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Abstract

We use quantitative grain-scale models to predict the variation of capillary pressure curves in tight gas sandstones. We model several
depositional and diagenetic processes important for porosity and permeability reduction in tight gas sands, such as having various
amounts of ductile grains and quartz cementation. The model is purely geometric and begins by applying a cooperative rearrangement
algorithm to produce dense, random packings of spheres of different sizes. We simulate the evolution of this model sediment into a
low-porosity sandstone by applying different amount of ductile grains and quartz precipitation. To account for deformation of ductile
(lithic) grains, we used the soft-shell model, in which grains can interpenetrate until their inner rigid cores come into contact. We
varied the fraction of grains assumed to be ductile and the radius of the rigid core of the ductile grains. The overgrowth or rim cement
was modeled by uniformly increasing the radius of all the grains, while holding their centers fixed. In this way we produce model tight
sandstones having porosities between 3% and 10%. A substantial fraction (tens of percent) of the original pore throats in the sediment
are closed by the simulated diagenetic alteration. It is known that overgrowth cement causes the pore space to drop below the
percolation threshold when half of the throats are closed. Thus the pore space in typical tight gas sandstones is poorly connected, and
is often close to being completely disconnected.

The drainage curve for different model rocks was computed using invasion percolation in a network taken directly from the grain-
scale geometry and topology of the model. Some general trends follow classical expectations and are confirmed by experimental
measurements: increasing the amount of cement or decreasing the rigid radius of ductile grains while holding other parameters
constant shift the drainage curve to larger pressures. Adding more cement or reducing the rigid radius of ductile grains causes the
irreducible water saturations to increase. However, simulation of different packings show significant variability in drainage curves
even for model rocks with similar porosities and similar pore throat size distributions. The variability is large enough to mask the
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general trends described above. We conclude that the connectivity of the matrix pore space is the most important factor for
understanding flow properties of tight gas sandstones.
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Abstract

We use quantitative grain-scale models to predict the variation of
capillary pressure curves in tight gas sandstones. We model several
depositional and diagenetic processes Iimportant for porosity and
permeability reduction in tight gas sands, such as having various amounts
of ductile grains and quartz cementation. The model is purely geometric
and begins by applying a cooperative rearrangement algorithm to produce
dense, random packings of spheres of different sizes. We simulate the
evolution of this model sediment into a low-porosity sandstone by applying
different amount of ductile grains and quartz precipitation. To account for
deformation of ductile (lithic) grains, we used the soft-shell model, in which
grains can interpenetrate until their inner rigid cores come into contact. We
varied the fraction of grains assumed to be ductile and the radius of the
rigid core of the ductile grains. The overgrowth or rim cement was modeled
by uniformly increasing the radius of all the grains, while holding their
centers fixed. In this way we produce model tight sandstones having
porosities between 3% and 10%. A substantial fraction (tens of percent) of
the original pore throats in the sediment are closed by the simulated
diagenetic alteration. It is known that overgrowth cement causes the pore
space to drop below the percolation threshold when half of the throats are
closed. Thus the pore space in typical tight gas sandstones is poorly
connected, and is often close to being completely disconnected.

The drainage curve for different model rocks was computed using
Invasion percolation in a network taken directly from the grain-scale
geometry and topology of the model. Some general trends follow classical
expectations and are confirmed by experimental measurements: increasing
the amount of cement or decreasing the rigid radius of ductile grains while
holding other parameters constant shift the drainage curve to larger
pressures. Adding more cement or reducing the rigid radius of ductile
grains causes the irreducible water saturations to increase. However,
simulation of different packings show significant variability in drainage
curves even for model rocks with similar porosities and similar pore throat
size distributions. The variability is large enough to mask the general trends
described above. We conclude that the connectivity of the matrix pore
space is the most important factor for understanding flow properties of
tight gas sandstones.

Hypothesis

Simulations of drainage in model tight gas sandstones show significant
variability even for model rocks with similar porosities and similar pore
throat size distributions. We propose that this variability is intrinsic to tight
gas sandstones because the pore space is so poorly connected.

Grain Scale Modeling

Cooperative Rearrangement Algorithm
1. Initial point generation
2. Growing the spheres
3. Overlap removal
Result: dense, disordered packing that represents sediment
Ductile Grain Simulation
1. Assignment of ductile characteristics to subset of grains,
2. Cooperative rearrangement of the mixture of rigid and ductile spheres
3. Volume conservation
Result: model rock in which porosity reduced by grain deformation
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Fig. 1(a). The three steps of cooperative rearrangement algorithm. (left)
Generation of initial sphere locations. (middle) Growth of spheres causing
overlap (arrows). (right) Displacement of spheres to eliminate overlaps.

The growth and displacement steps are iterated until no further growth is
possible.

Overlap Deformed ductile grain

" Hard sphere —_— \
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Volume conservation

Fig. 1(b). In the volume conservation step, the amount of overlap between
grains Is calculated and added to the outer shell of ductile grain.
Therefore the ductile grains become deformed, partial spheres.
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Modeling of Ductile Grains

Fig. 2(a). Ductile deformation
of mica-rich lithic; Penn.
Breathitt Sandstone, South
Appalachian Basin

(Image courtesy of Kitty
Milliken, BEG)

Volume conservation
>

Fig. 2(b). Soft-shell model sphere; grains can interpenetrate until their
Inner rigid cores come into contact. The radius of the rigid core is a good
proxy for ductility of the grains (Mousavi & Bryant 2007). This is a
schematic of pressing one ductile grain into five hard grains. The overlap
stops when the hard grain reaches the rigid core of ductile grain. Volume
conservation is calculated at the end and added to the outer shell of
ductile grain. The ductile grain fills the pore space between grains similar
to squishing of ductile grain into pore space between grains, in Fig. 2(a).

Fig. 3(a). Overgrowth
guartz cementation
(Image courtesy of Kitty
Milliken, BEG).

Fig. 3(b). A 2D thin section of a dense random packing of 1000 spheres in
a bi-dispersed packing (radius ratio of 1.5 and 50% small spheres) with
30% ductile spheres (with 0.7 rigid radius). We grew 20% overgrowth
cement (0.2 of the sphere radius) on the grains and reduced the porosity
to 7%. The original porosity in this packing was 22%.
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Network Modeling
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Fig. 4(a). From the model sandstone (left) we extract a network model of
pore space (right), which is an easy and effective tool for determining
flow properties of the model rock. The network model represents pore
space as a graph of interconnected sites. The nodes of the graph
represent pore bodies, while the lines connecting nodes indicate the
pore throats which connect pore bodies to flow.

Fig. 4(b). Delaunay tessellation is a tool to identify pores and throats in
the model rock. Delaunay tessellation finds the nearest neighbor
spheres in the packing and groups them in tetrahedral. A pore body is
the empty space between four spheres in tetrahedron, and a pore throat
IS empty space between three spheres of each face. These data will be
used to build a network model.

Connectivity of Pore Space: Effect of Epitaxial
Cement

Average connectivity of the pore space is the number of the open throats
In each pore in the packing. For a packing of spheres with all of the
throats open, the connectivity is 4 because each pore in Delaunay cell
has four open throats. We have computed the average connectivity of
pore space during simulated cementation and ductile deformation in tight
gas sandstones. Both of these processes will close some of the pore
space and related pore throats in those rocks. Therefore the average
connectivity of those packing should be below 4.

Fraction of pores with different throat status for mono_dispersed
packing with different cementation
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Fig. 5(a). Fraction of pores with different
throat status for mono dispersed packing
with different cementation. By Iincreasing y
cement we reduce the amount of open ’
throats and increase the throats closure.
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Fig. 5(b). 20% cement for example means
the 20% of the size of the grain radius will
be added to the outer surface of the grain.
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Connectivity of Pore Space: Effect of Epitaxial
Cement (cont.)

Average connectivity for mono-dispersed
packing with different cementation

Average connectivity for mono-dispersed

4.4 packing with different cementation
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Fig. 6. Average connectivity of pore space for a mono-dispersed packing
with different amount of cement (left). By increasing the amount of
cement, the connectivity of pore space reduces because the fraction of
pores containing blocked throats, increases (previous figure). The right
figure is the same data with porosity in x axis. By increasing the cement,
the porosity of packings also reduces.

Connectivity of Pore Space: Effect of Ductile
Grain Deformation and Epitaxial Cement

Fraction of pores with different status for mono-dispersed packing, 40%
ductile and 0.7 rigid radius and different cementation
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Fig. 7. Fraction of pores with different throat status for mono dispersed
packing of 40% ductile 0.7 rigid radius and different cementation. By
Increasing cement in the original packing, we increase the fraction of
pores with higher close throats.

Average connectivity for mono-dispersed packing
with 40% ductile, 0.7 rigid radius and different
cementation (tight sand)

Average connectivity for mono-dispersed packing
with 40% ductile, 0.7 rigid radius and different
cementation (tight sand)

4.4 4.4
4.2 4.2
4 4
> 3.8 23.8 -
= S 4
Q
234 ¢ . 234 . *
£ 3.2 P £ 3.2 *
O 3 O 3
28 ¢ 2.8 ¢
2.6 P 2.6 .
24 I T T 24 T T T
0 5 10 15 20 25 0 5 10 15 20

Porosity %
Cement %

Fig. 8. Average connectivity of pore space for mono-dispersed packing
with 40% ductile, 0.7 rigid radius and different amount of cement (left).
The right side shows the trend with porosity reduction. By adding more
cement the connectivity will be reduced.
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Drainage Simulation (cont.)

Capillary Curve for Conventional Finite Network mono dispersed packing with 0.7 rigid radius and different ductile matter
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Fig. 14(a). Drainage simulation for mono-dispersed packing with 0.7 rigid
radius and different ductile matter. By increasing the amount of ductile
grains in the packing, the irreducible water saturation increases more
rapidly than when we change the rigid radius only.
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Fig. 14(b). Throat size distribution (Ri cibeq» LOGarithm values) for
selected packings from Fig. 14a. By increasing the amount of ductile
grains in packing, the throats distribution changes to wider shape and
smaller throats. The frequency of blocked throats is not shown in this
picture.

Capillary Curve for Conventional Finite Network mono dispersed packing with 40% ductile matter, 0.7
rigid radius and different cementaion
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Fig. 15(a). Drainage simulation for mono-dispersed packing with 40%
ductile matter, 0.7 rigid radius and different cementation. By increasing
the amount of cement in these packings (tight sands) the capillary
pressure and irreducible water saturation increase.
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Drainage Simulation (cont.)
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Fig. 15(b). Throat size distribution (R, <. ibeq: LOgarithm values) for selected
packings from Fig. 15a. By increasing amount of cement, the throats
distribution changes to wider shape and smaller throats. The frequency of
blocked throats is not shown in this picture.

Effective Medium Theory: Permeability Estimation

We can estimate absolute permeability of a network using effective medium
theory. We can then estimate gas phase relative permeability by computing
the effective conductivity of the portion of the network occupied by gas
phase. The effective conductivity g,, satisfies the following equation:

In — Y _
J—7—=—"f(g)dg =0
On ——1 +0

Where:

d,, = effective conductivity,

g = values of bond conductance,

Z = connectivity of lattice, which is 4 in our case (using tetrahedron)
f(g)dg = frequency distribution of bond conductance

Relative effective medium_ mono dispersed packing with different
cementation
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Fig. 16. Drainage relative permeability (effective medium) for mono
dispersed packing with different cementation. By increasing the cement,
the connectivity of pore space decreases and the water perm shifts toward
right because throats containing water become smaller by increasing
cement. The gas perm shows higher relative values as cement increases.
This is a consequence of the connectivity of pore space.

In the case of low porosity packings, the fraction of the drained throats are
bigger at 50% volume fraction of wetting phase (saturation) compare to
higher porosity packings. Packings with lower porosity are poorly
connected and a larger fraction of throats needs to be drained too get the
same volume fraction of wetting phase (50% saturation) compare to
packings with higher porosity, Fig. 17.
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Effective Medium Theory: Permeability Estimation
(cont.)
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Fig. 17(a). Curvature (capillary pressure) distribution for mono-dispersed
packing with 15% cement (porosity = 12%). The blue color shows
distribution for all throats; the red color shows the distribution of throats
drained when the wetting phase saturation is 50% and the gas phase is
assumed to reach percolation threshold. The drained throats amount to 35%
of the total throats in the packing including blocked throats.
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Fig. 17(b). Curvature (capillary pressure) distribution for mono-dispersed
packing with 23% cement (porosity = 4.7%). The blue color shows
distribution for all throats; the red color shows the distribution of throats
drained when the wetting phase saturation is 50% and the gas phase iIs
assumed to reach percolation threshold. The drained throats are 47% of the
total throats in the packing including blocked throat. This is larger fraction
than for the higher porosity packing in Fig. 17a. This explains why the gas
phase relative permeability is larger in the low porosity packing, Fig. 16. The
fraction of big throats (lower curvature values) are smaller in this case
compare to Fig. 17a which implies smaller throat sizes. The high values of
curvature (small and blocked throats) are not shown in this figure.
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Key Finding

Connectivity of the matrix pore space is a critical factor for
understanding flow properties of tight gas sandstones.

Conclusions

Grain scale simulation of porosity-reducing mechanisms in
tight gas sandstones (ductile grain deformation, cement
precipitation) shows that pore space is poorly connected in
these rocks. The connectivity decreases rapidly as porosity
decreases, once the porosity is less than 10%. The poor
connectivity makes drainage curves highly sensitive to small
changes in porosity.

In addition to reducing connectivity, the porosity-reducing
mechanisms change pore throat size distributions In a
nonlinear fashion. This affects the phase relative
permeabilities. Simulation of drainage in model tight gas
sands shows that the water relative permeability curve shifts
toward smaller values and gas relative permeability shifts
toward higher values.






