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PORE-NETWORK MODELING AND DETERMINATION OF ROCK
AND TWO-PHASE FLUID FLOW PROPERTIES

Abstract. Pore-scale modeling is becoming widely applied in the oil industry. The objective of pore-
scale imaging and modeling is to predict the properties of multiphase flow in porous media. Pore-network
model construction of geologically realistic samples and determination of rock and two-phase fluid flow
properties are described and discussed in this paper. Pore-network models were constructed using published
micro-computed tomography images of different rock samples. Effective porosity, average absolute
permeability, capillary pressure, tortuosity (in 3 directions), and relative permeability were calculated for 2
types of displacement (drainage and imbibition). Avizo® Software and two-phase code were used for
volume rendering of rock samples and calculations of rock and two-phase fluid flow properties, since it is a
valuable and reliable tool for prediction of petrophysical properties and has advances in visualization of the
pore space. Created 3D models of core samples based on micro-computed tomography scan data will allow
oil and oilfield service companies to create a digital core database on a computer instead of storing physical
cores in warehouses, which in turn greatly facilitates access to cores for further work with them.
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Introduction. Nowadays pore-scale imaging and modeling allow to replace (at least partly)
expensive and time-consuming laboratory experiments. Pore-network models require extensive
processing (network extraction) to discretize the imaged irregular pore space into simple
geometrical objects (nodes and bonds). Then, simplified versions of the conservation laws are
solved within this discretized representation using effective parameters for each pore object [1].

Image acquisition (voxelization, noise, blurring) and image processing (filtering,
segmentation, coarsening) precede pore-network extraction. In network modeling the void space of
a rock is represented at the microscopic scale by a lattice of pores connected by throats. The pore
and throat size distributions will also affect the estimated macroscopic properties [2].

For porous materials, permeability is the macroscopic parameter of basic practical interest,
and its measurement is important to predict macro-scale behavior of flows [3]. Macroscopic
properties, such as capillary pressure and relative permeability are estimated across the network.

In [4] relative permeabilities were calculated using direct numerical simulation for two-phase
fluid flow through a channel. Calculated relative permeabilities (of wetting and non-wetting phases)
based on numerical solution of the incompressible Navier-Stokes equations are compared for
different mesh sizes, viscosity ratios and surface tension.

Predicting of fluid flow properties in a porous media such as relative permeability and
capillary pressures under different displacement paths, wettability and flow rates is essential in the
study of subsurface flow processes [5].

Image-based methods require the availability of micro-computed tomography (u-CT) or X-
ray based imaging facilities to obtain 3D image of the porous sample [6].

Andriamihaja S. et. al. [7] scanned carbonate rocks with X-Ray CT System. After scanning,
the images were processed and then pore networks were extracted using several softwares. In order
to understand fluid flow in complex porous media and to evaluate the impact of dissolution on fluid
flow properties of the samples, Avizo® Fire software was used to simulate the permeability before
and after rock dissolution.
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Authors of [8] used u-CT to image rock cuttings of sandstone and carbonate rock samples,
extracted topologically equivalent networks from 3D p-CT images and constructed pore-scale
network models to predict relative permeability and capillary pressure.

Laboratory experiments performed on core samples are time-consuming, labor-intensive and
resource-intensive. Pore-network modeling (PNM) is less resource intensive. For the rational use of
natural resources, PNM opens up the possibility of repeatedly carrying out various numerical
experiments on the same core sample (injection of polymers, acid treatment, etc.).

This study is aimed to understand parameters controlling two-phase fluid flow at the pore
scale (pore morphology and heterogeneity). The goal of this study is to calculate numerically
effective porosity, average absolute permeability, capillary pressure, tortuosity, and relative
permeability using pore-network models constructed using u-CT images.

Methods. Image processing and network extraction was accomplished using the Avizo®
Software. One of the clearest and most effective methods for visualizing 3D image data is a direct
volume rendering, it is a technique that provides a 3D representation of an entire dataset without
segmentation. The basic model is based on the emission and absorption of light that is assigned to
each voxel (3D pixel) of the volume. The algorithm simulates the propagation of light rays through
the volume from predetermined sources. It determines how much light reaches each voxel on a
beam and is emitted or absorbed by the voxel.

After the separation of the pore space, this data is used as input data for building a pore
network model. The branches or endpoints of the network are called pores, and the lines connecting
the pores are called throats. That is, the connections in the pore space are visualized by Avizo® as
cylindrical throats, and the pores as spheres.

Rock samples. u-CT images of rock samples (input data for the PNM) were obtained from
the open-access site of Imperial College London [9-14].

Table 1 shows image properties of some rock samples used in this paper (size of each sample

is 1000 cubes).

Table 1 — Image properties of some rock samples

Sample Resolution (um)
Bentheimer sandstone 3.0035
Doddington sandstone 2.6929

Ketton carbonate 3.00006
Carbonate C2 5.3

Figure 1 demonstrates 2D slices for following samples: carbonate C2, sandstone S9 and sand
pack LV60C.

b)

Figure 1. 2D slice of a) carbonate C2; b) sandstone S9; ¢) sand pack LV60C
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The volume rendering, pore space preparation and construction of pore-network models were
performed using the Avizo® Software and demonstrated on Figures 2, 3, 4, 5, 6 and 7 for
Bentheimer sandstone [9], Doddington sandstone [10], Ketton carbonate [11], carbonate C2 [12],
sandstone S9 [13] and sand pack LV60C [14], respectively.

The two-phase code (pnflow) of Ali Q. Raeini [15] was used for the prediction of the effective
porosity, absolute permeability, capillary pressure and relative permeabilities.

Volume rendering

Pore space preparation Pore network

Bentheimer
sandstone

b)

Figure 2. Volume rendering (a), pore space preparation (b) and pore network (c)
for Bentheimer sandstone

Volume rendering Pore space preparation

Pore network

Doddington
sandstone

b)

Figure 3. Volume rendering (a), pore space preparation (b) and pore network (c)
for Doddington sandstone

Volume rendering Pore network

Pore space preparation

Ketton
carbonate

b)

Figure 4. Volume rendering (a), pore space preparation (b) and pore network (c)
for Ketton carbonate
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Pore network

Pore space preparation

Volume rendering

Carbonate C2

a) b) c)
Figure 5. Volume rendering (a), pore space preparation (b) and pore network (c)

for carbonate C2
Pore network

Volume rendering Pore space preparation

Sandstone S9

a) b)
Figure 6. Volume rendering (a), pore space preparation (b) and pore network (c)
for sandstone S9 (a-c)

Volume rendering Pore space preparation Pore network

Sand Pack
LVv60C

a) b) ©)

Figure 7. Volume rendering (a), pore space preparation (b) and pore network (c)
for sand pack LV60C (a-c)

Gao Y. et. al. [16] used u-CT imaging and differential pressure measurements, and designed a
comparative study to measure relative permeability and capillary pressure on the same reservoir
sandstone sample under water-wet and mixed-wet conditions during steady-state waterflooding
experiments. Relative permeabilities were calculated from the pressure differential measured during
the experiment and the saturation calculated based on the images.

Alhammadi A.M. et. al. [17] used differential imaging X-ray microtomography combined
with a steady-state flow apparatus to elucidate the displacement processes during the waterflooding.
They measured relative permeability and capillary pressure on a carbonate rock sample and used the
pore-scale images to measure the interfacial curvature from which the local capillary pressure was
calculated. The relative permeability was calculated from the image-measured saturation, and the
pressure differential across the sample.
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Basic equations. The absolute permeability K of the network is calculated from the Darcy’s
law [18]:

_ MpQispl

(1)
AAP
where w,, is the single-phase p fluid viscosity; g.., is the total single-phase flow rate; L is the
length; A is the cross-sectional area; AP is the pressure drop.
Relative permeability k., for network is calculated with:

= dtmp )

e Tisp
where q.,,,, is the total flow rate of phase p.
Numerical results. In this section results of calculation of rock and two-phase fluid flow
properties are given. Tables 2 and 3 show results of calculation of the effective porosity and
absolute permeability using the Avizo® and pnflow [15].

Table 2 — Effective porosity

Sample Avizo® pnflow
Bentheimer sandstone 0.216262 0.221044
Doddington sandstone 0.194798 0.199402

Ketton carbonate 0.131819 0.136787
Carbonate C2 0.168 0.151552
Sandstone S9 0.222 0.224035

Sand Pack LV60C 0.372 0.386034

Table 3 — Absolute permeability
Sample Avizo® (m?) pnflow (m?)
Bentheimer sandstone ~ 3.54805x107? 2.55381x1012
Doddington sandstone ~ 3.76168x107? 2.93539x101?

Ketton carbonate 7.3x1012 6.42765ex101?
Carbonate C2 7.13871x10 9.20592x104
Sandstone S9 2.19491x1012 5.46587x10712

Sand Pack LV60C 1.91463x1011 3.56241x10 1

As it can be seen from Tables 2 and 3 the difference between the two calculations is
negligible, except the absolute permeability of carbonate C2. Table 4 demonstrates results of
calculation of the tortuosity in 3 directions using the Avizo®.

Table 4 — Tortuosity in 3 directions

Direction
Sample
X y y4

Carbonate C2 1.63 1.86 1.49
Sandstone S9 1.64 1.68 1.64
Bentheimer sandstone 1.61 1.59 1.68
Sand Pack LV60C 1.52 1.58 1.53
Doddington sandstone 1.66 1.67 1.8
Ketton carbonate 1.58 1.66 1.80

The pore size distribution, comparison of relative permeability and capillary pressure curves
for drainage and imbibition are demonstrated on Figures 8, 9, 10, 11, 12 and 13 for Bentheimer
sandstone, Doddington sandstone, Ketton carbonate, carbonate C2, sandstone S9 and sand pack
LV60C, respectively.
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In the figures k,.,. and k,., are the relative permeability of water and oil, respectively, and P
is the capillary pressure.
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Figure 8. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for Bentheimer sandstone
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Figure 9. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for Doddington sandstone
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Figure 10. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for Ketton carbonate

Kas3¥T3Y xabapumbicbl N3 2021

111



e ®du3nMKoO-MaTeMaTHUYeECKHUeE HAyYKH

Pore size distribution

Relative permeability

10

08
Pore size distribution

e
elative permeabilities, frac.

Re
°

I| Mutrnl
-

a)

s ia A A
02

0,4
Water saturation, frac.

Drainage and imbibition
Capillary pressure

A Krw(drainage) |4 A
Kro (drainage) LOEH05 —Pc (drainage) Pc (imbibition)
— — Krw (imbibition)

Kro (imbibition)

o §
&
A g
5 1,06404
8
' 5
!

3
’ 8 1,06403

llary pi

as 4

1,0E402
06 08 1 0 02 04 06 08 1 12
C) Water saturation, frac.

Figure 11. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for carbonate C2
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Figure 12. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for sandstone S9
e Drainage and imbibition
Pore size distribution . hag )
Relative permeability Capillary pressure
] :Z . E:(:’::':::)’ . L0805 —Pc(drainage) @ Pc (imbibition)
— = Krw (imbibition)
g 08 Kro (imbibition) ;
) Pore size distribution E 07 /I !;‘: :
% 03 /‘A/ 3 1,0E+03
z:: JeTY O 111 1,06402
a) — u’w\w — b) Water saturation, frac. C) Water saturation, frac.

Figure 13. Pore size distribution (a), relative permeabilities (b) and capillary pressure (c) curves for drainage
(dots) and imbibition (lines) for sand pack LV60C

Conclusion. The pore network modeling (PNM) is a well-established approach for the
multiphase fluid flow simulation in porous materials. The pore-scale modeling combined with
geologically realistic networks can reliably predict properties of one-phase and two-phase fluid flow
without conducting time-consuming physical experiments. The advance of PNM is that it requires
less computer power than direct numerical simulation.

In this paper PNM using volume rendering of rock u-CT images and pore space preparation
were performed using the Avizo® Software. We successfully predict effective porosity, absolute
permeability, relative permeability, capillary pressure and tortuosity. Also, calculation results of
effective porosity and permeability using the Avizo® and pnflow [15] are compared. The difference
is negligible.
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KEYEK-KEJLIIK MOJEJB/IEY KOHE TAY JKbIHBICHI MEH EKI-®A3AJIBI CYHBK
AFBICBIHBIH KACUETTEPIH AHBIKTAY

Anparna. MyHail camacelHOa KeyeK MacmrTaOblHAa MOJeNbIey KeHiHeH KoijaHeutyna. Keyek
MacIITaObIHAa BU3YyaJH3allMsl jKacay oHE MOJENbACYAiH MaKcaThl — KEyeKTI OpTajarbl Kerl(as3anbl aFbIHHBIH
KacueTTepiH O0opkay OoJbIn Tadbutabl. byl sKyMBICTa T€ONOTHSIIBIK KEPH YATUIEPIiH KeYeKTi-KeIiliK MOAETiH
KYPBULABI KOHE Tay JKbIHBICTAphl MEH €Ki (pa3ajbl CYMBIKTBIK aFbIHBIHBIH KacHeTTepi aHbIKTanasl. Keyekri-
KENUTIK MOJETBAEpl OPTYPIl Tay >KBIHBICTAPBIHBIH YJATUIEPIHIH MHKPO-KOMIBIOTEPIIK TOMOTpaduUsIIbIK
CYpeTTepiH KOJJIaHy apKbUIbI skacaiubl. KeyeKTimik, opTaiia aOCOMFOTTI ©TKI3TIIITIK, KaLIIPIBIK KBICHIM,
KUCBIKTBIFBI (3 GarbITTa) )KOHE CABICTHIPMAIIBI OTKI3TIIITIK BIFBICYIBIH 2 TYpi (IpeHaXx koHe CiHy) OOWbIHIIA
€CENTEeNTeH. TAy XBIHBICTAPBIHBIH YITUIEPIH BU3yaIH3aIWsUIay YINiH JKOHE Tay KbIHBICTApPhl MEH €Ki (ha3aibl
CYMBIKTBIK aFbIHAAPhIHBIH KACHETTEepiH ecenTey yimH AVizO® OGarmapiaMachl KoHE €Ki (ha3aliblk KOJ
MaaIaHbUIIBI, OUTKEHI OYIT TeTpO(M3UKAIBIK KaCHETTepAl OOIDKay YIIiH KYHABI KoHE CEHIMIl Kypai OOJbI
TaObLIa bl JKOHE KeYeK KEHICTIriH KOpHEKi Typ/e MaMbITaabl. MUKPOKOMIBIOTEPITIK TOMOTpadUsHbI CKaHepIIey
JiepeKTepi HeTi3iHge JkacalFal Herisri kepH ynritepidin 3D mMonenbaepi MyHait skoHe MyHail KeH OpbIHIApbIHA
KBI3MET KOPCETETIH KOMIIaHMsIIapFa (PU3MKaIIBIK KePH YITLIepiH KolMasapia CakTayIblH OpPHBIHA KOMITBIOTEPIC
CaHZBIK KepH YJTLIepiHe MomiMeTTep 0a3achlH KypyFa MYMKIHIIK Oepemi, OyJl e3 Ke3eriHae OofaH api JKYMBIC
icTey YIIiH KepH YITiIepiHe KO KeTKI3y/i eoyip KeHUTIeTe Il

Heri3ri ce3mep: KeyeKTi-KeNUIIK MOJEN, TiKeJIeH CaHABIK MOCIBIACY, MHUKPO-KOMIIBIOTEPIIIK
ToMorpadus, KEeyeKTiTiK, aOCONIOTTI OTKI3TIMTIK, CAIBICTBIPpMaNbl OTKI3TIINTIK, KEYeKTiH  MeJmepi
OolbIHIIA TapaTybl, KHCBHIKTBUIBIFBI, KATMIIISIPIBIK KBICHIM.
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IOPOMACHITABHOE MO/IEJIMNPOBAHUE U ONPEJIEJJEHUE CBOMCTB I'OPHBIX IIOPO ]|
N IBYX®PA3ZHOI'O TEYHEHUSA ©®JIION10B

AHHOTanus. MojenmupoBanue B MacmTabe TOp I[IHUPOKO MpuUMeHsieTcss B HedTsHOU
MPOMBIIITIEHHOCTH. Llenbio mocTpoeHus: u300pakeHMH M MOJAEIMPOBAaHHMS B MaciutaOe Mop SBISETCS
MPOTHO3MPOBAaHUE CBOMCTB MHOTO(A3HOTO MOTOKA B MOPUCTOH cpene. IlocTpoenne Moaenu mopoBoi cetu
JUISL TEOJIOTUYECKH PEATMCTHYHBIX 00pa3IoB U OIpe/ielieHHe CBOMCTB MOPHBIX MOPOJ M MOTOKA ABYX(a3HbIX
(¢aronmoB ommcaHel W OOCYXKJAIOTCS B JTOM cTarhbe. MoOAENW TOpPOBOH CeTH OBUIM IOCTPOEHBI C
WCTIONIb30BAaHUEM  OMYOJMKOBAHHBIX H300paKEHUH MHUKPOKOMITBIOTEDHOH TOMOrpaduu  pasindHbIX
00pasLoB ropHEIX nopo. JddexkTuBHasE MOPUCTOCTh, CPEeAHAs aOCOTIOTHAS MPOHULIAEMOCTD, KaMJUIIPHOE
NaBJIEHNE, U3BWJIMCTOCTD (B 3 HANpaBJIEHUAX) U OTHOCHUTENbHAS MPOHHUIIAEMOCTh OBIITM PAaCCUUTAHBI IS 2
TUIIOB BBITECHEHMA (OpeHax W mponuteiBanue). [IporpamMmmHoe obecnieuenne Avizo® u nByX(asHbBIA KO
WCTIONB30BAINCH AJ1s1 00BEMHOTO peHIEepHUHTa 00pa3oB FOPHBIX IMOPOJI U PAacUeTOB CBOMCTB FOPHBIX MOPOJ]
W MOTOKa JBYX(a3HBIX (DIFOMIIOB. TaK KaK 3TO IEHHBIH W HAJIEKHBIA WHCTPYMEHT JJIsi MPOTHO3UPOBAHUS
MeTpoU3NYECKNX CBOICTB M JIOCTMKEHHS B BHU3yalH3alMd TOPOBOTrO mpocTpaHcTBa. Co3maHHBIE
TpexXMEpHbIE MOJENIH OOpa3loB KepHAa Ha OCHOBE JAHHBIX CKaHHUPOBAHUS C MHUKPOKOMIIBIOTEPHON
ToMorpaduu IMO3BOJAT HeQTECEPBUCHBIM KOMITAaHHMSM CO3/1aBaTh IUQPOBBIE 0a3bl JaHHBIX KEPHOB Ha
KOMITBIOTEpPE BMECTO XpaHEHHsS (HU3MYECKHX KEpHOB Ha CKJIaJaX, YTO, B CBOIO OYepeab, 3HAYUTEIIHHO
o0Jieryaet AOCTYM K KepHaM JUIs JajbHEUIIel paboThl ¢ HUMHU.

KuroueBsble cjioBa: mopocereBasi MOJENb, IPIMOE YUCIEHHOE MOJICTUPOBAHNE, MUKPOKOMIIBIOTEPHAs
ToMOTrpadus, NOPUCTOCTh, a0COIIOTHASL IPOHULIAEMOCTh, OTHOCUTENIbHASI IPOHUIIAEMOCTb, paclipee/ieHIe
Iop O pa3MepaM, H3BHIIUCTOCTh, KalWJUIIPHOE AABIICHUE.
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