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Abstract 
A model for predicting the resistivity and relative permeability behavior of 

reservoir rocks samples is presented, in which the porous media is represented as a 
network of pore bodies and pore throats. Pore throats are modeled as tubes of triangular 
cross-section such that the contribution of corners and thin films to the electrical and fluid 
transport is conveniently included, in addition to the primary network transport. 
Mathematical formulations for the electrical and fluid transport in individual tubes 
containing one and two fluid phases are incorporated in the model. Pore size distribution 
functions interpreted from mercury injection capillary pressure curves are used and the 
effect of intrinsic wettability of the sample on the electrical resistivity and relative 
permeability to wetting and non-wetting fluids is studied by varying the film thickness 
according to the measured disjoining pressure isotherm. Sensitivity analysis indicates that 
model predictions are very sensitive to the coordination number, the shape factor and the 
parameters relating pore length to its cross-section area. According to the model 
predictions, wettability plays a critical role in determining the electrical and fluid 
transport in reservoir rocks and the apparent wettability of sample may be different from 
the intrinsic wettability. Model predictions are in reasonable agreement with the 
measured resistivity index vs. saturation data. 

Introduction 
Experimental determination of resistivity and relative permeability behavior of 

reservoir rock is prohibitively expensive and subject to uncertainties related to the 
alteration of wettability and pore structure of samples during coring and transport to the 
surface. Much research effort has been devoted in the past to model electrical and 
transport properties, including percolation and Effective Medium Theory (EMT)['-31. The 
effect of wettability, that manifests as corner flow and film flow, has rarely been included 
in the reported models. Further, most models treat pore-throats as cylindrical tubes. 

In this study, the reservoir rock is represented as a network of pore bodies and 
pore throats arranged in a lattice in which the pore bodies are modeled as spheres and 
pore throats as triangular tubes. Water-wet, mixed-wet and oil-wet reservoirs are 
considered in the model simulations. The motivation for using a triangle as pore throat 
shape becomes apparent on inspection of thin sections of samples representing sandstone 
reservoirs, which reveal that the pore cross-section is very close to triangular shapel4], as 
shown in Fig. 1. Similar observation were applicable to the thin sections for the sandstone 



samples studied in this work. Further, triangular cross-section facilitates modeling of 
corner flow and allows means for studying the effect of pore shape. 

Model Development and Formulation 
The development of a model for the prediction of resistivity index and relative 

permeabilities of reservoirs of varying wettability characteristics were presented by 
~ a n g [ ~ ] .  The formulation and model implementation is based on the assumptions that: 
(1) the wetting and non-wetting fluids can co-exist and flow in the same channel such that 
the wetting phase occupies corners and forms a continuous thin film on the flat walls of 
the triangular channels penetrated by the non-wetting phase; (2) all fluids are Newtonian 
and in laminar flow; (3) no slip occurs at the water and oil interface; (4) fluids and rock- 
matrix are incompressible. 

The connectivity of the model network, as shown in Fig.2, is defined by a 
coordination number, 2, which is the number of pore throats connected to each pore 
body. A representative pore segment in the network consists of one pore throat and the 
212 fraction of a pore body, as shown in Fig.3. The electrical and hydraulic conductance 
of network are determined based on the distribution of conductance for pore segments in 
the network. EMT is used to determine the representative conductance for a network that 
is equivalent to the network of pore segments with specified conductance distribution. 

The volume of a pore segment (5) is calculated with the knowledge of its cross- 
sectional area and length, expressed in terms of representative parameters such that, 

where 5 is the incircle radius of triangle, a, is the aspect ratio defined as the ratio of the 
pore body radius to the pore throat incircle radius, C and a are constants that relate the 
length of a pore throat to its incircle radius. A shape factor, G, is defined as the ratio of 
the cross-sectional area (S) to the square of the perimeter of the triangle ( P ) [ ~ ]  . Shape 
factor ranges from nearly zero for a slit-shaped triangle to a maximum value of 0.0481 1 
for an equilateral triangle. 

After the drainage of wetting fluid from the central region of a pore segment, 
when its threshold capillary pressure is exceeded, the wetting phase is retained in the 
comers and the thin film coating the walls of the triangular tube, as indicated in Fig. 4. At 
a capillary pressure higher than the threshold value, the corner radius r is less than r,, the 
comer radius at drainage capillary pressure, and the wetting phase is drained from the 
comers and the thin film region. The total volume of the wetting phase in a pore segment 
after it has been drained by the non-wetting phase is 

For a planar thin film, the thickness is governed by capillary pressure according to the 
disjoining pressure isotherm. For many oil-water systems, the exponential relationship 
between capillary pressure and film thickness[71 is satisfactory, 



h = - I ,  . L ~ ( P , / A ~ ) ,  (P,<A,J (3) 
where is the capillary pressure and, A, and lo are constants that depend on the 
chemistry of the minerallwetting and wettinglnon-wetting interfaces. 

Before the drainage of a water-wet pore segment, it is occupied by water and the 
path for electrical conduction consists of a pore throat in series with fractions of two 
adjacent pore bodies. If p is the resistivity of brine, the resulting electrical conductance of 
a pore segment occupied by water ist5] 

g = I/[p(4~~qa-2 + ( l / ~ a ~ ~ ) ) ] ,  (4) 
During the drainage of pore segments in a water-wet rock by oil, the water is 

assumed to be retained in the corners and as thin film, as illustrated in Fig.4, providing 
the electrical conductance. The electrical conductance of a drained pore segment isI5] 

In order to calculate the relative permeability values, relationships for hydraulic 
conductance to water and oil through individual pore segments are required. For pore 
segments occupied by one fluid, hydraulic conductance of a pore throat isis1 

"4 

and, the hydraulic conductance of a pore body isi5] 

where rb is the pore body radius which is related to the pore throat incircle radius 
through the aspect ratio. 

At a stage of drainage characterized by a capillary pressure and a corner radius rd 
(the corresponding incircle radius being rid), smaller pores are totally occupied by water. 
For larger pore throats occupied by oil with water present in corners and film, the 
hydraulic conductance to water isi5] given by Eq.8, in which a = (n - D)I 2,  

p = (n - E) I 2 , and y = (n - F )  12 ; D, E and F are the vertex angles of a triangular tube 
as illustrated in Fig.4; 

- I  
1 a, (a + p + y ) + bl ~n[(tan a + sec ct )(tan p + sec p)(tan + sec y )] 



a,, b,, c, are constants at a specified fluid saturation, such that 

where A,, and P,, are the cross-sectional area and the perimeter of the oil phase, 
respectively. The equation for the hydraulic conductance to water through the thin film in 
a pore body is derived ad5]: 

The hydraulic conductance to oil through a pore throat ist5] 

and the hydraulic conductance to oil through a pore body isi5] 

The hydraulic conductances to water and oil under varying saturation states are 
obtained by adding pressure drops through each component since a pore segment can be 
treated as being composed of conductors in series, 

Simulation of Drainage Process in the Network 
At a stage of drainage, characterized by a drainage radius rd , and pore throat 

incircle radius r i d ,  the fraction of pores allowed to be occupied by the non-wetting phase 
is 

m 

x n w  = I / (q)dq (13) 

5d 

However, only the pores with incircle radius greater than rid and accessible to the 
continuous phase may be occupied by the non-wetting fluid. The fraction of the pores 
accessible to the non-wetting fluid is denoted as X, and is a function of the allowable 
fraction, X,,, as illustrated in Fig.5. The accessibility function for Bethe trees, presented 
by Fisher and Essam[gl, as implemented by Lar~on[~], and Larson and Morrow[1o], is 
utilized for obtaining the results presented. Using a value of 170 as the characteristic 



number of pore segments, N, provides an accessibility function nearly identical to that for 
infinitely large network. 

Effective Electrical Conductance of Network 
Water is assumed to be the only fluid contributing to the electrical conductance. 

The microscopic conductances of individual pore-segments are replaced by a mean 
conductance value, such that the potential field produced by the random conductances is 
the same as that produced when A1 pore-segments have the mean value, represented by 
g m . EMT['?''*'~] is utilized for this purpose. If the electrical conductance of an individual 
pore segment is g; the local deviations from the mean value, (g-g,), must add to zero over 
the network. This basis allows the calculation of the effective electrical conductance of 
the network, gm, 

where G(@ is conductance distribution, G(@dg is the probability of a pore segment 
having conductance between g and g + dg and is related to the pore size distribution by 

Water saturation corresponding to gm is - - 

L ';d ';d J 
The second part of the integral in Eq.16 represents the volume fraction occupied by water 
in the oil-penetrated pores. 

Effective Hydraulic Conductance of Network to Oil and Water 
Hydraulic conductance of the network to oil and water allows the determination of 

the relative permeability of network to oil and water, respectively. The effective hydraulic 
conductance to water at a specific Sw is obtained as a root of [51 

and the effective hydraulic conductance to oil is obtained as a root oe51 



It is assumed that the presence of water in thin film and corners allows the drainage 
process to be carried on until the oil phase penetrates the smallest available pore segment. 

The relative permeability to water and oil are obtained from the respective 
effective hydraulic conductance 

Determination of Model Parameters 
Practical application of the model presented in this paper requires a determination 

of key parameters. Pore size distribution is obtained from mercury injection capillary 
pressure curve for the core samples by utilizing the methodology presented by Mishra 
and ~harma['~]. The characteristic number of pore segments, utilized in the percolation 
calculations, is 170. Fig.6(a) shows the volume fraction of pores of various sizes and Fig. 
6(b) shows the pore size frequency distributions for an unconsolidated sample. The shape 
factor (G) is estimated from the thin section images for the sample. Several of the 
representative triangles were selected from which two angles are measured and then the 
shape factor is calculated usingi5] 

sin D sin E sin(n - D - E )  
G =  

2[sin D + sin E + sin(n - D - ~ ) r  
The average value of the shape factor for S-28 is estimated to be 0.04526. Aspect ratio 
(a,), coordination number (2) and constants in the relationship between L, and ri (C and 
a) are estimated by measurements on several representative pore throat-body pairs 
selected from given thin section. The average aspect ratio for Sample S-28 is determined 
as 8.6. The number of pore throats surrounding the pore body are counted, although it 
was observed that estimation of three dimensional coordination number based on thin 
sections is not reliable. The coordination number for S-28 is estimated in the range of 6 to 
15. Alternately, from percolation theory[*] 

1 
Z = - + 1 (for Bethe trees) 

xc 
(22) 

where Xc corresponds to the percolation threshold, and can be determined from mercury 
capillary pressure curve. For S-28, Xc is 0.05, and the coordination number is 21. C and a 
are determined by measuring the length and incircle radius of selected pore throats. C 
value is estimated in the range of 0.084 to 100, and the corresponding range for a is 2 to - 
0.204. Constants in the expression for film thickness, A, and I , ,  are obtained by fitting the 



measured disjoining pressure isotherms['41 to be 5.73 x 1 O4 pascals and 1 1.1 Angstroms, 
respectively. 

Sensitivity Analysis and Optimization of Model Parameters 
Sensitivity analysis is performed by varying one parameter and keeping other 

parameters constant. The effect of 2, G, h, C and a on resistivity index curve for Sample 
S-28 is illustrated in Figs.7 through 10. Resistivity index curve is highly sensitive to 
coordination number, to shape factor, to film thickness at low S,, and to C and a. As 2, 
G , and h increase, resistivity index decreases. Resistivity index curve exhibits low 
sensitivity to film thickness at high S,, and to the aspect ratio. 

The effect of 2, G, C and a on relative permeability curves for Sample S-28 is 
shown as Figs. 1 1 through 13. Relative permeability c w e s  are highly sensitive to Z, C, 
and a-as Z increases, k, decreases and k,,, increases. Shape factor has negligible effect on 
k, but significant influence on k,,, - as G increases, k,,, increases. Aspect ratio and film 
thickness have negligible effect on relative permeability curves. 

In order to match the experimental data and narrow the uncertainty, the model 
parameters are optimized using the solver utility in a MS-Excel spreadsheet, by matching 
the measured porosity, permeability and formation factor. The equations that relate 
formation factor, porosity and permeability to the model parameters are derived as: 

F = 2 ( J V  + Cp,-' (23) 

5; 
= 16(2,/- + c~;-~)(D + 2 ~ ~ ~ 1 - 1 )  

(25) 

The measured porosity, permeability and formation factor of Sample S-28 are 0.297, 
5200 md and 9.17, respectively. The optimized parameters are Z = 6, G = 0.042, ar = 

6.705382, C = 1.154587, a = 1.341429, and r, = 19.38799ym. Using these values, the 
predicted formation factor, porosity and permeability from model simulation are, 
4 = 0.298, k = 5080md, and F = 9.13, in reasonable agreement with the measured values. 

Results and Discussions 
Fig.14 shows the resistivity index curves for the three wettability characteristics 

considered. The interpreted pore size distribution, represented by Fig.6, is utilized with 
the optimized parameters. The resistivity index for the mixed-wet and oil-wet systems is 
much higher than that for the water-wet system at low S,. This indicates that the 
resistivity of the network is very sensitive to the water in the corners and film. The 
resistivity index for oil-wet systems is significantly lower than that for water-wet or 



mixed-wet systems at high S,, illustrating the effect of water being redistributed to largest 
pores in an oil-wet system. 

The predicted relative permeability curves to water and oil for three wettability 
characteristics, obtained using the same set of parameters, are shown in Figs.15 and 16, 
respectively. Lack of a match indicates that further improvements in the model may be 
needed. It is observed that there are negligible differences between the water and oil 
relative permeability curves for the water-wet and mixed-wet systems, indicating that the 
contribution of the water held in the corners and film may not be quantitatively 
significant, although it is important for providing hydraulic connectivity. The relative 
permeability of oil-wet system to water is much larger, whereas to oil is much smaller 
than for non-oil-wet systems. 

Conclusions 
Based on the simulation results presented in the preceding, we arrive at the 

following conclusions: 
The model predictions are most sensitive to the coordination number, followed by 
shape factor and parameters relating pore throat length to its cross-section. 
Wettability of reservoir rock has a significant effect on the resistivity index and 
relative permeability curves. Water present in the corners and as film in water-wet 
systems appears to be very significant to the resistivity index behavior of the reservoir 
rocks, whereas it appears to have negligible influence on the relative permeability 
curves. 
A strategy for determining model parameters, based on the measurements of 
petrophysical properties, capillary pressure curves and wettability of reservoir rocks, 
has been successfully demonstrated. 
Further improvement are needed in the model for improved prediction of 
relativepermeability curves 
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NOMENCLATURE 

A = cross section area of sample 
A, = constant in the relationship of film 

thickness 
a, = aspect ratio 
C = constant 
JTri) = pore size distribution 
G = shape factor 
G(g) = conductance distribution 

g = conductance of pore segment 
g, = conductance of network 
h = thickness of thin film 
J= curvature 
K = absolute permeability 
Kr = relative permeability 
L, = length of pore throat 
Lb = length of pore body 



lo = constant in the relationship of film 
thickness 

N = sample size 
PC = capillary pressure 
P = perimeter of triangle tube 
q, = flow rate of water 
q, = flow rate of oil 
R = resistivity 
R, = resistivity of pore throat 
Rb = resistivity of pore body 
rb = pore body radius 
rc, = drainage radius corresponding to 

percolation threshold 
r, = drainage radius 
ri = incircle radius 
S, = water saturation 
Sn, = saturation of non-wetting phase 
S = cross section area of triangular tube 
V, = volume of pore throat 
Vb = volume of pore body 
V,, = volume of pore segment 
Xc = percolation threshold 
X, = accessible fraction to non-wetting 

phase 

Xnw = allowable fraction to non-wetting 
phase 

Z = coordination number 

Greek Svmbols 
a, P, y = angles used in the derivation of 

flow equation 
p ,  = viscosity of water 
po = viscosity of oil 
p = resistivity of water 
z = shear stress 

Subscript 
a = accessible 
b = pore body 
c = capillarylcorner 
f = thin film 
i = incircle 
nw = non-wetting 
o = oil 
t = pore throat 
w = water 
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Fig. 1 Thin Section Photomicrograph for Fig.4 Schematic of Comers and Film in 
Sample S-28 Pore Throat at a Step of Drainage 

Fig.2 Schematic of the network Fig.5 Accessibility Function for Finite 
and Infinite Lattices(Z = 6) 

Fig. 3 A Pore Segment Schematic Fig.6 (a) Interpreted Pore Size 
Distribution (2 = 6, G=0.042) 



Fig. 6 (b) Interpreted Pore Size 
Distribution for Different Z Values 
(G=0.04526) 
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Fig.7 Effect of Coordination Number 
on Resistivity Index Curve 
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Fig. 10 Effect of C and a on Resistivity 
Index Curve 
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Fig. 1 1 Effect of Coordination Number 
on Relative Permeability Curves 
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Fig. 14 Electrical Resistivity Index 
Curve for Three Wettability 
Characteristics 


	#: SCA-9726


