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treaming potential coupling coefficient of quartz glass bead packs:
ependence on grain diameter, pore size, and pore throat radius
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ABSTRACT

The Helmholtz-Smoluchowski �HS� equation is commonly
used to relate the streaming potential coupling coefficient of
rocks to their zeta potential, pore fluid dielectric permittivity,
conductivity, and viscosity despite it being known for almost
80 years that it does not work well for porous media. One of the
problems is that the HS equation contains no implicit depen-
dence on grain size, pore size, or pore throat size. Another has
been the lack of high-quality data relating the streaming potential
coupling coefficient to rock microstructural parameters. In this,
predominantly experimental work, we have measured the
streaming potential coupling coefficient for 12 sizes of quartz
glass beads and two fluid salinities.Acomparison of the new data
and the existing data with the conventional HS equation and
Revil’s grain size-dependent HS model shows the grain size-
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ependent model to be far superior in describing the data. Recog-
izing their utility in reservoir characterization, we have devel-
ped new equations that describe how the streaming potential
oupling coefficient varies with pore diameter and pore throat di-
meter. We have compared experimental determinations as a
unction of pore throat diameter with these new relationships and
ound them to work very well if the ratio of the mean pore diame-
er to the pore throat diameter is 1.662, which is valid for random
rrangement of monodisperse spheres. The zeta potential has
lso been calculated from the grain size-dependent HS equations
nd are found to be approximately constant and in agreement
ith the theoretically predicted values. The equations presented

n this paper allow the streaming potential coupling coefficient of
reservoir rock to be calculated as a function of grain size, pore

ize, and pore throat size.
INTRODUCTION

This paper presents new streaming potential coupling coefficient
ata as a function of grain size to a literature that is almost devoid in
uch data. It is important to do this for two reasons. First, electroki-
etic measurements are beginning to be used in many aspects of res-
rvoir engineering, such as downhole seismoelectric imaging �e.g.,
upuis et al., 2009; Glover and Jackson, 2010� and the prediction of
ater encroachment near producing oil wells �e.g., Jaafar et al.,
009; Glover and Jackson, 2010�. These applications need reliable
ays of calculating the streaming potential coupling coefficient of

ocks. Second, one of the most common ways of describing a reser-
oir rock is by its grain size �although pore size and pore throat size
re perhaps even more useful�. Hence, if we can find a way of relat-
ng the streaming potential coupling coefficient of a rock to its mean
rain size, pore size, or pore throat size, we will have useful tools for
redicting the streaming potentials in our reservoirs. However, as we
how clearly later in this paper, the grain size effect is only important
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2010 Society of Exploration Geophysicists.All rights reserved.
or reservoirs that are saturated with low-salinity fluids.
In this paper, we examine the new and existing data in the light of

he classical HS equation and its grain size-dependent modification
n both its exact form �Revil et al., 1999b� and an approximate form
hat stems from Glover et al. �2006�, as well as deriving and testing
ew equations for the streaming potential coupling coefficient as a
unction of pore size and pore throat size.

The streaming potential coupling coefficient of capillary tubes is
nown to be governed by the classical Helmholtz-Smoluchowski
HS� equation �e.g., Overbeek, 1952; Hunter, 1981; Maineult et al.,
004; Bolève et al., 2007; Saunders et al., 2008�, which is given in its
implest form in equation 1 by

Cs�
�V

�P
�

�r�o�

��
f
* , �1�

here the streaming potential coupling coefficient Cs �in V/Pa� is the
atio of the measured streaming potential �V �in V� to the applied
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F226 Glover and Déry
uid pressure difference �P �in Pa� that drives the fluid through the
apillary tube. This value depends on the dielectric permittivity of
he fluid � f ��r�o �in F/m�, the fluid viscosity � �in Pa.s�, the fluid
onductivity �

f
* �in S/m� and the zeta potential � �in V�. The zeta po-

ential is the electric potential on the shear plane when a part of the
iffuse layer is transported by fluid flow �Glover and Jackson, 2010�.
arly tests of the HS equation as a function of capillary diameter
ere carried out by White et al. �1932a; 1932b; 1936�.
The classical HS equation is commonly applied to porous media

ncluding rocks even though it has never been validated for these
edia since there exists no independent measurement of the zeta po-

ential for complex porous media. Indeed, the equation is generally
sed to calculate the zeta potential of porous media from measured
alues of streaming potential. However, significant errors can arise
rom the use of the wrong values in the parameters equation 1, which
re discussed in the following few paragraphs.

First, most researchers take a value of � f ��r�o�80�8.854
10�12 F /m �e.g., Revil et al., 1999a; 1999b�, corresponding to an

queous bulk fluid at about 25°C. However, the value of �r in the flu-
d diminishes within the diffuse layer as one approaches the mineral
urface, taking values as low as 5 near the Stern Plane �Grahame,
950�. Pride and Morgan �1991� indicate that the effect is negligible
or most bulk electrolyte solutions, but more research needs to be
arried out as the diminution of the dielectric permittivity occurs
ear the solid-liquid interface, which is where the electrokinetic cou-
ling occurs.

Second, if the HS equation is not being used to calculate the zeta
otential, but the zeta potential is one of its input parameters, one
ust also be careful about the pH. Like the dielectric permittivity,

he fluid pH varies as one approaches the mineral surface �Revil and
lover, 1997�. For silica surfaces, the pH becomes more acidic. It is
nown that the zeta potential depends strongly on pH �Somasunda-
an and Kulkarni, 1973; Morgan et al., 1989; Lorne et al., 1999;
uichet and Zuddas, 2003�, its magnitude decreasing as one ap-
roaches the point of zero charge of the system �Ishido and Mizutani,
981�. For silica in aqueous solutions pHpzc�3. Since the shear
lane is very near the surface �the distance of the shear plane from
he Stern plane is � � �3�10�10 m �Revil and Glover, 1997��, the
se of a zeta potential for pH�7 would probably be inappropriate,
ith a smaller value of pH being preferable. We have no current
echanism for making this adjustment because the pH dependency

n the surface conduction theory of Revil and Glover �1997� and Re-
il et al. �1999b� only accounts for pH variation in the bulk fluid.

The third problem is more tractable. The valid fluid conductivity

f
* in the HS equation is not that of the bulk fluid. This is because it is
ot just the bulk fluid that is moved during the fluid flow that creates
he streaming potential; the mobile parts of the diffuse layer are also
ransported �e.g., Pride and Morgan, 1991�. Hence, in equation 2, we
an express the fluid conductivity as partly due to the bulk fluid with
n additional surface conductance term

�
f
*�� f �� s�� f �2

� s

�
, �2�

here � s is the surface conductivity �in S/m�, � s is the specific sur-
ace conductance �in S� and � is a characteristic length scale that de-
cribes the size of the pore network �in m� �e.g., Ishido and Mizutani,
981; Morgan et al., 1989�. This is a linear �Waxman and Smits type�
ummation of the bulk and surface conductivities. If this correction
s omitted for streaming potentials in capillary tubes, the error is not
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
sually important because the bulk conductivity dominates the con-
uctivity term except for very small capillaries filled with very low-
alinity solutions �White et al., 1932a; 1932b; 1936�. However, in
ocks it is extremely important to take the correction into account,
specially when the pore size distribution presents very small val-
es.

The pore size �and by extension the grain size� also controls the
ermeability of a porous medium. Hence, one would expect there to
e a link between the streaming potential coupling coefficient and
ermeability that is mediated by surface conductance and the rock
icrostructure. A link between streaming potential coupling coeffi-

ent and permeability has been noted by a number of authors �Jou-
iaux and Pozzi, 1995a; 1995b; Lorne et al., 1999�, which is interest-
ng because such a link, if fully understood theoretically, might al-
ows us to estimate the permeability of reservoirs remotely. Already
elationships that have their origin in the electrical and electrokinetic
heory of porous media have been used to find permeability as a
unction of grain size �Glover et al., 2006� and pore size as a function
f grain size �Glover and Walker, 2009�.

To summarize, traditionally, the HS equation is seen as being
omposed of three parameters that depend on the fluid alone �viz.,
he fluid dielectric permittivity, the fluid viscosity, and the fluid con-
uctivity� and one that depends on the rock �i.e., the zeta potential�.
he control of the streaming potential coupling coefficient exercised
y the rock structure was imagined to reside solely in the zeta poten-
ial value. Now, it is possible to take a different view. Both the fluid
ielectric permittivity and the fluid conductivity have a contribution
rom the bulk fluid and another due to the presence of the diffuse lay-
r at its interface with the rock structure, while the zeta potential is
odified by a fluid pH that changes due to its proximity to that same

nterface.
It should be pointed out rather strongly that the calculated values

f zeta potential for porous media in the literature may be signifi-
antly in error because of errors in the input parameters. Conse-
uently, we recommend that the zeta potential calculated from the
S equation should always be quoted together with the values of �r,
, �

f
* and pH that were used to calculate it.

Although the surface dielectric permittivity effect, surface pH ef-
ect, and surface conductivity effect are often regarded as secondary
nd negligible, this paper shows that at least the surface conductivity
ffect in porous rocks can be extremely significant when the fluid
onductivity is low, and makes the streaming potential coupling co-
fficient a function of the grain size of the rock.

We start by reviewing the exact and approximate solutions of the
elationship between streaming potential coupling coefficient and
rain size that arose from the work of Revil et al. �1999a�, Revil
2002�, and Glover et al. �2006� in the light of two of the existing data
ets �Bull and Gortner, 1932; Bolève et al., 2007�. Subsequently, we
erive new relationships for the streaming potential coupling coeffi-
ient as a function of pore size. We then describe our experimental
ethodology. We discuss our new experimental data: first as a func-

ion of grain size, comparing it with the model of Revil et al. �1999a�
nd Revil �2002�; second as a function of pore size using the models
ewly developed earlier in this paper; and last as a function of pore
hroat size using models also newly developed in this paper. We then
nvert our new streaming potential coupling coefficient versus grain
ize data to obtain the zeta potential as a function of grain size and
ow rate, and compare the zeta potential so-calculated with those
vailable from existing theoretical models.
 SEG license or copyright; see Terms of Use at http://segdl.org/
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Streaming potential and grain diameter F227
GRAIN SIZE DEPENDENCE

Equation 1 shows no dependence of streaming potential coupling
oefficient on either pore or grain size. However, when one com-
ines it with equation 2, a characteristic length scale associated with
he rock microstructure 	 is introduced in the fluid surface conduc-
ion term. There have been several models that relate the characteris-
ic length scale 	 to grain diameter and to pore diameter in the last
0 years. One was provided by Revil et al. �1999a�

��
d

3�F�1�
, �3�

here d is the mean grain diameter �in m� and F is the formation re-
istivity factor of the rock. If we take equations 1–3 together, in
quation 4 we get

Cs�
�V

�P
�

d� f�

� f�d� f �6� s�F�1��
. �4�

he streaming potential coupling coefficient is directly proportional
o the dielectric permittivity and to the zeta potential. Although the
ielectric permittivity varies with frequency, temperature, and pres-
ure, it can usually be taken to be constant for any given reservoir
ock at a certain depth. The zeta potential can vary over at least one
rder of magnitude, and is dependent on both on pore fluid concen-
ration and pH, as well as a set of electrochemical constants that are
onstant for a given mineral and a given temperature. Hence, the zeta
otential can also usually be taken to be constant for any given reser-
oir rock at a given depth �i.e., constant for a given set of thermody-
amic conditions, matrix, and pore fluid�. The streaming potential
oupling coefficient is inversely proportional to the pore fluid vis-
osity, and although viscosity varies with salinity and temperature,
t, too, can be taken to be constant for a given reservoir rock at a giv-
n depth. The dependence on grain size �and pore and pore throat
ize as we shall see later� is more complex. It is only developed for
uids of low salinity, and the degree of its development depends on

he relative values of the surface conductivity and the bulk fluid con-
uctivity. It becomes negligible as � f �6� s�F�1�, which is about
f �18� s for monodisperse spherical beads. The formation factor

or spherical beads is about 4 because the appropriate cementation
xponent is 1.5 �Sen et al., 1981; Glover and Walker, 2009� and the
orosity of the random pack of monodisperse spherical beads is
bout 0.4. This will be discussed in detail in the experimental results.
ere the bulk conductivity and surface conductivity also depend on

emperature, salinity, and pH, and the surface conductivity depends
dditionally on a set of electrochemical constants that are constant
or a given mineral and temperature.

More recently, Revil and Cathles �1999� and Glover et al. �2006�
ndependently produced a different expression given by

��
d

2mF
, �5�

here m is the cementation exponent of the rock �no units�.
If we take equations 1, 2, and 5 together, we get

Cs�
�V

�P
�

d� f�

� f�d� f �4� smF�
. �6�
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
eference to EquationA-10 of Glover et al. �2006� shows equation 5
o be an approximation of 	�d /2m�F�1�, which is valid in the
imit F�1, and which corresponds to equation 23 of Revil �2002�.
or the case of monodisperse spherical particles, where m�1.5
Sen et al., 1981; Glover and Walker, 2009�, equation 5 and equation
are the same providing F�1. For this reason, for the rest of this pa-
er we will call equation 4 the exact solution and we will call equa-
ion 6 the approximate solution. It should be pointed out that there is
o advantage to using the approximate solution for packs of mono-
isperse spherical particles because for m�1.5, the formation fac-
or F is approximately 4, which is not sufficiently larger than unity
or the approximation to be valid. However, for real rocks with for-
ation factors in the range 10 to 100, the approximate solution is

alid.
It can quickly be seen that equations 4 and 6 are very similar and

re sensitive in the same way to changes in their input parameters. In
he case of equation 6, the grain size dependence becomes negligible
or � f �4� smF, which is approximately � f �24� s for monodis-
erse spherical beads.

The main advantage of equations 4 and 6 is that we can use them to
xamine the variation of streaming potential coupling coefficient
ith grain size. A more substantial step forward theoretically would
e to develop equations as a function of pore size and pore throat size
s they would have direct application in the hydrocarbon industry.
his has been carried out in a section toward the end of this paper.
Figure 1 shows the only substantial streaming potential coupling

oefficient versus grain size data available in the scientific literature
Bull and Gortner, 1932; Bolève et al., 2007�, together with the re-
ults of equations 4 and 6. Figure 1a shows the data from Bull and
ortner �1932� with the results of equations 4 and 6. A similar dia-
ram using only equation 4 is present in Revil et al. �1999a�. It is
lear that these sparse data fit either of the models well at a surface
onductance of about 4�10�9 S, and the blind application of the
lassical HS relationship �equation 1� leads to a constant value of
5.04 V /MPa irrespective of the grain size. The coefficients of de-
ermination for the fit of equations 4 and 6 to the Bull and Gortner
1932� data using the quoted experimental conditions and a surface
onductance of � s�4�10�9 S were R2�0.926 and R2�0.890,
espectively. Hence, the classical model is not a good fit to the data.
ndeed, for a grain size of 5 
m, Bull and Gortner �1932� measured
treaming potential coupling coefficient of about 5 V /MPa, which
epresents an overestimation by the classical HS equation of 400%,
nd for smaller grain sizes than 5 
m, the misfit would be even
reater.

Figure 1b shows the streaming potential coupling coefficient cal-
ulated with equation 4 and equation 6 as a function of grain size and
ith variable surface conductance. It is clear that when the surface

onductance is small �� s�10�11 S�, the errors associated with not
aking into account the surface conductance are small for a grain siz-
s of about 1 
m and at larger grain sizes they become negligible.As
he surface conductance increases, the effect becomes more pro-
ounced with significant reductions in the streaming potential cou-
ling coefficient below that predicted by the classical HS model oc-
urring at larger and larger grain sizes. For example, with � s

10�8 S, the streaming potential coupling coefficient for a grain
ize of 100 
m is about 12 V /MPa — half that predicted by the
lassical HS equation. Values in this range are common for both
lean and clayey rocks �Revil and Glover, 1998; Leroy and Revil,
004�. Hence, it is extremely important that a streaming potential
 SEG license or copyright; see Terms of Use at http://segdl.org/
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F228 Glover and Déry
odel that takes account of the grain size variation is used in any
odeling.
Figure 1c shows the streaming potential coupling coefficient mea-

urements for seven grain sizes and six pore fluid conductivities
ade by Bolève et al. �2007�. These potentially important data un-

ortunately contain quite a lot of scatter. The error bars in the abscis-
a are the range of grain diameters quoted by Bolève et al. �2007�.
here were no ordinate errors quoted in the paper. We have applied a
20% error in an attempt to quantify the degree of scatter in the

ata. The models shown in Figure 1c are those calculated using
quation 4 with m�3.4, � �0.4, F�3.37, pH�5.75, T�25 °C,
hich are the mean values calculated from Bolève et al. �2007�, the

eta potential is calculated from the empirical fit given by Bolève et
l. �2007� in their Figure 8. The surface conductance is � s�3.95
10�9 S, which is that given by Bolève et al. �2007� in their Figure

, and is close to that derived by Revil et al. �1999b�. These curves
pproximately match the magnitude and the trend of the experimen-
al data, being constant and equal to the classical HS result at large
rain sizes, and decreasing as grain size diminishes; that for � f �3
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Classical HS equation,
C = 25.04 V/MPas

T = 24.5 ± 0.5°C, ζ = –75 mV
–4C = 2 × 10 N NaCIf

Data: Bull &
Gortner (1932)

Equation (4)
Revil et al. (1999b)

–9Σ = 4 × 10 Ss

Equation (6)
–9Σ = 4 × 10 Ss

Simple HS equation,
C = 25.04 V/MPas

T

–11Σ = 10 Ss

–10Σ = 10 Ss

–9Σ = 10 Ss

1 × 10–4 S/m

3 × 10–4 S/m

1 × 10–3 S/m

3 × 10–3 S/m

1 × 10–2 S/m

3 × 10–2 S/m

igure 1. �a� Streaming potential coupling coefficient as a function of
ymbols represent experimental data �Bull and Gortner, 1932�. The
odel of Revil et al. �1999a� in its exact form �equation 4�, and the da

ts approximate form after Glover et al. �2006� �equation 6�. �b� Strea
ling coefficient as a function of grain size for a range of different va
uctance, with curves defined as in Figure 1a. �c� Streaming poten
ient as a function of grain diameter for the experimental data of Bo
even bead diameters and six pore fluid conductivities �� f�. Symbol

3�10�2 S /m; vertically partitioned circles, � f �1�10�2 S /m
3�10�3 S /m; horizontally partitioned circles, � f �1�10�3 S /
3�10�4 S /m; solid circles, � f �1�10�4 S /m. The curves are t

with m�3.4, � �0.4, F�3.37, � �0.0146�0.0291� log10�� f

�25°C and pH�5.75. The large grain diameter asymptote repres
lying the classical HS model.
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
10�4 S /m being the best of the six fluids. However, the data are
ot of sufficiently high quality to form a valid test for equation 4, and
o formal statistical tests of goodness of fit have been carried out.

There are a few other sources of streaming potential coupling co-
fficient data as a function of grain size. Ahmad �1964� carried out
ests on 3 mm and 6 mm diameter glass beads as well as three sieved
ractions of St. Peter sand �125 to 177 �m, 350 to 420 �m,
90 to 840 �m� for two salinities. He found that the streaming po-
ential coupling coefficient increased as grain size decreased, which
s contrary to the findings of other researchers.Areview of his exper-
mental techniques has not indicated an explanation for the discrep-
ncy.Afew years later Ogilvy et al. �1969� used what seems to be the
ame type of apparatus to measure six sieved fractions of “practical-
y clean” Moskva river sand with mean diameters between 100 �m
nd 2000 �m saturated with an aqueous solution of 10�3 N NaCl.
his time the streaming potential coupling coefficient increased
onlinearly from about 4 V /MPa until about 8 V /MPa as the grain
ize decreased from 2000 �m to about 300 �m, then sharply de-

creased again, reaching about 5.5 V /MPa for the
smallest grain size fraction �100 to 160 �m�.
Another early publication on glass beads also
contains conflicting data �Schriever and Bleil,
1957�. Although these three studies are not con-
sistent wholly with each other, they are also very
different from the data of Bull and Gortner �1932�
and Bolève et al. �2007�.

Since the Bull and Gortner �1932� and Bolève
et al. �2007� data sets are too sparse and imprecise
to test equations 4 and 6, we have carried out a
suite of experimental measurements on quartz
glass beads with a wide range of diameters and
for only two fluid salinities, but with a focus on
producing the highest quality data possible.
These data are discussed later in this paper.

PORE SIZE DEPENDENCE

Most recently, it has also been possible to take
account of the mean pore radius r �in m� of the po-
rous media using the expression

��r�a

8
, �7�

which arises from the mean grain diameter to
mean pore size conversion method by Glover and
Walker �2009�. Equation 7 collapses to ��r if a
is set equal to 8, which corresponds to 	 being
equal to the radius of a capillary tube �e.g., Li et
al., 1995�. For a wide range of porous media, in-
cluding reservoir rocks, the value of a is thought
to be constant and equal to about 8 /3. This pa-
rameter is formally the same as the m-value used
by Pride �1994� in his equations for the AC
streaming potential coupling coefficient �note
that this value is not the same as the cementation
exponent of a rock and to avoid ambiguity we
have called it m* in this work�.

–40 –31 × 10
(m)

5°C, ζ = –75 mV
–42 × 10 N NaCI

–7Σ = 10 Ss

–6Σ = 10 Ss

iameter. The
ne shows the
ne represents
otential cou-
surface con-
pling coeffi-

al. �2007� for
lozenges, � f

triangles, � f

d squares, � f

lt of equation
4�10�9 S,

e result of ap-
1 × 1
iameter

= 24.5 ± 0.
C =f

–8Σ = 10 Ss

grain d
solid li
shed li
ming p
lues of
tial cou
lève et
s: solid
; solid
m; soli
he resu
�, �s�
ents th
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L����Lo�1� i
m*

4

�

�t
�1�2

d̃

�
�2

��1� i3/2d̃�� f

� f
���1/2

, �8�

ere in equation 8, Pride uses L��� to represent the frequency de-
endent phenomenological coefficient and Lo��r�o� /� is its zero
requency limit, � is the frequency �in rad/s or Hz� and �t the transi-
ion frequency �in the same units as ��, m* is Pride’s m constant �no
nits�,  f is the density of the fluid �in kg /m3�, and d̃ is the character-
stic length associated with the width of the double layer �in m�.
ince d̃�	 for most geological regimes, the correction term is
mall under the thin double layer assumption.

Taking equations 1, 2, and 7 together leads to

Cs�
�V

�P
�

r� f��a

� f�r� f
�a�4� s

�2�
, �9�

nd if a�8 /3

Cs�
�V

�P
�

r� f�

� f�r� f �2� s
�3�

. �10�

quations 9 and 10 can be used to describe how the streaming poten-
ial coupling coefficient varies with the mean pore radius r.

EXPERIMENTAL METHODOLOGY

A range of silica glass beads from several different manufacturers
as used �Table 1�. In all cases, the beads were thoroughly washed

everal times in distilled water and acetone before being left to air

able 1. Overview of sample properties.

ample
umber

Grain
diameter
�laser�

� �10�6 m�

Mean pore
diameter

�corrected�
� �10�6 m�

Mean pore
throat

diameter
�Hg�

� �10�6 m

1.05 0.32 0.17

2.11 0.61 0.33

5.01 1.35 0.99

11.2 3.28 1.62

21.5 5.88 3.91

31.0 8.80 5.36

47.5 14.03 7.96

104 29.73 19.90

181 52.08 35.30

0 252 77.60 44.00

1 494 133.29 82.60

2 990 273.23 163.00

ean

The grain diameter is the modal value from laser diffraction mea
lover and Walker �2009�. Parameters marked “He” were made using

ormation factor was calculated from the helium porosity assuming m
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
ry in a dust-free environment. Most of each sample was then left to
quilibrate in the aqueous fluid in which it was to be measured.Aran-
omly sampled portion of each sample of beads was analyzed using
ptical microscopy, image analysis, and a Malvern laser diffraction
article size analyzer to know accurately the mean diameter of each
et of beads and the variability in the diameter. Table 1 shows the
ain characteristics of the bead packs. Figure 2 shows the bead di-

meter distributions, where the symbols are the measurements and
he lines are the best fitted log-normal curves according to the stan-
ard equation

P�d��
1

� od�2�
exp��� ln�d/do�

� o
�2

�2�, �11�

here P�d� is the probability of obtaining a certain grain diameter d
m�, do �in m� is the mean grain diameter, and � o �no units� is the
tandard deviation of the variable’s natural logarithm.

The beads were packed into the Perspex cell shown in Figure 3
hile under the saturation fluid in order to ensure that there were no

ir bubbles in the sample. The sample cell tube was made of Perspex
ith an internal diameter of 1 cm, and was long enough to accom-
odate samples up to 5 cm long. Each end was supplied with a Na-

ional Pipe Thread Tapered Thread thread to which two manifolds
ere screwed using a Polytetrafluoroethylene tape seal. The mani-

olds were constructed from nylon Swagelok® fittings. These fittings
re not available commercially. We constructed our fittings by cut-
ing off one arm of a nylon Swagelok crosspiece �NY-200-4�, and
utting the Swagelok connector off a nylon Swagelok NPT straight
daptor �NY-200-1-2�. We then polished the cut faces and carefully
lued the now three-armed Swagelok crosspiece to the NPT thread
o form the required manifold, without blocking the flow paths. The
traight adaptor was also drilled out to provide a larger diameter for
uid flow. The beads were held in place in the tube by fine nylon

Porosity
�He�
���

Porosity
�Hg�
���

Formation
factor

�m�1.5�
���

Permeability
�measured�

� �10�12 m2�

0.411 0.377 3.80 0.00057

0.398 0.380 3.98 0.00345

0.380 0.362 4.27 0.0181

0.401 0.383 3.94 0.0361

0.383 0.370 4.23 0.228

0.392 0.380 4.07 0.895

0.403 0.395 3.91 1.258

0.394 0.382 4.04 6.028

0.396 0.390 4.01 21.53

0.414 0.410 3.75 40.19

0.379 0.375 4.28 224.0

0.385 0.379 4.18 866.7

0.395 0.382 4.04

ents. The mean pore diameter is calculated using the techniques in
porosimetry, and those marked “Hg,” by mercury porisimetry. The

.

�

surem
helium
�1.5
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F230 Glover and Déry
eshes, which were sometimes supplemented by filter paper for the
maller bead sizes.Ablank test showed that the meshes and filter pa-
er did not contribute to the streaming potential signal.

Fluid was flowed though the sample for several hours in either di-
ection to ensure that the beads were well equilibrated with the satu-
ating fluid and that all concentration gradients that could give rise to
n electrochemical potential were removed. The experience of Le-
oy et al. �2008� was that the pH of the fluid increased from pH�7 to
H�9.24 and the fluid conductivity increased to 1.03�10�2 S /m
hen deionized water was added to glass beads. This was not our ex-
erience, where the pH remained essentially unaltered at pH�6.9
or the 2�10�4 mol /L NaCl and pH�6.8 for the 2�10�3 mol /L
aCl, and the fluid conductivities remaining stable at 2.44
10�3 S /m and 2.410�10�2 S /m, respectively, and which are in

ood agreement with the fluid conductivity for NaCl at 25°C ob-
ained from the model of Sen and Goode �1992�. We attribute the pH
nd conductivity stability of our measurements to the successive
ashings that the beads had undergone and suggest that fine glass
ust associated with the beads was the source of the efficient appar-
nt bead dissolution observed by Leroy et al. �2008�.

The temperature of the cell was also measured to ensure that any
hermoelectric contribution to the measured potential was mini-

ized. However, because the sample is small and the thermal mass
f the fluid reservoir is correspondingly large, we found that by
eeping the fluids at 25°C before the measurement ensured that the
ntire experiment held that same value very accurately throughout
he streaming potential measurements.

Fluid was flowed through the sample in both directions at up to
our rates between 0.1 and 499 ml /hr using a Pharmacia P500 twin
ore piston pump for the larger flow rates and a gravity feed for the
maller flow rates, and choosing the flow rates to produce measure-
ble pressure drops across the sample. Figure 4 shows a typical mea-
urement as a function of flow rate. Indeed, one of the challenges of
hese experiments is the large range of fluid permeabilities, pressure-
rops, and streaming potentials measured. Most of the pressure mea-
urements were made using standard 300 psi �2 MPa� gauge pres-
ure transducers obtainable from Omega �PX302-300GV�. For the
owest pressure differences, the difference between the levels in two
olumns of water was also used as this method, though seemingly
rude, can provide very accurate differential pressure measurements
or pressure differences less than 10 kPa. The streaming potentials
ere measured using two matched miniature Ag-AgCl nonpolariz-

ng electrodes from Cypress Systems, which were placed just out-
ide the flow and opposite the pressure measurement at each end of
he sample. The potential measurement was carried out with a Kei-
hley 2000 microvoltmeter with an accuracy of �0.002%. The zero
ffset of the pressure transducers and the voltmeter were measured

0.20

0.15

0.10

0.05

0.00

N
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m
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P
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bi

lit
y
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)

Grain size (m)

1.E – 07 1.E – 06 1.E – 05 1.E – 04 1.E

igure 2. The grain size distributions used in the experimental meas
ols represent the measured values and the lines represent the best fit
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
t the beginning and end of each measurement. The offset was re-
oved from the data by subtracting the value at the beginning of

ach measurement. The drift was removed from the data by subtract-
ng values that were calculated by interpolating linearly between the

easurements at the beginning and end of each set of measurements
s a function of time. However, drift was always very low — less
han 0.5% of the measured values.Asmall earthed Faraday cage was
sed to surround the sample during measurement. Additionally, the
lectrical conductivity of each sample was measured while there was
o flow, and the fluid permeability was measured at each of the flow
ates.

In these measurements, the fluid flow was imposed and the perme-
bility was calculated from the measured flow rate and the conse-
uent pressure drop. This is, of course, experimentally equivalent to
mposing a pressure gradient and then calculating the permeability
rom the measured pressure drop and consequent fluid flow. It
hould be mentioned that in nature flow is normally driven by pres-
ure gradients. This is perhaps a fine distinction and should not make
ny difference to the results of the research providing that the flow
emains within the laminar regime. There is increasing evidence that
he streaming potential coupling coefficient is perturbed by turbu-
ent and transitional flow for which the Reynolds number Re � 1
Watanabe and Katagishi, 2006; Kuwano et al., 2006; Bolève et al.,
007�. In this paper, the Reynolds number varies from Remin�3.71
10�10 for the smallest spheres at the lowest flow rate to Remax

3.49�10�3 for the highest grain size at the highest flow rate, both
f which fall well within the laminar range.

At the end of the experiment, the samples were weighed, flushed
ith methanol, dried, and weighed again. The masses were used in

onjunction with the previously measured fluid density and cell
arts to calculate the porosity of the sample. The entire sample, still
nclosed in its Perspex tube and connectors was sent to an external
ervice company to be submitted to mercury porosimetry using a

icromeritics porosimeter, which provides the porosity of the sam-
le as well as its pore throat size spectrum.

EXPERIMENTAL RESULTS

rain size dependence

Figure 5 shows the streaming potential coupling coefficients of a
ange of quartz glass bead packs as a function of the mean diameter
f the glass bead. The horizontal error bars represent the equivalent
tandard deviation of the log-normally distributed grain size diame-
er measurements. We have chosen not to show error bars for the ver-
ical direction. Instead, all the data points are shown as open sym-
ols. This shows the total range of the measurements. At least eight
easurements �different flow rates and flow direction� were carried

out for each bead pack. The errors associated with
the measurements are much smaller than those of
Bull and Gortner �1932� or those implied by the
scatter in the data of Bolève et al. �2007� because
we spent considerable efforts improving the sig-
nal-to-noise ratio of very small voltage measure-
ments made with small pressure differences, and
by using high-quality and very expensive quartz
glass beads. Mean valules of the measured
streaming potential coupling coefficients are also
shown numerically in Table 2.

The experimental measurements have been

1.E – 02

ts. The sym-
rmal curves.
– 03

uremen
log-no
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Streaming potential and grain diameter F231
ompared with the results of the exact solution of the theoretical
quations by Revil et al. �1999a� and Revil �2002� �equation 4� and
he approximate form that is given by equation 6. Although this
ounds straightforward, it is quite complex because our intention is
o provide a theoretical fit where there are no adjustable parameters.
n the following theoretical approach, high-quality theoretical val-

0 1 2 3 4 5 cm Faraday cage

Upstream
pressure

transducer

Swagelock
NPT union

(PTFE)

Flow in

Perspex tube

low out

nonpolarizing
electrode

nonpolarizing
electrode

Fine
nylon net

Bead
pack

Swagelock
NPT union

(PTFE)

Pressure
transducers

and
measurement

Graduate
scale

P-500 Pump

V meterµ

)

b)

Downstream
pressure
transducer

igure 3. �a� The experimental cells used in this work. Note that the
nput and output manifolds are constructed from two separate con-
ectors that are commercially available in nylon from Swagelok Inc.
nce the experiment is finished, these end-pieces can be unscrewed

nd replaced by a simple inexpensive plug for transport or storage.
b� The flow diagram showing how the fluids were passed through
he sample cells.
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Measured fluid pressure difference (MPa)

Grain size = 21.5 µm
Coupling coefficient = 9.18 V/MPa
Cf = 2 × 10–4 mol/L
Conservative error analysis

Pressure +/–5 kPa
Potential 5.1%

Negligible electrode drift
R2 = 0.999

igure 4. A typical measurement of streaming potential made as a
unction of flow rate with four flows in each direction. Please note
hat the flow rate was adjusted until chosen pressure differences
ere attained, whereon the streaming potential was measured.
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
es for all the parameters in equations 4 and 6 have been found, and
ompared with experimentally determined values whenever possi-
le.

It might be said that for a model that contains many parameters, a
t is almost always possible. However, the methods set out in this pa-
er are not simply fitting equations — they are theoretical relation-
hips that are based on the physics of the system in which we do not
ave the luxury of being able to drop, add, or modify parameters on
n ad hoc basis. The theoretical parameters are constrained to fall
ithin certain ranges that are more or less well defined experimen-

ally. By taking each parameter individually, we will show that the
treaming potential coupling coefficients calculated in this paper are
ased on the following extremely well-constrained physical param-
ters.

Temperature. — The temperature of the experiment was con-
rolled by the process fluid that had been stabilized for at least

25

20

15

10

5

0
1.E – 08 1.E – 07 1.E – 06 1.E – 05 1.E – 04 1.E – 03 1.E – 02

Grain diameter (m)

-S
tr

ea
m

in
g

po
te

nt
ia

lc
ou

pl
in

g
co

ef
fic

ie
nt

(V
/M

P
a)

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
1.E – 08 1.E – 07 1.E – 06 1.E – 05 1.E – 04 1.E – 03 1.E – 02

Grain diameter (m)

-S
tr

ea
m

in
g

po
te

nt
ia

lc
ou

pl
in

g
co

ef
fic

ie
nt

(V
/M

P
a)

)

)

HS equation

Σs = 1e – 10 S Σs = 1e – 9 S Σs = 1e – 8 S

Equation 6
Σ = 3.53e – 9 S

Equation 4
(Revil et al. 1999b)

Σs = 3.53e – 9 S

HS equation

Σs = 1e – 10 S Σs = 1e – 9 S Σs = 1e – 8 S

Equation 6
Σs = 3.53e – 9 S

Equation 4
(Revil et al.,1999b)
Σs = 3.53e – 9 S

s

igure 5. Streaming potential coupling coefficients of a range of
uartz glass bead packs as a function of the mean diameter of the
lass beads. �a� Pore fluid salinity Cf �2�10�4 mol /L, �b� Pore
uid salinity Cf �2�10�3 mol /L. The open symbols show the
treaming potential coupling coefficient measurements for individu-
l flow rates at a given grain size, which indicates their uncertainty.
he solid symbol shows the mean value calculated from the gradient
f plots like that shown in Figure 4. The horizontal error bar shows
he effective standard deviation of the laser diffraction bead size

easurements. The solid line shows the model of Revil et al. �1999a�
n its exact form �equation 4�, and the dashed line represents its ap-
roximate form after Glover et al. �2006� �equation 6�.
 SEG license or copyright; see Terms of Use at http://segdl.org/



4
c
t
f
w
i
�

f
t
fl
�
fi
t

d
u

w
n

w
a
m
i
b
�
o
e
l
l
i
�

�

w
e
�
�
i
i
m
h
L
t

a
t

p
m
h
c

i
G
f
t
�

1

S
t

w
�

fl
i
q
a
�

�
t
�

1
a

w

a

H

F232 Glover and Déry
8 hours at a set temperature in the same temperature-controlled
hamber that was used for the experiments. The temperature was de-
ermined experimentally using glass immersion thermometers be-
ore and after the experiment, and the stability of the temperature
as measured with type K and PT100 temperature transducers dur-

ng the experiments. For all experiments T�25�0.5°C
298.15�0.5 K.

Pore fluid salinity. — The pore fluids were made extremely care-
ully using deionized water and Analar grade solute, and ensuring
hat all latent heat of dissolution had dissipated before measuring the
uid volume. Two pore fluids were used, one with Cf �2
10�4 mol L�1, and the other with Cf �2�10�3 mol L�1. The

rst was chosen to coincide with that of Bull and Gortner �1932� so
hat the results could be compared.

Grain size. — Experimentally determined values from the laser
iffraction particle size analyzer were used. The peak grain size val-
es are shown in Table 1.

Electrical permittivity. — The relative permittivity �r �no units�
as determined using Olhoeft’s equation �Olhoeft, unpublished
ote, 1980; Revil et al., 1999a� in equation 12

�r�T,Cf��a0�a1T�a2T2�a3T3�c1Cf �c2Cf
2�c3Cf

3,

�12�

here ao�295.68, a1��1.2283 K�1, a2�2.094�10�3 K�2,
3��1.41�10�6 K�3, c1��13.00 L mol�1, c2�1.065 �L
ol�1�2, c3��0.03006 �L mol�1�3, T is in kelvin and the equation

s valid in the range from 273 K to 373 K and Cf is the salinity of the
ulk pore fluid in mol L�1. The permittivity in vacuo �o�8.854
10�12 F /m. The decrease in permittivity near the surface occurs

n the scale of a few angstroms �Grahame, 1947; Booth, 1951; Hunt-
r, 1966; Pride and Morgan, 1991�. Since the Debye screening
ength for the two pore fluid concentrations used in this paper are at
east 10 times as thick, we have assumed them to be negligible. Mix-
ng calculations using the method of Iglesias and Péon Fernández
2001� support this assumption.

Dynamic viscosity. — The dynamic viscosity � f of the pore fluid
in Pa.s� was calculated using the Phillips et al. �1978� equation

� f�T,Cf��e1�e2 exp��1T��e3 exp��2Cf
m�

�e4 exp��3T��4Cf
m�, �13�

here e1�4.95166�10�5 Pa.s, e2�6.034658�10�4 Pa.s,
3�9.703832�10�5 Pa.s, e4�1.025107�10�3 Pa.s, �1

�0.06653081°C�1, �2�0.1447269 molal�1, �3

�0.02062455°C�1, �4�0.1301095 molal�1, T is in °C and C f
m

s the molality of the bulk pore fluid. Since our solutions are weak, it
s possible to say that Cf

m�Cf and consequently to use salinity in
ol L�1 in place of molality in equation 13. Viscoelectric effects

ave been assumed to be negligible in accordance with the results of
yklema and Overbeek �1961�, Hunter �1966�, and the interpreta-

ion of Pride and Morgan �1991�.

Cementation exponent. — This parameter is constant for spheres
t m�1.5 �Sen et al., 1981; Glover and Walker, 2009�. The cemen-
ation exponent is related to the degree of connection enjoyed by the
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
ores. Parallel tubes have a cementation exponent of unity whereas
ost sandstones fall in the range 1.6 to 2.0. Carbonate rocks often

ave large pores that are not well connected and, hence, have higher
ementation exponents.

Porosity. — The theoretical value for a random packing of spher-
cal beads of the same size is �r�0.399 �Wyllie and Gregory, 1955;
uéguen and Palciauskas, 1994�. We have used this value, and

ound that it is in good agreement with the porosity measurements
hat we made on the bead samples �mean values �Helium�0.395,

Hg�0.382�.

Formation factor. — This is given by Archie’s law �Archie,
942� as F���m. For spheres it takes the value F�3.9677.

Electrical conductivity of the bulk fluid. — We have used the
en and Goode �1992� equation to provide the electrical conductivi-

y of the bulk solution �in S/m� in equation 14

� f�T,Cf�� �d1�d2T�d3T2�Cf �� d4�d5T

1�d6Cf
�Cf

3/2,

�14�

here d1�5.6, d2�0.27, d3��1.51�10�4, d4�2.36, d5

0.099, d6�0.214, T is in °C and Cf is the salinity of the bulk pore
uid �mol L�1�. We also measured the conductivity of the pore flu-

ds with a bench top conductivity meter and a Solartron 1260A Fre-
uency Response Analyzer and found them to be in extremely good
greement with the theoretical values. For solutions of Cf �2
10�4 and Cf �2�10�3 mol L�1, the experimental values were

f �2.44�10�3 and � f �2.43�10�2 S /m, respectively, and the
heoretical values were � f �2.4376�10�3 and � f �2.410

10�2 S /m, respectively.

Zeta potential. — This parameter was calculated in equations
5–17 using the techniques described in Revil and Glover �1997�
nd in Revil et al. �1999b�. The zeta potential is given by

� ��d exp��� � /� d� �15�

here

� d�� �o�rkbT

2000Ne2I
�16�

nd

�d�
2kbT

3e
ln	

�8�103�r�okbTN�10�pH�KMeCf�
2e� s

oK���

�
 Cf �10�pH

�1

2�
i

n

Zi
2Ci

f� �17�

ere we have used the following parameters that are consistent with
 SEG license or copyright; see Terms of Use at http://segdl.org/
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Streaming potential and grain diameter F233
he symbols used in Revil et al. �1999b�:
� �3�10�10 Distance of the shear plane
from the bead surface

�m� Revil and Glover �1997�

d Debye screening length �m� Equation 16

b�1.38�10�23 Boltzmann’s constant �J/K� Lide �2009�

�1.602�10�19 Elementary charge �C� Lide �2009�

�6.022�10�23 Avagadro’s constant �mol�1� Lide �2009�

Me�10�3.25 Binding constant for cation
�sodium� adsorption on
quartz

��� Revil et al. �1999b�

����10�7.5 Disassociation constant for
dehydrogenization of silanol
surface sites

��� Hiemstra et al. �1989a;
1989b�

H�6.9 Measured with a bench top
meter

��� Experimentally measured

a Acid concentration �mol L�1� Ca�10�pH

i�1 Valence of the ionic species i ��� Lide �2009�

i
f �Cf Concentration of

ionic species i
�mol L�1� Set

experimentally

Ionic
strength

�mol L�1� Set
experimentally

s
o�2.6�1018 Surface site �m2� Joergensen and Tovborg-Jensen �1967�
density

t
l
�

c
1
�

i
n
�

lthough the fundamental constants are known to great accuracy,
here is some considerable uncertainty over the exact value of other
arameters such as � � , KMe, K���, and � s

°. The values that we have
sed here are based on the full discussion that is available in Revil et
l. �1999b�.

The value of the Debye screening length arrived at in this work
ere 2.147�10�8 m and 6.79�10�9 m for fluid concentrations of
�10�4 mol L�1 and 2�10�3 mol L�1, respectively, which are
oth much larger than the position of the shear plane from the surface
hat was taken as 3�10�10 m after Revil and Glover �1997�. Be-
ause the thickness of the diffuse layer may be considered to be twice

able 2. Mean measured values from electrokinetic experimen

ample
umber

Grain
diameter
�laser�

� �10�6 m�

Cs

Cf �2�10�4

mol/L
�V/MPa�

Cs

Cf �2�10�3

mol/L
�V/MPa�

Ca
Cf

e

1.05 0.59 0.15

2.11 1.11 0.26

5.01 2.98 0.44

11.2 5.40 0.57

21.5 9.14 0.69

31.0 11.43 0.71

47.5 13.74 0.76

104 17.84 0.77

181 20.08 0.80

0 252 20.89 0.80

1 494 22.35 0.82

2 990 23.16 0.80

ean
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
he Debye length, we can see that the great majority of the double
ayer is moved during electrokinetic coupling �that between 3

10�10 m and 4.294�10�8 m from the surface for a bulk fluid con-
entration of 2�10�4 mol L�1, and that between 3�10�10 m and
.36�10�8 m from the surface for a bulk fluid concentration of 2
10�3 mol L�1�.
The Bjerrum length �b is the separation at which the electrostatic

nteraction between two elementary charges is comparable in mag-
itude to the thermal energy scale. It is given by �b�e2 /4��r�okbT

7.16�10�10 m for the fluids used in this work. Hence, all ions in

d �
0�4

4

Calculated �
Cf �2�10�4 mol /L

mol/L
equation 6

�mV�

Calculated �
Cf �2�10�3

mol/L
equation 4

�mV�

Calculated �
Cf �2�10�3

mol/L
equation 6

�mV�

64.71 19.56 24.62

62.37 21.00 25.42

72.30 21.98 24.94

73.71 22.94 24.86

73.04 24.06 25.15

74.10 23.98 24.76

72.79 24.75 25.30

72.94 24.07 24.32

73.43 24.71 24.86

72.93 24.71 24.81

73.45 25.05 25.10

73.63 24.51 24.54

71.62 23.44 24.89
ts.

lculate
�2�1

mol/L
quation

�mV�

48.86

47.52

56.39

59.31

61.70

64.28

65.08

68.36

70.47

70.72

72.24

73.00

63.16
 SEG license or copyright; see Terms of Use at http://segdl.org/



t
b
e
t

w
�
t
c
t
s

i
e

w

�

w

C

a
b
p
o
s
�
a
e
i
t
3
�
s
b
t
a
G
c
t
m

a
t
a

c
p
t
t
v

s
m
b
w
n
a
v
e
c
e
�
a

m
H
p
m
m
c
k
i
t
o
s
p
w
t
t
K
e
l
t
i
t
a
t
i
o
e
a
h

s
s
t
�
�
a
i
c
t
g
c

P

d
t
c

F234 Glover and Déry
he bulk fluid and those in most of the diffuse layer are more affected
y thermal perturbations than by other ions occupying the Stern lay-
r. However, there is a thin mobile layer that is influenced greatly by
he Stern layer ions.

The theoretical values of zeta potential arrived at in this work
ere 73.34 mV and 24.72 mV for fluid concentrations of 2
10�4 mol L�1 and 2�10�3 mol L�1, respectively. The zeta po-

ential has also been calculated by inverting the streaming potential
oupling coefficient measurements. The mean values of zeta poten-
ial are in fairly good agreement with the theoretical values as is de-
cribed later in this paper.

Surface conductance. — This parameter was also calculated us-
ng the techniques described in Revil and Glover �1997� and in Revil
t al. �1999b�. The surface conductance is given in equations 18 by

� s�� s
EDL�� s

Prot�� s
Stern �18�

here in equation 19

s
Stern�

e� s� s
oKMeCf

�10�pH�K�����8�10�3�r�okbTN

2e� s
oK���

C*�2/3

�KMeCf�
�19�

here

*���10�pH�KMeCf��Ca�Cf �10�pH�/�1

2
�
i

n

Zi
2Ci

f�
nd where the contribution from the diffuse layer � s

EDL was shown to
e negligible by Revil and Glover �1998� and the contribution of the
rotons � s

Prot�2.4�10�9 S �Watillon and de Backer, 1970�.All the
ther parameters have already been described except � s, which is the
urface mobility �in m2 s�1 V�1�. We have used � s�5

10�9 m2 s�1 V�1 from Revil and Glover �1998�, and are not
ware of any other reported values for this parameter. Detailed mod-
ling work is presently being carried out, which indicates that vary-
ng this parameter within reasonable limits is not significant. The
heoretical values of surface conduction arrived at in this work were
.53�10�9 S and 4.49�10�9 S for fluid concentrations of 2
10�4 mol L�1 and 2�10�3 mol L�1, respectively. It was not pos-

ible to obtain experimental confirmation of the surface conductance
ecause measurements were only carried out at two pore fluid salini-
ies. However, the theoretical values calculated above are in good
greement with the determinations of other researchers �Revil and
lover, 1997; 1998; Revil et al., 1999a; 1999b�. Since the surface

onduction was not obtained experimentally, it was also not possible
o confirm that the cementation exponent was constant at a value of
�1.5, although this value is well accepted.
Hence, we have defined all the input parameters with respect to

ccepted theoretical values or experimental values that are relevant
o our experimental system. The only true variable is the grain size
nd that is the functional variable.

The experimentally determined values of streaming potential
oupling coefficient as a function of glass bead diameter are com-
ared with the predictions of both the exact and approximate solu-
ions of the theoretical equations in Figure 5 for both fluid concentra-
ions. Curves are given in Figure 5 for various surface conductance
alues �1�10�10 S, 1�10�9 S, and 1�10�8 S� in order that the
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
ensitivity of the streaming coupling coefficient to this parameter
ay be judged. It is clear that the experimental determinations at

oth pore fluid concentrations verify the theoretical predictions very
ell. Providing we can trust the quality of the many input parameters
eeded for the theoretical models, it may be said that both the exact
nd approximate solutions fit the experimental data very well at the
alue of � s�3.53�10�9 S, which is the value that arises from
quation 18. For the low salinity data �Cf �2�10�4 mol L�1�, the
oefficients of determination are R2�0.984 and R2�0.992 for
quation 4 and equation 6, respectively. For the high-salinity data
Cf �2�10�3 mol L�1� R2�0.855 and R2�0.999 for equation 4
nd equation 6, respectively.

For some reason the approximate solution seems to fit the data
arginally better than the exact solution of Revil et al. �1999a�.
owever, it should be pointed out that a small change in some of the
arameters is all that is required to enable the Revil et al. �1999a�
odel to fit the data just as well. For example, the Revil et al. �1999a�
odel fits the data for Cf �2�10�4 mol /L very well if the surface

onductance is set equal to 5�10�9 S with all the other parameters
ept constant. However, this represents a change of � �41%, and
s greater than the surface conductance associated with a bulk solu-
ion 100 times more concentrated. Perhaps the uncertainties in some
f the input parameters, such as the surface site density would make
uch a change possible; a surface site density of seven sites per nm2

rovides a surface conductance of 5.03�10�9 S and that is well
ithin the range that some authors quote for quartz glass �Iler, 1979�

hough less than that previously used by Revil et al. �1999b�. Unfor-
unately, small changes to this parameter such as this �and in K��� and

Me� cause the streaming potential coupling coefficient not to fit the
xperimental data in the large grain size limit �i.e., the classical HS
imit�. A more valid alternative method that allows equation 4 to fit
he data better than that for equation 6 is to either increase the proton-
c surface conductivity contribution to � s

Prot�3.4�10�9 S, for both
he low- and high-salinity data, or to disregard the statement by Revil
nd Glover �1998� that the EDL contribution is negligible, and set it
o � s

EDL�1�10�9 S for both the high- and low-salinity data. If this
s carried out, the coefficients of determination for the models switch
ver and become R2�0.992 and R2�0.985 for equation 4 and
quation 6, respectively for the low-salinity data, and R2�0.855
nd R2�0.906 for equation 4 and equation 6, respectively for the
igh-salinity data.

Figure 5 shows �as in Figure 1� that at large grain sizes the mea-
ured streaming potential coupling coefficients approach that of the
tandard HS equation and decrease by about two orders of magni-
ude as the grain size reduces from about 1 mm to about 0.1 �m
23.16 V /MPa at 1 mm to 6.91�10�2 V /MPa at 0.1 �m for Cf

2�10�4 mol/Land 0.804 V/MPa at 1 mm to 1.79�10�2 V/MPa
t 0.1 �m for Cf �2�10�4 mol/L�. It is very clear that, far from be-
ng a negligible secondary effect, the streaming potential coupling
oefficient varies considerably with grain size. The new experimen-
al data have demonstrated that both equation 4 and equation 6 are
ood models for describing the streaming potential coupling coeffi-
ient as a function of grain diameter.

ore and pore throat size dependence

Figure 6 shows the same streaming potential coupling coefficient
ata, but this time as a function of the mean pore throat diameter of
he glass bead pack. The pore throat diameter was obtained by mer-
ury porosimetry of the bead packs while they were still in the sam-
 SEG license or copyright; see Terms of Use at http://segdl.org/
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Streaming potential and grain diameter F235
le tube in order not to disturb the relative position of the grains. The
ean pore throat diameter was taken to be the modal value of a uni-
odal pore throat size distribution. The horizontal error bars in Fig-

re 6 represent the half-height width of the pore throat size distribu-
ion.

It is clear in Figure 6 that equations 4 or 6 cannot be used to model
he data because their input parameter is grain diameter whereas the
ata are plotted as a function of pore throat diameter �R2�0.760 and
2�0.673, respectively for the low-salinity data, and R2�0.4751
nd R2�0.4322, respectively for the high-salinity data�. The model
urves plot to the right of the data because the grain diameter is larger
han the pore throat diameter that was used to plot the experimental
ata �the offset can be calculated using equations 1 and 2 in Glover
nd Walker �2009��. There is also an offset between the experimental
ata and the model as a function of pore diameter �equation 10� be-
ause the pore diameter is larger than the pore throat diameter that
as used to plot the data, although the offset is not as large because

he pore diameter is only slightly larger than the pore throat diameter
R2�0.9522 and 0.7667 for the low- and high-salinity data, respec-
ively�. This offset could be corrected for in the model by varying the
alue of a �to about 6.67 for Figure 6a, for example� or by changing
he surface conductance �to 2�10�9 S in the case of Figure 6a�.
owever, not only would such an ad hoc change cause the fit in Fig-
re 5 to be much worse, values of a of such a size are not expected for
ead packs or porous media �Glover et al., 2006�. Figure 6 is an indi-
ator of the size of the error that would follow from using the pore
ize, pore throat size, and grain size interchangeably.

As we have already said, the offset is actually due to the compari-
on of measurements as a function of pore throat diameter with a
odel that is a function of grain size �equations 4 and 6� or pore di-

meter �equations 9 and 10�. Since pore throat diameter and pore di-
meter are not, in general, the same, we have modified equations 9
nd 10 to generate a set of equations that are a function of pore throat
iameter. In equations 20–22, we have used the following correc-
ions

or cubic packing Mcubic�
�3�1
�2�1

�1.7673. �20�

or random packing Mrand� �1.655,1.662� . �21�

or rhombohedral packing Mrhom�
3�2�2�3

4�2�3
�1.4528.

�22�

Here M is the ratio of the pore size radius �or diameter� to the pore
hroat radius �or diameter�. These relationships are derived in the
ppendix. The cubic and rhombohedral packing represent the end
embers for contacting nonbroken spheres of uniform size. The ran-

om packing is expected to lie between these values but is not tracta-
le analytically. The two values given by equation 21 represent the
esults of linear and quadratic interpolations for random packing
ith equations M �1.642� �1 �R2�0.9967�, which gives Mrand

1.655, and M ��0.6324�2�1.918� �1 �R2�1.000�, which
ives Mrand�1.662, where � is the porosity of the structure, and it
as been assumed that compaction due to rearrangement of the struc-
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
ure of the porous media causes monotonic changes in the porosity,
ore throat diameter, and pore size. In reality, this process must be re-
arded as an approximation as the mathematical description of
phere packing is very complex. It is not possible to add further
nique points to the figure in Appendix A because all other regular
acking structures have multiple pore and/or pore throat sizes.

If we use equations 20–22 to transform the pore radii values in
quations 9 and 10 into pore throat diameters, in equations 23,
hrough 26, we get:
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Cubic
Equation (24)

HS equation

HS equation

Cubic
Equation (24)

Random
Equation (26)

Rhombohedral
Equation (28)

Pore
diameter

Equation (10)

Grain
diameter

Equation (4)

Grain
diameter

Equation (6)

Pore
diameter

Equation (10)

Grain
diameter

Equation (4)

Grain
diameter

Equation (6)

Random
Equation (26)

Rhombohedral
Equation (28)

igure 6. Streaming potential coupling coefficients of a range of
uartz glass bead packs as a function of the mean pore throat diame-
er of the glass bead pack. �a� Pore fluid salinity Cf �2

10�4 mol /L, �b� Pore fluid salinity Cf �2�10�3 mol /L. The
pen symbols show the streaming potential coupling coefficient
easurements for individual flow rates at a given grain size, which

hows their uncertainty. The solid symbols show the calculated
ean value. The horizontal error bar shows the effective standard

eviation of the laser diffraction bead size measurements. The long
ashed line is the result assuming falsely that the grain diameter
quation �equation 6� can be used to predict the variability of the
treaming potential coupling coefficient as a function of pore throat
ize. Likewise, the solid line is the result assuming, again falsely,
hat the pore diameter equation �equation 10� can be used. The short
ashed lines are the results of using the pore throat diameter equa-
ions, with curves for cubic, random, and rhombohedral packing
equations 24, 26, and 28, respectively�.
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F236 Glover and Déry
or cubic packing Cs

�
dPT� f��a��3�1�

� f�dPT
�a��3�1�� f �8� s

�2��2�1��
in general

�23�

nd

Cs�
dPT� f� ��3�1�

� f�dPT��3�1�� f �4� s
�3��2�1��

for a�8/3.

�24�

or random packing Cs

�
dPTMrand� f��a

� f�dPTMrand
�a� f �8� s

�2�
in general �25�

nd

s�
dPTMrand� f�

� f�dPTMrand� f �4� s
�3�

for a�8/3. �26�

n equations 27 and 28, for rhombohedral packing

s�
dPT� f��a�3�2�2�3�

� f�dPT
�a�3�2�2�3�� f �8� s

�2�4�2�3��

in general �27�

nd

Cs�
dPT� f� �3�2�2�3�

� f�dPT�3�2�2�3�� f �4� s
�3�4�2�3��

for a

�8/3. �28�

hese equations have been deliberately left in a form that is not quite
heir simplest in order that their shared structure can be compared.
he general form is seen in equation 29

Cs�
dPTMi� f��a

� f�dPTMi
�a� f �8� s

�2�
�29�

or any shape of grain, where Mi is the relevant pore size to pore
hroat ratio for the style of packing present, and in equation 30

Cs�
dPTMi� f�

� f�dPTMi� f �4� s
�3�

�30�

or the special case of monodisperse spheres, where a�8 /3.
Figure 6 shows that all the models as a function of pore throat di-

meter match the experimental data very well. It seems that the ran-
om packing model fits the data slightly better than the cubic or
hombohedral models, which fall to either side of it. For the low-sa-
inity data �Cf �2�10�4 mol L�1�, the coefficients of determina-
ion are R2�0.9777, 0.9784 and 0.9770 for cubic, random, and
hombohedral packing �equations 24, 26, and 28�, respectively. For
he high-salinity data �Cf �2�10�3 mol L�1�, R2�0.9771,
.9935, and 0.9303 for cubic, random, and rhombohedral packing
equations 24, 26, and 28�, respectively.
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
This supposition has not been checked statistically because the
ange of values expressed by the three models falls within the range
f uncertainties in the experimental data, and hence, the power of a
ormal statistical test would be small. Providing the appropriate
odel is used, it may be said that the experimental data are predicted
ell by the equations for the streaming potential coupling coeffi-

ient as a function of pore throat size.
The x-offset of each of the curves �cubic, random, rhombohedral�

ith respect to that for the grain diameter can be expressed in terms
f the dPT /d ratio. This ratio takes the values 0.4142, 0.1757, and
.1547 for the cubic, random, rhombohedral structures, respectively.
he ratio can be calculated from the experimental data and is found

o be equal to 0.1807. It is clear that the experimental values agree
ery well with the theoretical predictions.

ZETA POTENTIAL

We have noted that the theoretical model for the streaming poten-
ial coupling coefficient as a function of grain diameter �equations 4
nd 6� seems to fit the data very well. The question arises whether the
nverse calculation of the zeta potential from the experimental data
sing these equations would provide a constant zeta potential, i.e.,
ne that is not a function of grain size, pore size, or flow rate. Such a
esult would agree well with previously described forward models
hat calculate zeta potential from electro-chemical considerations
Revil and Glover, 1997; Revil et al., 1999a� �i.e., equations 15–17�
ecause these forward models do not explicitely consider grain size,
ore size, pore throat size or fluid flow.

We have carried out this process to examine the change in zeta po-
ential implied by the exact and approximate solutions �equations 4
nd 6, respectively�. In these calculations, we have kept all the other
arameters the same as in the forward model. The results of the cal-
ulations are shown in Table 2.

The mean zeta potentials �all flow rates and grain sizes� from the
xact solution from the Revil et al. �1999a� model �equation 4� were
3.13�9.87 mV for a bulk fluid concentration of 2�10�4 mol /L
nd 23.44�1.95 mV for a bulk fluid concentration of 2
10�4 mol /L. The corresponding values for the approximate solu-

ion of Glover et al. �2006� �equation 6� were 71.62�7.76 mV for a
ulk fluid concentration of 2�10�4 mol /L and 24.89�1.21 mV
or a bulk fluid concentration of 2�10�4 mol /L. The theoretically
alculated values that were used in the forward modeling �from
quations 15–17� were 73.34 mV for Cf �2�10�4 mol /L and
4.72 mV for Cf �2�10�3 mol /L.

Formal statistical analysis shows that there is no significant differ-
nce between the results of either the exact solution and the theoreti-
ally modeled values �p�0.306 and p�0.515, for Cf �2
10�4 mol /L, and Cf �2�10�3 mol /L, respectively� or the ap-

roximate solution and the theoretically modeled values �p�0.826
nd p�0.889, for Cf �2�10�4 mol /L, and Cf �2�10�3

ol /L, respectively�. Here the p-value is the probability of obtain-
ng a test statistic at least as extreme as the one that was actually ob-
erved, assuming that the null hypothesis is true. Hence, there is fair-
y good general agreement between the theoretical values and the
alues from either the exact or approximate solutions to the stream-
ng potential coupling coefficient grain size.

Parts �a� and �b� of Figure 7 show the calculated zeta potential ob-
ained by inverting equations 4 and 6 as a function of grain size for

f �2�10�4 mol /L NaCl and Cf �2�10�3 mol /L NaCl, re-
pectively. The mean zeta potential calculated from equation 6 does
 SEG license or copyright; see Terms of Use at http://segdl.org/
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ot change significantly with grain size. The vertical error bars rep-
esent �1 standard deviation in the values calculated from measure-
ents made for individual flow rates and directions. It is clear that

here is an increase in the scatter of the individual measurements at
mall grain sizes. This is due to larger fractional experimental errors
or smaller grain sizes that have low streaming potentials that are dif-
cult to measure accurately. The scatter in individual measurements
lso increases at low grain sizes for zeta potentials calculated using
quation 4; however, there is also a systematic decrease in zeta po-
ential with decreasing grain size. This decrease can also be generat-
d by adjusting the surface conductance in equation 6 so that it be-
omes F / �F�1� larger, i.e., to render the approximate solution into
he exact solution. The data indicate, therefore, that either the zeta
otential itself diminishes slightly with grain size or the model is not
et complete.

Parts �c� and �d� of Figure 7 show the calculated zeta potential as a
unction of flow rate for the individual measurements. The scatter in
he individual measurements increases as the flow rate decreases for
oth the exact and the approximate solutions due to the difficulty in
easuring small streaming potentials associated with small flow

ates. The general trend for the data from the approximate solution is
onstant, although there may be a small reduction in the zeta poten-
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igure 7. Calculated values of the zeta potential obtained from invers
nd equation 6 together with the measured streaming potential coup
unction of grain size. Parts �a� and �b� show the inverted zeta poten
rain diameter; parts �c� and �d� show them as a function of fluid flow
entrations of Cf �2�10�4 mol /L and Cf �2�10�3 mol /L, resp
nd �b�, the solid symbols and open symbols represent the zeta poten
rain size �irrespective of flow rate� using equation 4 and 6 respecti
ars show the variation in the data caused by using different flow rat
iation�. In parts �c� and �d�, the solid symbols represent the inverted
quation 4, while the open triangles represent those obtained using eq
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
ials obtained from the exact solution of Revil et al. �1999a�, which
egs the question whether the streaming potential is fully developed
t low flow rates during viscous flow.

This work indicates that there may be a dependence of the zeta po-
ential on grain size and flow rate for smooth quartz glass beads satu-
ated with NaCl solutions between Cf �2�10�4 and Cf �2

10�3 mol /L. If this is so, there may also be a dependence for non-
pherical or rough glass beads, for polydisperse beads, and for real
ocks. Recently, in an excellent study, Leroy et al. �2008� have found
he roughness of glass beads to have an important effect on the mod-
led and experimental values of the complex conductivity of bead
acks; it may also be true that the zeta potential depends on a greater
ange of parameters than was originally thought.

CONCLUSIONS

We have examined the effect of varying grain size, pore size, and
ore throat size on the streaming potential coupling coefficient of
orous granular media both theoretically and experimentally.

We have compared the classical HS model with the grain size-de-
endent model of Revil in its exact form and in the approximate form

derived from Glover et al., and also with two pre-
viously existing data sets. This comparison
shows the classical HS model to be insufficient to
describe granular porous media. It also shows
that the grain diameter-dependent model works
very well in either its exact form, R2�0.926 or
its approximate form, R2�0.890.

We have also developed a streaming potential
coupling coefficient relationship that is a function
of mean pore radius using the findings of Glover
and Walker. This new relationship provides the
opportunity to calculate the streaming potential
coupling coefficient from pore size data, which is
a routine measurement made using image analy-
sis and can also be obtained from permeability
measurements on rocks.

We have carried out streaming potential cou-
pling coefficient measurements on a suite of 12
monodisperse quartz glass bead packs each with a
different well-characterized grain size, and for
two different pore fluid salinities. These glass
bead packs have a large range of permeability, so
special methods were developed to measure
small streaming potentials and pressure differ-
ences with sufficient accuracy. The experimental
results provide a much better test of the theoreti-
cal models than the earlier data, showing that the
shape of the streaming potential coupling coeffi-
cient curves is correct over a large range of grain
and pore sizes. Forward modeling with no adjust-
able parameters has shown that the grain
diameter-dependent model in either its exact
form �R2�0.984 and R2�0.855 for Cf �2
�10�4mol /L and Cf �2�10�3 mol /L NaCl,
respectively� or its approximate form
�R2�0.992 and R2�0.999 for Cf �2
�10�4 mol /L and Cf �2�10�3 mol /L NaCl,
respectively� describe the new data very well.
The difference between the exact and approxi-
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ate solutions is small despite the formation factor for glass beads
eing F�4, which does not fulfill the criterion that F�1, and may
e taken account of by small changes in the values of some input pa-
ameters. The difference would be truly negligible for real rocks
here F commonly varies between 10 and 100. Consequentially, we

an confirm that either the exact form of the streaming potential cou-
ling coefficient grain size relationship or its approximate form can
e used to calculate the streaming potential coupling coefficient of
eservoir rocks as a function of grain size.

Experimental measurements were also carried out to test newly
eveloped relationships between streaming potential coupling coef-
cient and mean pore radius �equations 9 and 10�, and it was found

hat the relationships behaved very well. By consequence we can
onfirm that equations 9 and 10 can be used to calculate the stream-
ng potential coupling coefficient of reservoir rocks as a function of
ore size.

A comparison of the measured streaming potential coupling coef-
cient data as a function of the modal pore throat size showed an off-
et between the results of equation 10 because this equation was cre-
ted for a mean pore radius not a mean pore throat diameter. We ana-
yzed the geometric difference between these two values and cor-
ected the model to be valid for cubic, rhombohedral, and random
ackings �equations 23–30�. It was then found that while the random
acking model provided the best fit to the data �R2�0.9784 and
.9834 for Cf �2�10�4 mol /L and Cf �2�10�3 mol /L NaCl,
espectively�, the cubic and rhombohedral packing models also fit
he data within its uncertainties �for the low-salinity data R2

0.9777 and 0.9770 and for the high-salinity data R2�0.9771 and
.9303 both for cubic and rhombohedral packing, respectively�. In
onsequence, we can confirm that equations 29 and 30 with Mi

1.662 can be used to calculate the streaming potential coupling
oefficient of reservoir rocks as a function of pore throat diameter.

Finally, the zeta potential was calculated from the new streaming
otential coupling coefficient data using the exact form of the
treaming potential coupling coefficient grain size relationship and
ts approximate form. In all cases, the calculated zeta potentials were
n reasonable agreement with those calculated from the theory of Re-
il and Glover �P�0.306�.

It should be noted that the sensitivity of the streaming potential
oupling coefficient to grain size arises from the surface conduction
erm in the HS equation. The consequence is that a dependence on
rain size �pore size and pore throat size� may be noted only for rocks
aturated with low-salinity fluids, where the surface conductivity
lays a significant role. Brines are very saline in most hydrocarbon
eservoirs �Cf � 1 mol /L�, and therefore, the surface conductivity
s negligible.

This paper has presented new streaming potential data as a func-
ion of grain size to a literature that was all but lacking in such data.
his is important because electrokinetic measurements are begin-
ing to be used in many aspects of reservoir engineering and one of
he most common ways of describing a reservoir rock is by its grain
ize, pore size, and pore throat size. The relationships between the
treaming potential coupling coefficient of a rock and its mean grain
ize, pore size, or pore throat size, that have been either cited or de-
eloped in this work, are useful tools for predicting the streaming po-
ential coupling coefficients likely to be developed in water and hy-
rocarbon reservoirs with low salinities. Those with high salinities
ill not be sensitive to grain size changes. It should also be noted that

t has been observed that fractured natural materials, such as Wester-
y granite, tend to have streaming potential coupling coefficients that
Downloaded 23 Dec 2010 to 132.203.71.130. Redistribution subject to
re less than those obtained for measurements on glass beads and
apillary tubes. Hence, we cannot exclude the operation of textural
ffects other than grain size.
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APPENDIX A

The following calculations assume that the pore diameter and
ore throat diameter are represented by the diameter of the largest
phere that may fit inside a structure made from spherical beads
which we call the diameter of occupation�, or may pass into the said
tructure through an opening �which we call the diameter of en-
rance�.

The densest packing of nonbroken single-sized spheres in con-
act is rhombohedral, and the least dense is cubic. We take these two
tructures as limits, noting that each has a well-defined and unique
iameter of occupation and diameter of entry. In each case, we quote
r derive �1� the porosity of the structure, �2� the ratio of the pore di-
meter �diameter of occupation� to the grain diameter, �3� the ratio of
he pore throat diameter �diameter of entrance� to the grain diameter,
nd �4� the ratio of the pore diameter to the pore throat diameter.

For cubic unit cell composed of spheres of diameter d the pore di-
meter dP is given by equation A-1

dP�d��3�1��0.7320d �A-1�

nd the pore throat diameter dPT is given in equation A-2

dPT�d��2�1��0.4142d . �A-2�

ence, the ratio of the pore size to the pore throat size is independent
f d and given in equation A-3 by

Mcubic�
dP

dPT
�

�3�1
�2�1

�1.7673. �A-3�

ecause the volume of the unit cell is 8d3 and the cell contains one
phere �eight-eighths of a sphere each centered at each corner of the
nit cell�, the porosity can be easily calculated in equation A-4 to be

� �1�
�

6
�0.4764. �A-4�

or the rhombohedral structure unit cell, the derivation of the values
s more complex.

The pore diameter dP is given in equation A-5 by

dP�d��6

2
�1��0.2247d, �A-5�

hich can be found by calculating the length of the line from any
ertex to the centroid of the opposite face. This length is effectively
he “height” of the tetrahedron. The centroid of the tetrahedron falls
 SEG license or copyright; see Terms of Use at http://segdl.org/
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Streaming potential and grain diameter F239
n this line in the ratio 3:1 from the vertex. Hence, one can calculate
he distance from the vertex to the centroid of the tetrahedron, say b.
he radius of the largest sphere that can fit inside the packing is b mi-
us the radius of the rhombohedrally arranged spheres �i.e., d /2�.
he value calculated in equation A-5 is consistent with the critical

atio of occupation value quoted by Yang �2003�. The critical ratio of
ccupation is the ratio of the diameter of the matrix spheres to that of
he largest sphere that will fit within the structure and, for the rhom-
ohedral structure, is given by d /dP�4.444 �Cumberland and
rawford, 1987�.

The pore throat diameter dPT is

dPT�d� 2
�3

�1��0.1547d, �A-6�

hich can be found simply by calculating the length of the line on
ny face from any vertex to the centroid of that face and then sub-
racting the sphere radius from the result. The value calculated in
quation A-6 is consistent with the critical ratio of entrance value
uoted by Yang �2003�. The critical ratio of entrance is the ratio of
he diameter of the matrix spheres to that of the largest sphere that
an enter the structure and, for the rhombohedral structure, is given
/dPT�6.464 �Cumberland and Crawford, 1987�.

Hence, the ratio of the pore size to the pore throat size is indepen-
ent of d and in equation A-7 given by

Mrhom�
dP

dPT
�

3�2�2�3

4�2�3
�1.4528. �A-7�

ecause the volume of the unit cell is �2d3 /12 and the cell contains
/6 of a sphere �4 /24 of a sphere each centered at each corner of the
nit cell�, the porosity of the rhombohedral sphere packing can be
asily calculated in equation A-8 to be
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y = 1.642x + 1

y = –0.6324x^2 + 1.912x + 1

igure A-1. The calculated pore diameter to pore throat diameter ra-
io as a function of calculated porosity. The three solid symbols indi-
ate the points �� �0, M �1�, �0.4764, 1.767�, �0.2595, 1.453�,
hich represent a theoretical limit, the rhombohedral structure, and

he cubic structure, respectively. The open symbols �almost co-lo-
ated� represent the results of linear and quadratic interpolation for
andom packing with equations M �1.642� �1�R2�0.997� and

��0.6324�2�1.912� �1�R2 �1.000�, shown as solid and
ashed lines, respectively.
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� �1�
��2

6
�0.2595. �A-8�

It is possible to use the relationships between pore size and pore
hroat size for the cubic and rhombohedral structures given by equa-
ions A-3 and A-7 together with equations 9 and 10 to produce equa-
ions that describe the streaming potential coupling coefficient of a
orous medium as a function of its pore throat size for each structure.
his has been carried out. Equations 23 and 24 are valid for a cubic
tructure; equations 27 and 28 are valid for the rhombohedral struc-
ure. These are limiting cases.

Neither real rocks nor the bead packs used in our experimental
easurements have cubic or rhombohedral structures; their beads

nd grains are arranged randomly. We can, however, approximate an
quation for the pore diameter to pore throat diameter ratio for a ran-
om distribution of monodisperse beads in the following manner.
he difference between the cubic and rhombohedral packing repre-
ents the range of possible compaction possible if the beads are
pherical, of the same diameter, not broken, and in contact. Bearing
hese constraints in mind, compaction alters the structure incremen-
ally during which there is �1� a reduction in the mean pore diameter,
2� a reduction in the mean pore throat diameter, and �3� a reduction
n the porosity. During the change from a low-density packing that is
epresented by the cubic structure, to the densest packing that is rep-
esented by the rhombohedral structure, the system will pass through
structure that best represents a random distribution. Depending on

he magnitudes of the reductions in pore diameter and mean pore
hroat diameter during this change, their ratio will also change. Be-
ause we have the value of the ratio M and porosity � for each of the
xtreme positions and the porosity for the random packing, �

0.399 �Wyllie and Gregory, 1955; Guéguen and Palciauskas,
994�, it is possible to calculate the ratio for the random structure by
nterpolation. Figure A-1 shows such an interpolation graphically.
here are three fixed points that are not quite co-linear �� �0, M
1�, �0.4764, 1.767�, �0.259, 1.453�. The linear interpolation be-

ween these three points was M �1.642� �1 �with the fitting pa-
ameter R2�0.9967�, which gives a value of Mrandom�1.655. We
lso carried out a quadratic fitting and obtained M ��0.6324�2

1.912� �1 �with the fit parameter being fixed at R2 �1.000 be-
ause only three points are used to define the curve�. The quadratic fit
ives a value of Mrandom�1.662. The difference between the two fits
s 2.24% of the difference between the values of M obtained from the
ubic and rhombohedral end members. Hence, for a random packing
f single-sized spheres, the pore diameter is approximately 1.66
imes the size of the pore throat diameter. The fitted values can then
e used to develop equations that describe the streaming potential
oupling coefficient of a porous medium as a function of its pore
hroat size for a random arrangement of grains or beads, which are
iven as equations 25 and 26.

Please note that the pore diameters calculated for the two regular
attices �i.e., equations A-2 and A-6� are absolute measures of the
ore diameter of occupation, whereas the pore diameter implied by
quation 7 and used in equations 9 and 10 is an effective value that is
alid for any pore and grain structure, and that is derived from elec-
rokinetic considerations that do not require the assumption of a cap-
llary tube �Glover and Walker, 2009�. The only place in this paper
here the three measures are used at the same time, and hence,
here a compatibility problem might arise, is in Figure A-1. Howev-

r, here we carry out two empirical fits which take account of the
hange between the absolute measures given by equations A-2 and
 SEG license or copyright; see Terms of Use at http://segdl.org/
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-6 and the effective value required by equations 9 and 10. Hence,
he interpolated values of M that arise from the fittings in Figure A-1
re compatible with equations 9 and 10, which imply that equations
5 and 26 are compatible with those for the regular lattices.
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