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Simulation of mercury porosimetry on correlated grids: Evidence for extended correlated
heterogeneity at the pore scale in rocks
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A modification of invasion percolation is used to simulate rate-controlled mercury injection experiments on
porous media displaying both uncorrelated and correlated disorder. The correlations are generated by a frac-
tional Brownian motion with a cutoff. The introduction of correlated heterogeneity has a marked effect on the
behavior of the capillary pressure curve and accounts quantitatively for the features of the experimental curves
for sedimentary rock samples. This result suggests that correlated heterogeneity, which is common in porous
rock at reservoir scales, persists down to the pore scale. It casts doubt on the use of network models with
uncorrelated disorder and classical percolation concepts to model flow behavior at the pore scale in sedimen-
tary rocks.@S1063-651X~98!50112-2#

PACS number~s!: 47.55.Mh, 64.60.Ak, 61.43.Hv
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The study of flow phenomena in sedimentary rocks
been of great interest to many disciplines for a long ti
@1–4#. The transport of contaminants in soils and aquife
and the production of oil and gas from underground res
voirs all depend on the detailed structure or morphology
the pore space. Any theoretical analysis of transport phen
ena in such systems requires a realistic description of
pore-scale microstructure. Mercury porosimetry, the forc
intrusion of mercury into a porous material, is one of t
most widely used methods for the characterization of po
space morphology.

Capillary pressure curves, measured on rock samples
routinely used to obtain microstructural information abo
the rocks. Sample volumes measured are usually on the o
of .1 cm3. At this scale it is assumed that the porous m
dium is statistically homogeneous, i.e., only small fluctu
tions in properties occur as a function of sample volum
Theoretical studies of capillary pressure measurements th
fore either assume that the pore space is spatially ran
@5–7# or include spatial correlation at a local scale; for e
ample, between pore body and pore throat sizes@8,9#. Al-
though it is widely recognized that megascopic properties
geological formations~at field scale! are strongly correlated
@10–12#, it is still unclear whether this behavior persists
smaller scales. This Rapid Communication will focus on t
issue.

In order to investigate this issue we use a modification
invasion percolation@13# to simulate rate-controlled mercur
injection experiments@14# on porous media displaying bot
uncorrelated and correlated disorder. We show that the in
duction of correlations has a marked effect on the nature
the capillary pressure curve. Moreover, we show that i
only possible to account for the behavior of the experimen
data for sedimentary rocks byincluding correlated heteroge
neity. This result suggests that correlated heterogen
PRE 581063-651X/98/58~6!/6923~4!/$15.00
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which is clearly evident in porous rock at reservoir sca
@10,11#, also persists at the pore scale, thus casting doub
the use of random percolation concepts@15# for modeling
flow behavior at the pore scale in porous rocks.

Invasion percolation~IP! @13# is a simple model for de-
scribing penetration of a porous medium by a nonwett
fluid, e.g., mercury, when viscous forces can be neglec
and the process is solely governed by the capillary forc
When mercury is injected into a pore, a capillary pressurepc
must be overcome. For a circular throat of radiusr and in-
terfacial tensiong, pc52g cosu/r, where u is the contact
angle for mercury. Thus, the mercury will preferentially i
vade the largest pores.

Rate-controlled mercury injection experiments provide
more information on the statistical nature of pore struct
than conventional porosimetry@14#. Fluid intrusion under
conditions of constant-rate injection leads to a sequenc
jumps in capillary pressure which are associated with regi
of low capillarity @14#. While the envelope of the curve is th
classic pressure controlled curve, the invasion into region
low capillarity adds discrete jumps onto this envelope.
Fig. 1~a! we show an example of a capillary pressure cu
obtained in our laboratories for Berea sandstone under r
controlled conditions@16#. The detailed geometry of the
jumps in the capillary pressure curve over different satu
tion ranges is shown in Figs. 1~b!–~d!.

This is naturally mapped onto the IP model. In the co
ventional IP, the porous medium is represented by a lattic
sites and bonds. Each site or bondi is assigned a random
numberr i which represents an effective size for a pore bo
or a pore throat located ati. Initially all sites are considered
empty. The invading fluid is injected into the medium a
fills the pores at each time step by identifying all the sites~or
bonds! on the interface between the invading fluid and t
empty portion of the pore space, and occupying the site~or
R6923 © 1998 The American Physical Society
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FIG. 1. Experimental constant volume porosimetry curves for Berea sandstone:~a! over large saturation range;~b!–~d! detailed curves
over different saturation ranges.
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bond! with the largestr i . As there is no defending phase
mercury porosimetry, we consider IP without a trappi
mechanism.

IP models of capillary pressure have previously been u
to model the constant-pressurecurve alone@1,2#. However,
since IP models a quasistatic process, one can naturall
cover the full constant-volume porosimetry curve from
simulation. We model constant-volume porosimetry on b
random and correlated grids. The correlated fields are ba
on a fractional Brownian motion~FBM!, originally used by
Hewett@10# for describing reservoir heterogeneity at a lar
~field! scale. A feature of a network of pores with a statistic
description based on a FBM is that it contains long-rang
correlations in pore sizes, with the variance of the pore s
given by ^r (x)2r (x0)&5C0ux2x0u2H, whereC0 is a con-
stant and the type and extent of the correlations can be tu
by varying H @17#. This contrasts with random grids whe
adjacent pore sizes are independent. The FBM has not
used or tested for representing the correlations at the
scale, and we are not aware of any experimental evide
that supports the introduction of correlated heterogeneity
tending to the full grid size~which is generated by the
FBM!. We therefore introduce a cutoff length sca
l c where ^r (x)2r (x0)&5C0ux2x0u2H: ux2x0u,l c and
^r (x)2r (x0)&5C0ul cu2H: ux2x0u.l c . The introduction of
l c allows us to choose the appropriate length scale of
correlations at the pore scale.

The conventional IP algorithm requires minimal modi
cations to realistically mimic a capillary pressure expe
ment. The geometry of the conventional IP algorithm co
siders invasion from one face of the lattice, with a defend
phase exiting from the opposite face. In mercury porosime
the geometry of the displacement is altered. The core
placed in a cell and the mercury completely surrounds
sample. To mimic this process we allow the invader to en
the pore space from all sides.

The volume of a sample studied by constant-volume
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rosimetry is of the order of 1 cm3 which, assuming a rock
with a grain size of.100 mm, gives one a porous medium
with up to 13106 individual grains/pores. The simulation
were therefore performed on grids of comparable s
(1283). The statistical data were based on a minimum
1000 runs at this size. When comparing correlated and
correlated systems, the pore throat distribution is thesame.
From the generation of the FBM distribution we derive
distribution of zero mean and a variance of 1. This is tra
formed by 0.5@11tanh(f)# to put it into the range~0,1!. The
uncorrelated grids are constructed by randomly choosing
ues from the same distribution generated by FBM. Choos
throat radii from the same distribution insures that any d
ferences in the simulated curves is due solely to the prese
of correlations.

Figure 2 shows the simulated rate-controlled capilla
pressure curves for correlated and uncorrelated syste

FIG. 2. Volume controlled capillary pressure curves for~a! and
~c! uncorrelated, and~b! and~d! FBM grid l c→`. ~a! and~b! give
the curves for the full saturation range, and~c! and ~d! for a small
range of saturation. The signature of the curves is distinct in b
cases.~a! and ~c! give no resemblance to the data in Fig. 1.



re
ar
r
f
a
rv
ur
th
y
te

This
ted
ted

and
is-
re
ant
m

ow
rve
ber
nt

ns
We

the
.
ize

ore

. 1.
n
-
ri-

e

RAPID COMMUNICATIONS

PRE 58 R6925SIMULATION OF MERCURY POROSIMETRY ON . . .
Qualitatively the curves are distinctly different. The uncor
lated curves show a higher frequency of jumps in capill
pressure and the jumps have a consistent baseline ove
whole saturation range. In contrast, the porosimetry curve
correlated fields exhibits a lower frequency of jumps, is ch
acterized by a more gradual rise in the envelope of the cu
and the baseline of the jumps in the capillary press
steadily increases with pressure. Comparing Fig. 2 with
experimental curve in Fig. 1 shows that the correlated s
tems give a better qualitative match, while the uncorrela

FIG. 3. Size distribution of the low capillarity regions over th
saturation range of 60–80%.N is the number of low capillarity
jumps measured, andM is the size~number of pores! of the jumps.
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case displays no resemblance to the experimental data.
qualitative comparison of the detailed geometry of simula
capillary pressure curves points to the existence of correla
heterogeneity in Berea sandstone.

To evaluate the appropriate length scalel c of the corre-
lations we consider a quantitative measure used by Yuan
Swanson@14# to characterize the porous rocks: the size d
tribution of regions of low capillarity over different pressu
ranges. The regions of low capillarity measured by const
volume porosimetry can range in size from 1–1000 nl, fro
a single pore volume to hundreds of pore volumes. At l
saturations numerous jumps in the capillary pressure cu
of various sizes are noted. At higher saturations the num
of jumps into regions of low capillarity are less freque
@compare Figs. 1~b! and 1~d!#, although large regions of low
capillarity are still invaded at high saturations@Fig. 1~d!#. We
have measured the size distribution of low capillarity regio
on several Berea sandstone samples in our laboratory.
use this measure to obtain a quantitative prediction of
extent of the length scalel c of the correlated heterogeneity
At lower saturations differences between the predicted s
distributions for varyingl c are difficult to discern. At higher
saturations differences between the models becomes m
evident. In the uncorrelated case,l c51, for saturations
above 60%no regions of low capillarity are evident@see Fig.
2~a!#. This contradicts the experimental data shown in Fig
We plot the size distribution of low-capillarity regions i
Fig. 3 for models with varyingl c and compare to experi
ment. It is clear from this plot that the best fit to the expe
mental data is consistent with anl c of ten or more pores.
fter
FIG. 4. Number of slices through a 3D 643 simulation illustrating the distribution of the nonwetting phase in network simulations a
~a!–~c! 25% and~d!–~f! 75% saturation.~a! and ~d! l c51; ~b! and ~e! l c58; ~c! and ~f! l c→`.
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More direct evidence of the presence of correlation at
pore scale comes from the experimental work of Swan
@18#. Swanson presented micrographs of the spatial distr
tion of a non-wetting phase in a range of reservoir roc
including Berea sandstone. He showed that appreciable
tions of the rock are still not invaded by the nonwetti
phase at low to moderate nonwetting phase saturation
micrograph of Berea sandstone at 22% saturation sho
large unswept regions of more than 2 mm in extent. Assu
ing a grain size of 100mm, uninvaded regions of this exten
would containthousandsof pores. The experiments of Swan
son showed, however, that at higher saturations.50% the
extent of the uninvaded regions is significantly smaller th
those observed at lower saturations.

We visualize the distribution of the nonwetting phase d
ing drainage and find that the experimental observation
Swanson can be accounted for if the pore space is corre
with a cutoff lengthl c of approximately ten pores. We sho
in Figs. 4~a!–4~c! a simulation of a displacement for unco
related and correlated grids at 25% saturation. The morp
ogy of the displacement on the uncorrelated grid spans m
of the lattice and has invaded the majority of the pore spa
No large unswept regions are evident. In the two correla
cases, large regions of the pore space remain untouche
the invading fluid in agreement with the observations
Swanson. In Figs. 4~d!–4~f! a simulation of a displacemen
for uncorrelated and correlated grids at 75% saturation
-

in

E

ce

in
,
rc

h,
e
n

u-
s
or-

A
ed
-

n

-
f

ed

l-
ch
e.
d
by
f

is

shown. In our simulation for the FBM gridl c→` @Fig. 4~f!#
the regions of the grid uninvaded by the nonwetting flu
remain large. The observations of Swanson are consis
with the simulation in both cases for the cutoff grid@Figs.
4~b! and 4~e!#.

Our results suggest that correlated heterogeneity ex
down to the pore scale even in a rock like Berea sandsto
which is generally considered to be homogeneous and
exhibit no correlations in its pore size distribution. Mor
over, our direct comparison of experiments on Berea sa
stone and simulation of porosimetry on correlated grids p
vides compelling evidence that correlationsdo persist
beyond one or two pore lengths, and is quite extended. M
of the previous studies of fluid displacement in porous me
@1,2# have used network models of porous media with unc
related properties, and random and invasion percola
models have been used for modelling the displacement
cesses. Our results suggest that the use of random percol
concepts to derive the pore size distribution from merc
porosimetry without considering such extended spatial c
relations may neglect an essential aspect of the physic
sedimentary rocks and hence yield misleading results.
error so generated is then compounded if such pore size
tributions are used to estimate transport coefficients.

We thank M. Sahimi for suggesting the inclusion of
cutoff length scale in the correlated model.
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