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Abstract

Multiphase displacement in tight sandstone is fumeiatal and critical for tight oil production. Miguores dominate the pore
space in tight sandstone. Microscopic mineral camepts in micropores substantially influence the tipbhse displacement
behavior. Pore size distribution exhibits a seffikar or fractal property, similar to inorganic meial grains. Utilizing fractal
theory eases the rebuilding of the flowing spaak @aiculation of relative permeability. As an impeonent of previous work, we
successfully extended the 3D intermingled fractatled (3D IFM). The extended 3D IFM can evaluatetipbbse flow behavior
in tight sandstone, considering fractal charadiessof pore size distribution and mineral grairstdbution. The fractal
information of pores and mineral properties aremigd by scalable scanning electron microscopy (B&h energy dispersive
spectroscopy EDS) images, respectively. This method is useful atidbie for calculating relative permeability andsicual
saturation. The method is also successfully useevtduate the influence of oil-water viscosity eatimineral components and
formation depth on multiphase displacement behayimving its convenience and potential in rapidiyaluating multiphase

displacement behavior in tight sandstone.

Keywords

Tight sandstone; Fractal; Mineral component; Multiphase displacement
1 Introduction

Most tight oils are contained in petroleum-beariognations with tight matrix and low permeabilifijight matrices often
contain an assemblage of rocks, reservoirs, andockq Tight sandstone is a commonly discoveretit tigatrix. During
economic production from tight sandstone formatieydraulic fracturing is commonly used to enhaneeowery. In hydraulic

fracturing and flowback, multiphase displacemenhawéor between oil and fracturing liquid will codsrably influence the



production. Tght sandstone features relatively low permeability and porosity compared with conventional sandstone; it commonly

presents a gas permeability of less than 0.11rZ) and pore throat sizes ranging from approxeha0.03um to 2um[3]. Tight

sandstones exhibit a complex and unique multipbdasggacement mechanism. Non-Darcy effect, thahis,deviation form linear

relation between flow velocity and pressure gratjibacomes notable as pore throat diameter deadase the macro to micro

scale. Wetting behavior, caused by the componeshtdésiribution of a variety of mineral grains, walso remarkably influence

oil-water displacement behavior in micropores. Trileience becomes perceptible in tight sandstonmgwo the high capillary

force in the matrix. Given the complex flow mecltsmiin tight sandstone, the multiphase displacemethanism and rapid

evaluation of relative permeability should be irtigested for the analysis of oil production, hydiadtacturing, and production

forecasting, and may helpful for drilling and canbte

Multiphase displacement, especially oil-water dispment, is a fundamental problem for tight samdstoeservoir

development. Evaluating oil-water relative permkigbcurve is a key problem that requires reseaattbntion. However, the

network of pore space should first be rebuilt pelsi and effectively. The pore space of tight stoms differs from that of

conventional sandstone. Tight sandstone is relgtiveterogeneous and features relatively low cotiviecand complicated pore

structure[4]. The characteristics of pore structane pressure condition has significant influennenwlti-phase displacement

behavior, which has been studied for several yigal®]. On the basis of effective pore network mpdwiltiphase displacement

behavior is calculated by introducing the capillfosce, non-Darcy effect, and wettability behavidince Fatt[11] first combined

the parallel tube bundle based on actual poredistabution with the network model, various modeés/e been developed over

the years. Bryant et al. [12-13] presented a ptisdicalculation of two-phase relative permeabilityequivalent network for

granular porous media by considering stress defiitwmmaBlunt [14] built a 3D equilibrium-based polevel network model to

compute relative permeability and capillary preesfor drainage and imbibition cycles. Mani and Matyfl5] extended the

model into three-phase displacement. Dixit et ].[4tudied hysteresis phenomena and relative pdrititgacurve by using a

modified 3D rectangular network model. Related Emimodels are developed by Fishcher and Celia[Va]yatne and

Blunt[18], Yuan[19] and Lu et al[20]. Bakke and @f21] developed a 3D random network that is mogdisgc than a regular

network. Nguyen et al.[22] developed a dynamic ekwmodel that combines the complex interaction mgndisplacement rate,



contact angle, aspect ratio, and pore and thragieshon relative permeability. Recently, Ren ¢22j.developed an improved
analytical oil-water displacement model to analypalinear seepage characteristics in tight sandsémd verified the model
with experiments.

Deterministic fractal is a geometric figure whosete and every part is similar to the whole, and ithaepeated on different
scales. Pores in tight sandstone possess fradpégties at a certain scale [24], similar to mihgrains[25]. The fractal theory
conveniently represents complicated pore spacengindral grains by using self-similar propertiesZB: Toledo et al [28]
investigated the scaling laws between fractal dsien and capillary pressure and between fractaledsion and relative
permeability of the wetting phase in sandstonese€al. [29-31] used the fractal theory to caltelmultiphase flowing behavior
and applied the model in several applications. X¢aa@l [32] and Xu et al[33] combined fractal andmie Carlo method to
predict the relative permeability of unsaturatedops media. Lei et al. [34] introduced fractal tmsity into a tube bundle model
to investigate stress-dependent relative permealilisandstone. Balankin et al.[35-36] developdthaatal continuum model to
calculate the flow process in random fractal ponmeglia. Pia and Sanna[37] were the first to buildraermingled fractal unit
(IFU) method for representing mufiiactal behavior of pore structure; the author also developed various applications in
multiphase displacement process[38-40]. Cihan d#1ak2] developed a new method, called the prdisébi capillary
connectivity (PCC) method, to calculate permeabiind relative permeability in 3D random fractal di@e This method
creatively represents the pore connectivity witmreective probability. Recently, Li et al.[43] susstully combined the IFU
model and PCC method to calculate shale permeabilit
2 Basictheory of the fractal model and relative per meability calculation
2.1 Introduction of 3D IFU

First developed by Pia and Sanna[37], the IFU mogiglesents random pores in porous media. The nwdetombination
of several randomized multi-fractal sub-units. Tehesib-units are revised from the basic Sierpinskpet model. Pia and
Sanna[37] have defined and explained in detailue model in their work. Additionally, the PCC meth developed by Cihan
et al.[41-42, 44], calculates the permeability ahdomized Menger sponge. Previously, we have ssitdlysdeveloped a 3D

intermingled fractal model (3D IFM) by combiningvieed IFU and PCC method and calculated the appaemeability for



shale[43]. In the present work, we expand the previmodel into multiphase calculation and introdogeeral components to

calculate the displacement process in tight sandstBackground information about model suggestiamd basic parameter

definitions can be found in the related referera@sve. This information clarifies the 3D IFU mod@ comprehensibility. The

general governing equation for unsteady state awbe expressed as:

di{ Ko gradawr] = p%m
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(K '
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The general governing equation for steady state ¢ian be expressed as:
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where ‘nw’ and ‘W’ means nowmetting phase and wetting phase; anand KW are permeability of non-wetting phase and

wetting phase; 4, and /4, are viscosity; P.. and Pwr are pressure difference; Snw and SW are saturation; V, andV,, are

nwr
average velocity, controlled by Poiseuille equation; ¢ is porosity and is time.
2.2 Multiphase probabilistic capillary connectivily CC) method

In this section, we extend the basic PCC methaal liekative permeability calculation in 3D IFU. Thasic theory about
PCC method is provided by Marshall et al.[45] arila@ et al.[41]. In PCC method, connecting probiadd for pores in any
cross section of sponge are assumed equal, thitrge pores will gain high connecting probabilitgereby indicating high
permeability.

In this work, our primary concern is to link PCCthvirelative permeability calculation and considevesal mineral
ingredients with different wetting behavior. To giify the problem, we assume the following simpliftions. a) Pores and bulks
are squares/necks corrected with shape factorsass section. b) Permeability is related to coringcprobability in fractal
porous media. ¢) Pores and bulks in 3D space feature random distributions. d) The number of pores is sufficient; thus, cross

sections share the same fractal dimension and gipeedistribution. €) Each mineral possesses its wettability behavior, and

mixed wetting is neglected. Fig.1 shows the schiendégram for this displacement process.



Multiphase flow is more complicated than the sifgitese one. As a result, multiphase introduces pr@blems, such as
Jamin effect, dynamic meniscus behavior, and noreyp#ow. To calculate the relative permeability3D IFU, we introduce two
parameters: connected fractid?®) and traverse probabilit{f, .

The connected fractioﬁ"‘Li is the fraction of connecting pores (except deadsk existing ai th iteration level and is a
decimal between 0 and 1. For example, gi\Nn pores atl th iteration level during the iterating proce§sNi L- F}q,) > pores
are dead ends; only < Ni F’Li > pores will participate in the multiphase displaesnprocess. The angle brackets ‘< >’ are a
symbol of nearest integer function, and they aredus keep the number of pores as integer. ForsaadistoneP, at each
iteration level can be easily derived from the tapi pressure—saturation (Pc—Sw) curve comparisiween mercury injection
experiment and CT or SEM data. The Pc—Sw curveve@rfrom mercury injection denotes the connectegqowhereas that
observed and simulated from CT or SEM data compiadlepores. Specifically, we first obtain the alysel pore size distribution
information from CT or SEM data. Then, we use the Imodel to match the real size distribution anthwbsimulated fractal
distribution. Finally, we utilize simulated fractabre size distribution to calculate the simulaBed-Sw curve. With the existence
of dead ends, this Pc—Sw curve will usually shownmaiching the mercury injection Pc—Sw curve. Thanefin each iteration
level, we introduce and adjust the connected frack, to narrow down the differences in fractal and raeydPc—Sw curves.
Finally, the introducedP, corrects the influence of dead ends in porous aedi

The traverse probability?, is the probability of meniscus travel over theeppeck.P, is influenced by several forces, such

as driving force, capillary force, and friction frowalls. We se1P2’i as the traverse probability from pore neck aatien level

-]
i to iteration level] . If the driving force is larger than the resistanthen the meniscus can travel over the pore riEuks,
PZ

; =1; otherwise, P. = 0. To successfully complete a multiphase displacéraepore neck, two conditions must be

Qo 2i- ]
met. First, the pores should be connected at peck (controlled by PCC). Second, the injected tigghould gain enough energy
(driving force larger than resistance) to overcapwmstance at pore neck.

We conduct three steps to calculate relative pébitigaon the basis PCC method, shown in Figzist, we calculate the

pore connective probability, followed by traverseolmability and relative permeability. To calculatiee pore connective

probability, we build the probability calculatiomlie according to Table 1. The table is rearrangedccordance with the



descending order of pore diameters. The largest pof\l where the number of pores Nl Only < N,P,, > pores participate
in the displacement process. Hence, the probatdﬁtyl pores in one surface (face A) connecting to oﬂlepores in other
surfaces (face B) iﬁ/]f < N1PJ,1 >/ A)Z, which is called connecting probability refers to the cross-sectional area of
porous media. To calculate traverse probabilityying forces and resistance are compared. If theindy force is large, then

meniscus can travel over the pore neck. Theref@gf;u =1. Otherwise, meniscus will be arrested at pore néukt is,

P,;_; = 0.Thus, the general connecting and successfulatispient probabilityP- ¢y for iteration level 1 is as follows:

Posom = (£ < NP, >/ A)? x LT T P PRRPREs (3

shown in Table 1. Similarly, at the second iteratievel, the number of effective pores at leve$ ZiN ,P,, >, and number of
dead ends i N, (1- P,,) > . Atthis level, according to PCC theory[41], thengral probability is combined by the following
three parts. First, the probability @ pores in face A connecting d, pores in face B i§15 <N,P,, >/ A)*xP,, ,.
Second, the probability of /11 pores in face A connecting to /12 pores in face B s
(A2 <N,P, >/ A)x (A5 <N,P, >/A)xP,, ,.Third, the probability ofA, pores in face A connecting @, pores in
face B is (A3 <N,P, >/A)x (A2 <N,P, >/A)xP,, , . In summary, the general connecting and successful

displacement probabilit)PCSDP for iteration level 2 is computed by the following

_A§<N2PZL2>A§<N2P1,2> Af<N1P1.1>A§<N2PZL2> Af<NlPl.l>Ag<N2P1,2>
PCSDP,Z - A A 22-2 + A A 21-2 + A A

P (4)
shown in Table 1. Similarly, we can obtalifs.spp in the following iteration levels.

In accordance with the definition qbzy_j , we can give the detailed equation fpgy_j . By considering force

displacement (non-wetting phase driving wetting gg)aas an example, capillary force acts as a a@sist HencePZ_j is

calculated as follows:

_ 1 (AP - Pc - (32/'InwLp /AIZ + I:)initial) _32/1w(L - Lp)/A? - PG >0) (5)
AN 0 (PP - (32,unWLp //]iz +P y=32u (L~ Lp)//]? _P.<0) N OE
In imbibition, capillary force acts as a drivingde. Thereforep, ; J. is represented by the following:
_ 1 (AP + I:)c - (32/1nWLp /AIZ + I:)initial) _32/1W(L - Lp)/A? - PG > 0) (6‘)
2 0 (AP+PC - (3211'lnw|-p//1|2 +Pinitial)_321uw(|-_|-p)//1]? _PG <0),

where AP denotes the pressure difference between inlet and outlet of model; L4, and K, refer to the viscosity of non-wetting



and wetting phases, respectively; Rnitial corresponds to the threshold pressure gradieraseviuseful expression is provided by
Tian et al[46] L identifies the edge length of model; setting cross section is perpendicular to injection direction; Lp specifies the
distance from cross section jieessure inlet and regarded as the average length of each iteration level in the invasion part; %
represents a projection of gravity on flow direntigvhen gravity is perpendicular to flow directiagravity is neglected), and it
cannormally be neglected in tight porous media; P:: is the capillary pressureF,’C :05n /(/1i / 2); O is the interfacial tension

between two fluid phases; According to Ma et al.[47],Cn is the curvature of a meniscus:

2cosf, 90° —a <8, <90°)

a+9R . e e (7)
L )} (6, <90° - a)

™

n = cosé, + \/taga {sin 20, + m(1-

where @ is the half angle of the corner, that &,= 45 for a square cross section; 9R denotes the dynamic contact angle, such
as advancing and receding angle. The advancingemeding angle is controlled by capillary numlﬁg,.

Ca:’u\//a, ................... e e e e (8
Ca controlled by viscosity/ , interfacial tensiond and velocity. Technically, the dynamic contact langhows a slight
difference with the static contact angle. Hilp&@{52] gives an expression about dynamic contagieaas:

cog, —cos98q:a~CaE,.... . Y (9).
where Heq is static contact anglef?,ﬁare dimensionless parameters. Hilpert introduceddifinition and common value of
ﬁ,ﬁ in detail. On the basis of published experimedtah and related conclusions [53-55], when capiltlamberC , > 107,
the dynamic contact angle varies with velocity, avtien C <107°, ,E approaches to 0, contact angle becomes a velocity-
independent parameter. Given the relative slow laégment in tight media, we set dynamic contactlearag a velocity-
independent parameter in this work.

Displacement efficiency is remarkably influenced f@gidual oil saturation. During and after the tispment process,

certain residual phases will remain in corners.eBalvstudies have provided residual saturation ms{@f]. We select the Ma’s
residual saturation model[47], which provides thationship between residual wetting pheﬁ)@res(a,gR) and shape of cross

section:

S, (@.6,0)= tana |:CC.)§R

T a+6,
coseg+6.)——(1- R | o :
o | e costr+ 8- Ja- T } 0



In summary, by considering the force injection gsx (non-wetting phase driving wetting phase irting{phase-saturated
matrix, or primary drainage) as an example, weveenglative permeability in 3D IFU model as follaws

For iteration level i=1, the following are utilized

A< NP, > A< NP, >
A A

knw_sub(l) =C, )|f Py g e rr e (11)

A <N.P. > <N.P. >
S R e )|2(1— pzllﬁl), .............................................. (12)

Kk 1)=C
W_sub() 1 A A 1

where C, refers to the shape factor[29,54 @) represents the nowmetting phase permeability at iteration level i=1I;

nw_ sub

K, <@ corresponds to the wetting phase permeabilityeaation level i=1. Non-wetting phase residual sztan left in the

first level pores is computed as follows:

Af < N1P1,1 > P2,141[1_ Swres(a ,49,1)]

S sun® = e I e e e (13)
2
Z/]i P:Li
i=1
For iteration level i=2, the following are employed
A§<N2P1,2>/1§<N2P1,2> +Af<N1Pll>/1§<N2P12>
2,2-2 21-2
knw sub(2) = CzAz 2 A 2 A A A T (14)
- + Al < NlPl,l > AZ < N2Pl,2 >
A A 22-1
/1§<N2P1,2>/]§<N2P12> /]12<N1P11>/]§<N2P1,2>
A A ’ ( - 2,2ﬂ2) A ’ A (1_ Pz,lﬂz)
kw sub(2) = C2/1§ ) (15)
- Af < Nlpl,l > /13 < N2Pl,2 >
+ A A (1_ Pz,qu)
A <N,P,>(P,, ,+P,, , +2P,, ,)/4x[1-S,..(a,62)]
Snw_sub(z) — 2 2° 12 21-.2 2,2 nl 2,2-2 res . (16)
> AP
i=1
For iteration level i=3, the following equation®arsed:
/1§<N3P1,3>/]§<N3P1,3> +/]f<N1PL1>/1§<N3PL3>(P +P )
A A 2,3-3 A A 21-3 23-1
knw_sub(‘?’) = C3/1§ ’ (17)

+/1§ < N2P1,2 >/1§ < N3P1,3 >(

A A P2,2ﬂ3 + P2,342)



Ag < N3P1,3 > /15 5 N3P1,3 P

A <NPRy> A2 <NPL >
a-P )+ 1 11 3 3713 (—P -p )
A A 23-3 A A 21-3 23-1
kw sub(3) = C3/1§ (18)
- A§<N2P1,2 >A§<N3P1,3>
+ A A (2 - P2,2q3 - Pz,sqz)
S 3) = /15 < N3P1,3 > (P2,1a3 + P2,3al + P2,2a3 + P2,3a2 + 2P2,3m'-;)/6>< (A~ Syes @.6.3)) (19)
nw_ sub - n '
2 AP
i=1
Similarly, for iteration level i=n, the followingra utilized:
_/]r21<NnPln>/]i<NnPl,n> +Af<NlPll>/]i<NnPln>(P +P )_
2,n-n 21-n 2n-1
A A A A
A <N,P,>A<NP, >
knw_sub(n) =t - 2 : - (P2,2~n + P2,n-.2)+"' CnAr21’ (20)
A A
2 < > A2 < >
+ /]n—l Nn—lpl,n—l /]n NnRLn (PZn_l ) + P2n n_l)
A A T T
(R <N,P,>A<N,P,> A2 <NP,> P <NP,> |
A . A = (1_ I:)Z,nﬂn)-l- : Al Ll A - (Z_Pz,lﬂn _PZ,nal)
A <N,P,>A2<NP, >
kw_sub(n) =t g = . ot (2_ I:)2,2~n - P2,n~2)+"' Cn/‘ﬁ, (21)
A A
A, <N _P,.,>A<NP, >
+ - Al = A - ( _P2,n—1~n _Pz,nan—l)
n (P, +P,
/151 <NnPl,n >z( ZVIHHZ 2Ynal)>(|::|'_Swres(a’01 n)]
Snw_sub(n) = = n ) ' (22)
DIV
i=1
To sum up, the permeabilities for non-wetting aredting phases in 3D IFU are respectively calculatetbllows:
knw(n) = z knw_sub(i) p (23)
i=1

K1) =D K, ). %)

Relative permeability denotes the ratio of appapemimeability to instinct permeability. The instipermeability of 3D IFM
is the case when all pores are filled with a simgh@se with normal Darcy flow. Based on Cihan gd4] and Li et al.[43],

instinct Darcy permeability for 3D IFM is calculdtas follows:



/12N /]2 AN, 22N AN, AN
(n) = 1C/]2 -~ ACCEPTEO NMANIJRCR
Iﬂns( ) A A 171 ( A A A J 2/]2
2 2 2 2 2 2
{ASAN%ANB*ZXAlEMsANB*Z A/L\l oA J% - (25)

i=1

2 2 n12 2
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The relative permeability for non-wetting and wedtiphases in 3D IFU model are respectively compasefbllows:

Kaw(N)
K ()= (26)
- Kins ()
k()
k., ,(n)= (27)
- Kins(N)°
The saturation for non-wetting and wetting phase3D IFU model are respectively given by the foliogy
Snw(n) = Z Snw_sub(i) ’ (28)
i=1
S.(M=1-5,,(n). (29)
In general, the formula to describe multiphaseldgment process under IFM method can be expressed
n || LA <NP, > <NP, > X<NP, >
Z Z : - J o Ci(Z_Pz,iﬁj'*'Pz,jﬁi)_ LA Ci(l_PZ,jﬁj) /]?
i=1 || i=1 A A A
k() = NSRS (30)
n | N. “N. A°N.
2 i | | CAZ
e o e
n | LA <SNB, > A <NP, > L<NP. >)
Z Z : Ci(PZ,i-»j+P2,j-»i)_ e S1ETY A?
= || i=1 A A A
ko(n) = (31)

an Z( 'N AZ AJZN" AN, c A
= = A A 177

3 Building the intermingled fractal model (IFM) for tight sandstone
3.1 Basic information

In this section, we discuss how to build the 3D IFM real sandstone sample and the IFM for realpsasnon the basis of
experimental data. Tight sandstone exhibits aivelgt complicated pore space. Various factors, sagtpore structure, mineral
component, wettability behavior, and non-Darcy @ffénfluence multiphase displacement behaviotthia study, we use a real

tight sandstone sample to build a 3D IFM and cakeuthe relative permeability. Pore size distrilmutinformation is obtained by



scalable scanning electron microscopy (SEM) imag#iseral components are determined by conductingrggn dispersive

spectroscopy (EDS) test. The information on coretkgbiores and dead ends are obtained via mercunysion method.

Combining all information together, we can estdbtise 3D IFM and calculate the relative permeapbflitally.

The sample is a fresh core sample from a tighta@ll in tight sandstone formation from Xinjiang. Tbtain the pore

distribution, we polish the sample using argon ibmen, we subject the sample to scalable SEMRestk mineralogy of samples

is analyzed in an area of 400 um x 400 um by usidgiss—Merlin rock mineralogy analysis machinéhwitmaximal resolution

of 4 nm. The results are shown in Fig.3. As obsgrhgough the SEM images, micropores are dominaritight sandstone,

featuring several pore types, such as interparfidees, quartz dissolution pores and clay mineoahidated pores. Fractal

properties of these inorganic pores can be deffreed image analysis and statistics. In additiorthimi the same analysis area of

the sample, we conduct EDS test to derive the rair@mponent information. The analysis area of ED&00 um x 400 um

with a resolution of approximately 1 um.

3.2 Fractal representation for micropores.

Tight sandstone contains abundant interparticleiatndparticle pores. Fig.4. shows the detailed Hrbtdeling process. The

building process is similar with IFU foundation pesses in previous works ([40,43,58]). We liststeps briefly as follows:

In scalable SEM images, the first step is to calieuthe representative elementary surface (RE)dms by extending the

method, as commonly observed in previous worksthistarget subarea extends, the average grayscalebarea is calculated

simultaneously. When the average grayscale stabjlthe subarea is regarded as RES. In this saedsémple, the area of 400

um x 400 um reaches the RES. The next step is to atljespores from SEM images in scalable SEM imagdter

segmentation, the grayscale image becomes binaridsal pore cumulative distribution curve of the ptes is then derived.

Finally, within the binarized image, we adjust fhactal parameters to narrow the differences inative curves between the

basic IFU model and image calculation. Finally,taier parameters of the 3D IFU model are determifidek parameters are

shown in Table 2. Also, CT images is an alternedetél information source. The following buildingggs are similar with SEM

images.



3.3 Fractal representation for minerals

Tight sandstone consists of several mineral gragjugh as quartz, albite, dolomite, orthoclase, dlite. During

displacement, the wettability of these grains satuslly influences the relative permeability arebidual distribution. Each

mineral features its own wettability property. Dapement behavior is notably influenced by wettghilTherefore, rebuilding

multi-fractal pores with unique contact angle isufficient. Mineral wettability should be attached the surface of 3D IFM. We

use the EDS to gain mineral component informat@rtifht sandstone. The EDS image shares the sanget area with the SEM

image. The resolution is 200 nm. The EDS resulissapwn in Fig.5.

In the EDS image, the distribution of mineral geashows a self-similar or fractal property. The Imddel represents

mineral grains well. Fig.6 shows the majority ofneials in this tight sandstone sample. The domin@nérals include quartz,

albite, dolomite, orthoclase and illite, accountifog 92.36% of total mineral component. We seldwt top four minerals to

rebuild the mineral space in this study. Similattmgrevious work, quartz is a base mineral thatg#iactal parameters for other

minerals separately. Then, we build a base mirmraé (quartz for this sample) and randomly scadEbis for albite, dolomite

and orthoclase into the base cube. In this maniRerblocks will replace the original base minemahd no overlapping will be

observed with the scattered mineral blocks. Finatly derive the 3D IFU model for minerals, showirig.7.

3.4 Building 3D IFM.

Fig.8. show the detailed building process. Infoioraton pore size distribution are obtained fromlatni@ SEM images,

whereas those on mineral content originate fromEBR& images. We derive the fractal parametersdoh enineral and build 3D

IFU model for pores and minerals. As shown in Rige, 3D IFU models for pores and for minerals ayenvith each other. Thus,

the pore walls will gain mineral properties. To glify the fractal model, we assume that one poré g&ns only one mineral

property, and one mineral gains only one wettabpitoperty (static contact angle). As a result, iieerals that gains the most

proportion on one pore wall will give its mineraloperty on this pore wall. In this manner, eachepwill receive one mineral

characteristic. Finally, the 3D IFM can be succal§sflerived.

3.5 Relative permeability calculation

After the foundation of the 3D IFM, we extend Taftléo contain mineral properties as Table 3. Withie iteration level,



the equivalent diameters are equal but share fiffi@reht mineral properties. Therefore, this iteratlevel is extended into four
rows. Each row includes only one mineral, and tbee mumber in this row denotes the number of poogsaining this mineral
on their walls. The sum pore number at this iteratevel for all four minerals equals the pore nemin the non-extended table.
The basic 3D IFM is similarly extended in this manrAs shown in Table, for exampIN2 number of pores is given for pores
with equivalent diameteﬂz; at the same time, /]2 contains four kinds of mineral types with fourfdient capillary pressures.
The table is initially rearranged in accordanceéhwuiite descending order of pore diameters. Thengagange the rows that share
the same diameter in accordance with the desceratihgy of capillary pressure. The basic principle felative permeability
calculation is the same between PCC table and @ésteRCC table. By following the PCC rules describefbre, it is convenient
to calculate residual oil saturation and relatieenpeability in the extended table for 3D IFM witlineral properties.
3.6 Model validation

The 3D IFM method for pore space representation smasessfully verified in several worfg3-44]. To verify the relative
permeability calculation, we use the published expental data [59-60]. The validation between ekpental data and 3D-IFM
calculation results are shown in Fig.9. The modsllts are generally close to the experimental, deltéech verify our 3D IFM
model. Also, our 3D IFM model is relatively opendaapplicable. As described, in the process fortélaepresentation for
micropores, SEM image is not the only informatiourge for real pore size distribution. Other methdike nuclear magnetic
resonance and CT image, are acceptable becausesdifimethod has different best performance pae rsinge. Similarly, in
minerals representation process, when EDS testtisanvenient to conduct, X-Ray powder diffractimethod is also acceptable
when the mineral grain distribution in space is sminething to be focused on. For different typesasf-Darcy fluids, 3D IFM
model is also applicable, just slightly alter ttassé flowing behavior functions.
4 Application of 3D IFM: simple influencing factors of displacement
4.1 Pore size

In this section and the following section, we utfeelprevious built 3D IFM for tight sandstone teéstigate some important
influencing factors in multi displacement proceBse first is pore size.

Pore size is a critical parameter in multiphasevfim tight sandstone. During micro displacemendwflbehavior is



synthetically influenced by several forces, sucltasillary force, floating force, and driving forcEhe average weight of these
forces will change with increasing pore size. To@ify the driving process, we consider three feras an example: capillary
force, floating force, and driving force. Then, n@malize these forces using the following equation

P,=P/P,, Pp=P./P,, P, =P /P

sum? sum? sum? (32)
where F’Cand PCD denote the capillary force and normalized capjillforce, respectivelyP: and P-, represent the driving
force and normalized driving force, respectively and Py, refer to the floating force and normalized flogtifiorce,
respectively. The sum of these forceds,,, = P. + P + P; . The normalized equivalent diameter is definetbsws:

Ay =AIL, (33)
where A and L are the equivalent diameter and length of thelsipgre, respectively. Shown in Fig.10, as the @i@mof pore
increases, the influence of capillary force deasasn tight sandstone, the capillary force is aidant force, whereas the
influence of buoyant force increases with increggore diameter. According to calculations, inregk pore, the buoyant force
is larger than the capillary force when normalizegivalent diameter surpass®.vhich is called the equilibrium point. In
conventional sandstone, normalized equivalent diammnge is constantly at the right side of thaildarium point, buoyant
force has significant influence in multiphase fldwtight sandstone, the influence of buoyant fasceinimal compared with the
other forces.

4.2 Oil-water viscosity ratio

Oil-water viscosity ratio is an important dimendass parameter in tight oil development. A verifyparameters will
influence oil-water viscosity ratio, like formatiaepth, temperature and asphalt content in oilfoc€os on the ratio, we set the
relative oil-water viscosity ratiofd, = [, /,UW) at 1, 5 and 10. Using the 3D IFM, we can caleulie relative permeability
curve and displacement effect immediately. Theltésishown in Fig.11. As the relative oil-watesesity ratio increases, the
isotonic point of relative permeability move to tledt, relative permeability curve for oil also n®to the left, indicating that the

sandstone is more hydrophobic in general. More a@@iswill resist in matrix after displacement, tatore, oil displacement

efficiencyEI‘(rW will increase in primary drainage.



4.3 Mineral components

Mineral components will notably influence oil-wattisplacement, especially in tight sandstone. Waukite four types of
mineral components in tight sandstone in the 3D .IRdeping the content of dolomite and orthoclasestant, we increase the
percentage of quartz and decrease the percentadieitef listed in Table 4. The results are showfig.12. As the component of
quartz increases, the isotonic point of relativenmmability move to the right, relative permeabildyrve for water also move to
the right. Based on several experiments, the hydliojty of quartz is relatively stronger than othminerals[61]. As the
component of quartz increases, the simulated samelstill become further hydrophilic, thereby incsizay the irreducible water
saturation. Finally, oil displacement efficierEy'(H,v will decrease.
5 Application of 3D-IFM: synthetic influencing factor s of displacement

Multiphase flow in formation is a complicated preseFactors, such as pore compression, mineral aoenp, wettability
ageing and compound forces, will influence multghalisplacement process synthetically. Here, weenaakimple model to
simulate synthetic influencing factors on multiphatisplacement at different formation depth. Witle increase in reservoir
depth, the temperature of formation will increasereby decreasing oil viscosity, threshold pressamd formation pressure,
subsequently influencing the relative permeabdityve and displacement effect synthetically. Tousate multi-flow in different
depths and investigate synthetic influences oniffial, we define four depth increases from 150Q@an6000 m. The viscosity-
temperature curve comes from experimental data lgng et al.[59], geothermal gradient is 2.1°C/10Genording to the
collected formation data from Xinjiang Basin. Usitige 3D IFM, we can calculate the relative permiitgbcurve and
displacement effect immediately. The results amwshin Fig.13. With the increase in formation deptie isotonic point of
relative permeability move to the right, relativermeability curve for oil also move to the righti€Treason is the viscosity of oil
at formation will decrease as formation depth iasee oil are easier to flow, thereby maybe diminighhe fingering effect.
Therefore, in deep formation, oil displacementogfincy EI‘Hv will decrease.
6 Conclusions

A rapid relative permeability evaluation method fight sandstone based on 3D IFM is introducedially, a revised 3D

IFM is built on the basis of high-resolution SEMdaBDS images of tight sandstones with pores exh@itineral properties.



Then, we develop a PCC method to calculate théiwrelpermeability and residual oil saturation of 8D IFM. The accuracy of

this model is verified by both experimental and Wimed data, indicating that this method satisfalgt@valuates multiphase

displacement in tight sandstone. Finally, as aniegton of 3D IFM method, the influences of sevei@ctors on multiphase

displacement efficiency are discussed, includidgvater viscosity ratio, mineral components. Algm synthetic influence by

several factors. On displacement behavior is dgamlis

The findings show that the modified 3D IFM is va#idd useful. By using the self-similar propertith® expression process

of pore size distribution and mineral propertiessisplified, thereby providing a solid foundatioar frelative permeability

calculation. From the simulation results, as oitavasiscosity ratio increase, the oil-water displaent efficiency will increase.

And as the content of hydrophilic mineral decredéise oil-water displacement efficiency will increasn addition, the revised 3D

IFM based on PCC method can rapidly evaluate thiéphase displacement process. This method proadether efficient way

to research multiphase flow and shows a potenpigliGation for future use.

Nomenclature

A = cross-sectional area’m
C = shape factor
Ca — capillary number
C = shape factor for capillary at iteration level i
— curvature of a meniscus,
EI’O_: — displacement efficiency for oil displace water
| = iteration level in IFU model
I (I) — non-wetting phase permeability at iteration level i
K, o () = wetting phase permeability at iteration level i
L = theedge length of model, m
L, = distance from cross section to pressure inlet,m
Ni — number of pores generated at iteration level i
N, = number of pores with j th mineral and Pore diamkiter
P = fraction of connecting pores
P, = fraction of connecting pores (except dead endsftieg atl th iteration level
Pow = fraction of connecting poresexisting lah iteration levelwith | th mineral
P, = traverse probability
|:>2.i o= traverse probability from pore neck at iteratiovelel to iteration levelj .
pc — capillary pressure, Pa
P, = normalized capillary force
pCSDP — connecting and successful displacement probability
|:>CSDF.i connecting and successful displacement probalfilititeration leveli
P. = driving force, Pa
P, = normalized driving force

P = floating force, Pa



— normalized floating force
I:)fD g

pG — projection of gravity on flow direction, Pa
Rnitial — the threshold pressure gradient, Pa
SNres (a’ gR ’ i) — residual wetting phase at iteration level i
Snw wr (I) — non-wetting phase residual saturation at iterdgosl i
a = halfangle of the cornér,
g, = staticcontact angle,
HR — dynamic contact angle,
1 = equivalent tube diameter for capillary tube, m
/]i — equivalent tube diameter for IFU model at iterafievel i, m
/]D — normalized equivalent diameter
W, = viscosity of non-wetting phase, Pa.s
U, = viscosity of wetting phases, Pa.s
g = Interfacial tension between two fluid phases

¢i — percentage of mineral component i
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Tables

Table 1l
Connecting probability calculation process.

Iteration Pore Number connected

level (i) diameter  of pores fraction

Connecting and successful displacement probability

/]]2. < NlF)l,l > Af < NlRL,l >

L AN Pia

A A
A<NP,>B<NP,>,
A A 22-2
2 N P,
AZ 2 b2 Af<NlPll>A§< NZPlZ> Af<NlPll>A§< NZPlZ>
A A i 21-2 A i P2,2a1
2 2
An<NnPl.n>An<NnPLn>P
A A
n A N Pl n 2 2
A A 2 Ai <N|PL| >/1n<NnPl,n>
+Pnli)
i-1 A A Y
Table 2
IFU model input data for pores in sandstone.
UnitA Unit B Unit C
Df 1.89 1.63 1.26
n unit 1 35 6000
n pore(i=1) 1 3 5
A oy (0M) 18420 6500 780
Iteration 5 4 3
/]min (nm) 227.4 75.8 86.66
Solid forever 0 0 0
total surfacg(m?) 512656
Esem | Eiry 0.082/0.082
Table 3
Extended connecting probability calculation table
Pore diameter Mineral type Number of pores connected fraction Capillary pressure
/]1 quartz N 1 M1 P:Ll_M 1 R _11_M1
/12 quartz N 2 M1 P1,2_ M1 P, 12 M1
/12 albite N 2 M2 I:)1,2_ M 2 P. 12 M2
/]2 dolomite N2_M3 P2 w3 P, 12 M3
/]2 orthoclase N 2 Ma Pl,z M 4 P _12_M4
A quartz N3_M1 P1,3 M1 P. 13 M1

w




Table 4

Mineral components for the three cases
¢quartz ¢al bite ¢do| omite ¢orthoc|ase

Casel 40% 57% 2% 1%

Case2 60% 37% 2% 1%

Case3 80% 17% 2% 1%
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Fig. 1. Connecting probability calculation model for mpliase displacement
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Fig. 3. SEM image of Xinjing tight sandstone



Unit A Unit B

Solid

Pore fraction
o
<

« 0.02

0.00} R

Diameter(nm)

Fig. 4. Fractal representation for micropores
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Fig. 5. EDS results for tight sandstone
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Fig. 6. Statistics for minerals from EDS results
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Fig. 9. Model validation for 3D IFM
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Fig.10. The influence of pore size on several forces
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Fig. 11. The influence of Oil-water viscosity ratio on dapement behavior
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Fig. 12. The influence of mineral components on displacdrhehavior
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Fig.13. Synthetic influence on displacement behavior



Highlights

*An advanced 3D intermingled fractal method is used to Multiphase flow in tight sandstone .
*Fractal characteristics of pore size distribution and mineral grain distribution are derived from
real images from tight sandstone.

*This method is useful and reliable for calculating relative permeability, with main influencing
factors included and fast evaluating process.



