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Abstract: The conglomerate matrix and fracture propagation are special in tight conglomerate
reservoir with small well spacing. In this article, the fractal propagation characteristics of the fracture
network in conglomerate reservoirs are described by experiment and a micro-mathematical model.
According to the core slice, the conglomerate reservoir matrix presents the multi-modal pore structure,
described as the “pseudo-dual-media” model. Given the above, the unsteady seepage mathematical
model, comprehensively considering the fractal fracture network, stress sensitivity of main fractures,
and threshold pressure gradient of the reservoir matrix, was developed and analytically solved. The
Blasingame type curves for production decline analysis were plotted, and the sensitive parameters
were analyzed. The field application was performed for validation. The research results show that
the fractal dimension decides the complexity of the fracture network distribution. As it increases, the
unsteady flow occurs earlier, and the boundary flow is delayed. The anomalous diffusion exponent
represents the smoothness of crude oil migration and a higher value leads to higher resistance to oil
migration and larger pressure drawdown for the same production rate. The growth of the threshold
pressure gradient within a certain range can result in a localized downward shift of the type curves.
The field application in a conglomerate oil reservoir showed that the presented model presents a
fitting accuracy 10% higher than that of the conventional SRV model and has high reliability and
precision for the production performance evaluation of the small-well-spacing development of tight
conglomerate reservoirs.

Keywords: small well spacing; multi-modal; fractal dimension; anomalous diffusion exponent;
threshold pressure

1. Introduction

The Mahu tight conglomerate oil reservoir, as the largest conglomerate reservoir oil in
the world, is characterized by the complex lithology, tight reservoir, high heterogeneity, and
large difference between the maximum and minimum horizontal principal stresses [1,2].
Due to the tight reservoir, the conventional development approach fails to build large-scale
production cost-effectively. With numerous attempts, the unique small well spacing devel-
opment technique of the Mahu oilfield was formed. The post-frac performance evaluation,
well-controlled reserve estimation, and determination of fracture parameters in the context
of this development approach are vital for guiding the development deployment.

Production decline analysis is an emerging method to evaluate the fracturing perfor-
mance and calculate relevant parameters of reservoirs and fractures, based on production
data [3,4]. Typically, in this method, the Blasingame type curve is derived from the un-
steady seepage theory, and the reservoir and fracture parameters are then computed by
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fitting the type curve to production data [5,6]. In 1993, Blasingame introduced the material
balance time into the production performance analysis, which solved the problem caused
by the variable bottomhole flowing pressure and developed the typical Blasingame type
curves [7]. In 1998, by extending the Blasingame model, Palacio developed the Blasingame
type curves based on the radial flow and elliptical flow [8]. In 2007, D. Ilk introduced
the 3 function into the Blasingame type curve to eliminate the solution multiplicity of the
model [9]. Following the point source theory, Wang solved the asymptotic expression of
pressure for the boundary-controlled flow of hydraulically fractured horizontal wells in
2014 and plotted the Blasingame type curve of such wells [10]. In 2015, Sun systematically
investigated the methodology of modern production decline analysis and developed the
type curves for model production decline analysis of different well types [11]. In 2017,
Cao established the production prediction charts of horizontal wells, wherein the stress
sensitivity of reservoir matrix and the influence of starting pressure gradient are intro-
duced [12]. In 2019, Lin further studied hydraulically fractured horizontal wells. In this
research, four seepage physical models were considered, namely the ones with small well
spacing and small cluster spacing, small well spacing and large clustering spacing, large
well spacing and small cluster spacing, and large well spacing and large cluster spacing, re-
spectively. Correspondingly, the Blasingame curves of fractured horizontal wells, based on
the bi-linear flow, combined bi-linear flow, tri-linear flow, and five-region multi-linear flow,
were plotted [13]. Recently, Wang et al. characterized diverting of fractures of re-fractured
horizontal wells and semi-analytically illustrated the effects of various fracture diverting
angles on the shapes of production decline curves [14]. The extensive literature review
performed in this research indicates that the previous construction and analysis of the
production decline model are commonly based on the single-porosity model of the sand-
stone matrix, which is different from the multi-porosity characteristic of the conglomerate
matrix [15-17], especially for fracturing development mode of small spacing horizontal
wells in tight conglomerate reservoir.

In this paper, the fracture propagation characteristics of conglomerate reservoir with
small well spacing and the micro seepage model of matrix are analyzed by the perspectives
of experiments and the micro mathematical model. The research modified the current SRV
model by introducing the fractal characteristic parameters of the fracture network and the
dual pore structure of matrix. This unsteady seepage mathematical model was developed
and solved for the tight conglomerate reservoir with the development mode of small well
spacing. The corresponding Blasingame type curve was obtained using the solution of the
model. According to typical curve, the sensitive parameters are analyzed, and the reliability
of the presented model was validated via the field application.

2. Fracture and Matrix Characteristics of Conglomerate Reservoir
2.1. Characteristics of Fracturing Network

The M131 demonstration project has adopted the development model of small well
spacing, small cluster spacing, three-dimensional well pattern, and staggered fractures
in the Mahu oilfield. The interpretation of the micro-seismic monitoring shows that the
dense micro seismic events has been formed with the condition of small well spacing and
small cluster spacing (Figure 1). It is believed that a complex fracture network has been
formed. Considering full coverage of fracturing fractures, it generally conforms to the
macro-seepage mode of the SRV model [18,19].
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Figure 1. Microseismic interpretation of the M131 demonstration project.

The core fracture experiment shows that the conglomerate cores showed the three
modes of fracture propagation in conglomerate, namely “termination (arrest), deflection,
and penetration” (Figure 2). According to statistics, the deflection is the main fracture
propagation mode, which forms the main mode of artificial micro fractures. It is confirmed
that the multiple modes are the main reason for complex fracture network formed by the
fracturing in the conglomerate reservoir.

Gravel

Deflection : s Deflection

W80 % 7 Branching
L & fractures

Termination

Figure 2. Core fracture experiment.

From the microscopic scale, the conglomerate is regarded as a three-phase composite
material composed of gravel, matrix, and cemented surface between gravel and matrix. A
cohesive element with zero thickness is inserted between two adjacent geometric elements,
and a global cohesion element model is obtained to simulate the initiation and expansion
of rock cracks by programming. Model: 2 m x 2 m size; 49,985 discrete geometric elements
(the minimum grid size is 0.01 m); 62% gravel content, 38% matrix content.

The simulation results show that the fractures encounter the gravel propagation char-
acteristics, mainly including three modes: termination (arrest), deflection, and penetration,
which are consistent with the core experimental results (Figure 3 left). The reliability of
simulation results is confirmed. The in-depth study of the model shows that the three
modes lead to the formation of a complex fracture network structure with fractal character-
istics (Figure 3 right). When using the SRV model to establish a seepage model, the fractal
theory needs to be introduced to describe the seepage law of artificial micro-fractures.
Fractal dimension can be used to describe the correlation of fractures and the complexity of
fracture network.



Minerals 2022, 12, 1433

40f17

a) Penetration

Gravel ¢ =10cm  Gravel 9 =5cm

Grave ¢ = 1~2 ecm Matrix

Extract crack
Magnified
) & =

-
P e e
-

b) Deflection ¢) Termination

Figure 3. Numerical simulation of conglomerate fracture network.

Fractal dimension is a concept introduced to quantitatively describe fractal images.
It reflects the effectiveness of the space occupied by the complex shapes and is a measure
of the irregularity of the complex shape. Corresponding to the integer dimension in Euler
geometry, fractal theory holds that the dimension can contain decimals and its value can be
calculated with the following formula.

The formula for calculating the fractal dimension Dy is:

71r1N
£~ TIns

M

where N is number of self-similar local shapes and S is the similarity ratio.

From the classical seepage theory, the core physical parameters describing fluid flow
are permeability and porosity, which are related to the geometric properties of the reser-
voir. Similarly, the permeability and porosity in the fractal network reflect the geometric
properties of the fractal structure, which leads to the inevitable connection between the
permeability /porosity and the fractal dimension. The anomalous diffusion index reflects
connectivity and is necessarily related to permeability. In order to quantitatively character-
ize their correlation, Chang [20] proposed the expressions of fractal permeability and fractal
porosity, which show a power-law function with distance. Under the reference length, the
expressions of fractal permeability and porosity are divided into:

) D¢—6¢—d

— KX
K(y) Kﬁ(wf ) @

Pe(y) = 4’f(wlf)

In this paper, a two-dimensional plane seepage model (d = 2) is used, and the pressure
index relationship is introduced considering the influence of pressure change on porosity.
The formula is as follows:

Ki(y) = Ke (&% )Df—ef—z

Ds—2 (3)
Pe(y) = ‘Pf(wlf) eCa(pe—po)
Using Equation (3), the change of seepage law with fractal characteristic in fracture
network structure can be studied.

2.2. Matrix Seepage Description

The difference between the conglomerate reservoir and the sandstone reservoir is
that the conglomerate reservoir has multi-level filling, which forms the unique complex
modal structure of the conglomerate reservoir. The complex modal structure is that the
pores formed by the gravel skeleton are partially or completely filled with sand particles,
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and the pores composed of sand particles are partially filled with loam-grade and clay-
grade particles. Based on this structure, the microscopic pore throat characteristics of
conglomerate reservoirs are diverse.

According to the occurrence of pores, the pores of conglomerate reservoirs can be
divided into intergranular pores, interstitial pores, and gravel-edge fractures [21]. The thin
section observation of cores (Figure 4) demonstrates the presence of numerous complex
gravel-edge fractures in the Mahu conglomerate reservoir, accounting for more than
8%. Compared with other matrix pores, the conglomerate-edge fractures have higher
permeability. The high conductivity of gravel-edge fractures makes the characteristics
of “pseudo dual medium” more prominent in the tight conglomerate reservoirs. As a
result, the microscopic seepage simulation and characterization of the Mahu conglomerate
reservoir cannot be described by a single-pore structure, but by a “pseudo dual medium”
composed of inter-gravel matrix pores and conglomerate-edge fractures. In view of this,
the microscopic seepage pattern of this matrix can be described as the flow of matrix pores
between gravels to the gravel-edge fractures, and the flow of gravel-edge fractures to the
artificial complex fracture network [22].

(d) Well M19

D R

(e) Well M191 (f) Well M152

Figure 4. (a—f) Thin sections of core samples from drilled wells.

3. Mathematical Model
3.1. Physical Assumptions

According to the description of fracturing fracture and matrix seepage characteristics
of conglomerate reservoir, conglomerate reservoir includes artificial main fracture, artificial
branch fracture, gravel-edge fracture and inter-gravel pore (Figure 5). The description and
assumptions of the physical model are presented below:

(1) A fractured horizontal well with finite fracture conductivity is located in the center of
the bounded conglomerate reservoir and fracturing results in the complex fracture
network, consisting of main fractures and artificial micro fractures (in other words,
artificial branch fractures).

(2) The conglomerate reservoir matrix features the multi-modal structure that satisfies
the structural characteristic of “pseudo-multi-porosity” [15-17] and the effects of clay
minerals on the conglomerate pore structure are ignored—the conglomerate reservoir
is considered as bi-modal and thus treated as the “pseudo-dual-porosity medium”
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composed of the inter-gravel pore formed purely by sands around gravels and the
gravel-edge fracture formed by gravels and objects in contact with such gravels.

(3) Itis assumed that pseudo-steady cross flow occurs from the inter-gravel pore to the
gravel-edge fracture, while unsteady flow, following the De Swaan model [23], exists
from the gravel-edge fracture to the artificial micro fracture; the linear Darcy flow is
present from the artificial micro fracture to the main fracture and also from the main
fracture to the wellbore.

(4) nfractured zones are formed and evenly distributed along the horizontal wellbore
after fracturing and each consists of the main fracture and numerous micro artificial
fractures [24]. The artificial micro fracture follows a given fractal characteristic and
the main fracture is stress sensitive.

(5) The rock and fluid are both slightly compressible. The production proceeds at a con-
stant production rate. The effects of gravity, capillary pressure, reservoir temperature
variation, and wellbore friction are neglected.

Artificial branch fracture Gravel-edge fracture
Artificial main fracture '\ Conglomerate matrix

o Il;tewgravel pore

Horizontal well

Figure 5. Schematic diagram of the complex fracture network in tight conglomerate reservoirs.

3.2. Mathematic Model

The definitions of dimensionless variables are presented below (Table 1):

Table 1. Definitions of dimensionless variables.

Dimensionless Parameters Definitions
Reservoir pressure piD = 72”“[‘;; %p}f*p ) i=m, g, f,F)
Production time = Kit
D = 2 (9 Con+95C 191 Cr )
: _ X _ Y _ Ye _r _ R
Distance Xp = Xp’/ Yp = Xp’ YeD = Xp/ D = EI”RD — xr
. __ WE
Fracture width wpp = &
ili — qeBpor
Permeability modulus 7D = T
.1 . o Kg . Kﬁ
Permeability ratios kgp = & kep = g
Pressure transfer coefficients = Ke_ 4 — Ky
TE = 4Cege ' TE = 1(gmCon+ 95 Cat91Cr)
Ratio of the pressure transfer coefficients Nep = %
Cross flow coefficient Am = “mIK<7mez
Fi
Elastic storativity ratios - ¢uCa — PG
y Wm = G 6 Ca TG’ V8 T PrCmFheCaTPiCr

Kriwg

Less conductivity of main fractures Crp = FigE

Symbols in the table: x, y, and r are the distance, m; x. is the recovered half length, m;
R is the spherical radius of the matrix system, m; ye. is the half spacing of main fractures,
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m; x is the half length of main fractures, m; h is the pay zone thickness, m; wr is the
fracture width, m; py is the original formation pressure, MPa; gr is the production rate of
one main fracture, m3/d; B is the crude oil formation volume fractor; u is the formation oil
viscosity, mPa-s; [ is the pore type code for the region; m, g, f, and F refer to the inter-gravel
pore, gravel-edge fracture, artificial micro fracture, and main fracture, respectively; p; is
the pressure corresponding to the code i, MPa; K; is the permeability associated with the
code I, um?; C; is the compressibility associated with the code I, MPa™!; ¢ is the porosity
associated with the code i, decimals; «; is the cross flow coefficient associated with the code
i; and 7; is the permeability stress sensitivity coefficient associated with the code i.

3.2.1. SRV Region

The SRV includes the reservoir matrix and artificial micro-fracture, and the matrix
pore consists of the inter-gravel pore and gravel-edge fracture. These three components
constitute the “pseudo-triple-porosity” medium.

(1) Reservoir matrix
From the inter-gravel pore to the gravel-edge fracture exists only the pseudo-steady

cross flow, which can be expressed as:

amK 0

4)

An unsteady flow following the De Swaan model occurs from the gravel-edge fracture
to the artificial micro fracture, of which the governing equation is shown below:

tmKm 19/, 9pg
L rm =) = g (Pests) = 0uCegf ©)
The kinematic equation of the gravel-edge fracture is expressed using the non-Darcy
flow: K. /9
— s (%

A" (ar G> ©

Substituting Equation (6) into Equation (5) produces Equation (7):

Ko Kg (*pg  20pg 2G)\ _  _ Opg

i (Pm pg)+y<ar2+rar r ) TSy @

The dimensionless expressions of Equations (1) and (4) can be obtained in accordance with
the boundary conditions, and the mathematic model of the SRV region is presented below:

_/\m(PmD - pgD) = Wm agg;D

pop ) Wep 0

5 2 %PgD _ 2M | Am _ __ WgD 9PgD

arD2 rp 9drp D + kgt’rf‘: (me PgD) - kg/F Jotp (8)
anD — O

arD I’DZO

pgD|7D:VRD P

_ ZHKFihX]:
where M = B G.

(2) Artificial micro fractures

The artificial micro fractures of this region are set to have a complex fractal network
structure. The pore space of artificial micro fractures is assumed to be elastic and indepen-
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dent of stress sensitivity. Consequently, the porosity and permeability can be expressed as
below [25,26]:

K =ka(#) 5 ©)

D;—2 Dy
Pe(y) = <Pf(wlf> eCHlpr) ~ ¢f(%f) (1+Csi(pe = po))
where Dy represents the fractal dimension and 6; represents the anomalous diffusion
exponent.

The governing equation of artificial micro fractures can be obtained from the derivation
of Gu et al. [27] and Jiang et al. [28].

Kg(y \?"(Di—6—20p;  Ppr)  3Kg(y\"(dpg
p \we y dy oy R p \wy dr

Again, Equation (10) is normalized with respect to the boundary condition and simpli-
fied to construct the mathematic model of artificial branched fractures:

’pp | De—6—2 9pgp 3 ( YD >9f (dPgD )
9yp? + Yo  9yp reD kgff WED drp +M

D2
_ y aps
= ¢:Ct <wf> 5 (10)

r=R

O
_ (o _ _ 9P
- (wFD ) kF/f (1 Wm C(Jg) dtp

rp=ReD

(11)

pPm

9P | _ =0
Jdyp |YD=YeD

yD:wFD/z = pFD yD:wFD/Z

3.2.2. Main Fracture Region

For the main fracture region, the liquid supply from the SRV region is incorporated,
and the corresponding fluid flow is expressed as below:

J PoK; dps 2 9(0r¢E)
ox (pevr) U oy wg — ot (12)
In this region, the fluid flow is Darcy flow, and the kinematic equation is:
K dpr
Vp=———— (13)
ooy

It is assumed that main fractures are stress-sensitive, and their permeability modulus
can be expressed as an exponential function [27,28]:

Kg = KgeF(PE=Po) (14)

By substituting Equations (13) and (14) into Equation (12), the governing equation of
this region can be simplified as:

opp .2 92 Kg 9ps 2
Ye(pr—po) 9PF PE Rfi 0Pt 2
¢ <7F( ox ) + 0x2 ) KFi ay WE

_ Lope
y=wg/2 Uil ot

(15)

Similarly, the normalization based on the boundary condition and subsequent simplifica-
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tion of Equation (15) are performed to gain the mathematic expression of this region:

2 2
—YEDP °prp 9pPFD 9PFD 2 _ 9PFD
€ P ( 9xp? 7D ( 9xp ) ) + ke WD WED |y —ppry /2 Mg eker 9tp
pepltp =0 =0
_ ap (16)
e YEDPEp FD =0
XD xD:1
_ (tp), e~ TP 9Pep _r
pFD‘xD=O = PwbDlID),€ oxXp xp=0 - Crp

3.3. Solving the Model and Plotting Type Curves
3.3.1. SRV Region

(1) Reservoir matrix

The Laplace transform of Equation (8) (the mathematic model of the reservoir matrix)
is performed, and we have:

~Am (PmD — PgD) = WmSPmp

’Pap %D . Wy
g 2 9%gD _ 2M | Am _ _ Wy
a2 T ooy o T ker (PmD — PgD) = Kg.r o P8D

|
arD VD:O

@L’D

(17)

=rRp P
After substituting the pseudo-steady cross flow equation of inter-gravel pores into the
unsteady flow equation of the gravel-edge fracture and corresponding simplification, we have:

PPep 29Psp ___ 2M
T T .

_ s Amw.
where ¢ = @(wm‘gﬁ‘m +wg).

Then, by substituting PgD = #/rp into Equation (18), the variable of the mathematic
equation is changed [29]:
2+ —
aar—D”z —¢eu =2M
,,o=0 (19)
ﬁ|i’D:'r‘RD = rRDpE

By solving Equation (19), we have:

sinh(rp+/¢)

"= sinh(rRDﬁ) "RDPID + T

sinh(rrpV/¢)

(1 B e”RD\/g) Sinh(TD\/E> + erD\/g _ 1‘| (20)

Afterward, the derivative of pgp at rp = rrp can be calculated as:

9PgD
d D

1 \__
= (ﬁcoth(rRD\/g) — ) P+ X (21)
'D=TRD "RD

where x = r;)Mﬁ [(1 — e"RDVE coth(rgpy/e) + e’RD\/E}.

(2) Artificial micro fractures
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The Laplace transform of Equation (11) (the mathematic model of artificial micro
fractures) is performed and Equation (22) is obtained after substituting Equation (21) into
the transformed Equation (11):

PP, De—6—2 3 O 0
o’ T o aw  AYpPm=Byp

% YD=WED /2 (22)
9P —
B2 |yp=yep =0

]/D:ZUFD/Z = pFD

where A =

kg’f (x +M).

The particular solution of this equation is determined to be —B/A via a trial-and-
error process referring to the solving method of the universal solution of this equation by
Pei [25]. Accordingly, the expression of the universal solution plus the particular solution
is presented below:

(\fcoth(rRD\f) ”RD) U‘L“ng)s’ and B — <w}cD>9fi

] f W
TRDWED £ g k¢ FwrD "RD

B
—_—_ a 9 4 _ 2
P> = yo* [ Cila (byo? ) + CaKa (byp”) | - — (23)
where g = 3_sz+9f, n=>2 QDJSGf, %= 2+9‘, and b = L
C1 and C; are calculated by substituting Equatlon (23) into the boundary condition
and the partial derivative of the equation at yp = %2 is computed:
P - B
-— =E w —E 24
YD |0 PRDlyp—gp + 5 @d

K1 (byeDﬂ)In—l (b( u)FTD)ﬂ) —Iy— (byeD19>Kn—l (b
Iy (b( wl;D )0) Ky-1 (byeDL’) +11 (hyeDﬂ)Kn (b( wl;D )0)

—
g
N
o
~—
LY
N—

where E = \/Z(wz@)% [

3.3.2. Main Fracture Region

Since the mathematical model of the main fracture is nonlinear, it is required to
introduce the Pedrosa transform [30] and perturbation theory to eliminate the nonlinearity
of the equation. The equations are presented below:

1
pep = —— In(1 — yplrp) (25)
D
&p = &0 + YpéED 1 + YD CFD 2 + - (26)
1
————— = 14+9p&D + 1D EFp> + - - (27)
1-7plrp
1 1.,
— —1In(1 -~ yplrp) = ¢pp + 5YDCFD” + - - - (28)
D 2

After eliminating the nonlinearity of Equation (16), the Laplace transform is performed:

%o |, 2Ker P ke nSErmm
*Crno : _ s

axp? T W WD |y e /2 11t pkt FSCFDO

&rpol; o =0

Y. 2
aQ'FiDO =0 ( 9)
axD XD:1

T 9CFDO _ _r
CFD0|xD:0 = Gwpo(s), Fip - o
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By substituting Equation (24) into Equation (29) and simplifying the resultant expres-
sion, Equation (30) is obtained:

9*Zrpo

—F(E —F(E)=0 30

o2 1(E)¢rpo — F2(E) (30)
where F{(E) = 2Kik B and Fo(E) = _ 2Kk B
WFD WED A

Solving Equation (30) yields:

— ncosh( Fl(E)(xD71)> | R(E) o1

Crpsy/Fi(E)sinh(v/Fi(E))  F1(E)

When xp = 0, the pressure solution of the main fracture is equal to the dimensionless
bottomhole pressure of the Laplace space:

—_ 67| B 7‘[C0th( F (E)) B F,(E) (32)
wDO = GFDO|y g = Crps+/F1(E) Fi(E)

Meanwhile, the dimensionless wellbore storage factor and skin factor are introduced
on the basis of the Duhamel theory. The bottomhole pressure solution, considering the
wellbore storage and skin effects, is [27]:

sGwpo + S
s[14 Cps(s€wpo + S)]

[ (33)

Finally, through the Stehfest numerical inversion and perturbation inverse-transform
of Equation (34), the true bottomhole pressure solution is obtained [31].

pwD = _’YT In(1 - vppL ' [Eup]) (34)

3.3.3. Blasingame Type Curves

The solution of the Laplace space can be obtained via the numerical transform of
Equation (34). Then, the production rate of the Laplace space can be calculated [32], according
to the correlation between the dimensionless production rate with the constant bottomhole
pressure and the dimensionless bottomhole pressure with the constant production rate:

1
_ 71
=t { PwDSZ] )

In the case of the boundary-controlled flow, the dimensionless bottomhole pressure
can be expressed as:
PwD = atp + ¢ (36)

The dimensionless time can be defined as:
«
tpa = ~tp (37)
G
The dimensionless production rate can be defined as:

dpd = 69D (38)
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The integral of the dimensionless production rate is:

gdDdi =

Nybg 1 tbd

D

28— = [ gpa(r)dr (39)
fDd th'o

The derivative of the dimensionless production rate integration is:

~_ dgpai _ , d9pai
IDdid = = Jintog tpd dtng (40)

The function of the derivative of the integral is:

= QDdifi 41)
qDdi

« and ¢ in Equation (36) are constants. This paper refers to Lin’s method to value the
constants coefficient [13]. According to the correlation coefficient, the Blasingame curve is

plotted with Matlab software. The Blasingame type curves of the model in this research are
illustrated below (Figure 6).
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Figure 6. Blasingame curves considering the fractal characteristic of the fracture network.

4. Results and Discussion
4.1. Effects of the Fractal Dimension on the Curve Shape

The Blasingame curves for different fractal dimensions were calculated and plotted. The
results show that with the increasing fractal dimension, the dimensionless production rate,
dimensionless production rate integral, and dimension less production rate integral derivative
all shift obliquely upward, with smaller deviations in the front and larger deviations in the rear,
which results in the delayed boundary flow. The 3 function of the integral derivative presents
an opposite phenomenon—the front and rear of curves almost converge and, yet, the middle
section of curves shifts downward (Figure 7). These can be explained as below: the fractal
dimension determines the complexity of the artificial micro fracture distribution. The higher
fractal dimension leads to a smaller density of artificial micro fractures and, consequently,
simpler fracture distribution. Also, the differentiation of porosity and permeability is reduced,
the flow distance of crude oil via the complex fracture network is shortened, and the overall
flow resistance is lowered, which promote dimensionless production. However, as the density
of artificial fractures declines, the probability of contact between the reservoir matrix and
artificial fractures reduces. Hence, difficulties in flowing of crude oil from inter-gravel pores
to the artificial fracture network are raised, and the corresponding time is extended, which
leads to the delay of the boundary flow.
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Figure 7. The sensitivity analysis of fractal dimension for the branch fracture network.

4.2. Effects of the Anomalous Diffusion Exponent on the Curve Shape

The case of the anomalous diffusion exponent is just the opposite of that of the fractal
dimension. An increasing anomalous diffusion exponent results in smaller early and late
deviations and larger middle deviations and also late parallel arrangement for the curves
of the dimensionless production, dimensionless production integral, and dimensionless
production integral derivative. It should also be noted that the curves present larger
downward movements with the rising anomalous diffusion exponent. Unlike the above
three curves, the integral derivative 3 function shifts upward in the early production and
presents localized downward deviations in the late production, after which the curves
gradually coincide into one (Figure 8).
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Figure 8. The sensitivity analysis of the anomalous diffusion exponent.

The analysis shows that the anomalous diffusion exponent stands for the smoothness
and degree of disorder of the oil migration through artificial branch fractures and is the
representation of the fluid flow capacity of the complex intersecting branch fracture network.
A higher anomalous diffusion exponent suggests lower connectivity of the branched
fracture network, higher degrees of flow disorder, and, ultimately, stimulated resistance for
oil migration toward the wellbore. Correspondingly, with the growth of the anomalous
diffusion exponent, the pressure drawdown required for fluids to flow from the formation
to the wellbore is enhanced and the dimensionless production rate declines, which is
manifested as the synchronized downward shifting of the curves of the dimensionless
production rate, dimensionless production rate integral, and the dimensionless production
rate integral derivative.
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At the same time, the influence of anomalous diffusion index on permeability under
fractal network has a correlation with the distance from the main fracture. Basically, it
shows that the closer the distance to the main fracture, the smaller the negative impact
of the branch fracture network complexity on permeability. It is explained that the main
fractures and near-main fractures are mainly used for fluid supply in the early stage of
production, and the anomalous diffusion index has little influence on them. With the
passage of time, when the branched fracture network is completely involved in the liquid
supply, the influence of the anomalous diffusion index reaches the maximum, and the offset
of the curve reaches the maximum. In the later stage, the shape of the curve is affected by
the weakening of the liquid supply capacity and the pseudo-steady crossflow, not by the
anomalous diffusion exponent. Therefore, the curve gradually decreases from the offset
distance to the parallel state.

4.3. Effects of the Fluid Flow Threshold Pressure on the Shape Curve

The effects of the threshold pressure gradient on the Blasingame curves are illustrated
in Figure 9. It is seen that the dimensionless production rate curve rarely changes as the
threshold pressure gradient climbs up from 0.0005 MPa/m to 0.05 MPa/m. Yet, the curves
of the dimensionless production integral, dimensionless production integral derivative,
and integral derivative function {3 all shift downward in the early stage, and the drop
magnitudes grow with the increasing threshold pressure gradient. In the late stage (of the
boundary flow), the curves are free of the threshold pressure gradient, and all coincide
with each other. It is believed that the threshold pressure gradient represents the minimum
resistance that fluids need to overcome during the initial flow. A higher threshold pressure
gradient means higher initial flow resistance to recover the reservoir matrix. Hence, under
the same conditions, the higher the threshold pressure gradient is, the lower the pressure
inside the artificial fracture needs to be for the purpose of producing from the reservoir
matrix. Correspondingly, lower bottomhole flowing pressure is required, and the time
required to enable matrix fluid flow is prolonged, which leads to the downward shifting of
the curves of the dimensionless production rate integral, dimensionless production integral
derivative, and integral derivative 3 function in the early stage. As the production reaches
the late stage, enough pressure difference exists between the matrix and artificial fracture,
and the fluids in the reservoir matrix have already been recovered—the threshold pressure
gradient no longer impacts the flow, which is manifested as the coincidence of all curves of
different threshold pressure gradients.
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Figure 9. The sensitivity analysis of the threshold pressure gradient in tight reservoirs.

5. Model Application

To validate the reliability of the presented model, the production decline analysis of
well M1 of the small well spacing demonstration project of the Mahu conglomerate oil
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reservoir was performed using the model of this research and the conventional SRV model,
respectively. The original formation pressure of this well is 38.8 MPa; the effective reservoir
thickness, 14.9 m; the porosity, 10%; the oil saturation, 55.85%; the horizontal wellbore
length, 1736 m; the drilled pay zone length, 1734 m. The horizontal wellbore was divided
into 23 fracturing stages with 80 clusters. The total liquid consumption of fracturing reached
24,043 m3, and 1677 m? of proppants were injected. The peak oil production is 53.2 t/d,
and the well is still producing now, with daily oil production of 9.6 t.

The curve section with high-quality pressure and production data was chosen to perform
fitting so as to avoid irregularity of normalized curves caused by the flowback of fracturing
fluids, and the fitting results of the two models were compared (Figures 10 and 11). The
fitting accuracy of the model presented in this research is higher than that of the conventional
SRV model. Although the interpreted fracture half-length and well-controlled reserve of
the former are smaller than those of the latter, the resultant fracture conductivity is higher.
The interpretation results are shown in Table 2. The present model incorporates the dual-
porosity structure, the threshold pressure gradient of the conglomerate reservoir matrix, and
the fractal characteristic of the fracture network, which leads to the concave curve feature of
the dimensionless production rate integral. It is this curve feature that promotes the fitting
accuracy by 10% and delivers a more reliable evaluation.
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Figure 10. Application results of Blasingame curves based on the conventional SRV model.

10 T T T

qu, qui, quid, B

o(q/Ap)data x (q/Ap)data + (g/Ap).data x(P )data

9oa oai Gpaia

0.001 L L !
0.01 0.1 1 10 100

p

toa

Figure 11. Application results of Blasingame curves based on the model presented in the paper.
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Table 2. Interpretation results.
Threshold Well- Well-
Fracture Fracture . Anomalous
.. Skin Pressure Fractal . . Controlled Controlled
. Half(}ne)ngth Co(r;‘i Bﬁ:;‘;lty Factor Gradient Dimension g;ffgzglr; Area Reserve
(MPa/cm) p (km?) (10,000 tons)
Software 52 152 0.003 - - - 018 8.80
This research 48 256 0.01 0.21 1.73 0.30 0.17 8.11

References

6. Conclusions

In this article, a mathematical seepage model was presented for the tight conglom-erate
reservoirs with small well spacing. Novelties provided in this work include: (a) the model
considers the multi-porous structure of the conglomerate reservoir matrix; (b) the propagation
characteristics of the fracturing network are analyzed in conglomerate res-ervoirs, and the
fractal theory is introduced to describe the complex fracture network structure considering
pressure sensitivity; (c) incorporated with the fractal theory and the characteristics of double
porous in matrix, a novel analytical solution in the SRV flow model was presented for
unconventional conglomerate reservoir. The detailed conclusions are as follows.

(1) Microseismic monitoring, core experiments, core numerical simulations, etc., have
confirmed that the complex fractures can be formed in conglomerate reservoirs. Under
this condition, the fractal porosity and fractal permeability models can be used. The
core slices have confirmed that the matrix cannot be described by a single-pore model
due to the development of gravel-edge fractures. Modeling can be simplified to a
pseudo-dual-porosity medium.

(2) The mathematic model of the fractured horizontal well with small well spacing was
developed, with the multi-modal pore structure of the tight conglomerate reservoir,
the fractal characteristic of the branch fracture network, threshold pressure gradient
for fluid flow in the matrix, and stress sensitivity taken, into consideration. The
sensitive parameters were analyzed, and it was confirmed that the model conforms to
the seepage law.

(3) Thefield application validated the feasibility and reliability of the developed Blasingame
curves for the parameter evaluation of developing tight conglomerate reservoirs using
small-spacing horizontal wells. The fitting accuracy is 10% higher than that of the
conventional SRV model.
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