Louisiana State University

LSU Digital Commons

LSU Historical Dissertations and Theses Graduate School

1989

Development and Field Applications of Shaly Sand Petrophysical
Models.

Milton Noel Lau
Louisiana State University and Agricultural & Mechanical College

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool_disstheses

Recommended Citation

Lau, Milton Noel, "Development and Field Applications of Shaly Sand Petrophysical Models." (1989). LSU
Historical Dissertations and Theses. 4856.
https://digitalcommons.Isu.edu/gradschool_disstheses/4856

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Historical Dissertations and Theses by an authorized administrator of LSU
Digital Commons. For more information, please contact gradetd@Isu.edu.









Figure
2.1-
2.2-
3.1-

3.2-
3.3~

3.7~
3.8-

LIST OF FIGURES

TYPICAL CO-CU PLOTOo---o-----------.---a-

DISTRIBUTION OF CHARGES IN PORE SPACE....

TRANSPORT COEFFICIENTS vs. FREE ELECTROLYTE

CONCENTRATION. ¢t c et eecsnsssacscascnscncasns
DETERMINATION OF Dggeevececrcncccccncsasas
DETERMINATION OF FREE ELECTROLYTE

CONCENTRATION. .t cccvecccrensevcencccsncna
COMPARISON OF CALCULATED vs. EXPERIMENTAL
CORE CONDUCTIVITIES.:ecesesecenccscncnnsse
COMPARISON OF CALCULATED vs. EXPERIMENTAL

CONDUCTIVITIES FOR CORES WITH Qv<.l......

DATA PUBLISHED ON THE HITTORF TRANSPORT NUMBER

OF NaCl SOLUTIONS....cscvecrsonsscoaconsa
DETERMINATION OF twf..cceveeecrecnseasccans
COMPARISON OF CALCULATED vs. EXPERIMENTAL
MEMBRANE POTENTIALS..ccoscconsoscencsnsana
COMPARISON OF CALCULATED vs. EXPERIMENTAL
3 L =
COMPARISON OF CALCULATED vs. EXPERIMENTAL
Su'Bececcerecesosacnsccenstassceanaccnnans
COMPARISON OF EXPERIMENTAL vs. CALCULATED
CONDUCTIVITIES FOR CORES WITH Qv<.l......
COMPARISON OF EXPERIMENTAL vs. CALCULATED

CONDUCTIVITIES FOR CORES WITH Qv>.l......

ix

Page
12
14

23
25

28

29

30

34
38

39

42

44

51

52



6.1~
6.2-
6.3~
6.4-
7.1~

7- 5-
7.6—

8.8-
809-

COMPONENTS OF SP DEFLECTION.....ccocsvaees
NEW SP MODEL. ... ccsecnccscccsssncnnnsasvone
DETERMINATION OF R, FROM SP MODEL........
DETERMINATION OF Qv USING NEW SP MODEL...
COMPARISON OF CALCULATED Qv's vs. Qv's FROM
SIMULTANEOUS SOLUTION....coccecccccsossns
COMPARISON OF CALCULATED Qv's vs. Qv's FROM
SIMULTANEOUS SOLUTION...:svoececescccccsccs
COMPARISON OF CALCULATED Qv's vs. Qv's FROM
SIMULTANEOUS SOLUTION..........;.....;...
COMPARISON OF EXPERIMENTAL C.'s vs. C,'s FROM
SIMULTANEOUS SOLUTION....cccovvesceccccss
COMPARISON OF MEASURED vs. CALCULATED C,'s
COMPARISON OF CALCULATED (LSU) vs.
CHEMICALLY DETERMINED QV'S. ... ceevescvsas
CYBERLOOK FDC-CNL CROSSPLOT....ccecccones
FDC~CNL CROSSPLOT ... cceceesscccccccccscs
RESISTIVITY LOGS = WELL A..c.cceccsccsvan
POROSITY LOGS = WELL A...ccccceccssvocoas
COMPARISON OF V,, INDICATORS..:.cecccesccee

S, vS. DEPTH - WELL A...iieccvvccccccccass
COMPARISON OF CYBERLOOK, ARCHIE AND LSU MODELS
WELL = A...vctececrcvecoscccscscosasscoannaes
RESISTIVITY LOGS = WELL Beeverosncoosocas

POROSITY LOGS-WELL BII..'..............

54
63
64
65

72

73

74

75

76
8l
87
90
91
92
95

96
97
98



8.10- COMPARISON OF CYBERLOOK, ARCHIE AND LSU MODELS

WELL -~ B.cociietonteeencancncncnscsscsanns 101
8.11- RESISTIVITY LOGS = WELL C..ccveevecconse 103
8.12- POROSITY LOGS =~ WELL C.cvvccccccosccsoses 104
8.13- RESISTIVITY LOGS = WELL D...ccveevencses 105
8.14- POROSITY LOGS - WELL D...c.vvceencecsssns 106
8.15- RESISTIVITY LOGS = WELL E...vcccececssass 109
8.16- RESISTIVITY LOGS -~ WELL E.....cceeeenenn 110
8.17- POROSITY LOGS - WELL E..vvveerececncnase 111
8.18- POROSITY LOGS - WELL F.u.voveereeeoccancnsa 112

xi



ABSTRACT

A new, theoretically derived model expressing shaly sand
conductivity is presented. The proposed model is based on dual
water and cation exchange capacity concepts.

The new model is based on the Waxman and Smits concept
of supplementing <the water conductivity with a clay
counterions conductivity. The model also utilizes the dual
water theory, which relates each conductivity term to a
particular type of water, each occupying a specific volume of
the total pore space.

The proposed model, however, assumes that the counterion
conductivity can be represented by a hypothetical electrolyte.
The properties of +this electrolyte were derived from
electrochemical and irreversible thermodynamics theory.

From the conductivity model a spontaneous potential model
was also developed. Both models have been tested using
accurate core data published by Waxman and Smits. The
conductivity and spontaneous potential models were also
validated by log data. They have been successfully applied to
the interpretation of multiple intervals of 15 wells.

The use of these newly developed models is the first
shaly sand interpretation technigque based on sound scientific
principles, which determines hydrocarbon potential as well as
shale and formation water electrical properties directly from

well logs readings obtained within the formation analyzed.

xii



CHAPTER # 1
INTRODUCTION

In 1953 H. G. Doll’ wrote, "the most important problem
that has received thus far no satisfactory solution is that
of shaly'sands". Recently, in a comprehensive study on shaly-
sand interpretation models published by Worthington', he
stated, "Doll's comment is equally applicable today. The shaly
sand problem as we know it will not be solved until electrical
shale parameters, determined directly from downhole
measurements can be input to a reliable and generally
applicable predictive algorithm for S,, that is based on a
sound scientific shaly-sand model." A model comprising all
these reguirements has now been developed, and it is presented
in this dissertation.

The main purpose of open hole well log interpretation
is the identification of potential hydrocarbon bearing
formations. The potential of a zone is measured by estimating

its water saturation, S

w

In shale-free formations, water saturation can be

calculated using the well known Archie's formula:

s,)=_¢C__ =R, [1.1]

#"C, ¢ R,

where:



C, = conductivity of the reservoir rock
R, = resistivity of the reservoir rock
C, = formation water conductivity

R, = formation water resistivity

¢ = porosity

m = cementation exponent

n = saturation exponent.

Customarily, the water conductivity, R,, is determined
from the spontaneous potential (SP) log deflection, which in
clean sandstones can be represented by2:

SP==K*10g (R /R,e) [1.2]

where K is a temperature dependent parameter. R

mfe and R,, are

the equivalent mud filtrate and formation water resistivity,
respectively. R, and R,, are related empirically to the mud
filtrate, R, and formation water resistivity, R,.
The conductivity and porosity of the rock are obtained from
log measurements. The exponents m and n are usually determined
from core analysis or approximated by generalized values.
Equations 1.1 and 1.2 are based on the assumption that
brine is the only electric conductor in the formation.
However, this is not the case in shaly formations, where
counterions associated with clay minerals also transport
electricity. This results in a reduction of the SP deflection,
and an increase of the rock conductivity, C,. Consequently, the
use of clean sand models to estimate water saturation
suppresses the potential of hydrocarbon zones. In some cases,

hydrocarbon zones may even appear water bearing and can be



completely overlooked.

1.1 SHALY SAND MODELS:
Available shaly-sand models can be divided in two groups:
i) V,, models: These models have the disadvantage of being
inexact. They are open to misunderstanding and misuse.
ii) Models based on the cation excange and the ionic double-
layer concepts. These models are based on sound principles.
However, current models require laboratory determined core

data which in the most part are determined at 25°C.

1.1.1. V, Mcdels:

The quantity V,, is defined as the volume of wetted shale
per unit volume of reservoir rock. There are over 30 Vg
models', only the better known models will be presented
hereafter:

Simandoux' reported experiments on homogeneous mixtures
of sand and montmorillonite. Based on his experimental data
he proposed the following expression:

C=(C,"S,")/F + Vg °C, [1.3)]
where:

F=formation factor

V,=fractional volume of shale

C,=conductivity of pure shale

Poupon and Leveaux’ proposed the so called "Indonesia
Formula™:



This formula was developed for use in Indonesia were fresh
formation waters and high degrees of shaliness are common.
Fertl and Hammack presented a modified version of

Simandoux equation. Their model can be written in the form®:

S,=(F*R,/R) 2= (V, *R,) /(0.4:¢*R,,) [1.5)
where:

R,=formation water resistivity, ohm/m

R=formation resistivity, ohm/m

R, =shale resistivity, ohm/m

The Cyberlook model? is a computer assisted wellsite
interpretation model developed by Schlumberger. It uses
pseudo-dual-water concepts to account for the effects of the
shale fraction.

In the Cyberlook model, the resistivity of a water
bearing shaly sand is given by®:

R, = [1.6]

Ry
@ Swp R+ (1-5,5) R,
where:
R,,=bound water resistivity
S,p,=bound water saturation
The Cyberlook water saturation is given by:
S =R./R, [1.7]
where:
R,=resistivity of the shaly formation fully saturated
with water.
In this model, ¢,, is derived from porosity crossplots,

S,, 1s obtained from traditional shale indicators. R,, and R,



must be determined by the field engineers and entered as input
parameters. A more detailed presentation of the Cyberlook
model is given in sec. 8.2.

V,, models present serious interpretation problems. First,
there is no universally accepted V,, indicator. Furthermore,
the V, parameter does not take account the mode of
distribution or the composition of the different clay-types.
Various clay types can give rise to markedly different shale
effects for the same numerical shale fraction, V.

The principal clay types afe: kaolinite,
montmorillonite/smectite, illite and chlorites. These clay
minerals, because of their composition and structure, have an
excess of negative charges. In the presence of an electrolyte,
this excess of negative charge 1is compensated by the
adsorption of cations on the clay surface. These cations are
called counterions, and the clay property of exchanging
cations is called cation exchange capacity (CEC).

Smectite and illite have high cation exchange capacities,
while kaolinite and chlorite show small to zero CEC values.

Table 1.1 lists the average CEC's of the different clay types



TABLE 1.1

PROPERTIES OF CLAY TYPES

Density Hydrogen CEC
Clay (g/cc) (%) (meg/cc)
Kaolinite 2.69 1.5 0.03
Illite 2.76 0.5 0.20
Smectite 2.33 0.5 1.00
Chlorite 2.77 1.2 0.00

One of the problems associated with V, models is their
assumption that there is a correlation between the non-
conductive (i.e. density, hydrogen content, and radiocactivity)
and the conductive (i.e. CEC) shale properties.

In addition, the V_, models do not present a method for
determining C, from downhole measurements. For these reasons,
improved models were sought which did take account of the
geometry and electrochenmistry of mineral-electrolyte

interfaces, i.e., double layer models.

1.1.2 cation Exchange Capacity Models:

Waxman and Smits? proposed a simple model, consisting of
two conductance elements in parallel. One element represents
the clay counterion contribution to the total conductance. The
other element is the contribution of the free electrolyte. The
Waxman-Smits model is given by the equation:

c=s,™[B-Qv'+C,]/F [1.8)
where:

C= rock conductivity



n,= saturation exponent for shaly formations
B= empirically determined equivalent counterion
conductivity

C,= water conductivity

F = formation factor
and

s,= water saturation
Ov' is defined as:

Qv'=Qv/S,, (1.9]

where:

Qv=cation exchange capacity.

Clavier, Coates and Dumanoir®

proposed the Dual Water
Model, which considers the presence of a double layer. This
double layer is formed by: i) the water associated with the
clay which 1is salt free, but contains all the necessary
counterions, and ii) the electrolyte solution which is found
at a distance away from the clay surface, and serves as the
equilibrating media. The Dual Water Model is given by:
¢=s,[B+Qv'+(1-.28-a-Qv"')C,]/F, [1.10)

where:

B= 2.05 (constant)

R
i

double layer's expansion factor
F,= formation factor.

In 1985, Silva and Bassiouni®

presented the S-B
~onductivity model. This model 1is based on dual water
concepts. However, it —considers that the counterion

conductivity can be represented by that of an equivalent



sodium chloride solution. The general expression of this model
is as follows:

c,=sw"°[c°q' QV'+(1-v',)C,1/F, [1.11)]
where:

Coq'= counterion conductivity

v'y= fractional volume of the double layer

F,= equivalent formation factor

The most severe restriction of the three forementioned
models is that none of them can be applied at field
conditions. All three, in their present form, represent the
conductivity behavior of a shaly sand at 25°C. In fact, the
Dual Water and Waxman and Smits models use empirically
determined factors, namely, S and B respectively, to represent
the clay conductivity, which cannot be used at higher
temperatures. Moreover, they also require laboratory
determination of Qv. This fact makes the use of these models
impractical.

The S-B model is the more accurate of the models®.
Furthermore, it uses a sodium chloride solution to represent
the clay counterions. Since conductivity data for sodium
chloride sclutions are available at high temperatures, this

model can be adapted to field conditions.

1.2 PROPOSED NEW MODEL:
The purpose of this study is to develop a sound method
to evaluate shaly sand formations at field conditions. To

pursue this objective, the basic idea of the S-B model, i.e.



counterions can be represented by a sodium chloride solution,
is retained to model the conductivity behavior of shaly sands.

Silva and Bassiouni’ have also presented a model
predicting the membrane potential of shaly sands. In a water
bearing zone, both models, i.e. the conductivity and membrane
potential models, are expressed in terms of the cation
exchange capacity of clays, Qv, and the free electrolyte

conductivity, C Hence, it 1is possible to solve

W
simultaneously for these two parameters in a water zone. F,
can be calculated from porosity logs. This data can then be
used to estimate the water saturation of an adjacent
hydrocarbon bearing zone. If a represenﬁative adjacent water
bearing zone is absent, an iterative process can be used to

obtain §,, C, and Qv using data pertaining to the hydrocarbon

2one only.



CHAPTER # 2
THE BILVA-BASSIOUNI MODELS
2.6 THE CONDUCTIVITY MODEL:

The presence of clay minerals in the formation increases
its conductivity beyond that of an otherwise clean rock of the
same porosity saturated with the same electrolyte. The excess
conductivity is due to the transport of electric current by
the counterions associated with clay minerals forming what is
termed the double 1layer. The double layer contains the
positive ions necessary to balance the internal negative
charge of the c¢lay ©particles. The determination of
hydrocarbon saturation in shaly sands requires petrophysical
models that account for the presence of the double layer.

Silva and Bassiouni® presented a theoretical model, which
treats the "excess conductivity" generated by the counterions
as that of an equivalent sodium chloride solution. The Silva-
Bassiouni (S-B) model is based on the premise that the
conductivity behavior of a shaly sand can be defined using an
expression similar to that of a clean sand. According to this
model the total conductivity of a core fully saturated with
water is defined by®:

C,=Cyo/Fo [2.1]
where:
Cwe=Viai* Cart (1=Vyg) = C,, [(2.2]
Cy, and C, are the conductivity contributions of the exchange
cations associated with the clay, and the free electrolyte,

respectively. V., is the fractional volume occupied by the

10
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double layer, expressed in terms of total porosity.

In electrochemical terms, the conductance contribution
of the clay counterions can be defined by
[2.3]

Cd= Ceq . n'q

where Ceq @and n,, represent the equivalent conductivity and

Q
concentration of the c¢lay counterions, respectively. By
substituting equations 2.2 and 2.3 into equation 2.1 the
conductivity of a core fully saturated with water is:
Ct,=[coqon.,q°vm,-t—(1-vm,)cw]/1=‘e : - [2.4]
where F, is the formation factor of an equivalent clean
formation of the same total porosity. F, can be expressed as:
Fo=¢p"" [2.5]

where m, is the cementation exponent. Also n,, can be expressed

q
in terms of the counterion concentration per total pore
volume, Qv, as
nm=Qv/vw| [2.6]
The S-B model given by equation 2.4 describes the typical

Cc,-C, curve representative of shaly formations, illustrated

in Fig. 2.1.

2.1.1 bDetermination of the fractional volume of the double
layer, Vit
The proposed use of the S-B model presented above
requires the estimation of the fractional veolume of the double
layer, v, in terms of the unkowns C, and Qv. This fractional

volume is related to the distance from the clay surface up to
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the point where the number of positive ions are equal to the
number of negative ions (Fig. 2.2). The volume of the double
layer can be expressed bye:

V;y=0.084+:Qv/C,+0.22 [2.7]

2.1.2 Calculation of Equivalent Counterion Conductivity,

C."q:

The use of the S-B model requires also the estimation of

the equivalent counterion conductivity. The model defines the

concentrations and conductivity of the equivalent sodium

chloride solution n,, and C,q as’:

q

n, = 3,571 [2.8]

T (£, 7%-.188)2

C°q=ceq’/(fg-F(ne)) [2.9]
where, C_ ' is the equivalent conductivity of the equivalent

eq
NaCl solution, representing the double layer. At a temperature

of 25 degrees centigrade, C ', is expressed as:

eq

Coq'=12.645+7.6725(n,) '/ [2.10]

1+1.3164 Dy,

F(ne) and fg are empirically determined correction factors.
At 25°C they are given bya:
.’c’(ne)=1+3.83:{10""(1‘1‘"]—.5)+1.761x10‘2(n°q-.5)2 for n,>.5 mol/l
F(ne)=1.0 for Ng<.5 mol/1 [2.11)]

fg=£f,'/" [2.12]

= - 2
n,=.6696+1.1796f,~0.14426f, [2.13)
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2.2 MEMBRANE POTENTIALS IN BHALY BANDS:
The general expression for the membrane potential, Em,

9

reported by Thomas®™ is in the form:

Em=-2RT ™'

F Tna*din(m}+) [(2.14)
m2

where:

R=universal gas constant

F=Faraday constant

T=absolute temperature (°K)

Tna'=sodium transport number

m=molal concentration (mol/kg H,0)

¥i=mean activity coefficient

In the case of saturated salt solutions this form was
found to give membrane potentials that deviate from
experimental values. To account for this effect Silva and
Bassiouni modified equation 2.14, by introducing a correction
factor, 7.

Consequently, the model for membrane potentials is given

by:
. m1 [2.15]
Em Q%EI rTna*dln(m¥+)
where m2
7=1-.28Qv(C,-C,,)/C, for c,>C,,. [2.16)
T=1 for C,<cC,, [2.17]
and

Cun=16.61 mho/m at 25°C
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2.2.1 Transp;rt Numbers in Bhaly Bands:

Transport numbers are defined as the rétio of the
electrical current carried by an ion to the total electrical
current, when an electrical potential difference is applied
under conditions where pressure and concentration gradients
are both zero'.

In the case of shaly sands the S-B model” assumes that
the current carried by the clay counterions is parallel to
the current carried by the far water, and that both currents
are related to the same potential gradient by the same cell
constant. It is assumed that both electrolytes can be treated
as NaCl solutions. Hence, the transport number is defined as
follows,

Tna*=(J,°+J,,°) /T [2.18]
where:

JN: is the current carried by the clay counterions

b

. 1S the current carried by the far water

In
J is the total current of the system.

According to the S~B model:

Tna*=C,,+Qv+tna”. (1-v,4) :C, [2.19]
C'q-Qv+( 1=vy) °C,

tna" is the sodium's Hittorf transport number. Hittorf
defines, for convenience, the motion of ions relative to that

of water.
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2.2.2 Calculation of the Mean Activity Coefficient:
For sodium chloride solutions at 25°C the mean activity
coefficient can be defined by:

log(f+)=_=.05115-n"2 -1.75lo0g(a,)-log(1-.027m) [2.20]
1+1.3065+n"¢

where:
n=molar concentration (mol/1l)

a,=.99948-.03959m-.0015075m° [2.21]

2.2.3 Calculation of the Hittorf Transport Number,tna':

Based on the Fouss-Onsager theory of conductance, Stokes
derived a theoretical expression to approximate the Hittorf
transport number. For NaCl solutions at 25°C tna" expression
is expressed as'':

tnaP= 50.1 + 55.402.n"? [2.22]
126.45+155.726+n"°

where n is the molar concentration of the far water.

2.2.4 Calculation~-of the Membrane Potential:

The egquation of membrane potentials can be solved as
Thomas® suggested. First, the concentration interval between
the electrolytes 1is divided into 100 subintervals. The

magnitudes of C Vi tna", t,and C, are evaluated for each

eq’
molal concentration subinterval, and each Tna® is computed.
The 100 subintervals are evaluated and summed. The result is
then multiplied by =-51.38, which is the value of -2RT/F at
25°C. The final result is then taken as the magnitude of the

membrane potential.
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2.3 CRITIQUE OF THE 5-B MODELS:

The S-B models accurately describe the resistivity
behavior and membrane potential of a shaly sand. However, the
application of the models require the use of empirically
determined parameters, namely, fg, F(ne) and 7, which in their
present form can not be practically adapted to high
temperature applications. This fact complicates the use of

the models at field conditions.



CHAPTER # 3
THE LEU SBHALY-SAND MODELS
The S-B model is modified to eliminate the use of
empirically derived correction factors. This elimination
permits the extension of the model to temperatures other than
25°C. Every modification was based on electrochemical
properties of NaCl solutions, or experimental observations.
The modified model is referred to as the LSU model. The

accuracy of the S-B model was maintained or improved.

3.1 THE LBU CONDUCTIVITY MODEL:
The conductivity of a shaly formation fully saturated
with water is defined according the S-B model as:

Co= [ Vg Cot (1=V) *C,,1/F, [3.1)
where F, is the shaly sand formation resistivity factor, and
V,y is the fractional volume of the double layer. Eg. 3.1 can
be rewritten in terms of molar conductivities as:

C°=[C,q-noq-v,d,+ (1=v¢q) °C,1/F, [3.2]

where Ceq and n,, are the molar counterion conductivity and

q
concentration, respectively. From equation 3.2, it can be
observed that the LSU model uses a very basic formulation,
and unlike the S~B model it does not assume that:

n,q=Qv/v,d, [2.6]
The counterion concentration, instead, is directly determined

from published experimental data.

19



20

3.1.1 Determination of the Equivalent Counterion Conductivity,
C“ﬁ
The S-B model assumes that the clay counterions mimic
the conductive properties of a sodium chloride solution.

Hence, well known electrochemical relationships can be used

to define Cm’

According to electrochemistry theory of 1-1 electrolytes

the equivalent conductivity, Coq is proportional to the total
current in the system. For molar concentrations of less than

-5 mol/1l, C,, can be defined by’:

c,=C,° - B,n'/? [3.3]
* o 1+Bo+a+n"/?

where:

Ceq'= equivalent conductivity at infinite dilution

(mho/mol)
B,= electrophoretic term
n= molar concentration (mol/1l)
a= equivalent ion size (A)

For sodium chloride solutions at 25°C equation 3.3 can be
rewritten as®:

C, =12.645+7.6725n, /2 [3.4]
M T 1+1.3164n,, 77

This relationship is valid in dilute aqueous electrolyte
solutions, where the ions are so far apart that ionic
interactions and specific ion effects are negligible. 1In

concentrated solutions, however, specific ion effects become
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important. Hence, the flow of ions is influenced by the
presence of other ions and the rate of change of their
properties as well'?., The original S-B model utilizes the
empirically determined factor, F(ne), to correct equation 3.4
for the ionic interactions occurring at moderate and high
concentrations.

The LSU model uses the theory of irreversible
thermodynamics to define the equivalent conductance of an 1-
1 electrolyte at moderate and high concentrations. By assuming
that the clay counterions behave as a sodium chloride solution
Ceq Can be defined by'?:

Coq=F" (1gg+14=213,) /Ny [3.5]
where F is the Faraday constant and 1Ij are the ionic transport
coefficients. These ionic transport coefficients represent .
relatively complex functions of mobilities of ions and of
water. The transport coefficients, 1l,,and 1,, represent the
ionic mobilities and the gradient of properties of the Na' and
Cl’, respectively. The 1,, coefficients represent the ionic
interactions that occur at moderate and high concentrations.
To obtain quantitative expressions for the transport
coefficients four properties of the electrolyte under
investigation are needed, namely, conductance, diffusion
coefficient, Hittorf transport number, and emf transference
number. Carman'® defined the transport coefficients as:

13,=(4;) *n,, [3.6]

14,,=(q4)-neq [3.7]
and 134=n°q-ﬁ/2 [3.8]
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Substituting equations 3.6, 3.7 and 3.8 in 3.5 yields:
Coi=F° (q+q,~2+B) (3.9)]
Data on conductance, diffusion coefficients, Hittorf
transport numbers and emf transference numbers for sodium
chloride solutions compiled by Miller'? was used to determined
the values of the ionic transport coefficients, which in turn

was used to obtain gq; g, and B, listed in table 3.1

Table 3.1
o el fag
1.0 4.96 7.15 l.46
1.5 4.75 6.75 1.50
2.0 4.55 6.50 1.52
2.5 4.35 6.15 1.50
3.0 4.15 5.80 l.46
4.0 3.75 5.04 1.32
5.0 3.37 4.31 1.18

These values were curve fitted using regression analysis.
As seen from Fig 3.1, dq;, q,, f and can be represented by
the following equations:
q;%x10%=-.3989n,+5.35 [3.10]
qx10%=-.699n, +7.849 [3.11]

Bx10%==,00326n,,*+.05n,,°~ . 3n,.%+.68n,,+1.014 [3.12]
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3.1.2 Determination of Counterion Concentration, Dyt

Another main modification to the original S-B model is

the calculation of n, The S-B model assumes that the

ql
counterion concentration can be represented by:
n,=3.5714/ (£,'/*-.188)° [2.8]

which implies that n,, is independent of Qv, and only a

q
function of the free electrolyte concentration. This
assumption necessitated the introduction of the empirically
determined factor 'fg' to improve the quality of curve
fitting. The LSU model assumes instead, that the counterion
concentration is a function of both Qv and the free
electrolyte concentration. This assumption eliminated the need
for correction factors. This fact is supported by the
experimental data published by Waxman and Smits‘.

If the core conductivity, C., is known the magnitude of

o!

the equivalent counterion conductivity can be calculated from
equation 3.2. The data published by Waxman and Smits'? was

used to determine n,, and the results are presented in Fig.

Q.
3.2, and appendix A. From figure 3.2 it can be observed that

Ny, is a function of Qv and far water concentration, n. N

increases with Qv and n but as any other solution the bound

eq

water reaches a saturation point. Saturation is reached at a

value Neq dependent on n as shown by the following Table 3.2:



