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ABSTRACT

Purpose. Fractures are the main flow channels in fractured reservoirs. The rapid flow characteristics of gas are out-
standing in fractures. It is a major technical problem in the current oilfield development to calculate and accurately
describe the fluid flow of this type of reservoir.

Methods. This paper improves the calculation model of oil-water-gas phase equilibrium. Based on the discrete frac-
ture net-work model, the numerical simulation mathematical model, numerical model and solution method of nitro-
gen injection were established.

Findings. A simple discrete fracture network model was designed. Numerical simulations verify the correctness of
the method.

Originality. A fast solution method for gas injection numerical simulation based on discrete crack network model is
proposed.

Practical implications. The fractured reservoir numerical simulation method can accurately describe the flow of oil,
water and gas in the fracture, which lays a foundation for the gas injection development mechanism and gas injection

optimization research.
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1. INTRODUCTION

The world’s fractured reservoir resources account for
more than half of the total resources. It is also widely
distributed in China (Li, 2013). However, due to the large
difference between the fluid flow and the matrix in the
fracture, the numerical simulation of the reservoir is ina-
dequate (Yang et al., 2017). As of today, there are no effi-
cient simulation method. After gas injection, the simula-
tion is more difficult. Traditional gas injection numerical
simulation methods are no longer applicable. Therefore,
the development of gas injection in this type of reservoir
lacks theoretical basis and technical support. Therefore, it
is necessary to study the numerical simulation method of
gas injection in this type of reservoir (Li & Jia, 1994).

The scale of the fracture medium in the fractured
reservoir varies greatly. There are large-scale fractures,
mesoscale fractures, small-scale fractures, and micro-
fractures. The fluid flow capacity varies greatly in dif-
ferent media. Mathematical descriptions and numerical
solutions are difficult (Yuan & Song, 2004). The high
fluidity of the gas phase makes the numerical simula-

tion of the gas injection more astringent and slow. For
the numerical simulation of this type of reservoir, the
current numerical simulation model is mainly a dual
medium model and a discrete fracture network model.
The dual medium model was proposed as early as the
1960s (Warren & Root, 1963). The model is now ma-
ture and is guiding the development of this type of re-
servoir. However, it has a large error in the fluid flow in
large fractures, thus it is impossible to describe the fluid
flow in large fractures. The discrete fracture network
model was proposed in 2001 by M. Karimi-Fard and
A. Firoozabadi (Kazemi, Merrill, Porterfield, & Zeman,
1976; Karimi-Fard & Firoozabadi, 2001; Berkowitz,
2002; Karimi-Fard & Firoozabadi, 2003). It has good
pseudo-performance and can describe the flow of fluid
in large fractures. The Discrete Fracture Network
(DFN) model has been highly recognized by experts
and scholars at home and abroad (Zhang, Jia, Zhang, &
Guo, 2017). Therefore, gas injection numerical simula-
tion method in fractured reservoirs is proposed based on
discrete fracture network model.
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2. PHASE BALANCE CALCULATION METHOD

Gas injection development in the reservoir will af-
fect the phase balance of the reservoir. Phase equilib-
rium calculation is the basis for numerical simulation of
gas injection. The traditional phase equilibrium calcula-
tion methods mainly include the equilibrium constant
method and the flash calculation method based on the
Rachford-Rice equation (Wen & Guanren, 1992; Jigen
& Yufeng, 1996). The equilibrium constant method
does not take into account the effects of different com-
positions of crude oil. The flash calculation method is
mainly used for phase equilibrium calculation of gas-
liquid two-phase system (Yingsheng, Fang, & Xingang,
1990; Pedersen, 1995).

A phase equilibrium calculation method based on
Gibbs free energy is proposed for this purpose. The spe-
cific method comprises the Gibbs free energy expression,
the phase fractional constraint equation and the mass
conservation equation of the multiphase multi-
component system (Haiyan & Shilun, 2000). Then the
objective function is determined. The Newton iterative
method is used to solve the composition of each phase in
the Gibbs free energy minimum.

1. Calculation equation.

When the Gibbs free energy is minimal, the system
reaches phase equilibrium:
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2. Constraint equation.
The phase scores of each phase are:
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The mass fraction of each component is calculated
using the law of mass conservation:
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3. Solution method.
Using the Lagrange function G, this calculation is
transformed into a problem of solving G* minimization:
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Normalization of the equation:
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Finally, the phase equilibrium constant is solved by
Newton iteration. Then the content of each component is
calculated.

3. DISCRETE FRACTURE NETWORK MODEL

The variation in fracture size is large in fractured re-
servoirs. Small and medium-scale fractures and micro-
fractures are equivalent to the matrix (Yao, Wang,
Zhang, & Huang, 2010; Yun, Xiang-Chun, Jun, Zhi-
Jiang, & Shu-Yue, 2010). Large fractures are described
separately by discrete fractures. That is to say, the DFN
model is adopted. The model explicitly treats the frac-
ture. According to the distribution of fracture develop-
ment described in the geological aspect, the model is
given as far as practical considerations in numerical
simulation (Fig. 1).
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Figure 1. DFN model decomposition
oFEQdR=([, FEQd®, +e [g, FEQdQs, (9)

where:
FEQ — the flow equation of bedrock and fracture media;
Q —the entire integral area, which contains the area
of the bedrock and fractures;
Q,, — the matrix portion;
Q2 — the fracture in the entire integration area.

4. GAS INJECTION NUMERICAL
SIMULATION OF MATHEMATICAL
MODEL AND NUMERICAL MODEL

4.1. Mathematical model

Fractured reservoirs are considered to be isothermal
and in thermodynamic equilibrium (Hao, Yanchun,
Yingchun, & Yue-Jie, 2014). They also contain three-
phase fluids comprised of oil, water and gas. The fluid of
each phase flows under the impact of pressure, gravity
and capillary forces.

1. Mass conservation equation.

According to the gas injection non-mixing conditions,
the injected gas is considered to be juxtaposed with oil,
gas and water, without mass transfer between the phases.
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The mass conservation equations of oil, water, gas and
injected gas in fractures and matrix are established:
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2. Multiphase flow equation of motion.

Combining the physical experiments of oil, water, gas
and injected gas flow in different media, the multi-phase
fluid flow equation has been established.

The equations of fluid motion in the matrix and
small- and medium-scale fractures are as follows:
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Equation of fluid motion in large fractures:
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3. Equation of state.
Fluid compression factor:
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4. Auxiliary equation:
So 48, +S8, =1. (15)

4.2. Numerical model and solution method

Mass conservation equation using finite volume
method for spatial dispersion, and the backward first-
order difference is used for time dispersion (Arbogast &
Brunson, 2007; Yuan, Peng, Wu, & Kang, 2013). The
equation for the mass conservation equation of oil and
water discretized at element i or node i is as follows:
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where:

M — the mass of the phase;

n — the amount of the previous moment;

n + 1 — the amount of the current moment;

V: — the volume of the unit ;

t — the time step;

i —a set consisting of all the unit j connected to the
same element i;

Fp;;—the mass flow term between the unit i and the
element j;

QOp — the source/sink of the phase in the unit 7.

The rate item k5 adopts the upwind scheme.

The discrete equation is expressed as a residual
form. The adaptive implicit method is used for the si-
mulation calculation. For grids with less saturation and
pressure changes, the implicit solution pressure display
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saturation (IMPES) algorithm is used for calculation.
The oil phase pressure P, is selected as the main varia-
ble, and the residual of the oil component is as shown in
the following formula:
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The iterative formula of the Newton-Raphson method:
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For the grid with less saturation and pressure
change, after the oil phase pressure is solved for each
time step, the corresponding oil saturation and gas satu-
ration are calculated according to the following formu-
la. If the saturation change within the step exceeds the
limit of adaptive implicit permission, the grid is
switched to implicit, otherwise it continues to be calcu-
lated according to IMPES:
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Finally, an iterative method is used to solve the problem.

5. METHOD VERIFICATION

A fractured reservoir model is set. The fracture ope-
ning is 1 cm. The initial temperature is 120°C. The
fracture porosity is 0.01, permeability 1 d; matrix po-
rosity 0.2. The penetration rate is 20 md. The model is
set to inject gas at the left end and oil at the right end.
For ease of verification, it is equivalent to the discrete
fracture network model of Figure 2. The model is a
vertical sectional view.

Matrix

Fracture

Figure 2. Discrete fracture network simulation model

The numerical simulation calculation was carried out
using the set discrete fracture network model. The calcu-
lation results are shown in Figure 3.
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Figure 3. DFN model gas injection numerical simulation
recovery curve

It can be seen from the Figure 3 that the numerical
simulation results of the recovery curve are consistent
with the theoretical calculation results. The correctness
of the method was verified.

6. CONCLUSIONS

Based on the discrete fracture network model, the
mathematical model, numerical model and solution me-
thod for numerical simulation of gas injection in fractured
reservoirs are formed. The correctness of the method is
verified by a simplified discrete fracture network model.
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BUBYEHHSA METOAUKHN YNCEJBHOI'O MOJAEJIFOBAHHS
BIIOPCKYBAHHJS I'A3Y Y TPIIUHYBATI KOJIEKTOPHU

3. IOns, C. I3subdan, JI. YxyHBUYHB

MeTta. Po3poOka HOBOT METOIUKH YHCEILHOTO MOJICITIOBAHHS BIIOPCKYBAHHS ra3y y TPIIIMHYBATI KOJIEKTOPH Ha OC-
HOBI MOJIEJI JMCKPETHOT MEPEIKI TPIIIIHH.

Metoauka. [y JOCATHEHHS TIOCTABICHOT METH BUKOHAHO KPUTHYHHUI aHATi3 BIJOMUX METOJiB MOJICIFIOBAHHS, 110
JIOBIB BIJICYTHICTh HA CHOTOJAHIIIHIA JeHb ¢()eKTUBHUX METOMIB. J{JIs TOCTIKCHHS MPOOJEMHUX MUTAHb y CTaTTi 3a-
CTOCOBAaHO METOJI PO3paxyHKy (pa30Boi piBHOBarm Ha OCHOBI BibHOI eHeprii ['100ca sIk OCHOBH JJIsl YHCEIEHOTO MOJe-

44



Z. Yun, S. Jianfang, L. Zhongchun. (2019). Mining of Mineral Deposits, 13(2), 41-45

JIIOBaHHS 3aKadyBaHHs ra3y. BukopucroByBaiu itepariiinuii Mmetox HploToHa /1 BU3HAUYEHHS CKJIaqy KOXKHOI (asu B
MiHIMyMi BUIbHOT eHeprii ['i60ca.

Pe3yabraTu. Ha ocHOBI MoJieli TMCKPETHOT MepesKi TpiliH chopMOBaHi MaTeMaTH4Ha MO/JIENb, YHCEIbHA MOJEINb 1
METOJ PIlIeHHs JUISi YUCEIBHOTO MOJEIIOBAHHS 3aKauyBaHHS rasy y TpilIMHYyBaTi KojiekTopu. [IpaBmiIbHICTS MeTOIy
ATBEPKYETHCS CIIPOLICHOI0 MOJEIUII0 MEpEXi IUCKPETHOrO pyHHYBaHHS. Pe3yibraTy YMCENbHOTO MOJICIIOBAHHS
Y3TOJUKYIOTECS 3 pe3yJIbTaTaMK TEOPETHYHHUX PO3paxyHKiB. OTprMaHa imMiTaliiiHa MOJIeJIb TUCKPETHOI MepesKi TPIlHH.
BcranoBneHo piBHAHHS 30€peXeHHS Mach Ha(TH, BOIM, ra3dy Ta 3aKauyaHOTO ra3y y TpimmHax i marpumi. CTBOpeHO
piBHsAHHS 6araTo(a3HOTO MOTOKY PIIUHE y PI3HUX CepeIOBHUIIAX.

HaykoBa HoBH3HA. P03p00i1eHO HOBHIT HAYKOBO-METOAWYHAN MiIXiX A0 pO3paxyHKy Ta YUCEIFHOTO MOJCIIOBAHHS
BIIOPCKYBaHHS I'a3y y TPILIMHYBATi KOJIEKTOPH, L0 BPaXOBY€ IUCKPETHY MOJEIb MEPEXKi TPILIHH.

IIpakTHYHA 3HAYMMicTb. MeTOMKa YHCETBHOTO MOJICTIOBAHHS ITOBEAIHKH TPIIIMHYBATOTO KOJIEKTOPY MOXeE TOU-
HO ONHKCATH TOTOKK HAa(TH, BOIY 1 ra3y y TPILHHI, [0 CHpUsIE OUIbII AETaTbHOMY BHBYCHHIO MEXaHi3My PO3BUTKY
BIIOPCKYBaHHS ra3y Ta HOro onTHMizarlii.

Kniouosi cnoga: mpiwunysamuii Konekmop, uuceibne MOOemo8anis, OUCKPemHA MOOeNb Mepedci mpilyuH,
6NOPCKYBAHHS 2A3Y

N3YYEHUE METOJAUKHU YUCJIIEHHOI'O MOJAEJINMPOBAHUA
BITPBICKUBAHUA I'A3A B TPEHIMHOBATBIE KOJIJIEKTOPbBI

3. IOns, C. I3subdan, JI. YxyHBUYHB

Heas. PazpaboTka HOBOI METOANKHM YMCICHHOT'O MOZEIMPOBAHMUS BIPBHICKMBAHKS ra3a B TPELINHOBATHIE KOJIIEKTO-
PBI Ha OCHOBE MOJIEIIN JMCKPETHOM CETH TPELIHH.

Metoauka. {11 TOCTHKEHMS MOCTABICHHOHN LIEJIM BBIIOJIHEH KPUTHUECKUH aHAIN3 M3BECTHBIX METOJIOB MOJEIH-
pOBaHUsl, JOKA3aBIIMK OTCYTCTBHUE HA CETONHAIIHHUN JeHb d()(EeKTUBHBIX MeTOOB. s MCciIenoBaHus NPOOIEMHBIX
BOIIPOCOB B CTaThe NMPHMEHEH METOJ pacueTa (pa3oBOro paBHOBECHS Ha OCHOBE CBOOOMHOM SHeprin [ mbOca Kak OCHO-
Ba JUIsl YHCIICHHOTO MOJEIHMPOBAaHMS 3aKa4yKu rasza. Mcronp30Baiy uTepaunoHHbI MeTon HpIOTOHA Ui OnpeiesieHuUs
COCTaBa KaX10# (ha3pl B MUHUMYMe CBOOOHOM 3Heprun ['uboca.

Pe3yabTaThl. Ha ocHOBEe Monenu IUCKpPEeTHOH CeTH TpeluH chOpMHUPOBAHBI MaTeMaTHYECKasl MOJEIb, YHCICHHA
MOZENb ¥ METOJ PeIIeHHs IS YHCISHHOTO MOJEIMPOBAHMS 3aKa4YKH I'a3a B TPEIIMHOBATHIE KOJUICKTOPHI. IIpaBuib-
HOCTb ME€TOJIa MOATBEPKAACTCA prOL[IeHHOﬁ MOACJBIO CETU JUCKPETHOI'O PA3pYIICHUA. Pe3yanaTb1 YHUCIICHHOI'O MO-
JIEIIMPOBAHMS COTIACYIOTCS C pe3ysIbTaTaMH TEOPETUUECKUX pacueToB. [lonyueHa MMUTAIIMOHHAS MOJEIb IUCKPETHON
CEeTH TpEIIMH. YCTaHOBJIEHBl ypaBHEHHs COXPaHEHUs MacChl He(TH, BOJBI, Ta3a W 3aKa4aHHOTO Ta3a B TPELIMHAX U
Marpune. Co31aHO ypaBHEHHE MHOTO(])A3HOTO ITOTOKA XKHUIKOCTH B Pa3IMUHBIX Cpesax.

Hayuynas HoBu3Ha. Pa3zpaboTaH HOBBIN HAyYHO-METOAMYECKHUI MTOJIX01 K PACUETY M YHCIEHHOMY MOAEIHPOBAHUIO
BIPBICKMBAHMUS I'a3a B TPEIIMHOBATHIE KOJUIEKTOPBI, YYUTHIBAIOLINI JUCKPETHYIO MOJIEIb CETH TPEILHH.

I[IpakTHyeckas 3HAYUMOCTb. METOIMKA YHCICHHOTO MOJCIMPOBAHMS IMOBEICHHUS TPEIIMHOBATOIO KOJUIEKTOpa
MOKET TOYHO ONHCATh IIOTOKU HE(TH, BOJBI U Ta3a B TPELIMHE, YTO CHOCOOCTBYET OoJiee IeTalbHOMY H3yYEHHIO MeXa-
HHM3Ma Pa3BUTHS BIPHICKMBAHMS I'a3a M €T0 ONTHMHU3ALIIH.

Kntouesvie cnosa: mpewunosamolii KOINEKMOP, YUCIEHHOE MOOEAUPOSAHUe, OUCKPEMHAs. MOOeTb Cemu mpeujuH,
BNPYICKUBAHUE 2a3a
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