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ABSTRACT

To understand and decipher the pore-scale flow and transport mechanisms in the Bakken,
and in similar low-permeability reservoirs, reliable data measured on cores is of great help. Thus,
in this research a series of diverse experiments, which addressed specific issues, were conducted.
The experiments included centrifuge, mercury intrusion capillary pressure (MICP), nitrogen
adsorption, resistivity, and nuclear magnetic resonance (NMR) experiments on twelve Middle
Bakken core plugs. The reason for such variety of experiments was the need to characterize the
pores flow characteristics in addition to the rock-fluid interaction behavior of the pore space. As a
result, capillary pressure characteristics of the drainage and imbibition cycles, residual saturations,
mobile fluid saturation range, pore-size distribution, tortuosity, and fluid distribution within the
pores were measured. From the core experiments, we were also able to determine how ultra-tight

pore characteristics affect oil recovery.

The cores used in the study were in three conditions: clean, preserved, and uncleaned
exposed cores. Bakken oil, decane, formation brine, and several synthetic brines (with different
salinities) were used in saturating and de-saturating the cores in an ultra-high-speed centrifuge.
After saturating the cores with brine or oil, a set of drainage and imbibition experiments was
performed. NMR measurement was conducted before and after each saturation/de-saturation step.
Resistivity measurements on five of the brine-saturated cores were conducted to determine

tortuosity.

Centrifuge experiments yielded large water-oil capillary pressures (hundreds of psi) in the
Bakken cores. The mobile fluid saturation range for water displacing oil was 8 to 12 percent. The

saturation range for water displacing oil was much smaller than for gas displacing liquid. NMR
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evaluations indicated that, after every saturation/de-saturation step, brine resided in smaller pores

while oil resided in larger pores.

Resistivity measurements yielded large tortuosities. These large tortuosities indicate that
fluids have great difficulty moving from one point in the reservoir to another. Tortuosity
information is critical in assessing molecular mass transport by diffusion in reservoir pores.
Because displacements involving liquid injection have difficulty with entering the pores in

unconventional shale, gas diffusion could alleviate such problems as an alternative.

In summary, drainage and imbibition experiments, followed by NMR measurements,
provided a great amount of useful information for assessing EOR potential in Bakken and other

low-permeability shale reservoirs.
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CHAPTER 1

INTRODUCTION

The purpose of this thesis was to understand and decipher the pore-scale flow and transport
mechanisms in the Bakken and in similar low-permeability reservoirs. Thus, a series of diverse
experiments, which addressed specific issues, were conducted. The experiments included
centrifuge, mercury intrusion capillary pressure (MICP), nitrogen adsorption, resistivity, and
nuclear magnetic resonance (NMR) experiments on twelve Middle Bakken core plugs. The reason
for such variety of experiments was the need to characterize the pores flow characteristics in

addition to the rock-fluid interaction behavior of the pore space.
1.1. Background

Oil production from unconventional resources in the United States has dramatically
increased because of extensive drilling and completion activities in unconventional shale plays.
To improve oil production from low-permeability reservoirs, improved/enhanced oil recovery
(IOR/EOR) schemes should be designed and implemented. To design effective IOR/EOR
schemes, reservoir rock and fluid properties, rock-fluid interactions, and oil recovery mechanisms
must be determined (Sonnenberg et al. 2011; Morrow 1990; Teklu et al. 2014; Karimi and Kazemi

2017; Karimi et al. 2016; Karimi et al. 2015; Revil et al. 2013).

In this study, various rock and rock-fluid interaction property measurements were
performed to better understand unconventional reservoir rocks. For the rocks, porosity and
permeability were measured using a CMS™-300 Core Measurement System. One of the critical
rock-fluid interactions properties is capillary pressure. Capillary pressure is an important data for

reservoir flow simulations which are used to predict reservoir performance. Capillary pressure is



also used to determine wettability and pore throat size (Anderson 1986a; Donaldson et al. 1969),

and to evaluate gas and fluid displacement efficiency in IOR studies (Karimi and Kazemi 2015).

Capillary pressure data is critical in calculation of oil volume in transition zones and above
free water level in conventional reservoirs because capillary pressure determines holdup above a
free water level. In low-permeability unconventional oil reservoirs extremely high capillary
pressure is expected due to ultra-small pore throat size. Thus, capillary pressure in low-
permeability unconventional reservoirs cannot be interpreted as conventional reservoirs to

determine saturation distribution in the reservoir column.

Common methods for measuring capillary pressure are: centrifuge, porous plate, vapor
desorption, mercury intrusion (drainage data), and dynamic capillary pressure (Hassler and

Brunner 1945; Amyx et al. 1960). Centrifuge method was used in this work.

Besides capillary pressure, relative permeability end-points (Hagoort 1980), residual fluid
saturations, USBM (U.S. Bureau of Mines) wettability index, and oil recovery can be determined

via centrifuge.

Centrifuge method was used in this study because porous plate technique is very time
consuming particularly for unconventional cores. Mercury intrusion capillary pressure (MICP)
technique is faster, and can achieve high test pressures but is a destructive test, i.e., cores are no
longer useable after exposed to mercury. In addition, mercury cannot represent reservoir fluids and
wettability and clay effects are not considered. Mercury was only used for pore size distribution

in this study.

Compared to other methods, the centrifuge method requires shorter equilibrium and

experimental time, and can use reservoir fluids. One disadvantage of the centrifuge is not being



able to conduct measurements at reservoir pressure (Karimi and Kazemi 2015). Depending on the
centrifuge rotor type, only a limited number of core samples (3 or 6 core plugs) can be tested
simultaneously. Sometimes core plugs, particularly unconsolidated cores or cores with fractures,
break during centrifuge and fail the tests. The centrifuge used in this work, has temperature control,
however, this feature was not used to prevent light oil evaporation, pore plugging in high salinity
brine cases, lose bucket balance, and other operational issues. The centrifuge apparatus is not

designed to apply confining pressure around the cores.

Wettability is a parameter which reflects rock-fluid interactions and is defined as the
tendency of one fluid to adhere to the rock surface in presence of other immiscible fluids.
Wettability affects capillary force direction and magnitude, as well as end-point saturations. It also
affects relative permeability curves and oil recovery. Common methods to determine wettability
are: contact angle measurement, USBM wettability index measurement using centrifuge, NMR
measurements, capillary pressure and relative permeability measurement by core flooding, and
immersing cores in brine and crude oil (Looyestijn and Hofman 2006; Donaldson et al. 1969;
Morrow 1990; Anderson 1986a; Venkataramanan et al. 2014; Kenyon 1997). USBM index from
centrifuge tests and NMR T distributions were used to investigate wettability state and wettability
changes of the rock samples. Determining in situ reservoir rock wettability can be challenging.
Factors that affect wettability of reservoir rocks include mud filtrate interaction with core, core
collection and preservation, and the inadequacy of the wettability determination methods
(Anderson 1986b, 1986¢; Hirasaki 1991). In conjunction with wettability studies, an effective tool
to study pore shape, and mineralogy of grains, clay content, shape and alignment of clays in pores
as well as mineralogy of grains is FE-SEM (Field Emission Scanning Electron Microscopy)

imaging on polished rock samples.



FE-SEM imaging was performed on one of the rock samples for better understanding of
the effect of pore size and shape on capillary pressure and tortuosity. In addition, imaging was

used to investigate mineralogy of pores and its potential impact on wettability.

For Bakken formation with hyper-salinity brine, salinity gradient (concentration gradient)
and chemical potential difference leads to molecular diffusion mechanism when a low salinity
brine is in contact with a formation saturated with high salinity brine. The effect of various brine

salinities on oil recovery was investigated in this work.

An important parameter in reservoir studies is mobile saturation range to water
displacement which determines oil recovery from hydrocarbon reservoirs under water
displacement mechanism. This parameter was determined using centrifuge in this work. It is

affected by porosity, wettability, permeability, tortuosity, and pore size.

Pore size and pore throat size distribution as well as tortuosity dictate pore accessibility,
and required forces to overcome capillary pressure in smaller pores. Common methods to
determine pore or pore throat size distribution are MICP, nitrogen gas adsorption-Barret, Joyner
and Halenda (BJH) technique, and NMR (Schmitt et al. 2013; Farhadi Nia et al. 2016; Hinai et al.
2014). With MICP measurements, one can determine pore size distribution in the range of meso-
and macropores, while nitrogen gas adsorption provides pore size distribution in the range of
micro- and mesopores. In NMR and nitrogen gas adsorption techniques, “pore body” size is
measured while in MICP and centrifuge techniques, “pore throat” size is measured (Kuila 2013).
In this work, pore size distribution was determined using MICP and nitrogen adsorption

techniques.

Another important rock property is tortuosity. Conventional reservoir rocks with high

porosity and permeability have large pore throats and the path for fluid flow is wide and fairly
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straight in core scale. However, in unconventional low-permeability rocks, pore throats are very
small and fluids have difficulty moving from one point to another. To determine tortuosity of a

core sample, one can conduct resistivity measurements on brine-saturated rock samples (Revil et

al. 2013; Woodruff et al. 2014; Clennell 1997).

1.2. List of Experiments

Table 1.1 presents a list of laboratory apparatus, experiments, and measured core

properties:

Table 1.1: Laboratory apparatus, experiments, and measured Middle Bakken core properties in

this study
Item  Apparatus Rock Samples Test Fluid Parameters
1 CMS-300 Core Plugs Helium/Nitrogen 1. Porosity
(Clean Samples) 2. Air Permeability
3. Klinkenberg Permeability
2 Centrifuge Core Plugs Produced or Synthetic Brine 1. Capillary Pressure
(Clean, Uncleaned and and 2. Residual Saturation
Preserved Samples) Bakken Oil or Decane 3.Mobile Saturation Range
4. Recovery
5. USBM Wettability Index
3 Amott cell Core Plugs Formation or Synthetic Brine 1. Produced Oil Volume by
(Clean, Uncleaned and Spontaneous Imbibition
Preserved Samples)
4 NMR Core Plugs Produced or Synthetic Brine 1. Oil/Water Saturation
(Clean, Uncleaned and and 2. Saturation Profile
Preserved Samples) Formation Crude Oil or Decane 3. Capillary Bound-Water Cut-off
5 Impedance Core Plugs -- 1. Tortuosity
Spectrometer (Uncleaned Samples) 2. Formation Factor
6 SEM Core Plugs -- 1. SEM Images
(Preserved Samples) 2. BSE Images
3. EDS Maps
7 N2 Adsorption Core Plugs Nitrogen 1. Pore Size Distribution
(Clean Samples) 2. Surface Area
3. Porosity
8 MICP Core Plugs Mercury 1. Pore Size Distribution
(Clean Samples) 2. Porosity

1.3. Integrated Approach

Capillary pressure drainage and imbibition scanning curves were measured with a
centrifuge to determine oil and brine saturations as well as recovery from the cores. However, the

centrifuge data is insufficient to determine where different fluids resided in pores. To resolve this
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issue, NMR measurements were conducted before and after each centrifuge cycle. Using NMR,
initial fluid saturation of preserved cores was determined as well as fluid saturations at each stage
of the tests for all of the cores. From NMR studies, saturation profile along the cores, and capillary

bound-water saturation were determined as well.

Complex resistivity measurements were conducted for brine-saturated cores to determine

tortuosity. Pore size distribution was determined using MICP, nitrogen adsorption, and NMR.

The importance of combining centrifuge, NMR, resistivity, MICP, nitrogen adsorption,
and FE-SEM experiments in characterizing low-permeability cores is that they provide

complimentary information of rock and rock-fluid interactions in core and pore scales.

For example, capillary pressure, and residual saturation provide the needed data for
reservoir modeling. Wettability is an important EOR design parameter. Irreducible water
saturation is used to estimate oil in place. Tortuosity is used to calculate permeability and

molecular diffusion coefficient for a given pore size distribution in porous media.

1.4. Bakken Formation

Bakken formation is located in the Williston Basin which extends in North Dakota, South
Dakota, Montana, and Canada (Figure 1.1). The formation is one of the low-permeability
unconventional liquid-rich hydrocarbon resources in the United States that plays a major role in
domestic oil production. The technologically recoverable resources of 7.4 billion barrels oil, and
6.7 trillion cubic feet (associated/dissolved gas), and 0.53 billion barrels of natural gas liquids were
estimated by the United States Geological Survey (Gaswirth et al. 2013) for the Bakken Petroleum

System (BPS). The BPS includes Lower Lodgepole, Bakken, and Upper Three Forks formations.



Hydrocarbon production from unconventional resources such as Bakken formation became
economical by drilling horizontal wells and implementing multi-stage hydraulic fracturing.
Production from Bakken region reached 1.2 million barrels per day around the middle of 2014.
However, low oil price and dramatic decrease in rig count and activities in the Bakken, caused
reduction in oil production. Current oil production from Bakken is approximately one million

barrels per day (EIA 2016).

Bakken formation consists of three members: Upper Bakken Shale member (source);
Middle Bakken member (reservoir); and Lower Bakken Shale member (source) (Sonnenberg

2014a). The Middle Bakken member is the subject of this study.
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Figure 1.1: The Bakken Petroleum System extends within the Williston Basin (modified from
Gaswirth et al. 2013).

Bakken formation is late Devonian-early Mississippian in age. The formation is deposited

on top of Three Forks and underneath Lodgepole formations (Figure 1.2).



The Middle Bakken formation consists of several lithofacies. The lithofacies in Middle
Bakken show various depositional environments. Mineralogy and grain size varies from one facies
to another and thickness of various Bakken facies changes through the Williston basin. Information
about thickness and extent of various lithofacies is important because it is used to identify better
quality reservoir rocks for drilling and production purposes in the Middle Bakken formation

(Sonnenberg et al. 2011).

There are several classifications for Middle Bakken lithofacies. The facies classification
by Canter et al. (2009) is used in this study. Figure 1.3 shows a generalized lithofacies of the
Bakken formation. The Middle Bakken lithology consists of sandstone, siltstone, dolomite, and

mudstone with low porosity (<10%) and low permeability (<0.01 mD).
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Figure 1.2: Stratigraphic column (modified from Sonnenberg et al. 2011).
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Figure 1.3: Generalized Bakken lithofacies (modified from Sonnenberg et al. 2011).

According to Canter et al. (2009), the facies A (A0, Al, A2, and A3) was deposited in sea
level rise sequence, and ranges from deep to shallow offshore sediments. The facies B (B1 and
B2), C, D, and E were deposited in sea level drop sequence, and range from shoreface to offshore

sediments (Table 1.2).

Facies AO, top of the Middle Bakken member, is composed of pyritic dolostones. Facies
A1 s fossil-rich, and composed of calcitic, and dolo-to lime wackestones. Facies A2 and A3 are
thin-bedded and more dolomitic, and facies A3 is gamma ray marker. Facies B was deposited in
high energy environment. The rocks are composed of coarse grains. Bioclast and sandstone are
cross bedded in this facies. Facies C consists of laminated rocks and grains which are well sorted.
The facies is composed of very fine grain sandstone and siltstone with calcareous cement. Facies
D is bioturbated and grains are poorly sorted. Rocks are composed of sandstone/siltstone with

helminthopsis/sclarituba, and facies E forms the base of Middle Bakken formation (Canter et al.

2009).



Figure 1.4 shows a type log (Gamma Ray, Resistivity, and Porosity Logs) for a well drilled

in the Bakken formation, Williston Basin.
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Figure 1.4: Type log (GR, RES, and PHI Logs) acquired in a Bakken well (Lear Petroleum

Exploration Inc. Well Parshall SD 1, section 3 — T152N — R90W), Williston Basin (adapted from

Sonnenberg 2014b).
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Table 1.2: Middle Bakken lithofacies classification by Canter et al. (2009) and Sonnenberg et al.

(2011)
Middle Bakken Lithofacies
Classification by Classification by
Canter et al. (2009) Sonnenberg et al. (2011)

A0 Patterned pyritic dolostones F1  Pyritic dolostones

Al Calcitic, whole fossil, dolo- to lime F Calcitic, whole fossil, dolo- to lime
wackstones: fossil-rich beds wackestones: fossil-rich beds

A2 Thin-bedded dolo- mud/wackestone, E Thin-bedded dolo- mud/wackestone,
more dolomitic more dolomitic

A3 Thin organic-rich mudstone, gamma
ray marker

Bl Highest energy, coarsest grained D Highest energy, coarsest grained
alternating cross-bedded bioclast, very alternating cross-bedded bioclast, very
fine grained sandstone fine grained sandstone

B2 Muddy calcareous sandy/silty
disturbed facies, synsedimentary
microfaults, slumps
Facies B (B1 and B2) shows the
cleanest gamma ray log in Middle
Bakken, O to more than 20 ft thick

C Rhythmic, varve-like, mm to cm C Rhythmic, varve-like, mm to cm
laminated, well sorted, very fine laminated, well sorted, very fine
grained sandstone and siltstone with grained sandstone and siltstone with
calcite cement, hummocks and wave calcite cement, hummocks and wave
ripples ripples

D Bioturbated, argillaceous, calc. poorly B Bioturbated, argillaceous, calc. poorly
sorted, very fine grained sorted, very fine grained
sandstone/siltstone with sandstone/siltstone with
helminthopsis/sclarituba helminthopsis/sclarituba

E Interaclastic-skeletal lime wackestone, A Interaclastic-skeletal lime wackestone,

1-4 ft thick, cleaner gamma ray log
compared to facies D

1-4 ft thick
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CHAPTER 2

EXPERIMENTAL STUDY — CENTRIFUGE

The main objective of using centrifuge was to determine drainage and imbibition capillary
pressure scanning curves and mobile saturation range for unconventional Bakken cores. Mobile
saturation range means saturation other than irreducible water and oil saturation (i.e., 1-Swir-Soirr).
In this chapter, routine and special core analysis results, physics and theories as well as required

calculations are discussed.

2.1. Rock and Fluid Properties

2.1.1. Basic Core Properties Measurements

Three preserved (P1, P2, and P3), one clean (C1), and eight uncleaned core plugs (C2, C3,
C4, C5, C6, C7, C8, and C9) were used for this study. These cores were obtained at different
depths of three wells in the Middle Bakken formation. Depth and facies (based on Canter et al.
2009 classification), dimensions, bulk volume, and pore volume (calculated from NMR porosity)

of these plugs are provided in Tables 2.1 and 2.2.

Mineralogy of the cores and their twin cores (plugs in tandem were taken from the same
depth) are shown in Table 2.3. The Middle Bakken core plugs consist of a mixture of carbonate

and sandstone minerals with a small amount of clay (mostly illite).

Porosity, air permeability, and Klinkenberg permeability at various confining stresses
were measured at ambient conditions. All core properties shown in Tables 2.4, 2.5, and 2.6 were
measured by Core Lab except for C1 and P2 which were measured by CSM. C1 and P1 are twin

cores. P2* and P3* and P2 and P3 are twin cores respectively.
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Table 2.1: Depth, facies (Canter et al. 2009), and the well identifier for cores

Core Facies Well Depth (ft) Core Status
P1 B w 10282.45 Preserved
P2 D w 10290.50 Preserved
P3 D w 10298.50 Preserved
Cl1 B \%% 10282.60 Clean
Cc2 B S 10219.35 Uncleaned
C3 C S 10245.75 Uncleaned
C4 D S 10259.85 Uncleaned
C5 D M 9828.10 Uncleaned
C6 D M 9828.10 Uncleaned
C7 D M 9818.30 Uncleaned
C8 A M 9797.80 Uncleaned
C9 D M 9818.30 Uncleaned

Table 2.2: Dimensions, bulk volume, NMR porosity, and pore volume (based on NMR porosity)
of the Middle Bakken cores

Core Length Diameter Bulk Volume  NMR Porosity Pore Volume
(cm) (cm) (em’) (%) (cc)
P1 (Preserved) 3.632 3.792 41.018 2.13 0.870
P2 (Preserved) 3.792 3.678 40.289 8.15 3.283
P3 (Preserved) 4.003 3.711 43.297 7.40 3.204
CI (Clean) 4.139 3.80 46.941 3.34 1.568
C2 (Uncleaned) 4.177 3.709 45.130 7.81 3.525
C3 (Uncleaned) 4.249 3.709 45.908 7.44 3.416
C4 (Uncleaned) 4.295 3.706 46.330 7.23 3.350
C5 (Uncleaned) 4.367 3.692 46.752 8.58 4.011
C6 (Uncleaned) 3.545 3.690 37.910 8.64 3.275
C7 (Uncleaned) 3.851 3.691 41.205 8.60 3.544
C8 (Uncleaned) 3913 3.702 42.118 6.82 2.872
C9 (Uncleaned) 4.003 3.690 42.808 8.20 3.510

Table 2.3: Mineralogy of the Middle Bakken cores and their twin cores

Clays (wt %) Carbonates (wt %) Other Minerals (wt %) Total (wt %)
= > A
= o] -]
a = s S w : = < & Z
Core Depth = 2 = 3 e % ,?51 = Q E CE F 3 z Q = 5
(ft) S = = = g, g o 5 5 = g 3 = s | & g ¢e=
= E ® g2 |% E & =3 &£ &£ §F & F|% B £¢8
& 7 S| ° s = & | 8N F B 2 g =
= ] (d @ 72}
o
p2* 10290.60 Tr Tr 2 12 14 0 Tr 39 20 7 Tr 0 0 8 26 66
P3* 10299.10 1 Tr 3 34 12 0 Tr 32 4 7 Tr 0 0 11 46 43
Cl1 1028230 Tr Tr 1 Tr 74 0 6 Tr 13 2 2 2 0 0 1 80 19
C5*%& C6* 983040 0.1 O 63 0 |54 67 05 0 |248 55 31 05 01 03 |64 576 36
C7* & C9* 981985 0.1 O 55 0 |517 65 06 0 |251 51 32 04 01 02 |56 588 341
C8* 979855 0.1 0 90 O |441 181 14 0 |171 45 26 06 03 03 |91 636 254

*: twin core (e.g. P2* is twin core for P2)
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Table 2.4: Porosity and permeability measurement results at different stress conditions (cores are

from well W)
Core Depth (ft) Net Confining Stress (psi) Porosity (%) K_air (uD) K Klin (uD)
P2* 10290.6 2815 7.8 6 1.9
P3* 10298.2 2815 7.6 4.2 1.2
c1 10282.6 2815 3.1 1.8 0.4
p2* 10290.5 1000 9.2 6.82 14

*: twin cores-P2* and P3* are P2 and P3 twin cores respectively
**+ measurements conducted at CSM

Table 2.5: Porosity and permeability measurement results at different stress conditions (cores are

from well S)
Core Depth (ft) Net Confining Stress (psi) Porosity (%) K air (uD) K Klin (uD)

* 800 6.26 4.81 0.97
C2 10219.25 2150 6.00 2.90 0.52
B 800 6.90 6.78 1.50
C3 10246.05 2150 6.53 4.28 0.84
B 800 6.93 25.63 10.46
C4 10259.65 2150 6.72 17.55 6.30

*: twin cores for C2, C3, and C4

Table 2.6: Porosity and permeability measurement results at different stress conditions (cores are

from well M)
Core Depth (ft) Net Confining Stress (psi) Porosity (%) K air (uD) K Klin (uD)
% ) 14.7 3.79 - -

C5* & C6* 9828.80 1500 3.66 5.16 1.08
14.7 8.69 - -
1500 8.34 6.02 1.30
2000 8.19 5.56 1.17

C7* 9818.40 2500 8.01 5.37 1.14
3000 7.87 4.73 0.97
3500 7.81 4.72 0.95
4000 7.75 4.71 0.96
14.7 8.59 - -

C8* 9797.40 1500 7.87 895.44 775.66
2000 7.51 416.69 258.40
14.7 8.59 - -
1500 8.58 7.09 1.60
2000 8.38 6.68 1.48

C9* 9818.40 2500 8.33 6.16 1.35
3000 8.26 5.64 1.22
3500 8.22 5.55 1.18
4000 8.20 5.35 1.12

*: twin cores for C5, C6, C7, C8, and C9Y

Figures 2.1 and 2.2 plot porosity, air permeability and Klinkenberg permeability versus
confining stress. In general, porosity and permeability decrease as confining stress increases.
Particularly, C8* porosity and permeability decreased more pronouncedly than the others. Porosity

of C1, P2*, and P3* from well W was only measured at one confining stress.

14



e cC1
9 X * P2
8- x P3*
—— C2*
7 —+— C3*
’\; b_% —r— C4*
< 6 — —<— C5* & C6*
2 5] —e—CT*
@ —— C8*
s 4 —a— C9*
o ~
3 °
2_
1_
o+—+—+—++—+ 1

0 1000 2000 3000 4000 5000
Net Confining Stress (Psig)

Figure 2.1: CMS™.-300 porosity measured at various net confining stresses for twin core plugs.
C8* (C8 twin core) shows more sensitive porosity change to confining stress compared to other
plugs. C1 and P1 are twin cores.
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Figure 2.2: CMS™-300 air permeability and Klinkenberg permeability measured at various net
confining stresses for twin core plugs. C8* shows more sensitive permeability change to confining
stress compared to other plugs. Plots are on different scales for low to high permeabilities.
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2.1.2. Core Preparation

To preserve natural wettability for the cores, either preserved or uncleaned cores were not
cleaned. Only C1 was cleaned using solvent as discussed later. Each set of core samples was
prepared for a specific series of test procedures as described in Section 2.4. To saturate low-
permeability cores, high pressure and longer duration of saturation is required. A pressure vessel
was used to saturate or re-saturate the cores at ambient temperature and 3,000 psi while a coreflood

was used to saturate and age three of the cores at 180°F.

2.1.2.1. First Set (P1, P2, and P3: Preserved Cores)

Prior to use, P1, P2, and P3 were wrapped with plastic film and stored in a freezer to prevent
fluid losses. These cores were thawed at ambient conditions. They were placed in a vacuum
chamber containing filtered Bakken oil. The cores were in vacuum chamber for at least one hour
to insure all voidage pore spaces were re-saturated with oil. The cores were then immersed in oil
for another four hours. After then, the cores were continued to immerse in oil at 3,000 psi for six

hours.

2.1.2.2. Second Set (C1: Clean Core)

C1 was cleaned using toluene and methanol in soxhlet extractor and then dried in an oven.
The core was degassed in a vacuum chamber, and then formation brine was introduced to the
chamber to saturate the core for 24 hours. The core was transferred to a high pressure vessel that

filled with formation brine at 3,000 psi pressure at ambient temperature and stored for four weeks.

2.1.2.3. Third Set (C2, C3, and C4: Uncleaned Cores)

C2, C3, and C4 were saturated with Bakken oil using the same procedures as those for P1,

P2, and P3. After oil saturation, the cores were pressured at 2,500 psi pressure and 180°F in a

16



coreflood instrument and aged for four weeks. The cores were then stored in an oil bath at ambient

conditions for approximately one year.

2.1.2.4. Fourth Set (C5, and C6: Uncleaned Cores)

A vacuum chamber was used to degas C5 and C6 for 24 hours, and saturated them with
50,000-ppm of synthetic brine for 24 hours. These cores were immersed in brine at 2,500 psi

pressure for four weeks.

2.1.2.5. Fifth Set (C7, C8, and C9: Uncleaned Cores)

C7, C8, and C9 were degassed in a vacuum chamber for 24 hours. They were saturated
with 20,000, 50,000, and 100,000-ppm synthetic KCI brines respectively. These cores were then

immersed in each of the corresponding brines at 3,000 psi pressure for four weeks.

2.1.3. Fluids Used in This Study

Fluid samples used in this study were Bakken dead oil (from Field A), decane, Bakken
produced brine (from Field A), and various salinities of synthetic brine. Depending on the purpose
of the experiment, Bakken dead oil or decane was used to saturate or de-saturate the cores. As
suggested by Core Lab, decane which has a lower density and viscosity than those of the dead oil
(Table 2.7) was used to emulate Bakken “live” oil properties. A red dye (SIGMA-ALDRICH Oil-

Red O), which is only soluble in decane, was used to contrast decane from brine in centrifuge tests.

Table 2.7: Density and viscosity of the Bakken oil sample and decane

Fluids Density (g/cm®) Viscosity (cP)
Bakken Dead Oil 0.824 2.46
Bakken Live Oil (Kurtoglu 2013) 0.816-0.835 0.18-0.49
Decane 0.73 0.86
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Table 2.8 shows that the live Bakken oil sample (from Field A) contains a large fraction of
light hydrocarbon components (methane to pentane). The dead oil is expected to contain a trace

amount of these light components.

Asphaltene content and total acid number of two Bakken oil samples (Fields B and C) are
shown in Table 2.9. Most of Bakken oil samples have low asphaltene content and low acid number
(less than 0.05 mg KOH/g). These parameters should not affect the nature of our study, therefore,

decision was made not to measure them again in this study.

Table 2.8: Composition of a Bakken oil sample from Field A at reservoir conditions
Component Mole (%) Component Mole (%) Component Mole (%)

N2 1.0509 Cs 3.754 C2o 0.518
CO: 0.388 Cy 2.636 C2 0.455
H>S 0 Cuwo 2.376 C2 0.352

C1 35.198 Cu 1.821 Cz3 0.342

C2 14.485 Cn2 1.519 Cu 0.303

C3 9.327 C13 1.422 Cszs 0.265
iCq 1.210 Cu 1.176 Ca6 0.239
nCy 4.536 Cis 0.995 Ca7 0.235
iCs 1.232 Ci6 0.865 Cas 0.195
nCs 2.365 Cr7 0.685 Cz 0.175

Cs 2.804 Cis 0.639 Cao+ 1.6

Cr 3.754 Cuo 0.569

Cio+ MW 545.69

Cso+ Sp. Gr. 0.928

Table 2.9: Asphaltene content and total acid number for two Bakken oil samples from Field B and
C

. Asphaltene Content Total Acid Number
Bakken Oil Sample (Wt %) (mg KOH/g)
Oil Sample 1 0.12 <0.05
Oil Sample 2 0.20 <0.05

Bakken formation brine salinity at reservoir conditions is between 300,000 and 400,000-
ppm of total dissolved solids (TDS). However, this salinity is suppressed at the surface due to salt
precipitation at a lower producing temperature and pressure. Density and viscosity of the produced

Bakken brine used in this study are shown in Table 2.10. The synthetic brines used in this study
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were 20,000-ppm, 50,000-ppm, and 100,000-ppm (KCl or NaCl) in deionized water. The purpose

was to investigate the effect of salinity on drainage and imbibition tests.

Table 2.10: Density and viscosity of produced Bakken brine used in this study (at ambient

conditions)
Fluid Density (g/cm®) Viscosity (cP)
Produced Bakken Brine 1.117 1.1

2.2. ACES-200™ Automated Centrifuge System

An ACES-200™ Automated Centrifuge System with a 1.5-inch PIR16.5 rotor from Core
Lab was used in this study (Figures 2.3 and 2.4). The maximum speed, recommended by the
manufacturer is 16,500 rpm, however, the speed was limited to 13,000 rpm to prevent separation
of the collection cup and liquid spill. Using a PIR16.5 rotor, the centrifuge can spin three core
plugs simultaneously. The core dimensions are limited to 2 inches in length and 1.5 inches in

diameter.

Figure 2.3: ACES-200™ Automated Centrifuge from Core Laboratories.
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Figure 2.4: 1.5-inch PIR 16.5 rotor and imbibition and drainage buckets and cups.

The centrifuge is equipped with a strobe light at the bottom of the tub to detect fluid-fluid
interface in the receiving cups. The liquid-liquid and/or gas-liquid interface is captured using a
camera that is mounted above the centrifuge lid. The finest scale of the camera resolution on the
collection cup is 0.0003-0.0004 of an inch. The camera is connected to a computer system which
allows automatic recording of interface data while centrifuge is in operation. At each centrifuge
time step, the interface variation with respect to fluid production is used to quantify core saturation

by volumetric balance.
2.3. Centrifuge Experiments

Depending on type of measurements, centrifuge P. curves can be established via ramping
rpms, whereas a constant rpm representing gravitational drainage or segregated imbibition
mechanisms at a scale-up reservoir height can be used to quantify relative permeability curve, end-

point saturation, and/or fluid recovery.
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The objective of using ultra-high-speed centrifuge is to quantify P. curve as well as oil

recovery for ultra-tight unconventional reservoirs since such data are very scarce in literature.

In a P. centrifuge experiment, a fluid-saturated core is mounted above or below a fluid
production cup and spun at several rotational speeds (e.g. rotation per minute, rpm). Spinning a
core plug creates centrifugal forces along the core axis. Consequently, a certain portion of

saturating fluid is replaced by displacing fluid at each rpm.

There are two sets of Lucite-made fluid production cups depending on density difference
between a displacing phase and a displaced phase. On the left-hand-side of Figure 2.4, the drainage
cup, below a coreholder, is used to collect displaced fluid production when displacing fluid density
is less than that of displaced phase (e.g., gas displacing oil or oil displacing water). On the right-
hand-side, the imbibition cup above a coreholder, is used to collect displaced fluid production

when displacing a lower density fluid with a higher density fluid (e.g., water displacing oil).

Various types of drainage and imbibition experiments were undertaken in this study. The

following steps are centrifuge drainage and imbibition tests performed sequentially:

1) First Drainage (FD): In this centrifuge experiment, oil replaces brine in a brine-saturated core
to establish a final water saturation corresponding to the maximum allowable rpm using
centrifuge. Centrifugal forces cause oil to enter the inflow boundary of core and push saturated
brine toward the outflow boundary (Figure 2.5-a).

2) Spontaneous Imbibition (SI): After step 1, the oil-saturated core is naturally imbibed by brine
without applying external forces. Under ambient conditions, the oil-saturated core containing
final water saturation is immersed in an Amott cell that is filled with brine. A portion of oil in
core is replaced by brine while segregating on top of the plug until no further oil production is

observed.
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3) Forced Imbibition (FI): After step 2 (SI), the core is spun against brine to residual oil
saturation at the maximum rpm allowed. Centrifugal forces cause brine to enter the inflow
boundary of core and push saturating oil toward the core outflow boundary (Figure 2.5-b).

4) Secondary Drainage Liquid-Liquid (SDLL): In this centrifuge experiment, oil replaces
brine in the core at Sor. After FI (step 3), the core is spun against oil for a second time at
increasing rpms until no further fluid production occur (Figure 2.5-c).

5) Secondary Drainage Gas-Liquid (SDGL): In this experiment, air replaces the liquid phase
after step 1 (FD) or step 4 (SDLL). This centrifuge experiment, conducted either at the end of
SDLL or after FD experiment, aims to investigate the amount of gas recovery of oil. The core
after SDLL is spun against air at increasing rpms until no further water and/or oil production
observed (Figure 2.5-d).

Ferng et al. (2007) suggested the required centrifuge equilibrium time depends on core
permeability and wettability. In this study, it is difficult to achieve an equilibrium time (i.e., zero
production) at each rpm because of ultra-tight core formation. After numerous testing, decision

was made to spin the plugs for at least 70 hours at each rpm.

2.4. Experimental Procedure

The experimental procedures for each set of core plugs are described below. These
procedures include core saturation, centrifuge, spontaneous imbibition, and NMR tests. All NMR

related procedures and results will be discussed in Chapter 6.
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B oil

[ air

a) First drainage test in a brine-saturated core ¢) Secondary drainage liquid-liquid test
oil replacing brine oil replacing brine

¢

b) Forced imbibition test in an oil-saturated core d) Secondary drainage gas-liquid test
brine replacing oil air replacing liquids

Figure 2.5: Schematic of centrifuge drainage and imbibition setup. a) first drainage (oil replacing
brine) in a brine-saturated core; b) forced imbibition (brine replacing oil) in an oil-saturated core
after spontaneous imbibition in Amott cell; c¢) secondary drainage (oil replacing brine); d)
secondary drainage (air replacing liquids).

2.4.1. First Set (P1, P2, and P3: Preserved Cores)

The experiment procedure for three preserved cores (P1, P2, and P3) is shown in a
flowchart in Figure 2.6. After hydrocarbon re-saturation, the cores were immersed in 50,000 ppm
synthetic brine (KCI in deionized water) in Amott cell for two weeks. To make the brine, 50 gr
KCl salt was dissolved in 950 gr deionized water. After SI test, excess fluid was gently wiped from
the core faces, and the cores were carefully wrapped in plastic film to prevent fluid loss during
transfer to NMR as well as during NMR measurements. Wiping excess fluid, sealing the cores,
and conducting NMR measurements were repeated after each fluid displacement experiment. The
cores were then spun against 50,000-ppm synthetic KCl brine in centrifuge. Two following
centrifuge experiments were SDLL and SDGL. Thus, the cores were spun against Bakken oil in
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SDLL and against air in SDGL. From these tests drainage and imbibition capillary pressure curves,
residual oil saturation, mobile fluid saturation range, ultimate oil recovery for the cores, fluid

saturations and distribution in pores were determined for preserved cores.

NMR on 0Oil re-saturation T.Sport.arleous _Forc_et:.l .
. in vacuum imbibition imbibition
native state NMR with 50,000 NMR >>with 50,000 NMR
preserved chamber and ’ ’
cores pressure vessel ppm brine ppm brine
(Amott cell) (centrifuge)

Secondary drainage: Secondary drainage:

oil replacing brine NMR air replacing oil NMR

(centrifuge) (centrifuge)

Figure 2.6: Experimental flowchart for preserved core plugs (P1, P2, and P3).

After all the experiments were completed, P2 was cut to smaller pieces, and cleaned with
toluene and methanol in a soxhlet extractor for two months. Mercury intrusion capillary pressure
(MICP) and nitrogen adsorption tests were conducted in the core pieces by Micromeritics. In
addition, four cubical cores from top, middle, and bottom of P3 were cut after the experiments
completed. One surface of each cubical core was polished for ten hours using a JEOL IB-0910CP
Cross-Section Polisher. The polished surface was then gold coated, and FE-SEM imaging was
performed. The purpose was to determine pore size distribution, pore shape and mineralogy for a

preserved core.

2.4.2. Second Set (C1: Clean Core)

Figure 2.7 shows the sequence of tests for C1 (clean core). After it was saturated with
formation brine at ambient conditions, C1 was spun against Bakken oil for FD test. After excess
oil was wiped out from the core faces, it was immersed in an Amott cell contained Bakken

formation brine (SI) for two weeks. The next step was to spin the core against formation Bakken
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brine for FI test. The core was spun against Bakken oil in SDLL, and then against air in SDGL
tests. As shown in Figure 2.7, NMR testing was conducted only before and after SDGL test. The
objective of the tests was to determine various drainage and imbibition capillary pressure curves,

mobile fluid saturation range, and residual oil and water saturations.

. First drainage: Secondary
. Saturation Spont Forced
Porosity and . Bakken oil . porl -ar-'leclus_ it . drainage: Bakken
permeability with replacing formation imbibition with imbibition with i laci
(cMs™.-300) formation br:"ne & formation brine formation brine :I rept-acmbg )
brine ) (Amott cell) (centrifuge) ormation brine
(centrifuge) (centrifuge)
Secondary
drainage: Air
NMR replacing NMR
Bakken oil
(centrifuge)

Figure 2.7: Experimental flowchart for a clean core plug (C1).

2.4.3. Third Set (C2, C3, and C4: Uncleaned Cores)

Three uncleaned cores (C2, C3, and C4) were saturated with oil without brine. The
procedure is shown in Figure 2.8. After hydrocarbon-saturation, and aging the cores for one year,
NMR measurements were conducted. C2 was then immersed in 20,000-ppm NaCl brine, C3 in
50,000-ppm NacCl brine, and C4 in 100,000-ppm NaCl brine in Amott cell for two weeks. Each
core was then spun against its corresponding brine for FI test. NMR measurements were conducted
after each displacement stage. Routine core analyses were performed for cleaned twin cores by
Core Lab. The objective of this procedure was to investigate the effect of hydrocarbon-saturation
and aging on wettability change, and compare core wetting characteristics with C5 and C6 (fourth
set). With this procedure, the objectives were met, thus, SDLL and SDGL tests were not

performed.
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Spontaneous Forced imbibition

Saturation with imbibition with 20,000 with 20,000 ppm,

oil and aging NMR ppm, 50,000 ppm, and NMR 50,000 ppm, and NMR
100,000 ppm brines 100,000 ppm brines
(Amott cell) (centrifuge)

Figure 2.8: Experimental flowchart for three uncleaned core plugs (C2, C3, and C4).

2.4.4. Fourth Set (C5 and C6: Uncleaned Cores)

The experiment flowchart for C5 and C6 is shown in Figure 2.9. To saturate the cores,
50,000-ppm synthetic KCl brine was used. NMR measurements were conducted for brine-
saturated cores, and after each experiment stages. The cores were spun against Bakken oil in FD

test. They were then immersed in a Bakken oil bath at ambient conditions for four months.

C6 broke in centrifuge, therefore, the results were analyzed qualitatively and the remaining
tests were performed on the core plug. At the end, C5 (the intact core) was immersed in 20,000-
ppm brine and C6 in 50,000-ppm brine in Amott cell for two weeks. Test results were compared
with that of C2, C3, and C4 to investigate the effect of fluid saturation and aging on wetting

characteristics.

. First drainage:

Saturation Bakken oil Cores stored

with 50,000 NMR ) . NMR . . NMR
N replacing brine in an oil bath

ppm brine

(centrifuge)

Spontaneous

Imbibition with

20,000 ppm and NMR
50,000 ppm brines

(Amott cell)

Figure 2.9: Experimental flowchart for two uncleaned core plugs (C5 and C6).
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2.4.5. Fifth Set (C7, C8, and C9: Uncleaned Cores)

The procedure for three uncleaned core plugs (C7, C8, and C9) is shown in Figure 2.10.
To saturate the cores, 20,000-ppm KCI brine was used for C7, 50,000-ppm brine for C8, and
100,000-ppm brine for C9. These cores were spun against decane for FD test. Unfortunately, C7
broke into two pieces. Thus, the two pieces were put together, wrapped in Teflon tape, and the
experiments continued. These cores were then immersed in 50,000-ppm brine in Amott cell for
two weeks. NMR measurements were conducted for the cores between the tests as shown in Figure
2.10. The main objective was to investigate the effect of brine salinity on spontaneous imbibition
oil recovery, and investigate the effect drainage with a light oil on irreducible water saturation of

cores.

Saturation with . A Spontaneous

20,000 ppm, First drainage: Imbibition

50,000 ppm, and NMR Decane replacing \y  \vp with 50,000 NMR
100,000 ppm brine B ppm brine

brines (centrifuge) (Amott cell)

Figure 2.10: Experimental flowchart for three uncleaned core plugs (C7, C8, and C9).

2.5. Centrifuge Capillary Pressure

Capillary pressure is a critical parameter in reservoir engineering studies. The main

assumptions for centrifuge capillary pressure measurements and calculations are (Forbes 1994):

1. Hydrostatic equilibrium in each phase

2. Capillary pressure is zero at core outflow boundary

Several investigators studied the outflow boundary condition for centrifuge (Melrose 1988;
O’Meara et al. 1992; Ward and Morrow 1987; Ruth and Chen 1995). O’Meara et al. (1992)

mentioned that the assumption is valid if a proper end-piece is used. The condition is that the
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displaced fluid should not wet the end-piece. To calculate capillary pressure at any distance r from

center of rotation, P. (r), for any rpm, Equation 2.1 is used (Ayappa et al. 1989):

B(r)%Asz(rf—rz) @1

Therefore, capillary pressure at inflow boundary of a core is calculated using Equation 2.2:
_ 1 2( 2 2
Fon=7Ap® (5 -7) (2.2)

Where %, and 7; are distance from the center of rotation to the outflow boundary and inflow

boundary of core (Figure 2.11) and angular velocity is calculated using Equation 2.3:

N
=27 — .
0] 7[(60j (2.3)

N is the number of rotations per minute (rpm). To calculate capillary pressure with positive sign
for drainage and negative sign for imbibition, density difference is determined using Equation 2.4

for FD, FI, and SDLL experiments.

Ap=p,=p, 24
Density difference for SDGL is defined as Equation 2.5:

AP=P, = Puy (2.5)

p,,P,,and p,. are brine, oil, and air densities.
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Figure 2.11: Schematic of centrifuge drainage (a) and imbibition (b) setup.

To plot capillary pressure curves, both capillary pressure and water or wetting phase
saturation must be determined at the same point in the cores which is the inflow boundary. Using
Equation 2.2, capillary pressure values at the core inflow boundary are calculated. The average
core saturation is determined based on volumetric balance of fluid collection by centrifuge. Thus,
an average saturation must be corrected to inflow boundary saturation at each corresponding
capillary pressure. For this purpose, the inflow boundary saturation with respect to its capillary

pressure is corrected from average saturation using one of the mathematical methods (Hassler and
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Brunner 1945; van Domselaar 1984; Rajan 1986; Ayappa et al. 1989; Ruth and Wong 1991; Forbes
1994). Two methods, Hassler and Brunner and van Domselaar methods, will be specifically

discussed in Section 2.5.1.
2.5.1. Inflow Boundary Saturation Calculation Methods

Investigators have proposed different methods to calculate inflow boundary saturation.
They were either differentiation methods or combination of differentiation and integration methods
(Hassler and Brunner 1945; Hoffman 1963; Forbes 1994; van Domselaar 1984; Bentsen and Anli
1977; Ayappa et al. 1989). Methods which use only differentiation, such as Hassler and Brunner
(1945) and van Domselaar (1984), are easy to compute, whereas methods use integration and

differentiation require more computational effort.

Hassler and Brunner (1945), as described below, first introduced an approximate method

to correct capillary curves for centrifuge tests. Their method has still been widely used in industry.

Hassler and Brunner (1945) method for drainage and imbibition:

—dS(R‘"‘”) (2.6)

c,in

Sinn = Sin (B’"”) -

Where S, ;5 is the Hassler and Brunner inflow boundary water/wetting phase saturation, and

S, (P

c,in

) is inflow boundary saturation corresponding to the capillary pressure at inflow boundary.

|

(P,

) is average saturation determined from centrifuge experiment that corresponds to the
inflow boundary capillary pressure at a certain rpm.
van Domselaar (1984), as described below, also proposed a method to determine inflow

boundary saturation.
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van Domselaar (1984) method for drainage and imbibition:

Sun =S, (P L 2B p 45(R.0)

in,D c,in) =S (P(m) 1+ «/1—_3 cin " p

c,in

(2.7)

Where S,, , is the van Domselaar inflow boundary water/wetting phase saturation. B is calculated

using the following equations:

2
Drainage: B=1- (%J (2.8)
2
2
Imbibition: B=1- (ﬁj (2.9)
i

The approximate solutions are accurate when:

a) Core plugs are short B=0

b) Centrifugal gravity gradient is negligible

Later, Rajan (1986) and Melrose (1988) showed van Domselaar method overestimated whereas
Hassler and Brunner underestimated saturation values. The result differences among different
methods are insignificant, therefore, the simplest and widely acceptable Hassler and Brunner

method was mainly used in this study.
2.6. Spontaneous Imbibition
The following approaches were implemented to estimate oil recovery from cores in SI tests:

1- Using photographic images: In this method, pictures were taken from all sides of the
cores while the cores were immersed in brine in Amott cell. The pictures were taken every

24 hours from the beginning of the test. The droplets dimensions were scaled according to
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the ratio of core dimensions and the images. The number of droplets were counted and the
volume was calculated.

Using NMR: In NMR method, oil and brine saturations were estimated using T>
distributions before and after SI test, and oil recovery which is the difference between the
two oil saturations was determined.

By collecting the oil droplets: An ultrasonic cleaner bath was used briefly to detach the
oil drops from the rock surface, but solid particles detached from the rock. Thus, another
approach was tested which was slowly draining the Amott cell. The purpose was to collect
the oil droplets from the surface of the rock using a tissue, however some of the oil droplets
detached from the rock and some water remained on the rock surface. The volume of oil

droplets were very small and this approach was not successful.

The first two methods were used depending on the fluids used in the tests.

2.7. USBM Wettability Index and Wetting Characteristics

To determine USBM wettability index, centrifuge capillary pressure curves were used, and

when required capillary pressure data was not available, NMR T distribution was used to
determine fluid distribution in pores as a qualitative method to determine wetting characteristics

of the cores (Chapter 6).

In USBM method (Donaldson et al. 1969), the work required for one fluid to replace

another fluid is compared for imbibition and drainage processes. This work is proportional to the

area under capillary pressure curves. To determine USBM wettability index, Equation 2.10 is used:

A

W=L — (2.10)
Og[AJ
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Where A is the area under SDLL Pc curve, and A; is the area under FI Pc curve. If W is

around -1, the rock is oil wet, and if it is around +1, the rock is water wet. For neutral wet rocks,

W is around 0.

2.8. Precautionary Steps

a)

b)

In centrifuge experiments, several precautionary steps were taken.

Core-side sealing: A Viton sleeve was used to seal circumferential side of cores to
minimize fluid evaporation while only allow fluid producing in the axial direction.
Gravity effect: The minimum rotational speed (4,000 rpm) in this study was high enough
to overcome gravitational forces, which may pull centrifuge buckets downward and affect
the experimental result.

Core orientation: Fleury and Forbes (1995) demonstrated core orientation in a centrifuge
bucket can affect capillary pressure curves, particularly for heterogeneous cores. They
suggested cores may be oriented in both directions to validate its discrepancy in capillary
pressure curve. Although the cores were not rotated in both orientations when measuring
each of capillary pressure curves. Instead, the same inflow boundary of the cores for both
drainage and imbibition tests was maintained. That is after FI, a core removed from an

imbibition bucket was turned up-side-down before placing in a drainage bucket.

2.9. Results

2.9.1. Summary of Centrifuge Experiments

Table 2.11 summarizes core plugs and fluid types used to saturate them as well as fluids

used in centrifuge and Amott cell experiments. Below is a brief description:
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Three preserved cores (P1, P2, and P3) were re-saturated with Bakken oil to establish the
initial saturation. A 50,000-ppm of synthetic KCl brine, Bakken oil, and air were used in
oil-water and gas-oil capillary pressure curves and oil recovery measurements.

For the clean core C1, Bakken oil, formation brine, and air were used in drainage and
imbibition capillary pressure and USBM wettability Index measurements.

Uncleaned cores (C2, C3, and C4) were saturated with Bakken oil without brine, and the
cores were aged. Different salinity of synthetic brines (20,000-ppm, 50,000-ppm, and
100,000-ppm NaCl in deionized water) were used in Amott cell and centrifuge tests.
Uncleaned cores (C5, and C6) were saturated with 50,000-ppm KCI brine. Bakken oil,
20,000-ppm, and 50,000-ppm KCl brine were then used in Amott cell and centrifuge tests.
Uncleaned cores (C7, C8, and C9) were saturated with three salinities of synthetic brine
(20,000-ppm, 50,000-ppm, and 100,000-ppm KCl in deionized water). Decane and 50,000-

ppm KCI brine were used in centrifuge and Amott cell tests.

2.9.2. First Set (P1, P2, and P3: Preserved Cores)

The length of three preserved cores (P1, P2, and P3) is different (Table 2.2), therefore, their

resulting Pc at inflow boundary are different. Table 2.12 shows capillary pressure averaged from

three cores at each rpm for FI, SDLL, and SDGL tests.

Tables 2.13 and 2.14 show capillary pressure versus average saturation and corrected

inflow boundary saturation at each rpm for P2 and P3. Corrected saturations were determined
using Hassler and Brunner and van Domselaar methods. Figure 2.12 (a) plots oil-water imbibition
(ST and FI) and drainage (SDLL) capillary pressure curves. Figure 2.12 (b) plots gas-oil drainage
(SDGL) capillary pressure curves. In Figure 2.12 (a), the starting points on capillary pressure

curves are water saturations of 45.77, and 45.69% (determined by NMR after hydrocarbon re-
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saturation) for P2 and P3 respectively. After immersing the cores in 50,000-ppm brine for two

weeks, water saturation increased to 50.78 for P2 and 52.02% for P3 (determined by NMR).

Table 2.11: List of fluids which saturated the cores, the fluids that were used in the centrifuge and
Amott cell experiments, and the experiments conducted

Saturation Fluids Test Fluids
Core QOil Brine Qil Brine ¥D SI FI SDLL SDGL

P1 Bakken Formation Bakken Synthetic . % % % %
Oil Brine Oil Brine

P2 Bak%(en Formatlon Bakl'<en Syntbetlc . % % % %
Oil Brine Oil Brine

P3 Bakken Formatlon Bak1'<en Synthetlc . % % % %
Oil Brine Oil Brine

c1 _ Formation Bakken Formation % % % ” "
Brine Oil Brine

2 Bakken _ N Synthetic __ % % . .
Oil Brine

3 Bakken _ _ Synthetic . % % . .
Oil Brine

c4 Bakken _ N Synthetic . % % . .
Oil Brine

Cs _ Synthetic Bakl.<en Synthetic % % . . .
Brine Oil Brine

c6 _ Synthetic Bakl.<en Synthetic % % . . .
Brine Oil Brine

7 _ Synthetlc Decane Synthetlc % % . . .
Brine Brine

cs _ Synthetlc Decane Synthetlc % % . . .
Brine Brine

9 _ Synthetlc Decane Synthetlc % % . . .
Brine Brine

FD: First Drainage; SI: Spontaneous Imbibition; FI: Forced Imbibition; SDLL: Secondary Drainage Liquid-
Liquid; SDGL: Secondary Drainage Gas-Liquid
*: the experiment was conducted

Table 2.12: Rotational speeds and inflow boundary capillary pressure averaged from P1, P2, and
P3 at each rpm are determined for FI, SDLL, and SDGL tests. The length of P1, P2, and P3 are
3.632,3.792, and 4.003 cm respectively.

FI-Rotational Speed Pc_avg SDLL-Rotational Speed Pc_avg SDGL-Rotational Speed Pc_avg

# (rpm) (psi) (rpm) (psi) (rpm) (psi)
1 5,500 -57 5,500 28 5,000 90

2 7,000 93 7,000 46 7,000 176
3 8,500 -137 8,500 67 9,000 292
4 10,000 -190 10,000 93 11,000 436
5 11,500 251 11,500 123 13,000 608
6 13,000 -321 13,000 158 - -

FI: Forced Imbibition; SDLL: Secondary Drainage Liquid-Liquid; SDGL: Secondary Drainage Gas-Liquid

35



Both P2 and P3, show similar FI capillary pressure curves (Figure 2.12), however their
SDLL and SDGL curves are quite different. These discrepancies may be attributed to differences
in wetting characteristics. Saturation change for P1 is not shown because the small fluid volumes

produced from P1 was below the measurement resolution of the instruments.

Table 2.13: Capillary pressure and corresponding average and corrected inflow boundary
saturation for P2

Hassler and Brunner Method: van Domselaar Method:
Average
Experiment rpm Pc (psi) Water Saturation Corrected Corrected
(%) Inflow Boundary Water Inflow Boundary Water
Saturation (%) Saturation (%)
SI -- 0 50.78 -- --
FI 5500 -57 51.22 53.16 53.39
7000 -93 51.99 55.21 55.59
8500 -137 53.59 58.16 59.53
10000 -189 55.19 61.77 63.89
11500 -250 55.93 66.46 67.57
13000 -320 57.72 71.84 73.32
SDLL 28 57.57 -- --
157 45.96 -- --
SDGL* 5000 93 99.54 93.51 95.09
7000 183 99.20 87.99 90.93
9000 302 96.74 79.49 84.01
11000 452 88.49 64.92 71.10
13000 631 75.70 46.15 53.89

*Average liquid (water and oil) saturation for SDGL; saturation data is smoothed for FI

Table 2.14: Capillary pressure and corresponding average and corrected inflow boundary
saturation for P3

Hassler and Brunner Method: van Domselaar Method:
Average
Experiment rpm Pc (psi) Water Saturation Corrected Corrected
(%) Inflow Boundary Water Inflow Boundary Water
Saturation (%) Saturation (%)
SI -- 0 52.02 -- --
FI 5500 -60 52.34 53.29 53.42
7000 -97 52.66 54.61 54.44
8500 -143 53.83 56.22 56.54
10000 -198 54.90 58.27 58.72
11500 -262 55.95 60.51 61.11
13000 -335 57.22 63.17 63.96
SDLL 29 57.22 -- --
163 55.85 - --
SDGL* 5000 90 100 100 99.42
7000 176 100 100 98.86
9000 291 98.81 96.22 96.94
11000 434 97.74 93.92 94.99
13000 607 96.19 90.94 92.42

*Average liquid (water and oil) saturation for SDGL
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Figure 2.12: (a-1) plots spontaneous and forced imbibition (brine replacing oil-two phase) and (a-
2) is secondary drainage (oil replacing brine-two phase) capillary pressure curve versus average
water saturation; (b-3) plots secondary drainage (air replacing liquids-three phase) capillary
pressure curve versus average liquid (oil and brine) saturation.

Figure 2.13 plots measured capillary pressure curves along with corrected capillary

pressure curves by Hassler and Bruner and van Domselaar methods. For FI, the corrected capillary

pressure curves fall on the right hand side of the average capillary pressure curve because the core

inflow boundary water saturation is greater than the average water saturation. For SDGL, on the

contrary, corrected capillary pressure curves fall on the left hand side of the average capillary

pressure curve because the inflow boundary liquid saturation is less than the core average liquid

saturation.
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secondary drainage air-liquid capillary pressure curves and corrected curves by Hassler and
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Brunner and van Domselaar methods.

Figure 2.14 shows images of the cores producing oil in the Amott cell after 25 hours. Table
2.15 shows for SI test, oil recovery factor, in terms of percentage of oil in place, was 18.86%,
9.23%, and 11.66% for P1, P2, and P3 respectively. Oil production in terms of percentage of pore

volume was 10.72%, 5.01% and 6.33% for P1, P2, and P3 respectively. These are determined by

NMR.
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Figure 2.14: Images of P1 (a), 2 (b), and P3 (c) while immersed in 50,000-ppm KCI brine in
Amott cell showing oil was produced from the cores. The images were taken 25 hours after the
cores were immersed in brine. The test duration was two weeks.

Table 2.15: Oil recovery factor (percentage of oil in place) and produced oil (percentage of pore
volume) from preserved Middle Bakken cores in spontaneous imbibition when cores were
immersed in a low salinity synthetic brine

Core QOil Recovery Factor (%) Produced Oil (%)
(Percentage of Oil in Place) (Percentage of Pore Volume)
P1 18.86 10.72
P2 9.23 5.01
P3 11.66 6.33

The reason for oil recovery in SI with low salinity brine could be wettability and diffusion
effects. Salinity contrast between saturated and surrounding brines causes water/brine to move
from low salinity surrounding brine (higher chemical potential) to high salinity pore brine (lower
chemical potential). Thus, pore brine swells and pushes oil out. After pore brine is diluted, salinity

between pore and surrounding brines is equilibrated, and oil production stops.

The cores were then spun against 50,000-ppm synthetic brine for FI. At the end of FI test,
water saturation increased to 57.72% and 57.22% for P2 and P3 respectively. The highest negative
FI capillary pressure was -335 psi. For FI, 6.9% and 5.2% pore volume oil was produced from P2

and P3 respectively, and oil recovery factor was 12.73% for P2 and 9.58% for P3 (Table 2.16). Oil
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production measurement for the smallest pore volume of P1 was not possible due to interface

reading resolution in the collection cup.

After FI, SDLL was followed to spin the cores against Bakken oil. At the end of SDLL,
11.76% and 1.37% pore volume oil was produced from P2 and P3 respectively. Incremental
production at several rpms was not recorded due to the fluid-interface detection software issues,

therefore, average water saturation and the total fluid production volume at the end of SDLL are

provided in Tables 2.13, 2.14, and 2.17.

The last step SDGL was spinning the cores against air at the end of SDLL. The purpose
was to investigate gas-oil recovery before concluding the test. Figure 2.12 (b) plots capillary
pressure with respect to total fluid saturation (i.e., oil plus brine), therefore, SDGL began at 100%
of liquid saturation. There was 24.3% and 3.81% pore volume oil production for P2 and P3 at the
end of SDGL (Table 2.17). The oil recovery for P2 was 44.81% and P3 was 7.02%. Table 2.17
provides the average saturation change for P2 and P3 in FI, SDLL, and SDGL. P2 shows more

saturation change compared to P3.

Table 2.16: Oil recovery factor (percentage of oil in place) and produced oil (percentage of pore
volume) from preserved Middle Bakken cores in FI and SDGL experiments

FI SDGL
Core QOil Recovery Factor (%) Produced Oil (%) Oil Recovery Factor (%) Produced Oil (%)
(Percentage of Oil in Place) (Percentage of Pore Volume) (Percentage of Oil in Place) (Percentage of Pore Volume)
P2 12.73 6.9 44.81 24.3
P3 9.58 5.20 7.02 3.81

Table 2.17: Average fluid saturation change determined by centrifuge for FI, SDLL, and SDGL

P2 P3
Experiment Centrifuge Centrifuge
Saturation Change Saturation Change
(% Pore Volume) (% Pore Volume)
FI 6.9 5.20
SDLL 11.76 1.37
SDGL 243 3.81
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3.9.3. Second Set (C1: Clean Core)

Table 2.18 shows capillary pressure versus corresponding average saturation and corrected
core inflow boundary saturation at each rpm for each of the four tests (FD, FI, SDLL, and SDGL).
These data are plotted in Figure 2.15. The starting point is water saturation of 100% because the
core was initially saturated with formation brine. After the core was spun against Bakken oil in

FD, water saturation decreased to 62%.

After FD, the core was immersed in formation brine in Amott cell for two weeks. The SI
test typically takes a short time for conventional cores, and produced oil is typically collected in
the graduated part of Amott cell. However, for low-permeability unconventional cores, SI test is

time consuming. Water saturation at the end of SI was about 63% which is the starting point of FI.

In imbibition test, part of the oil is trapped. Therefore, at the end of FI, the core is at residual
oil saturation which was 29.7%. Table 2.18 shows FI has greater Pc values than that of FD. This
is because centrifuge imbibition setup has a longer rotation axis distance than that of drainage.

SDLL was completed after FI, and water saturation decreased to 59.6% at the end of SDLL test.

There is a huge hysteresis between FD and SDLL capillary pressure curves in Figure 2.15.
Hysteresis in capillary pressure curves represent trapping which depends on the path fluids take in
pores and wetting characteristics of the pores. When the brine-saturated core centrifuged, brine
saturation decreased from 100% to centrifuge irreducible water saturation. Then, in SI and FI tests
water saturation increased. However, at the end of FI test, there is always residual oil remaining in
cores and water saturation does not reach 100%. This residual oil is trapped, and when SDLL test
was performed, the capillary pressure curve was different from FD. The area between FD and

SDLL capillary pressure curves represents the oil trapped in these processes.
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At the end of SDLL, the core which was 100% saturated with liquid (oil plus brine), was
spun against air in SDGL test. Only oil was produced from C1 in SDGL, and the oil volume

produced was 40% pore volume.

The USBM wettability index for C1 was around 0.3 which shows the core was water-wet.

Table 2.18: Capillary Pressure and corresponding average and inflow boundary saturations for C1

Hassler and Brunner Method: Van Domselaar Method:
Average

Experiment Rotational Speed Pc Water Saturation Corrected Corrected
(rpm) (psi) (%) Inflow Boundary Water Inflow Boundary Water
Saturation (%) Saturation (%)
8,000 62 81.17 59.80 65.48
9,000 78 78.98 54.97 63.29
FD 10,000 96 72.46 50.20 56.77
11,000 116 67.67 45.75 51.98
12,000 138 64.51 41.86 48.82
13,000 162 61.99 38.83 46.30
SI -- 0 63 -- --
5,000 -70 68.97 69.21 69.28
6,000 -101 69.05 69.40 69.50
7,000 -138 69.19 69.67 69.81
8,000 -180 69.77 70.39 70.58
FI 9,000 =227 69.87 70.66 70.89
10,000 -281 69.98 70.96 71.25
11,000 -340 70.09 71.28 71.63
12,000 -404 70.19 71.61 72.02
13,000 -475 70.30 71.97 72.46
4,000 15 70.27 69.22 69.53
7,000 47 67.28 64.09 65.03
SDLL 10,000 96 63.55 57.35 59.17
13,000 162 59.62 49.82 52.70
5,500 82 93.08 85.68 87.85
7,000 132 83.16 71.82 75.15
" 8,500 195 76.16 60.43 65.04
SDGL 10,000 270 67.52 47.32 53.24
11,500 358 60.42 35.89 43.08
13,000 457 59.82 31.46 39.77

*Average liquid (water and oil) saturation for SDGL
FD: First Drainage; FI: Forced Imbibition; SDLL: Secondary Drainage Liquid-Liquid; SDGL: Secondary
Drainage Gas-Liquid
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Figure 2.15: (a-1) plots first drainage (oil replacing brine-two phase), (a-2) shows spontaneous and
forced imbibition (brine replacing oil-two phase), and (a-3) is secondary drainage (oil replacing
brine-two phase) capillary pressure curve versus average water saturation; (b-4) plots secondary
drainage (air replacing liquids-three phase) capillary pressure curve versus average liquid (oil and
brine) saturation.

Figure 2.16 plots measured capillary pressure curves along with the corrected capillary
pressure curves by Hassler and Brunner and van Domselaar methods. The FD, SDLL, and SDGL
corrected capillary pressure curves fall on the left hand side of the average capillary pressure curve
because the core inflow boundary water/liquid saturation is less than average water/liquid
saturation. The FI corrected capillary pressure curves fall on the right hand side of the average
capillary pressure curve because the core inflow boundary water saturation is greater than the core

average water saturation.
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Figure 2.16: The plots show measured drainage and imbibition capillary pressure curves and
corrected drainage and imbibition capillary pressure curves by Hassler and Brunner and van
Domselaar methods.

2.9.4. Third Set (C2, C3, and C4: Uncleaned Cores)

Capillary pressure, averaged from C2, C3, and C4 at each rpm, for FI test is in Table 2.19.

Table 2.19: Rotational speeds and corresponding core inflow boundary capillary pressure,
averaged from C2, C3, and C4 at each rpm are determined for FI test. The length of C2, C3, and

C4 are 4.117, 4.249, and 4.295 cm respectively.
FI-Rotational Speed  Pc_avg

# (rpm) (psi)
1 5,000 -53

2 7,000 -105
3 9,000 -173
4 11,000 -258
5 13,000 -361

FI: Forced Imbibition

Tables 2.20, 2.21, and 2.22 provide capillary pressure versus average saturation and
corrected core inflow boundary saturation at each rpm for C2, C3, and C4. Figure 2.17 plots oil-
water imbibition (SI and FI) capillary pressure curves. The starting point on the capillary pressure
is water saturation of 0 % because the cores were initially saturated with oil. After immersing the
cores in different salinity synthetic brines for two weeks, oil saturation decreased to 41% for C2,
55 % for C3, and 49 % for C4. Saturations were determined using NMR T distribution for ST test

which will be discussed in Chapter 6. The cores were then spun against the same salinity brines as
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SI in centrifuge, and the produced oil volume for FI based on centrifuge measurements was 3%

pore volume for C2, 18% for C3, and 11% for C4.

The cores were not cleaned before saturation, therefore, they contained salt precipitate and
residual hyper salinity formation brine (based on NMR results, Chapter 6). When the cores were

immersed in lower salinity brine, high oil recovery was observed as expected.

Table 2.20: Capillary pressure and corresponding average and corrected core inflow boundary
saturations determined for C2

Hassler and Brunner Method: van Domselaar Method:
' Rotational Speed Pe Average ) Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water
(%) Saturation Saturation
(%) (%)
SI -- 0 58.75 -- --
5,000 -67 58.79 59.18 59.30
7,000 -131 59.34 60.11 60.34
FI 9,000 -190 59.77 60.90 61.23
11,000 -323 60.84 62.78 63.36
13,000 -451 61.71 64.46 65.28

SI: Spontaneous Imbibition; FI: Forced Imbibition

Table 2.21: Capillary pressure and corresponding average and corrected inflow boundary
saturations determined for C3

Hassler and Brunner Method: van Domselaar Method:

Rotational Speed Pe Average ) Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water
(%) Saturation Saturation
(%) (%)
SI -- 0 44.58 - --
5,000 -68 49.07 56.06 58.18
7,000 -133 53.57 60.55 62.67
FI 9,000 -219 56.88 63.87 65.99
11,000 -327 59.88 66.87 68.99
13,000 -457 62.50 69.49 71.61

SI: Spontaneous Imbibition; FI: Forced Imbibition
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Table 2.22: Capillary pressure and corresponding average and corrected inflow boundary
saturations determined for C4

Hassler and Brunner Method:

van Domselaar Method:

) Rotational Speed Pe Average ) Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water

(%) Saturation Saturation

(%) (%)

SI -- 0 51.27 -- --

5,000 -68 53.70 58.26 55.03

7,000 -150 55.81 60.37 59.53

FI 9,000 -221 57.36 61.91 62.84

11,000 -330 59.86 64.42 65.84

13,000 -461 62.64 67.19 68.46

SI: Spontaneous Imbibition; FI: Forced Imbibition
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Figure 2.17: Imbibition (SI and FI) capillary pressure versus average water saturation for C2, C3,

Figure 2.18 plots measured forced imbibition capillary pressure curves along with

corrected capillary pressure curves by Hassler and Brunner and van Domselaar methods. The FI

corrected capillary pressure curves fall on the right hand side of the average capillary pressure

curve because the core inflow boundary water saturation is greater than the average water

saturation. Figure 2.19 shows images of the cores producing oil in the Amott cell of SI test.
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Figure 2.18: Forced imbibition capillary pressure versus measured average water saturation and
corrected core inflow boundary water saturation by Hassler and Brunner and van Domselaar
methods for C2, C3, and C4. The last point on corrected curves is extrapolated.

c2 Cc3 C4
Saturated with Oil and Residual Brine Saturated with Oil and Residual Brine Saturated with Oil and Residual Brine
Immersed in 20,000 ppm Brine Immersed in 50,000 ppm Brine Immersed in 100,000 ppm Brine

Produced Oil Produced Qil
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[ i ‘

Figure 2.19: Images of C2 immersed in 20,000-ppm, C3 immersed in 50,000-ppm, and C3
immersed in 100,000-ppm brine in Amott cell. The cores were saturated with oil and spontaneous
imbibition was performed for duration of two weeks. Oil recovery from C2, C3, and C4 was 59,
45, and 51% pore volume respectively.

The cores show discrepancies in oil recovery even though their saturation history,
dimensions, and porosity were similar. Oil volume produced from the three cores did not show an

expected trend with salinity of the brines used or permeability of the cores which was assumed to

be similar to permeability of the twin cores.
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C2 with the highest porosity of 7.81% (among the three cores), produced 59% pore volume
oil while C4 with the lowest porosity of 7.23% produced 51% pore volume oil, and C3 with 7.44%
porosity only produced 45% pore volume oil. Table 2.23 gives a summary of core properties,

brines used, and produced oil volumes from C2, C3, and C4 in imbibition tests.

Table 2.23: Summary of cores and brines used, and oil recovery from C2, C3, and C4 in
spontaneous imbibition (SI) and forced imbibition (FI) tests

Brine Salinity Used in SI

Core  Facies and FI Tests NMR(};)O)I‘OSlty 0Oil PI;(:/(‘)ll;f:]()l in SI 0Oil Pl;(‘);:ul;::]()i in FI
(ppm)
C2 B 20,000 7.81 59 3
C3 C 50,000 7.44 45 18
C4 D 100,000 7.23 51 11

2.9.5. Fourth Set (C5 and C6: Uncleaned Cores)

C5 and C6 were spun against Bakken oil in FD test. Unfortunately, C5 broke in the
centrifuge, and there was a failure in recording production volume from C6 at 13,000-rpm.
Therefore, NMR was used to determine fluid saturations (Chapter 6). C6, saturated with 50,000-
ppm brine and Bakken oil, was immersed in 20,000-ppm brine for two weeks. Figure 2.20 shows
an image of C6 in an Amott cell. The oil produced from C6 was 5% pore volume based on NMR

saturation estimation.

Cé
Saturated with Oil and 50,000 ppm Brine
Immersed in 20,000 ppm Brine

Produced Oil

Figure 2.20: Image of C6 immersed in 20,000-ppm brine in an Amott cell. The core was saturated
with Bakken oil and 50,000-ppm brine.
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2.9.6. Fifth Set (C7, C8, and C9: Uncleaned Cores)

The average capillary pressure for C7, C8, and C9 at each rpm is determined for FD test

(Table 2.24).

Table 2.24: Rotational speeds and corresponding inflow boundary capillary pressure, averaged
from C7, C8, and C9 at each rpm are determined for FD test. The length of C7, C8, and C9 are

3.851, 3.913, and 4.003 cm respectively.
# FD-Rotational Speed Pc_avg

(rpm) (psi)
1 5,000 42
2 7,000 82
3 9,000 136
4 11,000 204
5 13,000 284

FD: First Drainage

Tables 2.25, 2.26, and 2.27 provide capillary pressure, corresponding average saturation
and corrected inflow boundary saturation at each rpm. Figure 2.21 plots oil-water FD and SI
capillary pressure curves for C7, C8, and C9. In the figure, the starting point is 100% water
saturation. After the cores were spun against decane in centrifuge, water saturation decreased to
43% tfor C7, 36% for C8 and 42% for C9. Because of difficulty in recording centrifuge data for

5,000-rpm, the displaced fluid volume was estimated using NMR saturation data for this specific
rpm.

C7 and C9, similar cores, show similar capillary pressure curves (regardless of different
saturating brine salinities), and C8 shows a slightly different capillary pressure curve.
Unfortunately, C7 broke during centrifuge test. Therefore, the two pieces were put back together,
and wrapped with Teflon tape to continue with SI test. At the end of FD, C7 was saturated with
decane and 20,000-ppm KClI brine, C8 was saturated with decane and 50,000-ppm KClI brine, and
C9 was saturated with decane and 100,000-ppm KCI brine. The cores were then immersed in

50,000-ppm brine in the Amott cell for two weeks.
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SI saturations could not be determined from NMR measurements due to mixing of decane
and brine responses in pores (Chapter 6). Thus, produced oil volume was estimated from
photographic images. C7, immersed in high salinity brine, produced negligible amount of oil. C8,
immersed in same salinity brine, produced 9% pore volume oil. Oil was produced uniformly from
all surfaces of the core (Figure 2.23). This production is the result of imbibition of brine in a water-
wet core. C9, immersed in low salinity brine, produced 11% pore volume oil. C9 produced more
oil than other cores and the reason could be the combination of wettability and molecular diffusion

effects.

Table 2.25: FD Capillary pressure and corresponding average and corrected inflow boundary
saturations for C7

Hassler and Brunner Method:  van Domselaar Method:

) Rotational Speed Pe Average ] Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water

P p (%) Saturation Saturation

(%) (%)

5,000 41 81.57 61.32 68.12

7,000 80 70.51 50.26 57.06

FD 9,000 132 60.05 39.80 46.60

11,000 198 50.95 30.70 37.50

13,000 276 43.00 22.75 29.55

FD: First Drainage

Table 2.26: FD Capillary pressure and corresponding average and corrected inflow boundary
saturations for C8

Hassler and Brunner Method: van Domselaar Method:

) Rotational Speed Pe Average _ Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water

(%) Saturation Saturation

(%) (%)

5,000 41 69.19 50.83 55.84

7,000 81 59.62 41.26 46.26

FD 9,000 134 47.89 29.53 34.54

11,000 200 39.46 21.10 26.11

13,000 279 35.83 17.47 22.48

FD: First Drainage

50



Table 2.27: FD Capillary pressure and corresponding average and corrected inflow boundary

saturations for C9

Hassler and Brunner Method:

van Domselaar Method:

) Rotational Speed Pe Average ) Corrected Corrected
Experiment (rpm) (psi) Water Saturation Inflow Boundary Water Inflow Boundary Water

(%) Saturation Saturation

(%) (%)

5,000 44 82.66 62.32 68.71

7,000 86 73.02 51.43 57.82

FD 9,000 143 58.83 39.70 46.09

11,000 214 49.57 29.53 3591

13,000 298 42.17 23.89 30.28

FD: First Drainage; Saturation data was smoothed for C9, then corrected
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Figure 2.21: FD and SI capillary pressure versus average water saturation for C7, C8, and C9.

Figure 2.22 plots measured capillary pressure curves along with the corrected capillary

pressure curves by Hassler and Brunner and van Domselaar methods. The FD corrected capillary

pressure curves fall on the left hand side of the average capillary pressure curve because the inflow

boundary water saturation is less than the average water saturation. Figure 2.23 shows images of

the cores producing oil in the Amott cell of SI test.
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Figure 2.22: First drainage capillary pressure versus measured average water saturation and
corrected inflow boundary water saturation by Hassler and Brunner and van Domselaar methods
for C7, C8, and C9. The last two points are extrapolated.

C7 Cc8 Cc9
Saturated with 20,000 ppm Brine and Decane Saturated with 50,000 ppm Brine and Decane ~Saturated with 100,000 ppm Brine and Decane
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Figure 2.23: Images of C7, C8, and C9 immersed in 50,000-ppm brine. C7 was saturated with
decane and 20,000-ppm KCI brine, C8 was saturated with decane and 50,000-ppm KCI brine, and
C9 was saturated with decane and 100,000-ppm KCIl brine. C7 broke during centrifuge test, thus
Teflon tape was used to hold the pieces together for spontaneous imbibition test. C7 did not
produce oil while C8 and C9 produced oil as is shown in the images.

2.9.7. Mobile Saturation Range

Mobile saturation range to water displacement, and irreducible oil and water saturations are shown
for P2, P3, and C1 in Table 2.28. The mobile saturation range is narrow for low-permeability rocks
and a large portion of oil remains in the cores after water displacement. Even though SI and FI
tests were conducted for C2, C3, and C4, their mobile saturation range is not representative of

reservoir conditions, because the cores were saturated with oil without brine.
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Table 2.28: Mobile saturation range to water displacement, and irreducible oil and water
saturations for P2, P3, and C1

Core Swirr (0/0) Soirr (0/0) 1- Swirr- Soirr (0/0)
P2 45.77 42.28 11.95
P3 45.69 42.78 11.53
C1 62 29.7 8.3
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CHAPTER 3
PORE SIZE DISTRIBUTION STUDY — NITROGEN ADSORPTION AND

MERCURY INTRUSION CAPILLARY PRESSURE (MICP)

Along characterizing cores with centrifuge, pore size distribution was investigated for four
rock samples using MICP test for larger pores and using nitrogen adsorption test for smaller pores.
The rock samples were cut from P2, C2, C7, and C8, cleaned with toluene and methanol and sent
to Micromeritics for MICP and nitrogen adsorption tests. In this chapter, MICP and nitrogen

adsorption tests, theories, and results are discussed.
3.1. Nitrogen Adsorption Tests

Nitrogen adsorption tests were performed using an ASAP 2460 Surface Area and Porosity
Analyzer by Micromeritics. One of the experimental techniques used to characterize pores in
reservoir rocks is gas adsorption tests. For this purpose, the test gas (which is often nitrogen or
CO2) cannot have any chemical reactions with the solid surface substances. This process is called
physisorption. The amount of adsorbed molecules by the solid surfaces increases at lower
temperature and higher pressure conditions. Gas molecules first cover high-energy sites such as
smaller pores, and as pressure increases, more gas molecules are adsorbed by the solid surfaces

and to the gas molecules in the adsorbed monolayer (Kuila 2013; Webb and Orr 1997).

In low pressure adsorption test, the gas is below its critical point. Thus, using capillary
condensation, properties such as pore size distribution, surface area, and pore structure can be
determined. To obtain these properties, the quantity of gas adsorbed by a clean solid surface at
constant temperature, which is called adsorption isotherm, is measured. Desorption isotherm is

measured when pressure is decreased and gas is removed from pores. Nitrogen adsorption isotherm
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is measured at different relative pressures, (—j, where P is the nitrogen gas pressure and Py is

0

the nitrogen saturation/boiling point pressure at T=77.35 K (Webb and Orr, 1997).

To perform the test, rock samples must be cleaned and dried. The samples are then
degassed, and free space is measured for the chamber containing the sample using helium. The
sample is degassed again. Nitrogen saturation pressure, Po, is then measured, and nitrogen is dosed
into the sample cell and allowed to adsorb to the sample surfaces and equilibrate while the sample
cell is placed in liquid nitrogen container. At each relative pressure specified, gas is dosed, pressure
is measured, and allowed to equilibrate. If pressure decreases, more gas is dosed and the process
is repeated until equilibrium is reached. This process is repeated for the entire range of specified

relative pressures till the isotherm measurement is complete.
3.1.1. Brunauer, Emmett and Teller (BET) Technique

To determine surface area, the BET technique introduced by Brunauer, Emmett and Teller
(1938) was applied. The BET model (Equation 3.1) is an extension of monolayer adsorption for

multilayer adsorption. This model is used to determine monolayer capacity using Equation 3.1

(Kuila 2013):
L] +C_1[£] 3.1)
p

Where Vis the amount of gas adsorbed, V, is the monolayer volume or capacity which is

unknown, and C is the BET constant which is also unknown. To determine the monolayer capacity

L
V{P‘)—l}
P
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and the BET constant from measured data, is plotted versus [Fj . The resulting plot
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is a straight line with the slope of s = % and an intercept of i = % Monolayer capacity,V,,

m

(Equation 3.2), and the BET constant (Equation 3.3) are determined from the slope, s, and the

intercept, i.

v, = (32)
S +1
c=241 (3.3)

It is shown that the plot is linear for relative pressures up to 0.30 for various materials (Brunauer
et al. 1938). From monolayer volume, V, , obtained from the straight line plot, the specific surface

area, Ass, is determined using Equation 3.4 (Kuila 2013):

4 _VuA, Ny X107
% 22414

(3.4)

Where A, v, 18 the cross sectional area of a nitrogen molecule (0.162 nm’), N,is the Avogadro
number (6.023x10%*), and 22414 cm®mole is the molar volume of an ideal gas at standard
conditions (Kuila 2013). The parameters can also be estimated by measuring a single point. In
single point technique, a point near the upper limit of the linear range corresponding to a single
relative pressure value is collected. The assumption is that C is a large number, thus the BET
Equation 3.1 reduces to Equation 3.5:

P
vV, _V[l_F] (3.5)

0

Surface area for single point technique can also be estimated from monolayer volume using

Equation 3.4. The surface area determined from single point technique is an approximation.
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3.1.2. Barret, Joyner, and Hallenda (BJH) Technique

To determine pore size distribution, the BJH technique, developed by Barret, Joyner, and
Hallenda (1951), was implemented in this study. During the test, the pores are presumably filled
with condensed nitrogen at a pressure near nitrogen saturation pressure, F,. By reducing pressure
step by step, gas is desorbed from pores while a film with a thickness t is remaining. In the rock
sample, there are larger and smaller pores. At each intermediate test pressure, a certain group of
the larger pores have a film of adsorbed nitrogen whereas the smaller pores are filled with liquid
nitrogen. Therefore, the volume of liquid nitrogen adsorbed to the rock consists of both the film
volume and the liquid volume filling small pores (Equation 3.6) at each intermediate test pressure

(Khokhlov et al. 2008; Barrett et al. 1951).

k n
Vadm :ZAVM (r] < ;’C’i)+ Z ASjl‘f’j(rj > I”“) 3.6)
=

Jj=k+1

Where V., .is the amount of adsorbed liquid at step i with a corresponding relative pressure, Vp is
pore volume, S is pore surface area, and tr is the film thickness. r,; is a characteristic radius
corresponding to the relative pressure at stage i of the test.

The thickness of the film can be determined using Harkins and Jura relationship (Webb and Orr

1997):

N =

- 13.99 3.7)

!
0.034—log£Pj
K
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Kelvin equation (Equation 3.8) relates pore radius to relative pressure. By substituting Equation
3.9 in Equation 3.8, pore radius r is determined (Webb and Orr 1997):

RTIn [5] __Zyveosb, (3.8)

0 rm

h,=r—1, 3.9)

Where 7, is effective pore radius, v is the molar volume of the liquid adsorbed, 6 , is the contact

m

angle between solid and liquid (which is O for nitrogen), and ¥ is liquid surface tension.

This process is repeated for each pressure step, and the result produces a pore size distribution for
a given core sample. Mathematically, both adsorption and desorption isotherms can be used for

calculations.
3.2. MICP Test

The MICP tests were performed using an AutoPore IV 9500 Series by Micromeritics. In
the MICP test, mercury is introduced to a cleaned and vacuumed rock sample. Pressure is applied
on mercury and increased stepwise for mercury to enter pores because it is a non-wetting phase.
The volume of mercury entered into pores is measured at each pressure to determine pore size
distribution, porosity, and grain density. The intrusion measurement continues up to about 60,000

psi. The test is fast compared to centrifuge but it is a destructive test.

Washburn (1921) presented an equation for MICP pore size analysis (Equation 3.10). The

assumption is that pores are cylindrical, and at each pressure, P, , mercury enters a group of pores

with diameter D.
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4y . . cosl
D —_ 7aergP r—Hg (310)

Hg

Where 7, ,, 18 air-mercury surface tension (485 —), and 6, ,, is mercury-rock contact angle
m

Hg

(130°), P, is mercury injection pressure, and D is pore diameter intruded at each pressure P, .
He y 1nj p p p He

MICP data can be converted to oil-water drainage capillary pressure curves using correlations if

centrifuge measurements are not available.
3.3. Results

Figure 3.1 shows adsorption and desorption isotherms measured for P2, C2, C7, and C8.
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Figure 3.1: Nitrogen adsorption and desorption isotherms measured for P2, C2, C7, and C8.
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P .
Figure 3.2 plots the —j . Slopes and intercepts are determined for each

__t Versus(
v
P

data set, and monolayer capacity and the BET constant are calculated.
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Figure 3.2: The BET model is used to determine the monolayer capacity, Vm, from nitrogen
adsorption data acquired for P2, C2, C7, and CS8.

Table 3.1 provides porosity (MICP and NMR), grain density, nitrogen adsorption specific
surface area from single point measurement technique, and nitrogen adsorption specific surface
area from the BET technique. NMR porosities are highest of three measurements for all of the
cores. It means some of the smaller pores were not accessed in MICP test. C2 and C7 show higher
discrepancy between MICP and NMR porosity compared to the other cores. Specific surface area

values from the two method are close but the BET method is more accurate.
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Table 3.1: Porosity (MICP and NMR), grain density, and surface area (from the single point and
BET techniques) measured in P2, C2, C7, and C8

. . MICP N2 N2
Core MICI; ;‘;"’S'ty NMR(EZ’)""S“Y Grain Density ADS Ass* ADS BET Ag#*
(g/em’) (m?/g) (m?/g)
P2 7.33 8.15 2.654 6.624 6.820
C2 5.62 7.81 2.769 5.642 5.793
c7 6.16 8.60 2724 5.276 5.431
cs 6.74 6.82 2725 1.698 1.760

* N2 ADS Ass: Nitrogen Adsorption Single Point Specific Surface Area
*#% N2 ADS BET As: Nitrogen Adsorption Brunauer-Emmett-Teller (BET) Surface Area

Figure 3.3 plots mercury injection pressure versus wetting phase saturation for P2, C2, C7,
and C8. The figure shows that by applying a large pressure, a wide range of pores are accessible
by mercury unlike in centrifuge test that only part of pores are accessed using fluids. However, C2
and C7 show about 28 % of the pore volume was not intruded by mercury. As mentioned in Section
2.1, C8 has high porosity and high permeability, and mercury intrusion shows a better result. The

MICP plots were normalized based on NMR porosity of each sample.
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Figure 3.3: Mercury injection pressure versus wetting phase saturation for P2, C2, C7, and C8.

Figure 3.4 plots MICP and nitrogen adsorption pore size distribution measured for P2, C2,

C7, and C8. The plots show the pore size distributions from the two methods of MICP and BJH
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separately in one graph for each core. Nitrogen adsorption gives a more accurate response for

smaller pores while MICP response is more accurate for larger pores.

P2 shows pores as large as about 0.4 microns. PSD for C2 ranges shows a peak at around
0.18 micron and there is a narrow range of large pores in this rock. Pores are larger in P2 and C2
compared to the other two cores. C7 and C8 show a normal distribution for PSD and the pores

sizes are almost in the same range.
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Figure 3.4: Pore size distribution measured by MICP and nitrogen adsorption tests plotted
separately in one graph for P2, C2, C7, and CS8.

62



CHAPTER 4

RESISTIVITY MEASUREMENT

In this chapter, electrical resistivity measurement, performed for five Bakken cores to

investigate tortuosity of the pore network, is discussed.
4.1. Instrument and Setup

Resistivity of brine-saturated cores were measured using high-sensitivity impedance meter
ZEL-SIP04-V02, an apparatus developed at the Central Laboratory for Electronics at the
Forschungszentrum Jiilich, in Germany (Zimmermann et al. 2008). Using the instrument, both real
and imaginary components of resistivity are measured. The measurement frequency range is
between 1 mHz to 45 kHz and the amplitude of the voltage at peaks is 5V. In this study, the in-
phase (real) conductivity of the samples at 1 Hz was used for calculations. Resistivity
measurements were performed for brine-saturated C5, C6, C7, C8, and C9 using four-point

measurement method.

The ZEL-SIP04-V02 system consists of a function generator to generate sinusoidal
excitation voltage, an amplifier unit to measure the voltage at the sample electrodes, an ADC card
for data acquisition, a PC with LabVIEW and Matlab programs for data acquisition and processing,
and four electrodes (Zimmermann et al. 2008). Sintered Ag/AgCl, 2 mm pellet electrodes were
used as voltage electrodes, and two other electrodes with 1 cm in diameter were used for current
injection (Revil et al. 2013; Woodruff et al. 2014). Figure 4.1 shows the electrode configuration

for resistivity measurements.
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Current Electrode Current Electrode

Voltage Electrodes

1 => o o =>

L
Figure 4.1: Current and voltage electrode configuration for resistivity measurement on brine-
saturated Middle Bakken core plugs. Current is injected using larger electrodes on top and bottom
of the core, and voltage is measured between the two smaller electrodes on the side of the core.

4.2. Theory

An important parameter in unconventional low-permeability rocks is tortuosity. Tortuosity
information is critical in determining diffusion coefficient for diffusion mass transfer mechanism
in unconventional reservoir rocks. In molecular diffusion mechanism, under constant temperature
and pressure conditions, concentration is the driving force and molecules move from higher to
lower concentration points in porous media. Diffusion-based IOR/EOR processes are likely to
succeed in low-permeability unconventional reservoirs where there is a concentration gradient
(e.g. brine salinity difference). Various types of gases (CO2, ethane, propane) or chemical liquids
or different salinity brines could be used to increase oil recovery from tight oil reservoirs via
diffusion mass transfer mechanism. Changes in concentration of a set of molecules with time in a

porous media is determined using Fick’s second law (Garrouch et al. 2001):

oc, °C,
¢E=De axz (41)

Where De is the effective molecular diffusion coefficient, C;i is concentration of component i, ¢ is

porosity, x is distance, and t is time. On the other hand, molecular diffusivity and tortuosity

correlation is defined using Equation 4.2 (Dogu and Smith 1975):
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D, = (ﬁj D, 4.2)

Where Dy, is the bulk diffusion coefficient. The bulk diffusion coefficient is measured for bulk
fluid outside porous media. By multiplying the ratio of porosity to tortuosity to the bulk diffusion
coefficient, the effective molecular diffusion coefficient is obtained for the porous media. This
technique is easier and faster than direct measurement of diffusion coefficient (Renner 1988) for

low-permeability reservoir rocks.

The concept of tortuosity has been used in different disciplines for decades, however
geologists, engineers and petrophysicists define tortuosity differently from each other. There are

various definitions for tortuosity such as geometrical, 7 o electrical, r,, diffusional, 7,, and
hydraulic, 7, , tortuosity based on how one defines transport in porous media (Clennell, 1997).
Based on modeling studies, 7,(z, ~ 7,(7, (Ghanbarian et al. 2013). Saomoto and Katagiri (2015)

compared electrical and hydraulic tortuosity using finite element modeling with the Navier-Stokes
equation, and concluded that hydraulic tortuosity is 15 % greater than electrical tortuosity. Figure

4.2 shows hydraulic versus geometrical tortuosity concepts.

L

Figure 4.2: Schematics of (a) hydraulic tortuosity (th=Len/L) versus (b) geometric tortuosity
(tg=Leg/L) concepts.
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In electrical resistivity technique, formation resistivity factor is determined using Equation

4.3 (Archie 1942):

R
F=-"

4.3)

w

Where R, is the resistivity of a rock sample saturated only with brine, and R, is the resistivity of

saturating brine. Using laboratory resistivity tests on brine-saturated cores, formation factor, F, is
determined from Equation 4.3. Formation factor is also related to tortuosity and porosity (Amyx

et al. 1960).
r=F¢ 4.4)

Furthermore, in the well logging literature it has been shown that formation factor is related to
porosity and cementation factor m (1.3 for loose-grain rocks to 2.3 for very compacted porous

rocks such as shale):

F=¢" 4.5
Thus,
r=¢"" 4.6)

Donaldson et al. (1976) and Garing et al. (2014) measured electrical tortuosity for several
sandstone and carbonate rock samples (Table 4.1). For sandstone samples, rocks with higher
permeability and porosity show lower tortuosity values whereas rocks with lower permeability and
porosity have larger tortuosity. However, there is not a clear relationship between permeability,

porosity, and tortuosity of complex carbonate rock samples.
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Table 4.1: Permeability, porosity, and electrical tortuosity determined for several sandstone and
carbonate rock samples (Donaldson et al. 1976; Garing et al. 2014)

Permeabilit Porosit Electrical
Rocks Sample Name (mD) y (%) y Tortuosity
Berea 302 19.09 4.55
Cottage Grave 344 24.77 3.53
Sandstone Torpedo 94 25.27 591
Bandera 12 18.23 13.90
Noxie 420 26.52 5.04
Mallorca-Sample A 80 14.90 5.23
Carbonate! Mallorca-Sample N 4 30.10 2.57
Mallorca-Sample F 0.002 4.7 9.35
Mallorca-Sample K 0.007 11.9 5.07

IFor carbonate rocks the equation 72> = ¢ x F was used to determine tortuosity

4.3. Results

Various brine salinities were used to saturate the cores, and electrical conductivity and PH
of these brines were measured. Brine resistivity, Ry, is the reciprocal of the brine conductivity.
Brine properties (Table 4.2) were measured at the same time the corresponding core was tested,
thus the temperature condition for all tests was consistent. For the cores, resistance was measured.
To convert resistance to resistivity, geometric factor. It depends on the location of electrodes, and
was determined using Comsol Multiphysics simulator. Resistivity of brine-saturated core plugs

are shown in Table 4.3.

Formation factor was determined from brine and core resistivities using Equation 4.3.
Tortuosity, T, and cementation exponent, m, were determined using Equations 4.4 and 4.5 for each
core (Table 4.4). C5 and C6 were similar cores as well as C7 and C9. These pair cores show similar
tortuosity values. The results in Table 4.4 indicate that the measurements are repeatable and the

Middle Bakken cores show large tortuosity values.
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Table 4.2: List of cores used in electrical resistivity measurements, pore brine salinities, brine
resistivity, and PH

Core Brine Rw PH Temperature
(Q.m) CF)
Cs 50,000 ppm KCl brine 0.114 -- --
Coé 50,000 ppm KCl brine 0.114 -- --
Cc7 20,000 ppm KCl brine 0.293 8.296 71.6
C8 50,000 ppm KCl brine 0.127 8.784 70.5
C9 100,000 ppm KClI brine 0.067 8.069 78.3

Table 4.3: Porosity and brine-saturated core resistivity measured at 1 Hz

Core NMR Porosity Ro
(%) (Q.m)
Cs 8.58 23.64
Cé6 8.64 24.94
C7 8.60 48.54
C8 6.82 22.22
C9 8.20 11.31

Table 4.4: Formation factor, tortuosity, and cementation exponent determined for five Middle

Bakken core plugs
Core Formation Factor, F Tortuosity, T m
C5 208 18 2.17
Cé 219 19 2.20
C7 166 14 2.08
C8 175 12 1.92
C9 168 14 2.05
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CHAPTER 5
EXPERIMENTAL STUDY — FIELD EMISSION SCANNING ELECTRON

MICROSCOPY (FE-SEM)

FE-SEM imaging technique was used to study pore shape and pore mineralogy. The
rectangular shape core samples, prepared from P3 after fluid flow tests, were used for imaging.
SEM imaging was performed using the facilities in the department of Geology and Geological
Engineering. Core samples were prepared in the department of Metallurgical and Materials

Engineering.

5.1. Scanning Electron Microscope (SEM)

5.1.1. Field Emission-Scanning Electron Microscope (FE-SEM) Imaging

A TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope (Figure
5.1) was used for FE-SEM imaging of the rock samples. The purpose of SEM imaging was to
better understand types, shapes, and distribution of pores and clays. The images were also used to
understand the low porosity and permeability and high tortuosity nature of these tight rock

samples.

5.1.2. Backscatter Electron (BSE) Imaging and Energy-Dispersive X-ray Spectrometry

(EDS)

A TESCAN motorized retractable annular, single-crystal YAG backscatter electron
detector in FE-SEM was used for BSE imaging, and a Bruker XFlash® 6/30 silicon drift detector
was used for energy-dispersive X-ray spectrometry for EDS mapping (Figure 5.2). The purpose of

BSE imaging and EDS mapping was to determine pore mineralogy.
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Figure 5.1: TESCAN MIRA3 LMH Schottky field emission-scanning electron microscope
(picture adapted from CSM Geology and Geological Engineering Department website).

2 ; ¢ : i o - s 7
Figure 5.2: The picture on the left shows the sample chamber of FE-SEM, and the BSE detector is
below the pole piece of the FE-SEM. The EDS detector is in the left behind the pole piece. The
picture on the right shows the EDS system of FE-SEM (pictures adapted from CSM Geology and
Geological Engineering Department website).

5.2. Scanning Electron Microscope (SEM) Physics

In SEM imaging, the rock sample is targeted by a focused high-energy electron beam
(Egerton 2016). Depending on the interactions of the electrons and rock atoms, electrons may pass
through the rock (thin samples), or scatter either elastically or inelastically. The electrons can also

emit X-rays. The signals generated in this process are used in imaging.
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The secondary electron (SE) imaging technique is used to determine topography contrast,
the backscatter electron (BSE) imaging is used to determine chemical composition contrast, and
the energy-dispersive X-ray spectroscopy which provides EDS maps, is used for compositional

analysis.

5.3. Results

After fluid displacement tests were completed, core samples were prepared from top,
middle, and bottom, three disc cuts of P3 (Figure 5.3). The cores prepared were cubes with 0.3
cmx1 cmX0.75 cm dimensions. One surface was polished using a JEOL IB-0910CP Cross-Section
Polisher for ten hours and the surface was then gold-coated prior to FE-SEM imaging. Figure 5.4
shows the FE-SEM images acquired from the cubical cores. Different pore shapes, and pore types
(intergrain, intercrystal, intragrain) are observed in the images. Some large pores are filled with
clay and in such pores the clay intergrain porosity exists. These pores have complex structure
which affect tortuosity and permeability. There are small pores which are partially filled with clay
and some pores are clean. There are very small intercrystalline pores (slot pores) which could
potentially act as pore throats for many pores. The narrow pores between crystals in top left image

of Figure 5.4 are slot pores.

Figure 5.3: Core discs cut from top (picture on the right), middle (picture in the middle), and
bottom (picture on the left) of P3. Cubical cores were cut from center of the core discs. The
heterogeneity of the rock in core scale can be seen in the core discs.
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SEM HV: 8.0 kV WD:7.18mm | | |11 | MRA3TESCAN
SEM MAG: 15.0 kx Det: InBeam
View field: 18.5 ym | Date(m/d/y): 06/29/16 Performance in nanospace

SEM HV; 8.0 kV WD: 7.18 mm
SEM MAG: 36.3 kx Det: InBeam
View fleld: 7.62 um  Date(m/dly): 06/29/16

SEM HV: 8.0 kV WD: 7.18 mm [ MIRA3 TESCAN SEM HV: 8.0 kV WD: 8.95 mm \ | | | %MIRAG TESCAN
SEM MAG: 20.3 kx Det: InBeam SEM MAG: 17.5 kx Det: InBeam 5 pm
View fleld: 13.7 ym | Date(m/dly): 06/29/16 Performance In nanospace View fleld: 15.8 pm | Date(m/dly): 06/29/16 Performance In nanospace

SEM HV: 8.0 kV WD: 7.18 m ] MIRA3 TESCAN SEM HV: 8.0 kV WD: 7.20 mm MIRA3 TESCAN
SEM MAG: 5.35 kx Det: InBeam 10 pm SEM MAG: 18.9 kx Det: InBeam

View fleld: 51.7 um  Date(m/d/y): 06/29/16 Performance In nanospace View field: 14.6 ym | Date(m/d/y): 06/29/16 Performance in nanospace
Figure 5.4: FE-SEM images acquired from cubical cores cut from P3. These images show pore
geometry, mineral distribution, and grain shape and geometry. The larger pores are partially filled
with clay and mineral, and some pores show complex structure that affect permeability and
tortuosity of the rock.
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Chemical formulas of different minerals which are abundant in Middle Bakken rocks are

shown in Table 5.1. Figure 5.5 shows the EDS spectrum of calcite, dolomite, silicate, and illite

detected in the rock samples.

Table 5.1: Chemical formulas of minerals abundant in the Middle Bakken rock samples

Mineral Chemical Formula
Quartz SiO2
Feldspar KALSi303-NaAlSi30s-CaAl2Si20s
Plagioclase (Na,Ca)(S1,A1)40s
Pyrite FeS>
Calcite CaCOs3
Dolomite CaMg(COs3)2
Illite (K,H30)(Al,Mg,Fe)2(Si,A)4010[(OH)2,(H20)]
Chlorite (Mg,Fe)3(Si,Al)4010(OH)2.(Mg,Fe)3(OH)s
cps/ev
(A) (B)
18
167
14
12
6 B
43 !
2]
Ok"’:A“I"’["I T
2 4 6 8 6 8
20 c D
e (C) (D)
16
143
121
107
8
63
4]
27
¥ 2 2 'é"L'é
2 4 6 8
Energy [keV] Energy [keV]

Ca: Calcium; O: Oxygen; Si: Silicate; Mg: Magnesium; K: Potassium; Al: Aluminum; Fe: Iron
Figure 5.5: EDS spectrum of calcite (A), dolomite (B), silicate (C), and illite (D) in the Middle
Bakken rock samples.

Based on EDS spectrum and maps, mineralogy of the rock samples in selected BSE images

were determined. Figure 5.6 shows complexity of mineral distribution in different spots and

different scales. In all images, quartz (Qz), feldspar (Ksp), calcite (Cal), dolomite (Dol), and illite
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(ill) are observed. In a more focused image (Figure 5.6—A1, C1, and C2), clays and silt sized quartz
and carbonates are present. In Figure 5.6-A, dolomite crystals are surrounded by calcite and quartz.
When looking at a more zoomed image Al, illite is in pores between dolomite, feldspar, calcite
and quartz grains. The interesting features in Figure 5.6-B are: large quartz and feldspar grains
which have small calcite and quartz grains, and illite in the pores between them; and darker color
of dolomite in the center and lighter color around it. The dolomite with lighter color is formed
through diagenesis. Thus, part of the minerals in the pores are formed after deposition. Figure 5.6-
C2 shows detrital silt and clay, because small size quartz, calcite, feldspar grains and illite are
mixed together in a small feature. Presence of calcite, quartz, and clays or other combinations of
minerals in a single pore indicates complexity of the Bakken rock system and its wetting

characteristics. Figure 5.7 shows EDS maps for two of the BSE images in Figure 5.6.

In the cubical cores used for SEM imaging, no fractures were observed. Figure 5.8 shows
pores with large salt crystals around them. The cubical core was cut from a portion of the core plug
which had brine and oil in it. Thus, when water evaporated, the salt crystals formed. It is important
to consider salt precipitation in designing and conducting coreflood experiments in reservoir rocks

with high salinity formation brine to prevent pore plugging and/or creating secondary fractures.
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Figure 5.6: Images show pore and minerals for three spots (A, B, and C) on the polished cubical
cores cut from P3. Images Al and C1 show a focused image of the area in the red rectangles in

images A and C, and image C2 is a more focused image of the area in the red rectangle of image
Cl.
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Figure 5.7: Energy dispersive X-ray spectroscopy (EDS) for cubical cores cut from P3. The EDS
map on the left is equivalent to BSE image (A), and the one on the right is equivalent to BSE image
(C) in Figure 5.6.

SEMHV:80kV | WD:7.06 mm MIRA3 TESCAN
SEM MAG: 6.13 kx Det: InBeam 10 pm
View field: 45.1 pm | Date{m/d/y): 06/29/16 Performance in nanospace

Figure 5.8: SEM image of a cubical core cut from bottom of P3 after air displacement test. Salt
crystals formed after water evaporated from pores.
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CHAPTER 6

NUCLEAR MAGNETIC RESONANCE (NMR) TESTS

After characterizing pores, fluid distribution in pores was investigated, specifically where
fluids reside in pores and determine oil and brine saturations using NMR. This chapter describes

nuclear magnetic resonance (NMR) instrument, related theories, and the test results.
6.1. 2-MHz Magritek Rock Core Analyzer™

Magritek Rock Core Analyzer™ is equipped with a z-direction gradient coil (Figure 6.1).
This NMR system operates a frequency of 2-MHz and a magnetic field strength of 0.05 Tesla. For
fluid-saturated rocks, NMR response depends on pore size and hydrogen index of saturated fluids.

Pore space properties can be determined without affecting pore and fluids properties.

- o T
=0 | iEmds

Figure 6.1: 2-MHz Magritek Rock Core Analyzer™ (picture adapted from Magritek website).

77



6.2. Concepts and Physics of NMR Measurements

In NMR measurements, the response of atomic nuclei, such as hydrogen atom in water and
hydrocarbon, is measured in an external magnetic field. When an atom with net magnetic moment
and angular momentum exposed to an external magnetic field, the atomic nucleus precesses around

the external field direction and generates signals (Coates et al. 1999).

A hydrogen atom nucleus which consists of a proton creates magnetic field when spins. In
absence of an external magnetic field, the nuclear magnetic axes of hydrogen atoms, which are in

the direction of spin axes, are positioned arbitrarily.

To start NMR measurements, an external static magnetic field must be applied to position
the nuclear magnetic axes of hydrogen atoms in the same direction as the external field (i.e. z-
direction in NMR device used in this work). In presence of an external magnetic field, the proton
precessional axis is either parallel (low-energy state) or anti-parallel (high-energy state) to the
direction of the field. The signal measured in NMR is the bulk magnetization. Bulk magnetization
is formed by net effect of the number of protons aligned parallel and anti-parallel to the external

field.

Protons with their magnetic axes positioned in the direction of an external magnetic field
are polarized. The polarization increases with a time constant called longitudinal relaxation time
(T1). The magnitude of magnetization at any time t, that the external magnetic field is being applied

on protons, is described by Equation 6.1 (Coates et al. 1999):

M@)=M, {1—&1] 6.1)
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Where M, is the maximum magnetization in a magnetic field and is defined by Curie’s Law as

Equation 6.2 (Coates et al. 1999):

21.2
y/hl(l+1)
M. =N——_’'pB 6.2
0 3(4x kT (02)

Where N is the number of nuclei, & is Boltzmann’s constant, [ is the spin quantum number of the
nucleus, 4 is Plank’s constant, T is absolute temperature, y is the gyromagnetic ratio, and B, is
the static magnetic field.

Figure 6.2 shows the ratio of magnetization at any time to maximum magnetization versus

the ratio of polarization time to Ti. At one and three-fold T: time, polarization reaches 63% and

95% of maximum polarization respectively.

| 1-exp(-t/T;)
At 3 T,, recovery is 95%.
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Figure 6.2: Longitudinal (T;) relaxation curve implies the protons magnetization growth with time
(modified from Coates et al. 1999).

Using an oscillating magnetic field, which is perpendicular to the static magnetic field, the
magnetization direction is changed to the transverse plane. As an example, a w/2 pulse shifts
magnetization direction from longitudinal to transverse. This step is necessary to measure NMR

response because in NMR instruments, there is a receiver coil which measures the transverse
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direction magnetization. The oscillating magnetic field causes the protons with a low-energy level
to shift to a high-energy level and precess in-phase with each other. It is called nuclear magnetic
resonance. When the oscillating field is stopped, it means the force that keeps protons precessing
in-phase no longer exists. Consequently, net magnetization decreases and it is called free induction

decay (FID).

When the protons magnetization vectors de-phase due to the heterogeneity of the static
magnetic field, a 2n pulse is applied to make the magnetization vectors in-phase. In this process,
a signal is recorded which is called a spin echo (Figure 6.3). The time it takes for re-phasing and
de-phasing is the same but it takes twice that time to reach the peak of the spin echo, which is
called Echo Time (TE). The process of applying 2m pulses is continued to record a series of spin

echoes.

90° Pulse 180° Pulse

Time (ms)

Echo

21
Time (ms)

Figure 6.3: A spin echo is shown in the image. A 90° pulse is applied to polarized protons to shift
longitudinal magnetization to transverse plane and protons start to de-phase. At time 1, a 180 °pulse
is applied to put the protons in-phase again, and the response is recorded at time 2t (modified from
Coates et al. 1999).

Several sequences have developed, such as Carr, Purcell, Meiboom and Gill (CPMG) (Carr
and Purcell 1954; Meiboom and Gill 1958) sequence in NMR measurements. CPMG consists of

a /2 pulse followed by a large number of 2x pulses. In CPMG sequence, the spin echo decay in
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transverse plane caused by molecular interactions and diffusion is monitored through measuring

the amplitude of the spin echoes by Equation 6.3 (Coates et al. 1999).

—t

M (t)=M,e" (6.3)

Where M, is the transverse magnetization magnitude when n/2 pulse is applied, and the

transverse relaxation time, T, is the time constant for this process (Figure 6.4). Petrophysical
properties of the formations can be determined using transverse magnetization decay. The spin-
echo trains are the NMR raw data and the relaxation time spectrum is obtained using inverse

Laplace transform.

3
=]
=
=
E
=<

90° 180° 21 180° 41 180° 6T 180° 8t  Time (ms)

Figure 6.4: A CPMG pulse sequence composed of a 90 ° pulse and several 180 ° pulses (adapted
from Coates et al. 1999).

The NMR one dimensional profile is acquired using a modified spin-echo experiment

which provides a 1D projection of the core along the gradient axis. The data is then transformed

to a 1D image.

In NMR Ti-T2 maps, T is plotted versus T>. Using such maps, different fluid types with
overlapping signatures can be differentiated.
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6.3. Measurements and Parameters

In this study, transverse (T2) and longitudinal (T;) relaxation time distributions using
CPMG and inversion recovery free induction decay (IRFID) (Dunn et al. 2002) pulse sequences
were both measured. Two dimensional (2D) T:-T2 maps, and one dimensional (1D) profile using
magnetic resonance imaging techniques were acquired as well. The measurements were conducted
on bulk fluids and saturated Bakken cores at various fluid saturations under ambient conditions.

The experimental procedure is provided in Chapter 2, Section 2.4.

T, distributions were measured using (i) 100 us echo spacing (TE), (ii) 2,000-15,000 ms
polarization time (depending on the fluid relaxation rate), (iii) 2,000-40,000 number of echoes
(depending on the fluid relaxation rate), and (iv) minimum 100 signal to noise ratio (SNR). The
Ty distributions were measured using 20 logarithmically spaced wait times ranging from 0.07 to
3,000 ms. The IRFID and CPMG raw data were inverted to T1 and Tz distribution using the inverse
Laplace non-negative least square fitting method (Lawson and Hanson 1974; Buttler et al. 1981).

The smoothing parameter was adapted from the methodology by Dunn et al. (1994).
6.4. NMR Relaxation Time Theory

T, relaxation time is expressed with Equations 6.4 and 6.5 (Coates et al. 1999):

1
1_1 . 1, (6.4)
I, T., T,y T,

Where T, ,is bulk fluid transverse relaxation, 7, is surface transverse relaxation, and 7, ,is

relaxation caused by diffusion. Surface transverse relaxation is defined as (Coates et al. 1999):

1
_:peﬁ

S (6.5)
7-'2,5 Vp
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Where p, is effective surface relaxivity, and S and V, are surface and volume of the pores

respectively. Relaxation caused by diffusion is negligible in measurements in this study.
6.5. Data Acquired and Analysis by NMR

The purpose of NMR measurements on Middle Bakken cores was to determine:

. Fluid saturation in cores and fluid distribution in pores
. Capillary bound-water cut-off time

o Total porosity

. Wetting characteristics of the pores

6.5.1. First Set (P1, P2, and P3: Preserved Cores)

Figure 6.5 shows the NMR T distributions of bulk fluids (formation brine, Bakken oil, and
synthetic 50,000-ppm KCI brine). Crude oil is composed of a wide range of components, but brine
contains a single component in terms of hydrogen atoms in molecules. Therefore, T> relaxation
time of bulk oil has a wide distribution (Looyestijn and Hofman 2006). Formation brine shows
shorter relaxation time (170 ms) compared to Bakken crude (780 ms), and KCI brine (2700 ms).
The reason that formation brine exhibits such short relaxation time is presence of dissolved
paramagnetic ions such as ferric (Fe*) which sources from exposure of pyrite (Table 2.3) to

moisture and oxygen.
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Figure 6.5: NMR T distribution of bulk fluids: formation brine, Bakken oil, and synthetic 50,000-
ppm KCl brine.

Six sets of NMR measurements performed for P1, P2, and P3 are shown in the flowchart
(Chapter 2, Figure 2.6). Below is a list of NMR tests, parameters determined, and observations
from Figure 6.6. Successive NMR measurements and their comparison are shown in Figure 6.7.
Also, NMR T3 results were used to determine where fluids (oil and brine) reside in pores in all

stages of the tests.

1. Native state (NS) in Figure 6.6 (A) - determine the fluid volume remained in the cores.
All three cores show bimodal distribution at native state. The amplitude of the relaxation
time plot is lower for P1 compared to P2 and P3 because porosity of P1 is smaller.

2. Hydrocarbon re-saturated (HRS) in Figure 6.6 (B) - determine initial fluid saturations and
oil volume added in the re-saturation process.

In the NMR T distributions of P2 and P3 after hydrocarbon re-saturation, the peak at 0.7
ms did not change, but the peak at 11 ms shifted to ~ 30 ms (Figure 6.7 (A)). Amplitude of
the mode at longer relaxation time increased because oil was added to the cores.

3. Spontaneous imbibition (SI) in Figure 6.6 (C) - quantify produced oil volume.
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The peak at 0.7 ms shifted to 1.3-1.5 ms, and amplitude of the mode increased because
brine was added to the cores. Peak of the longer relaxation mode also shifted from 30 ms
to ~ 45 ms (Figure 6.7 (B)).

. Forced imbibition (FI) shown in Figure 6.6 (D) - determine produced oil volume and
compare it with that of centrifuge.

The amplitude of modes with shorter relaxation time increased while the modes became
narrower after forced imbibition. The shorter relaxation modes are slightly shifted to the
right (Figure 6.7 (C)). On the other hand, the long relaxation modes changed to a narrower
mode. Two peaks observed after FI where one peak was observed before.

Secondary drainage liquid-liquid (SDLL) in Figure 6.6 (E) - determine fluid saturations
and compare it with centrifuge results.

After brine was replaced with oil in secondary drainage test, the amplitude of the mode at
shorter relaxation time decreased. The two modes at longer relaxation time became one
mode again (Figure 6.7 (D)).

Secondary drainage gas-liquid (SDGL) in Figure 6.6 (F) - determine fluid saturations and
compare it with the results of the centrifuge test.

After replacing oil with air in gas-liquid drainage test, the signal amplitude decreased and
two modes observed where a shorter relaxation mode was for P2. However, only the

amplitude of the longer relaxation mode decreased and shifted to the left for P3.
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Figure 6.6: NMR T, distribution of P1 (first column), P2 (second column), and P3 (third column).
Each row shows the NMR T distribution of: (A) NS (the native state); (B) HRS (after hydrocarbon
re-saturation); (C) SI (after spontaneous imbibition); (D) FI (after forced imbibition); (E) SDLL
(after secondary drainage liquid-liquid); (F) SDGL (after secondary drainage gas-liquid). SDLL
and SDGL are not available for P1.
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NS versus HRS, Figure 6.7 (A) - Amplitude of the NMR relaxation plots increased after
hydrocarbon re-saturation because fluid was added to the cores. When cores were re-saturated with
hydrocarbon, the longer relaxation mode shifted to the right and its amplitude increased. Thus, the
longer relaxation mode represents oil, and the mode at shorter relaxation time represents brine.
Fluid re-distribution in pores and narrower brine mode for P2 and a wider one for P3 could be due

to re-saturation process.

HRS versus SI and SI versus FI, Figure 6.7 (B) and (C) - Amplitude of the brine peaks
increased because of imbibition. On the other hand, the oil mode became narrower, because oil
saturation decreased in pores. Two peaks were observed after FI where one oil peak was observed
before. The shorter relaxing peak of the two oil peaks may be attributed to presence of brine in
larger pores after centrifuge test. Since NMR was conducted right after centrifuge, thus fluid re-

distribution in the core did not occur at the time.

In Figure 6.7 (B) and (C), there is a slight shift in the brine and oil peaks. Brine peak shift
is attributed to increase in brine saturation after SI and FI. Water/brine from low salinity
surrounding brine was added to high salinity pore brine. Oil peak shift to longer relaxation times
could be interpreted as wettability change. A water film was potentially formed in some pores,
consequently oil relaxation time increased because the water film partially eliminated the surface

relaxivity of oil-rock in those pores. Further investigation on wettability change is required.

FI versus SDLL, Figure 6.7 (D) - After replacing brine with oil, the amplitude of brine
modes decreased, and the modes slightly shifted to the left and became wider. The shift and
decrease in amplitude is due to smaller brine volume in pores. The amplitude of the oil modes

slightly increased, and the two modes resumed to one mode, because oil was added to pores.
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SDLL versus SDGL, Figure 6.7 (E) - For P3, brine mode became slightly narrower and at
very short relaxation time the mode is changed slightly. It shows clay bound-water at 0.1 ms. Oil
was produced from P3, thus oil mode shifted to the left and the amplitude decreased. Large oil
volume was produced from P2, therefore, the oil mode is almost disappeared. The small mode
around 70 ms is the oil trace (residual oil) in large pores. The new two modes could be a mixture
of oil and brine in smaller pores because the residual oil is now in smaller pores and in contact

with pore walls which causes short relaxation time for oil.

Figure 6.8 shows comparison of the NMR T, time among HRS and SDLL. Based on
centrifuge saturations, P2 has similar saturations for HRS and SDLL. However, based on NMR
results, water saturation is higher after drainage test. Brine and oil modes for the two stages
overlap, while both peaks show a shift to longer relaxation times. The same shift is observed in
brine and oil modes in P3. Both centrifuge and NMR (regardless of their difference) show higher

water saturation for P3 after SDLL compared to hydrocarbon saturation step.
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Figure 6.8: NMR T distribution for P1, P2, and P3 after hydrocarbon re-saturation (HRS) and
secondary drainage liquid-liquid (SDLL).

Table 6.1 provides core saturations by NMR at various saturation and de-saturation stages.

Water and oil saturations were determined by applying a threshold time to T» distributions to
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differentiate brine and oil responses. The assumption in saturation estimation was the mode with
shorter relaxation time represents brine. NMR porosity measured for preserved cores is similar to
that of twin cores, and NMR porosity data for each core is similar in all test stages except for SI.
The measured NMR porosity of hydrocarbon re-saturated cores, could be underestimated. The real
volume of brine in the native-state and hydrocarbon re-saturated cores was potentially greater than

that measured using NMR due to large volume of dissolved salts.

Porosity of native-state cores is less than porosity of hydrocarbon re-saturated cores
because part of lighter hydrocarbon components were evaporated from cores (potentially due to
pressure and temperature drop during coring and transportation). In re-saturation process, oil was
added to the cores to establish the initial fluid saturation for the cores (100% fluid saturation). The
porosity of native-state cores were compared to that of re-saturated cores to determine air
saturation for native-state cores. Similar approach between the two secondary drainage steps was

followed to determine air saturation at the final stage.

Table 6.1: Water and oil saturations of the cores at different stages of saturation and de-saturation
experiments estimated from NMR T»

Cores
Core Status Parameters P1 P2 P3
Native-state Porosity (%) 1.29 5.54 4.51
Se (%) 17.41 22.63 15.14
Sw (%) 43.15 45.77 45.69
Sair (%) 39.44 31.60 39.17
Hydrocarbon Re-saturated Porosity (%) 2.13 8.15 7.40
Se (%) 56.85 54.23 54.31
Sw (%) 43.15 45.77 45.69
After Spontaneous Imbibition Porosity (%) 3.82 10.29 9.13
with 50,000-ppm KClI in DI* Water So (%) 46.13 49.22 47.98
Sw (%) 53.87 50.78 52.02
After Forced Imbibition Porosity (%) 2.35 8.10 7.08
with 50,000-ppm KCl in DI* Water So (%) 34.90 42.59 43.32
Sw (%) 65.10 5741 56.68
After Secondary Drainage Porosity (%) -- 8.91 7.68
(Oil Replacing Brine) So (%) -- 48.64 47.25
Sw (%) -- 51.36 52.75
After Secondary Drainage Porosity (%) -- 5.67 6.55
(Air Replacing Oil) So (%) - 18.65 35.57
Sw (%) - 51.36 52.75
Sair (%) -- 29.99 11.68

*DI: de-ionized
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NMR one-dimensional profile was measured for P1, P2, and P3 at various stages of the
tests (Figure 6.9). The native-state (NS-red plot) profile shows fairly low amplitude because of
small volume of fluid saturated the cores. P1 with much lower porosity than the other cores, shows
lower amplitude. For hydrocarbon re-saturated (HRS-green plot) profile, the amplitude increased
smoothly along the cores after adding oil. After spontaneous imbibition (SI-brown plot) profiles
are no longer smooth, because only top and bottom of the cores were in contact with brine. Thus,
oil-brine exchange happened locally. In the forced imbibition (FI-black plot) profile, P2 and P3
show a lower amplitude at inflow boundary of the cores, because saturation of water with shorter
relaxivity is higher at core inflow boundary. After secondary drainage with oil (SDLL-orange plot)
profile for both P2 and P3 are fairly smooth. However, a slightly higher amplitude at inflow
boundary of P3 with higher oil saturation can be seen. The reason for a more smooth profile is that
there was a delay between measurements and fluid re-distribution occurred during the wait time.
In the secondary drainage with air (SDGL-blue plot), more oil was produced from P2 than P3.
Therefore, less fluid in P2 caused lower amplitude. Saturation profile of P3 shows a lower
amplitude at inflow boundary of the core because of lower fluid saturation and it increases along
the core. NMR profile measurements confirm that saturation of displacing fluid is higher at inflow

boundary of the cores and it reduces along the cores.

Using NMR profile to identify saturation distribution in a core has not been shown in the
literature, because the technique can only provide total fluid distribution without decoupling
individual phase saturations. Future developments may be possible. The advantage of NMR over
CT or other techniques is that there is no need to dope the fluids/phases to distinguish oil and/or

water phase. In this study, the profile was used to determine fluid movement in pores, and to
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identify whether saturation was re-distributed evenly through the core. If the fluids are evenly

distributed in the cores, there is no need to flip the cores during the subsequent centrifuge test.
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Figure 6.9: NMR one-dimensional fluid saturation profile measured for P1, P2, and P3. The profile
measurements were conducted for the native-state cores (NS-red), the hydrocarbon re-saturated
cores (HRS-green), after spontaneous imbibition (SI-brown), after forced imbibition (FI-black),
after secondary drainage liquid-liquid (SDLL-orange), and after secondary drainage gas-liquid
tests (SDGL-blue). Profile measurements for P1 for the last two drainage experiments are not

available.

Considering NMR analysis and mixed carbonate/sandstone mineralogy of the cores (Table
2.3), brine potentially resides in small pores and on part of pore walls while oil resides in larger
pores. Therefore, the rocks are presumably mixed-wet. Brine salinity contrast, and mixed

wettability of pores are potential driving mechanisms contributing to oil production.

6.5.2. Second Set (C1: Clean Core)

Bulk fluid T, distributions of Bakken oil and formation brine are shown in Figure 6.5.
NMR measurements were performed for C1 after SDLL and SDGL tests. Figure 6.10 plots NMR

T, distributions of C1 for SDLL and SDGL with the following observations:

e SDLL and SDGL plots show bimodal distribution with a dominant peak at shorter

relaxation times.
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e Drainage with air reduced the signal amplitude of the peak at longer relaxation time

(36 ms) significantly, and shifted it to shorter relaxation times (20 ms).
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Figure 6.10: NMR T, relaxation time measured for C1 after SDLL (secondary drainage liquid-
liquid), and after SDGL (secondary drainage gas-liquid).

Figure 6.11 compares the NMR T, time among SDLL and SDGL. Only oil was produced
from C1 in SDGL, and the amplitude of longer relaxation peak changed, thus long relaxation mode
represents oil. The mode with shorter relaxation time slightly shifted to the left. The shift could be

due to de-saturation/fluid re-distribution and shorter relaxation of water in contact with rocks.
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Figure 6.11: NMR T distributions for C1 after SDLL (secondary drainage liquid-liquid) and
SDGL (secondary drainage gas-liquid) tests.

93



Brine and oil saturations were determined from SDLL T» distribution. Table 6.2 provides
the NMR porosity and fluid saturations for SDLL and SDGL tests. Air saturation is determined
knowing only oil was produced from the core and water saturation did not change. NMR porosity
measured at SDLL is consistent with helium porosity measured for C1 (Table 2.4). Porosity of C1
decreased after secondary drainage with air because the fluid volume decreased corresponding to
the volume of oil produced from C1. Thus, after SDGL oil, water, and air saturations were

determined.

Table 6.2: Porosity and fluid saturations for C1 determined using NMR after secondary drainage
with oil (SDLL) and secondary drainage with air (SDGL)
SDLL SDGL
D (%)  So (%) Sw (%) D (%) So (%) Sw(%)  Sair (%)
C1 3.34 60.20 39.80 3.08 52.42 39.80 7.78

Core

6.5.3. Third Set (C2, C3, and C4: Uncleaned Cores)

Three sets of NMR measurement were performed for C2, C3, and C4 as shown in the
experimental flowchart (Chapter 2, Figure 2.8). Below is a list of NMR tests, parameters

determined, and observations from Figures 6.12 and 6.13.

1. Hydrocarbon-saturated (HS) in Figure 6.12 (first column) - determine porosity and fluid
distribution in pores.
HS cores show multiple peaks. The peak with the shortest relaxation time is at around 0.12
to 0.22 ms, and the one with longest relaxation time is at around 18 to 22 ms for the three
cores.

2. Spontaneous imbibition (SI) in Figure 6.12 (second column) - quantify produced oil

volume, and determine fluid distribution in pores.
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The cores show a bimodal T> distribution. The amplitude of the peak at shorter relaxation
time increased in all cores, and that of longer relaxation time decreased. The main peaks
shifted to the right.

3. Forced imbibition (FI) in Figure 6.12 (third column) - determine produced oil volume and
compare it with centrifuge result, and determine fluid distribution changes.
The amplitude of the short relaxation peaks increased and shifted to the right while the

amplitude of the longer relaxation peaks decreased and slightly shifted to the right.
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Figure 6.12: NMR T relaxation time for C2 (first row), C3 (second row), and C4 (third row). First
column shows T> relaxation time of HS (hydrocarbon-saturated); second column shows Tz
relaxation time of SI (after spontaneous imbibition); and third column shows T» relaxation time of
FI (after forced imbibition).
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Figure 6.13 shows comparison of the NMR T> time among HS, SI, and FI. In the T>
relaxation time of HS cores, multiple peaks were observed (Figure 6.13, black solid line). The
short relaxation peak at around 0.12 to 0.22 ms is the residual brine and clay-bound water because

the cores were not cleaned before hydrocarbon saturation.

After SI (Figure 6.13, blue dotted line), water saturation increased, and thicker brine films
formed in pores. As a result, brine peaks shifted to about 1-2 ms. The amplitude of longer
relaxation peak decreased, because it represents oil, and oil saturation decreased in SI. In FI, brine

saturation increased more, thus brine mode shifted to longer relaxation.

If oil-rock contact would not change and oil volume decreases, oil peak should shift to
shorter relaxation times. But, the oil peaks shift to longer relaxation times after imbibition (Figure
6.13). The reason for the shift could be the formation of a water film on some pore walls and
increase in its thickness which increases oil relaxation time. The oil peak relaxation is affected by
surface relaxivity of oil-rock and oil-brine, thus even after reducing the effect of oil-rock surface

relaxivity, the oil peak relaxation is different from bulk oil relaxation.
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Figure 6.13: NMR T: relaxation time measured for C2, C3, and C4 at HS (after hydrocarbon-
saturation - solid black line), SI (after spontaneous imbibition - dotted blue line), and FI (after
forced imbibition - dashed red line). In HS plot, the peak at shortest relaxation time corresponds
to residual brine and clay-bound water. After SI and FI, the amplitude of the shorter relaxation
peak increased, thus brine resides in smaller pores and as a film on grain surfaces.
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Table 6.3 provides core saturation by NMR after HS, SI, and FI. NMR porosity after HS
and SI agree reasonably well. NMR porosities are higher after FI. Based on NMR, C2 produced
59%, C3 produced 45%, and C4 produced 51% pore volume oil in SI. Oil recovery for C2, C3,

and C4 in FI was about 3%, 15%, and 6.5% pore volume respectively.

Table 6.3: NMR porosity and fluid saturations for C2, C3, and C4 after hydrocarbon saturation
(HS), spontaneous imbibition (SI), and forced imbibition (FI)

HS SI FI
Core ()] Sw So @ Sw So (0] Sw So
(%) (%) (%) (%) (%) (%) (%) (%) (%)
C2 7.81 0 100 7.99 58.75 41.25 8.85 61.67 38.33
C3 7.44 0 100 7.60 44.58 55.42 8.69 59.52 40.48
C4 7.23 0 100 7.17 51.27 48.73 8.19 57.77 42.23

NMR one-dimensional profile was performed for C2, C3, and C4 (Figure 6.14). Fluid
saturation profile of the hydrocarbon saturated cores (HS-red plot) is fairly smooth for C2, but that
of C3 and C4 changes along the cores. After spontaneous imbibition (SI-black line), saturation
profile has changed slightly for the cores, but it almost follows the same trend as HS profiles. After
forced imbibition (FI-green line), lower amplitude at core inflow boundary of the cores was

observed because water saturation at inflow boundary was higher.
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Figure 6.14: NMR one-dimensional fluid saturation profile measured for C2, C3, and C4. The
profile measurements were performed for HS (hydrocarbon-saturated-red line), SI (after
spontaneous imbibition-black line), and FI (after forced imbibition-green line).
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6.5.4. Fourth Set (C5 and C6: Uncleaned Cores)

Four sets of NMR measurements were performed for C5 and C6 as shown in the

experimental flowchart (Chapter 2, Figure 2.9). Below is a list of NMR tests, parameters

determined, and observations from Figure 6.15:

1.

Brine-saturated (BS) in Figure 6.15 (first column) - determine porosity and fluid
distribution in pores.

NMR T relaxation time of brine-saturated C5 and C6 are similar. They both show a main
peak (largest amplitude) at 12 ms, and a small peak at long relaxation times (100-110 ms).
First drainage (FD) in Figure 6.15 (second column) - determine oil and brine saturations,
and fluid distribution.

A short relaxation peak appeared at 1.5 ms, and a long relaxation main peak appeared at
about 77 ms.

After storage (AS) in the laboratory in Figure 6.15 (third column) - determine fluid
distribution in pores.

The peak at 470 ms and 77 ms merged and a new peak formed at 50 ms. The peaks at 1.5
ms slightly changed as well.

Spontaneous imbibition (SI) in Figure 6.15 (fourth column) - quantify produced oil
volume.

The amplitude of longer relaxation peak slightly decreased and the shorter relaxation peak

became wider.
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Figure 6.15: NMR T relaxation time was measured for C5 (first row) and C6 (second row). First
column is the T> relaxation time of BS (brine-saturated) cores; second column is FD (after first
drainage); third column is AS (after storage in laboratory); and fourth column is SI (after
spontaneous imbibition).

Figure 6.16 compares all the NMR T, relaxation time sets for C5 and C6. Figure 6.17
shows a conceptual image of the pores and grains for the same cores. First, the cores were brine-
saturated (Figure 6.16, black solid line- Figure 6.17a). After the cores were de-saturated with oil
(Figure 6.16, green dashed line- Figure 6.17b), a peak at 1.5 ms was observed which represents
brine, and multiple peaks with longer relaxation times which represent oil were observed as well.
It means oil replaced brine in larger pores. After the cores were stored in laboratory (Figure 6.16,
red solid line), oil in larger pores which shows a high relaxation time (470 ms), redistributed in the
pores, and the oil peaks merged. T> distribution of SI is similar to AS with a slight change in the

amplitudes.

Table 6.4 gives core saturation by NMR for C5 and C6 at different stages of the tests. Only
NMR saturations for C6 is provided because C5 broke during centrifuge test. NMR porosity for

C6 after BS, FD, and SI agrees among them.
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Figure 6.16: NMR T relaxation time measured for C5 and C6 at BS (brine-saturated - solid black
line), FD (after first drainage - dashed green line), AS (after storage in the laboratory - red solid
line), and SI (after spontaneous imbibition - dotted blue line). In FD plot, the peak at shortest
relaxation time corresponds to brine, and the longer relaxation peak corresponds to oil. After
storage, fluids re-distributed in the cores and the modes at 470 ms disappeared.

Figure 6.17: Conceptual image of pores and grains for C5 and C6; (a) brine-saturated pore; (b)
after de-saturation with oil (FD).

Table 6.4: NMR porosity and fluid saturations determined for C5 and C6 after brine-saturation
(BS), first drainage and storage (FD & AS), and spontaneous imbibition (SI)

BS FD & AS SI
Core ) Sw So ) Sw So ® Sw So
%) (P () ) % ) (%) (%)

Cs 8.58 100 0 — - - - — —
C6 8.64 100 0 809 38 62 86 42 58

100



In Figure 6.18, a smooth low-amplitude profile along brine-saturated (BS-blue plot) cores
was observed. After drainage (FD-green plot), the profile shows higher amplitude at core inflow
boundary which decreases toward outflow boundary of the cores because oil saturation at inflow
boundary is higher. After storing the cores in an oil bath (AS-orange plot), and after spontaneous
imbibition (SI-black plot), the profiles are fairly similar and smooth along the cores. The reason is

that fluids were re-distributed in the cores despite tight nature of the cores.

C5 Cé6
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L :
ELCE 18
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Core Length: 4.367 cm Core Length: 3.545 cm
Figure 6.18: NMR one-dimensional fluid saturation profile measured for C5 and C6. The profile
measurements were performed for BS (brine-saturated - blue line), FD (after first drainage - green
line), AS (after storage in the laboratory - orange line), and SI (after spontaneous imbibition - black

line).

In Figure 6.19, T> relaxation time measured for C2 after SI and that of C5 after storage in
the laboratory are compared. Both cores were saturated with brine and oil, but the oil peak
relaxation times are different for the cores. C2 which was first saturated with oil, and then oil was
replaced with brine, shows shorter relaxation time for the oil peak. C5 which was saturated with
brine and then brine was replaced with oil, shows longer relaxation time for the oil peak. It seems
that grains are mostly in contact with oil in C2, thus oil peak shows shorter relaxation. However,
grains are mostly in contact with brine in C5 and that caused longer relaxation oil peak. In other

words, C2 shows more oil wet characteristics than C5.
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Figure 6.19: NMR T, for C2 after SI (spontaneous imbibition) and C5 AS (after storage in the
laboratory). Both cores were saturated with brine and oil.

6.5.5. Fifth Set (C7, C8, and C9: Uncleaned Cores)

Figure 6.20 shows the NMR T3 distributions of bulk fluids (decane and synthetic 50,000-

ppm KCl brine). KCI brine shows longer relaxation (2,700 ms) compared to decane (1,400 ms).

Three sets of NMR measurement were performed for C7, C8, and C9 as shown in the
experimental procedure (Chapter 2, Figure 2.10). NMR tests, parameters determined, and

observations made from Figure 6.21 are as following:

1. Brine-saturated (BS) in Figure 6.21 (first column) - determine porosity.
All cores show unimodal or bimodal distribution with a dominant peak at 10 ms.

2. First drainage (FD) in Figure 6.21 (second column) - determine capillary bound-water
cut-off time, fluid saturations and distributions.
Drainage with decane reduced the signal amplitude of the dominant peak (10 ms)
significantly, and shifted the peak to shorter relaxation times. After FD, another peak was

observed at 100 ms.
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3. Spontaneous imbibition (SI) in Figure 6.21 (third column) - quantify produced oil volume

and fluid distribution.

More discontinuity in NMR response is observed, and the signal amplitude at 1-10 ms

decreased, while the amplitude at 100 ms increased.
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Figure 6.20: NMR T distribution of bulk fluids; decane and synthetic 50,000-ppm KCl brine. The
logarithmic mean of the T> relaxation time for the fluids are shown for each distribution.

NMR T distributions of BS, FD, and SI are plotted in Figure 6.22. The NMR T of brine-
saturated cores (black solid line) shows a dominant single peak. The T distribution of BS cores
represents pore size distribution of the cores which are unimodal. After replacing brine with decane
(purple dotted lines), the amplitude of initial brine peak decreased and a longer relaxation decane
peak was observed. Separation of peaks after decane displacement could be due to the water
wetting characteristics of the cores. Brine T> relaxation (2.7 s) is longer than decane (1.4 s) (Figure
6.20), but as seen in Figure 6.22, decane relaxation in pores is longer. We speculate a thin layer of
water on the minerals separates the mineral surface from decane and minimizes the surface

relaxation in decane phase. This phenomenon is illustrated schematically in Figure 6.23.
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Figure 6.21: NMR T distribution for C7 (first row), C8 (second row), C9 (third row). First column
shows T> relaxation time for BS (brine-saturated) cores; second column shows T relaxation time
for FD (after first drainage); and third column shows T> relaxation time for SI (after spontaneous
imbibition).

A decrease in decane peak amplitude, as a result of oil production, was expected. However,
NMR T distributions after SI show an increase in decane peak amplitude (Figure 6.22). The
increase could be due to residing the imbibed water in big pores with minimal surface relaxation.
As mentioned in Chapter 2, C7 broke during centrifuge test. Thus, the two core pieces were put
back together, wrapped with Teflon tape, and immersed in brine for SI test. In SI, no oil recovery

was observed from C7. However, excess water was remained on crack surfaces and caused the

increase in signal amplitude of the oil mode.
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Figure 6.22: NMR T distributions for C7, C8, and C9 at BS (brine-saturated - black solid line),
FD (after centrifuge first drainage - purple dotted line), and SI (after spontaneous imbibition -
green dashed line) in Amott cell.

Figure 6.23: Schematic of pores at brine-saturated (a) and after drainage with decane (b).

Table 6.5 gives porosity and fluid saturations for C7, C8, and C9 at various stages of
saturation and de-saturation. To differentiate brine and oil modes, a threshold time was considered
such that main peak with longer relaxation time represents oil, and the two peaks with shorter
relaxation were considered brine. The SI fluid saturations should be treated carefully, because oil

and brine were mixed in larger pores. NMR porosity of the cores are consistent in all tests.

Acquisition time for profile measurement is rather long and water is affected by surface

forces (e.g. water in brine-saturated samples) relaxes before data acquisition starts. As a result, the
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profile amplitude for brine-saturated (BS) cores is low (Figure 6.24-blue line). After introducing
decane in drainage (FD), the signal amplitude increased. This is because of longer relaxation for
decane, which is not affected by surface forces. The profile also showed non-uniform distribution
of decane and brine after drainage due to centrifugal forces (Figure 6.24-green line). Uniform
profiles after spontaneous imbibition (Figure 6.24-black line) indicate that oil and brine were
redistributed during the two weeks of SI test period. The Core C7 drainage experiment profile
shows liquid holdup at the outflow boundary of the core. This indicates that core C7 was oil-wet

while cores C8 and C9 were water-wet.

Table 6.5: Threshold time, calculated fluid saturation and porosity from NMR measurements for
C7, C8, and C9 brine-saturated (BS), first drainage (FD), and spontaneous imbibition (SI)

Water-Oil
Saturation BS FD SI
C Threshold
ore time o Se Sy o S Sw o So Sw
(ms) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Cc7 23.27 8.60 0 100 8.44  49.17 50.83 8.70 5798 42.01
C8 12.75 6.83 0 100 7.16  66.04 33.96 7.18 66.14  33.86
C9 16.45 8.20 0 100 8.60 5847 41.53 8.73 59.06 40.94

BS: Brine-saturated; FD: First Drainage; SI: Spontaneous Imbibition
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Figure 6.24: NMR one dimensional profile for C7, C8, and C9. Fluid saturation profiles for BS
(brine-saturated cores-blue line) is fairly uniform. After FD (first drainage), the profile (green line)
shows higher signal amplitude at inflow boundary with higher decane saturation. After SI
(spontaneous imbibition), the profile (black line) is uniform across the core. The BS profile for C9
is not available.
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6.5.5.1. NMR Ti and T:1-T2 Relaxation Time for C7, C8, and C9

Ti and two-dimensional (2D) Ti-T2 maps for C7, C8, and C9 at different stages were
measured. Figure 6.25 plots the results of T, T2 and T;-T> measurements for C9 at brine-saturated
stage (Figure 6.25-a and Figure 6.25-b) and after drainage with decane (Figure 6.25-c and Figure
6.25-d). Similar peaks in T2 and T, (Figure 6.25-a and Figure 6.25-c) are observed. Since brine
and decane have approximately similar T/T> ratio, the T1-T> maps and T, distributions result in
similar pore size distribution and fluid saturation analysis. Thus, T> distribution is mainly used

which is also the most common acquired NMR response in downhole NMR logging.
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Figure 6.25: (a) One-dimensional T; and T distributions for C9 at BS (brine-saturated) stage; (b)
Two-dimensional T1-T> for C9 at BS stage; (c) One-dimensional T and T> for C9 FD (after first
drainage); and (d) Two-dimensional Ti-T> for C9 FD. Brine and decane show approximately
similar T1/T> ratios, T1-T2 maps, and T distributions result in similar pore size distributions and
fluid saturations. The solid diagonal blue line in (b) and (d) represent the T;-T> correlation.
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6.5.5.2. Capillary Bound-Water Cut-off Time Determination

It is important to determine capillary bound-water in low-permeability rocks for log
calibration and oil in place estimation purposes. The methodology presented by Coates et al.
(1999) was used in this work. In their methodology, the wetting phase was displaced with air which
is the non-wetting phase. In this study, the wetting phase, water, was displaced with a non-wetting
phase, decane, instead of air. As shown in previous section, different phases were identified (using
the thresholds reported for saturation calculations) and the capillary bound-water cut-off time was
calculated using cumulative porosity curves. For the cores, the NMR T distributions before and
after displacement of brine by decane in drainage cycle were used. The results are presented in

Table 6.6.

Table 6.6: Threshold time and capillary bound-water cut-off time for three Middle Bakken cores
(C7,C8, and C9)

Sample Threshold Cut-off Time
(ms) (ms)
C7 23.27 3.65
C8 12.75 9.66
C9 16.45 4.88

Figure 6.26 shows how capillary bound-water cut-off time for C9 was determined. Both T»
distributions of incremental and cumulative porosity are plotted for BS and FD. The threshold time
is determined from FD-incremental porosity plot, then the corresponding porosity to the threshold
time was determined from FD-cumulative porosity curve, and by moving horizontally to the same
porosity value on BS-cumulative plot, and then moving vertically to the T> time axis, the cut-off

time was determined.

108



C9

= = = = BS-Incremental
= = BS-Cumulative
= FD-Incremental
e FD-Cumulative

0.05

Incremental Porosity (p.u.)
o
|

Cumulative Porosity (p.u.)

001 01 1 10 100 1000

T2 time (ms)
Figure 6.26: Capillary cut-off time determined using cumulative porosity curves of BS (brine-
saturated) core and FD (after first drainage).
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CHAPTER 7

DISCUSSION

In this study, twelve Middle Bakken cores were characterized using centrifuge. Water
displacing oil and air displacing fluids capillary pressure, mobile fluid saturation range, and
residual fluid saturations were determined. Besides core characterization, pore characterization
was performed to better understand the effect of pore characteristics on oil recovery. Pore size
distribution was determined using nitrogen adsorption technique for smaller pores, and using
MICP technique for larger pores. Pore shape and mineralogy were investigated by FE-SEM
imaging. Tortuosity of the pore network was investigated by resistivity measurement. Pore size
and wetting characteristics and their effect on fluid saturation distribution was studied using NMR
measurements. In addition, fluid re-distribution in pores and where different fluids reside in pores

were investigated using NMR.

In this chapter, test results for each set of cores and an integrated interpretation of all the

tests are discussed.

7.1. First Set (P1, P2, and P3: Preserved Cores)

A set of imbibition and drainage capillary pressure curves were determined for P1, P2, and
P3. Based on mineralogy studies, the clay content of the cores is low and they contain mostly illite.

Thus, imbibition tests using 50,000-ppm KClI brine did not create plugging issues.

Based on NMR measurements, oil recovery for P1, P2, and P3 in SI was 19%, 9%, and
12% (OOIP), and FI oil recovery for P2 and P3 was 12 % and 9 % (OOIP). The SI recovers much
of the oil and its recovery is close to FI. This result implies that it is important to soak low salinity

brine in oil recovery for rocks saturated with oil and high salinity pore brine.
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FI test was followed by SDLL to replace brine with oil. After SDLL, these cores were spun
against air in SDGL. In SDLL, 11.76% and 1.37% pore volume brine was replaced with oil for P2
and P3. In SDGL, 24.3% and 3.81% pore volume oil was replaced with air for P2 and P3. This
shows more oil was produced from both cores via SDGL than that was added to them in SDLL.
Oil recovery from P3 was less than P2 despite similar rock properties and forced imbibition results.
This could be attributed to difference in wetting characteristics of the cores. High capillary pressure
and narrow mobile fluid saturation range in drainage and imbibition tests indicate the impact of

ultra-small pores and pore throats on oil recovery.

The SEM and BSE images of the cubical cores show some pores are clean, and some pores
are partially filled with clay particles while some pores are clay pores. The images show
complexity of the pore structure and mineralogy. A mixture of calcite, dolomite, quartz, feldspar,
and illite build the rock frame, thus many pores contain more than one type of minerals.
Consequently, wetting characteristics in the pores are sophisticated, and requires further
investigation. Pores can be angular in shape or they can be slot pores and act as pore throats. The
complexity of the pores affects tortuosity and permeability of the cores. With nitrogen adsorption

and MICP tests, pore size distribution was determined for P2.

Besides centrifuge, fluid saturations were determined by NMR. The reason NMR
saturation is lower than centrifuge for SDLL P2 could be due to presence of brine in larger pores
which is reflected in NMR T> distribution as two modes at longer relaxation times (FI curve -
Figure 6.9 (D)). Some of the produced brine in SDLL test may have come from brine in larger
pores. Thus, NMR saturation change, which is calculated from brine saturation change in the cores,

did not reflect total produced brine. For P3, both NMR and centrifuge saturations after SDLL were
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small and show some discrepancy. Table 7.1 shows saturation changes determined by NMR and
centrifuge for SI, FI, SDLL, and SDGL.
Table 7.1: Fluid saturation change of P2 and P3 determined from NMR and centrifuge for SI, FI,

SDLL, and SDGL tests. P1 pore volume was small and displaced fluid saturation in centrifuge
tests was below the resolution of the instrument

P2 P3
Tests Centrifuge NMR Centrifuge NMR
Saturation Change  Saturation Change Saturation Change  Saturation Change
(% Pore Volume) (% Pore Volume) (% Pore Volume) (% Pore Volume)
SI - 5.01 - 6.33
FI 6.9 6.62 5.20 4.66
SDLL 11.76 6.04 1.37 3.93
SDGL 24.3 29.99 3.81 11.68

After SI with low salinity brine, there was a shift in brine and oil modes to longer relaxation
times. The shift in brine mode is due to an increase in brine saturation. The shift in oil mode may

be attributed to wettability change which requires further investigations.

Oil production in a complex micropore structure such as Bakken rocks can be potentially
controlled by wettability and diffusion effects, however, it is not possible to quantify the
effectiveness of each driving force separately. A set of experiments with known porous media
characteristics such as wettability state, pore size distribution, porosity and permeability can be

designed to investigate the effectiveness of each driving force.
7.2. Second Set (C1: Clean Core)

A complete set of capillary pressure scanning curves was measured for C1. In FD test, 40
% pore volume brine was replaced with oil. The reason for high water saturation of 60 % at the

end of FD is that the centrifuge speed is limited and higher viscosity of dead oil was used.
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C1 was saturated with formation brine and Bakken oil after FD, and then was immersed in
formation brine. Even though C1 was cleaned presumably to be water-wet, and wettability index
calculated for C1 also confirmed water-wet characteristics of the core, C1 produced small volume
of oil in SI test. High capillary pressure of tight pores in C1 is the cause for small SI oil recovery.
The core only produced 1% pore volume oil for SI test, and 7.3% pore volume oil for FI. Thus,
mobile saturation window for C1 is very narrow. Therefore, fluid displacement mechanism would
not likely succeed in low-permeability unconventional rocks. Residual oil saturation after FI was
29.7 % which is high. At the end of SDLL, water saturation of C1 reached to a similar water
saturation as the beginning of SI, and oil recovery for SDGL was 40% pore volume. Oil recovery

to gas was higher than oil recovery to water.

Comparing NMR T distributions for SDLL and SDGL shows that oil resides in larger
pores and brine resides in smaller pores. It is consistent with expected fluid distribution in clean
cores which show water-wet characteristics. Based on NMR saturation, 8 % pore volume oil was
produced in SDGL while centrifuge saturation change is 40 % pore volume oil. Air displacement
might have mixed oil and brine in larger pores and affected NMR saturation. Large SDGL oil
recovery compared to FI indicates that using gas instead of water is more likely to succeed and

result in larger oil recoveries.

7.3. Third Set (C2, C3, and C4: Uncleaned Cores)

C2, C3, and C4 were saturated with oil and aged before immersing in different salinity
brines for SI test. They were then spun against the same salinity brines for FI test. The reason for
different oil recoveries of C2, C3, and C4 could be pore size distribution. C2 is from facies B, C3
is from facies C, and C4 is from facies D. Figure 3.4 shows pore size distribution for C2. C2 had

the highest SI oil recovery among the three cores, and showed a steep FI capillary pressure curve
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(small oil recovery) which is consistent with its narrow pore size distribution and large pores. Most
of oil in large pores was produced in SI, and centrifuge force was only enough to produce a small
portion of the remaining oil in smaller pores. C4 is from facies D, and we measured pore size
distribution for P2 and C7 from facies D was measured. C4 showed less oil recovery in SI and less
steep FI capillary pressure curve (higher oil recovery) compared to C2 which is consistent with
wider pore size distributions observed for samples from facies D. Pore size distribution for C3 was
not measured, however C3 potentially has smaller pores which caused smaller SI oil recovery and
larger FI oil recovery. In this set of cores, produced oil volume did not show a meaningful pattern
with permeability of the cores. Permeability of the twin cores were considered similar to that of

cores in this study.

Oil recovery from these three cores were large for SI test, and the reason could be
difference in brine salinity between residual pore brine and surrounding brine, and the excess
amount of oil present in the pores. Despite large oil production from the cores, NMR shows that

C2, C3, and C4 have more oil-wet characteristics (Figure 6.23).

It is important to note that C2, C3, and C4 have residual oil saturation around 40% at the
end of imbibition. It means the maximum centrifugal force applied was not enough to recover oil
from very small pores. Table 7.2 shows FI water saturation determined by NMR and centrifuge.

Water saturations from both methods are similar.

Table 7.2: Forced imbibition (FI) water saturation and saturation change for C2, C3, and C4
determined from NMR and centrifuge

NMR Centrifuge
Core Water Saturation Saturation Change Water Saturation Saturation Change
After FI (%) in FI (%) After FI (%) in FI (%)
C2 61.67 3 61.71 3
C3 59.52 15 62.50 18
C4 57.77 6.50 62.64 11
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7.4. Fourth Set (C5, and C6: Uncleaned Cores)

Using NMR, the wetting characteristics of C5 and C6 were compared with C2, C3, and C4
qualitatively. Only C2 and C5 NMR plots are shown in Figure 6.23. C2, C3, and C4, saturated
with Bakken oil and residual brine, showed more oil-wet characteristics than C5 and C6. In

addition, large tortuosity was measured for C5 and C6.

7.5. Fifth Set (C7, C8, and C9: Uncleaned Cores)

Capillary pressure curves determined for C7 and C9 (similar rocks) were similar. This
confirms the repeatability of the test results. Water saturation after FD with decane for C7, C8, and
C9 was reduced up to 34%. Thus, using a lighter oil with lower viscosity than Bakken dead oil can

help reaching a lower water saturation in FD.

C7 produced negligible oil volume in SI test. Salinity of the surrounding brine was higher
than pore brine. Thus, it prevented imbibition because instead of oil, pore brine had tendency to
be produced due to higher chemical potential compared to high salinity surrounding brine. C8
produced oil uniformly from all surfaces of the core. Pore brine and surrounding brine were the
same. Thus, oil production is a result of core wetting characteristics. C9 produced more oil than
the other two cores. Pore brine was more saline than the surrounding brine. Oil production could
be the result of a combination of wetting characteristics of the core and molecular diffusion of low

salinity surrounding brine caused by chemical potential difference between brines.

The cores have large tortuosity of 12 and 14. C7 and C9, which are similar cores, have the
same tortuosity of 14. This measurement also confirms the repeatability of the test results. Large

tortuosity values indicate the difficulty of fluid transport in ultra-tight pores.
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Decane was used for FD, and fluid saturations were determined with NMR. However, after
SI test, NMR could not be used to determine fluid saturations. NMR T distributions after SI show
amplitude of oil modes increased despite adding brine to the cores. This indicates decane and brine
were mixed in large pores. A change in SI T> distribution of C7 core was observed even though
negligible amount of oil was produced. The reason could be excess fluid on the rough crack
surfaces of the core, because the core has small pore volume and even a small amount of fluid

volume change affects the NMR result.

From NMR studies, capillary bound-water cut-off time for the Middle Bakken cores obtained

between 3 to 10 ms.

7.6. Result Interpretation

Fluid displacement processes such as water flooding is unlikely to succeed in low-
permeability unconventional reservoir rocks because of large negative imbibition capillary
pressure, low permeability, and large tortuosity. The mobile saturation range for tight cores is
narrow and a large portion of oil remains in the rock. However, gas displacement shows a better

oil recovery results. The following observations are the basis for the conclusions:

e In FI test, oil recovery for C1, P2, and P3 was up to 7.3 % pore volume. C2, C3, and C4
produced up to 18 % pore volume oil while the maximum imbibition capillary pressure
achieved with centrifuge was 541 psi.

e Residual oil saturation to water displacement (FI) for C1 was 29.7 %. The residual oil
saturation for P2 and P3 were 42.3 % and 42.8 %. C2, C3, and C4 reached to 40 % residual
oil saturation. Even though a large centrifugal force is applied, a large volume of oil

remained in the rocks.
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At the end of SDLL, water saturation of C1 and P2 reached to similar water saturation as
the beginning of SI. However, P3 showed a huge discrepancy between water saturation at
the beginning of SI and the end of SDLL. This could be due to wetting characteristics of
P3.

P2 and C1 produced 24.3 % and 40 % pore volume oil in SDGL test. However, P3 only
produced about 4 % pore volume oil. SDGL high oil recovery for P2 is consistent with that
of C1. The results indicate the gas displacement is more likely to succeed in tight rocks
than water displacement.

Different porosity values were obtained for core samples that shows different experimental
methods are complimentary. NMR porosity was measured on the original core plugs while
for MICP test, smaller core samples were cut from the core plugs. Comparing porosity
values, one can see MICP porosity is close to NMR porosity, however it shows a
discrepancy. Mercury saturation did not reach 100%, and for some cores even 28% of the
pores remained untouched by mercury. This shows MICP only characterizes larger pores
in low-permeability rock samples.

Tortuosity for five Middle Bakken cores was determined to be between 12 and 19.

Wettability of the preserved Middle Bakken cores used in this study was presumably

mixed-wet. By hydrocarbon saturation and aging one set of uncleaned cores, the wettability was

slightly altered toward oil-wet compared to another set of uncleaned cores saturated with brine.

However, when the amount of oil in place was high and there was a salinity difference between

pore and surrounding brines, wettability was not the dominant controlling oil recovery mechanism.

In addition, for cores similar to C1, high capillary pressure of pores dominate the wettability

effects.
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The preserved Middle Bakken cores are of mixed wettability based on the observations
from mineralogy and the NMR analysis that indicate water resides in small pores and oil
in larger pores.

Two sets of experiments with two different procedures were conducted for five cores (C2,
C3, C4, C5, and C6) with the same initial wettability status which was unknown. The
purpose was to alter wettability, compare the effect of the two procedures, and determine
driving forces in oil recovery from low-permeability cores when low salinity brine is used.
Wettability of the hydrocarbon-saturated C2, C3, and C4 changed to more oil-wet
compared to C5 and C6 which were first saturated with brine. However, C2, C3, and C4
produced more oil than C5 and C6.

Even though C1 was a clean core and presumably water-wet, it only produced 1% pore
volume oil when immersed in formation brine. C1 was saturated with formation brine and

Bakken dead oil.

Maximum capillary pressure achieved in drainage test when a lighter liquid replacing a

heavier liquid was 298 psi. In FD test, Bakken dead oil and decane were used for different cores.
Decane is lighter and has lower viscosity, thus replacement with decane is more effective due to
larger density difference between decane and brine which creates higher capillary pressure. On the
other hand, when air was used to replace liquids, maximum capillary pressure was 631 psi. Thus,
in drainage test air was more effective in displacing fluids and creating higher capillary pressure.
However, up to 541 psi capillary pressure was achieved in imbibition test because of longer arm

length for imbibition setup from cores to center of rotation.

For the low-permeability Bakken cores, saturated with high salinity brine and oil which

were immersed in low salinity brine, an increase in oil production was observed. Thus, molecular

118



diffusion due to chemical potential difference between pore and surrounding brines plays an

important role in oil production from tight rocks. IOR schemes designed based on this mechanism

are likely to succeed. The following is the observations regarding the effect of pore and

surrounding brine salinities on oil recovery from the cores:

P1 and C1 were twin cores which were saturated with Bakken oil and formation brine. The
difference was the initial condition of the cores that P1 was a preserved and C1 was a clean
core. P1 with lower porosity produced more oil than C1 when P1 was immersed in low
salinity brine and C1 was immersed in formation brine.

C7 and C9 were similar cores saturated with decane and different salinity brines. C7 did
not produce oil when it was immersed in higher salinity brine with respect to its pore brine,
while C9 produced a large volume of oil when it was immersed in lower salinity brine.
C2, C3, and C4, saturated with Bakken oil and residual pore brine, produced large oil
volumes when immersed in low salinity brine.

The reason for more oil production from C2, C3, and C4 compared to other cores could be
that they were saturated with oil and high salinity residual brine, thus more oil volume was
present to be produced, and also the difference between salinity of pore and surrounding

brine helped with more oil recovery.

Based on experimental observations, NMR and centrifuge fluid saturations are similar or

close. Thus, NMR technique can be used along with fluid displacement experiments such as

centrifuge and coreflooding tests. The great advantage of coupling NMR technique with fluid

displacement experiments is that NMR does not interfere with fluid and rock properties and

interactions. This becomes critical when tests are conducted at reservoir conditions, and integration

119



of the experiments provides key parameters to calibrate well logs as well as input for reservoir

modeling.

Mobile saturation range to water displacement for P2, P3, and C1 was between 8 to 12%
which shows a limited amount of oil recovery is achieved with water flooding in low-permeability

rocks and a large amount of oil is remained unproduced in these rocks.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1. Conclusions

e Capillary pressure scanning curves were measured for a clean and two preserved Middle
Bakken core plugs. Centrifuge experiments indicated that capillary pressure in low-
permeability unconventional reservoir rocks (as Bakken) is very large (hundreds of psi),
and the mobile fluid saturation range for water displacing oil is narrow (8.3 to 11.95 % PV)

while it is much wider (4 to 40 % PV) for the gas displacing oil.

e Based on analysis of centrifuge results, the amount of mobile fluid saturation for water
displacing oil was much less than that in gas displacing oil. Thus, gas displaces liquids

more effectively than a liquid displacing a lighter liquid.

e Replacing air with CO., ethane, or propane is expected to produce more oil because of the

added miscibility of these gases with oil.

e Resistivity measurements yielded unexpectedly large tortuosities (12 to 19) compared to
high-permeability rocks. These large tortuosities indicate that fluids have great difficulty
to travel from one point to another in ultra-tight pores. Tortuosity information is critical in

assessing molecular mass transport by diffusion in reservoir pores.

e  When lower salinity brine was used, similar oil production volumes were observed in the
spontaneous imbibition (where no external driving force is applied) as compared to the
forced imbibition (where the centrifugal force exerts a large driving force). This could be

an indication of diffusion as the driving force in producing oil from the high salinity cores.

121



Displacement processes, such as waterflooding, have difficulty to succeed in
unconventional shale unless molecular diffusion assists it (e.g. by low salinity

waterflooding).

The first drainage capillary pressure is different from secondary drainage capillary
pressure, because of the trapping mechanism which causes a hysteresis phenomenon in

displacement process.

NMR and MICP methods show different porosities for the same cores. It shows different
experimental methods are complimentary. MICP porosity is close to NMR porosity
however mercury injection curve (normalized to NMR porosity), shows for some cores
even 28% of the pores remained untouched by mercury. This shows MICP only
characterizes larger pores in low-permeability rock samples.

Pore size distribution was used to better understand the behavior of low-permeability rocks
and to interpret oil recovery in spontaneous and forced imbibition experiments. Core plugs

with larger pores show higher recovery in spontaneous imbibition.

From many NMR one-dimensional profiles acquired after fluid displacement in cores, fluid
re-distribution in cores was observed. This indicates that despite the tight nature of the
cores, there is a strong rock-fluid interaction which expedites fluid re-distribution after

each centrifuge step.

NMR studies after each saturation/de-saturation centrifuge tests, show that brine resides in

smaller pores and oil resided in larger pores.

A slight shift in the oil and brine peaks of the NMR T distributions of the cores was

observed after the cores were immersed in low salinity brine. The brine mode shift to the
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larger relaxation times indicates an increase in brine saturation, however the shift in oil
peak could be due to potential wettability change and appearance of a brine film between
oil and rock in pores. Additional investigations are needed to determine the cause of the oil

peak shift.

Drainage and imbibition experiments, followed by NMR measurements, provided a great
amount of useful information for assessing EOR potential in Bakken and other low-

permeability shale reservoirs.

8.2. Recommendations

Quantify capillary imbibition of brine versus diffusion in oil recovery from cores with
known properties to quantify each mechanism effect separately.

Replace air with CO», ethane or propane for more realistic oil recovery investigation.
Further explore on one dimensional profile to determine phase saturation to enhance fluid
distribution studies in cores.

Use NMR to observe saturation profile whenever possible in coreflood displacement

experiments or in centrifuge experiments.
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NOMENCLATURE

Symbols

A : The area under the secondary drainage capillary pressure curve

A, : The area under the forced imbibition capillary pressure curve

Ag : The specific surface area, L? (m%/g)

AN, : The cross sectional area of a nitrogen molecule, L? (0.162 nm?)

B, : The static magnetic field, MTI"! (T or Nm!A™)

C : The BET constant, dimensionless

C : The concentration of component i

D : The pore diameter, L (um)

D, : The effective molecular diffusion coefficient, LS (cm?/s)

D, : The bulk diffusion coefficient, L>S™!(cm?/s)

F : Formation factor, dimensionless

h : The Plank constant

i : Intercept of the straight line with vertical axis in the BET model

I : The spin quantum

k : The Boltzmann constant

L : The direct distance between two points in the porous media, L (cm)

L, : The shortest distance between two points through pores for geometric tortuosity
determination, L (cm)

L, : The distance between two points in pores that fluids go through for hydraulic
tortuosity determination, L (cm)

m : Cementation exponent

M(t) : The magnetization magnitude at time t
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M (1)

: The transverse magnetization amplitude at time t

: The maximum magnetization in a specific external magnetic field
: The transverse magnetization magnitude at t=0

: Number of rotations per minute (rpm)

: The number of nuclei

: The Avogadro number, dimensionless (number of molecules in one mole,
6.023x10% molecules/mole)

: Nitrogen gas pressure, ML'T (atm)
: Nitrogen boiling point pressure at T=77.35 K, ML'T (atm)

: Capillary pressure at distance r from center of rotation in centrifuge, ML 1T
(psi)

: Mercury injection pressure, ML T2 (psi)

: Capillary pressure at core inflow boundary, ML T2 (psi)

: Distance from centrifuge center of rotation, L. (cm)

: Distance from centrifuge center of rotation to the core outflow boundary, L (cm)
: Distance from centrifuge center of rotation to the core inflow boundary, L. (cm)
: Characteristic radius at a relative pressure

: The pore radius, L (um)

: The effective pore radius

: The gas constant

: Resistivity of a rock sample saturated with brine, ML*T>I" (Q.m)

: Resistivity of the saturating brine, ML3T>I? (Q.m)

: Slope of the straight line in the BET plot

: Pore surface area, L (um?)
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S\ i : Irreducible water saturation, (fraction)

S i : Irreducible oil saturation, (fraction)

AYip. : Corrected water saturation at core inflow boundary using Hassler and Brunner
method, (fraction)

A : Corrected water saturation at core inflow boundary using van Domselaar method,
(fraction)

S ( P ,m) : Corrected wate'r saturation at core inﬂqw boundary corresponding to capillary
pressure at core inflow boundary, (fraction)

_( P ,m) : Average core water saturation corresponding to capillary pressure at core inflow
boundary, (fraction)

t : The time the external magnetic field is being applied on protons, T (ms)

t : The thickness of liquid film in pores, L (A)

T : Absolute temperature, 6 (K)

T : The longitudinal relaxation time, T (ms)

T, : The transverse relaxation time, T (ms)

T, , : T2 relaxation of bulk fluid, T (ms)

T, : T> surface relaxation of fluid in pores, T (ms)

T,, : T diffusion relaxation of fluid in pores, T (ms)

4 : Pore/fluid volume, L* (um?)

1% : The amount of adsorbed gas, L* (cm®/g STP)

V. : The monolayer volume or capacity, L* (cm*/g STP)

Vs : The amount of adsorbed liquid corresponding relative pressure at step i, L* (cm?
STP/g)

w : USBM wettability index, dimensionless

x : Distance, L (cm)
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Greek

4 : The gyromagnetic ratio, M 'TI (rad/sT)

Y air—tig : Air-mercury surface tension, MT2 (485 mN/m)
7, : The liquid surface tension, MT? (mN/m)

0., : Contact angle between solid and liquid, dimensionless (0° for nitrogen-rock)
0. 1, : Mercury-rock contact angle, dimensionless (130°)
o : Effective surface relaxivity, LT (um/ms)

o, : Oil density, ML (g/cm?)

P, : Brine density, ML (g/cm?)

Loir : Air density, ML (g/cm?)

Ap : Density difference, ML (g/cm?)

T : Tortuosity, dimensionless

7, : Geometric tortuosity, dimensionless

T, : Hydraulic tortuosity, dimensionless

v : Molar volume of the liquid adsorbed

) : Porosity (%)

0] : The angular velocity, T-! (rad/s)
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