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Abstract: Production decline analysis has been considered as an important method to obtain the flow parameters, reservoir properties
and original gas in place. Although advanced Blasingame production decline analysis methods for vertical wells, fractured wells and
horizontal wells are widely used, limited study has conducted on Blasingame production decline type curves for multi-fractured
horizontal well (MFHW). Based on the perpendicular bisection (PEBI) grids, a numerical model was developed and the solution was
obtained using control volume finite element method and the fully implicit method. Blasingame production decline-type curves of the
infinitely conductive MFHW were plotted through computer programming. A field case was presented to analyse and verify the
model developed. Five flow regimes, including early formation linear flow, early radial flow, compound linear flow, transient flow
and pseudo-radial flow, are recognized. Fracture spacing is the main factor that affects early radial flow, compound linear flow and
transient flow, the distance from the well to the circular boundary affects the pseudo-radial flow, and the type curves are also
significantly affected by the formation permeability, fracture number and fracture half-length. The validation of field case suggests
that the Blasingame production decline type curves proposed in this work can be applied to the production decline analysis for

MFHW in tight gas reservoirs.
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1 Introduction

With the decrease of conventional natural gas and
increase of natural gas demand in the world, the tight gas
reservoirs with abundant reserves are likely to be the
dominant suppliers of future natural gas production [1].
Horizontal well drilling and hydraulic fracturing are
effective means for improving the output of low
permeability and tight gas reservoirs [2]. Production
decline analysis is an important technique to obtain the
flow parameters, reservoir properties and a well’s
original gas in place. In recent decades, production
decline issues and methods have been studied by many
scholars. Although various analytical and numerical
methods [3—6] have been used to study the transient
and performance of multi-fractured
horizontal well (MFHW), most of them only simply
forecast the rules about rate or dimensionless rate versus
time.

However, to diagnose reservoir properties and
decline rate, the type curves methods are widely used in

behaviours

dynamic analysis of wells in the last decades. In general,
there are mainly three analysis methods (Arps, Fetkovich
and Blasingame). The first analysis method for
describing the rate of decline was presented by
ARNOLD and ANDERSON [7]. Based on field
production data, empirical rate-decline correlations (such
as exponential, hyperbolic, harmonic and power-law
decline) have been proposed [8, 9], but the correlations
can not be used to analyse production decline during the
early transient period. More recently, Fetkovich
production decline analysis method was developed under
constant bottomhole flowing pressure and was proven
capable of determining certain flow parameters and
reservoir properties [10, 11]. However, the Fetkovich
method is based on highly idealized assumed production
conditions, such as constant wellbottom flow pressure,
and only few flow parameters and reservoir properties
can be obtained. BLASINGAME et al [12] presented
a new method for estimating drainage area size and
shape using production data, which is derived for
the variable rate flow in a closed reservoir. PALACIO
and BLASINGAME [13] proposed the Blasingame
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production decline method for a vertical gas well with a
variable production rate by introducing the material
balance pseudo-time. Later, Blasingame production
dynamic analysis method became more and more
popular, and had been extended to different well types
and reservoir types by many scholars. PRATIKNO et al
[14] and SHIH et al [15] researched fractured and
horizontal wells using the Blasingame production decline,
respectively. CLARKSON et al [16] investigated the
production data analysis of a fractured horizontal CBM
well using the Blasingame rate decline method.
ZAREENEJAD et al [17] investigated the production
data analysis of horizontal wells in an oil field using a
vertical well rate decline model. WANG et al [18]
attempted to study on Blasingame production decline
type curves of MFHW in shale reservoirs with triple
continumm, but the type curves were not verified by
field data. KETINENI [19], NOBAKHT et al [20, 21],
and ZHAO [22] studied multi-fractured horizontal well
rate decline behaviours using semi-analytical and
numerical methods, but few parameters were obtainable
using the their method. However, due to the complexity
of pressure and flow fields after fracturing, limited study
has conducted on Blasingame production decline type
curves for MFHW.

Thus, a numerical method was applied in this work
to study the Blasingame production decline curves of a
MFHW in tight gas reservoirs. Based on the basic
principles of production decline analysis and the
application of a perpendicular bisection (PEBI) grid, a
production decline numerical model of an infinitely
conductive MFHW was derived by the control volume
finite element method and fully implicit method, and the
Blasingame production decline type curves of a MFHW
in tight gas reservoirs were plotted and analysed.

2 Mathematical model construction and
solution

PEBI grids are widely used in many fields,
especially in the petroleum industry as they are more
flexible in simulating complex geometries and have less
grid orientation effects than Cartesian grids [23—25].
Therefore, PEBI grids are introduced herein to formulate
the numerical model and simulate the flow process of a
MFHW, yielding the Blasingame type curves of the
MFHW.

Generally, due to the effects of brittle minerals in
tight gas reservoirs, the bi-wing fractures of a horizontal
well are usually generated by hydraulic fracturing
[25, 26], and a schematic of a fracture in a MFHW in a
tight gas reservoir is shown in Fig. 1. Furthermore, the
MFHW PEBI grids (Fig. 2) used in this work were

constructed with reference to the method of MLACNIK
et al [27] and ZHA et al [28], and the mathematical
model of the MFHW in a tight gas reservoir was derived
based on the following assumptions:

1) The gas reservoir studied in this wrok is a
single-layer one with closed top and bottom boundaries
and impermeable lateral boundaries. The formation is
homogenous and isotropic with porosity ¢, permeability
k and reservoir thickness 4. Before production, the
reservoir pressure is equal to the initial pressure p;, which
is uniformly distributed.

2) A horizontal well with length L is located in the
centre of the bounded circular reservoir, and gas flows
into the horizontal wellbore through hydraulic fractures.

3) All of the hydraulic fractures are transverse
fractures and symmetrically distributed on both sides of
the horizontal wellbore, and they penetrate the formation
completely. The fractures, with fracture spacing df,
fracture half-length x; and fracture width wy, are equally
spaced and have the same properties.

4) The well produces gas at a constant flow pressure
pwi- The flow into the fractures is infinitely conductive,
and the pressure in each fracture is equal to the
bottemhole flowing pressure (pyy).

5) The reservoir temperature is constant, and the
effect of gravity is neglected.
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Fig. 1 Effective-fracture concept for MFHW in tight gas
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Fig. 2 Physical model of MFHW PEBI grid

Based on the PEBI grid, the control volume finite
element method [24, 29] illustrated in Fig. 2 and the
mass conservation law, the equations of the mathematical
model are derived as follows:

Gas reservoir area:
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In Egs. (1) and (2), T, is the conductivity between
grid j and grid i (if grid i is the boundary grid, the
conductivity is 0), m’/d; p; is the pressure of grid j, MPa;
pi is the pressure of grid i, MPa; T;g is the conductivity
between grid i and fracture grid k, m*/d; V; is the volume
of grid i, m>; At is the time step, hour; ¢; is the porosity
of grid i, decimal; and B, is the gas volume factor. The
superscript n denotes the nth time step, and n+1 denotes
the (n+1)th time step.

There is a strong nonlinear relationship between the
parameters of the gas’s physical properties (gas viscosity,
deviation factor, etc.) and pressure. Given the stability
and reliability of the solutions to Egs. (1) and (2), the
conductivity, pressure and the accumulating terms on the
right side of Egs. (1) and (2) can be expanded by a fully
implicit method [30].
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where k is the reservoir permeability, um?; Gy is the
shape factor between grid i and grid j, m; A; is the
cross-sectional area between grid i and grid j, m% Hg 18
the gas viscosity, mPa-s; dj; is the distance between grid i
and grid j, m; &p; is the pressure variation of grid i or
grid j from step n to n+1 step, MPa; dp; is the pressure
variation of grid i and grid j from step n to nt1 step,
respectively, MPa; v is the vth iteration step, and v+1 is
the (v+1)th iteration step.

Substituting Eq. (3) into Egs. (1) and (2) results in a
discrete mathematical expression for the gas reservoir
and hydraulic fracture area.

Gas reservoir area:
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After assigning the grid mesh properties value to the
MFHW physical model, each grid pressure can be solved
by the generalized minimal residuals algorithm (GMRES)
method [31] based on the discrete mathematical model
constructed using Egs. (4) and (5).

3 Blasingame production decline theory

According to the basic principles of Blasingame
production decline analysis and the solution to
(4) and (5),
cumulative production and normalized integral derivative

the normalized rate, normalized

cumulative production can be obtained by the following
mathematical expressions [13]:
The normalized rate:
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In Egs. (6)—(8), ¢ is the production rate, 10 m%/d;
Dpi and pyyr are the normalized pseudo initial pressure
and normalized pseudo bottomhole flowing pressure,
respectively, MPa; and ¢, is the mass balance pseudo-
time, h.

The normalized pseudo-pressure is defined as
follows:

Uy Z
P, = (i] I:Ldp 9)
p i /ng

The mass balance pseudo-time is defined as
follows:

e :M A (10)

q 0 HgCy
In Egs. (9) and (10), z is the deviation factor; ¢ is
the total compressibility, MPa '; and subscript i denotes
the initial pressure condition.

4 Production decline characteristics and
parameter sensitivity analysis

Based on the proposed model and the method
outlined above, the MFHW Blasingame production
decline type curves (Fig. 3) can be plotted and the
pressure of each grid can be obtained at different times
by solving Egs. (4) and (5) and (8)—(10) with basic data
(Table 1). According to the behaviours of the Blasingame
production decline curves (Fig. 3) and pressure cloud
chart (Fig. 4), the curves can be divided into five regimes:
I) early formation linear flow (EFLF), which represents
fluid flowing linearly from the formation into hydraulic
fractures (Fig. 4(a)); II) early radial flow (ERF) around
each fracture (Fig. 4(b)); III) formation compound linear
flow (FCLF) (Fig. 4(c)), in which the interference
between adjacent fractures can be observed; IV) transient
flow (TF); and V) pseudo-radial flow (PRF) (Fig. 4(d)),
in which a normalized rate with a slope trend of —1 is
observed. This flow period indicates that the pressure
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Fig. 3 MFHW Blasingame production decline type curves for

tight gas reservoirs

Table 1 Basic calculated parameters for Blasingame production

decline curves

Parameter Unit Value
Formation thickness, 4 m 16
Porosity, ¢ 0.1
Rock compressibility, c¢ MPa ' 1.5%x107*
Distance from the well to the
circular boundary, 7. m 200
Permeability, & pm? 5x107*
Half-length of fracture, x¢ m 20
Distance of fracture, d m 100
Fracture number, n¢ 3
Initial pressure, p; MPa 20
Wellbore flow pressure, py¢ MPa 16
Reservoir temperature, T C 60

wave has spread to a closed boundary.

Furthermore, the effects of parameters such as
permeability, distance from the well to the circular
boundary, fracture length, fracture spacing and fracture
number on the infinitely conductive MFHW Blasingame
production decline type curves are discussed in detail
below.

Figure 5 shows the effect of the formation
permeability (k) on the infinitely conductive MFHW
Blasingame production decline type curves. It can be
observed that the values of g/Ap,, (q/Ap,)i and (q/Ap,)i4
of the production decline type curves become greater
during the EFLF, ERF, FCLF and TF stages with an
increase in formation permeability. However, pseudo-
radial flow emerges early because of mass balance.

Figure 6 shows that the distance from the well to the
circular boundary (r.) has a great effect on the transient
flow and pseudo-radial flow of the Blasingame
production decline type curves. With an increase in r,
the duration of the transient flow increases and the
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Fig. 4 Schematic diagrams of flow regimes of MFHW in tight gas reservoir: (a) Early formation linear flow (I); (b) Early radial flow
(ID); (c) Formation compound linear flow (III); (d) Pseudo-radial flow (V)

occurrence time of the pseudo-radial flow is delayed.
And more time is required for the pressure surge to
spread to the boundary with an increase in the distance
from the well to the circular boundary (7).

Figure 7 illustrates the effect of fracture spacing (dy)
on the ERF, FCLF and TF of the Blasingame production
decline type curves. With the increase in fracture spacing,
the duration time of the ERF period around each fracture

increases, and the occurrence time of the FCLF is
delayed. This behaviour occurs because increasing dr will
lead to a delay in the interference between fractures. In
addition, it can be observed that the value of g/Ap,,
(¢/Apy); during the CFL and TF periods rises with the
increase in fracture spacing.

Figures 8 and 9 indicate that the fracture number (7y)
and half-length (xy) affect the type curves. The effects of
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Fig. 7 Effect of fracture spacing (dy) on type curves

the fracture number and fracture half-length on the type
curves shown in Figs. 6 and 7 are approximately the
same. As the fracture number and half-length increase,
the values of ¢/Ap,, (q/Ap,): and (q/Ap,)a of the
Blasingame decline type curves become larger during the
EFLF, ERF, FCLF and TF stages, and the pseudo-radial
radius flow appears earlier due to mass balance.
According to the discussion above, the flow
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parameters, reservoir properties and original gas in place
for MFHWs in tight gas reservoirs can be evaluated by
matching type curves with actual field data.

5 Field application validation

A field case study is presented to demonstrate the
application of the proposed mathematical model and
method. XS-H1 is a MFHW of the Xinchang gas field,
which is a typical tight gas reservoir in western China.
The well radius is 0.1 m; the pay zone thickness is
19.5 m; the porosity is 0.102; the total compressibility is
0.99x10* MPa'; the initial reservoir pressure is
36.68 MPa; the formation temperature is 66 °C; the gas
gravity is 0.6; the hydraulic fracture number is 3; and the
fracture spacing is 100 m.

The production data of XS-H1 was matched and
analysed by the MFHW Blasingame production decline
analysis method proposed in this work. Figure 10 shows
that the Blasingame production decline type curves
match the real production data of XS-H1 perfectly,
except for the mismatch/deviation in the left part of the
production data (g/Ap,)q due to the effect of the
fracturing fluid flowing back during the early production
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period. The results (Table 2) of the production decline
analysis can be obtained by matching the Blasingame
decline curves of XS-H1 and each period of the real
Blasingame decline curves emerges, including early
formation linear flow (1), early radial flow (II), formation
compound linear flow (III), transient flow (IV) and
pseudo-radial flow (V). However, the fifth stage only
beginns to emerge in this case.
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Fig. 10 Matched curves of XS-H1 Blasingame production

decline

Table 2 Results of MFHW XS-H1 Blasingame production
decline analysis

Parameter Unit Value
Permeability, & 107 pm? 6.7
Fracture half-length, x¢ m 51.1
Distance from well to the circular
357.9
boundary, 7,
Volume of Well’s original 10° m? 168

gas in place, N,

Overall, the numerical model and method proposed
in this work can be considered an extension of the
Blasingame production decline type curves for a MFHW,
and as verified by the results of a field case study, they
can be used to effectively perform a production decline
analysis of a MFHW in tight gas reservoirs.

6 Conclusions

1) Our numerical model and method can be used to
establish MFHW Blasingame production decline curves
in tight gas reservoirs, extending the Blasingame
production decline curves to the MFHW field.

2) Infinitely MFHW  Blasingame
production decline curves are divided into five flow
stages: fracture formation linear flow, early radial flow,
formation compound linear flow, transient flow and

conductive

pseudo-radial flow.
3) Due to the interference between fractures,

fracture spacing is the main factor that affects early
radial flow, formation compound linear flow and
transient flow; the distance from the well to the circular
boundary affects the pseudo-radial flow. Furthermore,
the type curves are significantly affected by the
formation permeability, fracture number, and fracture
half-length. As the formation permeability, fracture
number, and fracture half-length increase, the values of
q/Apy, (q/Ap,);, and (g/Apy)ia of the production decline
type curves become larger during the EFLF, ERF, FCLF,
and TF stages.

4) The validation of field case suggests that the
Blasingame production decline type curves proposed in
this work could be applied to evaluate the flow
parameters, reservoir properties, and a well's original gas
in place for the MFHW of tight gas reservoirs.
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