nanofluids 

(nanoparticles suspended in a fluid) have vital importance.
5, 6

 Addition of  nanoparticles can 

optimize the properties of displacing fluids such as density, viscosity, interfacial tension between 

oil and water, thermal conductivity and specific heat.
7, 8

 In practical thought, nanofluid flooding 

improves the macroscopic sweep efficiency through reduction of the fingering effect. Therefore, 

oil of unswept zones can be recovered.
9, 10

 Also it can affects the microscopic displacement 

efficiency via reduction of interfacial tension
11, 12

 and change the wettability of the reservoir rock 

from oil-wet to water-wet.
4, 7, 13, 14

 Moreover, nanofluids reduce the viscosity of heavy oil,
11, 12

 

and experimental data confirmed that the nanofluid flooding compare to water flooding increases 

the oil recovery factor.
14

 Because of huge advantages of nanofluids it seems that in the near 

future nanofluids flooding can be applied instead of usual EOR methods in the field scale.  

So it is serious to investigate about effective factors that have influence in the nanofluid flooding. 

An important parameter for the effective increase of recovery factor is type of the base fluid 

which disperses nanoparticles
4
. Furthermore, selection of a suitable nanoparticle is another vital 

variable. Several types of nanoparticles such as SiO2, TiO2, CuO and Al2O3 are reported in the 

literature for EOR applications.
15
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Since all the researches that have been performed about the nanofluid flooding are experimental 

work, for the fast promotion of this high-potential technique simulations and modeling studies 

can help researchers. Therefore, in this work, computational fluid dynamics (CFD) approach is 

utilized for this purpose
16

 that has not been reported yet in the literature. CFD technique is used 

for analyzing the systems involve fluid flow, heat transfer and associated phenomena such as 

chemical reactions by means of computer-based simulation.
17-19

 This technique is very powerful 

and spans a wide range of industrial and non-industrial application areas. In this method, partial 

differential equations are solved numerically through their conversion into algebraic equations.
20, 

21
 Among available approaches, finite volume method is more applicable, especially for 

incompressible flows.  

The advantages of CFD compared to the laboratory methods are the ability of studying special 

and critical conditions in a process, facilitating design of equipment and reducing time and costs 

and also obtaining complete information and accurate details of the solution. Therefore, CFD has 

been used in many gas and oil industries like drilling,
22-24

 erosion,
25, 26

 separator,
27

 subsea 

equipment,
28

 EOR
29

 and many other fields. However, studying the effects of pore morphology 

and pores distribution in the nanofluid flooding by a CFD technique has not been carried out yet.  

In order to study the pore morphology, a porous medium is required. Micromodels as two 

dimensional porous media are defined as microscale apparatuses that enable visual observation 

of phase displacement behavior at the pore level. They are good alternatives for sand packs and 

cores because a major limitation of studies implemented in such media are their black-box 

features.
30

 The materials available for fabrication of micromodels are glass, silicon or polymers 

like polydimethylsiloxane (PDMS). Another priority for the  application of micromodels is 

possibility of designing, fabricating and studying selective patterns.
31

 For this purpose, patterns 

can be categorized into innovative (designed based on the geometry required for a special study) 

patterns such as simple pore networks of circular,
32

 triangular,
33

 quadratic
34

 or reservoir 

prototype patterns by taking SEM images from the thin section of reservoir rocks.
29

 

It is worthy to mention that different processes and parameters can be evaluated in porous media 

using micromodels such as oil recovery factor,
35, 36

 breakthrough time,
37

 viscosity reduction,
7
 

changes of the interfacial surface tension,
38, 39

 wettability alteration,
40, 41

 miscible or immiscible 

injections,
42, 43

 mass transfer,
44, 45

 chemical reactions,
46, 47

 capillary pressure
48

 and 

heterogeneity.
49

 

Previous investigations indicate that pattern characteristics of micromodels are important for 

precise studies in the pore-scale experiments; for example, pore morphology, coordination 

number, pore shape and the location of pore-necks on the pore-body.
33

 Emami Meybodi et al.
33

 

evaluated the effect of pore morphology and wettability on the microscopic and macroscopic 

displacement efficiencies in polymer flooding. They concluded that the random network with 

triangular pore shape shows better results than other patterns. Dehghan et al.
50

 carried out 

experimental work to understand the role of pore geometry and connate water on miscible 
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displacement of heavy oil with different hydrocarbon solvents in five-spot micromodels. They 

found that the displacement efficiency is improved more in patterns with higher coordination 

number and lower pore-throat size. Moreover, heterogeneity of the porous media reduces the 

miscible displacement efficiency. Mason and Morrow
51

 as well as Princen
52

 showed that angular 

cross-section pores have many qualitative features represented by real porous media and there is 

identical capillary behavior in a tube having the same shape factor even though they are 

geometrically different. 

As the pore morphology of micromodels has a considerable effect on fluids displacement and 

there is no study about the pore shape in the nanofluid flooding; in this work, the effect of 

different micromodel characteristics on the performance of nanofluid flooding is evaluated using 

CFD modeling for the first time. In other words, the objective of current work is simulating the 

effect of pore morphology and distribution in terms of pore-throat connectivity, heterogeneity, 

pore shape, pore-throat connectivity and tortuosity of pores in the porous media on different 

responses such as oil recovery factor, trapping effect, and mobility control (breakthrough time) 

that has not been discussed in any publication yet. The laboratory data required for validation of 

simulation results is prepared through pore-scale microvisual experiments in glass 

micromodels.
14

 

2. Numerical implementation 

2.1. Geometry creation 

Geometry of porous media was created using Gambit 2.3 (Fluent Inc.). Seven patterns of 

micromodels were produced in which they had the equal size 6×6 cm
2
 and porosity 33±2 % 

(Fig. 1). Moreover, the physical properties of patterns were selected in which they were 

representative of the pattern used by Maghzi et al.
14

 due to the validation of simulation results 

with their experimental work. The characteristics of the designed patterns are shown in Table 1. 

The random distribution of model A was prepared by programming developed in Matlab and 

C++ in a way to keep the porosity constant (33 %). Two conditions were considered to spread 

the circles. The former was existence of circles in the square and the latter was lack of contact 

between circles. Then to make the porous media, circles surface area was subtracted from the 

square. 

To divide micromodels (A-G) into discrete control volumes, about 2.5×10
5
, 5.5×10

5
, 3.4×10

5
, 

3.6×10
5
, 2.9×10

5
, 3.4×10

5 
and 3.3×10

5 
computational cells were used, respectively. It should be 

mentioned that inlet and outlet ports had larger mesh size than other sides due to the more 

accuracy required for the calculations at inlet and outlet ports. Tri/pave mesh was chosen for the 

faces because this type is better for meshing and linking the curved edges of a circle with angled 

surface of the micromodels.  

2.2. Grid independency 
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For investigating the grid independency, various types of grids with different mesh size were 

generated. Then for each grid the governing equations were solved for water flow rate 8×10
-4

 

cc/min and ∆t=0.1 s. It should be mentioned that several tests with different time intervals (0.01, 

0.1 and 1 s) were done to examine the effect of time step on results accuracy. Finally it was 

obtained that for micromodels the difference was negligible. Therefore, to save time and 

computational cost ∆t=0.1 s was used for simulations, and simulations continued until the steady 

state condition was achieved. 

The fluid Pressure drops in porous media were considered to compare grids. To do this, total 

pressure at the inlet and outlet were calculated and then equation (1) was used to estimate the 

percent of relative error. 

1 2

1

100
P P

Error
P

∆ −∆
= ×

∆
 

(1) 

Where ∆P1 is the pressure difference between the inlet and outlet with finer mesh and ∆P2 is the 

pressure difference in coarser mesh. Table 2 shows the mesh size, number of cells and nodes that 

produce in any grid, the pressure drop between inlet and outlet and the value of error for each 

micromodel. When the relative error between two consecutive grids was calculated as low in 

which it can be neglected, the large size grid was selected as the main grid. As a result, the 

selected grids of micromodels A to G had 136449, 343979, 194980, 208534, 181371, 261329 

and 204572 nodes, respectively. Selecting the final grid with larger mesh size and fewer node 

(cell) numbers for flooding can help to reduce computation calculations. As an example, the grid 

of model A is depicted in Fig. 2. 

Velocity inlet and pressure outlet were used as boundary conditions for inlet and outlet ports, 

respectively. Velocity inlet boundary conditions are used to define the flow velocity along with 

all relevant scalar properties of the flow at inlets. Then, for allowing the nanofluid to exit from 

the model via a 5 spot pattern, the pressure outlet was selected for outlet port. No flow is entering 

into or exiting from other edges and so wall boundary conditions were assumed. 

2.3. Governing equations 

Mixture model as a simplified multiphase model was used to solve the equations. Moreover, 

liquid-solid flows can be modeled using this method. Mixture method can model n phases  

through solving the momentum, continuity and energy equations for the mixture
53

 and the 

volume fraction equations for the secondary phases and algebraic expressions for the relative 

velocities. The relevant equations are as follows:
54

 

Conservation of mass: 

( ) ( ). 0m m mV
t
ρ ρ

∂
+∇ =

∂

r
 (2) 
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Conservation of momentum: 

( ) ( ) ( ) , ,

1

. . .
n

m m m m m m m m k k dr k dr k

k

v v v P V V V
t
ρ ρ µ ϕ ρ

=

 ∂
+∇ = −∇ +∇ ∇ +∇  ∂  

∑
r r rr r r

 (3) 

Where the mixture velocity, density and viscosity sequentially are as follows: 

1

n

k k kk
m

m

V
V

ϕ ρ

ρ
==∑

r
r

 (4) 

1

n

m k k

k

ρ ϕ ρ
=

=∑  (5) 

1

n

m k k

k

µ ϕ µ
=

=∑  (6) 

The drift velocity of k
th

 phase is: 

,dr k k mV V V= −
r r r

 (7) 

The volume fraction equation for the secondary phase (p) can be obtained: 

( ) ( ) ( ),. .p p p p m p p dr pV V
t
ϕ ρ ϕ ρ ϕ ρ

∂
+∇ = −∇

∂

r r
 (8) 

The slip velocity (relative velocity) is defined as the velocity of a secondary phase (p) relative to 

the velocity of the primary phase (f): 

pf p fV V V= −
r r r

 (9) 

The drift velocity is related to the relative velocity as: 

,

1 .

n
k k

dr p pf fk

k eff

V V V
ϕ ρ
ρ=

= −∑
r r r

 (10)      

Selecting appropriate values of the under-relaxation factors guarantees a reasonable rate of 

convergence. The under-relaxation factors were assigned as 0.3 for pressure, 1 for density and 

body forces, 0.7 for momentum, 0.1 for slip velocityand finally 0.2 for volume fraction. If the 

normalized residuals became smaller than 0.001, then equations of mass and momentum would 

be satisfied to achieve convergence. The maximum residual value occurs after the first few 

iterations when the normalization factors used for the mass and momentum. Using the mixture 

model to solve the problem, these assumptions were taken: 
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1- Two phase flow condition. 

2- Primary phase is oil and the secondary phase is waterand nanofluid in the validation and 

other tests, respectively. 

3- Initial water saturation is zero (Swi=0) and the water injected into the micromodel is 

distilled water. 

4- Unsteady state condition. 

5- All experiments were carried out at ambient temperature and pressure. 

6- The flow rate is constant as 8×10
-4

 cc/min during flooding. 

7- ∆t=0.1 s has been selected for all simulations.  

8- To establish a good comparison between all the models, iterations were continued until 

the rate of oil production remained constant. So all flooding operations stopped at 10000 

s (or 1 PV of the injected fluid) after injection of the nanofluid. 

3. Results and discussion 

3.1. Nanofluid flooding 

As available publications,
55-58

 confirm that silica nanoparticles have high potential to enhance the 

oil recovery factor, in this study the selected nanofluid consist of 4 wt% SiO2 nanoparticle (Table 

3) in distilled water. It is assumed that silica nanoparticles are spherical and in order to avoid 

aggregation of nanoparticles, the particles volume fraction and diameter have been selected small 

enough. The nanofluid properties were calculated according to equation (11) and (12):
59

 

( )1nf p bfρ ϕ ρ ϕ ρ= × + − ×  (11) 

1

m

nf bf

m

ηϕ
ϕ

µ µ
ϕ

−
 

= × − 
 

 (12) 

Where ρ�� and ρ�� are densities of nanofluid and the base fluid, nfµ and bfµ  shows nanofluid and 

the base fluid viscosity, respectively. φ represents the nanoparticles volume fraction, φ 0.5
m
=

and η 2.5= .
59

 It should be mentioned that φ
m

, the maximum particles volume fraction varies 

from 0.495 to 0.54 under quiescent conditions, and is approximately 0.605 at high shear rates. 

But because in this study the shear rate is not high, this parameter assumed as 0.5. 

In simulations it is assumed that firstly micromodels are saturated with the crude oil and 

properties of the oil is the same as Azadegan heavy oil field located in the south west of Iran 

(Table 4).  

3.2. The heterogeneity effect   

The geometry of reservoir rocks is complex because it consists of the pores with different size 

and random distribution as well as lots of dead end pores. Modeling of two phase flow in such 
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media is very complicated. Therefore, researchers try to facilitate the characteristics of patterns 

representing of reservoirs porous media.
60

 In this section, the effect of pore heterogeneity was 

investigated in micromodel A. As Results are illustrated in Fig. 3, the fluid flow in this model is 

relatively similar to that in rock reservoir. Moreover, the amount of oil recovery factor in 

nanofluid flooding is in good agreement with the experimental data (relative error is 5.17%). In 

other words, the prediction of this model compare to other patterns for the oil recovery factor in 

the nanofluid flooding is more accurate. As the nanofluid volume fraction contouris shown in 

Fig. 4, the fluid flow pattern is the nearest one to the typical flow of two phase flow in real 

porous media. Because fingering and trapping effects of the injected front can be observed 

approximately well. It should be considered that if the research focus is on trapping effect, it 

cannot be investigated thoroughly in model A. 

3.3. The effect of connecting pores with/without throat lines 

Patterns with different geometry and physical properties can be designed to be representative of a 

specific porous model. Among different properties, the pore to throat connectivity may be 

determinative to study parameters affecting the nanofluid flow and oil displacement in porous 

media. 

In this section models B and C were designed to study the effect of pores connectivity in which 

pores in model B were not connected through throats while model C were connected. Results 

showed that this factor can cause the oil recovery in which the pattern having pores connected 

with the throat lines (model C) produces more oil and has higher relative error compared to the 

experimental data (Fig. 5). It is worthy to mention that the experimental porous shape is 

representative of a real reservoir, in that case the pattern of Maghzi et al.
14

 has been chosen for 

comparison of numerical results. 

The nanofluid volume fraction contours of models B and Care depicted in Fig. 6. It can be found 

that the nanofluid flow is symmetric in both models. The front progress in the model C is more 

uniform (piston-like) than model B which injected front has obviously been fingered. On the 

other hand, the macroscopic sweep efficiency is higher in model C.  

3.4. The effect of pore shape 

The effect of pore shape on the oil recovery factor in micromodels was investigated in this 

section. Two scenarios were considered for studying the effect of pore shape: with and without 

the throat line. In the first scenario, three types of micromodels with different pore shapes were 

selected as circular (model C), quadratic (model D) and triangular (model E). Numerical results 

indicate that the oil recovery factor in the model with quadratic pore shape has the most precise 

prediction of experimental data, because its relative error was the least as shown in Fig. 7. The 

nanofluid volume fraction contours of these three models have been presented in Fig. 8. It can be 
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seen that in model E, compared to models C and D, the higher surface is in contact with the 

nanofluid and more fingers occur in this model. 

The second scenario was run for models without throat line connections. For this purpose, two 

micromodels with different pore shapes as circular (model B) and quadratic (model F) were 

considered. Fig. 9 shows the oil recovery factor resulted from simulation runs and reveals that 

model B has more precise prediction compared with model F. But as Fig. 10 illustrates, the fluid 

flows in both models are very similar although model B has lower relative error. 

 

3.5. Pores tortuosity effect  

The angle between the fluid flow direction in porous media and pores is an important parameter 

for investigation of the oil recovery factor in the micromodel flooding operations.
61

 If the fluid 

flow direction isthe same as the direction of connections between the pores or pore-throat line in 

a model, the nanofluid can move easily in the model through the lines. Therefore, the oil 

recovery factor is low because the mobility of injected front is very high in such models and 

prediction of the EOR behavior is not correct.  

For investigating the pore tortuosity effect, models F and G were designed and studied. Model F 

has predicted the experimental data better than model G (Fig. 11). Fig. 12 shows the nanofluid 

volume fraction contours in model F and G, respectively. The Front injection in model G 

because of less tortuosity has rapid breakthrough. That is due to the high mobility of the injected 

fluid in such media. But in model F the residence time of the injected fluid is more and front of 

the injected fluid could invade to other zones. In that case the macroscopic sweep efficiency is 

higher in model F.  

3.6. The effect of micromodel type on the oil recovery factor 

The nanofluid flooding in models A-G is performed and the relative errors between numerical 

results and experimental data for the oil recovery factor have been determined and tabulated in 

Table 5. This Table and also previous results obviously indicate that the geometry of micromodel 

patterns has a determinative factor in which it influences the results of oil recovery factor. In 

other words, in simulations with constant properties of oil and displacement fluids, micromodels 

show different oil recovery factors although they approximately have the same dimensions and 

porosities.  

Model A with random distribution of pores has the best results with 5.17% relative error. By 

comparing the relative error between models with and without throat line, it has been found that 

connection type of pores can affect the oil recovery factor. So it is better to remove the 

connections of pores with a specified line and allow the injected fluid to move freely in porous 
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media and chooses the own pathway based on the physical properties of model and not according 

to the path that we have chosen for it.  

3.7. Effect of the breakthrough time 

The effect of pattern type on the breakthrough time of displacing fluid containing nanoparticles 

was studied at constant injection rate 8×10
-4

 cc/min. As shown in Fig. 13, it can be found that 

models C and G have the longest (6742 s) and fastest (2519 s) breakthrough time, respectively. 

Because in model C, the pore necks are small and the fluid flow in this micromodel is very 

difficult. Therefore, the flow goes around to the corners and two sides of the model and it takes 

more time to make breakthrough, but the pore morphology of model G is not complex and the 

connection with the pores are simple and the pore necks have enough size to pass the fluid flow 

easily. Hence, the breakthrough time in model G is faster than other models. The oil recovery 

factors at breakthrough time and the ultimate oil recoveries have been shown in Fig. 14. It can be 

observed that this difference is 20.14% for model A which is larger than other models while 

model D has the smallest difference as 4.34%.  

3.8. Trapping effect 

Oil and gas of hydrocarbon reservoirs may be trapped in porous media which is known as 

trapping effect. The mechanism of this phenomenon is not understood well, so the mathematical 

equations cannot define this complex function perfectly. The fluid trapping, however, depends 

on different factors such as the porous medium pore structure, fluid-rock interaction and fluid-

fluid interaction.
62

 At the microscopic level of EOR operations, all of original oil in-place cannot 

be produced and considerable amount of oil remains intact and trapped in porous media. For 

studying this effect, the magnified volume fraction contours of designed micromodels in the 

nanofluid flooding were compared in Fig. 15. It can be concluded that models whose pores have 

corners (e.g. models D and E with quadratic and triangular pore shapes, respectively) are suitable 

for studying the trapping effect in porous media. In models D and E after the nanofluid flooding 

some oil remains trapped in the corners of the pore and the injected fluid cannot overcome the 

capillary pressure of the trapped phase to mobilize it. It should be mentioned that in the Fig. 15 

red and blue colors represent the maximum and minimum volume fraction of oil, respectively. 

4. Conclusion 

In this work, simulation of the nanofluid flooding in various patterns of micromodels having 

different geometry and pore morphology was lead using computational fluid dynamics. 

Micromodels contained seven patterns were created with commercial grid generation tool 

(Gambit 2.3). To investigate the fluid flow in the porous media, the momentum and mass 

transport equations were solved based on the finite volume method using the Fluent 6.3 software. 

The effect of some parameters such as heterogeneity, connectivity of the pores with /without 
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throat lines, pore shape and finally Pores tortuosity effect were studied on the enhanced oil 

recovery and breakthrough time. The fluid flow in porous media was predicted numerically using 

the multi-phase model and simulation results were validated with the experimental data. The 

following results were obtained: 

• The fluid flow in models having heterogeneous distribution of pores resembles relatively 

more to that in the rock reservoir, but the trapping effect cannot investigate perfectly in 

such models. Results of the oil recovery factor show that the nanofluid flooding in this 

model has a good agreement with the experimental data.  

• The connection between the pores in models decreases the fingering effect and causes the 

uniform front flow. Therefore, much more area of the porous media will be invaded by 

the injected fluid and consequently macroscopic sweep efficiency will be increased 

compared to models without throat line. 

• Among models with throat line, those which have quadratic pore shapes have the nearest 

results and among models without throat line, it can be found that the fluid flow in these 

models are very similar to each other and are approximately independent from the pore 

shape. Although the model with circular pore shape have lower relative error than the 

quadratic pore shape. 

• The angle between the direction of fluid flow and pores is an important parameter. The 

oil recovery factor is lower than experimental results in models that have the same 

direction of fluid flow and the connection pores. On the other hand, the relative error 

between numerical results and experimental data in such models are very high. 

• Models with random distribution of pores have a good agreement with experimental data 

with the least relative error 5.17 %. Considering the connection of pores with a throat line 

increases the oil recovery factor and subsequently the relative error will be raised. 

• Models C and G sequentiallyhave the longest and fastest breakthrough time. Also the 

difference between the ultimate and breakthrough time oil recovery factors in models A 

and D are larger and smaller, respectively among other models. 

• At the microscopic level, models whose pores have corners such as quadratic or 

triangular pore shapes are suitable for studying the trapping effect in the porous media. 

Finally, the results of this study indicate that the model with random distribution of pores (model 

A) is suitable for future development of simulation studies in nanofluid flooding processes. 

Recommendations for further studies can be the investigation of nanoparticles impacts on the 

rock/fluid interactions and properties such as wettability and oil viscosity to thoroughly 

understand the mechanism of nanofluid transport in porous media and its relevant phenomena in 

EOR matters. 
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Nomenclature 

Initial water saturation wiS  

Drift velocity of k
th

 phase ,dr kV
r

 

Drift velocity of a secondary phase ,dr pV
r

 

Velocity of the primary phase V
r

f  

Velocity of k
th 

phase kV  

Mixture velocity 
mV
r

 

Velocity of a secondary phase V
r

p  

Slip velocity V
r

pf  

 

Greek letters 

Pressure difference between the inlet and outlet with finer mesh 1∆P  

Pressure difference between the inlet and outlet with coarser mesh 2∆P  

Time step ∆t  

Viscosity of base fluid bfµ  

Mixture viscosity mµ  

Viscosity of nanofluid nfµ  

Viscosity of a secondary phase pµ  

Density of base fluid bfρ  
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Mixture density mρ  

Density of nanofluid nfρ  

Density of a secondary phase pρ  

Volume fraction of nanoparticles φ  

Volume fraction of a secondary phase pφ  

 

Subscripts 

Base fluid bf 

Drift dr 

Primary phase F 

k
th

 phase K 

Mixture M 

Nanofluid nf 

Secondary phase p 
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Fig.15. Nanofluid volume fraction contours in models A-G at the pore scale level.  
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(e)                                               (f)                                                  (g) 

Fig. 1. The schematic geometry of designed patterns; (a) overall appearance with location of inlet and outlet ports 

(b-g) other patterns, for better visualization they have been magnified. 
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Fig. 2. 

 

Fig. 2. (a) Model A, (b) a close-up window of model A for better visualization. 
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Fig. 3. 

 

Fig. 3. The heterogeneity effect on the oil recovery factor (model A). 
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Fig. 4. 

 

Fig. 4. The nanofluid volume fraction contour in model A. 
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Fig. 5. 

 

Fig. 5. The effect of pore connectivity on the oil recovery factor. Models B and C are without and with the throat, 

respectively. 
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Fig. 6. 

 
(a) Model B 

 
(b) Model C 

I 

Fig. 6. Volume fraction contours of the nanofluid in models B and C. 
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Fig.7. 

 

Fig.7. The oil recovery factor of models C, D and E with different pore shapes. 
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Fig. 8. 

(a) Model C (b) Model D 

 
(c) Model E 

Fig. 8. The nanofluid Volume fraction contours in models C, D and E. 
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Fig. 9. 

 

Fig. 9. The oil recovery factor of models without throat connections. 
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Fig. 10. 

 
(a) Model B 

 
(b) Model F 

Fig. 10. The nanofluid volume fraction contours in models B and F. 
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Fig. 11. 

 

Fig. 11. The effect of angle between fluid flow direction and pores connection on the oil recovery factor. 
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Fig. 12. 

 
(a) Model F 

 
(b) Model G 

Fig. 12. The nanofluid volume fraction contours in model F and G. 
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Fig. 13. 

 
Fig. 13. The nanofluid breakthrough time in different micromodels. 
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Fig.14. 

 

Fig.14. The oil recovery factor at breakthrough time and the ultimate oil recovery. 
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Fig.15. 

 

 
(a) Model A 

 

 
(b) Model B 

 

 
(c) Model C 

 

 
(d) Model D 

 

 
(e) Model E 

 
(f) Model F 

 
(g) Model G 

 

Fig.15. Nanofluid volume fraction contours in models A-G at the pore scale level.  
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Table 1. 

 

Table 1. The physical properties of micromodels. 

Micromodel Dimension (cm) Porosity Absolute Permeability (m
2
) Coordination Number 

A 6×6 0.33 3.63E-07 4 

B 6×6 32.44 5.65E-08 4 

C 6×6 34.83 6.46E-07 4 

D 6×6 35 4.92E-07 4 

E 6×6 31.2 3.27E-07 4 

F 6×6 32.72 1.94E-07 4 

G 6×6 35 3.11E-07 4 
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Table 2. 

Table 2. The pressure drop at different grids in micromodels (A-G). 

Model No. 
Mesh Size 

No. of Cells No. of Nodes ∆�	(Pa.) Relative Error (%) 
Inlet and Outlet Other Edge Face 

A 

Grid 1 0.01 0.015 0.02 125469 78546 0.874 

6.17 

Grid 2 0.008 0.01 0.02 251433 136449 0.931 

2.89 

Grid 3 0.005 0.008 0.02 445385 212545 0.959 

B 

Grid 1 0.01 0.015 0.02 276120 125469 2.794 

10.48 

Grid 2 0.008 0.01 0.02 554803 343979 3.121 

3.10 

Grid 3 0.005 0.008 0.02 720456 526549 3.221 

C 

Grid 1 0.01 0.015 0.02 156998 96526 0.894 

6.08 

Grid 2 0.008 0.01 0.02 335996 194980 0.952 

1.82 

Grid 3 0.005 0.008 0.02 532642 300878 0.971 

D 

Grid 1 0.01 0.015 0.02 177150 108516 0.389 

4.19 

Grid 2 0.008 0.01 0.02 358378 208534 0.406 

2.13 

Grid 3 0.005 0.008 0.02 528378 301084 0.414 

E 

Grid 1 0.01 0.015 0.02 116139 81206 1.753 

10.95 

Grid 2 0.008 0.01 0.02 289738 181371 1.969 

2.45 

Grid 3 0.005 0.008 0.02 416597 253086 2.018 

F 

Grid 1 0.008 0.015 0.02 151558 102456 3.851 

7.71 

Grid 2 0.005 0.01 0.02 340236 216329 4.173 

2.79 

Grid 3 0.005 0.008 0.02 485924 298654 4.293 

G 

Grid 1 0.01 0.015 0.02 153229 87542 2.084 

8.85 

Grid 2 0.008 0.01 0.02 330106 204572 2.287 

3.95 

Grid 3 0.005 0.008 0.02 513189 398678 2.367 

 

 

Page 33 of 36 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

Table 3. 

Table 3.Properties of silica nanoparticles. 

Molecular Weight (gr/mol) Density (kg/m3)  Specific surface (m2/g)  Average size (nm)  Particle 

60.08 2400  200  14  SiO2  
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Table 4. 

Table 4. Properties of the crude oil. 

ºAPI @ 26 ºc Density (kg.m
-3

)  Viscosity (mpa.s) 

19  933  870  
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Table 5. 

Table 5. The relative error between numerical results and experimental data in models A-G. 

Micromodel 
The relative error between numerical 

results and experimental data (%) 

A 5.17 

B 9.08 

C 22.72 

D 10.81 

E 28.64 

F 16.7 

G 56.65 
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