
DELFT UNIVERSITY OF TECHNOLOGY

MASTER THESIS

The Development of a Micromodel Protocol
followed by a Study of Oil Mobilization in

the Micromodel

M.J.E.J. Hurkmans

supervised by:
C.P.J.W. van Kruijsdijk, TU Delft

F.S.H. Al Saadi, TU Delft
K.H.A.A. Wolf, TU Delft

May 12, 2017



Title : The Development of a Micromodel Protocol followed by a Study of Oil Mobilization in the Micromodel

Author(s) : M.J.E.J. Hurkmans

Date : May 12, 2017
Professor(s) : Prof. Ir. C.P.J.W. van Kruijsdijk.
Supervisor(s) : Msc. F.S.H. Al Saadi

: Dr. K.H.A.A. Wolf
Committee member : Prof. Dr. J. Bruining

Postal Address : Section for Petroleum Engineering
Department of Geoscience & Engineering
Delft University of Technology
P.O. Box 5048
The Netherlands

Telephone : (31) 15 2781328 (secretary)
Telefax : (31) 15 2781189

Copyright c©2017 Section for Petroleum Engineering

All rights reserved.
No parts of this publication may be reproduced,
Stored in a retrieval system, or transmitted,
In any form or by any means, electronic,
Mechanical, photocopying, recording, or otherwise,
Without the prior written permission of the
Section for Petroleum Engineering



The Development of a Micromodel Protocol followed by a Study
of Oil Mobilization in the Micromodel
Martijn Hurkmans

ABSTRACT – In the development of EOR techniques in the field,
the visualization and characterization on the different flow regimes
within the system continues to be investigated. In this study an at-
tempt was made to visualize the creation of an oilbank with the
help of micromodels. Micromodels have been used in the past, but
there were some limits to it. Their structures can be complex and
heterogeneous as in the field, yet the limit is the short pathways.
The micromodel that was used for this study had the properties
of the Fountainbleau rock with a total pathway of 79 cm. A cus-
tom made setup was developed to ensure that a desired dynamic
fluid flow process was achieved. A protocol for executing the ex-
periments was made in order to achieve the optimal conditions and
reproduce the experiments over time. The experiments were con-
ducted in UV-light. As the oil was dyed with Nile-Red the UV-
light allowed to distinguish the oil phase from the other phases dur-
ing the experiments. A mimic of reservoir saturation was realized
within the micromodel and an average initial oil saturation of 61 %
was determined. Subsequently, the micromodel was waterflooded
and the oil recovery factor, oil ganglia size distribution and entrap-
ment mechanism of the residual oil were determined. Over the dif-
ferent channels of the micromodel an average recovery factor of 21
% and a residual oil saturation of 40 % were realized. Furthermore
the frequency of smaller oil ganglia increases after waterflooding,
mostly caused by the by-passing entrapment mechanism.
A phase behaviour study of the surfactant-polymer (SP) solution
and the oil was carried out. The SP solution was made from
Endoret-O242 surfactant and polymer HPAAM-3630. The surfac-
tant and the oil form a fluid microemulsion and eventually leading
to a change in interfacial tension properties. The study was carries
out with different SP-compositions by changing the concentrations
of salt, surfactant and SBA (2-butanol). The optimum was achieved
with a salinity of 4 %, a surfactant concentration of 0.5 % w/w and
a SBA concentration of 4 %.
The visualization of the oilbank was not successful. The mi-
croemulsion and SP-solution had a white appearance causing the
UV-light to be reflected. Due to this reflection it was not possible to
distinguish between the Nil-Red dyed oil and the SP-solution, and
thus not possible to visualize the oilbank.

1. INTRODUCTION

Over the years oil is produced in multiple ways. First there was pri-
mary production, which uses the reservoir natural energy, fluid and
rock expansion, solution-gas drive, gravity drainage, and aquifer in-
flux for oil production. Later on waterflooding, a secondary produc-
tion method, was introduced, whereby the driving force is the injec-
tion of water in the reservoir. When the oilfield reaches the end of
its normal life after conventional recovery (primary and secondary),
there is on average still 60 − 70% of the initial oil in-place, which
is known as remaining (combination of residual and by-passed) oil.
Estimates (made in the late 1970s) of worldwide oil in-place range
up to 1.5 trillion barrels; hence it is estimated that the oil remain-
ing after conventional recovery would be approximately 1.0 trillion
barrels. [Council and on Enhanced Recovery Techniques 1976] The
recovery of this remaining oil is of great interest to the oil compa-

nies. Thus the past few decades the oil industry evolved to tertiary
recovery, enhanced oil recovery (EOR), in order to recover the re-
maining oil. It has the benefit of continuous use of the existing in-
stallation of the primary and secondary techniques. EOR encom-
passes a range of different techniques, such as chemical, thermal
and gas injection. [Stosur et al. 2003].
In this paper the chemical flooding is studied, more specific the
surfactant-polymer (SP) flooding. This chemical EOR technique
involves the injection of surfactants into the reservoir to reduce in-
terfacial tension between oil and water and thus reduce capillary
pressure for easier and better mobilization of oil. Polymers are also
injected alongside to reduce the mobility ratio and gather the oil
droplet within the reservoir to create an oil bank and mobilize the
oil within the reservoir.
Normally, research on different EOR techniques is done in a spe-
cific order as can be seen in figure 1; this protocol is developed by
Shell, and goes from lab via core flows to full field application.

Fig. 1. Visualization of Shells policy on applying EOR to an oilfield.
[Shell-Chemicals 2015]

The procedure Shell and other oil companies are applying does not
allow to see what happens at microscopic level. In order to see the
phase behavior on microscopic level with the surfactant-polymer
flooding, the experiments in this paper are done with the use of a
micromodel. Applying this method, gives the possibility to visual-
ize the formation of the residual oil, as well the creation of a new
oil bank by the use of SP-flooding.

This section gives an introduction to the entrapment of oil, SP
flooding with respect to surfactants and polymers, and the use of
micromodels. The remainder of this paper is organized as follows:
Section 2, Research Objectives; Section 3, Micromodel Experi-
ments; Section 4, Formation of Residual Oil ; Section 5, Analysis of
Residual Oil; Section 6, Surfactant Behaviour; Section 7, Creation
of Oilbank; Section 8, Recommendations & Discussion; Section 9,
Conclusion.
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1.1 Introduction to Entrapment

Secondary recovery by waterflooding leads to entrapment of oil as
a result of capillary action in strongly wetting conditions, which
are assumed throughout the rest of the work. The entrapment is
associated with the ratio of viscous to capillary forces. This ratio is
expressed as a dimensionless number called the Capillary number
[Nc]

Nc =
µv

σ
(1)

Where µ is the viscosity of the displacing fluid, σ is the interfacial
tension (IFT) between the two fluid phases and v is the superficial
velocity. The Capillary number represents the viscous forces versus
the surface tension acting across an interface between two immisci-
ble liquids. [Moore and Slobod 1956], [Taber et al. 1969], [Abrams
et al. 1975], [Morrow et al. 1988]. Up to this point, the forces that
have influence on two fluids are discussed. Now let us ask how the
mechanism works by entrapping residual oil through waterflood-
ing, where the fluid properties play a role, the structure of the pore,
the pore geometry and the pore topology.
At first there is the snap-off mechanism, which has been modelled
and described as Choke-off by Roof [Roof et al. 1970]. During
snap-off, wetting fluid starts swelling until the non-wetting fluid in-
terface becomes unstable, at which point the node or bond becomes
entirely filled with wetting fluid, see figure 2

Fig. 2. Snap-off (choke-off) displacement mechanism. The wetting fluid
is swelling to form a collar and then cause the non-wetting fluid to snap-off
[Lenormand et al. 1984]

The snap-off is the result of capillary instability; if capillary pres-
sure declines in throat, liquid accumulates and snap-off may occur.
[Lenormand et al. 1983] [Stegemeier 1977] [Roof et al. 1970] Also
the amount of snap-off increases with increasing Capillary number
and decreasing wetting phase viscosity.[Al-Gharbi and Blunt 2005]

A second entrapment mechanism is bypassing. This phenomena
is based on the Capillary pressure equation 2

PC =
2σ

w/2
=

4σ

w
(2)

When the non-wetting displacement has the choice of two path-
ways, it tends to invade the larger pores because of the lower cap-
illary pressure. [Chatzis and Dullien 1983] [Laidlaw and Wardlaw
1983] This tendency has been proven by the use of a pore doublet
with a wide and narrow branch. See figure 3

Fig. 3. Conventional pore doublet model representation of drainage-type
of displacement [Chatzis and Dullien 1983]

Figure 3 displays drainage displacement, where the non-wetting
phase displaces the wetting phase. With imbibition, the wetting
phase displaces the non-wetting phase out of the reservoir, which
can be observed in the pore doublet of figure 4

Fig. 4. illustrates the drainage and imbibition mechanisms for the pore
doublet model. (a) Drainage Process, No Trapping ;(b) Drainage Process,
Bypassing in Smaller Throat ;(c) Imbibition Process, Bypassing in Larger
Throat ;(d) Imbibition Process, Snap-Off ;(e) Process, Snap-Off in Smaller
Throat and Bypassing in Larger Throat [PERM-Inc 2013]

That bypassing happens in the larger pore during the imbibition
can be found by using the capillary and viscous forces formula.
These governing equations are based on the pore doublet model
from Chatzis et al. See Appendix A.

The third entrapment mechanism is called the Jamin effect
[Jamin 1860]. The Jamin effect may be defined as the resistance to
flow under pressure through a capillary tube, which is encountered
by liquid droplets that form a blockage [Smith and Crane 1930], as
shown in Figure 5

Fig. 5. Oil droplet that entering a pore constriction [McAuliffe et al. 1973]

Thus the Jamin effect is caused by the fact that the radius of cur-
vature of a droplet entering a pore throat is smaller than that of
the droplet in a pore body [McAuliffe et al. 1973]. It can cause the
complete blockage of a pore throat, causing the flow to follow new
paths. In order to overcome this blockage a pressure is required
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to force the droplet through the pore throat and exits the capillary
pressure difference. The governing equation can be found in Ap-
pendix A.

1.2 Introduction to Surfactant

Surfactant is an general word for surface active agents. The sur-
factant molecule is made out of polar water-soluble group and a
non-polar water-insoluble hydrocarbon group, which makes it am-
phiphilic. Due to the its amphiphilic behaviour, a surfactant can
lower the surface tension of a liquid, allowing easier spreading of
the liquid. Also the interfacial tension between two liquids is re-
duced. [Thomas et al. 1999]
Surfactants allow the residual oil to move again, as they reduce the
oil-water IFT and therefore influence the capillary number, mak-
ing it large enough to overcome the capillary forces [Chatzis et al.
1984]. It is not a new idea and has already been applied in 1927
[Uren et al. 1927]. In order to have a successful displacement pro-
cess, it firstly has to have a high enough reduction in the IFT be-
tween the water and oil in order to mobilize the residual oil. Sec-
ondly it has to maintain that reduction in the IFT throughout the
reservoir in order to prevent the mobilized residual oil from being
retrapped by capillary forces. [Shah 2012] The surfactant forms a
microemulsion between the oil and water phase. These microemul-
sions are thermodynamically stable, which makes them suitable for
pushing oil through porous media as it forms an in-situ situation.
This technique was popular in the 1970s and 80s, yet it was not
very economically beneficial due to the high concentration of sur-
factant that was needed. Nowadays better surfactant solutions can
be made and therefore a lower concentration is needed.
Because of the well-established relationship between microemul-
sions, phase behaviour and IFT, the industry has developed new
surfactant formulations [Levitt et al. 2006] [Shah 1981].

1.3 Introduction to Polymer

Polymer flooding has been applied for over 40 years. This method
evolves in chemical EOR and has 3 major subjects: Polymer flood-
ing, Surfactant Polymer flooding (SP) and Alkaline Surfactant
Polymer flooding. They have been shown to be effective in recov-
ering unswept oil by improving the mobility ratio. [Abidin et al.
2012] Over the past decades different polymers were established.
At first there where water soluble polymers to increase the viscos-
ity of the injected water. A lot of research was done to improve
these polymers. After 1964, field test results and other significant
laboratory studies made it possible to develop polymer flooding
as a method to enhance oil recovery. [Mungan et al. 1966] [Shah
2012] In this research project the focus is on SP flooding. As de-
scribed above the surfactant makes the residual oil more mobile
due to its capability of lowering the IFT between the fluids. Still
the surfactant follows the waterflooding path as it seeks the path of
least resistance to the lower pressure region. This means that se-
quentially surfactant is injected, polymer slug is injected and water
is injected. A characteristic of the polymer is that it is a very vis-
cous fluid, which changes the mobility ratio. It is desired that the
mobility ratio has a value of one or slightly less, as the efficiency
of the displacement of the movable residual oil due to the surfac-
tant is then the highest. Even a piston-like displacement can then
be achieved. [Gogarty et al. 1967]

1.4 Introduction to micromodels

Micromodel is a porescale model that can accurately capture the
physical and chemical processes that control transverse mixing and

reaction in microfluidic pore structures. It is a device used for sci-
entific purposes and has an interest to fields like biology, chemistry,
physics, medicine and biomedical sciences. It consists of channels,
pores and pore throats with a dimension of one micrometer to sev-
eral hundred micrometers. It is a microfluidic system that has a
volume of one nanoliter to several microliters. The advantage is
that it enables you to directly evaluate the effects of porous media
geometry on a transverse mixing-limited chemical reaction. With
the micromodel it is possible to mimic what is happening within a
coreflow experiment and it can be used several times. Also a more
detailed study can be made for EOR, thus understanding the fluid
behaviour with the use of the EOR technique on pore scale level.
Most micromodels are built homogenous or with a repeating pat-
tern. In order to mimic reservoir condition a micromodel has been
developed with the properties of Fountainbleu rock.

Fig. 6. A channel of a micromodel with a heterogeneous structure

Within microfluidic systems the flow is characterized by a few
dimensionless numbers. The flow regime is determined by the
Reynolds number (Re), which predicts whether the flow is lami-
nar or turbulent. When Re is lower than 2,000 the flow is laminar,
yet this an arbitrary number. [Squires and Quake 2005] With the
microfluidic system the flow is assumed to be laminar all the time
due to the small dimensions of the system. [Marre et al. 2012] Sec-
ondly there is The Peclet number (Pe) that determines the diffusion
in a laminar flow. In this research project this number was not sig-
nificant. Finally the Capillary number (Ca), which, as mentioned
earlier, is the relationship between the viscous force and the surface
tension of two fluids. Equation 1. [Squires and Quake 2005]

2. RESEARCH OBJECTIVES

In order to create an oilbank with the use of SP-flooding as EOR,
different unknown questions arise, which are formulated in the re-
search objectives below.
The outline of the paper follows the same order as the order of the
research objectives. A detailed and comprehensive explanation is
given of these research objective in the paper, so that the reader can
fully understand the methodology that has been used, as well as the
different obstacles that have been overcome.

2.1 Micromodel Experiments

The micromodel that is used for the experiments is custom designed
by F.A.H Al Saadi [Al Saadi et al. 2016] and custom made by the
company Micronit. As the micromodel has a very complex hetero-
geneous structure compared to older micromodel experiments, a
specific set-up and protocol for these experiments had to be made.
This was done to ensure that flooding of different fluids was possi-
ble within the micromodel and a full saturation was obtained. Fur-
thermore the design of the micromodel is discussed and its short-
comings. Finally the permeability is determined experimentally as
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well as theoretically, so that it can be placed in perspective to real
reservoir conditions.

2.2 Formation Residual Oil

The residual oil is formed within the reservoir by the different en-
trapment mechanisms, and we want to see how it is formed within
the micromodel. From the resulting outcome of the experiment it
is then possible to analysis the data on the recovery factor with
waterflooding. This is done by checking the saturation of the oil
before and after the waterflooding. Also the pathway of production
is checked, in order to see how fast fingering will occur within this
highly complex model. These findings are then compared with the
core flow experiments.

2.3 Phase Behaviour Studies

When the residual oil is formed after waterflooding, the surfactant-
polymer solution will be injected in order to make the trapped oil
moveable again. Therefore a phase behaviour study was done, as
the displacement of multiple phases (oil-, brine- and SP-phase) is
a complex phenomenon with various factors to make it successful.
A microemulsion will be formed between the SP-solution and the
oil phase, thereby becoming part of the fluid system, eventually
leading to a change in IFT properties. This was achieved by making
a series of test tubes, with changing salinity and concentration of
the surfactant (Endoret O242, which is commercially manufacture
by Shell). The formation time and stability of the microemulsion
between the 2 phases is observed and has led to the choice of the
specific surfactant-polymer solution for further experiments.

2.4 Creation of Oilbank

With the known formed residual oil within in the micromodel and
the optimum surfactant-polymer solution from the phase behaviour
study, the formation of an oil bank [Ng and Payatakes 1980] was
attempted. The concept of an oil bank is the that the formed mi-
croemulsion propagates through the micromodel. This microemul-
sion bank moves through the porous medium, a bank of oil will be
formed ahead of the microemulsion. The mobilized oil that at first
is dispersed due to the entrapment is collected through the prop-
erties of the surfactant. The saturation of the oil bank before the
emulsion bank is expected to increase over the length of the micro-
model.

3. MICROMODEL EXPERIMENTS

The goal of this section is to create a protocol for the micromodel,
that allows us to answer the questions posed in this study. We de-
veloped a custom made set-up, which evolved over time together
with the experimental protocol until we could observe the desired
dynamic processes.

3.1 Set-up

A custom designed microfluidic chip was wet etched out of silicon
glass (Micronit, The Netherlands). [Micronit 2015] [Schlautmann
et al. 2007] In the chip brine (5,000 ppm NaCl), oil (n-dodecane)
and surfactant-polymer solution were injected. The micromodel
was operated horizontally and therefore the gravity forces were ne-
glected. All the experiments were done at room temperature.
The set-up for the experiment is shown below:

Fig. 7. Upper image displays the Set-up to conduct the experiments 1)
Syringes 2) Syringe-pump 3) Microscope 4) Valves + T-junction 5) Micro-
model in its holder. The lower image is a schematic representation of the
set-up [Van Hoeve et al. 2011] alternation were made to represent the cur-
rent set-up

The set-up consists out of 2 syringe pumps, Harvard Apparatus (In-
fuse/Withdraw PHD UltraTM 4400 programmable Syringe Pump).
For these syringe pumps custom-made syringes stainless steel from
Harvard Apparatus were used, with a volume of 8 ml. In order to
measure the pressure within the system a pressure sensor was in-
stalled from General Electric, with a maximum pressure of 120 bar.
Everything was connected with Peek, PolyEtherEtherKerone, tubes
which have an inner diameter of 250 µm. A T-joint is installed be-
tween the two syringes pumps for optimum flow, as well as two
valves to avoid the chance of back flow or pressure drop. To achieve
a full saturation and to mimic core flow experiments a back pressure
regulator was installed, maintaining a constant outflow pressure of
100 psi.

For capturing images on the microfluidic chip the Leica DMi8
DFC7000 microscope was used, which makes use of an inverted
light microscope with transmitted light. Different objectives for
magnification were used, 1.25 X and 10 X. In most cases the 1.25
objective was used so that a larger surface of the micromodel
could be seen. The images were recorded with a Leica DFC7000T
camera. The whole set-up was positioned within a black box, so
no outside light could interfere with the light generated from the
microscope.

At a certain point during the experiments 3 fluids were in the mi-
cromodel. As they were all transparent fluids, they could only be
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distinguished from each other at the interface of the fluids. In or-
der to distinguish the fluids better from each other and to obtain
more valuable quantitative results a dye was added to the oil. This
is Nile Red, a fluorescent solvachromatic dye, which is most no-
tably used to dye lipid molecules due to its hydrophobicity [Brujić
et al. 2007]. Fluorescence is the emission of light by a material
when it is excited by a wavelength within a specific range (the ex-
citation spectrum). The Nile Red gives a fluorescence red glow at
a wavelength between 559 - 637nm. [Greenspan et al. 1985][Datta
et al. 1997]

3.2 Protocol for experiments

In the beginning the experiments were running unsatisfactory.
When only brine was injected, pockets of gas were still in the sys-
tem after breakthrough. This could be resolved by two additions to
the experiment setup. Firstly a back pressure regulator was added
to avoid the formation of gasses during the experiments. Secondly
CO2 was injected in the micromodel prior to the injection of the
brine. CO2 replaces the air in the micromodel. Subsequently the
CO2 dissolves in the brine and is displaced from the micromodel
through the brine phase. Without CO2 injection the risk exists that
air gets capillary trapped in the micromodel, adding another phase
in the micromodel, which we try to avoid. These two additions to
the micromodel allow 100% saturation with oil and brine of the
micromodel.

Running Experiments

(1) Turn on the camera
Now it is possible to gather images during the experiments

(2) Inject CO2 in the system for 15 min at a pressure of 8 - 10bar
CO2 can be dissolved in the brine. Thanks to this feature it is
possible to reach 100% saturation in the microchip.

(3) Start injection of Brine
An injection speed of 0.1 µl/min and a total of 10 times the
pore volume has to be inject in the micromodel.

(4) Start injection of dyed Dodecane
When starting the injection, remember that first all the brine
in the tubing has to pass through the set-up before the oil
can reach the microchip inlet. The injection speed remains 0.1
µl/min and a total of 10 times the pore volume has to be in-
ject in the micromodel. At this point a reservoir condition is
mimicked

(5) Start actual experiment waterflooding
Start injection brine in order to mimic waterflooding. The in-
jection speed should be set at reservoir condition, 1 ft a day.
The total length of the microchip is 79 cm = 2.59 ft, so it should
take 2.6 days to go through the chip. With a pore volume of 18
µl it means that an injection speed of 0.29 µl/hour or 4.8 nl/min
is required. This is not possible using the syringe pump that
was available. An injection speed of 0.1 µl/min was therefore
used in these experiments.

(6) Start injection of surfactant
Start injection of the surfactant at the same speed as the water-
flooding was done

The complete protocol, including operational protocol, start-up
experiments and cleaning protocol, is described in Appendix B.

3.3 Micromodel

As mentioned the micromodel is based on the properties of the
fountainblue rock. [Al Saadi et al. 2016] The specific design fea-
tures can be found in Appendix C.

During the experiments it became clear that the micromodel did
not meet the requirements and that it had to be redesigned. The
reason behind this was that occasionally clogging occurred at the
inlet/outlet point of the micromodel. At first instance, it was tried
to wash away the clogging from the inlet/outlet point by reversing
the fluid flow in the micromodel. Unfortunately, this was not suc-
cessful. The pressure in the micromodel increased so much when
reversing the flow, that the tube on the micromodel loosened. The
cause for this was that the micromodel holder did not sufficiently fix
the tube when the pressure exceeded 15 bars. Once the tube loos-
ened the pressure in the micromodel disappeared, making it impos-
sible to wash the clogging away at the inlet/outlet point. In order to
deal with this problem the micromodel was redesigned by adding
a filtration system within the inlet of the micromodel. This can be
seen in Figure 8. Furthermore a new fixation system with screws
instead of rubber clamps for the tubing on the micromodel was
designed. This redesign should avoid clogging of the inlet/outlet
point as well as allow for experiments at a pressure above 15 bar.
A picture of the old and new micromodel holder can be found in
Appendix C.

Fig. 8. On the left the initial design of the inlet. On the right the new design
with the filtration system in it

For future experiments the new design can be used and with the ad-
dition of the customized protocols, experiments will run probably
run more smoothly. Yet the cleaning is still an issue, as Micronit
designed these micromodels to retain the fluids in the chip. Drying
is a possibility, however, if there is still brine in the system after the
cleaning protocol, salt crystals will be formed. On this matter it is
recommended to store micromodel in a container filled with demi-
water and immerse it, so that no formation of salt or any mineral
can occur.

3.4 Permeability calculations

With the specific design of our micromodel the permeability was
unknown, and had to be calculated theoretically as well as exper-
imentally. The theoretical permeability can be calculated through
the parallel plate model. The different pore sizes of the micromodel
were set in a string with a pore throat in between. Where the pore
throat is the harmonic average of the 4 different throats.
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Fig. 9. 9 different pore sizes with the harmonic average of the pore throat
in between

These pores and throats are than represented as the void space be-
tween two parallel plates. The flow between the plates is assumed
to be steady state and laminar incompressible flow, this gives an
exact solution for the Stokes equation:

Q =
wh3

12µ

(
∆P

L

)
(3)

When substituting the volumetric flow rate, Q, by the Darcys law
Equation 5, an expression for parallel plate permeability (k) in unit
lengths is obtained as wh = A:

k =
h2

12
(4)

The permeability of each pore cell can be found in the table in Ap-
pendix C. The harmonic average pore throat is 8.90E − 12m2,
which is located between each pore cell. The overall theoreti-
cal harmonic permeability was determined as 1.90E − 11m2 or
19, 251mD.
The experimental permeability was calculated through Darcy’s law
which is given express in equation below.

Q =
kA

µ

∆P

L
(5)

Reformulation of Darcy’s law gives the following equation of the
permeability,

k =
QL

A

µ

∆
(6)

The following parameters were used:Q = 0.1µl/min = 1.66E−
09kg/s, the flowrate in the microchip; A = 0.003m, cross-section
of the channel; L = 0.79m, length of the chip, µ = 1.011cp =
0.001011Pa.s the viscosity of the fluid (brine of 5000ppm). For
∆P an assumption was made. The inlet pressure is the same as
the pressure given by the pressure sensor and the outlet pressure
is the same as the back-pressure, in this case 100PSI . The inlet
pressure is averaged over a hour and was 9.2bar. This gives an ∆P
of 2.7bar Thus the experimental permeability is equal to 1.115E−
13m2 or 112.9mD

The difference in these two permeabilities is a factor 10, the dif-
ference is due to some shortcomings on using the parallel plate
method. At first all pores are assumed to go in the same direction.
Secondly the string model is an oversimplification of the porous
media. At last tortuosity is not considered.

3.5 Image analysis

The outcome of the experiments are images which were analysed
using ImageJ software. Two types of images were recorded: col-
ored images with fluorescent light and grayscale images with reg-
ular transmitted light. The fluorescent images contain the informa-
tion that enables ImageJ to differentiate between fluids in the sys-
tem. The fluorescent light does not highlight the pore structure as

it only capture the fluorescence. The regular bright light images are
used in combination with the fluorescent images to highlight the
pores of the micromodel. Images were taken at a pre-set location
on the micromodel, allowing an accurate comparison during the
experiments.

Fig. 10. Micromodel with the preset location for capturing images

4. FORMATION OF RESIDUAL OIL

During this research project the formation of residual oil was stud-
ied, according to the protocol described in appendix B. Firstly the
oil saturation of the micromodel was studied and calculated. Sec-
ondly the micromodel was water flooded and the oil saturation was
recalculated and the recovery factor was determined. Also an at-
tempt was made to understand the entrapment mechanism in the
micromodel. These results were then compared with coreflow ex-
periments done prior to this research project.

4.1 Oil saturation in micromodel

The saturation was calculated by measuring the oil volume in com-
parison to the pore network volume. The oil is highlighted in red
in the fluorescence image due to the presence of the Nile Red. The
pore network is viewed in a bright-light image. In figure 11 the
saturation on position 9 is displayed with the corresponding pore
network of the micromodel.

Fig. 11. Corresponding images of position 9, with the upper image dis-
playing the pore network in bright-light. The lower image displays the oil
saturation in that specific pore network

These images have been analyzed by ImageJ Software. The result
can be found in figure 12. The total area of the pore-network model
is 17.93mm2 and fluorescence oil within the pore network has an
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area of 10.95mm2. This gives an overall saturation of 61.1% in the
micromodel on position 9.

Fig. 12. Upper image displays the the pore network after processing
through ImageJ. The lower image the oil saturation after processing through
ImageJ

In order to find the saturation over the whole micromodel the sat-
uration was calculated over the different positions on the micro-
model. Due to low image quality on position 1 through 4, these
were left out from the analysis. In table I an overview is displayed
of each position with its specific saturation. The corresponding mi-
croscopic images for the different positions can be found in Ap-
pendix D

Table I. Oil saturation before waterflooding over the
different positions

Channel number Area porenetwork Area oil Saturation
[mm2] [mm2] [%]

9 10.5 6.4 61.1
8 11.2 6.4 57.4
7 10.9 6.3 58.2
6 10.1 6.1 60.2
5 9.9 5.4 54.4

The average saturation of the different positions is 58.3% with a
standard deviation of 6%. This value is assumed to be the saturation
level of the micromodel and has been used for further analysis.

4.2 Oil saturation after waterflooding

Again multiple pictures were taken from the micromodel and the
residual oil saturation was calculated through ImageJ Software. In
figure 13, the oil saturation is displayed before and after waterflood-
ing of channel 9.

Fig. 13. Upper image displays the saturation of oil before WF and the
lower image the saturation of oil after WF

From the analysis it can be determined that the saturation of posi-
tion 9 after waterflooding is 48.0% compared to the initial oil satu-
ration of 61.1%. This gives a recovery factor of 21.4% The overall
recovery factor is determined by averaging the different positions
on the micromodel. Therefore the residual oil saturation of the dif-
ferent positions needs to be known, as is displayed in table II. The
corresponding microscopic images can be found in Appendix D

Table II. Oil saturation after waterflooding over the
different positions

Channel number Area porenetwork Area oil Saturation
[mm2] [mm2] [%]

9 10.9 5.2 48.0
8 8.6 3.9 45.8
7 10.1 4.0 39.5
6 9.5 4.6 48.5
5 10.1 3.9 38.8

The average saturation after waterflooding of the different positions
is 44.2% with a standard deviation of 4.6%.From table I & II the
recovery can be calculated of each channel, this is given in table III

Table III. Recovery over the different positions

Channel number Saturation before Saturation after Recovery
WF [%] WF [%] [%]

9 61.1 48.0 21.4
8 57.4 45.8 20.2
7 58.2 39.6 32.0
6 60.2 48.5 19.3
5 54.4 38.8 28.6

The average saturation after waterflooding of the different positions
is 58.3% with a standard deviation of 2.6%. The average recovery
is 24.3% with a standard deviation of 5.6%. These values are as-
sumed to be the saturation and recovery level of the micromodel
and have been used for further analysis.
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4.3 Comparison to coreflow experiments

Previous core-flow experiments have been conducted with a core
from the Fontainebleau rock. Here an oil saturation of 70% has
been realized with a recovery factor of 30%. It can be concluded
that the design of the pore network in the micromodel is satisfac-
tory. Besides the standard deviation, there is also a margin of error
in the image analyses. It proofs that the conclusion and observation
within the micromodel can be applied on core flow experiments.

5. ANALYSIS OF RESIDUAL OIL

In this section the formed residual oil is analyzed. This results in a
close look at the oil ganglion size before and after waterflooding,
as well as the size distribution over the different positions. All this
leads to a conclusion about the entrapment within the micromodel.

5.1 Oil ganglion size distribution

With the images that were obtained from the analyses of the sat-
uration and the recovery, an analysis of the oil ganglia was made.
At first an analysis of the total distribution was made followed by a
more detailed analysis of the distribution of the smaller oil ganglia.
This ensures a better visualization of the oil ganglion changes after
waterflooding in the micromodel. A cumulative curve was made of
the oil ganglion sizes, delivering a similar recovery factor for each
position as in section of oil saturation. The detailed analysis of po-
sition 9 in the micromodel is shown below. The results of the other
positions are displayed in table IV. The analysis for the oil ganglia
was made using ImageJ software. The image in figure 14 shows the
oil ganglion sizes before and after waterflooding. Due to the image
processing by ImageJ, noise-particles appeared in the micromodel,
but these were discarded for the analysis.

Fig. 14. Oil ganglion network on position 9. The top network is before
waterflooding, bottom is after waterflooding.

From each image of figure 14 the size of the oil ganglia was deter-
mined. The results were plotted in a histogram displaying the entire
distribution of oil ganglion sizes, as can be seen in figure 15.

Fig. 15. Histogram of the oil ganglion size distribution.

To have all the data plotted in the histogram a wide bin range had
to be used. Nevertheless it is clear to see that the frequency of small
oil ganglia is greater after waterflooding, and that the oil ganglia
found in the latest bin before waterflooding have disappeared.
These findings are also visually confirmed when looking at the
network pattern in figure 14.

A new more detailed histogram with narrower ranges was
made to plot the small oil ganglia. This gives a better inside
in the small oil ganglia frequency and the understanding of the
entrapment.

Fig. 16. Histogram of the oil ganglion size distribution, with a maximum
size of 50, 000µm2

In figure 16 a clear change in the frequency of oil ganglion sizes
can be seen. The smallest range has disappeared. This could be due
to the image analysis, but also due to the clustering of oil ganglia.
For the other ranges it is apparent that the frequency of small oil
ganglia becomes greater after waterflooding, which is seen over all
the positions.

By comparing a cumulative distribution of the oil ganglion size be-
fore and after waterflooding, it is possible to determine the recov-
ery. The graph displays the overall area of initial oil and the area of
oil left after waterflooding.
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Fig. 17. Cumulative curve of the oil ganglion size before and after water-
flooding for position 9. Note: the last oil ganglion is not on the graph, now
the gap is clearer

In figure 17 a clear gap between the cumulative curves for position
9 is seen. This shows that there is an increase in smaller oil ganglia.
The total cumulative area is 7.64mm2 before waterflooding and
5.87mm2 after waterflooding, giving a recovery of 23.4%. For the
other positions on the micromodel similar cumulative graphs were
made, which can be found in Appendix D. The corresponding re-
covery factor for each position is given in table IV, where the re-
covery results previously generated in table III are compared with
the results in this section.

Table IV. Recovery over the different positions

Channel number Recovery Image Recovery Oil ganglion
analysis [%] analysis [%]

9 21.4 23.4
8 20.2 24.2
7 32.0 26.3
6 19.3 22.7
5 28.6 24.3

There is some offset between the two recovery numbers, the dif-
ferent methods has both a flaw in their procedure. A sensitivity
analysis has to be made to see which method is the most valid.

5.2 Analysis of entrapment

It was not possible to capture any snap-off mechanism, due to the
fact that the shutter time for making fluorescence images was one
second, which is too long. Nevertheless it is believed that the main
trapping mechanism is bypassing, as can be clearly seen in figure
19 when the waterfront is fingering through the network during wa-
terflooding.
This proves that the waterfront follows the path of least resistance
in the micromodel. However, one has to realize that these are snap-
shots of the waterflooding. When looking at figure 18 the path-
way of the waterfront is clearly visible, but the figures also show
other places of bypassing. When snap-off occurs it mainly leaves
an oil droplet in the micromodel as can be seen in figure 18. These
droplets were formed out of an initial oil ganglion. Still this is an
assumption as there are no valid data to support this. From figure
18 it can be concluded that the main mechanism for the entrapment
of residual oil is by-passing, which corresponds with previous lit-
erature [Morrow et al. 1988].

Fig. 18. The upper image shows the initial saturation. The lower image
shows the formed residual oil where 3 entrapment section are highlighted
1) the pathway of the waterflooding 2) area where bypassing has occurred
3) possible snap-off droplets

5.3 Velocity of oil ganglia

During the waterflooding experiment, multiple video clips were
made. In these clips one can observe the waterfront propagating
through the micromodel. Knowing the size of scale in the clips, the
speed of the waterfront could be determined. In figure 19 the prop-
agation of the waterfront at time intervals t = 0s and t = 20s is
shown. From these images the velocity of propagation of the wa-
terfront in the x-direction was calculated, being 270µm/s.

Fig. 19. The propagation of the Waterfront is displaced with the blue line,
with the upper image at time = 0 s, the middle at time = 10 s and the lower
image at time = 19 s
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With the help of the same video clip, a similar analysis was made
of the propagation of two oil ganglia. The analysis showed that the
oil ganglia with the smaller size goes at higher velocity through
the micromodel compared to the oil ganglia with the larger size,
see table V. The specific image sequence over time of the two oil
ganglia can be found in the appendix D

Table V. Velocity waterfront & oil
ganglia

velocity ganglia size
[µm/s] [mm2]

Waterfront 270 -
Oil ganglia 1 298 0.187
Oil ganglia 2 288 0.235

It is not possible to draw statistically significant conclusions from
these three velocity analyses. More data will have to be gathered to
allow analyses on a broader range of oil ganglia sizes, in order to
investigate a possible correlation between velocity and size.

6. SURFACTANT BEHAVIOUR

To establish a better displacement of the residual oil a surfactant-
polymer mix was made. The perfect concentration of the surfactant-
polymer had to be determined along two parameters: the salt (NaCl)
concentration and the SBA (2-butanol) concentration, a co-solvent.
It is expected that a higher co-solvent facilitates a better microemul-
sion formation.[Barnes et al. 2010] The surfactant-polymer solu-
tion that varies in salinity and SBA concentration is prepared in a
test tube of 20ml, and consist of 10 ml of the surfactant-polymer
solution and 10 ml of dodecane (mixing ration of 1:1). The test
tubes were shaken vigorously and then the tubes were put to rest for
24h, allowing the oil and water phase to separate. Between the two
phases a clear microemulsion was formed which contained most of
the surfactant with some dodecane and brine.

Firstly the ideal salt concentration was determined with only sur-
factant in solution (0.5% w/w of Endoret O242). A range was made
from 2 - 5% (w/w) of salt in the surfactant solution. The resulting
microemulsion are shown in the picture below. From these picture
there is a clear turning point between 2% and 4%(w/w) salt con-
centration. The main difference between these concentrations is
the amount of microemulsion formed between the oil and aqueous
phase within the test tubes. For that reason a more detailed experi-
ment was carried out with concentrations that vary between 2 - 4%
and increment with 0.5% The results can be found in the picture
below.

Fig. 20. Phase behaviour test (0.5% w/w O242 and 1% SBA) with differ-
ent NaCl concentration; 1) 2%, 2) 2.5%, 3) 3%, 4) 3.5%, 5) 4%

From figure 20 it is clear that an optimum is reached around a salt
concentration of 3.5% (w/w), when a significant microemulsion is
visible in the test tubes. The concentration of the surfactant poly-
mer in the salt solution of this experiment was 1% (w/w) SBA.
A similar range of salt solution was made with a SBA concentra-
tion of 4%. As can be seen from the resulting picture a more stable
microemulsion with a better interface is obtained with a salt con-
centration of 4% (w/w) and a SBA concentration of 4%.

Fig. 21. phase behaviour test (0.5% w/w O242 and 4% SBA) with differ-
ent NaCl concentration; 1) 2%, 2) 3%, 3) 3.5%, 4) 4%,

From this phase behaviour the surfactant-polymer mixture with the
best looking microemulsion was chosen, i.e. a 4% SBA concentra-
tion and a 4% NaCl concentration. At these concentrations the best
displacement of the residual oil was expected.
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7. CREATION OF OILBANK

At this point of the research project the injection of the surfactant-
polymer solution in the system occurred. It is of great interest to
capture the mobilization of the residual oil forming a new oil bank.

7.1 Oilbank Creation due to Surfactant-Polymer Flooding

After the analysis of the phase behaviour, the injection of the SP
solution took place. A problem occurred when the SP solution
reached the inlet of the micromodel. Due to the white appearance
of the white microemulsion and SP solution, the UV-light reflected
red on the images, making it nearly impossible to distinguish the
oil from the SP solution.

Fig. 22. The upper image displays the residual oil. The lower images dis-
plays the propagation of the surfactant. It becomes harder to distinguish the
different phases

As such there appears to be a continuous stream of the fluorescent
oil, see figure 23, although it is known that this is not possible due
to the fact there is still a stream of oil after injection of 3 times
pore volume of the SP flooding. This indicates the problem of the
reflection of the white SP solution.

Fig. 23. The upper image displays the residual oil being ”moved out”. The
lower images displays the propagation of the SP solution where it becomes
a clear red phase.

A bright-light image sequence was made whether a change in the
micromodel could be visualized, as shown in figure 24. When com-
paring the image taken on position 2 and position 9 there is a
change in what appear to be oil droplets. On position 2 the num-
bers of ”oil droplets” is less than on position 9. This possible can
be explained by the fact that the surfactant only gets oil droplets
partially out of the residual oil.

Fig. 24. The upper image displays position 2 where the surfactant flows
at the top with almost none oil droplets. The lower image displays position
9 where the surfactant flows at the top with a higher concentration of oil
droplets.

This means that the full recovery of residual oil requires multiple
pore volumes of surfactant which is not practically in oil fields. The
required amount of surfactant is just too high to make it economi-
cally attractive. A possible solution lies in increasing the viscosity
of the SP-flooding, which is done by increasing the polymer con-
centration. Unfortunately it is not possible to quantify the figure as
there is no possible distinguish of the different phases.

The surfactant fingered through the micromodel as was seen in
figure 24. Similar results were found with previous conducted core-
flow experiments when only surfactant solution was injected. This
can be found in figure 25. It shows the propagation of the surfactant
in a core flow, were a clear fingering occurs.

Fig. 25. Displays core flow experiments with a color and a grayscale im-
age. The upper two images displays the movement of the surfactant. The
lower two images shows the surfactant pathway at break through
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8. DISCUSSION AND RECOMMENDATIONS

• The injection rate should be lower, but due to the limit of the di-
ameter of the syringe this was not possible. With an injection rate
of 0.1µl/min, a total volume of 18µl and a length of 0.79m the
front would move 6.32m/day or 20.73ft/day where normal oil
field would have a rate of 1ft/day. To fully understand the mech-
anism a lower injection rate is required, therefore a syringe with
smaller diameter is needed. Hence the duration of the experiments
will take longer.
• The achieved recovery factor and different oil saturations are sat-
isfactory and comparable with those of previous coreflow experi-
ments. Yet the injection rates of the experiments are different. In
order to obtain comparable data and better conclusions, similar
experimental conditions should be applied.
• The entrapment of residual oil is mainly formed due to by-
passing. This was seen with the waterfront propagation during
waterflooding. A clear snap-off was not captured, as the angle of
the camera was too wide and the resolution time was too long. In
order to capture the snap-off mechanism an objective with a larger
magnification should be used. The Jamin-effect could not clearly
be observed.
• It was a problem to determine the creation of an oilbank as the
oilbank could not be visualize due to the reflection of the SP-
solution. Instead of working with a fluorescence dye under UV-
light, a dye that is visible in bright-light should be used. This al-
lows a sharper and clearer capturing of images, making the anal-
ysis more accurate.
• The addition of a co-solvent has a positive influence on the for-
mation of the microemulsion. When applying a lower injection
rate of the SP-solution, the formation time for the microemulsion
increases, thereby increasing the microemulsion volume and thus
a better displacement can be achieved.
• The micromodel gives a detailed understanding of the change in
oil ganglia sizes after waterflooding, and the opportunity to de-
termine the velocity of oil ganglia during waterflooding. More re-
search needs to be done in order to draw solid conclusions.

9. CONCLUSION

• The set-up of the micromodel and the protocol for conducting
for the experiments are suitable for future research projects. It can
contribute to the development of new EOR technique. The mi-
cromodel allows visualization of the dynamic fluid processes and
flow-regimes. Due to the longer pathway and greater heterogene-
ity of the micromodel, a better mimicking of coreflow experiments
is possible.
• A new micromodel inlet and micromodel chipholder was de-
signed. This allows to work with higher pressure due to the better
connections on the in/outlet. The build in filtration system ensures
that no clogging can occur in the micromodel.
• Compared to previously conducted coreflow experiments, similar
results for oil saturation and recovery were realized.
• The selected SP-solution forms a clear and sharp microemulsion
layer between the oil phase and the SP phase. The SP-solution
consists of 0.5 % w/w of Endoret-O242 surfactant, 150ppm of
HPAAM-3630 polymer, 4 % co-solvent (SBA) and has a salinity
of 4 %. It is suitable for future experiments.
• The attempt to create an oilbank was unfortunately not suc-
cessful. UV-light does not allow for discrimination between SP-
solution and the Red-Nile dyed oil, required to visualize the oil-
bank.
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NOMENCLATURE

List of Symbols

Nc = Capillary number
µ = Viscosity
σ = Surface tension
v = Superficial tension
Pc = Capillary pressure
w = Width
k = Permeability
h = Height
Q = Flow rate
A = Surface
∆P = Pressure difference
L = Length
P = Pressure
q = Volume flowrate
D = Diameter
Θ = Contact angle
R = Radius

Subscripts

w = wetting phase
nw = non-wetting phase
wi = wetting phase at the interface
nwi = non-wetting phase at the interface
ow = interface oil & water
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APPENDIX

A. APPENDIX A

Bypassing

The condition that bypassing happens in the larger pore during the
imbibition could be found by using the capillary and viscous forces
formula. In order get govern equation the pore doublet model from
Chatzis et al. is used and shown in figure 26. [Chatzis and Dullien
1983]

Fig. 26. Conventional pore doublet model representation of imbibition,
flow rate goes to the right. [Chatzis and Dullien 1983]

If water is supplied at the volume flowrate of qw to the dou-
blet then q1 + q2 = qw where q1 and q2 are the flow rates in the
two channels. The assumption was made that when the fluid-fluid
interaction was establish in one of the channel, it would advance
simultaneously and the viscous pressure drops. The magnitude of
the viscous pressure drops were assumed to be given by the Hagen-
Poiseuille equation:

∆Pj =
128qjµl

πD4
j

(7)

Where j = 1,2; so the two channels and l l is the length of the flow
path of the doublet which is assumed to be the same in both chan-
nels. Lets define the pressure difference in the different points that
matters. At first the pressure difference between wetting phase,Pw,
and the pressure for wetting phase at the interface, Pwi. This gives;

∆Pw − Pwi =
128µwlq1

πD4
1

(8)

For the other side of the doublet the same equation can be made,
only here it is a non-wetting phase which is given with subscript
nw.

∆Pnwi − Pnw =
128µnwlq1

πD4
1

(9)

The velocity of the interface boundary movement in capillaries
1 and 2 is influenced by the magnitude of the capillary pressure
across the interface boundary, this gives equation

∆Pc = (Pnw − Pw) =
4σcos(θA)

D1

(10)

where σ is the interfacial tension and θA the contact angle.
To simplify the next assumptions is made; µw = µnw = µ. With
this known and equation 8,9 and 10 the overall pressure can be
expressed

∆PB − PA = −128µlq1

πD4
1

+
4σcos(θA)

D1

(11)

For the second pore equation similar steps are done, this gives
the equation below

∆PB − PA = −128µlq2

πD4
2

+
4σcos(θA)

D2

(12)

The overall pressure change is same for both pores, therefore:

−128µlq1

πD4
1

+
4σcos(θA)

D1

= −128µlq2

πD4
2

+
4σcos(θA)

D2

(13)

Equations 7 through 13 were used to solve for q1 and q2 as
functions of qw,D1,D2, µ, l and ∆Pc. In order to obtain an ex-
pressions of the velocity, each q is divided by its respective cross
sectional area,

πD2
j

4
(14)

Now the overall pressure change over the two pores is:

−8µlv1

πR4
1

+
2σcos(θA)

R1

= −8µlv2

πR4
2

+
2σcos(θA)

R2

(15)

From equation 15 a relation between v1 and v2 can be made:

v1 =
r21
r22

v2 − σcos(θ)r21
4µl

(
1

r2
− 1

r1

)
(16)

For v1 to be positive (no trapping by bypassing), it must satisfy
the next condition:

v2 >
σcos(θ)r22

4µl

(
1

r2
− 1

r1

)
(17)

The values of v2 needed to make v1 positive. At reservoir type
velocities, v1 will not be positive and oil will be displaced only
from the smaller pore. Once the water breaks through at the other
end of the pore doublet, the oil in the larger pore is trapped and very
difficult to mobilize.

Jamin-effect

Assume the a static system with different pressures between point
A and B, this is due to the capillary forces. In order that the oil blob
flows through the pore throat the static pressure difference must be
exceeded, in other words must overcome to initiate flow.

Fig. 27. Oil droplet that entering a pore constriction, with addition of point
taken for governing equation on jamin effect [McAuliffe et al. 1973]

For the governing equation the following assumption is made, the
pressure within the oil droplet is constant over the whole droplet.
We then get the following equations:
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PA +

(
2σowcosθ

r

)
A

−
(

2σowcosθ

r

)
B

= PB (18)

This is equal to

PA − PB =

(
2σowcosθ

r

)
B

−
(

2σowcosθ

r

)
A

(19)

This is the pressure drop holding the oil droplet in this pore. If
we want to move the oil droplet, PA needs to exceed this pressure
drop or no flow will happen.

B. APPENDIX B

The protocols for reproduction of the experiments in this paper.

Operational Protocol

(1) Always wear a lab coat
Beside it is necessary for safety, lab coat is also repellent of
dust.

(2) Always wear nitrile gloves
By wearing these gloves the grease of our hands will not come
in contact with the setup and specifically the micromodel

(3) Filtrate all the liquids
By filtrating the liquid all particles will be sieved out and not
clog the microchip.

(4) Clean all the syringes before use
To make sure there are no particles left behind that can come
into the system and cause a blockage.

Start-up protocol experiments

(1) Flush pipes/connections/filters with water and afterwards dry
it in compressed air
The equipment is cleaned an extra time so the risk of any pol-
lution in the system will be reduced

(2) Do a leak test, when set-up is connected
This bubble test is possible due to the fact CO2 flooding will
occur during the experiment.

Running Experiments

(1) Turn on the camera
Now it is possible to gather images during the experiments

(2) Inject CO2 in the system for 15 min at a pressure of 8 - 10bar
CO2 can be dissolved in the brine. Thanks to this feature it is
possible to reach 100% saturation in the microchip.

(3) Start injection of Brine
An injection speed of 0.1 µl/min and a total of 10 times the
pore volume has to be inject in the micromodel.

(4) Start injection of dyed Dodecane
When starting the injection, remember that first all the brine
in the tubing has to pass through the set-up before the oil
can reach the microchip inlet. The injection speed remains 0.1
µl/min and a total of 10 times the pore volume has to be in-
ject in the micromodel. At this point a reservoir condition is
mimicked

(5) Start actual experiment waterflooding
Start injection brine in order to mimic waterflooding. The in-
jection speed should be set at reservoir condition, 1 ft a day.
The total length of the microchip is 79 cm = 2.59 ft, so it should

take 2.6 days to go through the chip. With a pore volume of 18
µl it means that an injection speed of 0.29 µl/hour or 4.8 nl/min
is required. This is not possible using the syringe pump that
was available. An injection speed of 0.1 µl/min was therefore
used in these experiments.

(6) Start injection of surfactant
Start injection of the surfactant at the same speed as the water-
flooding was done

Cleaning protocol

The mircochips are designed so that it will hold the oil and water
good in the system. Nevertheless it has to be cleaned completely,
this is due to the salt present. If the salt gets crystallised, the chip
may get clogged.

(1) Inject of demi water
Start with a low injection speed of 0.5 µl a minute and a total
of 10 times the volume. After that the injection speed is set to
1l a minute and a total of 5 times the volume.

(2) Inject of propanol
Start with a low injection speed of 0.5µl a minute and a total
of 10 times the volume. After that the injection speed is set to
1l a minute and a total of 5 times the volume.

(3) Inject of demi water
Start with a low injection speed of 0.5µl a minute and a total
of 10 times the volume. After that the injection speed is set to
1l a minute and a total of 5 times the volume.

(4) Drying in high temperature oven
Put the microchip on a flat surface so that it cannot bend during
the drying. The oven is set at 500 oC, with a build-up of 3 hours
and it stays there for an hour.

An other possibility is to store the micromodel after experiments in
a tank filled with demi-water. Then there is no possibility of forma-
tion of salt as it is submerse in demi-water, only problem is when
doing new experiments your micromodel is filled with different flu-
ids.

C. APPENDIX C

Here the specific design information of the micromodel can be
found. [Schlautmann et al. 2007] The dimension of the glass chip
is 90X30mm where the specific design is wet etched out. Wet etch-
ing of glass is an isotropic etching technique. This means that the
width of the channels is more than twice the depth of it, and that
the corners are rounded. The bottom of the channel stays smooth
and optically transparent. [Micronit 2015] With this technique two
glass plate are wet etched and then sealed together.
In Figure28 the layout of the pathway of the chip is shown. It has a
total length of 79cm of the pore network.

Fig. 28. Total wet etched pathway of the micromodel within the glass di-
mension of 90x30mm
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Figure29 gives the cross section of the chip and its two layers
of glass plate It is viewed from the top and looking through the
device. There are two inlet/outlet visible, they are powder blasted
holes that leads to the wet etched channels. The specific dimension
of the chip can be found in the picture below.

Fig. 29. Cross section of the chip with it specific dimension, with the two
inlet/outlet and the wet etched channel.

Now the cross section of the channel is shown in Figure30. It
shows more the ingenuity of the wet etched channel and it spe-
cific dimension. In this example the cross section of the throat with
12µm is displayed. This is one of the four different throat sizes,
more is explained in figure31

Fig. 30. Cross section of a 12µm throat and its specific dimension

The complexity of this micromodel is the heterogeneity of the
pore structure. A total of 4 throat sizes and 9 Pore sizes is used
within this model. A section of this structure is shown in figure31,
there the specific dimension of the throats and pores can be found.
It shows the mask area, this is the area of the chip that is bend in
the corners as shown in figure30. The radius is the specific distance
between these corners of the etched out section.

Fig. 31. Pore and throat distribution of the micromodel with it specific
dimensions. It is missing the pore size 9

Theoretical permeability calculation of each pore within the mi-
cromodel is shown in tableVI The calculation is based on equation
4

Table VI. Theoretical permeability calculation of
each pore within the micromodel

Pore number Pore Radius [µ]m Permeability [m2]

1 28 6.53E-11
2 30 7.50E-11
3 35 1.02E-10
4 40 1.33E-10
5 50 2.08E-10
6 60 3.00E-10
7 70 4.08E-10
8 80 5.33E-10
9 90 6.75E-10

For the pore throat within the theoretical permeability calcula-
tion the weighted average was taken over the 4 different size. The
permeability of each pore throat is shown in tableVII this gives a
harmonic average of 8.91E − 12m2

Table VII. Theoretical permeability calculation of each pore
throat within the micromodel

Throat number Pore Throat Radius [µ]m Permeability [m2]

1 12 4.50E-12
2 18 1.01E-11
3 21 1.38E-11
4 25 1.80E-11

Micromodel Chipholder

The old and new design of the micromodel holder is displayed be-
low.

Fig. 32. The original Micromodel Holder, were there is a limitation in the
pressure within the system
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Fig. 33. The original Micromodel Holder and the newly designed micro-
model holder with top view. Where the new holder has screw to clam the
Peek tubing

Fig. 34. A closer view of the newly micromodel holder with the screw.

D. APPENDIX D

Will be later added, the program I use for Latex, overleaf, can’t
handle the high quality images.

Saturation of each position

The saturation of the oil is displaced for each position on the
micromodel. The upper image displays the initial oil saturation
and the lower image the residual oil saturation. Here the images
are only enhanced with local contrast.

Position 8
From the analysis it can be determined that the saturation of
position 8 after waterflooding is 45.8% compared to the initial oil
saturation of 57.4%. This gives a recovery factor of 20.2%

Fig. 35. Oil saturation on position 8. The top network is before water-
flooding, bottom is after waterflooding.

Position 7
From the analysis it can be determined that the saturation of po-
sition 7 after waterflooding is 39.6% compared to the initial oil
saturation of 58.2%. This gives a recovery factor of 32.0%

Fig. 36. Oil saturation on position 7. The top network is before water-
flooding, bottom is after waterflooding.
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Position 6
From the analysis it can be determined that the saturation of po-
sition 6 after waterflooding is 48.5% compared to the initial oil
saturation of 60.2%. This gives a recovery factor of 19.3%

Fig. 37. Oil saturation on position 6. The top network is before water-
flooding, bottom is after waterflooding.

Oil ganglion size network

Here the network of the oil ganglia are show, again upper image
displace the before waterflooding, bottom after waterflooding.
With their corresponding cumulative graph

Position 8
In figure 39 the cumulative distribution of the oil ganglion size is
shown, the data was generate out of figure 38. A clear gap between
the before and after waterflooding curves is seen. This shows that
there is an increase in smaller oil ganglia.

Fig. 38. Oil saturation on position 8. The top network is before water-
flooding, bottom is after waterflooding.

Fig. 39. Cumulative curve of the oil ganglion size before and after water-
flooding for position 8

Position 7
In figure 41 the cumulative distribution of the oil ganglion size is
shown, the data was generate out of figure 40. A clear gap between
the before and after waterflooding curves is seen. This shows that
there is an increase in smaller oil ganglia.

Fig. 40. Oil saturation on position 7. The top network is before water-
flooding, bottom is after waterflooding.

Fig. 41. Cumulative curve of the oil ganglion size before and after water-
flooding for position 7
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Position 6
In figure 43 the cumulative distribution of the oil ganglion size is
shown, the data was generate out of figure 42. A clear gap between
the before and after waterflooding curves is seen. This shows that
there is an increase in smaller oil ganglia.

Fig. 42. Oil saturation on position 6. The top network is before water-
flooding, bottom is after waterflooding.

Fig. 43. Cumulative curve of the oil ganglion size before and after water-
flooding for position 6

Position 5
In figure 45 the cumulative distribution of the oil ganglion size is
shown, the data was generate out of figure 44. A clear gap between
the before and after waterflooding curves is seen. This shows that
there is an increase in smaller oil ganglia.

Fig. 44. Oil saturation on position 6. The top network is before water-
flooding, bottom is after waterflooding.

Fig. 45. Cumulative curve of the oil ganglion size before and after water-
flooding for position 5
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Velocity images

Displaying an image sequence of the propagation of two different
oil ganglion during the waterflooding period. The oil ganglion is
highlighted with a yellow contour.

Fig. 46. The propagation of an oil ganglion, size 0.187mm2 indicated
with yellow line, with the upper image at time = 0 s, the middle at time = 8
s and the lower image at time = 17 s. Giving a velocity of 0.187µm/s

Fig. 47. The propagation of an oil ganglion, size 0.235mm2 indicated
with yellow line, with the upper image at time = 0 s, the middle at time = 6
s and the lower image at time = 14 s. Giving a velocity of 0.235µm/s


