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Fluid flow behaviour in porous media is a conundrum. Therefore, this research is focused on

filtration-volumetric characterisation of fractured-carbonate sediments, coupled with their

proper simulation. For this reason, at laboratory rock properties such as pore volume,

permeability and porosity are measured, later phase permeabilities and oil recovery in

function of flow rate are assessed. Furthermore, the rheological properties of three oils are

measured and analysed. Finally based on rock and fluid properties, a model using COMSOL

Multiphysics is built in order to compare the experimental and simulated results. The rock

analyses show linear relation between flow rate and differential pressure, from which phase

permeabilities and pressure gradient are determined, eventually the oil recovery under low

and high flow rate is established. In addition, the oils reveal thixotropic properties as well as

non-Newtonian behaviour described by Bingham model, consequently Carreau viscosity

model for the used oil is given. Given these points, the model for oil and water is built in

COMSOL Multiphysics, whereupon successfully the reciprocity between experimental and

simulated results is analysed and compared. Finally, a two-phase displacement model is

elaborated.
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1 INTRODUCTION

1.1 General Background
Nowadays, with the increase of population on Earth, there is a need for more resources. One

of the biggest concerns is the energy, as the world is urged by it. Lately the man intent to

find new source of energy (solar, wind, biomass, biofuel, geothermal and hydro). Despite all

the efforts, gas and mineral oil are still being the biggest sources of energy.

Crude oil or oil is considered an accumulation of organic matter that under pressure and

temperature without the presence of oxygen changes its structure. Depending on kind of rock

source, temperature, pressure, time, composition of organic source and rock processes, the

oil composition may vary although the basic composition will be formed by hydrocarbons

(hydrogen and carbon atoms), sulphur, nitrogen, oxygen and metals (usually less than 1 %

by weight). In general the oil is associated with liquids (fluid), but due to its composition

and conditions the oil also could be found in solid and in semiliquid state, therefore the most

relevant properties are measured in order to classify the oil: density, API density, sulphur

concentration and viscosity (Sheng, 2011).

One of the most important properties is the oil viscosity. For example, selection of

submersible pump and flow properties are calculated based on viscosity. Wrong selection of

the pump and its operating point can damage the pump and the consequences are losing time,

money and energy. Therefore, viscosity value is never underestimated, as it plays an

important role in reservoir engineering. Furthermore, Latil (1980) and Sheng (2011) consider

the viscosity as the most important oil property during the planning and assessment of an

enhanced recovery project.

As all liquids, oil also presents some specific behaviour when a force is applied to it. As a

result, the oil is deformed resulting in frictional forces between molecules. The forces that

hamper the flow are shear stresses. Rheological measurements are to be carried out in order

to examine the non-Newtonian flow.

For Newtonian liquid, stress magnitude increases linearly as shear rate increases. For

instance, pure water, cooking oil and corn syrup are Newtonian fluids.
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Figure 1. Shear stress–shear rate data for a cooking oil and a corn syrup (Chhabra, 2008).

The oil rheological characteristics do not show this kind of pattern, therefore oil is seen as a

non-Newtonian. For non-Newtonian fluids shear stress curve does not show a linear relation

and/or it does not start from system coordinate origin.

Figure 2. Shear Stress vs. Shear Rate for Three Different Temperatures with Data Fitting

According to Herschel-Buckley Relationship at 5000 psi (Regular Oil-Based Mud Sample)

(Mahmood, 2012).
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There are four main models that are used to describe the time-independent flow behaviour:

pseudoplastic, dilatant, Bingham plastic, and yield-pseudoplastic. Generally the oil only

exhibits pseudoplastic and Bingham plastic behaviour. However, depending on composition

(relatively high concentration of metals and/or time formation) the oil may bet dilatant or

yield-pseudoplastic (Chhabra, 2008).

The oil is found in reservoirs (porous rocks with the capacity to store oil), where the oil flows

towards oil producer well (hole over soil which may last up to several kilometres deep, from

where oil is extracted due to low pressure compared to reservoir one).Therefore it is vital to

understand the character of fluid flow through the porous media and its special features. The

basic concept in petroleum engineering for the simplest case is that oil flows through

homogeneous porous media linearly and in laminar flow regime (Figure 4). In petroleum

engineering Reynolds number is considered lower than 1. The flow through porous media is

described by Darcy's law. Once the pressure difference is equal to 0, then a driving force is

needed. For this aim gas, water, surfactants, bacteria, polymers, alkaline solutions or their

combinations are applied to displace oil from rock. This method is known in petroleum

engineering as waterflooding (Holstein et al.2007).

Figure 3. Types of time-independent flow behaviour for non-Newtonian fluids

(Chhabra, 2008)
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Figure 4. Linear flow of fluid through porous media (Abdus, 2008)

Darcy’s law is:

,Darcy

kA
q P

L
  (1.1)

where L denotes the length of flow (m),   represents the fluid viscosity (Pa∙s), P is the

pressure difference along the length (Pa), A gives the cross section area (m2) and k is the

rock permeability (m2).

The injection of water is used to maintain the pressure difference and to displace the oil.

Several reservoir features in oil displacement are taken into account: fluid properties,

reservoir geometry, reservoir depth, fluid saturations, lithology and rock properties. For

example, fluid viscosity has a big impact on mobility ratio (ratio between permeability and

oil viscosity), which also has an impact on sweep efficient (oil fraction that can be removed

using given recovery method). The fluid displacement has a relevant importance in the

design of enhanced oil recovery methods.

Starting from the simplest method, there are considered 2 theories: frontal displacement and

piston-like displacement. Frontal displacement deals with the injection of water to a porous

media (system) composed of two phases which are uniformly distributed along the porous

media with different degree of saturation (Holstein et al.2007).The actual model was

developed by Buckley and Levererret. The water saturation displacement is calculated from:
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,
w

wT

S w t

dfqdx

dt A dS

  
   

   
(1.2)

where,  is the porosity percentage, Tq gives the total flow rate (m3 /s) and wS denotes the

water saturation (fraction).

The previous equation is utilised for the homogeneity assessment in two phase media.

Moreover, the frontal displacement theory includes two fundamental equations: fractional

flow and frontal advance equations. Fractional flow equation for water ( wf ) is:

,w w
w

T w o

q q
f

q q q
 


(1.3)

where wf gives the fraction of water in the flowing stream, wq represents the water flow rate

(m3/s) and oq is the oil flow rate (m3/s).

In the same way, the fractional flow equation for oil (fo) becomes:

,o
o

w o

q
f

q q



(1.4)

Parting from the fact that two phases are used,

1,o wf f  (1.5)

First thing to remember, is that the water flow fraction depends on porous media saturation

(eq. 1.2). Another key point, is that the pressure difference in the Darcy’s equation for water

is equal to hydrostatic pressure plus the water pressure, in the same way the water pressure

is equal to oil pressure minus the capillary pressure. Therefore, reformulating the Darcy’s

equation for water:

 sin ,rw o c
w w

w

kk A P P
q g

L L
 



 
   

 
(1.6)

where rwk is the relative permeability of water, cP gives the capillary pressure, oP denotes

the oil pressure, w  represents the water viscosity (Pa∙s), 
w shows the water density

(kg/m3), indicates the displacement angle to the horizontal (°) and g reflects the gravity

constant (m/s2).

Analogically, for oil case;
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 sin ,ro o
o o

o

kk A P
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L
 



 
  

 
(1.7)

where rok is the relative permeability to oil, o  represents the oil viscosity (Pa∙s) and  

o shows the oil density (kg/m3).

Subtracting the equation 1.7 from the equation 1.8 resulting equation becomes:

 
1

sin ,w o c
w o w

rw ro

P
q q g

kA k k L

 
 

 
     

 
(1.8)

as w o Tq q q  , replacing the equation 1.8 in the equation 1.3, the water flow fraction is

rewritten as:

 1 sin

,

1

ro c

o
w

ro w

o rw

kk A P
g

L
f

k

k

 






 
   

 



(1.9)

where  is density difference, displacing fluid density less oil density, (kg/m3).

Piston-like displacement is the simplest example of one liquid (water) displacing an already

present fluid within the porous media (Figure 5). During its development, the displacing

fluid efficiently moves through porous media or pores, until originally presented fluid has

been moved out (Latil, 1980).

Figure 5. Linear displacement models, left - piston-like displacement, right - front
displacement (Latil, 1980).

1.2 Porous media in rocks

When the fluid flows through the porous media it is not limited to one dimension. Obviously,

multi-dimensional equations introduce several parameters. Also the mathematical

description becomes harder to solve it due its complexity, which arises from tensor terms.

Therefore, numerical simulations by computer are solved and the calculations are time-

consuming.
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Basically, the porous media is composed by interconnected pores (void space) that have been

created by the accumulation of solid particles, which were originally sand (sandstone

reservoir) or carbonate based sediments (carbonate rock) such as shells and peloids. Studies

in the last decades revealed that approximately 60 to 70 % of oil reservoirs actually lead on

carbonate rocks, specifically limestone and dolomite (Lucia, 2007). For instance, most

reservoirs in Saudi Arabia, Kuwait, Iran, Iraq, Qatar, Norway and Russia are composed of

limestone and/or dolomite. Therefore a great number of studies in the last decade have been

focused on carbonate rocks, particularly the characterisation, scaling and fluid flow features

(Golf-Racht, 1982).

The most important features of the characterisation of rocks are: porosity, permeability, pore

size, relative permeability. Porosity is measured in percentage by the ratio of pore volume

to bulk volume, generally it ranges between 1 and 35 %, although dolomite and limestone

average porosities are 10 % and 12 % respectively (Lucia, 2007). Permeability characterises

the cross-section area that allow the fluid pass through itself and it is measured in Darcy

(1 Darcy = 120.986 10 m2), therefore this property directly affects production rates.

Permeability ranges from 181 10 to over 121.972 10 m2. Therefore, in order to consider a

suitable reservoir 160.986 10 m2 is considered the minimum value. Pore size measurement

is used for the hydrocarbon saturation estimation. The small pore will be filled with water,

while large pores will contain oil. As a rule, permeability models are represented by capillary

tubes with a radius that does not exceed the average pore size and porosity. Finally, the

permeability is measured using a single phase that does not wet the pore surface, for example

helium or nitrogen. In practice at least two phases contact with the pore surface, therefore

the values must be corrected for different saturation proportions. The permeability at certain

saturation of the total permeability is called relative permeability (Figure 6).

Several studies have been reported about the relationship between the above mentioned

properties, especially for carbonates rocks (Waddah, 2005). As a result, some pore structures

have been identified and their impact on fluid flow was understood, but in most cases it is

not easy to find straight relationship. For example porosity-permeability plot does not show

a clear distribution as well as there is not a relationship between pore size radius and its

distribution in carbonate rocks (Figures 7 and 8) (Lucia, 2007).
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Fig 6. Typical relative permeability plot where absolute permeability is taken as oil

permeability at lowest water saturation. Kro is the relative permeability to oil and Krw is the

relative permeability to water (Lucia, 2007).

Figure 7. Plot of porosity and permeability for carbonate rocks, illustrating that there is no

relationship between porosity and permeability in carbonate rocks without including pore-

size distribution (Lucia, 2007).
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Figure 8. Plot of pore size radius and distribution for carbonate rocks (Waddah, 2005).

Figure 9. Example of 3-D whole-core permeability associated with a slickensided fracture

(Ronald, 2001).
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Naturally, it is logical to assume that porous media is not a perfect net. Typically, it is found

that reservoirs have more than one kind of rock and obviously more than one kind of pore

size. Even more important parameter besides the pore size, the pore net connectivity

definitely can be a crucial parameter. Carbonate rocks tend to have channels of high

permeability (see Figure 9) called fractures, which can constitute a net (Nelson, 2001).

Fractures may improve the extraction of oil (Nelson, 2001). However, the extraction from

these kind of reservoirs is extremely complex as their behaviour is completely different from

conventional reservoirs (Lucia, 2007).

Once a fractured reservoir has been identified, the next step is to determine the properties of

a fractured system: connectivity, frequency, origin, fracture scale, fracture width,

distribution, fracture spacing value and direction. This information is used for the

development of a suitable plan for the oil exploitation. In most cases several models are used

in order to understand the fluid flow behaviour within the fractured system, nevertheless

almost each fractured reservoir is considered unique, therefore the approach for each case is

different.

1.3 Geophysics

Initial water saturation (Siw) and initial oil saturation (Sio) are the key parameters for the

characterization and determination of reservoir. With the aim of estimating those parameters

the oil industry has been using geophysics which applies physical phenomena such as

electrical charge, gravity, magnetic fields, radioactivity and sonic waves in order to assess

indirectly the fluid properties. Log analysis related to these methods consists of the pulse

emission and the response capture. For instance, sonic waves are used for the determination

of rock porosity. A pulse of certain frequency is produced, and a receptor captures the

response produced by the rock projection (Dasgupta, 2013). In the continuous monitoring of

the reservoir and accumulation of data (see Table 1), parameters such as residual oil

saturation (Sro), residual water saturation (Srw) and oil recovery index are utilized. Generally,

all the aforementioned parameters are gross and/or inaccurate evaluations. Typically data

acquisition range is between 10 and 25 meters which impedes the recognition of rock

anomalies in ranges below than 10 meters. Well logs provide a better approach as they obtain

data of the order of 0.5 meters. It is clear that there are gaps in the reservoir characterisation

which may lead to misunderstanding of reservoir structure (Dasgupta, 2013).
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Historical records reveal that the geophysics was only applied to oil exploration at surface,

however during last decades it has been spreading to surface, borehole, aerial and maritime

fields. Nowadays the main field of study is the borehole zone, because this is the area that

determines the boundary features during the oil production (Ahmed, et al 2012). The

borehole study is also known as formation evaluation (FE), which finally defines the volume

of hydrocarbons into reservoir, establish recoverable reserves, simulation model, enhanced

oil recovery methods, productive zones and flow features. Into the nine principal methods

used by FE (acoustic interval transit time, neutron porosity, bulk density, natural gamma

radiation, photoelectric factor, spontaneous polarisation, apparent resistivity and nuclear

magnetic resonance), the neutron porosity is one of the most used methods thanks to its

versatility, understanding, reliability and handling qualities.

Table 1. Reservoir analysis by interpretation of techniques during field production life

(Dasgupta, 2013)

The porosity knowledge is of concern as pore space harbours the liquids or gases to extract.

Neutron porosity was one of the first methods developed in the porosity studies. Some

modifications and improvements have been done, which have spread its uses and impact.

This method is based on the amount of energy that is lost when neutrons intent to pass
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through the matter (fluids and minerals). Thus some compounds do not allow neutrons to

pass. For example, water tends to absorb the neutrons more that the oil. Scanning areas which

contain only water or oil in the same kind of rock can be further used in order to compare

other zones and to determine the oil saturation (Ellis, 1987). Furthermore the neutron

porosity devices (Figure 10) have different range detectors and energy dissipation zones

which permit obtaining better analyses from the results (Figure 11).

Figure 10. Compensated neutron tool. (Ellis, 1987).
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Figure 11. Lithology and saturation determination based on neutron log.

Although well logs are the main tools, they are not the most reliable source of information

for understanding and studying the reservoir. Therefore direct petrophysics studies using

rocks from reservoir are considered more reliable, and in several cases they provide more

valuable information from exact features in points (layers) of interest. Thus, reservoir

samples offer different information depending on approach scale. For example, a 0.127 m

core by diameter show texture, fauna, flora, biostratigraphic dating and structure, meanwhile

0.03 m core by diameter show microfauna, microflora, diagenesis, grain size, cement

analysis, porosity type and cathodoluminescence. In most cases core samples of 0.03 m by

diameter are used as standard scale due to its practicality and reservoir representation.

Naturally for this kind of cores (0.03 m), numerous methods of study have been developed:

isotopic analyses, compressive properties, elastic moduli, resistance properties, mercury

injection, computational tomographic (CT) scans and Special Core Analyses (SCAL)

(Dasgupta, 2013).

1.4 Special Core Analysis Laboratory

SCAL are basically experiments on cores, in which reservoir conditions are simulated in

order to imitate two-phase flow through the porous media measuring properties such as

capillary pressure, pore volume compressibility, pore volume porosity, saturation exponent,

drainage curve, imbibition curve, trapped gas saturation, cementation factor, wettability
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impact, relative permeability curves etc. In particular the SCAL are widely used by main oil

companies as they offer the widest information source about reservoir conditions (Dasgupta,

2013). Nevertheless, they are challenging experiments concerning relative permeability in

carbonate rocks, capillary pressure in fractured cores, CT scans of shale rocks.

In last four decades with the large development or discovery of new technologies the SCAL

industry has been not only used for improving the accuracy, but the industry has developed

new technics. For example, the saturation determination bases on core conductivity or the

calculation of relative permeability curves using barometers around the core (Lucia, 2007).

There is not a SCAL that truly permits understanding of impact and importance of porous

media for the fluid flow. The first approach starts from the fluid flow and its behaviour

through the porous media. Initially, the only way to study the porous media was based on

relative permeability curves (Figure 6), thin sections and capillarity pressure curves. By

using several equations, correlation and histograms, it is possible to represent and predict the

flow into the rocks. These estimations are not acceptable in order to describe a complex

system as it is in the case of the reservoirs (multiphase flow with several scales of interaction)

(Knackstedt et al., 2007, Stiles, 2002).

Knackstedt (2007) argues that the interconnectivity into different pore scales is strictly based

on 2D thin sections, which definitely affects assesses of new methods based on 3D models

are more suitable as they take into account dynamic network features. CT scans are needed

for getting 3D models, a facility that is merely limited to some laboratories owing its price.

Laboratory measurements are done at high flow rates in order to mitigate the effects of

capillarity (Figure 12) at the core end (Knackstedt et al., 2007, Stiles, 2002). Capillarity has

a considerable impact on displacement parameters, residual oil saturation (Sro), residual

water saturation (Srw) and oil recovery index. Unfortunately, the results do not fit with

reservoir characteristics.
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Figure 12. Capillary end-effects during a core flow (Stiles, 2002)

In order to obtain more accurate results most of the cases lead to the partial or total

destruction of core samples. Nowadays tomographic devices are used to study the porous

structure of core samples and to prevent destructive changes on core samples. This kind of

technology is limited to well-funded laboratories because it is expensive, there is a need of

experienced personal to operate the equipment, and because big core samples need high-

power equipment. High-power computers are needed in order process the images, which

increase considerably the price and complexity of the equipment.

In the earliest 90s, with the introduction from geophysics of x-ray and gamma-ray for

studying core displacements, the oil and gas industry started to use these instruments in order

to describe more accurately the displacement of a phase through the porous media. This new

method allowed to recognise the phases saturation along rock in laboratory conditions. The

equipment was adapted for waterflooding with some modifications, for example the

inclusion of a motor that could move the x-ray source along the core holder, the x-ray

detector in synchronisation with x-ray source, heat exchanger and temperature control

system.
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Figure 13. Water saturation along core sample on several stages of injection, blue - initial

water saturation, red- 0.14 fraction of water amount of total pore volume (PV) have been

injected to the core, yellow- 0.24 fraction of water amount of PV have been injected to the

core, red wine- 0.34 fraction of water amount of PV have been injected to the core, green-

0.52 fraction of water amount of PV have been injected to the core and dark cyan- 1.3

fraction of water amount of PV have been injected to the core (Trewin and Morrison,

1993).

Trewin and Morrison (1993) realised one of the first experiments using the x-ray technique

for the study of reservoir located in the central North Sea that showed a low residual oil

saturation by log analysis, but based on core data this value was high. Thus, modifying the

waterflooding equipment, the x-ray method was used for reconciliation of core and log

saturations. As result is was concluded that x-ray method provided highly reliable data for

the accurate description of reservoir features (Figure 13). Furthermore, the rock properties

were not affected by the cleaning and inhibition processes during the experiment realisation.
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Styles (2002) showed the effects of capillary pressure on oil recovery during waterflooding

at low and high flow rates. The results showed that the higher the flow rate is, the higher oil

recovery can be obtained. It can be also concluded that the capillary pressure effects are

reduced as the flow rate increases (Figure 14 and 15).

Figure 14. Water saturation along core sample on several stages of injection at low flow

rate, red- 0.1 fraction of water amount of total pore volume (PV) have been injected to the

core, green- 0.2 fraction of water amount of PV have been injected to the core, blue- 0.3

fraction of water amount of PV have been injected to the core, yellow- 0.4 fraction of

water amount of PV have been injected to the core and dark blue- 4.2 fraction of water

amount of PV have been injected to the core (Styles, 2002).
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Figure 15. Water saturation along core sample on several stages of injection at high flow

rate, red- initial water saturation, blue- 0.2 fraction of water amount of total pore volume

(PV) have been injected to the core, green- 0.33 fraction of water amount of PV have been

injected to the core, yellow- 0.4 fraction of water amount of PV have been injected to the

core, dark blue- 3.5 fraction of water amount of PV have been injected to the core and dark

cyan- 6 fraction of water amount of PV have been injected to the core (Styles, 2002).

1.5 Flow in porous media and pore network models

The first step in order to represent the flow through the porous media is to define the pore

space with all its features and qualities. As it is known the pore space is not a simple group

of thin channels from one point to another, but a complex small-scale network of void space

interconnected that allows the storage and transport of fluids through itself. Pore sizes are

heterogeneously distributed. In the vast majority of cases the pore space is symbolised by

regular geometrical figures as circles and triangles. Although the irregular triangle has the

capacity to reproduce correctly the pore shape factor (Oren, 1998), it lacks the pore surface

details (roughness). Holstein and Lake (2007) argue that matching geological
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characterisations with laboratory measurements produce more accurate network pore models

as pore size distribution is dominated by rock source scale.

Complex and completed network pore models have been developed in the last 3 decades.

This sudden interest has been motivated by the economical stimulations given by

multinational oil companies in order to comprehend clearly the pore effects on oil recovery

(Blunt, 2001). Furthermore sciences such as hydrogeology and hydromechanics have also

shown interest in pore representation, but especially in pore scale, transport phenomena and

up-scale simulation, for example Rosener and Geraud (2007) presented a thermo-hydro-

mechanical-link model for the transport phenomena in fractured granites.

The second step in fluid flow modelling could be considered as the reproduction of physical

pore-surface properties, among them the wettability (preference of a surface to be adjacent

to a liquid what produce the harmony between surface and interfacial forces) as it is shown

in the Figure 16

Figure 16. Schematic representation of different wettability cases a) complete wetting

surface, the droplet spreads over surface, thus the contact angle tends to 0°, b) partial

wetting surface, the contact angle is around 0° and 90°, c) non-wetting surface, the contact

angle is between 90° and 180°, d) droplet on perfect non-wetting surface (Tharwat, 2013).

During the debris accumulation, spaces among non-compacted debris tend to be filled with

water. Once the rock has been compacted by pressure, the pore-surface will prefer be wetted

by water (water-wet). A clear example of this occurrence is groundwater and free

groundwater, which has not been disturbed by external substances that could affect the

affinity of pore surface. In this case the oil is a fluid that matures into the source rock, then

it migrates from rock until it gets trapped. In this process the source rock becomes oil-wet

due to maturation conditions, while the path that oil has followed, changes its wettability.

As a result, the oil reservoir will have several parts with different wettabilities (mixed-wet).

This feature is related to direct contact of oil with the surface, which produces the adsorption

of surface-active components on the solid asphalten surface entailing the change. The change

can be determined by rock mineralogy, exposition time and oil chemical composition. For
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example, Buckley and Blunt (1998, 2001) state that oil with high asphaltenes concentration

could reach contact angles around 179°, while on the contrary oil with low asphaltenes

concentration could show contact angles lower than 85°.

The first registered effort for the development of pore wettability simulation was done by

Kovscek et al (Blunt, 2001). The simulation showed that small pores remained water-wet

due to the high capillary pressure, while larger pores were occupied by oil. Blunt (2000)

simulated the wettability on a pore, and the pore was represented by an irregular triangle,

where initially water-wet walls in the pore space content were changed several times. Blunt

(2001) concluded that in a single pore different wettability configurations could be found,

which is a favourable approach in order to simulate three-phase flow in the porous network

(Figure 17). However this approach still is merely superficial and inefficient as it does not

take into account essential parameters such as disjoining pressure. Therefore it is believed

that perhaps the most challenging and complex problem of reservoir simulation and in

general fluid flow through porous media is the forecasting and depicting wettability.

The fluid flow do not only concern the realisation of suitable models of pore-network, but

the multiphase flow also represents a challenge. There is not a definitive and total reliable

model for the simulation of one-phase flow, which is caused by major part to the pore-

network uncertainty and low understanding of physical and chemical processes occurring

during fluid motion. Two-phase and three-phase models are even less understood than one-

phase, not only due to phase interactions but because of time-dependent phase saturation in

the pore volume. Especially in three-phase flow where one phase saturation changes there

are two independent variables that change in an undefined ratio. Which results in an infinite

solutions of saturation distribution.
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Figure 17. Phases (oil, water and gas) distribution in a pore. Pore walls where have

occurred a wettability change is symbolised with bold lines (Blunt, 2001).

At last, but not least on-going processes during the fluid flow, for example diffusion, mass

transfer, dissolution and temperature changes have a considerable impact on fluid flow

process. Several models especially on prediction of dissolution rate have been proposed in

the last years (Blunt, Zhou and etc., 2000), nonetheless the task still being challenging as the

improvement may be minimal. It is often needed the recomputation of one parameter, which

makes the calculations slow and even inefficient. Furthermore, the first simulations of flow

in pore scale fractures have been created in 1998 (Glass and et, 1998), although the

approximations are restricted due scale and rare effects (Blunt, 2001).
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1.6 Computer Simulation
The method used for the accuracy reproducing of the system responses to a conditioned

environment using their mathematical characterisation is called computer simulation. The

Weather forecast by 1910 was the first attempt in using computers to realise mathematical

calculations (Richardson, 1922), however, only since the second half of XX century the

computer simulation application was really notable (Moin, 1997). Actually specialised

computer programs are widely used in several disciplines such as chemistry, geology,

geophysics, cosmology and fluid mechanics.

Regarding fluid mechanics, the use of computer simulation is called Computational Fluid

Dynamics (CFD) which solves daily basis engineering problems in relation to fluids, for

instance combustion machines, pipe design, ventilation systems, heat exchangers, oceanic

flows, weather forecasting, pollution assessment system and subsurface flow. The problems

to be solved in CFD are represented by series of partial differential equation (PDE), which

obey conservation equations, namely, 2nd Newton’s law, mass conservation and 1st principle

of thermodynamics, those equation, in the vast majority comprise suppositions in order to

simplify and make adaptable the issue (Aziz and Settari, 1979). Additionally, the

mathematical equation in use, generally present a high degree of complexity, as a result, the

approaches are done to make tractable the solution by computers. Nevertheless, the CFD

contributions have become vital for the engineering and fluid mechanics development,

providing reliable information, despite there are several methodologies into CFD that need

to be solved such as multi-scale physics, hybrid simulations and discretization (Chakraborty,

2015).

1.7 Describing the Fluid Flow

The mathematical equations that govern the fluid flow, thereupon, the CFD basis are Navier-

Stokes equations (1843), conservation equations (1755) and transport equations. The

development and the total understanding of those equations allow their application and

adjustment to specific problems and tasks.

1.7.1 Conservation Laws

In fluid dynamics, the fluid density concept is defined as a point function, that is to say,

continuous in space (r) and time (t) (Warsi, 2006). Hence, the density as a point function is

the integral of determined volume (Vo), which contains a mass (M):
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M r t v  (1.10)

where r is a position in the space, t is the time, oV is volume and  is the density.

For a mass of volume in motion, that does not change while the volume is in motion, the

mass conservation can be written as:
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where d
dt

is the total time derivate. Solving the equation 1.11, the equation of continuity is

written as:

  0,div u
t





 


(1.12)

where u is the fluid velocity vector. The equation 1.12 refers to unsteady flow in a

compressible fluid. In the event that the flow is steady and incompressible (density is

constant), then the equation of continuity becomes

0,div u  (1.13)

For a system of Cartesian coordinates composed by a 3- dimensional space, the divergence

is equal to:

,
u v w

div
x y z

   
   

   
(1.14)

where ,u v and w are basis of unit vectors.

Linear momentum conservation is equally important during the establishment of

conservation laws. Momentum conservation states that change of volume momentum is

equal to a resultant force on the volume particle (Warsi, 2006). To clarify, by force, it is

meant surface (forces that act on the bulk portions) and body forces (forces that are intensive

or local) such as gravity, pressure, viscous, electromagnetic and centrifugal. Under those

circumstances, the momentum conservation equation is written as:

    ,u div uu f div
t
  


   


(1.15)

where T is the stress tensor (second-order tensor) and f is the body force.

Last but not least, the energy conservation equation balances the change rate of energy of

fluid particles with the heat added plus the work done on a particle.
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      ,t te div e u u q f u
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where q is the heat output rate and ie is the total energy.

21
,

2
te e u  (1.17)

where e is the specific internal energy of the fluid.

1.7.2 Navier-Stokes equations

Based on the differential form of the momentum conservation law and the equations for the

description of a viscous compressible fluid flow (Norman & Philip, 2006), the Newtonian

fluid motion through space is mathematically expressed with an outfit of non-linear partial

differential equations which are called the Navier-Stokes (Anderson, 2009). Must be

remembered that the stress tensor is composed of 2 parts, specifically isotropic and

nonisotropic (deviatoric) (Warsi, 2006). As a result, the Navier-Stokes equations become:

    ,u div u f grad p div
t
   


   


u (1.18)

    ,v div u f grad p div
t
   


   


v (1.19)

    ,w div u f grad p div
t
   


   


w (1.20)

where ,u v and w are the velocity component, grad is a convective operator and  is the

deviatoric stress tensor.

To clarify,

  2 ,div u D    (1.21)

where  is the 1st viscosity coefficient,  is the 2nd viscosity coefficient and D is the strain

rate tensor.
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Figure 18. Stress tensor action on fluid surface (Warsi, 2006).

1.7.3 Transport equations

The given governing equations are merely restricted to homogeneous, non-chemically

reacting fluid and the transport phenomena is not considered. Including diffusion coefficient

and simplifying the general form of flow equations, the transport equations take the

following form:

      ,div u div grad div
t
    


   


(1.22)

where  is the diffusion coefficient and  represents a fluid property.

The transport equation permits the solution for the given fluid property ( ) with the partial

differential equation. Thus, it must be remembered that fluid properties ( ) also represent a

vital part of the simulation as well as boundary conditions and initial simulation data, which

consequently have an impact on the simulation and its results (Szymkiewicz, 2013). For

example, the porous media flow simulation of a single phase can use Navier-Stokes

equations to generate average velocity and pressure profiles, however, these parameter

profiles within pores are inestimable without the use of auxiliary equations (Darcy’s

equation 1.1) (Comsol.com, 2015).
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Aforementioned, the simulation of fluid flow through porous media is complex, however,

by correctly selecting the work scale (figure 19) accurate approximations can be reached.

1.8 Pore Flow Models

Figure 19. Approach scales in porous media (Szymkiewicz, 2013).

The challenges faced on daily basis (problems) have accelerated the development of several

porous flow models as well as adaptations of fluid equations into CFD. For instance, in

porous media flow the mechanical energy conservation is established by Bernoulli’s

equations (equation 1.23), which specify that mechanical energy within fluid trajectory can

transform into one of equation components (elevation, velocity and pressure), albeit the

energy remains constant (Comsol.com, 2015).

2

,
2 p

u p
h const

s g s g s

   
   

   
(1.23)

where p is the fluid phase density, g is the gravity, h refers to elevation and p represents

the fluid pressure.

Nowadays there are three porous media models used, specifically Richard’s, Brinkman’s

and Darcy’s. Every single model can be used in general porous media tasks as well as its

own specific applications, for example, only Darcy’s model provides reliable results on low

permeability cases.

1.8.1 Richard’s equation

Richards’s equation model is actively used for cases where porous media saturation changes:

Driving force promotes fluid distribution (filling or draining pores) along porous media,
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thus, retention parameters express the wetting and drying rock properties. Richard’s equation

have several variations (simplifications or improvements) for special cases, however, the

general forms are the most used:

 m s
r m

C kp
SeS div k div p g div h Q

g t
  

 

   
           

(1.24)

where mC is the specific moisture capacity, S represents the storage coefficient, Se gives

the effective saturation, sk denotes the hydraulic permeability, rk represents the relative

permeability, h denotes the elevation and mQ represents the fluid source.

The fluid velocity calculation is:

  ,s
r

k
u k div p gdiv h


  (1.25)

1.8.2 Brinkman equation

Brinkman equation blends Darcy’s law with Navier-Stokes equations in order to characterise

the kinetic energy dissipation. As a result, Brinkman equation is applied in cases where the

fluid moves at high velocities (high permeability areas), Darcy’s law – Navier-Stoke flow

transitions, Non-Newtonian fluids, oil motion and similar. Furthermore, in the Brinkman

equation solution, the dependent parameters are the velocity and pressure

(Comsol.com, 2015).

   p brdiv u Q
t
  


 


(1.26)

where p denotes the porosity and brQ represents the fluid source.

Thus, the moment equation in Brinkman form.
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where  is the dynamic viscosity (Pa∙s), k represents the porosity tensor (m2), T gives the

temperature (K),  denotes identity matrix [3x3] and f shows volume forces and gravity.

1.8.3 Darcy’s law equation

A point often overlooked is that due to pore structure, momentum transport is almost

insignificant, therefore, Darcy’s law equation have a major solving effectiveness for issues,
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where the driving force is the pressure. Aforesaid, Darcy’s law is the most suitable for the

cases, in which the fluid velocity is low due to friction resistance (Comsol.com, 2015). As a

result, Darcy’s law is a very useful porous model for the simulation of subsurfacing waters,

water migration, magma motion, oil migration and similar. As it can be seen the fluid is

assumed to be Newtonian.

Fluid viscosity, pore structure and pressure gradient are the main parameters used in the

Darcy’s equation in order to find the fluid velocity. With this in mind, Darcy’s velocity is

given by:

  ,
k

u div p g div h


   (1.28)

where u is Darcy’s velocity (velocity vector) and k denotes the porous media permeability.

Replacing u in the equation 1.07, gives:

    m

k
div div p g div h Q

t
  



  
     

   
(1.29)

Finally, introducing the fluid compressibility concept by the relation  
p

S
t t
 

 


 
, the

generalised governing equations becomes:

  m

p k
S div div p g div h Q

t
  



  
     

   
(1.30)

Although on a daily basis, there are tasks that require the porous media flow simulation, no

many commercial CFD software provide the porous media module. The vast majority of

commercial and free CFD with the porous media modules are related to oil production

industry such as ROXAR, PETREL, ECLIPSE, Nexus, the Open Porous Media (OPM) and

Computer Modelling Group (CMG). Nevertheless, those CFD software are being used for

specific tasks (reservoir simulation and oil migration), therefore for more general purposes,

multitask CFD packages are employed, for example COMSOL Multiphysics, ANSYS

FLUENT and STAR-CCM+.
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Figure 20. Single-phase flow through porous media (Bogdanov et al, 2011).

Lately, due to the great number of conveniences such as interface, scales, computer

requirements, adaptability, Multiphysics ability, discretisation and performance. COMSOL

is one of the most popular CFD Software (Diaz-Viera, 2008). COMSOL Multiphysics is a

sophisticated CFD software designed especially for engineering and physics applications,

specifically multiphysics phenomena (more than one relevant physical phenomenon is

involved, for example fluid flow and chemical kinetics). Additionally, solving partial

differential equations (PDE) by finite element method (FEM), COMSOL Multiphysics

approaches to the simulation solution (Comsol.com, 2015). Equally important, COMSOL

Multiphysics contains more than 20 modules for specific physics applications

(electrochemistry, microfluids, geomechanics, heat transfer, semiconductor, wave optics,
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plasma et al.), as well as interfacing environments for the integrations of 3rd programs such

as Solid Edge, Revit, SOLIDWORKS, MATLAB, Excel etc. (Comsol.com, 2015).

1.9 COMSOL Multiphysics

What? Where? How? Those are the analogy to three of the most fundamental parts of any

CFD software for solving an engineering task, hence boundary conditions, meshing and

geometry and discretisation method.

1.9.1 Meshing and Geometry

Comprehend the spatial dimension of the domain (including the physical domain) as well as

its complexity, is a mandatory step within the simulation (Pascal & Paul-Louis, 2008).

Although, the diverse governing equations (PDE) and boundary conditions for a given

physical domain can be solved, treating the domain as a whole part. For complex figures

(irregular geometry) and/or spatial dimensions of big proportions, the equations computation

requires an enormous amount of time (from various hour to several days, it depends on

geometry, dimensions and equations), therefore the continuous domain is substituted by a

finite ensemble of single geometrical elements, for example triangle (two dimensional) or

prism (three dimensional). Such geometrical division (decomposition) is called mesh

(Pascal & Paul-Louis, 2008).

Meshes are classified according to its connectivity (connection between vertices) in:

structured (regular connectivity), unstructured (irregular connectivity) and hybrid (mixture

of both structured and unstructured). In order to generate an efficient and high quality mesh,

first, it is important to realise the simulation characteristics (initial conditions, most relevant

physical boundaries and interest areas) and factors that affect the mesh quality such as

smoothness, aspect ratio and skewness (Pascal & Paul-Louis, 2008).

Smoothness refers to the size ratio change of a grid element. In other words, a good mesh

shows a gradual and smooth element size change along the grid, thus, the surrounding

elements (triangles or quadrilaterals) gradually increase or decrease its size depending on

the case.

Aspect ratio makes reference to the length ratio between the longest and shortest edges.

Consequently, an ideal aspect ratio is equal to 1, meaning that the given element has a perfect

proportion of its vertexes distribution.
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Figure 21. Numbered vertexes and basic elements used in CFD (Pascal & Paul-Louis,

2008).

Skewness gives the asymmetry or a disproportion degree of a geometric figure to fill an area.

As a result, an ideal skewness is equal to 0. As skewness calculation depends on element

size, there are several forms to assess it. For triangles and tetrahedral, skewness assessment

is given by:

optimal cell size cell size
Skewness

optimal cell size


 (1.31)

If a mesh meets the requirements (mesh criteria), then the given mesh is of high quality and

it produces less errors (Pascal & Paul-Louis, 2008).
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1.9.2 Boundary Conditions

Figure 22. Boundary conditions in 1D groundwater filtration issues: a) first phase, b) last

phase; evaporation layer, c) first phase, d) last phase (Szymkiewicz, 2013).

As word boundary refers, boundary conditions are limitations or additional constraints that

characterise the system element behaviour at the physical boundary nearness. Frequently,

boundary conditions are divided into three types (Szymkiewicz, 2013):

First, Dirichlet boundary specifies the variable value at determined boundary parts. For

example, non-slip condition on walls, constant velocity or fixed temperature of a surface.

Second, Neumann boundary that specifies the normal derivative at determined boundary

parts. For instance, a source that dissipates a known amount of energy.

Third, Robin boundary condition that specifies the relation degree between function value

and its derivative, therefore, Robin boundary condition is considered the Dirichlet’s and

Neumann’s general form (Szymkiewicz, 2013).

Several boundary conditions can be defined on diverse zones of the domain boundary.

Boundary condition examples for a single-phase through porous media are such as inlet,

outlet, wall functions and pressure. As identical engineering cases with identical initial

conditions can easily have different solutions due to the boundary conditions

misunderstanding, a deep initial condition analysis must be done first. With this in mind, the

aforementioned boundary conditions in porous media case state:
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 Wall functions refer to solid, impermeable walls that present non slip behaviour, in

other words, the fluid at wall does not move ( 0u  ).

 Inlet denotes the inflow normal to the boundary, e.g. the injection pressure.

 Outlet denotes the outflow normal to the boundary, e.g. the hydrostatic pressure.

Once the boundary conditions of the study system (object) are identified and defined, the

next step is the definition of “how” in the domain, the governing equation as well as

boundary conditions occur and are evaluated.

1.9.3 Discretisation

Finally, rest to answer the question, how? How to compute, evaluate and understand the

governing equation into the system. Discretisation is the act of assigning discrete (arithmetic

and algebraic) equations to PDE (Szymkiewicz, 2013). Thus, a general solution is achieved

using the grid (computational domain division), where the discretised equations are solved

for each element (cell / mesh) Figure 23. The most used methods are Finite Volume Method

(FVM), Finite Difference Method (FDM), Lattice-Boltzmann and Finite Element Method

(FEM). The last one is the discretisation procedure utilised by COMSOL Multiphysics

(Comsol.com, 2015).

FEM possesses special features that makes it more functional and efficient compared to other

methods (Wendt, 2009). Firstly, FEM can handle both unstructured and structured meshes,

while FDM requires structured grid. Secondly, FEM strongly links the issue solution with

the geometric description of the domain, what makes FEM assume the discrete solution

beforehand, while in FVM the link is not that strong. Thirdly, FEM does not try to solve

directly PDEs. On contrary, the solution is given by PDEs integral form and therefore higher

order accuracy is accomplished. Finally, in FEM the discretisation is acquired after summing

the elements contribution as a whole (Wendt, 2009).

Iannelli (Iannelli, 2006) states that the discretisation procedure by FEM can be resumed in

six steps:

I. Restructurisation, PDE to “weak” integral statements.

II. Restatement of each integral as a sum of integrals in the elements.

III. Controlled coordinate transformation into elements in order to compute the integrals.

IV. Coordinate and functions simplification as a linear secession of basic functions.

V. Integral analysis in order to provide a discrete system.

VI. System solution in order to provide the computational solution of PDEs.
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Figure 23. Numerical grids for FEM: a. linear elements into one-dimensional system, b.

triangular elements into two-dimensional system (Szymkiewicz, 2013).
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2 EXPERIMENTS
The accuracy and reliability of fluid and rock properties are the base for the development of

this work. In the rock case, the porosity and permeability measurements are vital as

technically the models are based on those two properties, therefore special attention was

taken. More complex measurements, as rheological properties require time, knowledge of

basic phenomena and technical skills so as to obtain reliable values. For example, the

measuring time is crucial in the case of low shear rates as it needs much more time for the

response detection. It must be kept in mind that there are some restrictions during the

measurement, most of them related to the equipment sensibility and measuring conditions:

temperature, pressure, humidity and phase composition.

Electromagnetic radiation, specifically X-ray, which may produce irreversible damage to

cells or be fatal during long exposures due to the high energy of wave. Therefore, special

security measures had to be taken.

2.1 Measurement of liquid and petrophysical properties

2.1.1 Porosity and permeability

For determining the porosity, it must be first taken into account that parameters such as

temperature, confining pressure and pressure test must be suitable for the measurement as

those parameters might affect the real values. Therefore, it is utilised an automated

permeameter-porosimeter (CoreTest AP-608, Figure 24) that is used to control previously

mentioned parameters in order to get accurate measurements.

Figure 24. Automated permeameter-porosimeter AP-608 (CoreTest Systems).

The permeameter-porosimeter has a core holder, where the core sample to measure is

introduced. The system assesses the core compressibility measuring the permeability and
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porosity at several confining pressures. Permeability is measured using the transient pressure

decay method, meanwhile the porosity is measured by confining gas pressure.

2.1.2 Weight

Weight precision is an important factor as most of initial parameters depend on it, for

example the core saturation. Therefore an analytical balance (Mettler Toledo XSE204,

Figure 25) of low repeatability was used. The core samples were measured after the porosity

and permeability have been measured while they still dry and had not absorbed water.

Figure 25. Analytical balance XSE204 (Mettler Toledo).

The measurement procedure demands that core samples must be kept into an oven at

temperatures between 50 and 60 °C in order to maintain core samples dry on the surface of

a rock. When the core samples are measured after the manual saturation, core samples must

be held around 1 minute due to water dripping from the surface.

2.1.3 Density

Because of volatile compounds (propane, butane and pentane), the experiment should not be

carried out at high temperatures. As the experiment temperature is 25 °C only a small

percentage of pentane (boiling point 35.9 °C) will be remain in oil composition, which does

not affect drastically the density. A density meter (Mettler Toledo DM40, Figure 26) has

been used for the density measurement for calculating the Reynolds number and flow rate

injection.
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Figure 26. Density meter DM40 (Mettler Toledo).

2.1.4 Kinematic viscosity

Kinematic viscosity is another relevant parameter in order to calculate the Reynolds number

and dynamic viscosity. Therefore the measurements were done using the standard method

of test for kinematic viscosity of transparent and opaque liquids (and calculation of dynamic

viscosity) also known as ASTM D445. The sample is automatically preheated in order to

melt possible waxes and to transport it into the capillary viscometer equipped with a constant

temperature bath. Thus, the oil kinematic viscosity is measured several times while oil passes

through various capillaries. Finally, after some automatic calibrations a result should not

exceed 5 % standard error. Otherwise the measurement must be repeated in another capillary

viscometer. Although this standard method has been practiced since 1937, it is the most

world-wide used test in the oil industry.

2.2 Rheology

Given that oil is part of Non-Newtonian fluids, it is needed to measure the shear rate and the

shear stress values for the simulation through the porous media. The Reynolds number for

this kind of subsurface flow is lower than 1. The pores diameter are in order of 5 410 10  m

which gives as a result low flow velocities in order of 7 510 10  m/s. Therefore, it is used

a rheometer (Anton Paar MCR302, Figure 27), which provides low shear rate measurement

possibilities.
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Figure 27. Rheometer Anton Paar MCR 302 (Anton Paar GmbH).

A special measurement pattern was created in order to obtain the major accuracy and

reliability possible. The used conditions are explained as follows:

1. Total measurements 10. Duration from 60 seconds to 15 seconds between each

measurement, linear increase of the shear rate ( 4 11 - 9 10 s  ).

2. Total measurements 0. Duration 20 seconds, in order to let the oil relax and rebuild

its internal structure if it has it.

3. Total measurements 10. Duration from 60 seconds to 15 seconds between each

measurement, linear increase of the shear rate ( 4 11 - 9 10 s  ). This is done in order

to corroborate the data.

4. Total measurements 0. Duration 120 seconds. This is done in order to let the oil relax

and rebuild its internal structure if it has it.

5. Total measurements 38. Duration from 60 seconds to 15 seconds between each

measurement, logarithmic increase of the shear rate ( 4 19 10 -1s  ).

6. Total measurements 19. Duration from 60 seconds to 15 seconds between each

measurement, logarithmic increase of the shear rate ( 11- 50s ).
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2.2.1 Thixotropy

Another key point is the thixotropic properties that oil could have. In general, oils exhibit

certain thixotropic behaviour depending on composition and pressure conditions (difference

between the reservoir and storage pressure). In order to measure the shear stress as a function

of shear rate and time, the following procedure was developed taking into account the

equipment accuracy and hypothetical shear rates during waterflooding:

1. Total measurements 50. Duration is 500 seconds, linear increase of the shear rate

from 4 11 10 s  to 130 s .

2. Total measurements 50. Duration from 500 seconds to 5 seconds between each

measurement, stable shear rate ( 130 s ).

3. Total measurements 50. Duration is 500, linear decrease of the shear rate from 130 s

to 4 11 10 s  .

4. Total measurements 0. Duration is 300 seconds. This is done in order to let the oil

relax and rebuild its internal structure if it has it.

5. Repeat step 1 to 3, using logarithmic scale instead of linear on steps 1 and 3.

6. Total measurements 0. Duration is 1200 seconds. This is done in order to let the oil

relax and rebuild its internal structure if it has it as well as see the effect time on the

oil restructuration.

7. Repeat step 5. This is done in order to corroborate the data.

2.3 Core Samples
In order to carry out the waterflooding, the pieces of rock must be prepared. The

petrophysical parameters (porosity and permeability) as well as geometrical features are

measured for 2 preselected cores. Their selection is based on petrophysical parameters,

reservoir localization and mineral composition of rock. Nevertheless, for given experiment,

it is mandatory that the rock porosity be higher than 13 %, as the pores will be saturated with

various fluids, therefore small porosities produce mistakes due to the reduced volume into

the pores. Moreover, viscous fluids tend to form a thicker fluid layer on the pores surface,

which severely affects the detection of saturations during the scanning - change of oil water

ratio. Last but not least, the lower the rock porosity is, the higher the rock density is, which

affects the x-ray detection.

Core samples are maintained at 60 °C for at least 24 hours, then length, permeability,

porosity, diameter and mass were measured. Once cores have been measured and selected,
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as follows they must be saturated with a liquid and held in that under vacuum for a day to

ensure complete saturation (Figure 28).

.

Figure 28. Vacuum pump system used for the water saturation.

A saturation percentage must be higher or equal to 100 ± 2 % in the experiments. The

saturation is calculated using the formula 2.1.
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(2.1)

where wetM represents the wet core mass (g), dryM denotes the dry core mass (g), water is

the water density (g/cm3) and poreV gives the pore volume.

2.4 Waterflooding equipment

The equipment is formed by the complex combination of various systems, specifically 1)

pressure system, 2) temperature control system, 3) x-ray system, 4) measurement registry

and interpretation. All the systems are interconnected for a better performance and are

controlled from a computer.
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2.4.1 Pressure system

This system is formed by pumps, detection pressure system located in the core holder inlet,

core holder outlet, confining liquid pressure and back-pressure. The pumps, control the

injected fluid by pressure or flow rate, thus a constant pressure or flow rate can be ensured

with high accuracy. The pressure difference between the inlet and outlet of core holder is

determined by the 3 different membranes, each one respond to a determined pressure

difference, namely up to 55000 Pa, 3.4 610 Pa or higher. The confining liquid is basically a

silicon oil with low compression and expansion index with minimal thermal changes. Finally

the back-pressure at the outlet is used to avoid sudden pressure changes in the system and it

is used to represent as close as possible the reservoir conditions. For given experiment, all

those systems were used, the back-pressure during the experiments was 3.4474 610 Pa.

2.4.2 Temperature system

A measurement system is constructed into a metal box to avoid any kind of reactivity leaks,

where the temperature is controlled. The system maintains a constant temperature of liquids

(accumulators), tubes, valves and core holder with a pointing error of ± 0.1 °C. Part of the

core holder is covered with a heating jacket, in order to ensure the thermal stability which is

controlled by a thermocouple. In given experiment the temperature was 25 °C in order to

prevent any kind of reaction, which may arise from rock dissolution, evaporation gases

contained in the oil, drastic effect on pressure system.

2.4.3 X-ray system.

The complex system over a track, equipped with an x-ray source and a detector is operated

by computer. The x-ray source passes over the core holder, meanwhile the detector perceive

the remaining amount of pulses that archive to pass through it (Figure 29). The values are

registered, which permits following the process on real time.
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Figure 29. X-ray schema and cross section of core holder.

2.4.4 Measurement registry and interpretation system

The terminal for most of measurement instruments (thermocouple, barometer, thermometer,

x-ray source, cooler, heater, x-ray detector and radiation detector) process the collected

signals, meanwhile a high speed computer shows controls in real time regime those signals.

A special algorithm prevents making errors in the adjustments.
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Figure 30. Schematic representation of the approximated construction of waterflooding

equipment used in given experiment.

For realising the experiment several preventive measures must be taken into account. For

example, in case that the core samples have a different permeability, the core with the higher

permeability must be located in the inlet so as to guarantee a more homogeneous distribution

of the flow, otherwise the flow will find more resistance through the less permeable core and

suddenly less resistance, which affect the velocities in the pores. The main steps taken during

the experimental procedure are explained next.

1. Once the core samples are completely saturated, they must be put into a resin of the

same diameter, which must be clean and dry.

2. Introduce the inlet and outlet into the resin and do not remove the seals around them;

the seals are vital in order to prevent any liquid (silicon, oil or water) leak.

3. Preheat the core holder, accumulators and tubes.

4. Put the resin into the core holder, check the seals and close it. Then slowly fill the

core holder with silicone.
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5. Fill the tubes with the first liquid that would be injected, in this case it is water. Open

the safe valve in order to evacuate the tubes with air and once it is done, close the

safe valve.

6. Increase the confining pressure and set up the pump to maintain it constant.

7. Slowly inject water into the core samples without the use of back pressure, once the

water continuously gets through the outlet, close the outlet and set up the back

pressure.

8. Check for leaks along the tube system and close the oven.

The previous procedures are the basic steps for running the waterflooding equipment

(Figure 30). This is the first experiment stage as the x-ray is also part of the experiment. As

the x-ray is a dangerous device, all changes that are needed must be done before to start the

x-ray, because once the x-ray is running the door cannot be opened.

1. Activate the x-ray and its refrigeration system. It is necessary to wait at least 1 hour

before the system would work completely.

2. Realise some scans in order to corroborate the correct functioning of the equipment

(x-ray scan and waterflooding system).

3. Take the reference scan ( 0C ) for the value of the core samples completely saturated

with water. At this stage core samples do not contain oil.

4. Based on core samples petrophysical properties, one must select the flow rates which

do not exceed the Reynolds number higher than 1 (strictly laminar flow in oil and

gas reservoirs). Once the velocities have been selected, start the water injection from

the lowest flow rate and wait until the pressure is stable (the pressure change at the

outlet respect to inlet must be ± 0.021 bar per at least t 10 - 15 minutes).

5. Save the stabilised pressure values in the Excel macros -Waterflooding- in order to

obtain the flow rate velocity - difference pressure chart. Furthermore the receptivity

permeabilities are calculated.

6. Scan the core samples again in order to have a second reference scan for 0C .

7. Close water valve. Increase the pressure in oil-line tube till the inlet pressure, then

based on core samples petrophysical properties, one must select a flow rate value

that does not exceed the Reynolds's number higher than 1 (strictly laminar flow in

oil and gas reservoirs).
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8. Start the oil injection of 10 pore volumes (PV). There is no need to scan the core

samples while they are being filled with oil, as this process will not be studied.

9. Scan the core samples at 9, 9.3, 9.5, 9.7 and 10 PV so as to follow the injection and

changes on the x-ray detection profile. If the pressure difference is constant and there

are not changes at the last 3 scan profiles, then the oil injection can be stopped.

10. Repeat the step 7 but for water.

11. Initiate the scan and the waterflooding at the same time. In this case the

waterflooding was stopped at 3.64 PV of water, point when during 10 minutes there

was not gotten any oil drop from the core samples.

12. Close the water valve and open the solvent (Toluene 100 % and methanol 100 %)

valve in order to clean the core samples. It is recommended to alternate 6 PV of each

solvent at least twice using several flow rates.

13. Repeat steps 6 to 12. The flow rate of the water injection in this opportunity 5 times

the flow rate used in the first part, but it must not exceed the Reynold's number

higher than 1 (strictly laminar flow in oil and gas reservoirs).

14. After the core samples are completed clean, there is possible to start the injection 10

oil PV at low flow rate (it is recommended to use a flow rate value lower than the

used in the first oil injection).

15. Repeat the step number 9. This last scan profile will be the reference scan ( 100C ),

the state in which the core samples are completely saturated with oil.

16. Turn off the x-ray scanner and wait for at least 1 hour to take the core samples from

the core holder.

17. Repeat the step number 12. Carefully take the core samples to a ventilated zone in

order to dry them and measure the petrophysical properties.
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3 RESULTS AND DISCUSSION

In this section waterflooding measurements realised on two core samples are presented. The

results are analysed and discussed. Analogously, the results of a CFD model built using the

petrophysical parameters of core samples, porosity distribution extracted from the X-ray

response and oil rheological parameters from rheological measurements to three oils are

compared to the waterflooding results. The CFD model reliability is validated by

experimental results obtained from waterflooding tests.

3.1 Rock and fluid measurements

Length, radius and weight were measured after samples were taken from the oven. Based on

those values the permeameter-porosimeter assessed the porosity and permeability for given

core samples, the results are shown in the Table 2.

Table 2. Measured petrophysical parameters of core sample 1 and 2.

Parameter CS 1 CS 2

Length, m 0.0759 0.0780

Diameter, m 0.0301 0.0301

Weight, kg 113.20 120.34

Pore volume, m3 7.83 610 8.65 610

Porosity, % 14.49 15.59

Permeability, mD 592.60 426.19

The measured rock porosity was higher than 13 %. The difference between permeabilities is

around 30 %, a fact that could severely affect the waterflooding as oil recovery factor is

proportional to permeability. In other words the higher the permeability, the higher is the oil

recovery factor. On the other hand, the oil recovery factor is also conditioned by oil physic-

chemical properties such as superficial tension.

A one litre solution of Potassium iodide (KI) and pure water (solution density 1100 kg/m3)

was prepared for the saturation of core samples. Once the solution was prepared, the density

was measured at 25 °C as well as oil, the results are shown in the Table 3.

Table 3. Oil and KI solution density measured at 25 °C.

Parameter Oil KI solution

Density, kg/m3 920 1100
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As a part of the process it is needed to assess the dynamic viscosity, which can be calculated

using the equation 3.1. Measurement and calculation results are shown in the Table 4.

,





 (3.1)

where v is the kinematic viscosity (m2/s) and  denotes the fluid density (kg/m3).

Table 4. Oil and KI solution density measured at 25 °C.

Parameter Oil KI solution

Kinematic viscosity, m2/s 4.88 ∙10-4 8.5246 ∙10-7

Dynamic viscosity, Pa∙s 0.449 9.3771 ∙10-4

Based on experimental conditions, the oil dynamic viscosity at 25 °C will be considered for

the viscosity at high shear rates (larger than 10-2 s-1). Notably, there is a vast difference

between oil and KI solution viscosity. The viscosity ratio (Equation 3.2) is equal to 478.8,

which reflects the form how uniformly the oil will be displaced by water. The higher the

ratio, the more diverse the waterflooding, thus as a result, the water will break the unformal

interphase boundary (fingering).

,o

w

R




 (3.2)

where R gives the viscosity ratio, o  denotes the oil viscosity (Pa∙s) and  w is the water

viscosity, in this case the KI solution viscosity (Pa∙s). 

Petrophysical and fluid properties have been characterised, as well as the core samples (CS1

and CS2) can be saturated with the KI solution. After 24 saturation hours, the saturation is

measured using the formula 2.1 given in the chapter 2.3, the results are presented in the

Table 5.

Table 5. Saturation results of core samples CS1 and CS2 at 25 °C.

Parameter CS 1 CS 2

Saturated weight, kg 0.12188 0.12997

Saturation fluid density, kg/m3 1100.00

Porosity, % 14.49 15.59

Saturation, % 100.7 101.20

Both cores CS1 and CS2 were correctly saturated according to the requirements given in the

chapter 2.3, the saturations are 100.7 % and 101.2 % respectively. Although, the situations
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are into the margin of error, it is important to indicate the possible causes: Firstly, the

instruments measurement accuracy, secondly, a possible anions and cations absorption on

the rock surface. The second hypothesis is feasible as there was not noticed any precipitation

on the bottom of saturating chamber, neither on the walls, but the solution changes its colour

from intensive yellow to light yellow. In case that the pore surface absorbed anions and

cations, oil-water displacement interpretation may be affected.

3.1.1 X-ray

In the first place, the reservoir conditions such as pore pressure, temperature, and back

pressure must be emulated on the X-ray system. The conditions are resumed on the Table 6.

Table 6. Reservoir conditions.

Parameter Value Error

Back pressure, Pa 1.38∙106 ± 1379

Temperature, °C 26 ± 0.3

Pore pressure, Pa 2.07∙107 ± 1379

In order to characterise the core filtration parameters, the differential pressure in function of

flow rate was measured. The flow rates are selected based on the fact that the flow must be

laminar (Reynolds number less than 1), taken into account that the cores have as origin a

carbonate-fractured reservoir.

50Re ,
qd

A




 (3.3)

where Re refers to Reynolds number and 50d gives the average pore diameter (m).

Based on Gmid’s (2009) frequency distributions, for given rock type and permeability,

statistically the average pore-diameter is 5 510 m. Thus, solving the water flow rate ( wq ) in

the equation 3.3, four flow rates are selected: 0.16, 0.32, 0.64 and 1.28 cm3/min (2.67 910 ,

5.33 910 , 1.07 810 and 2.13 810 m3/s). For the oil flow rate, the values are: 0.1, 0.3, 0.5

and 0.7 cm3/min (1.67 910 , 5 910 , 8.33 910 and 1.17 810 m3/s).

Into the core holder, the inlet is located in an extreme of core sample CS1, as this has the

highest permeability. Then, the differential pressure is measured between CS1 (inlet) and

CS2 (outlet). In case of water flow (Figure 31), the differential pressure increases lineally in

function of flow rate, following the linear expression 8944.45 200.85y x  (coefficient

of determination equals to 0.99875).Correspondently, the y-intercept (200.85 Pa) denotes

the minimal differential pressure needed in order to filtrate water through 0.1539 meters of
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rock, in other words the pressure gradient is equal to 1305.07 (Pa/m). Furthermore, solving

the permeability on the Darcy’s law (equation 1.1), the phase permeability was calculated

for each point, as result, the average phase permeability by water is equal to 134.108 10 m2.

Figure 31. Differential pressure – water flow rate curve at 25 °C.

In case of oil flow Figure 32), the differential pressure also increases lineally in function of

flow rate, following the linear expression 7 51.026 1 30 1.7 10y x    (coefficient of

determination equals to 0.99428). Correspondently, the y-intercept ( 51.73 10 Pa) denotes

the minimal differential pressure needed in order to filtrate oil through 0.1539 meters of

rock, in other words the pressure gradient is equal to 1.12 610 (Pa/m). Furthermore, solving

the permeability on the Darcy’s law (equation 1.1), the phase permeability was calculated

for each point, as result, the average phase permeability by oil is equal to

140.53 131.39 10 m2. In petroleum engineering, parameters such as the phase permeability

and pressure gradient are of high importance, as these are two of most reliable parameters in

order to forecast the reservoir productivity, as well as they are key values during the reservoir

simulation.
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Figure 32. Differential pressure – oil flow rate curve at 25 °C.

During the water inhibition, the core was several times scanned in order to assess the core

samples heterogeneity. However, given scans only provide a mere qualitative assessment, in

other words, the core response (shots/s) does not show information directly related with

permeability porosity or rock composition. Therefore, a deeper analysis was done in order

to obtain more detailed data - the porosity distribution along the core samples - based on

experiment principle. For this reason, the average response for each core is calculated using

the following equation:

1

1
,

n

i
i

x x
n 

  (3.4)

where x represents the average response value (shots/s), n gives the amount of points

(measurements) per core and ix is the response value for point i (shots/s).

Thus, the porosity for each measured point along the core sample is calculated from the

following equation:

,ix

x
   (3.5)
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where  denotes the porosity (percentage) and  represents the average experimental

porosity (percentage).

Porosity distribution along core samples is shown in the Figure 33. Surprisingly, the core

sample CS2 seems to corroborate an average porosity equal to 15.59, however, it also seems

to have a wide porosity distribution compared to its size. On the other hand, the core sample

CS1 seems to have a more homogeneous distribution.

Figure 33. Porosity distribution along the core samples.

The principal focus of the experiments is the assessment of the flow rate effect on oil

recovery, therefore, two drainages with identical conditions except by flow rate were carried.

In the first case, the waterflooding is equal to 1.33 810 m3/s), for which the Reynolds

number is equal to 1. Due to the experiments nature, the factor time is not consider a main

matter, instead, the oil saturation change in function of pore volume (PV) is evaluated. Must

be remembered that the pore volume is defines as the volume sum of the whole pores space,

thus the pore volume for given the core samples CS1 and CS2 is equal to 616.51 10 m3. The

results are shown in the Figure 34. Important to mention that the experiment will be stopped
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once the oil stops flowing out when it has been injected 0.5 PV (10 minutes). For this reason,

the experiment at high flow rate will be stopped, once the same amount of PVs will have

been injected, therefore the final oil recovery at this stage for both experiments is the

comparison point.

Figure 34. Oil saturation along core sample; star
oS starting oil saturation, 0.3 PV

oS oil

saturation after the injection of 0.3 PV, 0.5 PV
oS oil saturation after the injection of 0.5 PV,

1 PV
oS oil saturation after the injection of 1 PV, 3 PV

oS oil saturation after the injection of 3

PV, 3.64 PV
oS oil saturation after the injection of 3.64 PV.

The results show that there is not an evident relation between the oil displacement (Figure

34) and the porosity distribution (Figure 33), furthermore, the starting oil saturation ( star
oS )

in several points exceeds 1, the fact that may invalidate the experiment reliability, however,

it was found that the maximum saturation point was 1.01. Therefore, as the margin of error

does not surpass the 1 %, it will be assume that the results reflect the drainage with satisfying

accuracy. Frustratingly due to metal-rock contact at the core sample inlet and outlet, some

measurements had to be omitted.
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Notwithstanding, the flow rate was relatively low, the oil saturation reduction did not exhibit

a piston-like, neither front displacement behaviour (Figures 5, 14 and 15). In general, the

displacement is highly heterogeneous, as a result after the injection of 0.3 PV (4.1 610 m3)

the water had reached the outlet, at this stage, the residual oil saturation barely was 0.89.

Unexpectedly, there is clear a slow redistribution of oil saturation along the core samples

between 3 and 3.64 PV. With this in mind, the average oil recovery for given stages were

calculated, thus the average oil recovery after the injection of 3 PV is equal to 29.3 %, while

the final oil recovery (3.64 PV) is 30.3 %.

For the next experiment (high flow rate), the flow rate values is selected thinking in possible

extreme cases, under those circumstances the Reynolds number is higher than 1, but it

remains into the technologically used operating conditions nowadays. Therefore, the

selected flow rate is 2.67 810 m3/s. The results are shown in the Figure 35.

As expected, as well as in the low flow rate case, there is not an evident relation between the

porosity and oil displacement. Furthermore, it is visible that the initial oil saturation during

the second drainage is slightly different than in the first drainage, namely in the first drainage

the initial oil saturation was around 99 %, while in the second drainage was 97.9 %. This

change is likely due to highly sensible nature of carbonate rocks aforementioned, together

with the hydrophilisation of pore surface. Equally as in the first drainage, the initial oil

saturation in some surpasses the 1 fraction mark, nonetheless, those point do not exceed 1 %

margin of error.

The remaining oil saturation for the second drainage during since the first injections is

significantly higher than those obtained during the first drainage. For instance, in the case of

0.3 PV during the first drainage, the remaining oil saturation is 88 %, while in the second

drainage is 75 %. In addition, the total oil recovery is 42.8 %, what represents an increase of

12.5 % with respect to the first drainage, forthwith, it is correct to affirm that high flow rate

affected the final oil recovery in a good way, however, it must be remembered that the flow

rate increase depends on technological, geological and mainly safety conditions.

Surprisingly, the second drainage exhibits a homogeneous displacement along the core

sample, as well as a redistribution of oil saturation along the core samples between 3 and

3.64 PV. Forthwith, the average oil recovery for given stages were assessed, and as a result

the average oil recovery after the injection of 3 PV is equal to 41.8 %, while the final oil

recovery (3.64 PV) is 42.8 %, with a mere difference of 1 %.
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As has been noted, both experiments reflect particular phenomena, several of them

comparatively similar, for instance the 1 % oil extraction between the last two

measurements. Moreover, it is clear that neither flow rates indicated piston-like or front

displacement. As shown above, higher oil recoveries can be achieved increasing the flow

rate and oil displacement does not have a describable behaviour, possibly it is related to the

pore structure, namely fractures (conductivity). However, more studies to core samples must

be done in order to provide a definite answer.

Figure 35. Oil saturation along core sample; star
oS starting oil saturation, 0.33 PV

oS oil

saturation after the injection of 0.33 PV, 0.65 PV
oS oil saturation after the injection of 0.65

PV, 1 PV
oS oil saturation after the injection of 1 PV, 3 PV

oS oil saturation after the injection of

3 PV, 3.64 PV
oS oil saturation after the injection of 3.64 PV (Vasquez, 2014).

3.2 Rheology

Owing to the oil lack, there was not possible to study the oil rheological characteristics,

therefore, several rheological experiments were performed on three different samples of oil,

which were sampled from the same basin and possess similar chemical composition to the

oil used in the waterflooding.
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The flow curve (shear rate-shear stress) for the oils AYD, SEV and NE4 in a time-

independent study are presented in Figures 36, 37 and 38 respectively. Additionally, the flow

curves are fitted using the most suitable rheological model. With this in mind, a residual

fitting plot is added in order to assess the accuracy of each measured point. The fitting

characteristic of each oil are shown in the Table 7.

First, the AYD flow curve is fitted using the Bingham rheological model, as can be seen in

the Figure 36, the residual fitting plot shows that between the ranges 10-4 s-1 and 1 s-1 the

Bingham model fits relatively well, however, for shear rates higher than 1 s-1 the model

starts exhibiting a considerable deviation. Although, it must be remembered that into the

residual fitting plot, those shear rates where the residuals are between -2 and 2, which in

reality indicates a standard deviation to the predicted model within 5 % respectively. Seeing

that the measurements in general do not exceed those values, the model is considered reliable

and accurate.

Second, the SEV flow curve is fitted using the Bingham rheological model, as can be seen

in the Figure 37, the residual fitting plot shows that into the whole range measurement, the

deviation do not surpass ± 0.02. To put it differently, the standard deviation does not surpass

the 0.05 %.

Finally, the NE4 flow curve is fitted, as well as the AYD and SEV oil, the most suitable

fitting model is the Binghamic. The residual fitting plot reveals as the AYD oil, between the

ranges 10-4 s-1 and 1 s-1. Therefore, the Bingham model fits relatively well, however, for

shear rates higher than 1 s-1 the model starts to exhibit a considerable deviation.
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Figure 36. Shear stress-shear rate and residual fitting plot of AYD oil at 25 °C.

Figure 37. Shear stress-shear rate and residual fitting plot of SEV oil at 25 °C.
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Figure 38. Shear stress-shear rate and residual fitting plot of NE4 oil at 25 °C.

According to the rheological analysis the best fitting model in all cases was Bingham.

Surprisingly, AYD, SEV and NE4 possess a close yield stress (10-4 Pa), nevertheless the

plastic viscosity is widely different. Furthermore, the model accuracy is not only assessed

based on the residual fitting plot, but also by the coefficient of determination. Therefore,

based on the results in the Table 7, it is correct to affirm that the oils can be in some extent

described using the Bingham model (equation 3.6).

0 ,     (3.6)

where  denotes the shear stress (Pa),  represents the plastic viscosity (Pa∙s),  gives

the shear rate (s-1) and 0 presents the yield stress (Pa).

Table 7. Results of the rheological fitting analysis for AYD, SEV and NE4 oil.

Parameter AYD SEV NE4

Rheological model Bingham Bingham Bingham

Yield stress, Pa 1.47∙10-4 1.50∙10-4 1.09∙10-4

Plastic viscosity, Pa  s 1.534 0.298 0.103

Coefficient of determination 0.9999 0.9999 0.9999
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Comparatively, AYD and SEV oil have similar yield stress, whereas NE4 oil has not only

lower yield stress, but also plastic viscosity. Equally important, during the experiments, it

was observed that there is not repetitiveness on the experiments at low shear rates, to put it

differently. It is not possible to get twice the same results under the same settings

(temperature and shear rate). For example, for the SEV oil, the shear rate test ( 4 11 - 9 10 s  )

was repeated after 100 seconds pause, in order to permit the oil internal restructuration. The

flow curve obtained in both measurements was different (Figure 39). Given the behaviour

might be a sign about thixotropic properties, not to mention visco-elastic behaviour. In this

case, the relaxation time becomes an important parameter in order to simulate oil flow

through porous media.

Figure 39. SEV shear stress-shear rate grid at 25 °C; red circles – first measurement ( 0t ),

green circles – measurement after 100 seconds pause ( 100t ).

Must be mentioned that the measurement equipment considered as error the first four

measurements, therefore these values were omitted.
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3.2.1 Thixotropy

The results in the Figure 40 display the time-depended shear rate vs shear stress response.

Owing to measurement equipment accuracy, part of the final measurements during the

second test were omitted. According to the program instructions, the measuring time is not

enough.

Figure 40. Thixotropy characterisation of SEV oil at 25 °C; green circles – first

measurement ( 0t ), red circles – measurement after 300 seconds pause ( 300t ) and

purple dots - measurement after 1200 seconds pause ( 1200t ).

Clearly, the SEV oil exhibits a thixotropic behaviour, that is to say an apparent viscosity

decrease over time. Important to realise that the first (green circles) test presents a tortuosity

degree between 10-4 s-1 and 1 s-1 (shear rate), that is mainly due to continuous destruction

and reconstruction of the oil internal structure of its particles in suspension, namely

asphaltenes and waxes. Once it is completely destructed, there is needed some time in order

to reorganise the oil particles in suspension, therefore it can be seen how during the second

test (red circles), the tortuosity is minimal.
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During the third test (purple dots), unexpectedly, the SEV oil yield stress (1.01∙10-3 Pa) gets

close to the value obtained in the first test (1.09∙10-3 Pa), nonetheless, the third test does not

manifest tortuosity, therefore it is assumed that given oil needs more than 20 minutes in

order to recuperate its original state.

Zoniev et al (2013) state that the oil used in the drainage (STR oil) possesses complex

rheological properties. Using the rheological data provided by Zoniev et al (2013) and the

data obtained from AYD, SEV and NE4 oil, a function (figure 41) for the viscosity in created

using Carreau model (equation 1.7).

Figure 41. STE oil viscosity in function of shear rate by Carreau viscosity model.

Data such as viscosity at zero shear rate (1.0857 Pa∙s) and the effective fluid viscosity when

the shear rate is around 7∙10-5 (0.7321 Pa∙s), are taken from Zoniev et al. (2013) study. The

remaining data are taken from the AYD, SEV, NE4 and STR oil analysis in the laboratory,

thus the viscosity at infinite shear rate is (0.442 Pa∙s), power index is 0.3 and the relaxation

time is 50784.4 s.

    
1

2 2
0 1 ,

in

eff inf inf t      


     (3.7)

where eff represents the effective fluid viscosity (Pa∙s), inf gives the viscosity at infinite

shear rate (Pa∙s), 0 shows the viscosity at zero shear rate (Pa∙s), t is the relaxation time

(s) and in denotes the power index.
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3.3 Fluid Flow Simulation

In the first place, the mathematical representation of the previously described experiments

is a matter of interest, therefore, the CFD software COMSOL Multiphysics is the utilised

program for both water and oil flow simulation. As aforementioned in chapter 1.6, a model

includes several parts, for instance boundary conditions, initial conditions and mesh.

3.3.1 Model

Based on the model description of flow in porous media, the most suitable model is the

Brinkman model. For simplicity, a two-dimensional model with the geometrical features of

the core samples is constructed. The model conception is shown in the Figure 42.

Figure 42. Geometrical conception and flow features into the model.

As can see the flow moves from the left to the right, as well as the walls the boundary

condition, no slip is implemented (the fluid at the wall does not move). COMSOL

Multiphysics contains a vast list of materials, thus, from the list as KI, liquid water with KI

density (1100 kg/m3) is used. In the same way, from the list as porous media, limestone

(Indiana) with the porosity distribution (Figure 33 and 43) and core samples permeability by

water ( 134.108 10 m2) and by oil ( 131.39 10 m2) were used.

Figure 42. Porosity distribution in the model.
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3.3.2 Conditions

Another key point is the boundary conditions, the COMSOL Multiphysics settings by default

are implemented. First, the inlet and outlet are managed using the pressure boundary

condition, with this intention, the data to use is differential pressures for both oil and water

on the Table 8. As aforesaid, on the walls the boundary condition of no slip is used,

furthermore given walls are assumed as impermeable barriers, that is to say, there flow does

not pass through these walls.

Table 8. Inlet and outlet pressures from the experimental data.

Phase Inlet pressure (Pa) Outlet pressure (Pa)

Water

1516.8

0
3240.5

5860.5

11652.1

Oil

968023.9

0
3481850.0

5570960.0

7129180.0

In order to simulate the fluid flow in realistic conditions as close as possible, volume force

as gravity was applied ( f , also called body force in the Brinkman equation, 1.27). However,

models without the inclusion of the body force are simulated.

Finally, the two-dimensional representation of the core samples is meshed for the further

assessment (Figure 43). The created mesh features are presented in the Table 9.

Figure 42. Mesh model.
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Table 9. Mesh statistics.

Parameter Value

Number of elements 56074

Average element quality 0.9522

Average growth rate 1.202

Element area ratio 0.01785

3.3.3 Water

The Brinkman model in COMSOL Multiphysics solves two parameters: the flow velocity

and pressure. As the pressure is an inlet condition, the pressure cannot be the comparison

parameter, therefore the assessment parameter must be the flow velocity. With this intention,

from the experimental data (Figure 31 and 32), the flow velocities are calculated using the

equation 3.8, further the values are compared with the simulations.

,Tq
v

A
 (3.8)

where Tq is the total flow rate (m3/s) and A represents the cross section area (m2).

In the first place, water simulations are compared (Figure 43). Notably, the simulations and

experimental flow rates show linear tendency. On the positive side, the data show good

approximations for the first point (1516 Pa). Nevertheless, as the pressure increases the

values between simulations and experiments star to disagree, especially the values that does

not include body force. In order to assess the reciprocity, the normalised root-mean-square

deviation is utilised. The results indicate that including body force gives higher reciprocity

(0.049), whereas the model without body force effect indicated a lower reciprocity (0.16).

The particular reciprocity of the model, including body force may be attributed to three main

facts: fluid density, use of a default material (liquid water) and the fictitious force.

3.3.4 Oil

In like manner, the simulations with oil including the Carreau viscosity function were

performed and the results were assessed (Figure 44).
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Figure 43. Experimental and simulated flow velocities for water; green rhombus –

experimental, red dot – body force not included and blue triangle – body force included.

Comparatively, the models results that simulate the viscosity (with body force and without

body force) totally differ from the models results that do not simulate the viscosity.

Therefore, the results simulating the viscosity are not being presented on the Figure 44. The

first thing to mention is that at first sight the simulation results seem to superimpose, in other

words, apparently the body force does not have an effect on the fluid velocity. In order to

assess the reciprocity, the normalised root-mean-square deviation is utilised. Thus, the

results reveal that by including body force the reciprocity is 2.64∙10-8, surprisingly, the model

without body provides the same value. In the same way, the models simulated the viscosity

were assessed, as a result the reciprocity without body force is 1.11∙10-7 and taking into

account body force is 6.03∙10-8.

As has been noted, the reciprocity for the models that assume the viscosity constant are

equal. Given results may be attributed to the fact that the material (oil) could not be selected

from the default material list, therefore, some relevant data would be omitted.
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Figure 44. Experimental and simulated flow velocities for oil; green rhombus –

experimental, red dot – body force not included and blue triangle – body force included.

3.3.5 Two-phase

Generally speaking, the water and oil simulations provided results close to the experimental.

With this in mind, a model simulating the oil displacement by water (two-phase) is built,

however, it must be noted that the two-phase flow comprise complex physical phenomena

such as capillary pressure, capillary pressure head, relative permeability change and specific

capacity. Furthermore, in COMSOL Multiphysics is not possible to simulate two-phase flow

using the Brinkman model, therefore, it must be used the Darcy’s model. In theory, similar

results as with Brinkman model for one-phase flow should be obtained using the Darcy’s

model, nonetheless, given hypothesis was not corroborated.

Although, the two-phase model was built, the simulations cannot be compared to the

experimental results, owing to factors such as the complex rock connectivity, rock storage

model, volume-saturation relation and flow modelling compatibility. Moreover, two-phase

simulation requires moderate computational power due to the phenomena intricacy. Under

those circumstances, only 50 seconds were simulated (Figure 45 and 46). The oil and
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water saturation distribution along core sample (Figure 46) accurately fits with the

measurements obtained from the X-ray scans, however the pressure distribution cannot be

compared as the simulated time is short and injector dead volume affects the first

measurements.

Figure 45. Pressure distribution along core samples (50th second).

Figure 46. Oil and water saturation distribution along core samples (50th second); green-

oil, white dots- water.
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4 RESULTS APPLICABILITY

Aforesaid, majority of oil reserves lead on carbonate reservoirs, therefore, the proper

characterisation of carbonate is vital for their optimal exploitation. The presented results can

be used for the determination of ultimate production rates, namely differential pressure

during the first recovery stage and fluid (water and/or polymers) injection rates in the second

recovery stage. As shown above, the modelling of the fluid flow through the porous media

in this case is challenging. These experimental results provide a closer sight to the

heterogeneous fluid flow, in the hope that further this kind of flow could be described

mathematically.

Not only the extraction of fluids, but also the injection, for example, water (waterflooding)

and carbon dioxide (geo-sequestration) would be benefited with the results, namely,

carbonate-fractured porous media. Given these points, future research in fluid flow through

carbonate-fractured porous media and its mathematical description are recommended.

Another key point is the fluid rheology. As has been shown, a proper approach as well as

deep results analysis can lead to recursive forms in order to display several viscosity features,

which may not be accurate, but to some extent can be used as an approach in the lack of

information.

Reservoir simulation is a challenging area of reservoir engineering, mainly due to the vast

amount of physical phenomena that affect the fluid flow, with this intention, there are special

software have been designed. However, simulations in those programs tend to be

challenging, owing to the vast amount of information that is required.

For the most part, the simulations made in COMSOL Multiphysics showed good reciprocity

with the experimental data. Consequently, COMSOL Multiphysics can be applied to the

reservoir simulation. Important to realise that the simulations are relatively accurate

considering the model simplicity as well as initial data (initial conditions and input data).

Additionally, viscous fluid flow through a porous media was in some extent successfully

simulated using COMSOL Multiphysics. In that case, similar engineering issues such as

food process can employ the used approach. Given those points, COMSOL Multiphysics

can be used for the fluid flow simulation in complex multifluids and multiphase systems.

Furthermore, thanks to the COMSOL Multiphysics multidisciplinary, more specific

engineering issues can be solved.
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The basis for the two-phase flow solution have been given, nonetheless, a further

development of software code in the researching area (fluid flow in heterogeneous porous

media) is needed. Altogether, the employed two-phase model can be used basically as an

initial approach to oil related problems of low and medium difficulty, albeit, it possesses

certain limitations.



75

5 CONCLUSIONS
Two core samples were completely characterised from the petrophysical point of view, as

well as SCAL on them were carried out. In SCAL by water, the experiments determined that

the average phase permeability is equal to 134.108 10 m2, the differential pressure increases

in function of flow rate by the function 8944.45 200.85y x  (coefficient of

determination is 0.99875) and finally pressure gradient is 1305.07 (Pa/m).

In SCAL by oil, the experiments determined that the average phase permeability is equal to

131.39 10 m2, the differential pressure increases in function of flow rate by the function

7 51.026 1 30 1.7 10y x    (coefficient of determination is 0.99428) and finally pressure

gradient is equal to 1.12 610 (Pa/m).

The drainage at low flow rate (1.33 810 m3/s) showed that after the injection of 3.64 PV,

the average oil recovery along the core sample is equal to 30.3 %.

The drainage at low flow rate (2.67 810 m3/s) showed that after the injection of 3.64 PV,

the average oil recovery along the core sample is equal to 42.8 %, what represents an increase

of 12.5 % with respect to the lower flow rate drainage.

The flow curve (shear rate-shear stress) for the oils AYD, SEV and NE4 in a time-

independent study are describable by the use of Bingham model. The coefficient of

determination altogether is 0.9999. Furthermore, SEV oil showed relevant thixotropic

properties.

In some extent, the STR oil viscosity is describable by the use of Carreau viscosity model.

In order to simulate the fluid flow in realistic conditions as close as possible, the body forces

and gravity are taken into account in one model, further the result are compared to the model

that does not include the body forces. In order to assess the reciprocity, the normalised root-

mean-square deviation is utilised. The simulation of water reveal that including body force

the reciprocity with respect to the experimental data is equal to 0.049, whereas, the model

without body force indicated a lower reciprocity (0.16), namely three times higher. The

particular reciprocity of the model, including body force may be attributed to three main

facts; first - the fluid density, second – the use of a default material (liquid water) and third

– the fictitious force.

The oil simulation, four models were made: oil as Newtonian fluid, oil as Newtonian fluid

plus the body force, oil as non-Newtonian fluid (Carreau viscosity function) and oil as non-
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Newtonian fluid (Carreau viscosity function) plus the body force. Respectively, the

reciprocity to the experimental results, given by the normalised root-mean-square deviation

are two and four times higher than with the use of non-Newtonian fluid. As has been noted,

the reciprocity for the models that assume the viscosity constant are equal (2.64∙10-8). Given

results may be attributed to the fact that the material (oil) could not be selected from the

default material list, therefore, some relevant data would be omitted.

Although, the two-phase model was built, the simulations cannon be compared to the

experimental results, owing to factors such as the complex rock connectivity, rock storage

model, volume-saturation relation and flow modelling compatibility. Furthermore, as the

two-phase simulations take into account a vast number of physical phenomena, the

simulations require moderate computational power, due to the phenomena intricacy.
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