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Abstract. The Brooks-Corey power-law capillary pressure model is commonly imposed on core analysis data 
without verifying the validity of its underlying assumptions. The Brooks-Corey model, originally developed to 
model the pressure head during the drainage of soil, is only valid at low wetting phase saturations. However, 
such models are often applied in petroleum production simulations and may lead to erroneous recovery factors 
when the saturation range of interest is far from the end points. We demonstrate that exponential models work 
much better for capillary pressure compared to the Brooks-Corey model over a wide saturation range. Mercury 
injection porosimetry, petrographic image analysis, and magnetic resonance studies suggest that the pore and 
throat  size distribution in many rocks are  log-normally distributed.  This  fact  was previously employed to 
calculate the capillary pressure function as a function of saturation for pore size distributions described by a 
truncated  log-normal  distribution.  Employing  a  Taylor  series  expansion,  we  simplify  the  random  fractal 
capillary pressure model of Hunt to � , where �  is the wetting phase saturation, and �  and �  
characteristic  of  the  porous  medium.  An  extensive  dataset  of  seventeen  centrifuge  capillary  pressure 
measurements were used in this research to demonstrate the merit of the new method. For both sandstones and 
carbonates, the logarithm of capillary pressure showed a linear relationship with saturation as observed by 
magnetic resonance imaging centrifuge capillary pressure measurements over a wide saturation range. This 
work demonstrates that: (a) in semi-log plots of capillary pressure as a function of saturation, capillary pressure 
will vary linearly over a wide saturation range, (b) such a plot as described in (a) will show the uni- or bimodal 
pore size distribution of the rock, (c) the exponential capillary pressure function simplifies analytical models 
that use the capillary pressure function, for example oil recovery models for fractured reservoirs.

1 Introduction 

Empirical  correlations  help  establish  functional 
relationships between capillary pressure �  and wetting 
phase  saturation  �  in  natural  porous  materials.  The 
Brooks-Corey  capillary  pressure  model  [1],  the  most 
well-known  such  equation,  reduces  the  functional 
relationship  between  capillary  pressure  and  effective 
saturation �  to the bubbling pressure �  and pore-size-
distribution index �  according to 

� (1)
where �  is a measure of the maximum pore size which 
forms a continuous flow network and �  characterizes the 
pore size distribution. Effective saturation normalizes the 
wetting  phase  saturation  �  in  the  range  of  end-point 
saturations  (residual  wetting  phase  saturation  �  and 
residual non-wetting phase saturation � ) such that

� . (2)

For  primary  drainage,  with  � ,  equation  (2) 
reduces to

� .                      (3)

Brooks and Corey developed the above relationship for 
� ,  although saturations  less  than �  can exist. 
This  is  because  � ,  as  calculated  with  the  method 
outlined in [1], is an interpolation of irreducible wetting-
phase  saturation  rather  than  the  lowest  saturation 
measured during an experiment. They also acknowledged 
the  effect  of  hysteresis  on  capillary  pressure  values. 
Other assumptions inherent in this empirical model are 
that  the porous material  is  isotropic and is  undergoing 
through drainage [1]. Wells and Amaefule [2] and Lekia 
and  Evans  [3]  demonstrated  that  the  Brooks-Corey 
capillary pressure model fails for tight gas sand samples. 
Lekia and Evans [3] circumvented the shortcomings of 
the Brooks-Corey model by explicitly using the wetting-
phase saturation, in contrast with the effective saturation. 
Later, recognition of the applicability of fractal theories 
to  sandstones  by  Katz  and  Thompson  [4]  led  to  the 
development  of  power-law  analytical  equations  for 
capillary pressure for low wetting phase saturations by 
Toledo et al. [5]. Yang et al. [6] provides the analytical 
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derivation  of  Brooks-Corey  capillary  pressure  function 
according to the mathematics of fractals. Novy et al. [7] 
had previously demonstrated that capillary pressure is a 
power-law function  of  saturation  at  low wetting  phase 
saturations  by  modeling  fluid  flow  in  networks  and 
considering the effect  of  disjoining pressure.  The most 
recent  advance  in  modeling  relative  permeability  and 
capillary pressure in porous materials, developed by Hunt 
[8],  will  be  reviewed and examined in  this  work.  The 
main goal of this work is to demonstrate that exponential 
capillary pressure functions are superior to the model of 
Brooks-Cory  over  a  wider  wetting-phase  saturation 
range.  In  this  paper  we  show  first  that  the  capillary 
pressure  model  of  Hunt  is  approximately  exponential, 
even  for  � .  This  is  confirmed  with  an  extensive 
experimental data set taken from the literature. Secondly, 
the effect of bimodal pore size distributions on �  will be 
discussed.  Finally,  we  present  the  application  of  such 
models  in  analytical  solutions  of  gravity  drainage  in 
fractured reservoirs.

2 Theory 

Hunt [8] investigated random fractal  models of  porous 
materials applicable to soil systems. They applied critical 
path  analysis  in  the  form of  continuum percolation  to 
predict  relative  permeability.  Assuming  a  finite-range 
power-law distribution of pore radii, from �  to � ,  the 
probability density function for pore radii  of a random 
fractal  porous  material  would  be  � .  The 
fractal dimension �  of such system of porosity �  is [8, p. 
45]

�     (3)

The pressure required to remove the wetting phase from 
a pore of size �  is � , where �  is a constant. With 
a non-wetting entry pressure of � , the wetting 
phase saturation is [9]

�

. (4)
Only with a porosity of unity, equation 4 is identical to 
the  Brooks-Corey  model.  Solution  of  equation  4  for 
capillary pressure in terms of saturation gives [9]

�                   (5)

This equation is  valid for �  whereas values more 
than  �  are  non-physical.  For  � ,  the  integral  of 
equation 4 is equal to

�      (6)

We  recognize  that  equation  5  can  be  simplified  by  a 
Taylor series expansion. Equation 5 simplifies to

�  (7)

which is equivalent to

� (8)

In the next  section,  experimental  data is  tested against 
this model.

3 Results and Discussion 

We  first  present  the  verification  of  the  exponential 
capillary pressure function, equation 8, with experimental 
data.  Deviation  from  this  behavior  and  possible 
applications in analytical fluid flow models follows.

3.1 Exponential Capillary Pressure vs. 
Experimental Data 

Figure  1  demonstrates  a  typical  oil/water  primary 
drainage capillary pressure in a sandstone core plug as a 
function  of  the  wetting  phase  saturation  in  a  semi-log 
plot.  In  the  saturation  range  of  � ,  the 
exponential capillary pressure function fits experimental 
data,  shown  by  filled  circles,  with  a  coefficient  of 
determination of  � .  The range of  validity  of 
this descriptive behavior is marked with vertical dashed 
lines.  For  � ,  experimental  capillary  pressure 
data,  shown  as  open  squares  □,  deviate  from  the 
exponential � . Deviation from the exponential capillary 
pressure at high and low saturations is due to fluid flow 
dominated by the effect of macropores [8] and surface 
films [5, 7], respectively. Equation 8 was tested with 17 

centrifuge  capillary  pressure  measurements  on 
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consolidated rock core plugs, with water permeabilities 
in the range of 0.0014 to 0.69 �  and porosities in 
the range of 0.14 to 0.48. The experimental datasets are 
found in the literature in [1, 10, 11, 12, 13, 14, and 15]. 
Six datasets represent displacement of water by oil; the 
others are air/water centrifuge experiments. All, but two 
datasets,  [1]  and  [14],  were  measured  employing 
saturation  profile  measurements  by  either  magnetic 
resonance or nuclear tracer imaging. 

Figure 1. A typical oil/water drainage capillary pressure 
as a function of the wetting phase saturation in a semi-log 

plot. The exponential capillary pressure function of 
�  fits experimental 

data ● in the saturation range of � , shown by 
the vertical lines, with � . Deviation from this 

exponential function is because of film flow + and 
macropores □ at low and high saturations, respectively. 

The Brooks-Corey capillary pressure function … of 
�  were obtained by a descriptive fit 

to experimental data ● and +. It appears that the line … 
fits data well, however, the deviation of data from the 

fitted line …  in the range of  demonstrates 
an obvious trend that is far from random. Data from [10]. 

(a) Semi-log
 

(b) Log-log
 

Figure 2. Seventeen experimental datasets of drainage 
capillary pressure by centrifuge methods shown by ●. 
Colored lines represent descriptive fits of exponential 

capillary pressure functions in the range of their validity 
to sandstone ─ and carbonate --- samples. (a) is the 
�  relationship in a semi-log graph and (b) is the 
same data in the log-log form. All �  data at low 

wetting phase saturations collapse to power-law 
relationships, one for sandstones and one for carbonates 

shown by gray lines, representing the conditions at which 
film flow dominates. The exponential capillary pressure 
function fits experimental data down to a saturation on 

the power-law line.

All  seventeen  capillary  pressure  datasets  employed  in 
this  study  are  shown  in  Figure  2.  The  !  
relationship is plotted in semi-log and log-log graphs in 
Figures  2a  and  2b,  respectively.  Color  lines  represent 
descriptive  fits  to  experimental  data  points  in  each 
dataset. Both sandstones and carbonates are represented 
in this graph. Data points are not differentiated according 
to the datasets  or  the displacing fluid due to the sheer 
amount  of  data.  The  exponential  capillary  pressure 
function, equation 8, only fits a segment of the !  
experimental  data points;  the largest  and smallest  such 
range are !  and ! , respectively. The average 
coefficient  of  determination  for  the  fitted  segments  is 
above 0.90 for all data sets, except for four data sets of 
Baldwin  and  Yamanashi  [13]  in  which  saturation  had 
high uncertainty due to less-quantitative MRI methods. 
The coefficient of determination was in the range of 0.65 
to  0.85 for  exponential  fits  to  appropriate  segments  of 
data  from  Baldwin  and  Yamanashi  [15].  Figure  2 
demonstrates  the  advantages  of  centrifuge  capillary 
pressure  methods  based  on  saturation  profile 
measurement over the traditional  centrifuge method by 
providing more data points.  All  capillary pressure data 
collapse to a power law relationship at low wetting phase 
saturations. These power law relationships are shown by 
straight gray lines of !  for sandstones 
and !  for carbonates in Figure 2b. 
This agrees with thin film models at low wetting phase 
saturation,  when  the  disjoining  contribution  dominates 
the capillary contribution [5]. From the data collapse, the 
fractal  dimension  of  sandstone  and  carbonate  rocks 
probed by the thin liquid films of water is 2.57 and 2.70, 
respectively;  in  agreement  with  common  fractal 
dimensions  measured  by  Thompson  and  Katz  [3]  and 
Toledo  et  al.  [5]  for  sedimentary  rocks.  According  to 
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Figure  2,  in  most  cases,  the  Brooks-Corey  capillary 
pressure model under predicts capillary pressure, if fitted 
to low-saturation !  data. Another consequence of 
inappropriate use of  the Brooks-Corey model is  that  it 
over-predicts  the  term  !  and  hence  the 
capillary pressure dispersion. Any errors in the capillary 
dispersion term results  in  erroneous prediction of  two-
phase  transition  zones  in  a  displacement  process. 
However,  note  that  the  Brooks-Corey  model  correctly 
predicts !  in the low wetting phase saturation regime.   

3.2 Deviation from the Exponential Capillary 
Pressure Model 

In  the  previous  subsection,  it  was  demonstrated  that 
capillary pressure in consolidated rocks can be described 
by  an  exponential  relationship  over  a  wide  saturation 
range.  Therefore,  semi-log  plots  of  �  can  be 
employed  for  quality  control  of  experimental  data. 
Deviations  from  this  simple  relationship  can  occur 
because of structural pores, at high saturations, and film 
flow, at low saturations. An example of these effects is 
demonstrated in Figure 1.  Film flow capillary pressure 
can  be  estimated  by  the  Brooks-Corey  equation  with 
appropriate parameters.

!  
Figure 3. Air/water capillary pressure for carbonate 

sample E13. Data from a porous plate experiment ■ and a 
centrifuge capillary pressure measurement of rotation 
speeds 2800 ●, 4000 ×, 5600 +, 7900 ○, and 15000 * 

revolutions per minute agree each other. Two exponential 
capillary pressure functions of 

�  (─) and 
 (---)  fit the 

experimental data in the saturation ranges of 
�  and �  with �  and 
� , respectively. Deviation from the exponential 

function (…) is likely because of film flow at low 
saturations. Data from [15].

Deviation  from  the  simple  exponential  function, 
however,  is  not limited to the effects described earlier. 
Hunt and Gee [16], Satyanaga et al. [17], and Zhou et al. 
[18]  previously  showed  that  capillary  pressure  in  soil 
samples with a bimodal pore size distribution possesses 
bi-exponential  behavior.  Such  an  effect  was  also 
observed  in  this  research;  notably  for  sample  E13,  a 
carbonate  core  plug.  Figure  3  demonstrates  the 
biexponential capillary pressure function �  which 
follows  �  in  the 
saturation  range  of  �  and 
�  in  the  saturation 
range  of  � .  At  low  saturations,  capillary 
pressure data deviate from the exponential fit due to film 
flow.  This  bi-exponential  feature  is  likely  due  to 
heterogeneities in the carbonate rock sample E13.

3.3 Application in Analytical Solutions of Oil 
Recovery from Fractured Reservoirs 

Consider  gravity  drainage in  a  one-dimensional  matrix 
block occupied by oil, as the wetting phase, and gas. At 
any point in the matrix, the flow rate of the oil phase can 
be estimated by [19] 

! .  (9) 

The absolute value of the derivative of capillary pressure 
with respect to time �  simplifies �  to 

!   (10) 

where  �  is  an  exponential  function;  assuming 
that the exponential capillary pressure model applies. The 
critical  path analysis  in  random fractals  also results  in 
exponential relative permeability functions which further 
simplifies  equation  9  to  yield  an  exponential  recovery 
factor  in  time  like  those  previously  calculated 
numerically  [20]  employed  in  the  emerging  fractured 
reservoir  simulation  methodology  of  Mittermeir  and 
Heinemann [21].  

4 Conclusions 

The  capillary  pressure  model  of  Hunt  developed  for 
random  fractals  with  truncated  log-normal  pore  size 
distributions was simplified to an exponential function by 
employing  a  Taylor  series  expansion.  This  exponential 
function was shown to fit experimental data very well. 
Deviations  from  the  exponential  capillary  pressure 
behavior are attributed to the effects of structural pores 
and film flow at high and low wetting phase saturations, 
respectively.  The possibility  of  bi-exponential  capillary 
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pressure functions was demonstrated for a carbonate core 
plug.  Exponential  capillary  pressure  functions,  along 
with their relative permeability counterparts, can simplify 
oil  recovery  factors  in  analytical  solutions  of  flow 
equations  for  gravity  drainage  in  fractured  reservoirs 
among many others.
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