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Abstract
A physical experimental model was built to measure permeability curves through time and to
understand how wettability changed in 5 clean oil bearing sand plugs for different fluids and mixes.
The experimental model is a simulation of a hydrocarbon reservoir at conditions of 20℃ and
atmospheric pressure, not a conventional reservoir. Permeability curves were measured for: 1)
Water 2) Brine 5000ppm 3) Brine 15000ppm 4) Gasoline 5) Diesel and 6) Oil. Measurements
showed that when the sand surface was water wet its permeability increased and when the surface
had mixed wettability with water and any other fluid, permeability of itself and other fluids
decreased. A special case was analyzed synthetizing Ni + NiO nanoparticles were they were added
to water and a sand plug was saturated with this mix before measuring on it oil permeability.
Results with usage of Ni + NiO nanoparticles showed that this particles could change wettability
from oil wet to water wet enhancing recovery of oil in clean oil bearing sandstones increasing oil
permeability from 10 to 20 time more.
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Resumen
Por medio de un modelo experimental construido, se midieron curvas de permeabilidad de
diferentes fluidos y mezclas a través del tiempo y se estudió como la mojabilidad cambia para 5
plugs de arenas limpias portadoras de petróleo. El modelo físico experimental simula un reservorio
de hidrocarburos a una temperatura de 20 ℃ y una presión atmosférica. Las curvas de
permeabilidad se midieron para: 1) Agua 2) Salmuera 5000ppm 3) Salmuera 15000 ppm 4)
Gasolina 5) Diesel y 6) Petróleo. Los valores obtenidos muestran que cuando la superficie de la
arena esta mojada en agua, su permeabilidad aumenta y cuando tiene mojabilidad mixta (agua y
cualquier otro fluido) la permeabilidad del agua y de los otros fluidos disminuye. Se analizó un
caso especial sintetizando nano partículas de Níquel + Óxido de Níquel que se agregaron al agua,
un plug de arena se saturó con esta mezcla para después medir curvas de permeabilidad de petróleo
en esta muestra. Los resultados de usar las nanopartículas de Níquel muestran que estas partículas
podrían cambiar la mojabilidad de mojado en petróleo a mojado, aumentando la recuperación de
petróleo en arenas limpias portadoras de petróleo. La permeabilidad del petróleo utilizando
nanopartículas de níquel aumenta entre 10 y 20 veces más que sin usarlas.
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1.

Introduction
Wettability in oil-bearing sands is a non-well studied area with a huge importance in recovery

of oil exploitation (Abdallah et al., 1986). The enhancement of wettability can determine a rise in
recovery percentages and thus it is of significant importance to study it. Wettability in sand
surfaces can be found in two principal ways: either oil wetting or water wetting, the latter being
better for oil recovery (Abdallah et al., 1986), figure 1 shows how wettability is seen in the pores
of a rock. Also, mixed wettability can exist were the surface can be wetted in two or more fluids
(Figure 2). Given different surfaces and different fluids, solids or gases in contact with them,
wettability is going to change.

Figure 1. Principal ways of wettability in sand surfaces. Modified from (Abdallah et al., 1986)

Juan Felipe Bustos 3

Figure 2. Mixed wettability in a sand surface. Modified from (Abdallah et al., 1986)
Different studies made recently have shown that wettability can change with the precipitation
of asphaltenes (Amin et al., 2010), with different type of mineralogy (Kumar et al., 2005),
morphology (Lord et al., 2002), API asphaltene content in sandstones (Mohammed et al., 20015),
exposure of sands to non-aqueous phase liquids (Powers et al., 1996), variable salinity in water
(Teklu et al., 2015) and many others. In this specific study, wettability and permeability of clean
oil-bearing sands surfaces from the Picacho Fm in Colombia are going to be approached for
different type of fluids and mixes. It is pretended to give an advance in understanding how can
clean sands surfaces wettability and permeability change for different cases and establish a
classification of wettability in oil-bearing clean sands surfaces for different mixes. Furthermore, a
especial case was analyzed: how permeability and wettability change when samples are saturated
in water plus Ni + NiO nanoparticles.
In this study, permeability was measured by fluid flux (explained later) but wettability was not
measured directly, instead, its relation with permeability changes was analyzed as both are
correlated.
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For this approach, a physical experimental model was built at GMAS SAS laboratory and
funded by the same which simulates a hydrocarbon reservoir at 20℃ and atmospheric pressure,
not a conventional hydrocarbon reservoir. The model consists of a plug holder tube through which
different fluids were passed through a sand plug and permeability and flux were measured.

2.

Theoretical framework
For this study, it is important to understand some basic geological concepts related to oil and

the rocks that act as reservoir of it and also, concepts regarding physical and chemical
characteristics of sandstones surfaces such as: porosity, permeability, wettability, among other.

2.1 Oil generation
Oil is understand to be formed by the decomposition of living beings such as trees, animal and
plants after they die, and then, through a process of millions of years they get covered and buried
by sediments. The company Shell, in one of its books called THE ORIGINS OF OIL AND GAS
describe that “The oil and gas deposits started forming about 350 to 290 million years ago during
the Carboniferous Period”.
For economic exploitation of oil, geoscientists describe a petroleum system for the area the
company they work in is going to invest. The elements of this petroleum systems are “an effective
source rock, reservoir, seal and overburden rock; the last facilitates the burial of the others. The
processes include trap formation and the generation, migration and accumulation of petroleum”
(Al-Hajeri et al., 2009).

Juan Felipe Bustos 5

2.2 Reservoir rocks
We are interested in this case in the reservoir rocks which are the ones in which oil migrates to
and is retained. “In practice, the sandstones and carbonates contain the major known reserves”
(Selley, 1998), we are only going to take into account conventional resources. In general, a good
reservoir rock is a rock which has good percentages of porosity which is the content of pores or
unfilled spaces in a rock and permeability which stands for the connection between those pores.

2.3 Porosity
More specifically, porosity as defined by (Selley, 1998) is either expressed as the void ratio,
which is the ratio of voids to solid rock, or more frequently, as a percentage:
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠
𝑥 100 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1.
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑜𝑐𝑘

Depending on the type of rock, porosity can be divided in primary porosity or secondary
porosity, for this study we are going to work just with primary porosity in sandstones which is the
one defined previously.
When porosity is addressed, we also have to talk about geometry of pores, time of formation,
origin and other characteristics but for this specific study, we are not going to discriminate between
divisions of those characteristics although a geological framework of the sandstones used in this
study is going to be described.

2.4 Permeability
Salley, 1998 also defines permeability as the ability of fluids to pass through a porous material
and numerically is defined by Darcy´s law:
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𝑄=

𝐾 (𝑃1 − 𝑃2 ) 𝐴
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.
𝜇𝐿

Where,
𝑄 = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑓𝑙𝑜𝑤
𝐾 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦
(𝑃1 − 𝑃2 ) = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝐴 = 𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝐿 = 𝑙𝑒𝑛𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝜇 = 𝐷𝑖𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑

2.5 Wettability
Finally, wettability which is the primary characteristic to be studied is “the preference of a
solid to be in contact with one fluid rather than another” (Abdallah et al., 2007).
It is very important to study wettability in reservoir rocks because it is the “major factor
controlling the location, flow, and distribution of fluids in a reservoir” (Anderson, 1986), and thus
as it controls this characteristics, as explained by (Anderson, 1987) the wettability will also
strongly affect the relative permeability of a core, increasing water relative permeability and
decreasing oil relative permeability in a wetted porous media.
Salgado and Gonzalez in 2005 described several qualitative and quantitative methods for
measurements of wettability.
Porosity, permeability and wettability measurements are going to be discussed in the
methodology section.
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2.6 Ni Nanoparticles
Nickel has been used lately for a wide variety of applications due to its magnetic properties.
The use of Ni nanoparticles in this study is mainly because of the hydrogen storage and catalysis
(Davar et al., 2008).
The usage of Nickel nanoparticles was because of its low material cost and the properties it has
such as: “anodic electrochromism, excellent durability and electrochemical stability, large spin
optical density and various manufacturing possibilities” (El-Kemary et al., 2013).
After having knowledge about Ni properties and how they could be useful in the oil recovery
enhancement, they were synthesized in the laboratory (GMAS S.A.S) using the sol-gel method
explained in section 4.4 and used in the experiments adding them to water to see if they had an
influence in making the surface more water wet as the nanoparticles get attached to the sand
surface.

X-ray diffraction was made to the synthesized Ni + NiO nanoparticles at GMAS S.A.S
laboratory and the results are shown in the following figures:
nanoparticulas_juanfe.raw
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Figure 3. X-ray difractogram of Ni +NiO nanoparticles
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68

The X-ray difactrogram show us that Ni nanoparticles synthetization results were not ideal but
there is a quantity of Nickel of 3.68% and a quantity of NiO of 1.85%.

Figure 4. Nickel structure.

Figure 5. NiO structure, In light red Oxygen atoms are shown and in dark red, Nickel atoms are
shown.
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Cry size show typical values of 45.4 nm for L and 200 nm for G in the Ni cry size and 36.3 nm
for L and 200 nm for G in the NiO cry size.
3. Geological framework
3.1 Sandstones
A sandstone is a type of sedimentary rock in which its primary constituent are sand grains.
Depending on the other constituents of the rocks, sandstones can be subdivided by plotting them
in a ternary pot, taking into account the percentage of quartz, feldspars and lithic fragments
(Dickinson, 1970).
In general, sandstones grain sizes goes from 1/16 mm to 2 mm and they can be classified also
as poorly sorted or well sorted, the latter being better for a reservoir rock in which the grains
maintain throughout the rock a same grain size and grains are spherical and rounded, which gives
better porosity and permeability.

3.2 Picacho Fm
The best sandstone for this study would be a quartz arenite, well sorted, with rounded and
spherical grains, in which permeability and porosity would reach maximum theoretical values.
Because it is hard to find a rock with this conditions, different formations in Colombia were
reviewed to find a good rock quality which was good for the experiments, in a reachable and
accessible place to be collected and transported.
Picacho Fm were the sandstones chosen for the experiment and were found in the road between
Reyes Bridge and Gameza in Boyaca department (NorthEast of Bogotá) as shown in figure 6.
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Figure 6. Location of the road between Reyes bridge and Gameza. Taken from google maps.

The reason for choosing this formation was that in general this rocks are quartzarenites from
middle to coarse grain size, with approximately 400 meters of thickness and the age is stablished
to be lower Eocene (Rincón et al., 2014). Additionally, they have been reported by the ANH
(Agencia Nacional de Hidrocarburos) as reservoir rock, they were located in an accessible place
by car and outcrops of the formation were found in the road easily as shown in figure 7.
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Figure 7. Outcrop of Picacho Fm located in the road between Reyes Bridge and Gameza from
where the samples were collected for the study.

4. Methodology
4.1 Field work
A field work was made in order to obtain the sandstones used for the experiments. The field
trip was made from Bogotá to the road between Reyes Bridge and Gameza in Boyaca department
(Figure 3) with a roundtrip travel time of 11 hours. The outcrop from where the quartz arenites
were extracted is located in the coordinates N 05º 45.975’ W 072º 52.191’ (Figure 4), another
outcrop of Picacho Fm can be seen in figure 8. A total of 10 kg of sand were collected with a
previous field analysis in which the description made was of a quartzarenite with approximately
80% quartz, well sorted, sub angular to rounded grains and medium sphericity.
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Figure 8. Outcrop of Picacho Fm.

4.2 Instrument Building
In order to achieve the objectives proposed related to wettability and permeability in oil-bearing
clean sand surfaces, a principal quantitative model was built. 1) The principal model for the
understanding of permeability and wettability in oil-bearing sands consists of a tube in which a
plug is placed with a clean quartz sand from Picacho Fm. Having this model, different tests for
different cases were held on it: After making those tests, physical and mathematical quantities for
permeability measurements were analyzed to determine how different types of fluids and mixes
change wettability and permeability.

Model 1
The principal model is a quantitative physical experimental model built to get data of
permeability in our clean oil-bearing sandstones for different type of fluids and wettability
configurations in a reservoir at conditions of 20℃ and atmospheric pressure. Model 1 (Figure 9)
consists of: 1) A welded box of stainless steel of (19 cm height, 32.5 cm long and 16,5 cm wide).
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2) Attached to it fits a stainless steel tube of (1 m long and 3,6 cm of inner radius) 3) An acrylic
tube of (50 cm long) attached to the stainless steel tube, with a half-step key at the bottom to control
the fluid flux. 4) An iron base holds the tube at (55 cm from the ground) and the stainless steel box
at the top at (1.5 m) 5) At the bottom there is a container for the fluids.

The sand plugs used for the experiments were built as follows: 1) The quartz- arenite collected
from the Picacho Fm was washed and smashed and later sifted to a grain size from (1 mm to 0.125
mm) to have a well sorted sand. Plugs were made of sandstones of medium grain size (Figures 9,
10, 11 and 12).

Figure 9. Smashing and washing sandstones from the Picacho Fm outcrops.
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Figure 10. Selection of sieves for desired grain sizes.

Figure 11. Machine used for sieving the sandstone.

Figure 12. Result of the sieving with the grain size wanted for making the plugs

2) A Teflon sleeve of 1 inch of diameter which contracts with heat was cut at 5cm for each plug
(Figure 13).
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Figure 13. Teflon sleeve

3) Quartz arenite from the Picacho Fm was placed in the 5cm Teflon sleeve. 4) With a manual
press, the sand was compacted. (Figure 14)

Figure 14. Manual press

5) At each end of the Teflon sleeve “tube” a 1 inch diameter circle of stainless steel screen mesh
of reference # 120 (0.125 mm) was placed to allow fluids to pass through it but to hold the sand
inside (Figure 15). This pieces of mesh were cut of 2.5 cm of radius with a manual punch (Figure
16).
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Figure 15. Stainless steel screen mesh

Figure 16. Manual punch

6) At each end to support the screen mesh was placed a packing ring of (2.7 cm of external
radius) to help hold the sand and the screen mesh. (Figure 17).

Figure 17. Packing rings

7) With an industrial dryer (BauKer.) (Figure 18), heat was applied to both ends of the Teflon
sleeve to close the plug and maintain a cylindrical shape. The final sand plug can be seen in (Figure
19).
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Figure 18. Industrial drier

Figure 19. Sand plug
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4.3 Model building.
1) To the sand plug, two rubber ring bands where placed for avoiding leaks (Figure 20).

Figure 20. Rubber ring bands attached to the sand plug

2) The plug was then placed in the acrylic tube (Figure 21) and in the space between the tube and
the plug a layer of sealant silicone (Super Flex Loctite by Henkel) was added for preventing further
leaks of fluids in the experiment (Figure 22).
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Figure 21. Plug placed in the acrylic tube

Figure 22. Silicone applied in the unfilled space
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3) After the plug was placed, the acrylic tube was attached to the stainless steel tube and sealed
with an insulating tape, at the same time, the stainless steel tube was attached to the stainless steel
box in the top and a layer of silicone was applied at the edges to avoid leaks. (Figures 23, 24, 25
and 26).

Figure 23. Acrylic tube attached to stainless steel tube
Juan Felipe Bustos 21

Figure 24. End of acrylic tube with a half pass key at the bottom

Figure 25. Complete model

Figure 26. Complete model
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The following figures (Figures 27, 28 and 29) show a scheme of model 1:
32.5cm

16.5 cm

Figure 27. Schematic up view 1 of model 1.
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1m

Figure 28. Schematic side view of model 1.

Figure 29. Schematic up view of model 1.
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4.4 Ni nanoparticles synthesis
The synthesis of Ni + NiO nanoparticles is essential for this study to analyze what is the effect
of this nanoparticles in the wettability of oil-bearing clean sands.
The synthesis was made following the procedure found in (Meneses et al., 2006). Previous
synthesis were made at GMAS SAS laboratory by two students (Edgar Alejandro Cortes and
Esteban Salgado) and data was collected. Although results were not good as shown in the
diffractograms, values for best results were used for the synthesis in this study. Results are said
not to be ideal because at first, NiO nanoparticles where wanted but as the XRD shows, the final
result are Ni nanoparticles with some NiO content.
The synthesis was made as follows: 1) non-flavour gelatin (Gel`hada) (2.0033 gr) was mixed
with 80 ml of water in a beaker glass with constant stirring at approximately 60℃. 2) After the
gelatin was completely diluted, 2.0193 gr of NiCl2 were added to the mix and constant stirring
was continued until an uniform mix was achieved. 3) 2,5 ml of NaOH were finally added to the
mix and it was taken up to 80℃. (Figure 30). 4) The mix, after some stirring was left at the same
80℃ for 30 hours until it was completely dry. (Figure 31). 5) The dry film was powdered (Figure
32) and in the muffle it was heated up to 350℃ for 12 hours. 6) The black powder was then washed
with distilled water in a filter paper and finally heated at 40℃ for 2 hours to dry it. (Figure 33).
X-ray diffractograms of the result were made but as previous synthesis from other students, the
results were not good, although they were good for using them in the experiments as they have at
least an amount of NiO nanoparticles. XRD showed a final composition of nanoparticles of
94.47% halite, 3.68% Ni and 1.85% NiO being these percentages 944,470 ppm of NaCl, 3680 ppm
of Ni and 1850 ppm of NiO in the sample.
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Figure 30. Mix after adding gelatin, NaOH, NiCl2 and water

Figure 31. Completely dry film
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Figure 32. Film after some powdering

Figure 33. Black powder being washed
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4.3 Laboratory Measurements
The measurement analysis of porosity and permeability for the quartz arenite plugs built were
held with the equipment available at GMAS SAS.
With a Digital helium porosimeter (Figure 34) porosities of the sand plugs were measured and
the average value of porosity of the sand plugs was 40% with variability between plugs because
each plug is different in size, weight and compaction, it is extremely difficult to make two plugs
that with the same characteristics.
Permeability values were impossible to be determined in the laboratory as specific measures
from cores are needed to be measured. The plugs made artificially could not be made exactly as
the equipment for measuring permeability needed to be. Taking this into account, Berg equation
was used which determines permeability with two main parameters, 1) mean grain size which is
known in this case and 2) porosity which was measured as explained before.
Berg equation: 𝐾(𝑚𝐷) = 8.4𝑥10−2 𝑥 𝑑 2 𝑥 ∅5.1
Where:
K = permeability in milidarcys
d = mean grain size
∅ = porosity
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Figure 34. Digital Helium Porosimeter from GMAS SAS.
In the next section the porosity and permeability values for each sand plug are given.
4.4 Data Analysis
For the data analysis, five medium grain size sandstone plugs were used. The characteristics
of the plugs are found in table 1.

Table 1. Plugs generalities
Plug number

Grain size

Height

Weight

Radius

Porosity

Permeability

(cm)

(gr)

(cm)

(%)

(mD)

1

Medium

4.6

70

1.8

41%

1.41 x 10^13

2

Medium

5

77

1.8

44%

2.02 x 10^13

3

Medium

5.5

79

1.8

38%

9.57 x 10^12

4

Medium

4.7

68

1.8

34%

5.43 x 10^12

5

Medium

5.4

77

1.8

42%

1.59 x 10^13
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For plugs 1 and 2 measurements of flux for water, brine (5000 ppm), brine (15000 ppm) and
gasoline were made each five minutes for ranges between 35 and 80 minutes until fluids reached
equilibrium or near it.
For plugs 3 and 4, additionally to the measurements held in plugs 1 and 2, flux of gasoline for
a second time, diesel, and water for a second time were made.
For plug 5, measurements of flux of oil were made for three different cases. In the first one,
was measured after the plug was saturated in water, the second one after saturated in water + Ni +
NiO nanoparticles (10ppm) and in the third case, after saturated in in water + Ni + NiO
nanoparticles (100ppm). The times of each measurement and the conditions of the plugs before
each fluid are discussed in tables 2-9.

Table 2.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

1

Water

Water was poured into the plug
(dry sand)

18

Five minutes

2

Water

Water was poured into the plug
(dry sand)

14

Five minutes

3

Water

Water was poured into the plug
(dry sand)

14

Five minutes

4

Water

Water was poured into the plug
(dry sand)

12

Five minutes
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Table 3.
Plug number

Fluid (ppm)

Conditions

Number of
measurements

Time of each
measurement

1

Brine (5000)

12

Five minutes

2

Brine (5000)

11

Five minutes

3

Brine (5000)

12

Five minutes

4

Brine (5000)

Brine was poured into the
plug (water wet) right after
the water.
Brine was poured into the
plug (water wet) right after
the water.
Brine was poured into the
plug (water wet) right after
the water.
Brine was poured into the
plug (water wet) right after
the water.

12

Five minutes

Table 4.
Plug number

Fluid (ppm)

Conditions

Number of
measurements

Time of each
measurement

1

Brine (15000)

15

Five minutes

2

Brine (15000)

15

Five minutes

3

Brine (15000)

11

Five minutes

4

Brine (15000)

Brine was poured into the
plug (mixed wettability)
right after the brine (5000
ppm).
Brine was poured into the
plug (mixed wettability)
right after the brine (5000
ppm).
Brine was poured into the
plug (mixed wettability)
right after the brine (5000
ppm).
Brine was poured into the
plug (mixed wettability)
right after the brine (5000
ppm).

10

Five minutes
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Table 5.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

1

Gasoline

7

Five minutes

2

Gasoline

12

Five minutes

3

Gasoline

12

Five minutes

4

Gasoline

Gasoline was poured into the
plug (mixed wettability) right
after the brine (15000 ppm).
Gasoline was poured into the
plug (mixed wettability) right
after the brine (15000 ppm).
Gasoline was poured into the
plug (mixed wettability) right
after the brine (15000 ppm).
Gasoline was poured into the
plug (mixed wettability) right
after the brine (15000 ppm).

12

Five minutes

Table 6.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

3

Gasoline
(second time)

17

Four minutes

4

Gasoline
(second time)

Gasoline was poured into
the plug (mixed
wettability) After 3 hours
of saturation in gasoline.
Gasoline was poured into
the plug (mixed
wettability) After 3 hours
of saturation in gasoline.

12

Four minutes

Table 7.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

3

Diesel

6

Ten minutes

4

Diesel

Diesel was poured into the plug
(mixed wettability)
After 3 hours of saturation in
Diesel.
Diesel was poured into the plug
(mixed wettability) After 3
hours of saturation in Diesel.
Right after gasoline.

18

Ten minutes
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Table 8.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

3

Water
(second time)

13

Ten minutes

4

Water
(second time)

Water was poured into
the plug (mixed
wettability) After 3 hours
of saturation in water.
Gasoline was poured into
the plug (mixed
wettability) After 3 hours
of saturation in water.

11

Four minutes

Table 9.
Plug number

Fluid

Conditions

Number of
measurements

Time of each
measurement

5

Oil (42 API)

7

One hour

5

Oil (42 API)

6

One hour

5

Oil (42 API)

Oil was poured into the plug
(after 3 hours of saturation
in water)
Oil was poured into the plug
(After 3 hours of saturation
in water + Ni + NiO
nanoparticles (10ppm) )
Oil was poured into the plug
(After 3 hours of saturation
in water + Ni + NiO
nanoparticles (100ppm) )

7

One hour

5. Results
After flux was measured for different fluids in different plugs, using equation 1, the
permeability was found and graphs were made of it.
Here is equation 2 for the permeability value:
𝐾=

𝑄𝜇 𝐿
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.
(𝑃1 − 𝑃2 ) 𝐴

Explained below are each of the terms used in the equation with model 1 configuration:
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Q: The flux was obtained in each case using model 1 in which the grams of liquid that passed
through the sand plug after a certain amount of time (shown in tables 2-9) were measured using a
gramer. This value was then converted to

𝑚3
𝑠

.

𝜇: For the dynamic viscosity, values from the literature were obtained (in the annexes there is
information for each value used not only for viscosity but other factors) for each fluid. Values were
converted to

𝐾𝑔
𝑚𝑠

.

𝐿: For this value, the length of each plug was measured in meters (values of length for each
plug are found in table 1).
(𝑃1 − 𝑃2 ): This term is converted to 𝜌𝑔ℎ in which for𝜌, values for each fluid density were
found at the laboratory and converted to

𝐾𝑔
𝑚3

. For 𝑔, the gravity in Bogotá was used and for ℎ, the

column of fluid was measured, from the top of the fluid at the stainless steel box to the top of the
sand plug.
𝐴: For the area, each sand plug opening area in which the fluid passed through was measured
(see table 1), in this case every plug has the same opening area as each of them are limited by the
stainless steel rings which were made of the same measurements.
Finally, using this values, permeability curves were found for each case. Using this permeability
curves, we are able to see: 1) the behavior of the permeability of each plug for each fluid as time
passes, 2) The final permeability for each fluid in each plug when the curve gets stable, 3) the
change of permeability of different fluids in the sandstones when they pass through the clean sand
or through sand already wetted with other fluid or fluids and 4) for plug 5 it was possible to see if
the Ni + NiO nanoparticles made oil permeability to increase or had no effect at all.
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Having all this conclusions, as permeability is related to wettability, it was possible to deduce
which fluids or mixes enhanced wettability of different fluids, in this specific case the wettability
of water for recovering more oil from the sand plug.
In the next pages, there are presented the permeability curve graphs for each plug, graph values
are given in logarithmic scale for showing features that with the normal values could not be seen.
In each plug there were made different experiments for different cases and fluids (specified in table
2-9), each graph is presented with a description and a conclusion of what can be deducted from it.
In some cases a figure is shown to explain what could be happening at the interior of the sand plug.
5.1 Plug 1 permeability curves
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Figure 35. Water permeability curve for plug 1.
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Brine permeability 5000 ppm (plug 1)
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Figure 36. Brine (5000ppm) permeability curve for plug 1.
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Figure 37. Brine (15000ppm) permeability curve for plug 1.
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Gasoline permeability (plug 1)
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Figure 38. Gasoline permeability curve for plug 1.

Plug 1 permeabilities
Permeability ( x 10^13 mD)

2500
2000

water

1500

brine 5000 ppm

1000

brine 15000 ppm
gasoline

500
0
0

10

20

30

40

50

60

70

80

90

100

Time (minutes)

Figure 39. Plug 1 permeabilities
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5.2 Plug 2 permeability curves
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Figure 40. Water permeability curve for plug 2.
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Figure 41. Brine (5000ppm) permeability curve for plug 2.
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Brine permeability 15000 ppm (plug 2)
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Figure 42. Brine (15000ppm) permeability curve for plug 2.
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Figure 42. Gasoline permeability curve for plug 2.

Juan Felipe Bustos 39

Plug 2 permeabilities
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Figure 44. Plug 2 permeability curves.

5.3 Plug 3 permeability curves
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Figure 45. Water permeability curve for plug 3.

Juan Felipe Bustos 40

Brine permeability 5000 ppm (plug 3)
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Figure 46. Brine (5000ppm) permeability curve for plug 3.
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Figure 47. Brine (15000ppm) permeability curve for plug 3.
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Gasoline permeability (plug 3)
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Figure 48. Gasoline permeability curve for plug 3.
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Figure 49. Gasoline permeability curve for plug 3 (second measurement).
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Diesel permeability (plug 3)
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Figure 50. Diesel permeability curve for plug 3.
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Figure 51. Water permeability curve for plug 3 (second measurement).
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Figure 52. Plug 3 permeability curves.
5.4 Plug 4 permeability curves
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Figure 53. Water permeability curve for plug 4.
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Brine permeability 5000 ppm (plug 4)
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Figure 54. Brine (5000ppm) permeability curve for plug 4.
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Figure 55. Brine (15000ppm) permeability curve for plug 4.
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Gasoline permeability (plug 4)
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Figure 56. Gasoline permeability curve for plug 4.
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Figure 57. Gasoline permeability curve for plug 4 (second measurement).
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Figure 58. Diesel permeability curve for plug 4.
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Figure 59. Plug 4 permeability curves.
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5.5 Plug 5 permeability curves

Oil permeability (water saturated)
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Figure 60. Oil permeability curve after the sample was water saturated (plug 5).

Oil permeability (water + Ni + NiO nanoparticles (10ppm) )
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Figure 61. Oil permeability curve after the sample was water + Ni +NiO nanoparticles (10ppm
per liter of water) saturated (plug 5).
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Oil permeability (water + Ni + NiO nanoparticles (100ppm) )
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Figure 62. Oil permeability curve after the sample was water + Ni + NiO nanoparticles (100ppm
per liter of water) saturated (plug 5).
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Figure 63. Plug 5 permeabilities.
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6. Discussion
Plug 1 permeability curves
As shown in the graph for water permeability (Figure 35), permeability of the water is
continuously increasing until it reaches a stability. As grains get wet in water as time passes,
permeability increases due to a water wet prone surface. The stability value which corresponds to
the final permeability of water in this plug is approximately 2153 𝑥 1013 𝑚𝐷.

Figure 64. Wettability configuration (water wet). Modified from: faculty.ksu.edu.sa

In the brine (5000ppm) permeability (Figure 36) it is shown that there is a first increase of
permeability as grains get more wet in water but as time passes, salt attaches to the grains and
quartz surface making the surface less water wet and therefore, permeability starts to decrease
continuously until stability. The stability value which corresponds to the final permeability of brine
(5000ppm) in this plug is approximately 633 𝑥 1013 𝑚𝐷.
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Figure 65. Wettability configuration (mixed wettability, water and salt). Modified from:
faculty.ksu.edu.sa

A similar case to the 5000ppm brine is shown here for the 15000ppm brine permeability (Figure
37) where permeability decreases continuously until stability. In this case, there is not present a
first increase of the permeability, this could be because as the plug was already wetted in water
and brine for more than an hour, the sand surface cannot get more water wet and therefore as we
have more concentration of salt permeability decreases even more. The stability value which
corresponds to the final permeability of brine (15000ppm) in this plug is approximately
246 𝑥 1013 𝑚𝐷.
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Figure 66. Wettability configuration (mixed wettability, water and salt). Modified from:
faculty.ksu.edu.sa

For gasoline permeability (Figure 38), as this was the first measurement, not many data was
obtained. In the graph we can see an abnormal behavior in which permeability decreases and
increases successively. The last value which corresponds to the final permeability of gasoline in
this plug is approximately 195 𝑥 1013 𝑚𝐷.
In Figure 39 we can see all permeability curves of different fluids for this plug. In order from
higher to lower, permeabilities are: 1) water 2) brine (5000ppm) 3) brine (15000ppm) 4) gasoline.
It is clear that as the sand plug gets water wet, its permeability increases, showing that if the grains
are more wetted in water, fluids are going to have a better permeability than if grains are wetted
with other substances such as salt.

Juan Felipe Bustos 52

Plug 2 permeability curves
As shown in the graph for water permeability (Figure 40), permeability of the water is
continuously increasing until it reaches a stability. In the first ten minutes, there is a slight decrease
that evidences that if grains are not wetted in water, permeability is going to decrease. As grains
get wet in water as time passes, permeability increases due to a water wet prone surface. The
stability value which corresponds to the final permeability of water in this plug is approximately
2604 𝑥 1013 𝑚𝐷.
In the brine (5000ppm) permeability (Figure 41) in the first ten minutes the permeability stays
almost constant. As grains get more water wet and salt attaches to the grains, the surface of the
sand gets less wetted in water and therefore, permeability starts to decrease continuously until
stability. The stability value which corresponds to the final permeability of brine (5000ppm) in
this plug is approximately 1123 𝑥 1013 𝑚𝐷.
For the 15000ppm brine permeability (Figure 42), permeability increases for the first ten
minutes as the sample get more water wet but the highest value is still lower (1069 𝑥 1013 𝑚𝐷)
than 5000ppm brine final permeability (1123 𝑥 1013 𝑚𝐷). As time passes and salt gets attached
to the sand surface, the permeability of brine starts to decrease continuously until stability. The
stability value which corresponds to the final permeability of brine (15000ppm) in this plug is
approximately 963 𝑥 1013 𝑚𝐷.
For gasoline permeability (Figure 43), as shown in plug one, there is an abnormal behavior with
increases and decreases but this time more measurements were taken and it is observed that values
tend to get to a stability point. As time passes, wettability of the sample starts to get mixed between
water and gasoline wet, decreasing the permeability of gasoline, having values much lower than
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the water permeability. The last value which corresponds to the final permeability of gasoline in
this plug and tends to be a stability value is approximately 347 𝑥 1013 𝑚𝐷.
In Figure 44 we can see all permeability curves of different fluids for this plug. In order from
higher to lower, permeabilities are: 1) water 2) brine (5000ppm) 3) brine (15000ppm) 4) gasoline.
It is clear that as the sand plug gets water wet, its permeability increases, showing that if the grains
are more wetted in water, fluids are going to have a better permeability than if grains are wetted
with other substances such as salt and gasoline. Gasoline has a negative effect in permeability
making it to decrease, as explained before, the best case scenario for oil recovery is where grains
are wetted in water rather than in oil.

Figure 67. Wettability configuration (mixed wettability, water, salt and gasoline). Modified from:
faculty.ksu.edu.sa

Juan Felipe Bustos 54

Plug 3 permeability curves
The same behavior shown in plugs 1 and 2 for water permeability is seen in plug 3 (Figure 45).
The stability value which corresponds to the final permeability of water in this plug is
approximately 1995 𝑥 1013 𝑚𝐷.
The same behavior shown in plugs 1 and 2 for brine (5000ppm) permeability is seen in plug 3
(Figure 46). The stability value which corresponds to the final permeability of brine (5000ppm) in
this plug is approximately 900 𝑥 1013 𝑚𝐷.
The same behavior shown in plugs 1 and 2 for brine (15000ppm) permeability is seen in plug
3 (Figure 47). The final permeability value of brine (15000ppm) in this plug is approximately
965 𝑥 1013 𝑚𝐷. In this particular case, the last permeability of brine (15000ppm) is higher than
the last permeability of brine (5000ppm), but as we can see in the graph, values continue to
decrease, no more data was collected after that point but is believed that permeability values tend
to be lower in brine (15000ppm) than in brine (5000ppm) as the surface is more impregnated in
salt.
For gasoline permeability (Figure 48), again, there is an abnormal behavior with increases and
decreases but this time, it is observed that the permeability tends to be stable, then it decreases and
finally it increases to a stability point. The last value which corresponds to the final permeability
of gasoline in this plug and tends to be a stability value is approximately 202 𝑥 1013 𝑚𝐷.
As seen in plugs 1 and 2 gasoline permeability does not get to a stability point easily, having
an abnormal behavior during the first hour of measurements. That is why, in plugs 3 and 4
permeability of gasoline was measured again but the sample was saturated in gasoline for 3 hours
and then measurements started to be taken. In the previous graph we can see that this time gasoline
gets to a stability point where the final value is approximately 207 𝑥 1013 𝑚𝐷. There is not much
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difference from this stability value and the one shown in the previous graph, but as the behavior
was not clear it was necessary to make a second measurement where this time, it is clear that
gasoline permeability constantly decreases until a stability point.
For the first time, diesel permeability measurements were taken in plug 3 (Figure 49) being it
the most approximate to oil. Not much data was taken because the plug was previously saturated
3 hours in diesel. As shown in the previous graph, the behavior is abnormal as in gasoline but the
values are much lower being diesel much more viscous and as time passed in this plug, grains were
much more wet in gasoline and diesel than in water as the plug was saturated 3 hours in gasoline
and 3 hours in diesel. The behavior shows increases and decreases but the values always stayed in
a range. That is why not more measurements were taken in this case taking into account that it
could be considered stable. The last value which corresponds to the final permeability of diesel in
this plug and tends to be a stability value is approximately 9.02 𝑥 1013 𝑚𝐷.
Also in this plug for the first time water was measured after the plug was saturated in brine
(Figure 50), diesel and gasoline. After 3 hours of saturation in water measurements started to be
taken. We have here case in which the plug have a mixed wettability with the grains wetted in
gasoline, diesel, some salt (after 3 hours of saturations in gasoline and 3 in diesel, most of the water
and salt must be removed) and water. As seen in the graph, water permeability constantly decreases
until stability. The last value which corresponds to the final permeability of water (second
measure) in this plug and tends to be a stability value is approximately 199 𝑥 1013 𝑚𝐷. This value
is much lower than the first water permeability value where the sand plug was dry, there is a
notorious influence of the gasoline and diesel that was impregnated into the sand grains, the value
tends to be similar to the gasoline permeability, this could be correlated because as the plug is
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much more wetted in gasoline than in water, as water passes through, its permeability is going to
be similar to the fluid in which it is impregnated the plug, being slightly lower.
Finally we have a graph showing all permeability curves taken of different fluids for this plug
(Figure 51). In order from higher to lower, permeabilities are: 1) water 2) brine (15000ppm) 3)
brine (5000ppm) 4) gasoline 5) water (second measure) 6) diesel.
It is clear that as the sand plug gets water wet, its permeability increases, showing that if the
grains are more wetted in water, fluids are going to have a better permeability than if grains are
wetted with other substances such as gasoline and diesel. Gasoline and diesel have a negative effect
in permeability making it to decrease, as shown with water permeability its value was
1995 𝑥 1013 𝑚𝐷 when the sample was dry and continued to be wetted in water and 199 𝑥 1013 𝑚𝐷
when the sample was with mixed wettability being more impregnated in gasoline and diesel.

Figure 68. Wettability configuration (mixed wettability, water, salt, gasoline and diesel). Modified
from: faculty.ksu.edu.sa
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Plug 4 permeability curves
The same behavior shown in plugs 1, 2 and 3 for water permeability is seen in plug 4 (Figure
52). The stability value which corresponds to the final permeability of water in this plug is
approximately 1498 𝑥 1013 𝑚𝐷.
For brine (5000ppm) permeability seen in plug 4 is slightly different (Figure 53). The value
after it first decreases, increases again until stability, this could be because the plug was not
completely water wet and ass time passes and the samples gets more water wet, permeability
increases but in any case, the influence of salt is clear as the final stability value is lower than the
one of just water. The stability value which corresponds to the final permeability of brine
(5000ppm) in this plug is approximately 757 𝑥 1013 𝑚𝐷.
The same behavior shown in plugs 1, 2 and 3 for brine (15000ppm) permeability is seen in plug
3 (Figure 54). As the sample surface gets more impregnated in salt, permeability decreases which
also supports the idea that in brine (5000ppm) where the value increased after a first decrease is
because the sample was not completely water wet. The final permeability value of brine
(15000ppm) in this plug is approximately 698 𝑥 1013 𝑚𝐷.
For gasoline permeability the same abnormal behavior shown in plugs 1, 2 and 3 is shown in
plug 4 (Figure 55). The last value which corresponds to the final permeability of gasoline in this
plug and tends to be a stability value is approximately 183 𝑥 1013 𝑚𝐷.
As in plug 3 gasoline was measured for a second time in plug 4 (Figure 56) after the sample
was saturated 3 hours in gasoline. In this case, different to plug 3, the final stable permeability
value varies from the second measurement to the first one. The last value which corresponds to the
final permeability of gasoline in this plug and is the stability value is approximately
278 𝑥 1013 𝑚𝐷.
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Diesel permeability measurements for plug 3 (Figure 57) were taken after the plug was
saturated 3 hours in diesel. As shown in the graph, the behavior is not abnormal as in plug 3 diesel
permeability curve and it tends to be stable, decreasing continuously. The last value which
corresponds to the final permeability of diesel in this plug and tends to be a stability value is
approximately 5.82 𝑥 1013 𝑚𝐷.
As in plug 3, water was measured after the plug was saturated in brine, diesel and gasoline
(Figure 58). After 3 hours of saturation in water measurements started to be taken. As seen in the
graph, water increases and decreases slightly but stays in stability. The last value which
corresponds to the final permeability of water (second measure) in this plug and tends to be a
stability value is approximately 220 𝑥 1013 𝑚𝐷. This value is much lower than the first water
permeability value where the sand plug was dry, there is a notorious influence of the gasoline and
diesel that was impregnated into the sand grains, the value tends to be similar to the gasoline
permeability but in this case, different to plug 3 the value is slightly higher and can be correlated
to gasoline value as explained before.
Finally we have a graph showing all permeability curves taken of different fluids for this plug
(Figure 59). In order from higher to lower, permeabilities are: 1) water 2) brine (5000ppm) 3) brine
(15000ppm) 4) gasoline (second measure) 5) water (second measure) 6) gasoline (first measure)
7) diesel. In this case there is a differentiation not shown in plug 3 between the two measurements
made in gasoline as the value was different.
Again, we see the effect in permeability that gasoline and diesel have in the sand plug making
it to decrease, as shown with water permeability its value was 1498 𝑥 1013 𝑚𝐷 when the sample
was dry and continued to be wetted in water and 220 𝑥 1013 𝑚𝐷 when the sample was with mixed
wettability being more impregnated in gasoline and diesel.

Juan Felipe Bustos 59

Plug 5 permeability curves
The Figures 60, 61 and 62 show permeability curves of oil made in plug 5 for three different
cases. The first one in which the sample was completely saturated in water for three hours and
then the flux measurement was taken, the second was made the same way but to the water was
added 10ppm of Ni + NiO nanoparticles per liter of water and in the third case, the measurement
was made the same way as in the second case but with 100ppm of Ni + NiO nanoparticles per
liter of water. In this case graphs are shown in logarithmic and non logarithmic scale as the
values are very small and just in logarithmic scale data could be interpreted wrong.
In the first graph it can be seen that the permeability value stays constant, then increases and
then returns to a value similar to the first one measured and gets to a stability point where the
final value corresponds to 1 𝑥 1013 𝑚𝐷 as values are very small the quantity of grams of oil
measured that corresponds to the permeability value was 53gr.
In the second graph, after the sample was impregnated with Ni + NiO nanoparticles, as this
nanoparticles attach to the quartz they make the surface more water wet making that the
permeability of fluids such as oil increases. For this particular case, the permeability of oil stayed
almost the same as in the first measurement without Ni + NiO nanoparticles, this could be because
the quantity of nanoparticles per liter of water was too low. The final value is 13 𝑥 1013 𝑚𝐷 which
corresponds to 49 gr.
In the last graph we can see an increase in the permeability value of oil that corresponds to the
quantity of the Ni + NiO nanoparticles that made its effect in the changing of wettability of the
surface to strongly water wet. The value is not much higher than in the previous two measurements
but is higher which is interesting because another factor to take into account is that the sample had
already two measurements with oil and the configuration of wettability of the sample was mixed
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between oil and water, also as seen before in the Ni + NiO nanoparticles synthesis the results were
not that good. The final value is 17 𝑥 1013 𝑚𝐷 which corresponds to 62 gr.
In general as seen in graph 63, permeability values of oil after saturating the sample with water
and with water plus Ni + NiO nanoparticles (10ppm) does not change too much which can be
considered to be stable. But as seen in (graph 62) after saturating the sample in water plus Ni +
NiO nanoparticles (100ppm) the values are higher, in general the mean oil quantity value for each
measurement in grams was: 1) sample saturated in water = 58.57 gr 2) sample saturated in water
plus Ni + NiO nanoparticles (10ppm) = 58.16 gr 3) sample saturated in water plus Ni + NiO
nanoparticles (100ppm) = 71.85 gr.

Figure 69. Wettability configuration (mixed wettability, water and oil). Modified from:
faculty.ksu.edu.sa
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Figure 70. Wettability configuration (mixed wettability, water + Ni + NiO nanoparticles and oil).
Modified from: faculty.ksu.edu.sa

In figures 63-70 are shown the wettability configurations for each case in which a fluid was
added to the sand plug, figures are not repeated for each plug, just in the case that in a plug
measurements for different fluids than to previous plugs were made.
The study of wettability in recent years has grown because of its huge importance in the oil
industry. After several hours of experiments and measurements a new advance has been made in
the understanding of how can some fluids and mixes alter wettability and therefore permeability,
for the specific case of clean oil bearing sandstones.
The experiments show 4 principal results:
When the sand surface is more water wet, permeability of water itself and other fluids increases.
This can be seen in the permeability values of water when the sand was dry in plugs 1, 2, 3 and 4,
where permeability of water increased as the sand surface got wet in water.
Fluids such as gasoline and diesel and substances like salt, alter permeability in a negative way.
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As shown in plugs 1, 2, 3 and 4 the permeability of this fluids was always lower than the
permeability of water and as seen in plugs 3 and 4 when water was poured after the sand surface
was not dry but wet in gasoline, diesel and brine, the water permeability decreased.
Ni nanoparticles were not synthetized as expected after several tests from different people,
results were not good but in any case there was present a percentage of Ni and NiO.
Ni + NiO nanoparticles although were not perfect, it is clear that they had an influence in
making the sand surface more water wet as shown in plug 5 measurements where after saturating
the sand plug in 100ppm of nanoparticles per liter of water, the permeability of oil increased from
10 to 20 time more.

7. Conclusions
The study of wettability in recent years has grown because of its huge importance in the oil
industry. After several hours of experiments and measurements a new advance has been made in
the understanding of how can some fluids and mixes alter wettability and therefore permeability,
for the specific case of clean oil bearing sandstones.
The experiments shows 5 principal results:
1) When the sand surface is more water wet, permeability of water itself and other fluids
increases.
2) Fluids such as gasoline and diesel and substances like salt, alter permeability in a negative
way.
3) Ni nanoparticles were not synthetized as expected after several tests from different people.
However, there was present a reliable percentage of Ni and NiO.
4) Despite Ni + NiO nanoparticles were not ideal, it is clear that they had an influence in
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making the sand surface more water wet as oil permeability increased from 10 to 20 times
more with them.
5) Taking into account the permeability of oil value after the sand surface was saturated with
Ni + NiO nanoparticles, Ni + NiO nanoparticles could have an industry applicability in oil
recovery enhancement.
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APPENDIX
In this section values used for the permeability calculations are shown.
The Darcy and gravity values were accommodated to the gravity in Bogotá to be more rigorous
with calculations. Values used were: 9.79 x 10^-13 for the Darcy value and 9.79

m
s2

for the gravity
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in Bogotá, this values were taken from: http://es.slideshare.net/mayracanesto/la-gravedad-enbogot.
The values for the dynamic viscosity of the fluids were taken at a temperature of 20 ℃ from:
Serway, R. A., & Jewett, J. W. (2013). Physics for scientists and engineers with modern physics.
Nelson Education. And from: Sears, F. W., Mark, W., Sears, F. W., Lee, J. F., WESTON, F., Sears,
F. W., ... & Gerhard, L. (1957). Física general. Aguilar. For Diesel viscosity, the value was taken
from

(http://sites.psu.edu/jhartmaneportfolio/wp-

content/uploads/sites/11907/2015/06/jzh5270_viscosity.pdf. For Oil values, they were measured
at GMAS S.A.S laboratory.
The viscosity as explained previously was given in Kg/ ms for the calculations and values were:
1) water: 0.001002 2) Brine 5000ppm and 15000ppm: 0.00037 3) Gasoline: 0.00029 4) Diesel:
0.00006 5) Oil: 0.000045
Density values were measured at the laboratory and the values used were: 1) water: 1000 2)
Brine 5000ppm: 890 3) Brine 15000ppm: 905 4) Gasoline: 683 5) Diesel: 791 6) Oil: 809
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