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Abstract
USING SPONTANEOUS IMBIBITION AND MERCURY INTRUSION POROSIMETRY
TO INVESTIGATE THE EFFECT OF PORE STRUCTURE ON
FLUID MIGRATION WITHIN

POROUS MEDIA

Zhiye Gao, PhD

The University of Texas at Arlington, 2014

Supervising Professor: Qinhong Hu

Much research has been conducted to investigate the property of fluid
(water/oil/gas) migration in different types of porous media, and the knowledge of pore
structure (including pore geometry and pore connectivity) plays an important role in this
research. This dissertation will characterize the pore structure of different porous media
(including building materials and natural rocks) by using spontaneous imbibition and
mercury intrusion porosimetry (MIP).

A new approach to deriving effective permeability of building materials using
imbibition experiments is provided. Spontaneous imbibition is an important process in
oil/gas production and its rate could affect oil/gas recovery rate significantly. As a result,
this study performs spontaneous imbibition experiments using two types of imbibing fluids
(water/n-decane) on the reservoir rocks to investigate their imbibition behaviors. Also,
directional spontaneous imbibition is conducted on Barnett shale samples because of
their layered characteristics and wettability information is indicated from these imbibition

experiments.



MIP has been successfully applied to characterize the pore-throat size
distribution of porous media for several decades, and several important parameters,
including permeability, gas diffusion coefficient and tortuosity, are derived from the
resultant pore-throat size distribution in this dissertation. Our results indicate that the
median pore-throat diameter (ds,), which is defined as the pore-throat diameter
corresponding to 50% mercury saturation during MIP measurement, plays an important

role in both gas diffusion and spontaneous imbibition processes.
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Chapter 1
Introduction

Many scientists and engineers have recognized the importance of pore structure
research, because it plays an important role in controlling fluid transport in porous media.
Hu et al. [40] characterized the pore connectivity of natural rocks using spontaneous
water imbibiton, tracer concentration profiles, and imaging in combination with network
modeling. Gao and Hu [28] proposed an empirical equation solely using median pore-
throat radius (rs) to calculate permeability, which is an important hydraulic parameter,
and the sole use of r5, to predict permeability indicated that the fluid transport in porous
media may be controlled by median pore-throat radius.

Nowadays more and more unconventional hydrocarbon reservoirs with extremely
low permeability have been explored due to the maturity of drilling and completion
technology, especially the development of horizontal drilling and hydraulic fracturing.
Much research has been conducted to characterize these reservoirs from different
perspectives. Chalmers et al. [14] investigated the pore systems of Barnett shale using
multiple approaches, including mercury intrusion porosimetry (MIP). Loucks et al. [51]
discussed spectrum of pore types and networks in mudrocks and proposed a descriptive
classification for matrix-related mudrock pores.

In this dissertation, | will focus on characterizing the pore structure of different
porous media (including building materials and natural rocks) using spontaneous
imbibition (SI) and mercury intrusion porosimetry (MIP). Pore-throat size distribution is
the main information obtained from MIP and many important parameters (e.g.
permeability, gas diffusivity) could be derived from MIP data. Also | will try to interpret the
effects of pore structure on fluid migration by combining the pore structure information

obtained from MIP with imbibition results.



1.1 Spontaneous Imbibition

Spontaneous imbibition (SI) is a capillary-force controlled process during which a
wetting fluid displaces the non-wetting fluid by capillary force only, and it plays an
important role in gas/oil recovery of fractured reservoirs. In the process of oil/gas
recovery from fractured reservoirs, water is imbibed into the rock matrix blocks from the
fracture system by SI, with the result that oil /gas in the matrix is displaced by the water.
As a result, the oil/gas production rate is strongly dependent on the Sl process, and
extensive research has been undertaken to investigate that process [32, 47, 76, 80].

Handy [34] proposed the following equation (Eq. (1-1)) to describe the Sl process
in a water-air system in which imbibition occurs vertically upward and the gravitational
force can be neglected:

2P:ky,DAZS,,
Uw

Q3 = ( )t (1-1)

where Q,, is the volume of water imbibed into the core sample in cma; P, is the
capillary pressure (atm); k,, is the effective permeability in darcies; @ is fractional porosity;
A is the cross-sectional area of the core in cm?; S, is fractional water content of the pore
spaces; t is imbibition time in seconds; and u,, is the viscosity of water in centipoises.

Handy’s equation (Eq. (1-1)) is based on three assumptions (1) the water
imbibes in a piston-like manner; (2) the pressure gradient in the gas phase ahead the
water front can be neglected; and (3) gravity forces are much less than capillary forces.
In piston-like displacement, all capillaries fill at the same time leaving a residual gas
saturation behind and the capillary forces at the front were assumed to provide the
driving force to overcome viscous flow throughout the porous medium in which water is
flowing. Handy’s equation implies that the cumulative imbibition is proportional to the
square root of the imbibition time, so that theoretically a slope of 0.5 should be obtained if

cumulative imbibition is plotted vs. imbibition time on log-log coordinates. Percolation



theory suggests that the lower slope values may be an indication of low pore connectivity
[401.

Wettability, boundary conditions, shape factor, viscosities of fluids, interfacial
tension, initial wetting fluid saturation, pore structure of the rock, and temperature are
generally considered the important factors influencing the imbibition process [57, 62, 89].
Scaling of Sl behavior is generally recognized as an effective method of investigating the
factors controlling the Sl process. The following scaling equation is widely used in

petroleum engineering [55, 58, 90],

k o
tp=t [f—2— 1-2
b Q)\/ﬂweﬂnwl‘% ( )

Where {5 is dimensionless time; t is imbibition time (s); k is absolute permeability
(m2); @ is fractional pososity; o is interfacial tension (N/m) between wetting and non-
wetting phases; uye is the viscosity of the wetting phase (Pa-s); u,. is the viscosity of the
non-wetting phase (Pa-s); L. is the characteristic length (m).

As mentioned by Li [47], the limitations of Eq. (1-2) include that (1) wettability
must be the same; (2) relative permeability functions must be identical; (3) capillary
pressure functions must be identically proportional to interfacial tension; (4) initial fluid
distributions must be duplicated; and (5) gravity must be neglected.

By using Eq. (1-2), imbibition data can be adjusted to compensate for differences
in pore structure, viscosity, interfacial tension and boundary conditions; wettability, the
remaining factor, is not taken into account when the imbibition of different fluids into the
same sample is considered. As a result, for the same sample the difference of imbibition

behavior is mainly determined by wettability after scaling with Eq. (1-2).



1.2 Mercury Intrusion Porosimetry

Over the past 30 years, mercury intrusion porosimetry (MIP) has become a well-
established technique for characterizing porous media, since Washburn [86] proposed
the relationship between capillary pressure and the pore radius as the basic theory for
MIP. Compared with other pore size characterization approaches (e.g. gas sorption), MIP
based on a simpler principle could cover a wide range of pore sizes (from 3nm to 300
pm), which makes it a powerful characterization tool. Also MIP is less time consuming,
one MIP test is usually completed within 1 hour for not-so-tight samples like sandstones
and carbonates, for shale samples it usually needs two hours because of long evacuation
time due to its nano-sized pores during low pressure analysis.

As a non-wetting fluid to most porous media, mercury will not invade pores
unless external pressure is applied. The diameter of the pores invaded by mercury is
inversely proportional to the applied pressure; the higher pressure is applied, the smaller
pores will be invaded by mercury. Washburn [86] developed the following equation based

on the assumption that all the pores are cylindrical,

4p = —H22 (1-3)

Where AP is the pressure difference across the curved mercury interface; y is the
surface tension of mercury; 6 is the contact angle between mercury and the porous
medium; R is the corresponding pore-throat radius.

Permeability is an important parameter to characterize the easiness of a
reservoir to transmit hydrocarbons, and accurate measurement or estimation of
permeability has been a challenging task. Due to the limitations (e.g., required
experimental apparatus and long duration, especially for tight samples) associated with
the permeability measurement, several empirical relationships have been published to

predict permeability based on other parameter(s) that are relatively easy to obtain.



Purcell [68] related air permeability to capillary pressure by the graphical integral
of the curve of mercury saturation versus reciprocal capillary pressure squared. Swanson
[82] presented a new equation which related permeability empirically to the hyperbola of
the log-log mercury intrusion capillary pressures curve as follows,

kair = 339(SHG/PC)(11'§39% (1-4)

Where k,;. is air permeability (mD), Syg is the mercury saturation (%)
corresponding to the apex of the hyperbola and P, is capillary pressure (psi).

Katz and Thompson [42, 43] developed two equations for predicting air

permeability (k) based on the MIP data.
1 29 -
k=5 W?s (1-5)

Where L, is characteristic length which is the pore-throat diameter corresponding
to the threshold pressure Py, o is the rock conductivity at characteristic length; o, is the
conductance of brine in the pore space.

MIP data are used to obtain characteristic length and if the electric properties of
the fluid used (mercury here) and the rock are known then we can calculate the
permeability according to Eq. (1-5). However, the following equation also developed by
Katz and Thompson [42, 43] could be used to predict permeability using MIP data only

(KT method),

1 Lmax
k = 89 (Lmax)2 (L_C)Q)S(Lmax) (1-6)

Where L. is the pore-throat diameter at which hydraulic conductance is
maximum; L, is characteristic length; @ is porosity; S (Lmax) is calculated as the ratio of
Vimax/Vi .

As pressure is increased, mercury is forced to enter smaller pores. At a critical

pressure the mercury spans the sample. The pore-throat diameter corresponding to this



critical pressure (threshold pressure P) is defined as L. which is a unique transport length
scale and dominates the magnitude of the permeability. The threshold pressure P;is
determined at the inflection point of the cumulative intrusion curve. Webb [87] described
in detail the KT method (Eq. (1-6)) for predicting permeability.

Kolodzie [44] published a new equation for estimating permeability of
sandstones,

Log 135 = 0.732 + 0.588Log k,;r — 0.864Log® (1-7)

Where r3;5 is the pore-throat radius (in microns) corresponding to the pressure at
which 35% of total pore volume is filled with mercury; k. is the uncorrected air
permeability (mD); @ is porosity (%).

This relationship shows that the permeability of sandstones depends on the r3s
and the porosity. Compared with Katz and Thompson method, Eq. (1-7) is quite simple.
Rezaee et al. [69] summarized the existing similar equations and they used regression
analysis to obtain several relationships between permeability, porosity and pore-throat
sizes at different mercury saturation percentiles for carbonates and concluded that the

median pore-throat radius yields the best correlation coefficient.

1.3 Organization of the Dissertation
This dissertation is concentrated on the application of spontaneous imbibition
and mercury intrusion porosimetry in pore structure characterization. The first portion
(Chapter 2) of the dissertation proposes a new approach to measuring the effective
permeability of building materials by using spontaneous water imbibition. The second
portion of the dissertation (Chapters 3-4) describes the derivation process of permeability
and gas diffusivity of porous media using MIP data. The third portion of the dissertation

(Chapters 5-6) discusses the imbibition behaviors of different reservoir rocks and



provides the pore-throat size distribution as well as other pore structure information
obtained from MIP to investigate the effect of pore structure on fluid migration within
porous media. Specifically, Chapter 5 shows the directional dependency of Barnett shale
during spontaneous imbibition because of its layered characteristic and uses this
phenomenon to qualitatively identify the wettability information. Also low pore connectivity
of Barnett shale is discussed based on the imbibition and MIP results in Chapter 5.
Chapter 6 compares the imbibition behaviors of different reservoir rocks and investigates
the effect of median pore-throat diameter (D5) on spontaneous imbibition. Finally, a

general summary of conclusions and future research will be presented in Chapter 7.



Chapter 2
Using Spontaneous Water Imbibition to Measure the Effective Permeability of Building

Materials

2.1 Abstract

The purpose of the present work is to introduce a new approach to measuring
the effective permeability of building materials by using spontaneous water imbibition. A
new linear relationship between water imbibition rate and the reciprocal of air recovery is
derived and used as the basic theory to obtain the permeability information. The impact
of buoyant-force change on the imbibition results is taken into consideration, which
makes our results more accurate and reliable. The calculated effective permeabilities of
three building materials, including limestone, concrete, and brick, are reasonably

compared with permeability data in the literature.

2.2 Introduction

Permeability is an important index of the durability of building materials. Several
approaches to measuring the permeability of building materials have been proposed. For
example, critical voltage of concrete at limited currents is used to evaluate the concrete
permeability [53]. Also the permeability of concrete can be obtained by the conductivity of
concrete when saturated with concentrated salt according to the Nernst-Einstein equation
[52].

Spontaneous imbibition is the process during which the non-wetting fluid (air) in a
porous medium is displaced by a wetting fluid (water) due to capillary forces. Li and

Horne [48] calculated the capillary pressure and effective permeability from spontaneous



water imbibition data for sandstones. However, this work is the first time the effective

permeability of building materials has been obtained from spontaneous imbibition.

2.3 Theory
Based on Darcy’s law and several assumptions, Li and Horne [48] derived the

following four equations,

_ ANy _ 1 ;

QW__dt —an b (2-1)
where:

_ Akw(swf_swi) _
a= — il P. (2-2)
b ="2Apg (2-3)

Nwt

=— 2-4
=5, (2-4)

where Q,, is the water imbibition rate; N, is the volume of water imbibed into the
sample; t is imbibition time; n is the air recovery by water imbibition in terms of pore
volume; A is the cross-section area of the sample; k,, is the effective permeability of water
phase at a water saturation of wetting front S ; Sy, is the initial water saturation in the
sample; P, is the capillary pressure at S,s; p, is the viscosity of water; L is the sample
length; Ap is the density difference between water and air; g is the acceleration due to
gravity; V, is the pore volume of the sample.

According to Eq. (2-3), Li and Horne [48] obtained the effective water

permeability at the water saturation of S, as follows:

— _Hw -
W= aab (2-6)



In this study, the derivation process is similar to the studies of Li and Horne [48],
but with a little difference. They used the following equation as one of their basic
equations:

kw Opw

. oy T Pw9) (2-6)

Dy = —

where v, is the flowing velocity of water phase; p,, is the pressure of water phase
at the position x; p,, is the water density.

However, use of ‘+’ sign inside the parenthesis in Eq. (2-6) is disputable.
Hassanizadeh [36] used Eq. (2-7) to describe the Darcy velocity for wetting phase in the
research on the physics of two-phase flow. Considering simultaneous flow of two
incompressible and immiscible fluid phases (water and oil) inside a porous medium, Hilfer
[38] presented the same equation as Eq. (2-7). Silin et al. [78] conducted a research on
vertical gas plume migration through a heterogeneous porous medium, which was similar
to our imbibition experiments. In their research, they assumed that the carbon dioxide
plume crossed a thick aquifer with uniform flow properties. According to their assumption
on the vertical direction, a positive Darcy velocity means upward flow. Then they derived
the same relationships between the Darcy velocities of gas and brine and their respective

pressure gradients with Eq. (2-7) according to Darcy’s law for two-phase flow.

kw ,0pw
Vw =~ (G ~Pwd) (2-7)

As a result, a new equation is derived to replace Eq. (2-1):

dNy, 1
sz—dtt=a;+b (2-8)
where,
Ak,
b= " Ps9 (2-9)
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psdenotes the sum of water and air densities. If we plot the water imbibition rate
(Qy) versus the reciprocal of air recovery (1/n), the intercept on the axis of water

imbibition rate (b value) will be a positive value according to Eq. (2-8). We can then

derive the equation of k,, from Eq. (2-9) as follows,

_ HEw

W Apsg

(2-10)

This equation is used in this work to obtain the effective permeability k.

2.4 Materials and Experimental Procedure
The following three types of building materials were used in this study: concrete,
limestone and red brick. All samples were cut into rectangular prisms and given a unique
name. The properties and sources of these building materials are listed in Table 2-1.

Table 2-1 Sample Properties and Sources

Sample Length Width Height Porosity®

b
ID em) | (m) | (cm) (%) Source
Concrete 1 1.575 1.524 6.777 20.0 Home Depot
Concrete 2 1.766 1.713 1.579 19.7 Home Depot
Limestone | 3.225 | 2.878 | 5.221 15.3 Cathedral Stone Products,
Hanover Park, Maryland
Redbrick | 2778 | 2.931 | 2.425 20.3 Triangle Brick Company,

Durham, North Carolina

® Porosity was determined by using vacuum saturation method [70].
® From Sang Don Lee (USEPA, personal communication).

After completing the porosity measurements, all sides (except top and bottom
faces) of each sample were covered with quick-cure epoxy to avoid the water
evaporation from the side surface of the samples during imbibition experiments. Each

sample was oven-dried at 60 °C for at least 48 hours and then cooled to room
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temperature (22.5+£0.5 °C) in a desiccator. During the imbibition experiment, the sample
was suspended by a sample holder that was connected to a bottom-weighing electronic
balance by a hook. A simplified schematic of the apparatus for imbibition test is shown in
Figure 2-1. The sample was located inside an imbibition chamber with a water reservoir
(a glass Petri dish) on its floor. Additional beakers of water were placed inside the
chamber to keep the humidity inside the chamber constant at above 98%. The chamber
position was vertically adjusted by a support jack below the chamber to make the sample
submerged in water to about 1 mm depth to start the imbibition test. The balance
automatically recorded the sample weight as frequently as once per second [39]. The
imbibition tests were stopped by lowering the support jack and weighing the sampling
weight after using a moist tissue to wipe off the excess water at the sample bottom.
Imbibition experiments were repeated at least three times on the same sample for

different experimental duration.

Bottom-weighing
Balance

\ /;

Laptop

sample

Figure 2-1 Schematic of the Apparatus for Imbibition Test
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2.5 Results and Discussion

2.5.1. Water Imbibition vs. Time

We measured the water imbibition behavior of each building material sample. A
typical imbibition curve is shown in Figure 2-2 for limestone. The artificial weight gain
produced by the buoyant-force change, which was caused by imbibition and evaporative
losses, was corrected [39]. The check weight, obtained directly by weighing the sample
with sample holder before and after each imbibition experiment, is consistent with the
ultimate cumulative imbibition amount corrected by considering both evaporation and
imbibition correction for the buoyant-force change (Figure 2-2). It can be seen from
Figure 2-2 that the amount of water imbibed into the limestone sample reached the

maximum value at about 250 min and the water imbibition rate became quite low after

that time.

5.0
B 40 |
c
2
:5 |
-g 30 1 Limestone
° Rectangular prism (3.23 cm long x
2 2.88 cm wide x 5.22 cm tall)
s 2.0
=]
g O indicated mass
o 10 = = = = gvap corrected

' e cvap+imbib corrected
X check weight
0.0 . . . . . . . . . .
0 300 600 900 1200 1500

Time (min)

Figure 2-2 Water Imbibition into the Limestone Sample (Data for indicated mass from
direct balance reading overlaps with these after evaporation correction because of the
small evaporation amount.)
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2.5.2. Water Imbibition Rate vs. the Reciprocal of the Air Recovery

Figure 2-3 shows that a linear relationship exists between the water imbibition
rate and the reciprocal of the air recovery by water imbibition, and this linear relationship
corresponds to the fast imbibition part (less than 250 min) shown in Figure 2-2. The
intercept (b value) on the axis of water imbibition rate is positive, which is consistent with
Eq. (2-8) and the definition of b and proves that the use of Eq. (2-7) is appropriate in this
work. The effective permeability can then be obtained from Eq. (2-10) and the results are
listed in Table 2-2. The water saturation immediately behind the wetting front (i.e.,
effective porosity) ranges from 55-99% for these building materials. The k,, values, at the
corresponding wetting front saturation, are similar to the reported absolute permeability
(k) of (6-39)x10™"° m? for brick [8], (2—27)x10™"® m* for limestone [10] and (102-10%)x10™"®°
m? for concrete [66]. Note that we are not aware of unsaturated effective permeability for
these building materials, and even the absolute permeability values are very limited in the

literature.
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Figure 2-3 Water Imbibition Rate vs. the Reciprocal of the Air Recovery
Table 2-2 Result of Effective Permeability from Spontaneous Imbibition Data
Sample A2 ?a . Suf o refeireonrges
ID (cm”) (cm’/min) (md) (md)
Concrete 1 2.400 0.0011+0.0006 0.99+0.06 8.07+4.17 1072-10%¢
Concrete 2 | 3.025 0.0017+0.0004 | 0.80%0.06 9.60+2.46 102-10%°
Limestone 9.282 0.0026+0.0008 0.55+0.01 4.85+1.48 2-27¢
Red brick 8.142 0.0311+0.0072 0.73+0.08 65.2+15.0 6-39°

py (at 20 °C) = 1.2 kg/m°; py(at 20°C) = 998.2 kg/m’; g = 9.8 m/s’;
Uy (at 20 °C) = 1.002 (N-S/m?)x10°.

#Average + standard deviation for at least three replicate measurements.
® Caculated according to Eq. (2-10).

° From Picandet et al. [66].

4 From Boving and Grathwohl [10].

° From Bentz et al. [8].
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2.5.3. Discussion

The standard deviation for k, shown in Table 2-2 is somewhat high and there are
several possible factors to cause it. The initial state of the same sample may be slightly
different in each imbibition experiment although we tried to minimize this effect by treating
samples similarly before and after each run. The permeability of the building materials
used here is relatively low which can also contribute to the fluctuations among
permeability values for the same sample. The most possible factor is from the micro-
scale sample heterogeneity, which is very sensitively reflected in the measured
unsaturated effective permeability.

We did not obtain the permeability of asphalt concrete by using the same method
and one possible reason is the low porosity (2.2%) and the poor connectivity; this will be

investigated in the future work.

2.6 Conclusion

A new approach has been developed here to measure the effective permeability
of unsaturated building materials from simple imbibition tests. The new derived linear
relationship between water imbibition rate and the reciprocal of air recovery is
corroborated by the results of imbibition experiments. The values we got here for
permeability are in line with literature permeability results by using different approaches
(e.g., mercury injection porosimetry). Considering the low permeability of these building
materials and the factors mentioned above, the standard deviations for k,, are
acceptable. This new method can be applied to materials with a relatively high porosity

(e.g., >15% as tested in three materials in this work) and well-connected pore structure.
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Chapter 3
Estimating Permeability Using Median Pore-throat Radius Obtained from Mercury

Intrusion Porosimetry

3.1 Abstract

Mercury intrusion porosimetry (MIP) has been widely used to characterize the
pore structure for various types of porous media. Several relationships between
permeability and pore structure information (e.g., porosity and pore-size distribution) have
been developed in the literature. The focus of this work is to introduce a new, and
simpler, empirical equation to predict permeability by solely using the median pore-throat
radius (rsg), which is the pore-throat radius corresponding to the 50% mercury saturation.
The total of 18 samples used in this work has a wide range of permeability, from 10® to
10® mD, which makes the new equation more applicable. The predicted permeabilities by
using the new equation are comparable with permeability values obtained from other
measurement methods, as shown from ten samples with permeability data measured

with nitrogen.

3.2 Introduction
Permeability is an important parameter to characterize the ease with which a
porous medium transmits fluids, and an accurate measurement or estimation of
permeability has been a challenging task, especially for media with low permeability. Due
to the limitations (e.g., required experimental apparatus and long measurement duration,
especially for tight samples) associated with the permeability measurement, several
empirical relationships have been published to predict permeability based on other

parameter(s) that are relatively easier to obtain; but most of these relationships involve
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more than one parameter variable. As one of the first empirical relationships, Hazen [37]
derived a simple equation to calculate hydraulic conductivity of unconsolidated porous
materials by only using effective grain size. The recent work of Rezaee et al. [69]
concluded that the median pore-throat radius yields the best correlation coefficient for
permeability, porosity and pore-throat size of carbonate rocks.

Over the past 30 years, mercury intrusion porosimetry (MIP) has become a well-
established technique for characterizing porous media, since Washburn [86] proposed
the relationship between capillary pressure and the pore radius as the basic theory for
MIP [29]. Compared with other pore size characterization approaches (e.g. gas sorption),
MIP is based on a simple principle and could cover a wide range of pore sizes (from
about 3 nm to 300 um for current models of MIP instruments), which makes it a powerful
characterization tool. In addition, MIP measurement is less time-consuming, one MIP test
is usually completed within 1 hour for not-so-tight samples like sandstones and
carbonates, while for tight samples (e.g., shales) it usually needs 2 hours because of long
evacuation time due to its nano-sized pores during low pressure analysis. Because of the
extremely low permeability, which is usually in nano darcy, it is expensive to measure the
permeability of shale samples directly. As a result, estimating permeability of shale
samples by MIP could be an alternative method.

Derivation of permeability from MIP data has been pursued by several
researchers [42, 43, 82], among them the Katz and Thompson [42, 43] method (called KT
method in this paper) is the one we use to calculate permeability and our new equation is
derived based on these calculated values. The validation of the KT method will be
provided in section 3.6.2 of this paper. We will also compare the permeability values
measured by N, with permeability calculated by using our new equation and the equation

proposed by Rezaee et al. [69].
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3.3 MIP Background
As a non-wetting fluid for most porous media, mercury will not invade pores
unless an external pressure is applied. The diameter of the pores invaded by mercury is
inversely proportional to the applied pressure; the higher pressure is applied, the smaller
pores invaded by mercury. Washburn [86] developed the following equation based on the

assumption that all the pores are cylindrical in shape,

4p = — 28 (3-1)

where AP is the pressure difference across the curved mercury interface; y is
the surface tension of mercury; 6 is the contact angle between mercury and the porous
medium; and R is the corresponding pore-throat radius. Using y = 485 dynes/cm and 6 =
130°, Eq. (3-1) becomes

ap = 22 (3-2)

where AP is in psia and R is in micrometers (um).
During the sample analysis, MIP collects the data of applied pressure and
cumulative intrusion volume at that specific pressure. Katz and Thompson [42, 43]

introduced the following equation to calculate permeability based on the MIP data:

!
89

k (Lmax)Z(Lmax/Lc)d)S(Lmax) (3-3)

where k (darcy) is air permeability; L.« (um) is the pore-throat diameter at which
hydraulic conductance is maximum; L. (um) is the characteristic length which is the pore-
throat diameter corresponding to the threshold pressure P; (psia); ¢is porosity; S (Limax)
represents the fraction of connected pore space composed of pore width of size L., and
larger.

The threshold pressure P; is determined at the inflection point of the cumulative

intrusion curve and the selection of L., is dependent on P;. Webb [87] described in detail
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the KT method (Eq. (3-3)) for predicting permeability, and the step-by-step data
processing procedures to determine each parameter in Eq. (3-3) will be shown in section

3.5.

3.4 Materials and Experimental Procedure

In order to obtain a representative empirical relationship to predict permeability, a
total of 18 samples with a wide range of permeability were tested by MIP method; the
samples are listed in Table 3-1. Each sample (mostly cube-sized, with the largest linear
dimension of about 1.5 cm) was oven-dried at 60 °C for at least 48 hours to remove
moisture in pore spaces and then cooled to room temperature (~23°C) in a desiccator
before the MIP test.

During an MIP test, each sample underwent two analyses: low-pressure and
high-pressure analyses. The highest pressure produced by Micromeritics AutoPore IV
9510 (Norcross, GA) is 60,000 psia (413MPa), and the pore-throat diameter
corresponding to this pressure according to Eq. (3-2) is about 3.0 nm. The largest pore-
throat diameter recorded by MIP is about 300 microns under low-pressure analysis. The
samples were evacuated to 50 ymHg (i.e. 0.05 Torr or 6.7 Pa). Equilibration time (the
minimum time duration to achieve a stable mercury level before moving on to the next
pressure value) was chosen to be 50 s.

Among these samples, ten of them were measured for permeability to nitrogen
9as (Kmeasure in Table 3-2), using rock cylindrical core samples (2.54 cm i.d., 4 cm height),
by Core Laboratories Inc. (Aurora, CO or Houston, TX) following standard methods in

APIRP 40 [3].
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Table 3-1 18 Samples Tested by MIP

1 | Asphalt | 6 Dolomite 11 | Bamett Shale 1° | 16 | Y1cca Mt

2 | Redbrick | 7 Gray Chalk 12 | BamettShale2 | 17 | 'ianford
Basalt

3 | Concrete | 8 White Chalk 13 | BarnettShale3 | 18 | CostaRica
Basalt

4 Granite 9 Berea Sandstone 14 | Barnett Shale 4

5 Limestone 10 | Indiana Sandstone 15 | Japan Mudstone

®Barnett shale sample 1-4 come from different depths (7109 ft,7169 ft, 7199 ft,7219 ft) in

the same well.

3.5 Data Analysis of MIP Tests

Besides permeability, several other pieces of useful information could be derived

from MIP data, like bulk density, porosity and tortuosity [33]. In order to concentrate on

the purpose of this study, we will only introduce the data-processing procedures related

to permeability calculation. The KT method is the basic theory we use here to calculate

the permeability and to derive our new equation. Although Webb [87] has described KT

method in detall, it is still necessary to present this process clearly by giving an actual

example calculation.

Here we discuss the permeability calculation process of sample 8 (white chalk) in

Table 3-1, which is a type of carbonate. After obtaining the raw data of MIP test (as

shown in Figure 3-1), the first and important step is to define the threshold pressure P;,

which is determined at the inflection point of the cumulative intrusion curve. This inflection

point (414.6 psia) is defined as the highest point in the log differential intrusion curve,

which is shown in Figure 3-2. The characteristic length L, corresponding to P; can be

calculated as 0.436 pm according to Eq. (3-2), and V; can be obtained directly from the

cumulative intrusion curve, which is 0.0875 mL/g.
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Figure 3-2 Log Differential Intrusion vs. Intrusion Pressure for White Chalk
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The next step is to obtain L. and V. nax. Vi is subtracted from each cumulative
intrusion volume V, at each pressure in the dataset from P; to the maximum pressure.
Then the net volume (V,-V;) times the diameter-cubed for the corresponding pressure is
plotted as a function of pore-throat diameter. As shown in Figure 3-3, the pore-throat
diameter of 0.349 pm corresponding to the maximum y-value is L., and the cumulative
intrusion volume corresponding to this diameter is denoted as V| ax, which is 0.149 mL/g.
The total intrusion volume (V) for the sample of white chalk is 0.237 mL/g. According to
the definition of S(Lax), (Vimax) /(Vior) can be calculated as 0.629.

The porosity (¢) of white chalk is 0.346, which can be directly obtained from MIP
measurement. Until now all the required parameters in Eq. (3-3) are known, and we can
calculate the permeability of white chalk to be 0.239 mD. All the other samples were

processed to obtain the permeability by the same procedures described above.
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0.0025 - (0.349 ym) 8

0.0020

o0

0.0015

0.0010

0.0005 -
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Figure 3-3 Determination of L., in White Chalk
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3.6 Results
3.6.1. Reproducibility of MIP Tests

We perform triplicate MIP measurements on Berea sandstone and Barnett Shale
no. 3 to evaluate the repeatability of MIP. Ideally, a repeatability test should be carried
out on the same piece of sample. However, this is not possible in the case of MIP test
because the sample is contaminated with mercury after MIP test. As a result, we choose
three representative samples from the same rock block to check the repeatability of MIP.
For Berea sandstone, we obtain the porosity as 22.86 + 1.72% and r5p as 11.89 + 0.44
pum; for Barnett Shale no. 3, the porosity is 5.29 + 0.59% and r5 is 0.0031 + 0.0002 um.
Considering the inherent heterogeneity of natural rock, this result is acceptable and the
repeatability of MIP is verified.

3.6.2. Comparison between kg and Kmeasure (Permeability Measured by N)

Using regression analyses, Rezaee et al. [69] obtained a set of relationships
between permeability, porosity and pore-throat size for 144 carbonate samples. They
found that the following equation has the highest correlation coefficient between
measured and calculated permeability,

Log k=-1.160 + 1.780 Log ¢ + 0.930 Log rso (3-4)
where k is the air permeability (mD); ¢ is porosity (%); rso is the median pore-
throat radius corresponding to 50% mercury saturation (um).

The new empirical equation (Gao-Hu equation in this paper), by plotting log K.,
(permeability calculated by using KT method) versus log rsy (as shown in Figure 3-4), is
obtained as follows,

Log k = 2.225Log rs, +0.214 (3-5)
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Figure 3-4 Log k.. versus Log rs, for all 18 Samples in Table 3-1

Together with k., and Kpeasure, median pore-throat radii (rso) of ten samples which
can be directly obtained from cumulative intrusion curve are listed in Table 3-2. Apart
from two building materials (concrete and red bick), there is only a slight difference
between k., and kneasure for all other natural rocks. This is encouraging, considering the
difficulty of permeability measurement, for difference within1-2 orders of magnitude
obtained by different approaches for the same sample is not uncommon. As a result, the
KT method is reliable to calculate permeability and selection of k., as the sample
permeability to derive the new equation is appropriate.

We also plot Keasure VEIsus log rsp, and the fitted equation and the R? value are
shown in Figure 3-5. Although the R? value is not high (0.723), it indeed indicates a

relationship exists between permeability and rs.
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Table 3-2 Comparison between k., and Kpeasure

SaIerIe Sample name Porosity | rso(um) | ke (mD)? k’"e‘"’s”ff’ Kmeasurel Kcal
(mD)
2 Red brick 0.212 0.662 1.42E+00 30.7 21.54
3 Concrete 0.208 0.070 1.45E-02 0.151 10.44
4 Granite 0.011 0.485 1.24E-02 0.003 0.24
5 Limestone 0.145 1.930 3.78E+01 18.3 0.48
6 Dolomite 0.091 0.436 4.09E-01 9.8E-02 0.24
7 Gray Chalk 0.320 0.147 1.22E-01 3.2E-01 2.63
8 White Chalk 0.346 0.197 2.40E-01 4.3E-01 1.80
9 Berea Sandstone 0.248 11.491 6.13E+02 9.1E+02 1.48
10 Indiana Sandstone 0.167 8.945 1.92E+02 1.8E+02 0.94
16 Yucca Mt. Tuff 0.096 0.021 7.33E-04 2.0E-04 0.27

? k.. permeability calculated by using KT method;
bkmeasu,e :permeability measured by N, (Klinkenberg effect has been taken into account).

3.6.3. Comparison between Gao-Hu Equation and Rezaee Equation

We derive a linear relationship between log k., and log rso, which is called the
Gao—Hu equation in this paper. The comparison between Gao-Hu and Rezaee equations
is shown in Figure 3-6, where k., is used as the sample permeability to compare the
utility of these two equations. The permeability calculated using the Gao—Hu equation
exhibits a better agreement than the Rezaee equation. All the permeability values
calculated using the Gao—Hu equation are closely distributed along the y = x line in
Figure 3-6, while the permeabilities calculated using Rezaee equation deviate somewhat
from the y = x line and this phenomenon becomes more obvious for samples with a low
permeability. Rezaee et al. [69] pointed out that their equation has a good outcome when
it is applied to carbonates and we can arrive at the same conclusion from Figure 3-6 in
which carbonates have been differentiated from other samples by using different

symbols. As a result, both the Gao—Hu equation and the Rezaee equation are applicable
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to carbonates, while the Rezaee equation becomes less valid when dealing with tight
samples like shale compared with the Gao—Hu equation.

In order to draw a more reliable conclusion, we compare the K easure With
permeability calculated by the Gao—Hu equation and the Rezaee equation for eight
natural rocks; the results are shown in Figure 3-7. We add trend lines to each group of
permeabilities, and the equations of the trend lines and the R? values together with the
number of samples (N) are given in Figure 3-7. Again, the permeability values calculated
using the Gao—Hu equation are closely distributed along the y = x line, which verifies the

validity of the Gao—Hu equation.
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Figure 3-5 Log Keasure VErsus Log rso for Ten Samples in Table 3-2
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3.7 Conclusion

This study presents a new equation which solely uses the median pore-throat
radius to estimate the permeability of porous consolidated media. Compared with the
existing relationships such as Rezaee equation, the advantages of our new equation
include the simple form, high reliability and wide applicability. Nowadays, more and more
unconventional reservoirs with relatively low permeability are investigated and explored,
which makes the new equation have a more realistic meaning. Our results also show that
the KT method is reliable to obtain permeability from MIP data, from the good agreement
with the measured permeability using N,.

The reason that porosity could be ignored in our new equation may be that the
effect of porosity on permeability is negligible, compared with the effect of median pore-
throat radius. The sole use of median pore-throat radius to predict permeability indicates
that rso may control the fluid flow in porous media.

For consolidated porous materials (rocks) this work is the first to only relate
permeability to median pore-throat radius without considering other parameters. The
samples we use here also have a wide range of permeability, from sandstone (~10° mD)
to shale (~10'6 mD), which makes the new method more applicable.

Although MIP has been developed for a long time, there are still some issues
related to its application [20, 23]. Hysteresis phenomenon (nonreversibility between
mercury intrusion and extrusion curves) and different contact angles between mercury
and different porous media have attracted a lot of researchers’ attention [60, 92]. In this
paper, we used the median pore-throat radius from the mercury intrusion curve; the new

equation may be improved as more data with rocks are collected in the future.
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Chapter 4
Gas Diffusivity in Porous Media: Determination by Mercury Intrusion Porosimetry and

Correlation to Porosity and Permeability

4.1 Abstract

Much effort has been extended on diffusivity measurement because diffusion can
dominate mass transport in porous media of low hydraulic conductivity. The main
purpose of this work is to derive the gas diffusivities of building materials, rocks and
sediments using the average pore size measured by mercury intrusion porosimetry
(MIP). MIP has been utilized for decades to obtain the pore-size distribution of porous
media. We performed triplicate MIP tests on concrete and Berea sandstone to evaluate
the repeatability of MIP data. Gas diffusivity results are consistent with literature data
using the gas diffusion methods. Our results show that the relationship between gas
diffusivity and porosity is analogous to Archie’s law and that two groups of rocks are
differentiated according to the cementation factor m value in an Archie’s-type
relationship. It also appears that gas diffusivity exhibits an increasing trend with an
increase of permeability, and two different exponential relationships exist between

permeability and porosity for these two groups of rocks.

4.2 Introduction
Diffusion and advection are two important processes controlling mass transport
in porous media. The relative contribution of these two processes depends primarily on
the properties of the porous medium. For example, Gillham et al. [30] pointed out that
diffusion dominates mass transport when seepage velocity is on the order of 0.005

m/year, which is higher than that of many rocks. Generally, diffusion may be the
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dominant transport process in porous media with very low permeability [10]. As a result, a
comprehensive understanding of diffusion processes in porous media becomes essential
for waste disposal, carbon dioxide storage, evaluation of building materials, and gas
production from unconventional reservoirs [12, 16, 74, 75].

The measurement of diffusivity could be achieved by using liquid-phase or gas-
phase tracers. Shackelford [75] reviewed the methods used to measure effective
diffusion coefficients of chemical species and summarized the advantages and
disadvantages of each method. The diffusion chamber method has been used to make
gas diffusivity measurements in unconsolidated [72] and consolidated media [65].

Mu et al. [64] indicated that the effective diffusion coefficient is strongly
dependent on pore size when the average pore size is less than 1 ym, which is the
situation for many rocks. As an advanced tool in characterizing pore size distribution,
mercury intrusion porosimetry (MIP) could provide useful information on pore structure
(such as porosity and average pore size). Compared with traditional methods (e.g., the
gas diffusion approach), determination of gas diffusivity from the pore-size information
obtained through MIP is less time-consuming (usually requiring less than two hours), and
MIP covers a wide range of pore sizes (from 10™ to 10 m), making it more convenient
and applicable. Using MIP, Seo et al. [74] evaluated the effective diffusion coefficient in
building materials and absorbents, and presented the effective diffusion coefficients of
different gases for these materials. In this work we investigate the effective gas diffusion
coefficients in different types of rocks (sedimentary and igneous) and unconsolidated
sediments with different grain sizes, and in building materials. In addition, we explore the

correlation of gas diffusivity to porosity and permeability.
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4.3 Materials

Three types of porous media (listed in Table 4-1) were used in our research.
They included two building materials, eight rocks, and four unconsolidated sediments
with different grain sizes. All the consolidated samples were reduced to small pieces (>5
mm but < 15 mm) according to the dimension of the cylindrical bowl of a penetrometer,
which is the sample container by MIP. Sediments were collected from the vadose zone
(~3-4 m below ground surface) of the Integrated Field-Scale Research Challenge site at
the Hanford 300 Area in Richland WA, and were sieved into four groups of <75 ym, 75-
500 ym,500 pm-2 mm and <2 mm [22]. During MIP tests, these unconsolidated samples
were placed in a penetrometer specially designed for powder samples.

Table 4-1 Samples Used in This Study

Sample Source
Concrete Home Depot
Building T e Brick C
materials . riangle Brick Company,
Red brick Durham, North Carolina
Limestone Hanover Park, MD
Dolomite Unknown
. Gas storage formation,
Indiana sandstone Lombard, IL
Rocks
Berea sandstone Berea Quarry, OH
Gray chalk Negev Desert, Israel
White chalk Negev Desert, Israel
Tuff Yucca Mountain, NV
Mudstone Hokkaido, Japan
<2 mm Hanford Site, Richland, WA
Unconsolidated 500 ym-2 mm Hanford Site, Richland, WA
sediments 75-500 um Hanford Site, Richland, WA
<75 um Hanford Site, Richland, WA
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Before MIP testing, all the samples were oven-dried at 60 °C for at least 48
hours, and were then cooled to room temperature (~22.5°C) in a desiccator. Porosity,
average pore size d, (defined in Section 4.4.2.2) and median pore size (ds), which is the
pore diameter corresponding to 50% mercury saturation, were obtained from the results
directly reported by MIP. The calculation of permeability and diffusivity was based on

these pore size data, as described in detail in the next Section.

4.4 Gas Diffusivity: Theoretical Background and Measurement by MIP
4.4.1. Definition of Diffusivity
Gas diffusion in porous media is a process caused by the random thermal motion
of gas molecules, which can be described by Fick’s first law, which takes the form of Eq.
(4-1) if the diffusion occurs under steady state conditions in a one-dimensional system at

uniform temperature and pressure [10],

ac
€ ax

Fg=-D (4-1)

where F is the diffusive gas flux [M L? T'1]; D, is the effective gas diffusion
coefficient in the porous medium [L2 T'1]; C denotes gas concentration in the pore[M L'3];
and x denotes distance [L].

Defined as the ratio of D, to the gas diffusion coefficient in air, D,, gas diffusivity
(D’) is often expressed as an exponential function of porosity [31], in a form analogous to

Archie’s law,

=D =0F (4-2)

where @, is air-filled porosity and m is an empirical exponent called cementation

factor.
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The m value in Archie’s relationship (Eq. (4-2)) depends on the pore geometry of
the porous media and several different m values are reported in the literature [65]. For
example, Archie [6] reported m value from 1.8 to 2.0 for consolidated sand, and Adler et
al. [1] obtained an m value as 1.64 for Fontainebleau sandstone.

4.4.2. Theoretical Background
4.4.2.1. MIP as a characterization tool

As a well-developed characterization tool, MIP has received attention from many
researchers and is commonly applied in pharmacy, civil engineering and reservoir
engineering [45, 85, 88].

Because of its non-wetting property to most geological materials, mercury will not
invade pores unless it is applied with an external pressure. The diameter of the pores
invaded by mercury is inversely proportional to the applied pressure, which is expressed
as the following equation developed by Washburn [86], based on the assumption that all

pores in porous media are cylindrical in shape,

2ycos6
R

AP = (4-3)

where AP is the pressure difference across the curved mercury interface
(dyne/cmz); y is the surface tension of mercury (485 dynes/cm); 6 is the contact angle
(130°) between mercury and the porous media, as reported by Ellison et al. [24]; R is the
corresponding pore radius (cm).

Micromeritics AutoPore IV 9510, the instrument used to perform MIP tests in this
work, can generate pressure as high as 413 MPa (60,000 psia) during high-pressure
analysis. According to Eq. (4-3), the pore diameter corresponding to this pressure is
about 3 nm. The largest pore diameter measurable by MIP during low-pressure analysis

is about 300 microns.
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However, MIP testing has its shortcomings. Shi and Winslow [77] pointed out that
changes of contact angle and damage to cement paste during the intrusion process
should be considered, and that this may complicate MIP data processing. The ideal
cylindrical pore shape may not be true [71], and an ink-bottle effect in MIP has been
reported by many researchers [60]. The ink-bottle effect will result in an underestimation
of large pores [92].
4.4.2.2. Determination of gas diffusivity from MIP data

Gas diffusion within pore spaces usually has two forms: Knudsen diffusion and
normal diffusion [25]. The type of diffusion likely to be dominant depends on the relative
length of the pore diameter and the mean free path of the gas molecule [59]. If the mean
free path of the gas molecule is much larger than the pore diameter it passes through,
then the collision of the gas molecules with the pore walls (i.e., Knudsen diffusion) will be
the dominant process. In contrast, if the mean free path is much smaller than the pore
diameter, the collisions between gas molecules (normal diffusion) will control the diffusion
process, while the Knudsen diffusion is negligible. However, in many real situations these
two diffusion mechanisms can simultaneously contribute to the gas diffusion in pore
spaces.

For convenience, we arbitrarily chose O, with D, = 2.04x1 0° m%s as the pseudo
gas in the derivation process of this work. The mean free path of oxygen at standard
ambient temperature and pressure (25 °C, 1 bar) is about 0.073 pm and our MIP results
show that the average pore sizes of most samples are at or below this length scale
(Table 4-3). Because of this, Knudsen diffusion is considered in order to accurately
predict diffusivity; this is shown in Eq. (4-4), which is known as the Bosanquet relation

[67],

=+ (4-4)

Dgq  Dgka

S|
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where D is the gas diffusion coefficient [L2 T'1]; D, denotes the gas diffusion
coefficient in air [L2 T'1]; and Dy, is the Knudsen diffusion coefficient [L2 T'1].

The Knudsen diffusion coefficient, Dxs, depends on the temperature, molecular
weight of gas (O,) and average pore size of the porous medium, as expressed by Eq. (4-

5)[17, 41, 74],

Dya = 48.5d, \/; (4-5)

where T is absolute temperature (K); M is molecular weight of gas (g/mol); and d,
is the average pore diameter (m) that is calculated according to the following equation in

MIP,
d, == x 107 (4-6)

Where V is the total intrusion volume (mL/g); and A is the total pore area (m?/g).
The effective diffusion coefficient was calculated according to the following
equation [13, 25, 74],
D, =22p (4-7)
where T is the tortuosity factor given by Carniglia [13] as follows,
T = 2.23 - 1.139, (applicable for 0.05<¢,<0.95) (4-8)
We should point out that the derivation of Eq. (4-8) is based on the assumption
that cylindrical diffusion paths prevail in the given porous media [13].
In summary, after obtaining the average pore size and porosity from MIP tests,
we were able to calculate gas diffusivity according to Egs. (4-2), (4-4)—(4-8).
4.4.2.3. Permeability calculation from MIP data
Absolute (or intrinsic) permeability, a measure of the relative ease with which a

porous medium can transmit a fluid under a potential gradient, is only a property of the
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porous medium and depends on the pore structure. Many researchers have attempted to
derive permeability from MIP data [42-44, 82]. Among them, Katz and Thompson [42, 43]
introduced the following equation (referred as KT method hereafter) to calculate the air

permeability based on MIP data,

k= 8_19 (Lmax)2 (Lmax) &S (Lmax) (4-9)

Le

where k is air permeability (Darcy); L.y is the pore diameter (um) at which
hydraulic conductance is maximum; L. is the characteristic length (um) which is the pore
diameter corresponding to the threshold pressure P;; ¢ is porosity; and S (Lay)
represents the fraction of connected pore space composed of pore width of size L., and
larger.

Webb [87] described the KT method (Eq. (4-9)) in detail for predicting
permeability; we obtained the permeability of each sample according to the KT method.
The relationship between permeability and porosity will be presented in the Results and

Discussion section.

4.5 Results and Discussion

4.5.1. Repeatability of MIP Tests

Berea sandstone and concrete samples were selected for triplicate MIP testing
and the remaining samples were tested only once. Ideally, a repeatability test should be
carried out on the same sample as previously tested. This is not possible in the case of
MIP testing, as the samples remain contaminated with mercury after any MIP test, and
thus cannot be used in a subsequent MIP test. Therefore, we chose three representative
samples from the same rock type or building material to evaluate the repeatability of MIP.

The experimental result of triplicate MIP tests performed on Berea sandstone and
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concrete are shown in Figure 4-1, and the pore-size results of the repeatability tests are
summarized in Table 4-2.

In Figure 4-1, the cumulative intrusion curves of Berea sandstone 2 and 3 (B2
and B3) are overlapped with each other while Berea sandstone 1 (B1) shows different
behavior. This is in accordance with Table 4-2, in which the average pore diameter of B1
is smaller than B2 and B3. This difference probably reflects the heterogeneity of the
Berea sandstone. The results of the three samples of concrete are acceptable
considering the small pore sizes and heterogeneity of concrete.

4.5.2. Gas Diffusivity

Table 4-3 presents our results of several important parameters, such as
diffusivity (D’) and the cementation factor (m values), for the total of 14 samples. Among
consolidated samples, Berea sandstone has the highest diffusivity (D’= 0.104) while tuff
has the lowest (D’ = 0.007). Peng et al. [65] measured the effective diffusion coefficients
of the same samples using the diffusion chamber method with oxygen. The comparison
of results from the two approaches is shown in Figure 4-2. Except for one sample of
unconsolidated sediment (size fraction 500 yum-2 mm) which shows a marked deviation,
and limestone which was not available in Peng et al. [65], most of our results are
distributed equally near the straight line with slope=1. This supports the validity of the
derivation method of determining effective diffusion coefficient described in this work.
Note that the unconsolidated sediment samples were compacted in the gas diffusion
chamber method [65], while they were loosely placed into the penetrometer for the MIP
tests. The difference in packing and porosity could contribute to the difference in obtained

diffusivity for these sediment samples.
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Table 4-2 Results of Repeatability Tests

MIP Lo Average pore
Sample test Porosity (%) dso (UM) diameter d, (um)
avgtstan. avgtstan. avgtstan.
dev. dev. dev.
1 24.845 22.982 0.071
Berea 2 | 22.051 | 22.86521.724 | 23.631 | 23.776+0.876 | 1.954 | 1.339+1.098
sandstone
3 21.698 24.716 1.992
1 20.811 0.140 0.036
Concrete 2 21.273 | 21.077+0.239 | 0.171 0.161+0.018 | 0.081 | 0.059+0.023
3 21.148 0.171 0.059
0.15 ABerea sandstone 1
= ¢ Berea sandstone 2
- OBerea sandstone 3
é X Concrete 1
o - XConcrete 2
§ 0.10 + +Concrete 3
©
>
c
[3)
7
E |
£ 005+
()]
2
®
E
=
O 0.00 ﬁ-'-'-* ﬁ@' e e — s
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Intrusion pressure (psia)

Figure 4-1 Cumulative Intrusion Volume vs. Intrusion Pressure for Berea Sandstone
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Table 4-3 Porosity, Average Pore Diameter, Permeability, Effective Diffusion Coefficient,
Diffusivity and m Values of 14 Samples

d.? Permeability D’

.. a c
Sample Porosity (um) (mdarcy) (m?s) D m
Concrete 1 0.208 0.0357 1.45E-02 4.36E-07 | 0.021 | 2.45
Red brick 0.212 0.7345 1.42E+00 1.83E-06 | 0.090 | 1.56
Limestone 0.145 0.3656 3.78E+01 1.04E-06 | 0.051 1.54
Dolomite 0.091 0.1361 4.09E-01 4.35E-07 | 0.021 1.61

Indiana Sandstone 0.167 0.2088 1.92E+02 1.01E-06 0.049 1.68

Berea Sandstone 2 0.221 1.9539 5.71E+02 2.12E-06 0.104 | 1.50

Gray Chalk 0.320 0.1149 1.22E-01 1.59E-06 0.078 | 2.24
White Chalk 0.438 0.0915 2.23E-01 2.05E-06 0.100 | 2.78
Tuff 0.096 0.0252 7.33E-04 1.43E-07 0.007 | 2.12
Mudstone 0.196 0.0282 2.26E-03 3.37E-07 0.017 | 2.52
Hanford < 2mm 0.401 0.0937 3.69E+02 1.86E-06 0.091 2.62

Ha”fOrOr'n?gO“mQ 0137 | 00380 | 3.23E-01 | 2.89E-07 | 0.014 | 2.14

Hanford 75-500 um 0.480 0.1590 7.06E+02 3.10E-06 0.152 | 2.57

Hanford < 75um 0.586 0.1947 2.83E+01 4.46E-06 0.219 | 2.85

# Obtained from MIP.
® Calculated at temperature 20 °C for oxygen.
® Calculated according to Eq. (4-2) with D, = 2.04x10™° m?/s for oxygen.

4.5.3. Correlation of Gas Diffusivity with Porosity and Permeability

The exponential relationship between permeability and diffusivity, as shown in
Figure 4-3, is weak with a correlation coefficient value of R?=0.549. However, it indeed
indicates an increasing trend of diffusivity with the increase of permeability.

According to Eq. (4-2), we should obtain a linear relationship if we plot diffusivity
versus porosity in log scale and the slope of the plot should give the value of m. Figure
4-4 shows the relationship between D’ and porosity for our samples. The samples can be

divided into two groups according to the different slope (m) value. One group, with m =
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1.5, includes dolomite, limestone, Indiana sandstone, Berea sandstone and red brick and
the remaining samples fall into another group with m = 2.5.

All four samples of unconsolidated sediment show relatively high m values (from
2.1 to 2.8), and the finer sediment tends to exhibit a larger m value, which is consistent
with the conclusion of Peng et al. [65]. For consolidated samples, we plotted the
diffusivity versus median pore diameter (dsy) and the two sample groups are shown with
different legends in Figure 4-5. We found that these two groups could also be separated
by a cut-off dsp value of ~0.5 ym. All the samples in the group with m=1.5 have a
relatively large ds, (>0.5um), while the samples of the m=2.5 group have a smaller ds
(<0.5um); in other words, the tighter samples with ds5y<0.5 pm tend to have the larger m
value of 2.5. Compared with the scattered samples of the group with m=1.5 (R°=0.254),
the tight samples exhibit a more organized behavior and display an exponential
relationship between D’ and dso as shown in Figure 4-5. This relationship can be
summarized as

D' = 0.25d5,"" (4-10)
where D' denotes diffusivity (dimensionless) and dsy is the median pore diameter
in um.

Although the MIP-derived gas diffusivities of building materials and
unconsolidated sediments are comparable with the measured data (Figure 4-2), the
complexity of factitious building materials and the instability of unconsolidated sediments
make it difficult to draw further conclusions, and interpretation of the complicated pore
structures of these two types of porous medium is beyond the scope of this work.
Accordingly the emphasis in the remainder of this section will be on the eight

consolidated rock samples.
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The relationship between permeability and porosity has been investigated and

presented by many researchers [15, 54, 84]. We plot the permeability versus porosity for

eight rock samples together with two building materials in Figure 4-6. The results show

two different exponential relationships with relatively high R? (>0.9) for the two groups of

samples with different m values. Again, dolomite, limestone, Indiana sandstone and

Berea sandstone fall in the same group (m=1.5), while tuff, mudstone, gray chalk and

white chalk belong to the other group (m=2.5).

For the sample group with m=1.5, the following relationship exists,

k=4x10""9,%%
where K is permeability in m? and @, is air-filled porosity.
For the group with m=2.5, the relationship is

k=6x10"1%g,**°

(4-11)

(4-12).
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Figure 4-4 Diffusivity (D’) vs. Porosity (@,) for Our Samples (two groups are divided

according to the m value)
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4.6 Conclusion

The objective of this work was to derive gas diffusivity from MIP data and to
explore the correlation of diffusivity with permeability and porosity. The repeatability of
MIP determinations was evaluated using Berea sandstone and concrete. In terms of
average pore size, our results show that the consideration of Knudsen effect in many
rocks is necessary. The effective diffusion coefficients (D,) of three types of porous
media (two building materials, eight consolidated rocks and four unconsolidated
sediments) were calculated with established equations, using the information on average
pore diameter (d,) and porosity (@,), both of which are easily obtained by MIP. The
results are basically in line with the experimental values obtained from gas diffusion tests.
It should be pointed out that the method used to calculate D, in this work is only
applicable to samples with porosity between 0.05 and 0.95, as indicated in Eq. (4-8) of
Carniglia [13]. However, except for extremely tight rocks such as granite, this method still
has a wide applicability. Usually, one MIP test can be completed within two hours, which
enhances the applicability of this method.

An increasing trend of diffusivity with increasing permeability was observable in
our results, although the correlation was weak, as shown in Figure 4-3. Diffusivity,
calculated according to Eq. (4-2), was also used to obtain the m value, which is closely
related to the pore structure. Two groups of samples were divided according to the m
values (m=1.5 vs. m=2.5). For the consolidated samples, these two groups could be
further differentiated from each other according to the median pore diameter (dso)
obtained from MIP. When ds is larger than ~0.5 um, the samples belong to the group
with m=1.5. Conversely, if ds, is less than ~0.5 um the sample probably has an m value
of 2.5 and the diffusivity of this sample can be estimated according to Eq. (4-10).

Moreover, the relationship between permeability and porosity was investigated for eight
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rock samples. Again, dolomite, limestone, Indiana sandstone and Berea sandstone in the
group with m=1.5 exhibited similar behavior, which can be expressed by Eq. (4-11), while
tuff, mudstone, gray chalk and white chalk, all of which belonged to the group with m=2.5,

shared the same power-law-form of Eq. (4-12).
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Chapter 5
Wettability and Pore Connectivity of Barnett Shale at Different Depths: Investigation from

Directional Spontaneous Imbibition and Mercury Intrusion Porosimetry

5.1 Abstract

The Barnett shale, as one of the nation’s most prolific unconventional reservoirs,
has attracted the attention of scientists and engineers, and has been characterized from
many different perspectives. For several decades, imbibition experiments have been
conducted by many investigators to study the factors influencing hydrocarbon recovery,
and mercury intrusion porosimetry (MIP) has been applied in pore structure
characterization. The present study examines the spontaneous imbibition behavior of
Barnett shale samples taken from four different depths, using two types of imbibing fluid
(water and n-decane), and characterizes the pore structure of Barnett shale using MIP as
a supplemental method of investigation. The shale samples were taken from a well in
Wise County, Texas, within the Fort Worth Basin, at depths below land surface of 7136 ft
(2175 m), 7169 ft (2185 m), 7199 ft (2194 m) and 7219 ft (2200 m). During the imbibition
experiments, all sides of the sample prisms were coated with quick-cure epoxy except
top and bottom, so as to generate co-current imbibition in the vertical direction. The
scaling method proposed by Ma et al. [55] was used to permit comparison of water and
n-decane imbibition into Barnett samples from the same depth, and to gain insight into
the effect of wettability on imbibition behavior. In addition, imbibition experiments were
conducted in two directions, parallel to and transverse to the bedding planes of the
samples, by orienting and epoxy-coating the samples differently. The observed
directional dependency of fluid imbibition contributed to the interpretation of wettability

conditions. Information on pore-throat size distribution was obtained from MIP and a
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comparison was made among the samples from different depths. Our results show that
wettability significantly affects imbibition behavior and that the samples tested in this
study can be divided into three categories based on wettability condition (strongly water-
wet, intermediate-wet and oil-wet). In addition, the low pore connectivity of Barnett shale

is confirmed by both water imbibition and MIP results.

5.2 Introduction

With the development of new drilling and fracturing technologies, the production
of shale gas has significantly increased and it is predicted that shale gas will become the
source of 49% of total dry gas production in the USA by 2035 [5]. Understanding the pore
structure of these extremely low-permeability (usually in the nano-darcy range) reservoirs
has been a challenging task due to the limitation of applicable characterization tools and
techniques. Recently the Barnett shale, the first developed shale play and one of the
most successful unconventional reservoirs in the world, has been the subject of many
studies incorporating different approaches to the investigation of pore structure
characteristics. For example, Slatt and O’Brien [79] characterized the pore types of the
Barnett and Woodford gas shales using scanning electron microscopy. Chalmers et al.
[14] investigated the pore systems of Barnett shale using multiple approaches, including
mercury intrusion porosimetry (MIP). In addition, Hu et al. [40] investigated the low pore
connectivity of Barnett shale using spontaneous water imbibiton, tracer concentration
profiles, and imaging in combination with network modeling. The present study includes
imbibition experiments on Barnett shale samples from different depths in a single well,
characterizing the imbibition behavior with respect to bedding plane orientation and
wettability. The experiments included imbibition in two different directions (parallel to and

transverse to the bedding plane); in each individual experiment, either water or n-decane
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was used as the imbibing fluid. We also performed MIP tests on the samples to measure
porosity and to investigate pore connectivity by deriving tortuosity values from the MIP
data.
5.2.1. Barnett Shale

Located in at least 17-county area of the Fort Worth Basin in north-central Texas,
the Barnett Shale is a Mississippian-age marine shelf deposit, and ranges in thickness
from 200 ft in the southwest region to 1,000 ft to the northeast. The Barnett Formation
could be divided into three members where the Forestburg limestone is present: upper
Barnett section, Forestburg limestone and the lower Barnett section. Upper and lower
Barnett sections mainly consist of a variety of siliceous mudstones with less abundant
interbedded lime mudstones and skeletal packstones, while the Forestburg section is
composed of laminated, argillaceous lime mudstone [49].

X-ray powder diffraction analyses of 35 cuttings from three wells in Wise and
Denton counties give the following shale composition by weight: 45-55% silts (mostly
quartz and some plagioclase); 15-25% carbonates (mostly calcite, some dolomite, and
siderite); 20-35% clay minerals; and 2-6% pyrite [49, 91]. Total organic carbon ranges
from 3.5 to 4.5% by weight, which translates to 7-9% by volume because the organic
matter has a lower density than the minerals. The organic matter in the shale is mainly
type Il kerogen, which can generate both oil and gas directly [91].

In Wise County, Texas, the Barnett Shale has a net thickness of 50-200 ft, TOC
4.5%, gas-filled porosity of 2.5% and water-filled porosity of 1.9%, adsorbed gas content
at 20% [18]. The Texas United 1 Blakely core (120 ft; 37 m), located in Wise County,
within the Fort Worth Basin, includes part of the upper Barnett section (from 7105 to 7117
ft ), the Forestburg limestone (from 7117 to 7155 ft), and the upper part of the lower

Barnett section (from 7155 to 7225 ft) [49]. Loucks and Ruppel [49] also found a well-

49



developed hardground at 7198 ft (2193 m) in the Blakely core and pointed out that this
hardground has well-developed phosphate-coated grains (ooids) and massive pyrite
replacement.

The shale samples used here were taken from this Blakely well, at depths below
land surface of 7136 ft (2175 m), 7169 ft (2185 m), 7199 ft (2194 m) and 7219 ft (2200 m)

and the photos of these core samples are listed in Figure 5-1.
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Figure 5-1 Photos of Barnett Shale Core Samples from Different Depths
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5.2.2. Wettability

Wettability shows the tendency of solid surfaces to be preferentially wet by one
fluid phase. The wettability of reservoir rock is a critical factor influencing the petroleum
recovery process; the Amott test [4] and the U.S. Bureau of Mines (USBM) test [21] are
the most commonly used methods of determining the wettability of oil/brine/rock systems.
However, the extremely low permeability of shales, coupled with the dependence of
these two methods on capillary pressure and microscopic displacement efficiency, makes
the measurement of wettability of shales using these two methods difficult. Wettability
could also be evaluated by directly measuring contact angle, but the problems of
reproducibility (possibly caused by surface contamination, surface roughness,
heterogeneity in chemical composition and so on) render this method challenging [61].
Recently surface forces and NMR have been discussed in the literature as supplemental
approaches in characterizing the wettability of shale [81, 83]. Although the idea of
determining wettability from spontaneous imbibition has been discussed by many
researchers [19, 61, 63], most of the research has focused on sandstone with relatively
high porosity and permeability, and relatively little attention has been paid to tight shales.
Makhanov et al. [56] conducted an experimental study of spontaneous imbibition into
Horn River shale samples from different depths. They found that the studied shale
samples were oil-wet, based on contact angle measurement; they further noted that fluid
imbibition into Horn River shale showed strong directional dependency. This directional
dependency is also observed in Barnett shale and it is used to interpret wettability
condition here. The work reported herein represents the first published attempt to
characterize qualitatively the wettability of Barnett shale from different depths by

conducting imbibition experiments along different directions, using two types of imbibing
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fluids, and using the scaling method proposed by Ma et al. [55] to interpret imbibition
data.
5.2.3. Spontaneous Imbibition

Spontaneous imbibition (Sl) is a capillary-force controlled process during which
a wetting fluid displaces a non-wetting fluid under the influence of capillary suction only.
In the process of oil/gas recovery from fractured reservoirs, water is imbibed into the rock
matrix blocks from the fracture system by Sl, with the result that oil /gas in the matrix is
displaced by the water. As a result, the oil/gas production rate is strongly dependent on
the Sl process, and extensive research has been undertaken to investigate that process
[32, 47, 76, 80].

Handy [34] proposed the following equation (Eqg. (5-1)) to describe the Sl process
in a water-air system in which imbibition occurs vertically upward and the gravitational
force can be neglected:

2Pcky,PAZS,,
Uw

Qi = ( )t (5-1)

where Q,, is the volume of water imbibed into the core sample in cm®; P, is the
capillary pressure (atm); k,, is the effective permeability in darcies; @ is fractional porosity;
A is the cross-sectional area of the core in cm?; S, is fractional water content of the pore
spaces; t is imbibition time in seconds; and p,, is the viscosity of water in centipoises.

Handy’s equation can be simply expressed as,

H = at® (5-2)

Where H is cumulative imbibition height which equals Q,/A; a is a constant.

Handy’s equation (Eq. (5-1)) is based on three assumptions (1) the water
imbibes in a piston-like manner; (2) the pressure gradient in the gas phase ahead the

water front can be neglected; and (3) gravity forces are much less than capillary forces.
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Handy’s equation implies that the cumulative imbibition height is proportional to the
square root of the imbibition time, so that theoretically a slope of 0.5 should be obtained if
cumulative imbibition height is plotted vs. imbibition time on log-log coordinates. For
imbibition into Indiana sandstone, metagraywacke, and Barnett shale, Hu et al. [40]
reported three types of imbibition slope, the theoretical value of 0.5, but also 0.26, and
0.26 transitioning to 0.5). Percolation theory suggests that the lower slope values may be
an indication of low pore connectivity.

Wettability, boundary conditions, shape factor, viscosities of fluids, interfacial
tension, initial wetting fluid saturation, pore structure of the rock, and temperature are
generally considered the important factors influencing the imbibition process [57, 62, 89].
Scaling of Sl behavior is generally recognized as an effective method of investigating the
factors controlling the Sl process. Mattax and Kyte [58] proposed the following scaling

equation,

k o
tp = t\/%m (5-3)

where {p is dimensionless time; t is imbibition time (s); k is absolute permeability
(m?); @ is fractional pososity; o is interfacial tension (N/m) between wetting and non-
wetting phases; p,, is viscosity of imbibing water (Pa-s); and L is sample length (m).

Zhang et al. [90] revised this equation, using the geometric mean of the fluid
viscosities to account for variations in the viscosity of the displaced phase; they
emphasize that the use of this new term is empirical, with no theoretical basis. Another
new term, called characteristic length (L;), was proposed by Ma et al. [55] to account for
different sample shapes and boundary conditions. After these two major revisions, Eq. (5-

3) becomes
k g
tp = t\ﬁ Hwebnwl? (5-4)
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where pye is the viscosity of the wetting phase (Pa-s); unw is the viscosity of the
non-wetting phase (Pa-s); L. is the characteristic length (m) which is defined by the
following equation,

Vb

L. = |——
¢ 2?=1Ai/lAi

(5-5)

where V,, is the bulk volume of the matrix (m®); n is the total number of surfaces
open to imbibition; Ai is the area open to imbibition in the ith direction (m2); Ly, is the
distance that the imbibition front travels from the imbibition face to the non-flow boundary
(m).

Although Eq. (5-4) has a more generalized form than Eq. (5-3), there are still
several limitations for the dimensionless time as calculated by Eq. (5-4). As mentioned by
Li [47], these limitations include that (1) wettability must be the same; (2) relative
permeability functions must be identical; (3) capillary pressure functions must be
identically proportional to interfacial tension; (4) initial fluid distributions must be
duplicated; and (5) gravity must be neglected.

By using Eq. (5-4), imbibition data can be adjusted to compensate for differences
in pore structure, viscosity, interfacial tension and boundary conditions; wettability, the
remaining factor, is not taken into account when the imbibition of different fluids into the
same sample is considered. As a result, for the same sample the difference of imbibition
behavior is mainly determined by wettability after scaling with Eq. (5-4).

5.2.4. Theory of Mercury Intrusion Porosimetry (MIP)

Mercury, as a non-wetting fluid to most geological materials, will not invade pores
unless it is applied with external pressure. Washburn [86] developed the following
equation which is often applied as the basic theory for MIP, under the assumption that all

pores in the medium are cylindrical,
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. 2ycos6
R

AP = (5-6)

where AP is the pressure difference across the curved mercury interface
(dyne/cmz); y is the surface tension of mercury (485 dynes/cm); 6 is the contact angle
(130°) between mercury and the porous medium; and R is the corresponding pore radius
(cm).

With the increase of applied pressure during the intrusion process, the volume
change of intruded mercury will be recorded by MIP as an intrusion curve and the pore-
throat size distribution can be derived from this intrusion curve according to Washburn’s
equation (Eq. (5-6)). Many studies have been conducted to derive permeability from MIP
data [42-44, 82]. Among them, Katz and Thompson [42, 43] introduced the following

equation to estimate permeability based on the MIP data,

k = — (Lmax)z (Lmax/Le)BS (Lmax) (5-7)

" 89

where k is air permeability (Darcies); L .x (um) is the pore-throat diameter at
which hydraulic conductance is maximum; L. (um) is the characteristic length which is the
pore-throat diameter corresponding to the threshold pressure P;(psia) and P, is
determined at the inflection point of the cumulative intrusion curve; @ is porosity; S (Lmax)
represents the fraction of connected pore space composed of pore width of size L., and
larger.

The process of using the Katz and Thompson (KT) method (Eq. (5-7)) to
calculate permeability is described in detail by Gao and Hu [28]; in the present study we
calculate the permeability of our samples using the KT method.

Tortuosity, another important parameter which may indicate pore connectivity,

can also be derived from MIP data [33, 87]

_ | P n=rcmax 5
v Jukmpvm) Jo=rs min 1*fy ()dn (5-8)
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where p is fluid density (mass/volume); k is permeability (area); V, is total pore

n=rc ,max

volume (volume/mass); | n%f,(n)dn is pore-throat volume distribution by pore-

n=rc,min

throat size; 7 is tortuosity which is defined by the following equation,

r=" (5-9)

where I, is actual distance traveled by a fluid particle as it moves between two
points in a porous medium which are separated by a straight line distance /.

Despite the importance of diffusion to gas production, there is no systematic
study examining permeability and diffusivity of the Barnett shale [11]; this work provides

the first measurements of chemical diffusivity (in terms of tortuosity) of shale samples.

5.3 Imbibition and MIP Experiments
We performed Sl and MIP tests on Barnett shale core samples from the Blakely
well [50] (API 497-33041, Wise County, TX), taken from the following depths: 7136 ft
(2175 m), 7169 ft (2185 m), 7199 ft (2194 m) and 7219 ft (2200 m).

For the imbibition experiments, all the samples were cut into rectangular prisms
and all sides (except top and bottom) were coated with quick-cure transparent epoxy to
avoid condensation/evaporation of the imbibing fluid (water or n-decane) from the side
surfaces of the samples. The imbibition apparatus was already shown in Figure 2-1 (Gao
and Hu [27]); the experimental procedure and the data processing method were
described in detail by Hu et al. [39]. It should be noted that all the samples were oven-
dried at 60 °C for at least 48 hours before they subjected to the imbibition experiments in
order to achieve a constant initial water saturation state. We used water and n-decane
(oil phase) as the imbibing fluids during the imbibition experiments; the physical

properties of these fluids are listed in Table 5-1. N-decane was used to probe the oil-
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wetting characteristics of the samples. Air was always treated as the displaced non-
wetting phase in our imbibition experiments. During the water imbibition experiments,
beakers of water were placed inside the experiment chamber to keep the humidity inside
the chamber constant and these beakers were removed for the n-decane imbibition
experiments because they could affect the n-decane imbibition process. As the wettability
of the tested samples could be changed by n-decane imbibition, we did not perform
triplicate tests on the same sample in the n-decane experiments, as we did for the water
imbibition tests. Because of the layered characteristics of Barnett shale, we carried out
imbibition experiments in different directions with respect to the bedding planes, by
coating the sample surfaces differently, as shown in Figure 5-2; the symbols P and T are
used herein to designate imbibition parallel to and transverse to the bedding,
respectively. The dimensions of all the samples used in the imbibition experiments are
listed in Table 5-2.

We used Micromeritics AutoPore IV 9510 to perform MIP tests in this work. The
instrument is capable of generating pressures as high as 60,000 psia (413 MPa) during
high-pressure analysis; the pore-throat diameter corresponding to this pressure
according to Eq. (5-6) is about 3 nm. In contrast, the largest pore-throat diameter
measurable by MIP during low-pressure analysis after pulling vacuum is about 300
microns. All the samples (mostly cube-sized, with the largest linear dimension of about
1.5 cm) were oven-dried at 60 °C for at least 48 hours to remove moisture from the pore
spaces, and were then cooled to room temperature (~23 °C) in a desiccator before they
were subjected to the MIP test. After obtaining the permeability using KT method, MIP

instrument could produce the tortuosity values according to Eq. (5-8).
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Table 5-1 The Physical Properties of Related Fluids

Fluid Density (g /cm3) Viscosity (mPa-s) | Interfacial tension with air (mN/m)
Air 0.018 -
Water 1.00 1.002 72.0
n-decane 0.73 0.84 23.9
Table 5-2 Dimensions of Samples Used in S| Experiments
Sample . . . Length| Width | Height
depth | Porosity? | Sample ID Fluid used®
A (em) | (em) | (cm)
B7136PA water and n-decane 1.7 1.7 1.2
7,136 0.0105 B7136TA Water 1.4 1.7 1.7
B7136TB n-decane 1.5 1.7 1.4
B7169PA water and n-decane 1.2 1.8 1.3
B7169TA water and n-decane 1.4 1.8 1.8
7,169 0.0288
B7169PB n-decane vapor 1.7 1.5 1.3
B7169TB n-decane vapor 1.8 1.4 1.3
B7199PA water and n-decane 1.7 1.7 1.2
7,199 0.0596 B7199TA Water 1.2 1.7 1.7
B7199TB n-decane 1.7 1.3 3.9
B7219PA water and n-decane 1.7 1.7 1.4
7,219 0.0261
B7219TA water and n-decane 1.4 1.7 1.9

@ Porosity is measured by MIP.

® A and B stand for different samples.

° Where both water and n-decane Sl experiments were performed on the same sample,
the n-decane Sl experiment was carried out after the water S| experiments were
completed. Water imbibition was repeated at least three times on the same sample.
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/ epoxy\

fluid reservoir fluid reservoir

Figure 5-2 Parallel Sample (P) and Transverse Sample (T) in SI Experiments (Parallel
lines within samples stand for bedding layers in Barnett shale)
5.4 Results and Discussion
5.4.1. Wettability Inferred from S| Experiments

As mentioned above, the wettability of the samples could be indicated from
imbibition experiments after scaling the imbibition data using Eq. (5-4). In order to make a
better comparison, a dimensionless weight was introduced as follows,

Wy, = W/[p@V] (5-10)

where W is the dimensionless weight; W is the imbibed weight of water or n-
decane; p is the density of water or n-decane; @ is fractional porosity; and V is sample
volume.

Both cumulative imbibition height and imbibition time were plotted in log-log
scales for all the samples. The wettability of Barnett shale samples are qualitatively
divided into three categories (oil-wet, strongly water-wet and intermediate-wet) based on
the different imbibition behaviors observed. The imbibition slope together with imbibed
weight is used to identify wettability conditions of our samples and the directional
dependency of imbibition related to wettability is also discussed in the following

subsections.
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5.4.1.1. Oil-wet Barnett shale from the depth of 7136 ft (B7136)

Oil-wet samples are characterized by the higher n-decane imbibition slope
compared with water imbibition for both P and T samples. During the initial thirty seconds
or so of each Sl experiment, the samples were not mechanically stable, but rather tended
to vibrate slightly in the vertical direction. For times after this initial period of instability, a
linear relationship was observed in the logarithmic plots of cumulative imbibition height
versus imbibition time. For B7136 samples, the P and T samples show similar n-decane
imbibition behavior (Figure 5-3). Both the B7136PA and B7136TB samples began to
imbibe n-decane almost as soon as they contacted n-decane. The direction of flow
relative to the bedding orientation had little effect on the n-decane imbibition curves,

indicating that n-decane could readily imbibe either along or across the bedding planes.
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Figure 5-3 Cumulative n-decane Imbibition (mm) vs. Time (min) in Log Scales for B7136
Samples
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It is not appropriate to compare directly water imbibition and n-decane imbibition
curves, due to the different properties of the two fluids. For this reason the results of
water imbibition experiments for B7136 samples are shown separately in Figure 5-4. The
comparison between water and n-decane imbibition is made by plotting the
dimensionless weight, Wp, versus dimensionless time, fp, in log scale, as shown in Figure
5-5. The slope of n-decane imbibition for B7136PA and B7136TB is about 0.43 which is
much higher than 0.23, the slope of water imbibition for B7136PA and B7136TA, which
indicates the oil-wet property of B7136 samples.
5.4.1.2. Strongly water-wet Barnett shale from the depth of 7169 ft and 7219 ft (B7169
and B7219)

The most significant characteristic of the strongly water-wet category is the
different n-decane imbibition behavior of the P and T samples. During the first 10
minutes, almost no n-decane was imbibed into B7169TA, while a relatively large amount
of n-decane was taken up into B7169PA during the same period, as shown in Figure 5-6.
We also performed n-decane vapor absorption experiments on B7169 P and T samples,
during which the sample was suspended above the n-decane surface without
submerging it into the n-decane reservoir; the results are also presented in Figure 5-6.
The n-decane vapor absorption curves of the B7169 samples exhibited a shape similar to
that of the n-decane imbibition curve for B7169TA, suggesting a possible explanation of
the n-decane imbibition process in T samples. Because of the strongly water-wet nature
of the medium, n-decane was not readily imbibed by the T samples of this category in the
initial phase of the experiment; however, during this period, n-decane vapor may have
been able to enter the pore space in sufficient quantity to alter the wettability toward a
more oil-wet condition. If this in fact occurred, it would account for the increased

imbibition of n-decane into the medium as the experiment continued.
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In the case of the P samples of this category, however, the experimental results
suggest different controlling conditions. The n-decane imbibition curve of B7169PA in fact
appears much closer to an oil-wet imbibition curve. This is probably caused by n-decane
migration along some visible cracks (about 0.1mm width as observed with microscopy)
between adjacent parallel bedding planes. These cracks are probably the result of two
mechanisms: (1) during the process of sedimentation and compaction, some cracks were
naturally produced; (2) during the drilling process some cracks might be produced
artificially as a result of pressure release.

In contrast to the n-decane imbibition experiments, no significant difference was
observed between P and T results during water imbibition (Figure 5-7); this indicates that
water may be imbibed with equal facility along or across the bedding planes, perhaps
because of the strongly water-wet character of the samples. The water and n-decane
imbibition curves after scaling are shown in Figures 5-8 and 5-9; the strongly water-wet

condition appears to dominate the imbibition behavior of these samples.
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5.4.1.3. Intermediate-wet Barnett shale from the depth of 7199 ft (B7199)

Unlike the oil-wet (B7136) or strongly water-wet samples (B7169 and B7219),
B7199 samples showed some intermediate imbibition behavior (Figure 5-10). The water
imbibition curves of B7199 P and T samples do not overlie one another closely and the P
sample has a higher imbibition slope, indicating wetting characteristics different from
those of strongly water-wet samples. In the n-decane experiments the P sample imbibed
much more n-decane than the T sample during the early part of the experimental period,
which is similar to the behavior observed for strongly water-wet samples; the difference
between the two categories is that B7199 TB began to imbibe n-decane in a linear
fashion at the very beginning of this experiment, in a pattern similar to that of oil-wet
samples. The n-decane imbibition curve has a higher slope than the water imbibition
curve for T samples which also indicates that B7199 is oil-wet to some extent. Based on
these phenomena, B7199 is differentiated from other two wetting categories and

considered as intermediate-wet.
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5.4.2. Pore-throat Size Distribution of Barnett Shale

As a supplemental characterization method of S| experiments, MIP tests were
performed on Barnett shale from the four different depths to obtain the pore-throat size
distribution information; the results are shown in Figures 5-11 and 5-12. Hartmann and
Beaumont [35] classified the pore sizes as nanopores (<0.1 um), micropores (0.1-0.5
pgm), mesopores (0.5-2.5 ym), macropores (2.5-10 ym) and megapores (>10 um). Except
for the B7136 sample, the dominant pore-throat sizes for the Barnett shale samples are
less than 0.1 ym and fall in the nanopore range. Even for the B7136 sample, these
nanopores account for about 20% of the total pore space.

The results shown in Figures 5-11 and 5-12 suggest that the samples fall into
three groups in terms of their pore-throat size distribution, and that these three groups
coincide with the three wettability categories defined on the basis of the S| experiments;
this in turn indicates that some correlation may exist between pore structure and
wettability. The oil-wet B7136 sample has the lowest porosity (~1%) and more than 25%
of the total porosity is occupied by large pores (above 100 um); the intermediate-wet
B7199 sample has the highest porosity (~6%) and only about 4% of the pore spaces are
occupied by large pores. The strongly water-wet B7169 and B7219 samples exhibit
similar pore-throat size distributions which fall between those of the oil-wet and
intermediate-wet samples.

5.4.3. Low Pore Connectivity of Barnett Shale

Pore connectivity plays an important role in fluid flow and mass transport in
porous media; Hu et al. [40] investigated pore connectivity using multiple approaches,
including water imbibition experiments. Unlike the conventional oil/gas reservoirs which
likely have well-connected pore spaces, the pores of Barnett shale are poorly connected

making the migration of fluids within them difficult.
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If we plot cumulative water imbibition height versus imbibition time in log scales,
the theoretical imbibition slope of 0.5 should be observed according to Handy’s equation.
However, our results (Table 5-3) show that the water imbibition slopes (around 0.28) of
Barnett shale differ significantly from this theoretical 0.5 value. This confirms the low pore
connectivity of Barnett shale [40].

Tortuosity which may be derived from MIP data according to Eq. (5-8) is another
parameter that could be used to evaluate pore connectivity. The relatively large values of
tortuosity (>10,000) shown in Table 5-3 implies fluids need to navigate through quite
tortuous pathways in order to migrate from one location to another within the Barnett
shale. This means that a fluid particle would have to travel more than 100 meters in order
to traverse a core one centimeter in length, or in order to advance a linear distance of
one centimeter in the formation. We believe that the nanopores of Barnett shales are very
poorly connected so that fluids waste lots of time to connected pathways of limited
distance.

Table 5-3 Water Imbibition Slopes and Tortuosities for Barnett Shale

Sample Permeability (m?)? Tortuosity® water imbibition slope®®
B7136 1.14E-21 40603 0.269+0.005
B7169 2.21E-21 27795 0.273+0.050
B7199 4.96E-21 10352 0.284+0.062
B7219 1.78E-21 23591 0.3131£0.019

® Permeability calculated according to KT method [42, 43].
® Tortuosity calculated according to Eq. (5-8) [33, 87].

° Only T samples are used to eliminate the effect of cracks within
samples.

d Averagezstandard deviation for at least triplicate measurements
on the same sample.
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5.5 Conclusion

The goal of this work was to investigate Barnett shale samples from four depths
(7136, 7169, 7199, and 7219 ft) using Sl experimentation and MIP. We proposed a
method to investigate the wettability characteristics of these layered shale samples by
conducting imbibition experiments, in directions both parallel to (P) and transverse to (T)
the bedding, using two types of imbibing fluids. Based on the Sl results, the following
wettability categories were qualitatively identified: (1) oil-wet B7136 samples; (2) strongly
water-wet B7169 and B7219 samples; and (3) intermediate-wet B7199 samples. It should
be noted that the directional dependency of imbibition was also used to differentiate
these three wettability categories. For oil-wet samples, the slopes of n-decane imbibition
were higher than those of water imbibition for both P and T samples, and there was no
obvious n-decane imbibition difference between P and T samples. However, for strongly
water-wet samples, the P and T experiments showed quite different n-decane imbibition
behavior, whereas similar water imbibtion behavior was observed in the two directions,
as would be expected for this category. Because of the strong water—wet condition, the
transport of n-decane across bedding planes was inhibited, while in the direction parallel
to these layers n-decane was apparently able to migrate along cracks created naturally or
artificially among these layers. For intermediate-wet samples, the difference between P
and T samples was observed in both water and n-decane imbibition curves. These three
wettability categories also showed different pore-throat size distributions, which indicates
the pore structure may affect wettability in some way. However, the relationship between
pore structure and wettability is currently not clear and needs to be investigated in the
future.

The low pore connectivity of Barnett shale, probably associated with low

porosities and nanopores, was indicated by both the water imbibition slopes (around 0.28

70



as opposed to the theoretical slope of 0.5) and the high tortuosity values derived from

MIP data.
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Chapter 6
Experimental Studies of Spontaneous Imbibition, Median Pore-throat Diameter, and

Wettability

6.1 Abstract

Spontaneous imbibition (SI) has been investigated by many researchers because
of its significance in understanding the process of oil/gas recovery. However, most of
current studies focus on evaluating the performance of the proposed scaling method on
the same type of rock, and the pore structure information is insufficiently considered in
these scaling methods. This work investigates the effect of median pore-throat diameter
(Dsp) on Sl process for different porous media (Barnett shale, dolomite and Indiana
sandstone). Parameter D5 is defined as the pore-throat diameter corresponding to 50%
mercury saturation during mercury intrusion porosimetry measurement. The effect of D5
on wettability by changing the contact angle between imbibing fluid and porous medium
is also investigated in this work using water and n-decane. Our results show that these
three types of rocks tend to be more oil-wet and less water-wet as the increase of Ds,.
The imbibition curves of these three types of rocks are better correlated after D5 is taken
into account, compared with scaled Sl data without considering Ds,. This also indicates

that D5y as an index of pore structure plays an important role in the process of Sl.

6.2 Introduction
Spontaneous imbibition (SI) is a capillary-force controlled process during which a
wetting fluid displaces the non-wetting fluid by capillary force only, and it plays an
important role in gas/oil recovery of fractured reservoirs. The properties of displacing and

displaced fluids, pore structure of porous media and their interactions are the main
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factors controlling the imbibition process. Scaling of Sl data is a good method to
investigate the factors affecting imbibition process, and this approach is widely used to
predict the gas/oil production behavior in the field with laboratory imbibition tests. Mattax

and Kyte [58] proposed the following classical scaling equation,

k o
tp = t\/%m (6-1)

where tp is dimensionless time; t is imbibition time (s); k is absolute permeability
(m2); @ is fractional pososity; o is interfacial tension (N/m) between wetting and non-
wetting phases; p,, is viscosity of imbibing water (Pa-s); L is length (m).

Much effort has been spent on improving the performance of this scaling
equation. After two major revisions made by Zhang et al. [90] and Ma et al. [55], a new

definition of dimensionless time is proposed as Eq. (6-2),

k [
tp=t [F—2 6-2
b \E ﬂweﬂnwl% ( )

where p,e is the viscosity of wetting phase (Pa-s); un is the viscosity of non-
wetting phase (Pa-s); L. is characteristic length (m) which is defined by Eq. (6-3),

Vb

Le= |g7——
¢ Z?:lAi/lAi

(6-3)

where V,, is the bulk volume of the matrix (m3);n is the total number of surfaces
open to imbibition; A; is the area open to imbibition in the ith direction (m2); Ly, is the
distance that the imbibition front travels from the imbibition face to the non-flow boundary
(m).

The use of geometrical mean of the fluid viscosities, proposed by Zhang et al.
[90] to account for the variations in the viscosity of the displaced phase, is empirical
without any theoretical basis. The assumptions for this dimensionless time are (1)

wettability must be the same; (2) relative permeability functions must be identical; (3)
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capillary pressure functions must be identically proportional to interfacial tension; (4)
initial fluid distributions must be duplicated; (5) gravity must be neglected.

It should be pointed out that all the studies related to scaling method mentioned
above have one thing in common: they performed the scaling method on the same type
of rock-fluid system and in this situation all the assumptions for Eq. (6-2) could be
satisfied. However, Eq. (6-2) does not work well when it is applied to different types of
rocks because the assumptions (1) and (3) are probably not the case due to the effects of
pore structure. Akin et al. [2] conducted a research to investigate the Sl characteristics of
diatomite and they made a comparison between Berea sandstone and diatomite by
scaling the Sl data of these two types of rocks using Eq. (6-2). The scaled imbibition
curves could not overlap with each other very well by showing a considerable difference:
these diatomite samples imbibed water at rates that rival sandstone in an absolute sense
and exceeded sandstone in a non-dimensional sense although diatomite is 100 times
less permeable that sandstone. The authors concluded that this difference was due to
capillary force, but no further investigation was performed.

Recently, some researches have been conducted to provide scaling groups that
are independent of fluid and rock properties [9, 73], and the validity of these proposed
methods has been demonstrated. However, the effect of pore structure on fluid transport
in porous media is not considered in these studies. Here we will investigate the effect of
pore structure on imbibition process. The median pore-throat diameter (Dso), as an
important index of pore structure, has attracted many researchers’ attention [28, 65, 69].
Gao and Hu [28] proposed an empirical equation to estimate permeability solely using
Dso, which indicated the importance of D5y in controlling fluid transport in porous media.
This work is the first time to investigate the effect of D5, on Sl process and the theoretical

background will be provided in the Theory section.
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Mercury intrusion porosimetry (MIP) has been widely used to characterize the
pore-throat size distribution for several decades, since Washburn [86] proposed the basic

theory as follows,

2ycos6
R

AP = (6-4)

where AP is the pressure difference across the curved mercury interface
(dyne/cm?); y is the surface tension of mercury (485 dynes/cm); 6 is the contact angle
(130°) between mercury and the porous media; R is the corresponding pore-throat radius
(cm).

Besides pore-throat size distribution, several parameters (such as permeability,
tortuosity, and fractal dimension) could be derived from MIP data [26, 33, 42, 43, 82].
Although some issues related to its application like hysteresis phenomenon and contact
angle changes are discussed in the literature [20, 23, 60, 92], MIP is still considered as a
powerful characterization tool because of its simple principle and wide coverage of pore

sizes (usually from 10 to 10™* m) [46].

6.3 Theory
Handy [34] proposed a classical equation (Eq. (6-5)) to describe the Sl process

in water-air system during which imbibition occurs vertically upward,

Qw = at® (6-5)
where
2P.k,,0A?S,,
= (T (6-6)

Q. is the volume of water imbibed into the core sample; a is a constant; P, is the
capillary pressure; k,, is the effective permeability; @ is fractional porosity; A is the cross-

section area of the core; S,, is fractional water content of the pore spaces; t is imbibition
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time; u,, is viscosity of water. From Handy’s equation, we can observe that the weight or
volume of the imbibed water is proportional to the square root of the imbibition time and
the slope a depends on the parameters within parenthesis in Eq. (6-6).
After the introduction of fp, defined by Eq. (6-2), and dimensionless weight (W)),
Eq. (6-5) could be simply rewritten as
Wp = bt?® (6-7)
where
Wp =W/[p@V] (6-8)

Wy is the dimensionless weight; b is a constant; W is the imbibed weight of fluid
(water or n-decane); p is the density of water or n-decane; @ is fractional porosity; V' is
sample volume.

For the same type of porous medium, the slope b should remain the same if all
the assumptions (listed in Section 6.2) are satisfied. However, the assumptions about
wettability and capillary pressure for Eq. (6-2) are not appropriate for different porous
media. The relationship between capillary pressure and interfacial tension is described by

Young-Laplace Law as shown in Eq. (6-9),

Pc _ Pg _ Pl _ 20cos6 (6-9)

T

where P is capillary pressure; Py is the pressure in the gas phase; P, is the
pressure in the liquid phase;o is interfacial tension between gas and liquid phases; 6 is
contact angle in the liquid phase; r is pore radius.

Therefore, not only the interfacial tension, but also contact angle and pore sizes,
determine the capillary pressure. Different contact angles and pore sizes are always

expected for different porous media and no evidence exists that the ratio of cosO/r is
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identical for different porous media. Based on Egs. (6-5) to (6-9), the following

relationship could be derived,
b o (22205 (6-10)

where d is pore diameter.

By the definition of wettability, we know that it depends on the contact angle 6
and the effect of wettability could be covered by the ratio of cos6/d. If contact angle 6 is
constant for different porous media, slope b should be inversely proportional to the
square root of pore diameter d. However, contact angle may be different for different
porous media, and even for the same porous medium contact angle may vary if different
fluids are used in imbibition experiment. In this work, we will use D5, obtained from MIP
as the representative pore diameter for porous media to investigate the relationship
between slope b and D5, and compare the derived relationship with the theoretical

relationship (Eqg. (6-10)) to assess the effects of D5, on contact angle.

6.4 Experiments

We perform imbibition experiments and MIP tests on Barnett shale, dolomite and
Indiana sandstone. These three types of rocks have quite different pore sizes, which
makes our results more representative. Among these samples, Barnett shale is the
tightest one and Indiana sandstone has the largest pore sizes while the pore sizes of
dolomite fall between the other two rocks.

The Sl apparatus has been shown by Gao and Hu [27] and the detailed
experimental procedure and data processing method are provided by Hu et al. [39].
During Sl experiments, all sides of sample (in the shape of prism) were coated with
quick-cure epoxy except top and bottom to make a co-current imbibition in vertical

direction. All the samples were oven-dried at 60 °C for at least 48 hours before going
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through Sl experiments in order to get a constant initial water saturation state. Water and
n-decane were selected as the imbibing phase during imbibition experiments to displace
air. The dimensions of samples used in imbibition experiments and other important
parameters are shown in Table 6-1.

The density of water is 1.00 g/cm?, viscosity of water is 1.002 mPass, the
interfacial tension of water with air is 72.0 mN/m; the density of n-decane is 0.73 g/cm®,
viscosity of n-decane is 0.84 mPa-s, the interfacial tension of n-decane with air is 23.9
mN/m; the viscosity of air is 0.018 mPa-s.

Micromeritics AutoPore IV 9510 is the instrument we used to perform MIP tests
on the three types of rocks. The highest pressure it could generate during high-pressure
analysis is 60,000 psia (413MPa) and the correspondingly intruded pore-throat diameter
is about 3.0 nm, while the largest pore-throat diameter measurable by MIP during low-
pressure analysis is about 300 microns. All the samples were oven-dried at 60 °C for at
least 48 hours to remove moisture in the pore spaces and then cooled to room
temperature (~23 °C) in a desiccator before they went through the MIP test.

Table 6-1 The Properties of Samples Used in SI Experiments

. a | Permeability® | sample Fluid Length | Width | Height
Sample | Porosity (m?) D used (cm) (cm) (cm)
B1 water 1.2 1.7 1.7
Barnett |4 560 | 4.96E-21
shale B2 n-decane | 1.7 1.3 3.9
. D1 water 1.5 1.5 1.5
Dolomite 0.091 9.80E-17
D2 n-decane 1.5 1.5 1.5
i 1 water 1.5 1.5 1.5
Indiana | 167 | 1.80E-13
sandstone 12 n-decane 1.5 1.5 1.5

®From Gao and Hu [28].
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6.5 Results and Discussion

6.5.1. Pore-throat Size Distribution

Pore-throat size distribution obtained by MIP for our samples is shown in Figure
6-1 and these three types of rocks show quite different pore-throat size distribution.
Indiana sandstone has the largest pore-throat sizes and most of the pore-throat sizes are
above 10 ym, while the dominant pore-throat sizes of Barnett shale are less than 0.01
um. Unlike Barnett shale and Berea sandstone with a relatively narrow pore-throat size
range indicated by their steep slopes in Figure 6-1, dolomite possesses a wider pore-
throat sizes that are mainly distributed in the range of 0.01-10 um. The D5, defined as
the pore-throat diameter corresponding to 50% mercury (Hg) saturation, is also indicated
in Figure 6-1; the D5y values for Barnett shale, dolomite and Indiana sandstone are

0.0065 pm, 0.873 ym and 17.9 pm, respectively.

100 | —e—Barnett shale e e ey
- =—A—dolomite
:\; 80 -+ =—HB—Indiana sandston
= L
o
‘»
260 -
£
e S - -
T
g40
©
S
£
S 20
0 |

1000 100 17910 1 0.873 0.1 0.01 9906 9 001

Pore-throat size (um)

Figure 6-1 Cumulative Hg Intrusion (%) vs. Pore-throat Size (um)
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6.5.2. Relationship between the Slope b in Eq. (6-7) and Ds, and the Effect of D5, on
Wettability

We will discuss individual water and n-decane imbibition behaviors for the three
types of rocks.

As described by Eq. (6-7), a linear relationship should exist between Wp and the
square root of tp, and the results of scaled water imbibition using Eq.(6-2) are shown in
Figure 6-2. It is obvious that the three water imbibition curves were not well correlated by
using tp defined by Eq. (6-2), and a Ds, relevant behavior was observed as supposed by
Eq. (6-10). Barnett shale with the smallest D5, showed a quite high water imbibition
potential in an absolute sense, while Indiana sandstone with the largest D5, exhibited the
lowest imbibition slope in these three rock types. For n-decane imbibition, similar results
are presented in Figure 6-3 and the plateau area found for both dolomite and Indiana
sandstone imbibition curves is due to the arrival of n-decane at the top sample surface.

If we compare the scaled water imbibition curve in Figure 6-2 with n-decane
imbibition curve in Figure 6-3 for the same type of rock, wettability could be indicated
from the slope difference because all the factors affecting Sl process except wettability
have been compensated in this case by using tp defined by Eq. (6-2). Barnett shale with
the smallest D5y has an intermediate wettability because of its similar water and n-decane
imbibition slopes. Indiana sandstone with largest D5 is strongly oil-wet due to its large
difference between water and n-decane imbibition slopes (the slope of n-decane
imbibition is almost 30 times higher than that of water imbibition). Furthermore, dolomite
tends to be oil-wet according to its higher slope of n-decane imbibition compared with
water imbibition. Basically these three types of rocks tend to become more oil-wet as the

increase of Ds,.
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After plotting slope b versus D5, in Figure 6-4, an exponential correlation was
found for both water and n-decane imbibition.
For water-air-rock system, the following relationship exists,
b = 0.0091 x D558 (6-11)
where b is the slope defined by Eq. (6-7); D5, is the median pore-throat diameter
in um.
For n-decane-air-rock system, the exponential relationship is

b = 0.0438 x Dz 0161 (6-12)

O water imbibition
On-decane imbibition
0.1 - y = 0.0438x°0-161
P R? =0.9981
Q.
o
7]
0.01 +
C y = 0.0091x0:528
R?=0.9103
0.001 s e ——n —y S
0.001 0.01 0.1 1 10 100
D, (pm)

Figure 6-4 Slope b vs. D5

An exponent of -0.5 should exist between b and Ds if contact angle remains the

same according to Eq. (6-10); this is not supported by our results. Especially for the n-
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decane-air-rock system, an exponent of -0.161 (R2=0.9981) was obtained which indicates
the contact angle between n-decane and rock is significantly affected by Ds.

A combination of Eq. (6-12) and Eq. (6-10) could give us the following
relationship between contact angle and D5, for n-decane-air-rock system,

cosBy o« DIE78 (6-13)
where 6, is the contact angle between n-decane and porous medium.

For water-air-rock system, an exponent of -0.528 (R2=0.9103) is derived between
slope b and D5y, which deviates a little from the expected exponent of -0.5. Although not
like n-decane imbibition which shows obvious deviation, this small deviation for water
imbibition also indicates D5, could affect contact angle between water and rock to a small
extent.

An opposite relationship for water-air-rock system was derived between contact
angle and D5, compared with n-decane-air-rock system when we combined Eq. (6-11)
and Eq. (6-10),

cos@,, < D3 056 (6-14)
where 6,, is the contact angle between water and porous medium.

The less the value of 6,, the more water-wet is the porous medium. Similarly, the
less the value of 8,, the more oil-wet is the porous medium. According to Egs. (6-13) and
(6-14), the porous medium becomes more oil-wet and less water-wet as the increase of
D5y, which agrees with the wettability conditions of these three types of rocks discussed
above by directly comparing scaled imbibition curves.

6.5.3. Scaling of SI Data Using Dsy

Based on Egs. (6-7), (6-11) and (6-12), D5 is introduced to the dimensionless

time tp separately for water and n-decane imbibition. For water imbibition, the new

dimensionless time tp.nen.w is derived as follows,
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to—new-w = (D55 °°%) X tp (6-15)

where Ds is in um; tp is defined by Eq. (6-2).

For n-decane imbibition, the new dimensionless time tp_ o4 iS

tp-new-a = (D50 ***) X tp (6-16)

The results of scaled imbibition data using new dimensionless time for water and
n-decane are shown in Figures 6-5 and 6-6, respectively. Although the water imbibition
curve of dolomite deviates a little bit from other two curves after using tp_new-w, they indeed
become much closer to each other than using tp without D5y. The advantage of using new
dimensionless time is more obvious for n-decane imbibition, the imbibition curves are well
correlated for these three types of rocks after D is taken into account (Figure 6-6).

It should be noted that these proposed scaling equations depend on the fluids
used in Sl experiments, which means Eq. (6-15) is only applicable to water-air-rock
system, while Eq. (6-16) could be used to predict the imbibition behavior of n-decane-air-
rock system. Although many studies have been conducted to investigate the
spontaneous imbibition, very few of them paid attention to the effect of Dsyon imbibition.
This work is the first time to investigate the effect of D5, on spontaneous imbibition and to
propose the scaling equation using Dso.

Schmid and Geiger [73] proposed the universal scaling of spontaneous imbibition
for water-wet systems, and the following equation was used during derivation,

Quw(t) = 2At*/? (6-17)
where Q,(t) is the imbibed distance (m); A is a parameter which depends on the
characteristics of the fluid-rock system (m/+/s); t is imbibition time (s).

They selected many published imbibition datasets to verify the proposed scaling

method, and nearly all of these datasets used water-oil-rock system. However, the

dataset from Babadagli and Hatiboglu [7] used water-air-rock system and Berea
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sandstone was the rock they investigated, and we will use this dataset to verify Egs. (6-

11) and (6-15).

The following relationship could be obtained after combining Egs. (6-1)—(6-3), (6-

5)—(6-8), and (6-17),

h= 2A

k o
(\/;\/ Ilwellnw)OI5

(6-18)

As a result, if all the parameters in the right side of Eq. (6-18) are known, we

could calculate the slope b and then estimate D5, according to Eq. (6-11).
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The calculated slope b and D5, together with other parameters from the dataset
of Babadagli and Hatiboglu [7] are shown in Table 6-2. The average value of calculated
Dsy was quite near the measured D5, value, which somewhat verify the applicability of

Egs. (6-11) and (6-15) on water-air-Berea sandstone system.
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Table 6-2 Calculated Slope b and D5, for Berea Sandstone

Average
D
A? bl K 0° | e U Calculated 50 Measured
05 Porosity 2 e mw b (um) c
(m/s™) (m%) | (N/m) | (Pa's) | (Pas) Dso(bm) | | standard | Peo (HM)
deviation
2.75E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0019 | 19.211
2.81E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0020 | 18.442
1.95E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0014 | 36.839 31.358
22.982
2.29E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0016 | 27.171 +13.102
1.60E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0011 53.583
2.07E-05 0.21 5E-13 | 0.072 | 0.001 | 1.80E-05 | 0.0014 | 32.900

®From Schmid and Geiger [73];
°From Babadagli and Hatiboglu [7];
°From Gao and Hu [28].

6.6 Conclusion

The objective of this work was to investigate the effect of D5, obtained from MIP
on Sl process. By analyzing the relationship between slope b in Eq. (6-7) and D5, the
influence of D5, on wettability by affecting the contact angle between imbibing fluid and
porous medium was also investigated. The results showed that the three types of rocks
used here tend to be more oil-wet and less water-wet from the observed increase of D5y,
which could also be concluded by directly comparing water and n-decane imbibition
curves. Different relationships were obtained between b and D, for water and n-decane
imbibition respectively, which also indicated the necessity of discussing water and n-
decane imbibition separately. The classical scaling method without considering D5, could
not correlate imbibition curves of different porous media very well, while the new
proposed scaling methods using D5, (Egs. (6-15) and (6-16)) showed better results,

which indicated the importance of D5, in Sl process.
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The scaling equations proposed for water-air-rock systems were verified to be
applicable on Berea sandstone by using imbibition data from Babadagli and Hatiboglu [7]
while there was no data available in the literature to verify the equations proposed for n-
decane-air-rock system. However, our results indeed showed the importance of D5,
which is an important index of pore structure, in controlling fluid transport in porous
media.

It should be noted that the new scaling methods depend on fluids used during Sl
experiments, and they could be improved as more Sl data are collected in the future. For
different fluid-rock systems, different scaling equations considering D5, are expected.
However, the derivation of these scaling equations for other fluid-rock systems requires a
huge amount of work and is outside the scope of this paper with the focus of investigating
the effect of pore structure (Dsp) on Sl process.

It also should be pointed out that all the samples were oven-dried under 60 °C to
get the same initial water saturation state (S,,;= 0) before going through Sl experiments,
so that the pore-throat size distribution obtained from MIP could reflect the pore structure
of samples used in S| experiments because MIP could only test dried samples. The effect
of different sample treatments (e.g. aging samples using different oil phases with different

time lengths) on D5, is still unknown and needs to be investigated in the future.
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Chapter 7

Conclusions

7.1 Permeability Calculation from Imbibition Tests
A new method has been proposed in Chapter 2 to derive the effective
permeability of unsaturated building materials from imbibition tests. The new derived
linear relationship between water imbibition rate and the reciprocal of air recovery is
supported by the results of imbibition experiments. The values of permeability estimated
using our method are in line with literature permeability results. This new method can be
applied to materials with a relatively high porosity (e.g., >15%) and well-connected pore

structure.

7.2 The Application of MIP in Derivation of Permeability and Gas Diffusivity

Chapter 3 presents a new equation which solely uses the median pore-throat
radius to estimate the permeability of porous consolidated media. Compared with the
existing relationships, our new equation has the simple form, high reliability and wide
applicability. The effect of porosity on permeability may be negligible compared with the
effect of median pore-throat radius. For consolidated porous materials (rocks) this work is
the first to only relate permeability to median pore-throat radius without considering other
parameters. The samples used here also have a wide range of permeability (103 mD to
107° mD), which makes our new method more applicable.

Chapter 4 was to derive gas diffusivity from MIP data and to investigate the
correlation of diffusivity with permeability and porosity. Our results show that the
consideration of Knudsen diffusion in many rocks is necessary. The effective diffusion

coefficients (D,) of three types of porous media (building materials, consolidated rocks
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and unconsolidated sediments) were calculated with established equations, using
average pore diameter (d,) and porosity (@5). Our results are basically in accordance with
the experimental values obtained from gas diffusion tests. Although the method used to
calculate D, in this work is only applicable to samples with porosity between 0.05 and
0.95, this method still has a wide applicability (except for extremely tight rocks such as
granite). Diffusivity was also used to obtain the m (cementation factor) value, which is
closely related to the pore structure. And two groups of samples were divided according

to the m values (m=1.5 vs. m=2.5).

7.3 Wettability of Barnett Shale Indicated from Directional Spontaneous Imbibition (SI)
Tests

In Chapter 5 we proposed a method to qualitatively characterize the wettability
information of these layered shale samples by conducting imbibition experiments, in
directions both parallel to (P) and transverse to (T) the bedding, using two types of
imbibing fluids (water/n-decane). As a result, three wettability categories were identified:
(1) oil-wet B7136 samples; (2) strongly water-wet B7169 and B7219 samples; and (3)
intermediate-wet B7199 samples. These three wettability categories also showed
different pore-throat size distributions, which indicates the pore structure may affect
wettability in some way.

The low pore connectivity of Barnett shale, probably associated with low
porosities and nanopores, was confirmed by the lower water imbibition slopes (around
0.28 as opposed to the theoretical slope of 0.5) and the high tortuosity values calculated

from MIP data.
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7.4 The Effect of Median Pore-throat Diameter (dsy) on Fluid Migration in Porous Media

Diffusion and advection are two important processes controlling mass transport
in porous media, while median pore-throat diameter plays an important role in both of
these two forms of fluid migration.

As mentioned in Chapter 4, two groups of samples were divided according to the
m values (m=1.5 vs. m=2.5). For the consolidated samples, these two groups could be
further differentiated from each other according to dso obtained from MIP. When ds is
larger than ~0.5 ym, the samples belong to the group with m=1.5. Conversely, if ds, is
less than ~0.5 ym the sample probably has an m value of 2.5 and the samples in this
group exhibit a more organized behavior and display an exponential relationship between
gas diffusivity (D) and ds, as shown in Figure 4-5. All of these indicate the importance of
dso in gas diffusion process.

The sole use of median pore-throat radius (rso) to predict permeability in Chapter
3 indicates that r5p may control the fluid flow in porous media. Furthermore, Chapter 6
investigated the effect of dsp on Sl process. The influence of ds, on wettability by affecting
the contact angle between imbibing fluid and porous medium was also investigated. Our
results showed that the three types of rocks tend to be more oil-wet and less water-wet
from the observed increase of dsy. The classical scaling method without considering ds
could not correlate imbibition curves of different porous media very well, while the new
proposed scaling methods using ds, showed better results, which indicated the

importance of dsp in Sl process.

91



Appendix A

Publication Information of Chapters 2-6
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Chapter 2: A manuscript published in Special Topics & Reviews in Porous Media. Zhiye
Gao and Qinhong Hu, 2012, 3(3), 209-213.

Chapter 3: A manuscript published in Journal of Geophysics and Engineering. Zhiye
Gao and Qinhong Hu, 2013, 10(2), 025014.

Chapter 4: A manuscript published in Journal of Porous Media. Zhiye Gao, Qinhong Hu
and Hecheng Liang, 2013, 16 (7), 607-617.

Chapter 5: A manuscript submitted to Journal of Petroleum Science and Engineering.
Zhiye Gao and Qinhong Hu.

Chapter 6: A manuscript submitted to Journal of Petroleum Science and Engineering.

Zhiye Gao and Qinhong Hu.
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