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Abstract 
Correlations between porosity, 4, and permeability, k, are 
often tested for sedimentary rocks in relation to petroleum 
geology and reservoir characterization. A general trend of 
increase in permeability with porosity can be expected. 
However, the effects of grain size, packing, compaction, and 
solutionldissolution processes related to development, 
preservation or loss of primary and secondary porosity can 
lead to a wide variety of relationships between permeability 
and various fonns of porosity. In the present work, general 
relationsllips have been tested for a very large data set (578 
samples). Tile correlation coefficient for the logarithm of 
permeability arid porosity was R=0.42. 

addition to permeability and porosity, the information 
for tlb data set included mercury injection capillary pressure, 
PC, curves. The Thomeer model was used to fit the PC 
curves. Tlle fitted curves were defined by the two parameters 
of the model: the pore structure factor, G, and the threshold 
pressure, P,, given by the model at 100 % saturation. This 
procedure avoids the problem of defining the entry pressure 
from PC data especially if there is a knee associated with 
small or vuggy samples. P, provides an estimate of the 
largest connected pore throat size in the high saturation range 
and G represents the distribution of pore throat sizes with 
respect to their control of mercury invasion. As G increases, 
the fraction of the volume of the pore network that is 
dominant in determining permeability decreases. 

Of the 578 samples, PC data points for 463 samples could 
be fitted by the Thomeer model with Rk0.85. Distributions 
of k, 4, P,, and G are presented for these data sets. The pore 
structure dependence of k-4 correlations is illustrated 
explicitly in tenns of G and P,. Permeability correlated 
strongly with P, (R=0.82). This correlation was Improved 
by inchdmg t$ (R= 0.87), and further improved by including 
G (Rz0.93). The Swanson parameter, +(SNIPc&, which 
iucludes 4, P,, and G implicitly and is obtained duectly from 
the measured PC curves, gave the best correlation (Re0.95). 
Application of the curve fitting parameters demonstrates the 
advantages and disadvantages of fitting experimental data to 
mathematicd models for the purpose of developing 
generalized correlations of petrophysical data. 

INTRODUCTION 
Tests of petrophysical data for correlations between porosity, 
I$, and permeability, k, are very common in geological and 
engineering applications (Nelson, 1994). However, it is 
possible that a core sample has fairly low porosity but may 
lave relatively Iligh penneability such as the Ste. Genevieve 

oolid grainstone formation (Choquette and  Steiner , 1985). 
Alternatively, core samples c a ~ ~  have extremely high porosity 
with very low permeability as in many types of carbonate 
rocks such as the North Sea cbalk (+ > 40 % , k < 10 md; 
Splnler and Hedges, 1995) and the California diatomites 
(4 > 60 % , k < 3 md; Koh et aI., 1996). Permeability is 
proportional to the square of pore throat size. Thus, the 
larger c o ~ e c t e d  pore throats, represented by threshold 
pressure, P,, dominate the permeability. Porosity is directly 
proportional to tbe volume of both pore bodies and throats, 
but is usually dominated by pore bodies. On the other 1m1d, 
the chagenetic processes occuning in sedimentary rock can 
cause cllange in porosity and interrelated changes it1 the size 
of both pore bodies and throats (Coskun et al., 1993). In 
addxion, permeability can be strongly dependent on direction 
of flow whereas porosity is a global propeny. Therefore 
correlations between and k are observed but they are 
strongIy dependent on pore structure. 

Besides threshold pressure and porosity, the pore throat 
size distribution, as indicated by capillary pressure, PC, curve 
shape, also affects permeab~lity because it is the distribution 
of pore throats that determines how much pore volume is 
accessed by macro-pore throats (in the low nonwetting phase 
saturation, S,, range) and how much is accessed by micro- 
pore throats (in the high S, range). Therefore, prediction of 
permeability requrres information on threshold pressure, 
porosity, and pore throat size distribution. 

Permeability Predictions - A Brief Review 
Many correlations between permeability, k, and other 
petrophysical properties have been reported. Purcell(1949) 
presented a method of obtaining mercury injection PC curves 
for core samples and derived a relationship between 
permeability and PC curves. Data measured on 27 samples 
verified the method. A lithology factor was introduced to 
compensate for the differences in pore structure between 
different formations. 

Mercury injection data is now widely used to obtain 
lnforrnaion on pore structure. Pore tluoat size distribution, 
pore connectivity, 4, and P, can be derived from these 
measurements. Thomeer (1940) showed that PC data could be 
fitted satisfactorily with an empirical equation, 

where G is a pore structure factor determined by PC curve 
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sbpe.  By plotting k vs &PI for a data set of 144 samples, 
Thomeer found a fairly good correlatioll for samples wirh 
similar G. h1 fitting a larger data set of 279 samples, 
Thomeer (1983) included G and obtained a improved 
correlatiori with permeability. Though percolation theory, 
Katz and Thonlpson (1986) presented a similar k-+/PT 
correlation where P, is the percolation threshold which was 
defined as the ultlection point at the low S, range of the PC 
curves. 

Swanson (1981) rloted that the 45' tangent point, p o d  A, 
to the Thomeer PC curves corresponds to the region of change 
in slope of the residual-initial nonwetting phase saturation 
relationshrp (Plckell et al., 1966). The value of S, at point A 
was considered to correspond to the effective volume tlmt 
controls penneability. A total of 3 19 samples were used to 
establish relationships between permeability and properties 
derived from point A. Based on the work of Thomeer (1960) 
and Swanson (1981), Pittman (1992) analyzed 202 samples in 
order to correlate permeability, porosity, and pore aperture 
size (a property which is inversely proportional to capillary 
pressure and is extremely important in evaluating seals as 
traps and in explaining the locations of stratigraphic 
hydrocarbon accumulations). 

Kamath (1992) analyzed the different methods of 
predicting permeability from PC curves for 158 samples. The 
analysis also included results for 268 samples from Swanson 
(1981), 29 from Walls and Arnzfule (1985), and 47 from 
Thompson et al. (1987). k= 1 md was used as a cut-off for 
division of the data into two groups. Kamath concluded that 
the Swanson method gives the best prediction of permeability 
from PC measurements. 

Database and Objectives of This Study 
A total of 578 data sets that included measurements of 
mercury injection PC curves, k, and @ were used in the 
present study. Of the 578 PC curves, 463 fitted the Thomeer 
model (Eq. 1) with a correlation coefficient R20.85. Both P, 
and G were calculated for the 463 samples. Detailed anaiysis 
of the model and the 578 data sets are available (Ma, 1992). 
The samples originated worldwide from both sandstone and 
carbonate formations and include the data sets of Kamath 
(1992). Data for other published correlations were not 
available. 

The main objective of the present study was to test 
correlations between k,  $, P,, and G for the 463 samples. 
Capillary pressure curves were mathematically modeled by 
using the Thomecr model with a computer algorithm f o ~  
curve fitting and determination of the parameters (4, P,, and 
G). The effect of these parameters on k-@ correlations was 
examined in detail. The best model, based on the data base, 
of prdicting penneability from 4, P,, and G was identified. 

BACKGROUND 
Porosity and Permeability 
Porosily. Porosity lras been classified by Lucia (1995) as 
interparticle and vuggy. Interparticle porosity includes 
intergraui andlor intercrystal porosities and correlates 
reasonably well with permeability. Porosity identified as 

vuggy, which may include separate vugs and fractures, does 
not correlate with permeability. 

Porosity of porous media is defmed as, I$ = VJV,, where 
V, is the pore volume and V, the bulk volume. Conceptually, 
if Vp= tad pore volume, the porosity is the total porosity. If 
V,=effective pore volume, the porosity is the effective 
porosity. Obviously, the effective porosity will correlate 
better wirh permeability than the total porosity. However, the 
difference between the total and effective porosities is 
generally very small for sedimentary rocks and will be 
neglected. 

For a core sample of bulk volume V,, porosity is 
proportional to the pore volume. Although all the pore bodies 
awl their throats contribute to porosity, pore bodies (because 
of their size) play a much more Important role than the pore 
throats. 

Penneabifity . Permeability is defined by Darcy 's law, 

q v  L k=- 
A A P  

where q is the flow rate, p the fluid viscosity, L the length, A 
the cross sectionaI area of the sample, and A P  the pressure 
drop. Permeability is commonly related to pore size through 
the PoiseuiLle equation for a parallel bundle of tubes, 

where n is the number and r the radius of the tubes. Because 
A = nn?lt$, combination of Eqs . 2 and 3 gives 

where d is the tube diameter and r, the microscopic pore size 
(Leverett, 1939). Eq. 4 shows that permeability is 
proportional to pore size squared. 

Fig. 1 illustrates three simple porelthroat systems. Fig. 
la shows a cylindrical pore of diameter d inside a solid 
cylindrical matrix of diameter D with dlD being 0.1. The 
pore volume of this system is nd2L/4 and the porosity is 
@,,=#/D= 1 %. The permeability (entrance and exit effects 
are neglected) is k, ,  =d4/(3W2)=dL/3200. 

Fig. Ib shows a pore M y  (diameter dp and length &) and 
two pore throats (diameter d,). For cylindrical tubes of 
dtfferent sizes, connected in series, the generalized fonns of 
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porosiry and penneability are respectively, 

and 

With the dimensions shown in Fig. lb, i.e., LJL.=0.8 and 
dp/4=6, porosity and permeability expressed by Eqs. 6 and 
7 are $,,= (28.8+0.2)d,2/0? and 

These two expressiorls it~dicate tlnt the pore body contributes 
99.3 1 % of the total porosity but determines only 0.3 1 % of the 
total permeability. On the other l u d ,  the mlo pore throats 
contribute 0.69 '% of the total porosity but control 99.69% of 
the total permeability. If 4,,=4,, , then d T = d / m  and 
k,,= 169k,,. 

Fig. lc  shows another pore body and two pore throats 
with &/L = 0.8 and d,/d, = 6 .  The permeability in this case, 
k,,, can also be expressed by Eq. 7.  Let k,c=k,n, then 
dp0.6693d. The porosity from Eq. 6 is @,,= 13 % = 13@,,. 

These s~mple examples show that it is easy to construct 
configurations tlut can have the same porosity, but very 
Merent permeabilities, or the same permeability, but greatly 
different porosities. The essential difference between these 
configurations is pore structure. 

Sample Size 
Information on formation permeability is sometimes obtained 
from PC measurements on drill cuttings. This is especially 
useful if core samples are not available. However, there is 
still a problem. The small size of even the largest drill 
cuttings (about 10 mesh or 2.5 mm particle diameter; Bush 
and Freeman, 1986) may affect the measured PC curves 
because of the effechve increase in connectivity related to the 
high surface to volunle ratio. This effect depends on sample 
geometry and pore throat size. The influence of the fraction 
of exterior surface open to invasion lns been calculated by 
Mason and Mellor (1991) for random sphere packs. 

A clmracteristic length, LC, applied to scaling of 
spontaneous imbibition measurements (Ma et al., 1995a), 
provides a linear measure of effective sample size, 

Where A, is the area perpendicular to the ith imbibition 
direction and 1, the dtance from Ai to the no-flow boundary. 
V, can be measured and A, and ki can be estimated for dnll 
cuttings. 

Decrease in l, by a factor of 2/n d e s  simulation results 
&im and Aziz, 1995) for prediction of single phase flow. At 
the present state of knowledge, defktion of the characteristic 
length as L,,,=&/n provides the best estimate of a 
physically s i d c a n t  characteristic length for various shapes 
and boundary conditions. &,, could be of broad value with 
respect to a variety of mass and heat transfer processes. 

The Leverett microscopic radius (Eq. 5) provides 
correlation of spontaneous imbibition results for several types 
of strongly water-wet porous media (Ma et al., 199%). The 
ratio of &,, to r,  provides a dimensionless measure, N: , of 
sample size to microscopic length for samples of different 
permeability, porosity, size, shape and boundary comlitions. 

Capillan, pressure measurements wrll become increasingly 
sensitive to decrease in sample size below a critical vaIue of 
N: . For a Berea Sandstone core (k= 500 md and I$ = 20 % ; 
r,= 4.4 pm) having dimensions that are typical for mercury 
injection measurements (say d=3.81 cm and L= 1 cm), 
,LS=2984 pm and N: =678. For a cube with size length of 
2.5 mm, &,s=459 pm and for r,= 4.4 pm, N: = 104. The 
problem of accuracy in PC data measurement of small volume 
can, of course, be reduced by using a sufficient number of 
cuttings. 

Severe effects of sample size on capilkuy pressure data 
for bead packs and rock samples can be avoided if the sample 
thickness is greater than about 10 particle diameters (Larson 
and Morrow, 1981 ; Thompson et al., 1987). For bead packs 
this corresponds to ~:=50,  which implies that sample size 
effect would not be serious for rocks of less than about 2000 
md permeability. ( A  cube with a==2.47 mm, I$ =20 % , and 
N: =50 WJU have k= 2088 md). The effective characteristic 
length of rock chips can be increased by seating off a large 
fraction of the surface. For example, & ,  for a cube is 
increased by a factor of 3.5 if only one side of the cube is 
open to invasion. 

In summary, N: provides a useful method of gauging the 
likely sensitivity of capillary pressure data to sample size. In 
the present study, N: is assumed to be much larger than 50 
and that the sample sizes are more than adequate. 
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Characterization of Pore Structure 
Pore structure determines the relationships between porosity 
and permeability. Characterization of pore structure is one of 
the most Important tasks in petrophysics. Thin sections 
provide essenually a two-dimensional view of the complicated 
threedmmsional pore structures of porous media. Methods 
of estimating porosity and permeability from two-dimensional 
thin sections have been proposed (Ehrlich and Davies, 1989). 

Pore structure information derived from mercury injection 
PC curves is essentially three-dimensional. Ma and Morrow 
(1993) identified four operational definitions of slmilar pore 
structures from PC curves. Systems with the same pore sue 
distribution (or the same G factor) have identical J-S, curves, 
where J= ~,m/ a .  However, systems wi t .  the same J-S, 
curves can be divided into four different groups with each 
characterized by different petrophysical properties. For 
statistically identical, pseudo-identical, and pseudo-similar 
systems, as defined by Ma and Morrow (1 993), correlations 
may exist between porosity and permeability. For 
geonletrically similar systems, such as random packings of 
equal spheres (diameter d,), there is no correlation between 
permeability and porosity. Porosity is essentially constant 
(-37 %), P-pl Id, and k=d:= 1/P,2 (Morrow et al., 1969). 

For packings of variable porosity, the Kozeny equation 
indicates the dependence of permeability on porosity and 
particle srze, 

where Kz is the Kozeny constant, which is about 5 for 
packings of equal sized particles (Dullien, 1992). 

RESULTS AND DISCUSSION 
Distribution of Petrophysical Properties 
The number distributions of porosity and logarithm of 
permeability are sl~own in Figs. 2a and 2b respectively for the 
578 data sets. Permeabilities in the range of 1-1000 md are 
the most frequent; porosities are in the range 12 to 24%, 
pealang at 19 70. Both distributions are close to normal. This 
appears to support the conclusions reached by Freeze (1975) 
that the porosity and the logarithm of permeability should 
correlate. 

Distributions of threshold pressure and pore structure 
factor were obtained by fitting the measured PC curves with 
the Tllomeer rnoclei (Eq. 1). Data which fit the model with a 
correlation coefficientr0.85 (total of 463 samples or 80% of 
the total 578 samples) are shown in Figs. 2c and 2d, 
respectively. The threshold pressure mode is about 0.5 bar; 
pore structure factor has a mode of about 0.4. 

Permeability vs Porosity 
For the 578 data sets (data will be referred to by the 

number of samples in the set), the correlation between 
permeability and porosity is shown in Fig. 3 (correlation 
coefficient R = 0.41 80). Hypothetical solutions to the Kozeny 
equation (Eq. 10) relating permeability to porosity and 

particle size are also shown in Fig. 3. (The Kozeny equation 
was developed for uncomolidated porous media.) The 
particle size which Ns the average trend between permeability 
and porosity is about ds=20 pm. This is about 5 times 
smaller than typicaI p&le sizes for consolidated sandstones. 
Thus p d c t i o n  of permeability from the particle sizes of 
consohdated porous media through application of the Kozeny 
equation will requue some form of adjustment factor which 
is f i c u l t  to determine or even i d e m  physically. 

Fig. 3 can be divided into three regions. In the high 
porosity Region I (I$ > 28 %) , there is basically no correlation 
between permeability and porosity. This is probably because 
the high porosity porous m d u  are probably either carbonates 
or unconsolidated sands. Carbonates tend to have separated 
vugs ad wggy porosity does not correlate with permeability. 
For well sorted uncomolidated sands, the porosity is high and 
independent of particle size, while permeability is 
proportioxd to the particle size squared. 

Formations with low porosity (Regon KU, 4 < 5 %) are 
usually of no practical interest with respect to oil production 
(HiIchie, 1982). The permeabilities of systems with $ < 5 % 
are usually less than 0.1 md. Accurate measurements of 
permeability below this value are not usually made in routine 
core analysis related to oil recovery. Porosity values for 
cores below 5 W are often reported as being less than some 
selected cut-off value. A total of 67 samples have I$ > 28 7% 
or I$ < 5%. The correlation between k and I$ for the 
remaining 5 11 data sets (Region II) is R=0.5935. 

Effect of pore structure factor. For the 463 data sets for 
which the PC curves fitted the Thomeer model with R20.85 
(see Fig. 4a), the @ty of the correlation between 
permeability and porosity is almost the same as that for the 
578 data sets. 

The effect of pore throat size distribution on k-I$ 
correlations has been studied by subdividing the 463 data sets 
based on the values of G. For the small number of samples 
with G< 0.1, either the porous media has a very narrow pore 
throat size distribution or a few pore throats control most of 
the porosity such as m vuggy systems. The latter reason may 
be why permeabdity tends to decrease with increase in 
porosity (Fig. 4b). Basically, no k-4 correlation exists or the 
correlation is very poor for samples with G <  0.3 (Figs. 4b 
and 4c). This is because threshold pressure controls 
permeability in this range of G. The effect of smaller pore 
throats on permeability is imipficant. With increase in G, 
the contribution to permeability from the pores of different 
s k  increases and the correlation between k and 4 improves 
(Figs. 4d4g). Fig. 4h shows the k-@ correlation for all data 
with G>0.3. (SoLid diamond symbob shown in Fig. 4, a 
total of 6 out of 463 data points were excluded from the 
analysis because they were well removed from the general 
trend.) 

Porous media w2It extw~nefy high aspect rdios. Most of the 
samples with $ > 28 1 (see region I in Fig. 3) have G factors 
in the range of 0.1-0.3 (Fig. 4). This is expected for 
unconsolidated systems but not for heterogenous carbonates. 
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The latter Iuve extremely high aspect ratios and information 
on pore size distribution, or the G factor, derived from 
drainage PC curves may be ~nisleading because access to most 
of the larger pores is controlled by small pore throats. 
Heterogenous pore systems can appear to be homogeneous for 
this extreme case. Such situations should be readily identified 
from back-up studies of tlin sections. 

Effect of threshold pressure. The data sets can also be 
divided, based on the value of threshold pressure, P,, as 
shown in Fig. 5. In each range of PT, the k- t$ correlation is 
fairly good. Fig. 5g summarizes these correlations. From 
this figure, it can be seen that, at any porosity, permeabibty 
decreases with increase in threshold pressure. 

Permeability vs Threshold Pressure 
As discussed above, permeability is proportional to the square 
of pore throat size. Thus, the larger connected throats are 
much more important than the smaIler ones in determining 
permeability. The contribution of the largest pore throats to 
permeability is inversely proportional to the threshold 
pressure. Thus, there is a strong correlation between 
permeabiiity and threshold pressure (see Fig. Ga) for the 463 
data sets (R= 0.8202). 

The quality of tlis type of correlation is best for porous 
media wit11 small G factors. Fig. 6b shows the correlation for 
samples, 90 in all, with G c  0.2. The correlation coefficient 
(R=0.9246) is much better than that shown in Fig. 6a. (The 
correlation parameters a and b represent the intercept at 
P,= 1 bar and the slope of the correlation, respectively). As 
the pore throat size distribution widens, the correlation 
between permeability and threshold pressure degrades 
because the contribution to total permeablrity by the pore 
throats with different sizes increases (see Figs. 6c-6e). The 
trend does not hold for G>O.8 ,  but there were only nine 
samples in this category and the value of R is only slightly 
higher than for the samples with 0.6< G<0.8. 

Correlations of k-P,. for subsets of data based on G are 
summanzed in Fig. 6g. From h s  figure, it can be seen that 
k increases, at a given value of P,, with decrease in G. This 
relationship is clearly demomtrattd by plotting the intercept, 
a, vs die mid-values of G intervals as shown in Fig. 6h. The 
absolute value of b decreases linearly with increase in G up 
to G=0.8. Tlis means that the sensitivity of permeability to 
thresl~old pressure decreases as the pore size distribution 
widens. Tlis  is consistent with the increased contribution 
from pores tlroars of different sizes to permeability with 
increase in pore stmcture heterogeneity. 

Other Two Parameter Correlations 
The 4 3  sets of data were analyzed in detail by cross-plotting 
all combinations of the four parameters (k, 4, P,, and G). 
The fotlowlllg is a brief summary of the observations. 

Penr~eability vs pore structure factor. From Fig. 6 g ,  it can 
be seen that permeability and pore structure factor correlates 
for constant tlueshold pressures. The k-G cross plots show 

that the correlations are good for low values of P,, but 
become weaker for samples with PT > 5 bars, and even more 
so for P, > 20 bars. 

Porosity vs fl~resholdpressure. As rocks from a common 
source are compacted and undergo other diagenetic changes 
that reduce porosity, the reduction in largest connected pore 
throat size will be reflected by increase in threshold pressure. 
A general trend of increase in threshold pressure with 
decrease in porosity was observed for the 463 data sets. 
When the data sets were subdivided, based on the G factor, 
no correlation was observed for samples with G< 0.3, but 
weak correlations were observed for G> 0.3. 

Porosity vs pore stnictrrre factor. Theoretically, pore 
structure factor should not depend on porosity because the 
pore structure factor is a measure of pore throat size 
distribution, not the size of pore throats, while porosity is 
mainly determined by pore bodies. However, porous media 
with uniform pore stmcture tend to have higher porosity ( 
such as unconsolidated sands) than those with non-uniform 
pore structure. The 463 data sets show that G factor 
decreases with increase in porosity. 

The data sets were subdivided based on P,. Correlations 
for P, based data subsets were no better than for the original 
463 data sets. For samples with P,> 5 bars (very small pore 
throats), the G factor was independent of the porosity. 

TIzresl~oidpressrire vs pore strrrctrrre factor. From analysis 
of the 463 data sets, rocks with ligher pore structure factors 
tended to have lower threshold pressures. This may result 
from a tendency for the largest pore throats to be linked in 
rocks with uniform pore structure. 

In summary, the correlations between permeability, 
porosity, pore structure factor, and threshold pressure all 
Wcate that sedimentary rocks tend to have correlatable pore 
size, pore tbroat size, and pore throat size distribution. 

Multi-parameter Correlations of Permeability 
Kaiz-Tliolnpson carrelalion. Through percolation theory, 
Katz and Thompson (1986) derived an equation relating 
permeability to porosity and ti~eshold pressure. This 
relationship is shown in Fig. 7a for the data set of 463 
sampIes (correlation coefficient R = 0.8727). This is much 
better than tbe k-@ correlation (R = 0.4 147, Fig. 4a) and is a 
distinct improvement over the k-P, correlation (R=0.8202, 
Fig. 6a). This is because threshold pressure relaces to pores 
that make a dominant contribution to total permeability, 
whereas porosity contains information on both macro- and 
micro-pores. The combination of threshold pressure and 
porosity thus gives a better prediction of permeability than 
either threshold pressure or porosity alone. 

Tlze Tho~neer correlation. As discussed above, permeability 
is influenced by pore throat size distribution represented by 
the G factor. Addition of G to the correlating group should 
give a better prediction of permeability t l m  threshold 
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pressure and porosity alone. Thomeer (1983) proposed the 
following correlation for prediction of permeability, 

This relationship implies that permeability decreases with 
increase in pore structure factor. For the 463 data sets, the 
Thomeer correlation (Fig. 7b, R=0.9294) is much better than 
the k-$/P, correlation (Fig. 7a). 

TIte Swanson correlation. Swanson (1981) proposed a 
method of correlating permeability with the portion of pore 
volume considered to be most effective in determining 
permeability. The effective pore volume identitied with the 
tangent point for an angle of 45" on the Thomeer plot. Based 
on the solutions derived by Ma et al. (1991), the Swanson 
parameter can be expressed analytically by the three Thomeer 
parameters. 

Corqarison of Eqs. 11 and 12 shows that the only difference 
between tlle two expressions is the exponent of the pore 
structure factor. The correlation between permeability and 
the analytical Swanson parameter is shown in Fig. 7c 
(R=0.9362); this is a slight improvement over the Thomeer 
correlation. 

Based on Walls and Arniefule (1985), Ma (1992) used a 
method of identifjling the Swanson parameter by picking the 
maximum of SBIPc or SNIP, rather than matching the 
Thomeer model. A subroutine was developed to process the 
578 samples. The correlation between permeability and the 
Swanson parameter, $(SNIPc&, is shown in Fig. 7d 
(R=0.95 15 for the 463 data sets) and in Fig. 8a (R=0.9432 
for the 578 data sets). 

The relationship between permeability and the Swanson 
parameter for the 463 samples is 

1 . 5 4  

MAX 

where k is in md, PC is in psi, and @ and S, are fractions. 
From Fig. 8a, it can be seen that data are scattered for 

samples with k < 10 md. Thus k= 10 md was used as a cut- 
offto divide the 578 data sets. The correlation coefiicient for 
samples with k >  10 md, shown in Fig. 8b, is only slightly 
better t l m  the correlation for the 578 data sets, but should 
provlde closer prediction for rocks in the hgh  permeability 
range. 

Overall, the Swanson parameter performs better rhan the 
Thomeer parameter. Hagiwara (1986) found that the 
Swanson parameter could be further improved by including an 
exponent. the Archie cementation exponent, on porosity and 

nonwetting phase saturation. An optimal exponent can be 
determined which gives the best correlation. However, the 
values of the exponent varied when tested for different data 
sets and the correlations were only slightly improved (Ma, 
1992). 

In summary, aIl fonns of the Thomeer and Swanson 
parameters, which include porosity, threshold pressure, and 
pore structure factor either explicitly or implicitly predict 
permeability satisfactorily. The difference in performance 
between the parameters probably results mainly from the 
deviation from the experimental results that arises in fitting 
data to the Thomeer model. Fitting measured data to a 
mathematical model enabIes systematic analyses. The slight 
reduction in quality of the correlation is minor compared to 
the advantages of having mathematical descriptioru of the P, 
curves. Thu study provides strong support for using the 
method as proposed by Swanson for a general correlation of 
permeability with capillary pressure measurements. 

CONCLUSIONS 
Examination of a very large set of permeability, porosity, and 
capillary pressure data showed that weak correlatior~~ exist 
between (I) permeability and porosity, (2) permeability and 
pore structure factor, (3) porosity and threshold pressure, (4) 
porosity a113 pore structure factor, and (5) threshold pressure 
and pore structure factor. A strong correlation was observed 
between permeability and threshold pressure. Much 
improved correlations can be obtained between permeability 
and porosity, threshold pressure, or pore structure factor, if 
the data set is subdivided based on either pore structure factor 
or threshold pressure. Overall, the Swanson and the Thomeer 
parameters predict permeability satisfactorily. The distinct 
advantages, with respect to analysis of large data sets, of 
obtaining parametric descriptions of capillary pressure data, 
such as given by the Thomeer model, far outweigh the 
disadvantage of minor loss of quahty of correlation. 
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Fig. 1 Illustration of the effect of pore structure on porosity and permeability. (a) a simple 
cylindrical pore, (b) a porelthroat geometry which has the same porosity as (a), but k 
decreased by a factor of 169 (di=O.l857d), and (c) a pore/throat geometry which 
has the same permeability as (a), but porosity increased by a factor of 13 (d~=0.6693d). 

PTI bar G 
Fig. 2 Distributions of (a) logarithm of permeability and (bj porosity for the data set 
of 578 samples and distributions of (c) threshold pressure and (d) pore structure 
factor for the data set of 463 samples fitted by the Thomeer model. 

Fig. 3 Correlation between permeability 
and porosity for the data set of 578 core 
samples and hypothetical relationships 
between permea bifity, porosity, and 
particle size, ds,  predicted by the Kozeny 
equation. 
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Fig. 4 Correlation between permeability and porosity (a) for the 463 data sets and for 
data with (b) Gc0.1, (c) 0.1<G<0.3, (d) 0.3<G<0.4, (e) 0.4<G<0.5, (f) 0.5<G<0.6, (g) 
G>0.6, and (h) G>0.3. (O: data excluded.) 
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Fig. 5 Correlation between permeability and porosity for data set with (a) W0.2 bar, (b) 
0.2 bar<PT<0.5 bar, (c) 0.5 bar<PT<l bar, (d) I bar<PT<5 bar, (e) 5 bar<PT<20 bar, (f) 0.2 
barcR. A summary of the correlations is shown in (g). (@: data excluded.) 
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Fig. 6 Correlations between permeability and threshold pressure. (a) for the whole 463 
data set and for the data (b) with Gc0.2, (c) with 0.2<G<0.4, (d) with 0.4<G<0.6, (e) 
0.6<G<0.8, and (f) with G>0.8. (g) Effect of pore structure factor, G I  on k-PT correlations 
and (h) The slope and intercept of k-PT correlations vs G. (0 : data excluded.) 
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Fig. 7 Correlation between permeability and (a) ratio of porosity to threshold pressure, 
(b) the Thomeer parameter, (c) the analytical Swanson parameter, and (d) the Swanson 
parameter for the 463 data set. (0: data excluded.) 

Fig. 8 Correlation between permeability and Swanson parameter for (a) data set of 578 
core samples and (b) data with k>lO md. (0 : data excluded.) 




