.
O
Q
—
=)
Z
==
ot
ol
-
=)
Z
<
ol
—
Z
=
—
w
Z
o
2]
Z
=
-
o
<
L)
E
-

Transactions on Science and Technology Vol. 5, No. 2, 121 - 130, 2018

Co-Injection of Carbon Dioxide and Non-Polar
Chemical Modifiers using Micro-model System
at Immiscible Conditions for Enhancing Oil
Recovery

Nur Hanisah Mohd Fuat:, Abu Zahrim Yaser», Ravindra Pogaku>
1 Faculty of Engineering, Universiti Malaysia Sabah, Jalan UMS, 88400 ,Kota Kinabalu, MALAYSIA.

2 Energy Research Unit, Faculty of Engineering, Universiti Malaysia Sabah, Jalan UMS, 88400 Kota Kinabalu, Sabah, MALAYSIA.

# Corresponding author. E-Mail: zahrim@ums.edu.my; Tel: +6088-320000; Fax: +6088-320348.

ABSTRACT In order to improve extraction capability of carbon dioxide (CO,) in the chemistry industry, a joint application
of supercritical CO, with some chemical modifiers such as alcohols is usually employed. Polar chemical modifiers such as
methanol, is well known for its capability in extracting polar components of crude oil such as asphaltic. Most of the
components in crude oils are, however, non-polar. This paper investigates the influence of non-polar chemical modifiers’
addition with CO, on improving the crude oil extraction at immiscible conditions by using a micro-model system. From the
experiments, it was found that extraction of crude oil improved with the addition of non-polar solvent with the highest oil
recovery of 52.54% achieved by co-injection of gaseous CO. and toluene, as compared to oil recovery of 27.4% by
gaseous CO; alone after 20 Pore Volume Injected (PVI).
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recovery

| Received 6 Mac 2018 Il Revised 23 April 2018 Il Accepted 1 Jun 2018 Il Online 28 June 2018 |
© Transactions on Science and Technology 2018

INTRODUCTION

In the face of declining oil production and at a time where recovering hydrocarbon is becoming
more difficult, effective techniques is the key in recovering more oils in a mature oilfield. The
average oil recovery of mature oilfields around the world is estimated to be somewhere between 20
to 40% (US Department of Energy, 2006; Sandrea, 2007 ; International Energy Agency, 2008) leading
to large amount of discovered oil to be left behind in the reservoir despite the existing production
well.

It has been estimated that only one third of the original oil in-place (OOIP) is produced by the
traditional primary and secondary oil recovery stages in a conventional oil field (Alagorni, Yaacob,
and Nour, 2015), with only around 5 to 15% of oil in the reservoir extracted at the primary oil
recovery stage and additional 30% of the oil in the well reserve can be extracted at the secondary oil
recovery stage (Petro Online, 2014).

By applying EOR process, oil production in a conventional oil well could reach up to 40 to 60%
of oil in the reservoir (Alagorni, Yaacob, and Nour, 2015). Hence, there has been more emphasis, in
the recent years, with the different methods used on optimizing the recovery of crude oil by using
the final oil recovery stage, the EOR stage, to extract more of the original in-place oil left in the oil
reservoirs (Donaldson, Chilingarian, and Yen 1989; Romero-Zeron 2012; Akintunji et al. 2013;
Alagorni, Yaacob, and Nour 2015).

CO:z has been used for decades in enhanced oil recovery (EOR) to liberate residual oil, including
water-alternating-gas (WAG) operations (Sohrabi et al., 2004; Dijke et al., 2010; Robin et al, 2012). It
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has been approximated that CO: flooding would produce an additional 7 to 15% of the initial oil in
place (Mathiassen, 2003).

In order to improve extraction capability of COz, in the chemistry industry, joint application of
supercritical CO2 with some chemical modifiers such as alcohols is usually employed. Polar
chemical modifiers such as methanol, is well known for its capability in extracting polar components
of crude oil such as asphaltic. However, most of the components in crude oils are non-polar, so there
is a possibility for the significant influence of the addition of non-polar chemical modifiers with CO:
on improving the extraction capability of CO: with crude oil, with regards to the solvents rule of
‘like dissolves like’, where polar solvents would dissolve polar solutes, and vice versa (Dobbs et al.,
1986). In previous studies, it was found that CO: extraction accompanied with chemical modifiers
can yield crude oil extracts almost 3 times over the CO: extraction only (Hwang and Ortiz, 2000).

CO:z can either be totally or partially miscible with crude oil in an oil reservoir at certain
temperature and pressure. In theory, miscibility between CO: and crude oil increases while pressure
increases. The miscibility of CO:2 with crude oil would lead to expansion of crude oil volume,
decrease of crude oil density and reduction of crude oil viscosity. As a result, recovery of crude oil
can be improved greatly (Al-Netaifi, 2008).

However, not all oilfields are operating at miscible condition. In Malaysia, the minimum
miscible pressure (MMP) for crude 0il-CO: system in the oil reservoirs, is in the range of
approximately 2300 psi to 4380 psi (Hui, 1995) which is equivalent to 158 bar to 300 bar. On the other
hand, the critical pressure and temperature of CO: where COz would be in supercritical phase is 73.9
bar and 31.0°C, respectively (Wikipedia, 2018). Similarly, not all reservoirs are able to maintain CO:
in supercritical phase as it requires reservoir pressure to be at least 73.9 bar and has to be operating
at temperature of at least 31°C.

Thus, in this paper, enhanced oil recovery technique of non-polar chemical modifiers assisted-
COz injection where COz was in gaseous phase was studied in detail by using a micromodel system
at immiscible conditions.

Research on the utilization of non-polar chemical modifiers in carbon dioxide injection for
enhanced oil recovery has not been done yet by any other researchers by using a micro-model
system, and in this paper, the utilization of nonpolar chemical modifiers in carbon dioxide injection
for enhanced oil recovery can be studied in great detail at the pore scale. This is important because
the flow on the pore scale decides the large scale flow patterns in the oil reservoirs, and thus by
optimizing oil recovery at the pore scale in this research, the ultimate oil recovery can be achieved.

The findings of this paper will indicate the possibility of implementing this technique in
Malaysian oil reservoirs.
BACKGROUND THEORY
Oil Recovery

Oil recoveries were analyzed by the method of image analysis using Adobe Photoshop CC 2017
software.
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During co-injection of CO:z and non-polar chemical modifiers, at the experimental temperature
of 25°C and pressure of 20 bar, with flow rate of 3 ml/min, time lapse images were captured by
camera in video mode, until 20 Pore Volume Injected (PVI) was achieved.

The Adobe Photoshop CC 2017 software was then used to differentiate the colours from the
images captured by contrasting the colours in the image. The software also counted the pixels of the
colour and displays the sum of counts, which were used for calculating oil saturation and oil
recovery.

The following is the formula for calculating oil saturation:

Ag
T At Ar

(1)

o

where, So is saturation of oil, Ao is area of o0il and A« is area of CO:2 or chemicals.

The formula for calculating final oil recovery is as follows:

E—5F
o (2)

Oil recovery =

where, Siis initial o0il saturation and Sk is final oil saturation.

METHODOLOGY

Materials

The 99.99% purified CO: gas was supplied by Linde Malaysia Sdn. Bhd. Toluene, dimethyl
carbonate (DMC), and diethyl carbonate (DEC) were analytically pure and supplied by Merck & Co.
The dewatered, degassed and stabilized crude oil was supplied by PETRONAS with API Gravity
Value of 36.5 (light crude).

Apparatus description
The experiments were carried out by using a micromodel system as shown in Figure 1
fabricated by Dixon Engineering Company.

Figure 1. Micro-model system in the UMS laboratory.
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The system comprised of micromodel reactor, high pressure injection pump, accumulator, motors,
storage tank, gas booster, pressure indicator, and heater as shown in the Piping and Instrumentation
Diagram (P&ID) in Figure 2. It was controlled by using an online system which was accessed by
using a personalized Lenovo laptop with Indusoft software and licence. Pressure, temperature and
flow rate in the system was monitored and controlled using the online system.

Motor Reverse Max Motor Forward Max cumulator)
(HP Water Pump) o
( — v
Ty N 3. O —
= PS7 (Accumulator Injection Pressure)
ve 52
vl @ O -J Pt [  Buzzer
1 (Heatar}Reactor TempSV %
IESN_ i ] =
p hCrease D
TS1 (Micromodel Reactor Temp) i
—
P55 (Confning Pressure) Hvs » (4P Injection
Bar PS6 (Reactor d
V9 Xl output Pressur -
[ 265 J ccumunor
Cylinder Injection Max < > rease Max
- Set Accamulator Over Pressure
(Syringe Pump) ' —-

(1100)mimin

I rﬂ Accumulator FlowSV
— E3

Figure 2. P&ID of the micromodel system.

The micro model system in Universiti Malaysia Sabah (UMS) laboratory was constructed with a
combination of different type of materials with the construction techniques of glass core sample
developed by Hornbrook et. al. (1991). It is suitable for experimental study of flow in porous media
at the pore scale, the smallest scale relevant to petroleum recovery. The glass core sample used
contains enclosed pore networks where flow can be observed visually using a camera or microscope,
making it possible to study how pore scale events affect flow patterns and displacement efficiency at
larger scales.

The glass core sample used in the experiment has the length of 22.9 cm, width of 9 cm, pore
volume of 0.799 cm® and porosity of 40.1%, and is shown in Figure 3.

Figure 3. Glass core sample used in the experiment.
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The camera used for recording time lapse images was a Panasonic Lumix Camera (Model No.
DMC-GMI1K) high-definition colour camera and was installed about 1 feet above the micro model
reactor. It is a 16-megapixel Digital camera that can capture images of up to 4592 x 3448 pixels with
16 bit RGB pixel depth and a capture rate of 1 frame per second could be achieved during image
sequence capturing for images of 1280 x 960 pixels with 8bit RGB pixel depth.

Experimental procedure

Three different non-polar chemical modifiers which were toluene, and dimethyl carbonate
(DMC), diethyl carbonate (DEC) were tested in the experiments. To differentiate the colours between
crude oil and chemical modifiers during experiment, crude oil was dyed red using Sudan red dye,
while the chemical modifiers were dyed blue with blue coloured oil-based dye.

The experiments were conducted at immiscible pressure of 20 bar and at ambient temperature
of 25°C, where the CO: was in gaseous phase.

As a controlled variable in the experiment, a test of flooding of CO: gas only was conducted.
Initially, in the experiment, crude oil was flooded at the flow rate of 3ml/min, until fully saturated
and fully occupied the glass core sample. Subsequently, the injection for the crude oil was stopped.
Gaseous CO: was then injected into the glass core sample at the rate of 3ml/min until 20 PVI of CO:
was reached which was approximately 16 cm?® or 16 ml in volume, as 1 pore volume is equivalent to
0.8mL.

For the test of co-injection of CO: gas with the non-polar chemical modifiers, the same
procedure as the above were carried out except that gaseous CO: was injected simultaneously with
chemical modifier, into the glass core sample at the rate of 3ml/min until 20 PVI of COz and chemical
modifier was reached.

For each test, the experiments were repeated two times, to get a precise value from the experiments.

Image processing procedures
The procedures for image processing are given below:
i. Image selection: File-Open
ii. Colour Adjustment: Image-Adjustments-Brightness/Contrast-Adjust contrast to 100.
iii. Colour range selection: Select-Colour Range-Select the colour on the image
iv. Pixel count measurement: Image-Analysis-Record Measurements

An example of the image analysis process is discussed in detail below:
Firstly, image to be analyzed is shown in Figure 4, which is the image of the glass after co-injection

of CO2 and toluene. After going through step i and ii in the above procedure, step iii, which is
selection of red and blue coloured area is carried out as shown in Figure 5 and Figure 6, respectively.

ISSN 2289-8786. http://transectscience.org/



TRANSACTIONS ON SCIENCE AND TECHNOLOGY

Mohd Fuat et al., 2018. Transactions on Science and Technology. 5(2), 121 - 130

File Edit Image Layer Type Select Fiter 3D View Window Help
WP esther 0px Strie: | Normal Selectand Mask.

<o injection dmc after.png @ 100% (RGE/8%) * *
Calor

m, I

Uibraries

PNENFND

N

More information

Docs 64:4K/428.5€

Measurement Log

PElrHseedi

L

W=

File Edit Image Layer Type Select Fitter 3D View Window Help
P et 0px Stk Mormal Seect and Mask..

co injection dmc after.png @ 100% (RGB/B#) * %
Color

i, —

Libraries

EPNSNE RO

N

More information

Doc: 644.4K(AZ8.5C.

2,
a,
s,
A,
2.
T,
k.
0.
¥
Q

Measurement Log
| e b @
a & Label Date and Time Document Scale Scale Units ScaleFactr  Count  Area Perimeter  Gircularly
W, o et 2/2/2018 12424, coinjecton dmc sf.. | Selection 1pinels) = 1.0000 Lowow 37 aossow. mseLeL.  oous
Ml 02 Mesurement7 R 2018 D24, comecion dme s Saectn L pels) = 0000 Loco000 oo 4o oz
[[] 002 Mesurement?-Fn 222018 22 coinjechon dmc afu,  Selection 1 pinel(s) = 1.0000... 1000000 70000 102e6m o&me

PS File Edit Image Layer Type Select Fiter 3D View Window Help
m B resther: Opx Style:  Normal v Select and Mask..

<o injection dmc after.png @ 100% (RGB/8#) * * o

T
AD

Libraries

More information

Dot 644.4K/4Z8.6K.

Messurement Log

PED~HS e URXhNENFL

Record Measurements huomg @

Label Date and Time Document Scale Scale Units Count e Perimeter  Grcularity

L TT———s 28/2/2018 2373, co injection dme aft, Lpiels) = 10000, pisels ¥ 40 WA BWIE. 0007

3
40

0002 Measurement6-F..  26/2/2018 12:37:3..  coinjecton dmc k. 1piels) = 10000...  puxels 1000000 4.000000
0002 Messuremen€-F..  28/2/2018 1237:3..  coinjecton dme s Ipies(s) = 10000, pixels 1000000 4.000000

=g

Figure 6. Selection of blue-coloured area in the image representing CO: and toluene.
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Using equation (1) and using the values of pixel count from the software, the saturation of crude oil
and other fluids can be calculated and plotted as shown in Figure 7, which is fluid saturation graph
for the test of flooding of CO: gas only.

100
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Pore Volume Injected (PVI)

Figure 7. Plot of oil saturation and CO2 gas saturation (%) against pore volume injected (PVI)

Finally, using the saturation value of crude oil from previous step as well as initial saturation value
of the crude oil before the CO: flooding was carried out, using equation (2), oil recovery can be
calculated and plotted as shown in Figure 8.
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Figure 8. Graph of oil recovery (%) against pore volume injected (PVI) for flooding of CO: gas only.

RESULTS AND DISCUSSION
The results of the different EOR flooding types and the final oil recovery after 20 PVI are shown
in Table 1.
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Table 1. Table of oil recovery (%) of different types of flooding.

Type of EOR Oil Recovery (%) Average Standard
flooding Test 1 Test 2 Test 3 Value (Mean) Deviation
CO:2 flooding 26.05 28.86 27.29 27.40 1.15
only
Co-injection 41.12 39.97 39.36 40.15 0.73
DEC
Co-injection 45.26 47.61 46.12 46.33 0.97
DMC
Co-injection 51.13 54.40 52.10 52.54 1.37
Toluene

From the result in Table 1, a graph of oil recovery of the different types of flooding was plotted
as shown in Figure 9.

60 -

50 -

30 ~

20 -

Oil Recovery (%)

C02 flooding only Co-injection DEC Co-injection DMC  Co-injection
Toluene

Type of Flooding

Figure 9. Graph of oil recovery (%) of different types of EOR flooding.

In this result, it can be seen that the flooding tests of co-injection of non-polar chemical
modifiers with CO: significantly improves oil recovery as compared to flooding of CO: gas alone as
shown in the graph Figure 9.

The highest oil recovery of 52.54% was achieved by co-injection of CO: and toluene, followed by
co-injection of DMC with CO: with oil recovery of 46.33% and co-injection of DEC with CO: with oil
recovery of 40.15%, with the lowest oil recovery of 27.4% by flooding of CO2 gas alone.

Co-injection of CO: with toluene yielded the highest oil recovery as compared to the other
chemical modifiers. This is probably due to the ability of toluene in improving the miscibility of
crude oil and COz is considered best as compared to the other chemicals. This finding is consistent
with the research by Yang et al. (2016) where toluene showed the best ability of improving the
miscibility of crude oil and CO: by having the highest vaporization-enhancing indicator (VI) and
solubilization-enhancing indicator (SI) values as compared to other chemicals, as can be seen in
Table 2, which was the same chemicals used in this research, by using a pressure-volume-
temperature (PVT) phase equilibrium device.
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Table 2. Vaporization-enhancing indicator (VI) and solubilization-enhancing indicator (SI) values of
different chemical modifiers from Yang et al. (2016).

Name of chemical VI (%) SI (%)
Toluene 251.0 64
DMC 7.6 4.6
DEC 4.0 3.1

Although the tests were done at immiscible conditions with the experimental pressure of 20 bar
and at ambient temperature, 25°C, it can be seen that oil recovery significantly improved as
compared to injection of CO: gas alone. This indicates that there is a possibility for the co-injection
flooding of non-polar chemical modifiers and CO: to show promising result if being implemented in
the existing Malaysian oil reservoirs operating at immiscible conditions as EOR’s effort in retrieving
more crude oil.

It can also be speculated that at miscible conditions where supercritical CO2 and MMP of CO:-
crude oil system can be maintained, the co-injection flooding of non-polar chemical modifiers and
CO: will show a significantly better result due to the improved miscibility of CO, crude o0il and non-
polar chemical modifiers (Dobbs, Wong, and Johnston 1986; Hwang and Ortiz 2000; Yang et al.
2016).

CONCLUSION

In conclusion, the co-injection of COz and non-polar chemical modifiers significantly improves
oil recovery with the highest oil recovery of 52.54% achieved by co-injection of gaseous CO:2 and
toluene, as compared to oil recovery of 27.4% by gaseous CO: alone after 20 Pore Volume Injected
(PVI) at immiscible conditions using a micro-model system.
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