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ABSTRACT

Increasingly sophisticated pore network models are being developed for prediction of
multi-phase transport properties. The most direct method for testing a deterministic pore
network model is in the prediction of capillary pressure relationships. Matching and
ultimately prediction of the experimental capillary pressure hysteresis data provides a
stringent test of network modeling and key guidance in further development. High quality
capillary pressure hysteresis data for Bentheim sandstone are presented that include
multiple scanning curves with more detail than any previously reported for consolidated
sandstones. The initial model gave far less hysteresis and more NWP trapping than
shown by experimental data. The numerical pore network was tuned to the capillary
pressure data. Residual trapped Non-Wetting Phase, NWP, saturations given by the
model were always too high. A good fit was achieved by the physically justifiable
approach of not allowing snap-off in throats that had a length/diameter ratio of less than
n. The highly tuned model gave a satisfactory match with scanning curves measured
within the main hysteresis loop. Analysis of the distribution of trapped clusters of NWP
at the end point of the modeled imbibition shows close agreement with image based
measurements reported by Prodanovié, et al. [1].

INTRODUCTION

Computational pore network models have been used to investigate the effects of pore
space structure and pore-scale displacements on macroscopic properties such as capillary
pressure and capillary hysteresis and associated phenomena such as fluid trapping in
porous media and relative permeability. The simplified pore space is usually a 2D or 3D
network of interconnected capillary tubes of various radii defined by a size distribution
function using an approach pioneered by Fatt [2]. In most early networks, the pore throats
were modeled as uniform cylinders of circular cross section in a regular lattice [2-5].
Circular cross section limits the fluid occupancy in a tube to only one phase at a time and,
after displacement, hydraulic connectivity of the wetting phase can be lost. Natural
porous media usually maintain some degree of hydraulic connectivity through retention
of bulk water in corners and irregularities (roughness) on the solid surface. Mason and
Morrow [6] proposed use of angular tubes which can hold the wetting phase in the
corners and non-wetting phase in their bulk volume (dual occupancy) as a more realistic
model for displacement in rocks. Analytical solutions were given for drainage and
imbibition displacement capillary pressures for all shapes of triangles in terms of a shape
factor. Bakke and @ren [7] were first to model sandstone as a network that incorporated
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triangular pores and throats. The approach of employing pores with corners to give dual
phase occupancy in individual tubes has since been widely applied in network modeling
of porous media [8-13].

An important factor in the design of a more realistic network is deriving geometrical and
topological parameters that are representative of real porous media. These parameters
include relative location of pores, pore and throat size distributions, shape factors,
coordination numbers (i.e., number of throats for each pore), size correlations between
neighboring pores and between each pore and its throats, etc. Examples are deriving
geometrical data from a random packing of spheres [14-16], numerical reconstruction of
the geologic processes of formation of sandstones [7,8] or more recently, from high
resolution X-ray micro-tomography data [10,17-19]. In addition to the complexity and
cost of such methods, translating the complex features of the pore space within a rock to
the simplified geometries of a network of capillary tubes is always subject to
interpretation. Predicting experimental drainage capillary pressure curves purely from
analysis of pore space images, at least for very strongly wetted conditions, provides a
significant first step in testing the interpretation of imaging data and assessment of the
predictive capability of derived network models. A more stringent test of the network
model is to predict both drainage and imbibition curves, and intermediate capillary
hysteresis loops. However, in most cases, only a primary drainage match has been
reported [7,12]. Capillary pressure hysteresis data on their own contain important
information about different aspects of pore systems and can be used to tune properties of
a pore network. Valvatne and Blunt [13] tuned the parameters of the pore network that
Lerdahl et al. (LOB) [10] developed for a sandstone by a process based approach, and
obtained a reasonable match with the experimental air-water hysteresis data for an
unconsolidated soil. Their tuned network however over-predicted the amount of trapped
NWP saturation at the end of imbibition. In the present work, the code developed by
Valvatne and Blunt [13] for modeling pseudo-quasi-static two-phase displacement in
pore networks is adapted, together with the LOB pore network [10], to compare the
modeled capillary pressure curves with extensive experimental capillary pressure
hysteresis data that were recently obtained for a consolidated sandstone. The pore
network parameters were then tuned, while keeping the main skeleton of the network
unchanged, to establish a match with experimental primary drainage and main imbibition
curves. It is shown that by applying a physically justifiable snap-off rule, the NWP
residual saturation can also be matched. The tuned network successfully predicts the
intermediate hysteresis loops and residual NWP saturations and provides significant
insight into the modeling of capillary displacement and trapping mechanisms.

PORE NETWORK MODEL

The pore network is defined by a set of geometrical data including the number of pores
and throats, and arrays including the values of shape factor, inscribed radius, volume, and
spatial co-ordinates for each pore and throat. The LOB pore network is composed of
38,495 interconnected capillary tubes (12349 pore bodies and 26146 pore throats) of
mostly triangular cross-section (G=0.0022-0.0481) in a 3x3x3 mm space giving an
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effective porosity of 18.3%. The average coordination number (number of throats per
pore) is 4.2 and the average pore-to-throat aspect ratio, a, is 2.99.

The displacement model uses a pseudo-quasi-static approach in which displacements are
ranked according to capillary pressure. After each step change in the external capillary
pressure, displacement occurs in the capillaries (pore or throat) that are, or become,
accessed by the invading phase. For simulating primary drainage, the network model is
initially saturated with wetting phase, say water. The inlet face of the network is in
contact with the NWP. The contact angle is zero, i.e. water will spread against the NWP
over the solid surfaces. Capillary pressure is raised in steps. At the entry capillary
pressure, a main terminal meniscus (MTM) displaces water from the center of the pore
throats at the inlet face. The displacement mechanism is piston-like. Piston-like
displacement of the bulk water in angular tubes leaves water in the corners and the as the
capillary pressure is increased in the next pressure steps, gradual recession of Arc
Menisci (AMs) into the corners further reduces water saturation in the drained tubes.

During imbibition, the capillary pressure is lowered and the same displacement
mechanisms take place in the opposite direction (piston-like imbibition and water
encroachment in the corners). However, when AMs in corners overlap, the wetting phase
spontaneously redistributes to span the pore by a process known as snap-off. When the
advancing contact angle is zero, this happens when the radius of the AM is equal to the
inscribed radius, Rins, Of the triangular cross section [6]. The pressure for snap-off, P¢>°,
is given by Eq. 1. For any individual tube, the snap-off capillary pressure is always
smaller than the pressure of piston-like displacement, P."", given by advance of an MTM,
Eq. 2:
g
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Therefore, piston-like displacement in the model is preferred to snap-off in pore throats
that are accessible by an invading MTM. However, because it is assumed that WP is
connected throughout the network, snap-off can take place in any pore/throat with
corners when the snap-off capillary pressure for that pore/throat is met. Each snap-off
displacement creates two new back-to-back MTMs that can become new sites for piston-
like displacements. In practice, even within a single triangular tube of uniform cross
section, there is hysteresis and trapping of the NWP [6]. In the adapted model, for
simplicity, it is assumed that after snap-off the entire volume of the tube is filled with the
WP. A major contribution to NWP trapping during imbibition is by disconnection of
NWP in clusters of pores. This has been demonstrated in detail for micro-models and
sandstones [20] and for tube network models [21]. After each snap-off or piston-like
displacement, a continuity check is made to identify disconnected clusters of NWP.
When all the remaining NWP is trapped, no further displacements can take place and
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imbibition is terminated at the residual NWP end point. After imbibition, the process can
be reversed to obtain a secondary drainage curve. As for primary drainage, the measured
NWP pressure for second drainage is increased to the entry capillary pressure. When a
throat adjacent to a trapped NWP cluster is drained, the cluster reconnects to the
continuous NWP and its capillary pressure is set equal to that of the continuous NWP.

RESULTS

The modeled primary drainage curve for the LOB pore network was compared to the
experimental air/water capillary pressure data, reported by Raeesi [22] for three different
sandstones (Boise, Berea, Bentheim). It was found that the simulated curve is similar to
the primary drainage curve for Bentheim as shown in Fig. 1a. Because of the fit given
between the model and experimental data for drainage of Bentheim sandstone and the
large range of desaturation, further development of the model was focused on matching
the model with extensive air/brine hysteresis data obtained for Bentheim sandstone given
in Fig. 1b. Also, for comparison, the hysteresis loops modeled for the LOB network are
presented in Fig. 1c. The entry pressure for the modeled secondary drainage curves is the
same as that of the primary drainage curve, which is consistent with the experimental
data. However, the difference between the imbibition and secondary drainage pressures is
too low compared with the experimental data shown in Fig. 1b. The ratio of the
imbibition termination pressures to the drainage entry pressure, Pt/Pg for the LOB
network, is 0.87. This value is 0.53 for Bentheim. P+/Pg ratios for the three sandstones
were in the range 0.46-0.53 [22]. Even for unconsolidated porous media P1/Pg is always
less than 0.71 [23]. The high Pt/Pg ratio for the LOB network causes the modeled
hysteresis loops to enclose only small areas (see Fig. 1c). A physically obvious way of
lowering the imbibition termination pressure is to increase the aspect ratio (ratio of the
pore body radius to the throat radius) by lowering throat radii or increasing pore radii by
a constant factor. Aspect ratios for the LOB network range from 1-50, averaging 2.99.
However, about half of the aspect ratios in the LOB network are 1. The effect of network
average aspect ratio, «, on drainage and imbibition curves was investigated by varying
the throat radii by a fixed factor while keeping pore radii constant. The results are shown
in Fig. 1d. As the average aspect ratio is increased, the imbibition curve shifts down, to
give lowered termination pressure and increased hysteresis, but the NWP trapping is
much higher than given by experiment (cf. Figs. 1b and d).

Closer analysis of the displacement details showed that as the aspect ratio increased,
snap-off increases during imbibition. For perfectly wetting conditions, the displacement
pressures for piston-like drainage and imbibition are equal. However, the capillary
pressure for snap-off is smaller than that of piston-like displacement. Therefore, as the
number of snap-off displacements increases, so does the pressure difference between
drainage and imbibition. Snap-off also increases the amount of trapping by disconnecting
NWP in single pores or clusters.

A sensitivity analysis was made by modifying other LOB parameters such as pore size
distribution, spatial correlation among pores, and coordination number and observing
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their effects on capillary pressure curves and residual NWP saturation. The relative
locations of the pores were kept unchanged. A new pore size distribution function was
defined with adjustable properties such as standard deviation and average radius [22]. In
order to determine throat sizes, an adjustable parameter was defined as the network
minimum aspect ratio. Each throat connects two pores; the radius of the smaller pore was
divided by the minimum aspect ratio, anin to determine the throat radius. The effect of
spatial correlation between pores was also studied. Pore radii were distributed one by one
in a random manner, with a constraint that for every two neighboring connected pores,
|Rp1-Rp2l< ¢xMIN(Rp1,Rp2), Where ¢>0 is an adjustable parameter with lower values
allowing smaller differences between the neighboring pore radii.

The qualitative effects of various parameters on primary drainage and imbibition curves
are summarized in Table 1.
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Fig. 1. Experimental and modeled capillary pressure curves. (a) Comparison of the primary drainage
predicted by LOB parameters with experimental air-water data for three sandstones. (b) Measured capillary
pressure hysteresis data for Bentheim sandstone. (c) Modeled capillary pressure hysteresis using the
original LOB pore network parameters. (d) Modeled effect of average aspect ratio on drainage and
imbibition scanning curves computed by pore network modeling. The imbibition pressures are lowered but
the fractional trapping of NWP is increased.
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Table 1. Summary of the effects of various pore network parameters (increase or decrease) on Primary
Drainage Curves and Main Imbibition Curves (PDC and MIC respectively). a and C,, are average aspect
ratio and coordination number respectively. Std. Dev. refers to the pore size distribution standard deviation.

Sw @ Pe | Slope of PDC Slope of MIC | P/Pe Shwr
Spatial corr. | - 7 - - \
Std. Dev. 7 7 7
Ain - N 7 N 7
Ch N \ \

Tuning the Pore Network to Bentheim Capillary Pressure Data

The network parameters were tuned by a manual iteration process to match primary
drainage and the main hysteresis loop (imbibition-second drainage) simultaneously for
Bentheim, see Fig 2a. The size of the network was scaled (i.e. coordinates of each pore
was multiplied by a constant) to match the porosity and absolute permeability of the
Bentheim sandstone. Fig 2a shows the best match found. In order to minimize Spyr, a
spatial correlation between neighboring pores was also applied. The minimum aspect
ratio, omin, Was increased until the separation of the hysteresis loop and P+/Pg matched
that of the data. As shown in Fig. 2a, the modeled imbibition curve fits the data closely
for the most part, but it is terminated at a much higher NWP residual saturation (54%)
than determined by experiment (36% for gas and 43% for refined oil, [22]). Valvatne and
Blunt [13] and Pentland et al. [24] also reported a similar situation where the modeled
Snwr Were larger than the experimental data for a sand pack and different sandstones,
respectively. In order to match trapping accurately, Pentland et al. [24] increased the
effective imbibition contact angle in the model by assuming a uniform distribution of
advancing contact angles ranging from 35 to 65 . However, increase in intrinsic contact
angles over this range has been shown to give marked reduction in imbibition capillary
pressures [25]. For the experiments described by Pentland et al. [24] and those of the
present work, there is a strong case for assuming that the effective contact angles for
drainage and imbibition are zero.

The early termination of imbibition is related to the high proportion (95%) of snap-offs in
the throats that occurs when the corner AMs overlap. However, this criterion is only
physically realistic when the length/diameter ratio of the tube is greater than the critical
value at which the liquid bridge in the pore throat becomes unstable and ruptures. In
theory, a cylindrical bridge becomes unstable when the length/diameter ratio exceeds a
critical value equal to m [26-28]. Mason [27] measured this value and reported values
very close to @ (between 3.140 and 3.1417). This criterion was applied in the model by
not allowing snap-off in throats with length/diameter ratio less than mn. Throat lengths
were adjusted by slight adjustment of the size of the network (stretching) to obtain the
residual saturation of 35%, which is the experimental value for trapping (see Fig 2b).
During this process, porosity was held constant by adjusting pore volumes using a
constant factor. This could also be done by adjusting the critical length/diameter instead
of throat lengths. Table 2 summarizes the properties of the modified network.



SCA2013-015 7113

Table 2. Specifications of the equivalent pore network obtained for Bentheim sandstone

Item Pores Throats Total
Network dimensions (mm) - 4.02
Average shape factor 0.025 0.025 0.025
Min. inscribed radius (pum) 6.6 3.0 3.0
Max. inscribed radius (pm) ~ 78.9 35.2 78.9
Ave. inscribed radius (um) 344 13.7 20.3

Ave. coordination number 4.2 -
- 2.55

Ave. aspect ratio -

Min. aspect ratio - - 2.20
Max. aspect ratio - - 10.97
Network porosity (%) 14.2 7.0 21.2
Microporosity (%) - - 2.0
Total Porosity (%) - - 23.2
Absolute permeability (mD) - - 2450

The number of snap-offs during the main imbibition after applying this criterion was
decreased from 97% of the total displacements (81% of the throats) to 47% (45% of the
throats). This reduced the NWP entrapment by allowing more pores/throats to be swept
by piston-like imbibition. The sensitivity of S, and snap-off rate to the value of critical
length/diameter ratio is shown in Fig. 2c. The number of snap-offs and S, both decrease
by increasing the critical ratio. However, Sp, reaches a lower limit of 0.29, which reflects
the amount of NWP trapping mainly by piston-like imbibition.

The network model was then used, without any further adjustments, to predict the
hysteresis cycles starting from different initial saturations. The predicted curves are in
close agreement with the experimental curves (Fig. 2d). The model tends to under predict
trapping for the imbibition scanning curves, but only by about 1 or 2%. The total number
of throats satisfying the critical length/diameter criterion for snap-off decreases
significantly for hysteresis cycles starting from higher initial water saturations (i.e.
smaller capillary pressures). As S, increases, the average radii of throats invaded during
drainage increases (larger throats are drained first) as does the number of throats that
satisfy the critical length/diameter ratio for snap-off. Therefore, at high initial wetting
phase saturations, imbibition is mainly controlled by piston-like displacements. For
example, during imbibition starting from Point 1 in Fig. 2d, 86.5% of the total
displacements are piston-like. This fraction decreases to 73.7% and 61.7% for imbibition
curves starting at Points 2 and 3, respectively.

Distribution of Trapped NWP Given by the Network Model

The size distribution of the trapped NWP blobs at the residual NWP saturation is of
particular interest. Relationships between trapped and continuous fractions of NWP,
postulated by Morrow and Harris [29], were determined from the network model (see
Fig. 2e). Most trapping, in terms of volume, takes place at low capillary pressures close
to the imbibition termination pressure. Companion loops for trapping and reconnection,
similar to that shown in Fig. 2e, can be generated from the model for all of the scanning
loops. The computed numbers of snap-offs and piston-like displacements as a function of
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imbibed wetting phase saturation are shown in Fig. 2f. This figure indicates that increase
in Sy, early in the imbibition process is mainly due to water encroachment and snap-off in
the corners, while at lower capillary pressures piston-like becomes the dominant
mechanism.
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Fig. 2. Comparison of experimental and modeled capillary pressure relationships for Bentheim Sandstone:
(a) Modeled capillary pressure curves, after tuning LOB parameters. (b) Modeled capillary pressure curves
after applying a snap-off criteria based on pore-length. (¢c) Change in the NWP residual saturation and
number of snap-offs with length/diameter ratio. (d) Predicted capillary pressure scanning loops starting
from the fitted primary drainage and main imbibition curve. (e) Trapped NWP saturation as a function of
capillary pressure during imbibition and secondary drainage derived from network modeling. (f)
Cumulative number of piston-like and snap-off displacements as a function of water saturation during
imbibition.
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The number and volume distributions of the trapped NWP blob size at the residual
saturation for the main imbibition curve (S,;=0.11) are given in Fig. 3a. Singlets and
doublets (1 and 2 pores per blob, respectively) compose 65.9% and 15.2% of the total
number of NWP blobs, respectively. However, these blobs account for only small
fractions of the total trapped NWP volume (12.7% for singlets and 8.1%, for doublets).
60.3% of the NWP residual saturation volume is trapped in clusters of 6 or more pores.
Chatzis et al. [30] reported that 50% of the solidified NWP blob sizes at the residual
saturation in Berea sandstone fall in the range of pore sizes measured previously from
resin pore casts for a similar Berea sandstone. This agrees with the network model
results. Most of the singlets are trapped by snap-off at high capillary pressures.
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Figure 3. Details of blob sizes by number and volume. (a) Modeled distribution of trapped NWP blobs. (b)
Comparison of modeled distribution of NWP blobs occupying 9 pores or less for Bentheim sandstone with
experimental data for Berea sandstone. (¢) Modeled number distribution of residual NWP blobs starting at
different initial water saturations (corresponding to the imbibition curves shown in Figs. 1b). (d) Modeled
volume distribution of blobs by size.

The modeled blob distributions are compared in Fig 3b with those obtained by
synchrotron imaging of a brine/hexadecane/Berea sandstone system at S,y [1]. A search
algorithm was based on variations in cross-sectional area. The singlet frequency was 60%
and the doublet frequency was 25%. They noted that the number did not include blobs
smaller than 1.2x10° mm?. To eliminate the error caused by the lower cut-off on blob
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sizes, Prodanovi¢ et al. [1] also reported the volume fraction of the blobs by considering
only the blobs that occupy from 1 to 9 pores. Blobs occupying clusters greater than 9
pores were excluded. Blob distributions obtained by the network model were compared
with the experimental data of Prodonovi¢ et al. [1]. The volume of each trapped NWP
cluster at residual oil saturation was divided by the sum of the volumes of all trapped
clusters occupying 9 pores or less to obtain the fraction of trapped volume. The
comparison is presented in Fig. 3b. Agreement between the distribution derived from the
model and the experimental data of Prodonovi¢ et al. [1] is excellent for most blob sizes.

It is also of interest to investigate the effect of initial WP saturation (S,i) on the NWP
blob distribution at Spyr. Fig. 3¢ shows the number and volume fraction for NWP blobs at
residual saturation for 4 modeled imbibition curves starting at initial water saturations of
11.0%, 16.4%, 29.0%, and 58.3%. As seen in this figure, number fraction and volume
fraction for singlets slightly decreases with Sy, whereas the number and volume fraction
of blobs occupying 6 or more pores increases with Sy;. This is again consistent with
previous discussion of the effect of snap-off versus piston-like displacement on blob
sizes. Kumar et al. [31] used micro CT imaging to study the effect of Sy; on the residual
NWP blob size distribution in Fontainbleau sandstone samples. Their results showed that
the median blob size increased with S,;;. It is also evident from their reported cumulative
blob size distributions that the number of singlets decreases with increase in Swi. This
supports the validity of the predicted residual blob distributions given by starting at
different initial wetting phase saturations.

Concluding Remarks

Comprehensive data on capillary pressure hysteresis for rocks has been matched by
tuning a network model. Numerous parameters are involved, so the solutions are
obviously not unique. In spite of the numerous adjustable parameters, matching the
imbibition data still required additional adjustment of the displacement mechanism that is
in common use. Experimental data shows consistently less trapping for air versus oil as
the non-wetting phase [22]. Further fine tuning of the model, likely related to identifying
the mechanism of viscosity and viscosity ratio effects on trapping, is anticipated.

While most network models have been aimed at determining transport properties such as
relative permeability, this application does not reflect the power of network modeling to
provide detailed account of the displacement mechanism. For example, the ability to
track percolation effects and to identify the fraction of trapped versus continuous oil
phase. The next and more stringent challenge of network modeling is to use micro CT
images of the rock pore space to develop detailed capillary hysteresis data and relative
permeability. For realistic modeling, at some stage, issues such as the significant effects
of colloidal dispersion and swelling on flow need to be addressed. They can reduce the
ratio of brine to air permeabilities of a rock by about one half and often far more. These
reductions cannot simply be scaled to account for their effect on relative permeability.
For water-wet colloids, much greater effects on water versus oil relative permeabilities
will need to be taken into account. Nevertheless, predictive modeling of two phase
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behavior under very strongly wetted conditions will provide a sound platform for
investigation of the far more complicated effects of wettability given by changes induced
by adsorption from crude oil. Observed dependency of wettability on multi-phase
displacement behavior on time and saturation has yet to be considered.

CONCLUSIONS

» Predicted hysteresis between drainage and imbibition capillary pressure curves using
the LOB network was much smaller than observed for experimental data.

> Increase in aspect ratio, adjustment of pore size distribution and correlation of
neighboring pores by size gave a closer match to the magnitude of hysteresis but the
amount of residual NWP was much higher than obtained by experiment.

> A close match with experimental values of residual NWP saturation was given by
restricting snap-off to a minimum throat length based on the physics of interface
stability of cylinders.

> After tuning to give an acceptable match with experimental primary drainage and the
main imbibition curves, the model gave acceptable prediction of intermediate scanning
curves obtained by experiment.

» The network model inventory provided data on the amount of continuous NWP versus
disconnected NWP as a function of saturation for drainage and imbibition.

» Previously reported residual NWP blob size distributions obtained by 3D imaging were
in close agreement with those computed for the tuned network.

» Comparison of experimental capillary pressure hysteresis data with predictions based
micro CT imaging provide a stringent test of network modeling and the related issues
of resolution and sample size.
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