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Summary. Immobilization of non-aqueous phase liquids (NARL)similar to oil trapping
during waterflooding in oil reservoirs. Proper tpbase flow simulation, including trapped or
residual oil saturation, requires accurate capilfaessure and relative permeabilities curves.
Pore-scale network modelling can be used to estithaise flow parameters.

The present two-phase pore network modelling takk$ as input geometrically and
topologically representative networks from digipalre space reconstructions to generate the
corresponding flow curves. Recently, Ryazanov athelve included the thermodynamic oil
layers collapse criteriénin this network model. In this work, a new n-caet star shape
characterization techniqu&ér)® has been implemented in addition to the commoslsdu
Circle-arbitrary Triangle-Squar€TS) shape representation.

The BereaCT network, extracted from a 3D CT image has been tise@d number of
sensitivities of the waterflood residual oil satiom, relative permeabilities and for matching
experimental water-wet data, using both @S and theStar approaches. It has been shown
that shape approximation€TS or Sar) and oil layers collapse criterion have a sigaific
impact on the residual oil and the relative pernig@s. Both approximations gave very
good agreement with the experimental drainage suitvet theStar approach gave a better
match of the imbibition curves comparedddS.

1 INTRODUCTION

Simulation of two-phase flow processes with immiabtion NAPL or oil trapping
requires accurate descriptions of the capillargguees and relative permeabilities. Pore-scale
network modelling is an attractive tool for estimgtthese flow parameters.

For each pore-level displacement during a two plies®ling cycle, a capillary entry
pressure is required. The so-called MS-P methatbisally used for calculating the entry
pressures in non-circular capillaries. An overvietvthe literature corresponding to this
theory is given by Lago and Aradjorhe above references have only considered cagsllaf
uniform wettability. However, only part of the poserface may change wettability and a
model for this wettability alteration is describdry Kovscek et al. To explain the
experimental observation that, after water invasibe oil residual can be quite low, Kovscek
proposed that oil layers are sandwiched betweeerwatrner films and bulk water in the
centre of pores. A literature overview of non-umfiowettability entry pressures derivation,
oil layer theory and experimental observationsafound in van Dijke and SorBie

Blunt® actually described the formation and collapsehekeé layers in a pore with square
cross-section and assumed that the layers wouldpsal when the surrounding oil-water
interfaces met and derived the corresponding geawaktcollapse criteriaGeom). Many
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authors have used these criteria for formation @sithpse of layers in capillary bundfe$
and network models®*? However, Blunt's collapse criteria are purely getrical and are
not based on a firm thermodynamic argument. Regenén Dijke and Sorbfedeveloped
thermodynamically based criteria for the existent®il layers Therm). These criteria are
consistent with the MS-P capillary entry pressdoether water invasion displacements and
are more restrictive than the geometrical collapgeria.

In this work, we use a two-phase pore network magekently developed by Ryazanov et
all, who have included the thermodynamic oil layetapse criteria in it. In that model, a
new n-cornered staBar) shape characterization technique has been impleahén addition
to the commonly used Circle-arbitrary Triangle-SguéCTS) shape representatibri. For
numerical calculations we consider the network aeted from Berea sandstone with the
different shape characterizatiogtdr, CTS). We perform a wide range of network model
sensitivity calculations of residual oil saturatida various fractionally-wet wettability
conditions and analyze the effect of pore shapeachexization org, behavior.

Additionally, we examine the sensitivity of relagipermeability to average advancing
contact angle and to oil-wet fraction. We also stigate the effect of oil layer existence
criteria and pore shape characterization on thegivel permeability curves. To validate the
pore-scale network model, the calculated relativermgabilities for both shape
approximations are compared with water-wet exparnise

2 NETWORK MODELLING

2.1 Network model description

The newly developed pore-network modelling todsirsilar in certain respects to models
found in the literaturé™ in that it takes as input the geometrically ang@otogically
equivalent network extracted from a real pore spabe network consists of pores bodies
(nodes) and pore throats (bonds) for which theatharistic properties (radius, volume, shape
factor, inscribed and hydraulic radii etc) haverbderived from the original sample. The data
structure for these unstructured networks has lescribed by Bakke and @rérand Piri
and Blunt'. Note that in addition to previously used pore pemies, we also use the
hydraulic radius, when available, as an additignabhmeter to characterize pore shapes using
n-cornered stars

For the model simulations in this paper we considwork derived from Berea sandstone
sample. The network has been extracted from a reomputer 3D tomography image, using
a new enhanced extraction technijue

2.2 Pore-shape characterization (CTS, Star)

C-T-S Shape Characterization

The most common approach is to represent the poss section shape by a circle, an
(irregular) triangle or a squar€{T-S) with a shape factor that matches that of the pea¢
shapé®*® The shape factor is defined @s A/L? whereA andL are the area and perimeter
of the cross section, respectively. The disadvantaigC-T-S is that these shapes are all
convex, while a significant fraction of pore shapes usually non-convex. Convexity can be
indicated by the ratio of the hydraulic radiRg and the inscribed radiu’,s of the cross
section, the dimensionless hydraulic radisRy/Rns=(A/L)/Rs. If H<0.5 a shape is non-
convex, while convex shapes ha¥e0.5. For the circle, square and arbitrary triandp®.5.
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(@) (b)
Figure 1: (a) 3D CT image of Berea sandstone sgniip)JeNetwork extracted from 3D CT image of
Berea sandstone sampRe(eaCT)*®

N-cornered Star Shape Characterization

The regular n-cornered star shape, can be usegptesent non-convex shapes, contrary to
the arbitrary triangle. The regular star has twoapeters, the number of corners n and the
corner half-angle. For any cross section with dimensionless hydcardidiusH<0.5 and
arbitrary shape factd®, a star can be uniquely identiffed

2.3 Displacement processes

All pore fluid configurations and displacements formary drainage and water invasion
have been described in the previous workxcept so called pore body filling&F) events’
which have been reported by Bltfht

3 RESULTSAND DISCUSSION

3.1 Network for Berea sandstone (CTS, Star)

TheBereaCT network, extracted from a 3D CT image of Bereadstone sample has been
used for a number of sensitivities and predictixgegimental data: The pore space image and
the corresponding extracted network is shown inufggl. The main parameters of the
network are given in Table 1. Both tGd'S and theStar approaches have been used for pore
shape representation.

3.2 Sensitivity studies

To analyze the effect of wettability on residudlsaturation and relative permeabilities we
consider a series of different wettability disttions for networkBereaCT. During drainage
the network is assumed to be water-wet with draraantact anglél, uniformly distributed
between 0 and 60 degrees. After aging the advarwntpact angle#}, of the oil-contacted
parts of the oil-filled pores are taken according twactionally wet distribution (FWD) with
six values of oil-wet fractions

a, =05+ 0.1G - 1),j = 1. (1)
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and for each of thos® values we define nine ranges of advancing costagies
6,0[6,-5.6,+5],6,= 95 1¢i- } j= 1.f )

We characterize each case by the pair of va(u?sé?;). For all sensitivity cases we have
simulated primary drainage and secondary waterif@paith ageing included after drainage.

Network BereaCT
Shape characterization STAR C-T-S
Circle (%) 0.4 1.1
Arb. Triangle (%) 22.8 71.8
Square (%) 0.5 27.1
N-Star (%) 76.3 0.0
Number of nodes 7776
Number of bonds 14475
Coordination number 3.69
Permeability, mD 1595.18 1699.26
Net Porosity, % 18.98
Clay Bound Porosity, % 5.6

Table 1: Main network parameters

Residual oil saturation
The residual oil saturatiory, are presented against the average advancing ta@mgle

g, for the different oil-wet fractionsx (Figure 2(a,b)). The residual oil behavior is in

agreement with previous findings for the unifornaij-wet case ¢=1), where pore bodies
were excluded from the displacement protesere, the pore bodies are included explicitly
in the flooding process and they are allowed toeegmce the same type of displacements as

the pore throats, as well BBF events in the case of spontaneous displacement.
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Figure 2: Residual oil saturation sensitiviBefeaCT network) to oil-wet fractionr and average advancing
contact angleﬁ?;; (a) —CTS approach, (b) Sar approach.
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Figure 3: Sensitivity of relative permeabilitiesaeerage advancing contact angle with oil-wet feect
a=1.0 BereaCT network). (a,b) -€TS approach wittGeom criterion, (c,d) -CTS approach wititherm

The residual oil saturation decreases with increpaverage contact angle (beyofidof

around 115 degrees) with the more rapid declinghfermigher oil-wet fraction values (Figure
2(a,b)). This can be explained by the increasingsgmce of oil layers during the
waterflooding cycle, which improve oil phase conttg and result in better oil recovéryFor

the weakly oil-wet casesg( between 95 and 115 degrees) the number of snap-off

displacements increases as the contact angle saselaut the very small number of oil layers
formation events is not enough to compensate ferréaduction of oil phase continuity and
this results in a slightly increasing residual.

Modelling pore shapes I&tar (Figure 2(b)), rather than WYTS (Figure 2(a)), has a large
effect on the residual oil saturations for the éargontact angles. The residual oil variation
range forSar is narrower compared ©TS. This can be explained from the presence of more
arbitrary triangular shapes f@TS than for theStar case (Table 1). And since the drainage

contact angle is distributed over a wide ran@,eD[O,6q, there will be a higher fraction of

arbitrary triangles without corner water films aftee drainage (at least in the largest corners)
than for the star shapes. After aging, if the coemeithout water films become oil-wet then
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Figure 4: Sensitivity of relative permeabilitiesdib-wet fraction for strongly oil-wet pores (Bex@a network,
Therm layers criterion). (a,b) ETSapproach, (c,d,) Star approach.

during the waterflooding it could have more statilewetting films, which maintains the oil
continuity better than oil layers.

Relative permeabilities
To show the effect of wettability on the water ftbrelative permeability curves we have
considered two sensitivities for tHgereaCT network: 1) sensitivity to average advancing

contact angleg, for a uniformly oil-wet systema=1.0) (Figure 3). 2) sensitivity to oil-wet

fraction a with the strongly oil-wet advancing contact anglistribution 6,001 [170,180]
(Figure 4).

For sensitivity 1 we have calculated relative peahikties for theCTS approach with the
Geom (Figure 3(a,b)) andherm (Figure 3(c,d)) oil layers existence criteria.sEirthe less
restrictive oil layers existence criteri@eom produces lowe®,* and highek, end-points
(Figure 3(a,b)) compared to the more restrictiveerivh criterion (Figure 3(c,d)). Thk;,

curves for Geom are very similar for all values@f at the highefs,, while for Therm the
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Kyw curves increase gradually with.

For all casesKy, increases withd, (Figure 3(b,d)) at higtS,. This is the result of
increased oil phase conductivity due to existerfamany oil layers. SimilarlyK,,, increases
with & at lowS,. Nevertheless, the crossover of Kig andK;, curves hardly shifts to lower

Sy with increasing oil-wetness.

For sensitivity 2, we have calculated relative peailities for theTherm criteria withCTS
(Figure 4(a,b)) an@®ar (Figure 4(c,d)) approximation. Contrary to sengyi 1, the relative
permeability crossover shows a significant shifvaods lowS,, as the oil-wet fractiorr
increases. Th&;, curves have two opposite trendscasncreases: a decrease at I8y
values and an increase at highvalues. At the start of the water flood, displaeets occur
in the small water-wet pores, followed by displaeats in the large oil-wet pores. For
increasing fractions of oil-wet poresthe latter displacements start earlier duringfibed,
which explains the decreasek, at lowS,. On the other hand, for decreasmgmore water
wet pores) we have more pore body filling eventsuatng at higher water saturations,
resulting in more trapped oil clusters which do oontribute toK,,. Thus, for higheS, the
trend changes aritl, increases with.

The Sar curves (Figure 4 (c,d)) show lowé&:,, lower end-pointK,, and higherSy
compared to the correspondi@J’S curves. This is a consequence of the larger nuraber
arbitrary triangular shapes @TSthan inSar, leading to more stable corner films instead of
oil layers, as explained above.

Network BereaCT
Contact Drainage Gy =0
angle, —
degrees Imbibition 6, =36..56
Connate water saturation 0.20

Table 2: Input parameters used for prediction df'©water-wet experiments

3.3 Comparison Network simulations with experimental data

To investigate the effect of pore shape chara@®om on the prediction of experiments
we have made comparisons with Oak’s water-wet éxerts for Berea sandstdreFor the
BereaCT network we have considered the two pore shapeoappationsCTS andSar. The
wettability scenario is presented in Table 2. Redapermeability predictions for both pore
shape approximations show very good agreementthélexperimental drainage curves, but
the Sar approach gives a better match of the imbibitiorves compared t€TS, as the latter
overestimates th&,, (Figure 5). This illustrates the superiority oetBtar over theCTS
approach.

4. SUMMARY AND CONCLUSIONS

Recently, Ryazanov at &lhave included a full thermodynamically based aiyelr
existence and collapse moddhérm) in a two-phase pore network simulator. THeerm
layer model is more restrictive than the previoustgd geometrical criteridséom). In the
network model, a new n-cornered st&af) shape characterization technique has been
implemented, in addition to the commonly used @hatbitrary Triangle-Squar€TS) shape
representation. ThBereaCT network, extracted from a 3D CT image has been tisea
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Figure 5: Comparison of predicted relative perpilgees for Drainage (a) and Imbibition (b) witha®'s data
for BereaCT network &ar vs CTS)

number of sensitivities of the waterflood residaglsaturation, relative permeabilities and for
matching experimental water-wet data. Both@i& and theStar approach have been used.

The sensitivity of residual oil saturati@y to the average advancing contact ar@efor

different oil-wet fractionsa has been investigate&, decreases with increasing average
contact angle with a more rapid decline for thehbigoil-wet fraction values an&,
decreases with increasing oil-wet fraction. Moagjlpore shapes [§ar, rather than bTS
has a significant effect d&, for the larger contact angles, as ferange forfSar is narrower
compared to that fa€TS

Two sensitivities of relative permeability have bgeerformed: 1) sensitivity to average
advancing contact angle for a uniformly oil-wettgys, CTS with Geom andTherm criterion;

2) sensitivity to oil-wet fraction with the strongloil-wet advancing contact angle
distribution,CTS andSar with Therm criterion. For sensitivity 1, the less restrictiviélayers
existence criteridgseom produces lowe&,, and higheiK,, end-points compared to the more
restrictive Therm criteria. TheK,, curves forGeom are very similar for all values of the
advancing contact angles at the higBgrwhile for Therm theK;,, curves increase gradually
with contact angle. For sensitivity 2, contrary gensitivity 1, the relative permeability
crossover shows a significant shift towards I8yv as the oil-wet fraction increases. TKeg
curves have two opposite trends as the oil-wetibragncreases: a decrease at [8ywalues
and an increase at high values. Thear curves show loweK.,,, lower end-poinK,, and
higherS,, compared to the correspondi@FS curves.

We have considered the two pore shape approxinga€@dis and Sar to match Oak’s
datd®. Both approximations give very good agreement withdrainage curves, but tBer
approach gives a better match of the imbibitiorvearcompared t6€TS.

However, the most important contribution is thas thaper introduces a new model of oil
trapping in systems of arbitrary wettability by amporating the correct physics of oil layer
existence and collapse. This improves our undetstgrof how residual oil is formed or how
NAPL becomes immobilized. Nevertheless, the preséealization of the real 3D pore
shapes using straight tubes with angular crossessctmay still not predict residual
saturations accurately. In addition, this papemghthat wettability has a large effect on
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residual oil saturation. However, deriving the sec pore-scale characterization of
wettability from experiments remains a challenge.

ACKNOWLEDGMENTS

Support for Andrey Ryazanov was provided through BDlorothy Hodkins scholarship of the
EPSRC. The authors also thank Dr. Kejian Wu andZegun Jiang for providin@ereaCT
network data for us.

REFERENCES

[1] A Ryazanov, MIJ van Dijke and KS Sorbie, "Twbd&e Pore-Network Modelling: Existence of
Oil Layers During Water InvasionTransport in Porous Media, 80(1), 79-99 (2009).

[2] M.1.J. van Dijke and K.S. Sorbie, "Existence fafid layers in the corners of a capillary with
non-uniform wettability" J. Coll. Int. Sci., 293(2), 455-463 (2006).

[3] J. 0. Helland, A. V. Ryazanov and M. I. J. Viaijke, "Characterization of pore shapes for pore
network models", In Proceedings of the 11th Euamp€onference on the Mathematics of Oil
Recovery (ECMOR Xl)Bergen, Norway, September (2008).

[4] M. Lago and M. Araujo, "Threshold pressure iapitlaries with polygonal cross section”,
Journal of Colloid and Interface Science, 243(1), 219-226 (2001).

[5] A.R. Kovscek, H. Wong and C.J. Radke, "A Pbhexel Scenario for the Development of
Mixed Wettability in Oil Reservoirs’AIChE Journal, 39, 1072-1085 (1993).

[6] M. J. Blunt, "Pore level modeling of the effeaif wettability",SPE J, 2(4), 494-510 (1997).

[71 M. H. Hui and M. J. Blunt, "Effects of wettaltiif on three-phase flow in porous media",
Journal of Physical Chemistry B, 104(16), 3833-3845 (2000).

[8] J.O. Helland and S. M. Skjaeveland, "Physichksed capillary pressure correlation for mixed-
wet reservoirs from a bundle-of-tubes mod&PE J, 11(2), 171-180 (2006).

[9] P.E. @ren, S. Bakke and O.J. Arntzen, "Extegdnedictive capabilities to network models”,
SPE J, 3(4), 324-336 (1998).

[10] M. Piri and M.J. Blunt, "Three-phase threshodpillary pressures in noncircular capillary tubes
with different wettabilities including contact aeghysteresis."Physical Review E, 70(6 Pt 1),
061603 (2004).

[11] M. Piri and M.J. Blunt, "Three-dimensional mikwet random pore-scale network modeling of
two- and three-phase flow in porous media. . Modes&cription”, Physical Review E, 71
(2005).

[12] P. H. Valvatne and M. J. Blunt, "Predictiverpescale modeling of two-phase flow in mixed wet
media",Water Resources Research, 40(7), (2004).

[13] P.E. Oren, S. Bakke and O.J. Arntzen, "Extegdiredictive capabilities to network models",
SPE J, 3(4), 324-336 (1998).

[14] T.W. Patzek, "Verification a complete porégwerk simulator of drainage and imbibitiorSPE
Journal, 6(2), 144-156 (2001).

[15] S. Bakke and P.E. @ren, "3-D pore-scale modetf sandstone and flow simulations in pore
networks",SPE J, 2(2), 136-149 (1997).

[16] Z. Jiang, K. Wu, G. Couples, M. |. J. Van K. S. Sorbie and J. Ma, "Efficient extraction of
networks from three-dimensional porous medvsidter Resources Research, 43(12), (2007).

[17] R. Lenormand, C. Zarcone and A. Sarr, "Mechiansi of the displacement of one fluid by
another in a network of capillary ductsJournal of Fluid Mechanics, 135(OCT), 337-353
(1983).

[18] M. J. Blunt, "Physically-based network modeliof multiphase flow in intermediate-wet porous
media”,Journal of Petroleum Science and Engineering, 20(3-4), 117-125 (1998).

[19] M. J. Oak, "Three-phase relative permeabiityvater-wet Berea",3oc of Petroleum Engineers
of AIME, Richardson, TX, USA), 109-120 (1990).



