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Abstract:

The production of multiple-fractured horizontal wells (MFHW) in tight oil reservoirs
decreases rapidly in the initial period. It then enters a stable state of the low production
with a slow loss-ratio. Because of its complicated production dynamic characteristics,
the conventional rate-decline analysis method is no longer applicable. We adopt the semi-
analytical solution of the MFHW five-region linear flow model to get the multiple-fractured
dimensionless rate-decline analysis curves and continuously calculate the loss-ratio of the
decline curves. Based on the characteristics of the loss-ratio in the log-log plot, the decline
curve analysis (DCA) model for tight oil MFHW is established. According to the DCA
model, dimensionless production decline curves are obtained, and the sensitivity of the
parameters in the model is analyzed. Finally, the DCA model is used to analyze the
production rate decline of tight oil MFHW, and good matching results and production
forecasts are achieved. This method provides a scientific basis for the rate-decline analysis
of tight oil MFHW.

1. Introduction

Tight oil reservoirs have the characteristics of ultra-low
permeability, and horizontal wells combined with multiple-
fracturing can increase the volume of stimulated reservoir and
production of the wells, so it can effectively develop tight
reservoirs (Ozkan et al., 2011; Hu et al., 2017). The production
rates decline performance of the tight oil wells has a “two-
stage”characteristic. In the early stage, the tight oil wells have
a high initial rate, and the loss-ratio is significant, while in the
middle and late periods, the production rate is low, and the
loss-ratio is slowly declining (Qanbari and Clarkson, 2014;
Henrik et al., 2017). On account of the complex production
dynamics of tight oil, the conventional method of rate-decline
analysis is no longer applicable (Liang et al., 2013). The
production dynamic characteristics analysis of tight oil wells
and production prediction is one of the difficulties in the
current reserve evaluation (Wang et al., 2014; Yu et al., 2019).
Therefore, the establishment of a suitable rate-decline analysis
method for tight oil wells is of great significance for the
development of tight oil reservoirs.

Using precisely measured petrophysical information, com-
bined with analytical, semi-analytical or numerical solutions
can lead to reasonable production predictions based on ac-
curate reservoir model analysis (Idorenyin and Shirif, 2018;
Wang et al., 2019; Zhao and Du, 2020). However, building
such a complex reservoir model for petrophysical experiments
is expensive and time-consuming, as a variety of geological
and petrophysical data needs to be collected and analyzed
(Barzegar et al., 2012; Joshi and Lee, 2013; Ji et al., 2017). In
contrast, decline curve analysis (DCA) only needs production
data, and almost no reservoir information is required (Tan
et al., 2018). The accuracy of DCA is sufficient to meet
industrial needs, and it is very efficient. In essence, DCA
models are regressions for historical production data (Kanfar
and Wattenbarger, 2012; Paryani et al.,, 2018), and it can
be used to predict the production rate and the cumulative
production (Xi and Morgan, 2019).

DCA was first proposed by Arnold (1923), who assumed
that the production rate at any time is a constant fraction of
the rates at the preceding time. Johnson and Bollens (1927)
proposed the concept of loss-ratio and derivative of loss-ratio
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through the study of dynamic production data, laying a foun-
dation for the rate-decline analysis. The classical DCA model
was proposed by Arps, where the author proposed a hyperbolic
function with three parameters to simulate the decline of flow
rate, but it is only suitable for pseudo-steady-state flows pro-
duction period (Arps, 1945). However, the unstable production
time of tight oil wells is long, and it is challenging to reach
pseudo-steady-state flows. As a result, it may cause a large
discrepancy between the production forecast and the actual.
To generalize different Arps models in one expression so that
there is no need to change formulas for different time intervals,
Robertson (1988) proposed the following modified hyperbolic
decline (MHD) model. Ik et al. (2008, 2010) redefined the
loss-ratio and came up with the power law exponential (PLE)
Decline Model. It is based on the Arps decline curves and
uses the power law to approximate the production rate, and it
accounts for both transient and boundary-dominated flows. To
avoid the disadvantages of the Arps decline model and use the
relatively easier access of large dataset of well productions,
Valk et al. (2009, 2010) proposed the stretched exponential
production decline (SEPD) Model, but this model focuses
on transient flow rather than the boundary-dominated flow,
and requires a sufficiently long production time to accurately
estimate the parameters. The Duong model is introduced based
on one empirically derived rule, and it is more accurate for
linear flows and bilinearlinear flows (Duong, 2011). Another
piece of work to avoid using piecewise functions was done
by Zhang et al. (2016), who combined the exponential form
of the decline equation proposed by Fetkovich. This new
method is called extended exponential decline curve analysis
(EEDCA). This model can capture both the early production
profile and the late production profile (Zhang et al., 2016).
Wang et al. (2017) proposed a new empirical method and
compared it with other DCA models such as the SEPD model
and Duong model, and concluded that the SEPD underes-
timates estimated ultimate recovery (EUR) and the Duong
model overestimates the ultimate recoveries. Han and Kwon
(2018), according to the transient production performance of
an MFHW in an unconventional gas field, present the selection
of an appropriate (DCA) methodology by using the cumulative
production incline rate. The rate introduced in this research
is the change of cumulative production per unit time divided
by the cumulative production. Furthermore, this method can
be used to select a DCA method to forecast the production
of unconventional gas wells. Jongkittinarukorn et al. (2019)
present a new approach to improve production forecasts and
reserve estimation for a multilayer well in the early stage of
production using the hyperbolic decline method to model the
decline rate of each layer. This method can provide decline
parameters for each layer at an early stage of production that
can then be used for production forecasting in the longterm.
Qin et al. (2019) presents a mathematical model of an MFHW
with considering segmented fracture for better evaluation of
fracture and reservoir properties, by using DCA method, the
influences of sensitive parameters on compound type curves
are analyzed.

However, we still need to study a DCA model based on
the semi-analytical solution of tight oil MFHW, which can
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model transient flows, pseudo-steady-state flows and boundary
dominated flows, to predict the production rates of the tight
oil wells.

This paper, through the dimensionless rate-decline curves
of MFHW and based on the semi-analytical solution (Stal-
gorova and Mattar, 2013; Jiang et al., 2014), builds suitable
DCA model for tight oil MFHW, takes into account the
influence of the parameters in the model, draws the rate-
decline dimensionless curves, and analyzes the sensitivity of
the parameter, Finally, we apply the model to analyze field
examples, further verifying the applicability of the model.

2. Methodology
2.1 Production rate-decline curves of MFHW

Commercial production from unconventional reservoirs
requires extensive hydraulic fracturing of horizontal wells. It is
postulated that such a stimulation practice creates a complex
network of fractures, hence a region of higher permeability,
around each hydraulic fracture, which is called stimulated
reservoir volume (SRV), otherwise called unstimulated reser-
voir volume (USRV).

To model the MFHW, we assume that all fractures are
spaced uniformly along with the horizontal wells and have
the same length and conductivity. We introduce the SRV of
higher permeability around each fracture to represent fracture
branching, which are blue regions in Fig. 1, while the USRV
are gray regions. This assumption is realistic because it is
common field practice to design equally spaced hydraulic
fractures with similar properties. Because of the symmetry
of the model, we can perform calculations on one-quarter of
the space between the fractures, as shown in Fig. 1(a). Space
is divided into five regions and flows in the model, which is
treated as a combination of five linear flows within contiguous
areas, as shown in Fig. 1(b). It is the MFHW five-region linear
flow model.

Dimensionless pressure is defined as:
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Fig. 1. MFHW five-region linear flow model (Stalgorova et al., 2013).

where Ky and K|y are the permeability of fracture and fracture
system in the SRV (m?); n r is the number of fractures; & is
the net pay (m); p; is initial reservoir pressure (MPa); u is
viscosity (Pas); B is liquid formation volume factor; x; is the
distance from fracture to SRV boundary (m); x is the half
fracture length (m); ¢ is time (day), and ¢y,, are porosity of
the SRV fracture system and matrix system; C; ¢ and Gy, are
total compressibility of the SRV fracture system and matrix
system; and w is fracture width (m).

By solving the five-region linear flow model, pressure
solution in the Laplace space can be obtained:

. _ meos[a(1=yp)|

Prp sFepy/asinh (\/a)
where a is calculation parameters, if yp = 0, the pressure of
fracture is the wellbore flowing pressure:

(6)

_ T
Pub = sFepy/atanh (v/a)

Using stehfest numerical inversion and the relationship
between pressure and production rates (Van Everdingen and
Hurst, 1949), we can get the semi-analytical production solu-
tion of the MFHW.

)

1

el ®)

Pwp (s)Gp (s) =
where s is Laplace operator.

By altering the dimensionless distance from fracture to
SRV boundary x;p, the multiple-fractured dimensionless pro-
duction rate-decline analysis of curves is obtained (Fig. 2).

As shown in the figure, the slope of the curves stays the
same in earlier stages. Still, once the curves are affected by
the boundary of stimulated reservoir volume, their slope will
increase rapidly and then change to lines perpendicular to the
horizontal coordinate axis.

The dimensionless production rate-decline curves of
MFHW is representative and universal, which can reflect the
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Fig. 2. Dimensionless rate-decline curves of MFHW.

law of rate-decline of MFHW. Therefore, the DCA model can
be established based on the law presented in these curves.

2.2 DCA model for MFHW

Loss-ratio refers to the gradient of production rates per
unit time, which uses to reflect the oil and gas well rates of
decline, usually represented it by the letter D,

(&)

where D is loss-ratio (day~'), ¢ is production rates of oil or
gas wells (m3/day), ¢ is production time (day).

Analyzing the dimensionless rate-decline curves of
MFHW, calculating the loss-ratio of different curves, we can
get the log-log plot for D and tp (Fig. 3).

Through the analysis of the curves in Fig. 3, we can state
that the “power-law”’behavior of the loss-ratio occurs in the
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Fig. 4. Stretched exponential function matching effect.

early stage, which means loss-ratio is roughly a straight line
on the log-log plot. However, the loss-ratio declining trend in
later time becomes slow, and the curves are roughly horizontal
lines on the log-log plot.

Based on the behavior of the curves observed in the log-
log plot, the D-parameter trend can be modeled by using a
power-law equation which is given as:

D(t) = Dyt~ 1= (10)
where D; is loss-ratio of the first day (day!); n is time
exponent, and the value of the n is usually between 0 and
1.

Substitute Eq. (10) into the loss-ratio definition Eq. (9) and

solve the associated differential equation, and we can get an
equation for the production rates:

q(t) = giexp (—Djt") (11)
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where D; = D /n.

Eq. (11) is called “stretched exponential function”. Using
this model to match the production data of any tight well (Fig.
4), it is found that the curve matching effect is useful in the
early period, but as the production time increases, the tight oil
well is in the state of low and stable production for a long
time, the loss-ratio decreases, and the matching effect of the
stretched exponential function is reduced.

To solve the weak matching effect of production data in
the late period of tight oil well, it is necessary to modify the
model of the stretched exponential function. So we introduce
the new parameter D.,, which is infinite loss-ratio, and then
according to the relationship of loss-ratio with time, redefine
the loss-ratio, which is given as:

D=D.+Dj 17" (12)
where D.. is infinite loss-ratio (day’l); the value of the D, is
usually between 107> and 1073,

The physical meaning of Eq. (12) is that when the pro-
duction time is relatively short, the power-law term is the
main influencing factor of the redefined loss-ratio, which can
be approximated by the power-law term. However, as the
production time gradually increases and approaches infinity,
the power-law term has less influence on the loss-ratio model,
and the loss-ratio tends to infinity loss-ratio De..

Substitute Eq. (12) into Eq. (9) and integrate the separated
variables to obtain the expression of the DCA model, which
applies to MFHW:

q = §i-exp(—D.t —D;t") (13)

Eq. (13) indicates that in the early period of production,
the production rate characteristics are controlled by D; term.
In the late period of production, which reaches pseudo-steady-
state flows or boundary dominated flows, the rate is mainly
controlled by D.,.

Tight oil wells have long transient production cycles, so
it is difficult to reach the boundary pseudo-steady-state flows
period, and tight oil wells have been in a state of low and
steady production for a long time. The conventional rate-
decline analysis method is only suitable for the pseudo-steady-
state flows period of tight oil wells. In contrast, the DCA
model established by this method can match the production
data before the pseudo-steady-state flows period, and we get
a good matching effect (Fig. 5). The parameters are listed in
Table 1. Therefore, this model is suitable for MFHW.

3. Result

3.1 Characteristic curves of DCA model

Based on the DCA model for tight oil MFHW, and using
parameters from Table 2, we can get the characteristic curves
of this model (Fig. 5).

As shown in Fig. 6, the loss-ratio was a line with slope
(n-1) in the early times of the log-log plot, while it approaches
a horizontal line in the later times. It is because the initial ti-
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Fig. 5. Matching effect of the DCA model.

Table 1. Matching parameters of the DCA model.

Matching point 1

Parameters Value
Initial rate ¢; (mday~') 29.38
Infinite loss-ratio Do, (day~!) 0.0001
Initial loss-ratio D; (day’l) 0.05
Time exponent 0.5
Matching point 2
Parameters Value
Initial rate ¢; (m3day ') 29.37
Infinite loss-ratio Do, (day~!) 0.0001
Initial loss-ratio D; (day~') 0.06
Time exponent 0.5

Table 2. Parameters for the DCA model.

Parameters Value
Initial rate ¢; (m>day ") 20.0
Infinite loss-ratio Do, (day™!) 0.005
Initial loss-ratio D; (day’l) 0.1
Time exponent 0.5

me is so short that D. has a negligible effect on loss-ratio;
as the time increases, the impact of time-dependent term
gradually decreases, and D.. becomes the main influencing
factor. The curve of rates in the log-log plot early period
shows a hyperbolic decreasing form, while the curve shows
the exponential decreasing way at a later time.

3.2 Dimensionless production rate-decline curves of
DCA model

Dimensionless production rates is defined as:

dpa =+ (14)

1
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Fig. 7. Dimensionless rate-decline curves with different time exponent.

Dimensionless time:

N

tpa =D

t 15)

1

Dimensionless infinite loss-ratio:

(16)

Substitute the above dimensionless definition into Eq. (13)
the dimensionless rate-decline model is obtained:

4pa = exp(—Detpa — 1]) (17

Use Eq. (17) to draw dimensionless rate-decline curves
with different time exponent (Fig. 7).

As shown in Fig. 7, tight oil production rates decline
rapidly in the early period, and the decline curves approximate
to a horizontal line at the beginning of the log-log plot. As time
lengthens, the rate is basically stable with a slow decline, and
decline curves gradually become a straight line perpendicular
to the horizontal axis in the log-log plot. The larger the time
exponent n, the faster the rates decline, and the shorter the
tight wells development time.
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Fig. 9. The effect of initial rate on production rates.

As shown in Fig. 8, dimensionless infinite loss-ratio con-
trols how fast the curves approach the horizontal axis in the
log-log plot. The larger the parameter, the earlier it approaches
the horizontal axis in the log-log plot, and the shorter the
development time of tight oil wells.

3.3 Parameter sensitivity analysis of the model

Sensitivity analysis is performed on the initial rate, infinite
loss-ratio, initial loss-ratio and decline index. The influence
of each parameter on the shape of the production rate curves
is explained using the method of control variables. Different
coordinates are used to draw the curves. In addition to rectan-
gular coordinates, there are semi-log and log-log coordinates,
which fully illustrate the impact of various parameters on the
characteristics of the decline curves.

The influence of the initial rate on the decline curves
in semi-log coordinates is shown in Fig. 9. The initial rate
controls the entire curve to move up and down, but the
curves corresponding to different initial rates only fluctuate
significantly in the early period, while as time lengthens, the
curve in the later period does not change much.

The influence of the infinite loss-ratio on the decline curves
in log-log coordinates is shown in Fig. 10. Infinite loss-ratio
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Fig. 11. The effect of initial loss-ratio on production rates.

controls how fast the curve approaches the horizontal axis over
time on the log-log plot; the larger the infinite loss-ratio, the
earlier the trend of the curve approaches the horizontal axis
appears.

The influence of the initial loss-ratio on the decline curves
in semi-log coordinates is shown in Fig. 11. Initial loss-ratio
control decline speed of curves in the early period, the larger
the parameter, the greater the decline degree of the curves is.
In addition, initial loss-ratio also controls how fast the curve
approaches the horizontal axis at the later period; the larger
the initial loss-ratio is, the faster the curve approaches the
horizontal axis at the later period.

The influence of the time exponent on the decline curves in
rectangular coordinates is shown in Fig. 12. The time exponent
controls the convexity of the curves in the early period, and
the larger the time exponent, the more concave the curve is,
and the greater the decline degree of the curve is.

4. Discussion

Well YP is an MFHW in Fuyu tight oil reservoir from
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Table 3. Parameters for model matching.

Parameters Values
Initial rate ¢; (m>day ") 22.13
Infinite loss-ratio Do (day’l) 0.00065
Initial loss-ratio D; (day~') 0.07
Time exponent n 0.25
Goodness of match discrimination coefficient R 0.65

Changyuan, Daqing. The original formation pressure of the
well is 16.9 MPa; the reservoir thickness is 2.0 m; the tight
oil reservoir porosity is 0.126; the fluid density is 0.9215
g/cm?, and the tight oil reservoir permeability is 0.17 mD. The
well began production in April 2014, and has taken fifty-four
months so far. We use the DCA model to match the production
data (Fig. 12). The parameters used are shown in Table 3.
The loss-ratio equation is:

D =0.0001+0.0712¢971 (18)
The rates decline equation is:
g = 53.28exp(—0.00017 — 0.2498/°%7) (19)

As shown in Fig. 13, the theoretical rates curve is basically
consistent with the measured rates trend, and the predicted
cumulative production curve is basically in agreement with
the actual cumulative production curve. That is to say, the
DCA model for MFHW can well match the production data
of well YP.

The DCA model can be used to predict the production
rates and cumulative production of the well. When the rate
declines to 3 m3/d, it takes 9.3 years, and the cumulative
production is 25,102.4 m?>; when the rate declines to 1 m3/d,
it takes 21.2 years, and the cumulative production is 32,712.3
m?>. When tight oil wells have been in production for 50 years,
the rate declines to 0.143 m3/d, and the cumulative production
is 37,154.1 m3; when tight oil wells have been in production
for 100 years, the rate declines to 9.441073 m3/d, and the
cumulative production is 38,022.1 m3.
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5. Conclusion

We use a semi-analytical solution of the MFHW five-region
linear flow model to simulate the decline curves, which alter
the dimensionless distance from fracture to SRV boundary xp.
Based on the law of the loss-ratio of the curve in the log-log
plot, the modified stretched exponential function is used, and
the DCA model for tight oil MFHW is obtained.

The DCA model established in this paper can be used to
analyze steady flows, transient flows and boundary dominated
flows. It can more accurately predict the production and
cumulative production of tight wells. So this DCA model is
suitable for the rate-decline analysis of tight oil MFHW.

Production rates of tight oil wells decline rapidly in the
early period, while as production time increases, production
rates of wells tend to stabilize and remain low for a long
time. The typical production decline curve is approximately a
straight line parallel to the horizontal axis of the log-log plot in
the early period; as time lengthens, the curve gradually passes
into a line perpendicular to the horizontal axis. The earlier this
trend appears, the higher the time exponent and the shorter the
development time of tight oil wells.

By using the DCA model to analyze the rates decline of
well YP, the production data and cumulative production data
of the tight well are well matched; loss-ratio equation and rate
decline equation are obtained. This DCA model provides an
effective method for the production decline analysis of tight
oil MFHW.
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