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ABSTRACT
Growing energy demand has led to the focus being shifted to unconventional
reservoirs. One such reservoir type is shale gas. The introduction of hydraulic fracturing
has helped make production from shale gas reservoirs economical. But there are a
number of difficulties in accounting the reserves for a shale gas reservoir. The low
permeability of shale increases the time taken for the pressure transient to hit the external
boundary. Thus an understanding of the decline trend during the early transient period
would help improve the forecast. Newer analytical tools available for decline curve
analysis help improve forecast by obtaining a better match for decline trends observed
during early transient period. The forecast made using production data of a reservoir
producing under early transient period leads to an over estimated value of reserves. The
first step in this work is directed towards understanding the trend exhibited by decline
rate (D) and decline exponent (b) during early transient period and it was observed that
these values were not constant during this period. Production data was generated
analytically by solving respective flow equations in Laplace space. Then the inversion
from Laplace space to real space is done by Stefhest algorithm. Using this data a study of
the trends for decline exponent (b) for radial and linear flow was conducted and the same
was done for dual porosity system. Various decline curve analytical tools were analyzed
which include Arp’s, Power Law Loss Ratio and Stretched Exponential. It was found that
modified power law loss ratio and power law loss ratio have a reliable forecast for
reservoirs flowing under radial and linear flow conditions, while stretched exponential
has a more reliable forecast in case of a dual porosity system.
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Chapter 1
INTRODUCTION
The demand for energy in the world has been ever increasing and coupled with
the growing population, this demand does not seem to be reducing anytime soon. A vast
majority of the world’s energy demand is met through conventional sources of energy. A
significant part of the oil and gas production is obtained from conventional hydrocarbon
reservoirs. With the rising oil prices, the energy market is looking towards gas as a viable
and plentiful source of energy. With the conventional reservoirs on the decline, a need to
exploit the unconventional reservoirs has become of utmost importance. Here we need a
more robust explanation for unconventional reservoirs. Conventional reservoirs have
permeability in the milli – darcy to darcy range, while unconventional ones have
permeability in the range of nano to micro – darcy (Ozkan, 2009). Shale gas reservoirs
are unconventional. Permeability of the reservoir lies in the nano – darcy range. The shale
contains natural gas in both pore spaces of the reservoir rock and on the surface of the
rock grains that is adsorbed gas (Montgomery, 2005). This introduces problems like
estimation of desorption time, desorption pressure and volume of adsorbed gas.
Records show that the first well to produce gas in the U.S was in Fredonia, NY in
1821 (Waples, 2005). It lies in the Appalachian basin which is termed as an
unconventional reservoir. From 1821 there has been a number of gas plays discovered.
The Lewis Shale of San Juan Basin, the Barnett Shale of the Fort Worth Basin and the
Antrim Shale of the Michigan Basin are among the largest shale gas reservoirs in North
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America. Natural gas production from shale gas accounted for 6.08% of the total dry gas
production of the U.S in 2009 (EIA, 2011).
Experts believe that the dependence on natural gas in the future is going to
increase due to the decline in the availability of conventional oil reservoirs, increasing the
focus on unconventional reservoirs. This has led to a surge in the research done on
unconventional reservoirs. Thus, one of the important aspects of this research is
production data analysis.
Production data analysis has been performed since a long time. One of the
important analyses done using production data is forecasting. Wells that are on
production for a prolonged period somewhere in its production history encounter
declining production rates. In our discussion the reason for declining production rates
would be due to removal of mass from the reservoir at constant bottom hole pressure. The
method of analysis that uses decreases in production data for forecasting purposes is
termed as Decline Curve Analysis.
One of the first approaches to account for declining production rates was
presented by Arps in 1944 (Arps, 1944). The author developed a set of empirical
equations that accounts for declining production rates and helps forecast future
production. Further analytical study was made on this set of equations and Fetkovich was
able to link the exponential flow equation given by Arps with the pseudo-steady state
inflow equation for the case of volumetric oil reservoirs (Fetkovich, 1980). Fetkovich
developed type curves using Arps equation and combined the transient flow regime
production data with boundary dominated behavior. Fetkovich also developed a
correlation between the decline exponent and reservoir characteristics that gave an insight

3

into the reasons for declining production. With the help of early transient and boundary
dominated production data a unique match can be obtained. With the help of this match
reservoir characteristics representative of the production data for that reservoir can be
obtained.
Psuedo pressure presented by Al-Hussainy and Ramey Jr. (1966) and pseudo time
by Agarwal (1979) were used by Fraim and Wattenbarger in their work to account for
production rate of gas and enable decline analysis based on type curves developed for
liquid systems (Fraim and Wattenbarger, 1988). Palacio and Blasingame presented a
technique to extend the use of the Fetkovich type curves to gases as well (Palacio and
Blasingame, 1993).
Newer decline curve analysis techniques have been proposed to improve the
production forecast for shale gas reservoirs. On the basis of the work presented by
Johnston (2006) and Johnson et al. (2009), a new definition of decline rate and
subsequently a newer technique to account for cumulative production was presented. The
new technique was termed Power Law Loss Ratio. Another technique that has been
introduced is the Stretched Exponential which is designed to account for ultimate
cumulative production from shale gas reservoirs. The Stretched Exponential has been
presented by Valko and Lee and, unlike in case of Arps, the Stretched Exponential is able
to provide an estimate of cumulative production, even for reservoirs that show a higher
―b‖ value (1 or greater) (Valko and Lee, 2010).
This work is directed towards understanding the trends of decline rate and decline
exponent for 3 different flow regimes and the forecast made with the understanding of
these trends and help of different analytical tools for decline curve analysis.
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Chapter 2

LITERATURE REVIEW

2.1 Basic Analysis of Gas Reservoirs
This literature review intends to present the available analytical tools for
analyzing and forecasting production decline data for gas reservoirs. Significant work has
been done in this area which has helped in the development of different analytical tools
for decline curve analysis. The analytical tools that are discussed during the course of this
thesis are Arps, Power Law Loss Ratio and Stretched Exponential methods. The analysis
requires an understanding of the various flow regimes that can be observed during
depletion operations in a hydrocarbon reservoir. One of the most important and widely
recognized is the radial flow regime.

2.1.1

Radial Flow Equation
In production data analysis a part of the data is production under a boundary-

dominated condition. Depending on the boundary conditions that frame the problem, the
radial flow equation can be solved analytically to generate production data. To relate flow
rate at a given point with rate of change of pressure with respect to distance, the use of
Darcy’s Law (assuming that flow is laminar) is made. The continuity equation and
Darcy’s Law are given by Equations 1 and 2 –
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(

(

)

)

(

)

(1)

(2)

While modeling for gas, the use of the real gas law is made to calculate density
and subsequently density is used to calculate the viscosity of the gas. Compressibility is
calculated using the z factor obtained from the real gas law.

(3)

Combining Equations 1, 2 and 3, the following expression for radial flow of gas
through a porous medium is obtained –
(

*

(

(4)

*

Assuming permeability and viscosity changes are small and the temperature of the
reservoir remains constant, Equation 5 is written as –
(

*

(

)

(5)
The right hand side of Equation 5 can be written as –
(

)

( )

(

( )+

The definition of gas and formation compressibility is given by Equation 7–

(6)
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(

(7)

*

( )

(8)

Substituting Equation 7 and 8 in Equation 6 –
(

)

(

(9)

)

Substituting Equation 9 back in Equation 4 –
(

(

*

)

(10)

Equation 10 can be used for modeling the flow of a single phase compressible real
gas in homogenous medium by introducing pseudo pressure in Equation 10. The
expression for pseudo pressure is given by Equation 11 –
( )

(11)

∫

Substituting the expression for pseudo pressure in Equation 11, the expression
obtained is given by Equation 12. This expression when deduced looks similar to the
dimensional form of the radial flow equation for a liquid which is given by Equation 13.
(

(

*

( )

)

(

*

( )

(12)
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(

( )

( )

)

(13)

Equation 13 looks similar to the liquid version of the radial flow equation which
is used to analytically generate production data for different boundary conditions by
using Laplace transform (Everdingen and Hurst, 1949). The radial flow equation in
dimensionless form is given by Equation 14 –
(

(14)

*

( )

(

(

( )

(

))
)

(15)

(16)

( )

(17)

The procedure to generate production data for a reservoir flowing under radial flow
conditions in an infinitely large reservoir is given below –
Initially Equation 14 is taken to Laplace space. The solution to the differential equation
in the Laplace space is obtained with the help of Bessel functions after applying the
boundary conditions.


The constant pressure inner boundary condition is given by Equation 18 –
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(

)

(

*

(18)

If the reservoir is large then it would take a long time to feel the external boundary. The
expression for an infinitely large reservoir is given by Equation 19 –
(

)

(19)
Using Equations 18 and 19 one can solve for dimensionless pressure using Bessel
functions in Laplace space. The expression that relates flow rate with pressure is given by
Equation 20.
(

)

(

*

(20)

Thus the solution for flow rate at the wellbore (skin factor: S =0) in Laplace space for an
infinitely large reservoir is given by Equation 21 –
̅ (

)

(√ )
√

(√ )

(21)

Equation 21 is then numerically inverted using the Stefhest algorithm to obtain the flow
rate (analytically) (Stefhest, 1970).
Similarly the same procedure is followed to generate flow rate data where there is no
flow taking place from the external boundary into the reservoir.


The constant pressure inner boundary condition is given by Equation 22 –
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(

(22)

*

The boundary condition for a reservoir where there is no flow taking place from the
external boundary is given by Equation 23 –
(

)

(23)
Using Equations 22 and 23 one can solve for dimensionless pressure using Bessel
functions in Laplace space. The expression that relates flow rate with pressure is given by
Equation 24 –
(

)

(

*

(24)

Thus the solution for flow rate at the wellbore (skin factor: S = 0) is given in Laplace
space for a reservoir with a boundary where there is no flow taking place from the
external boundary is given by Equation 25 –
̅ (

)

(√ ) (
√ [

(

√ )
√ ) (√ )

(

√ ) (√ )
(√ ) ( √ )]

(25)

Equation 23 is then numerically inverted using Stefhest algorithm to obtain the flow rate
(analytically) (Stefhest, 1970).
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2.1.2

Arps Equation and Fetkovich Type Curves
An analysis of field data by Arps helped develop an empirical equation that

related production rate with time (Arps, 1944). The equation predicts production rate of
slightly compressible fluid using previous production data (boundary dominated) with
good accuracy.
The equations proposed by Arps were based on field data and thus was
completely empirical (Arps, 1944). Differentiation of decline trends was done based on
the decline exponent. The basic definition of decline rate and decline exponent is given
by Equation 26 and 27 –

(26)

( )

(27)

Depending upon the decline rate parameter, Arps differentiated decline into 3
different types (Arps, 1944) –


Exponential Decline (b = 0)



Hyperbolic Decline (0<b<1)



Harmonic Decline (b = 1)

Equations 28, 29 and 30 relate flow rate with time depending on the type of
decline as defined by Arps (Arps, 1944) –
(

)

(28)
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(

(29)

)

(30)

Values obtained for cumulative production of a well that has reached its abandonment
rate using Arps can be reliable for the case of conventional reservoirs operating under
boundary dominated regimes. The Arps equation when initially proposed was completely
empirical in nature, but work done by Fetkovich provided the much needed theoretical
context (Fetkovich, 1980). Fetkovich related the rate equation with the material balance
equation for a finite system, this gives a theoretical basis to the Arps exponential decline
equation. Fetkovich developed a type curve which maps the flow rate of a reservoir in
both the early transient and boundary dominated region. Fetkovich defined the modified
dimensionless terms in Equations 31 and 32 –

( ) ( )

( )

(31)

( *

(32)
Using the definitions in Equations 31 and 32, Fetkovich generated the type curves
that showed the flow pattern depending on the reservoir size (for the early transient flow
regime) and nature of decline (for the boundary dominated flow regime) (Fetkovich,
1980). This type curve is thus used to obtain the reservoirs permeability and skin factor
based on the production history of the reservoir and also helps realize the size of the
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reservoir. Figure 2-1 was generated using the definitions of dimensionless flow rate and
time given by Fetkovich (Fetkovich, 1980).

Figure 2-1: Type Curve for Arps (modified from Fetkovich, 1980)

Figure 2-2: Combined Fetkovich Type Curve (modified from Fetkovich, 1980)

13

As observed from Figure 2-2, it appears that the value of ―b‖ for a particular
reservoir remains constant all throughout the production history of the reservoirs (once it
enters into the boundary dominated region). But Camacho and Raghavan derived a
relation between the reservoir characteristics and decline parameter (Camacho and
Raghavan, 1989). It was observed that the value of ―b‖ tends to decrease (for a solution
gas drive reservoir) and tries to attain exponential decline as time progresses. The
expression for ―Di‖ and ―b‖ that correlate it to reservoir characteristics is given by
Equations 33 and 34 (Camacho and Raghavan, 1989) –
̅
( )
̅

̅
( )
̅

(33)

(34)

From Equations 33 and 34, it can be observed that the value of ―b‖ depends on the
̅

rate of change of (̅̅̅) and, as a result, the value of ―b‖ does not remain constant
throughout the production history (solution gas drive) of the reservoir. The case study
done by Fetkovich et al. showed that the value of ―b‖ depends on the reservoir type
(Fetkovich et al, 1987).
―First, the data used by Arps to develop and test his original equations were from
real fields and wells (Arps, 1944). They indicate that real-world data most often do not
follow the single-phase analytic solution for depletion, the b =0 solution. The limits to b
that Fetkovich found by use of Cutler's data were between 0 and 0.7, with over 90% of
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the cases having values less than 0.5; no case was found with a b in excess of 0.7.‖ –
(Fetkovich et al, 1987)
Gentry and McCray found that the value of ―b‖ varied with the production history
of the reservoir and this can be observed in Figure 2-3 (Gentry and McCray, 1978). The
work also lays out conditions when the value of ―b‖ changes from exponential decline
(b=0) to hyperbolic (0<b<1).

Figure 2-3: Variation of ―b‖ with the production history for a dolomite rock sample
(from Gentry and McCray, 1978)

The value of ―b‖ may be greater than 0 when compressibility changes from its
initial value. As we discussed before, compressibility changes and value of 𝛌 controls the
value of ―b‖. If the rate of change of this ratio is constant then the value of ―b‖ would
remain constant. It is observed that in a number of cases for gas wells, the value of ―b‖ is
greater than 0. The Fetkovich type curves generated were for liquids, thus to forecast the
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gas production rates research was done into using the same type curves or to develop
different type curves which can predict the same. Carter developed type curves that can
forecast gas production rates. Figure 2-4 is a representation of the type curves generated
by Carter for gas reservoirs.

Figure 2-4: Carter type curves for gas reservoir (from Palacio and Blasingame, 1993)

One can predict the value of ―b‖ using a more rigorous method proposed by Fraim
and Lee for gas wells (Fraim and Lee, 1987). The use of pseudo pressure and pseudo time
made the method a more rigorous technique to account for changing values of
compressibility and viscosity of the fluid (gas in this case). The pseudo time proposed by
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Agarwal (1979) and pseudo pressure proposed by Al-Hussainy and Ramey Jr. (1966) are
given by Equations 35 and 36 –
( )

∫

(35)
(

) ∫

(36)

̅̅̅̅

The procedure to calculate pseudo time and pseudo pressure is given below –


To predict gas production the Darcy flow of a liquid needs to be converted to
Darcy flow of real gas. Then the Darcy flow of real gas is converted to non Darcy flow of real gas. The steps in achieving this are given below 

Calculate the normalized time (equivalent time for liquid flow) and
normalized flow rate using the expressions in Equations 37 and 38

*
̅

( )

̅



+(

) (

)

(

))

( ( )
*

( )

+

Time for real gas is obtained by o Assume a value of cumulative production
o Calculate average pressure using Equation 37

(37)

(38)
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̅

̅

̅

̅

(

(39)

*

o Using the value of pressure, calculate viscosity and compressibility
o Calculate the value of pseudo time using Equation 40

(

) ∫

(40)

̅̅̅̅

o To obtain the correct value of pseudo time we iterate till the difference
in the consecutive values is very small

The value of pseudo time is then used to solve the radial flow equation –

(

( )
*

( )

(41)

With the help of the new time function we can account for the variation in the
properties of gas with change in time. The use of pseudo time and pseudo pressure helped
plot gas rates on the Fetkovich type curve, a shift in the type curve is observed if the use
of pseudo time is made (Fraim and Wattenbargar, 1987). This can be observed in Figure
2-5 –
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Figure 2-5: Effect of Gas Compressibility and Viscosity of Gas on rate time decline curve

( after Fraim and Wattenbargar, 1987)
The cases discussed pertain to constant bottom hole flowing pressure, but
maintaining a constant bottom hole pressure is not practical. Palacio and Blasingame
developed a technique to use production data (for a well producing under variable bottom
hole pressure) and analyze it using Fetkovich type curves (Palacio and Blasingame,
1993). In this technique Palacio and Blasingame proposed the use of a new time
parameter for gas wells that was material balance pseudo time. The expression proposed
by the author is given by Equation 42 –
̅

∫

( ̅) ( ̅)

(42)

The term is then used to calculate the flow rate for gas which is given by Equations 43
through 47 -
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( )

(

)

(

*̅

(43)

(44)

[

( )

∫

(

*]

( ) ( )

(45)

(46)

The equation for rate time when expressed in the dimensionless terms is given by –

̅̅̅̅̅̅

(47)

Figure 2-6: Normalized Flow rate (gas) plotted on Carter Type Curve (from Palacio and

Blasingame, 1993)
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As observed from Figure 2-6 the flow follows a harmonic decline, thus the gas
flow rate, when expressed using the above expression, would follow a harmonic decline
(Palacio and Blasingame, 1993). A good account of Original Gas In Place (OGIP) is
required to account for material balance pseudo time. But the OGIP isn’t a known
parameter and needs to be calculated. For the calculation of OGIP, either of 2 methods
can be used. The one proposed by Fraim and Wattenbargar (1987) or the one by
Blasingame and Lee (1988). The method that is discussed in the paper is as follows
(Palacio and Blasingame, 1993) –


Prepare a table for P, z, P/z and m(p) for the required gas



In the first time step the average reservoir pressure is assumed to be equal to the
initial reservoir pressure. Thus Equation 46 –
( ̅)

( )

(48)


Calculation of average pseudo pressure for the next step is done using the value of
m(p) from the previous step using Equation 47 –

( )



(

( ( )

)

Then we can estimate the value of

̅̅̅̅̅̅̅
̅̅̅̅̅̅

(

))

(49)

by using the value of ̅̅̅̅̅̅ and ̅̅̅̅̅ from

the table generated in step 1


Input average reservoir pressure to obtain the value of cumulative production
using Equation 48 –
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̅
( )
̅

(

̅
̅

)

(50)



The cumulative production is obtained by iterating with the help of Equation 50



The same procedure is followed with the value of m(p2) to obtain the value of ̅



Finally to validate the value of cumulative production that we obtain using the
method, plot cumulative production vs time as shown in Figure 2-7



Figure 2-7 is a tool that helps obtain the value of OGIP. The section of the curve
which is parallel to the x-axis denotes the value of OGIP as shown in Figure 2-7

Figure 2-7: Validate computed cumulative gas (after Palacio and Blasingame, 1993)
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2.1.3

Cases of b>1
There are cases reported in the literature for ―b‖ greater than 1. The conditions

under which it has been observed that the value of b is greater than 1 are included in the
study by Fetkovich et al. (1987), Long and Davis (1988), Kupchenko et al. (2008) and
Gentry and McCray (1978). Some of the important conditions when it is observed that
the value of b >1 are listed by Poston and Poe (2008) –




Reservoir producing under early transient flow regime
Cross flow (Layered reservoir)

Kupchenko mentions about cases where the value of ―b‖ is greater than 1
(Kupchenko, 2008). The study is based on understanding the behavior of decline
parameters (D and b) for different flow regimes observed in a tight and shale gas
reservoir after hydraulic fracturing. The study shows that the value of ―b‖ for a linear
flow regime is equal to 2. It also includes simulated cases to exhibit how the value of b
grows with increasing time as shown in Figure 2-8 (if the reservoir is producing under
infinite acting conditions) (Kupchenko et al. 2008).
.
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Figure 2-8: Trend exhibited by ―b‖ for different flow regime (hydraulically fractured
tight gas well) (after Kupchenko, 2008)

From Figure 2-8, it is clear that the value of b grows when the reservoir is
producing under infinite acting conditions. But it starts to drop just before the pressure
transient is about to hit the boundary and thereby remains constant at 0.5. The infinite
acting period, in the case of tight gas and shale gas, is more prolonged as compared to
conventional reservoirs. Thus to improve the forecast of cumulative production, a
detailed analysis of the trend during the infinite acting period is necessary. Thus to
analyze tight and shale gas reservoirs critically a thorough study of the flow rate is
necessary.
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2.2

Production of Gas from Low Permeability Reservoir
Unconventional gas reservoirs are of significant importance to help cope with the

growing energy demand of the U.S. There have been large gas plays like the Barnett
Shale, Permian Basin, Appalachian Basin, etc. explored in the U.S in the recent past
(U.S. EIA, 2010). New technologies like hydraulic stimulation have made production
from these reservoirs economically beneficial. According to reports the total technically
recoverable gas from tight gas and shale gas reservoirs is 995.83 Tcf (253.83 Tcf + 742
Tcf) (Natural Gas Resources in U.S, 2010) and would be able to provide for 40% of U.S
energy needs in the future (Shale Gas, 2011).

2.2.1

Dual Porosity System
Unconventional reservoirs like the shale gas reservoirs are naturally fractured. In

naturally fractured reservoirs the hydrocarbon flows from the matrix to the fracture. In
the case of shale the permeability of the matrix is quite low as compared to that of the
fracture and thus the fracture acts as a conduit for flow to the wellbore. In order to help
understand the deliverability of a naturally fractured reservoirs are 2 basic terms that are
defined –


Transmissivity (λ)



Storativity (ω)

Transmissivity is an indication of the inter-porosity flow in the reservoir and
storativity is an indicator of the storage capacity of the secondary porosity (fracture) with
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respect to the primary porosity (matrix) (Prat, 1980). Transmissivity and storativity are
defined mathematically as –

(51)

(
(

)

)
(

)

(52)

When production is initiated in a naturally fractured reservoir the hydrocarbon in
the fracture is drained, and due to the drop in the fluid level in the fracture, a pressure
difference is observed. This pressure difference between the fracture surface and the
matrix acts as the driving force for fluid into the fracture. The schematic of a naturally
fractured reservoir is represented in Figure 2-9 –

Figure 2-9: Naturally Fractured Reservoir (after Prat, 1980)
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The fundamental partial differential equation for a dual-porosity system in terms
of fracture and matrix pressure is given by Equations 53 and 55 (Warren and Root, 1963)
–
(

(53)

)

where,
(

)

(54)

The pressure in the fracture is related to the pressure in the matrix by Equation 55 –
(

)

(

)

(55)
The procedure to generate production data for a dual-porosity reservoir which is infinitely
large is given below –
Initially Equation 12 is taken to Laplace space. The solution to the differential equation
in the Laplace space is obtained with the help of Bessel functions after applying the
boundary conditions.


The constant pressure inner boundary condition is given by Equation 56 –
(

)

(

*

(56)
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If the reservoir is large then it would take a long time to feel the external boundary. The
expression for an infinitely large reservoir is given by Equation 57 –
(

)

(57)
Using Equations 54 and 55 one can solve for dimensionless pressure using Bessel
functions in Laplace space. The expression that relates flow rate with pressure is given by
Equation 58.
(

)

(

(58)

*

Thus the solution for flow rate at the wellbore (skin factor: S =0) in Laplace space for an
infinitely large reservoir is given by Equation 59 –
̅ ( )

√
[

(√

( )

( ))

(√
(√

( ))
( ))√

( )]

(59)

Equation 59 is then numerically inverted using Stefhest algorithm to obtain the flow rate
(analytically) (Stefhest, 1970).
Similarly the same procedure is followed to generate flow rate data where there is no
flow taking place from the external boundary into the reservoir.


The constant pressure inner boundary condition is given by Equation 60 –
(

*

The boundary condition for a reservoir where there is no flow taking place from the
external boundary is given by Equation 61 –

(60)
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(

)

(61)
Using Equations 60 and 61 one can solve for dimensionless pressure using Bessel
functions in Laplace space. The expression that relates flow rate with pressure is given by
Equation 62.
(

)

(

(62)

*

Thus the solution for flow rate at the wellbore (skin factor: S = 0) is given in Laplace
space for a reservoir with a boundary where there is no flow taking place from the
external boundary is given by Equation 63 –
̅ (
√

)

( ) [ (√
[

(√

( )
( )

)
) (√

(√

( ))

( ))

(√
(√

( )

( )
)

) (√
(√

( )) ]

(63)

( )) ]

Equation 63 is then numerically inverted using Stefhest algorithm to obtain the flow rate
(analytically) (Stefhest, 1970). The type curves for dual porosity are shown in Figure 210 (Prat, 1980).
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Figure 2-10: Comparison of flow rate for homogenous with dual porosity/naturally
fractured (from Prat, 1980)

2.2.2

Hydraulic Fracturing/Stimulation
The production rates from an unstimulated unconventional reservoir are not

sufficient to render it economically viable for production. The reason for this is the low
permeability of the unconventional reservoir. But with the introduction of hydraulic
fracturing the production rates improved significantly. The production rates depended on
the fracture permeability. The efficiency of the fracture can be based on a dimensionless
term called Dimensionless Conductivity which is defined by Equation 64–

(64)
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Depending on the type of fracture, the flow regime is decided. There are basically
2 different types of fractures that are of concern, they are (Lee and Wattenbarger, 1996) –


Infinite Conductivity (



Finite Conductivity (

)
)

The different flow regimes (see Figure 2-11) that are observed when the reservoir
is hydraulically fractured (vertical well) are as follows (Lee and Wattenbarger, 1996) –


Linear Flow in Fracture



Bilinear Flow in Fracture



Linear Flow in Formation



Elliptical Flow in Formation



Radial Flow in Formation (Pseudo – Radial Flow)

Figure 2-11: Flow pattern observed in Finite Conductivity Fracture (vertical well) (after
Rushing et al, 1991)
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2.2.2.1 Linear Flow in Fracture
Linear flow in fracture is observed when it is of finite conductivity (Lee and
Wattenbarger, 1996). In this flow regime the flow takes place only through the fracture
into the wellbore. The flow regime exists for a very short span of time, generally so low
that it isn’t considered significant in well-test analysis. The flow takes place due to
expansion of fluid in the fracture. The time for which the flow regime exists is given by
Equation 65 –

(65)

where -

Figure 2-12: Linear Flow in Fracture
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2.2.2.2 Bilinear Flow in Fracture
This flow regime exists in case of finite conductivity fractures, but unlike linear
flow this flow, regime lasts for a significant time (Lee and Wattenbarger, 1996). This
flow regime is a consequence of the pressure difference that exists at the face of the
fracture and the matrix formation. The fluid initially enters the fracture and then flows
into the wellbore. The time for which bilinear flow exists is given by Equation 66 –

(66)

for
The correlation between dimensionless pressure drop and time is given by
Equation 67 –

(67)

√

From the equation above we can see that a plot of

vs

is a straight line

with the slope given by Equation 68 –

√

(68)

Thus using this, we can calculate the value of fracture conductivity that is given
by

.
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Figure 2-13: Bilinear flow through Finite Conductivity Fracture

2.2.2.3 Linear Flow in Formation
In infinite conductivity fractures, linear flow in the formation exists for a
significant time. The reason for that is the fact that the permeability of the matrix in these
reservoirs is too low and thus, if the proppant is able to create a decent enough
permeability in the fracture, it would result in an infinite conductivity fracture. In this
flow regime, flow takes place instantaneously from the formation to the wellbore (Lee
and Wattenbarger, 1996). Linear flow through the formation exists for a range of time
given by –

Dimensionless time is related with dimensionless pressure drop for short-term
approximation as given in Equation 69 and 70 (Wattenbarger et al, 1998)–
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(

)

√

(69)

(70)

Equation 69 and 70 are reliable approximations for dimensionless conductivity of
the range

. The expression for linear flow is given by Equation 71 –

(71)

Using the equation above, type curves were generated by Wattenbarger (Wattenbarger et
al, 1998), as shown in Figure 2-14 –

Figure 2-14: Type Curves for Linear Flow in the Fracture under Constant Flow Rate and
Constant Bottomhole pressure condition (from Wattenbarger et al, 1998)
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Understanding these flow regimes plays an important role in forecasting the trend
that would be followed by the reservoir under consideration.
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Chapter 3

PROBLEM STATEMENT
Traditionally decline curve analysis requires production data that is a combination
of early transient flow regime and boundary dominated behavior to obtain reservoir
characteristics (Fetkovich, 1980). Production data for a reservoir producing under early
transient conditions does not give a unique type curve match, thus leading to uncertainty
in the forecasted value (Poston and Poe, 2008).
The time it takes for the pressure transient to hit the boundary is given by
Equation 72 –

(72)

From Equation 72, it is observed that dimensionless time is directly proportional
to the product of time and permeability of the reservoir. As permeability decreases, time
taken for the pressure transient to hit the external boundary increases. Thus in the case of
shale gas reservoirs, where the reservoir permeability is in the range of nano – darcy the
time taken to hit the external boundary is significantly longer.
The unconventional reservoirs have been observed to produce under early
transient conditions for a major part of their production history. Production data
forecasting done using early transient data isn’t reliable as it overestimates total reserves.
There have been newer techniques developed to analyze and forecast production
data. In this work a comparison of the newer analytical tools for decline curve analysis
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would be done alongside Arps. A comparative analysis while be made differentiating
these production decline analysis tools on the basis of the level of accuracy with which
these tools are able to predict future production rates. The work will also include a
detailed analysis of the trends exhibited by the decline parameters (D and b) and compare
them for different methods. The objectives of this work are as follows:


To provide an insight on the working of the analytical tools available for
decline curve analysis.



To perform a diagnostic study of the various flow regimes in a hydraulically
fractured dual-porosity system along with the trends observed for decline
parameter (b) obtained using the available analytical tools for decline curve
analysis.



To analyze the accuracy of available analytical methods for decline curve
analysis and compare the error in the predicted values obtained using the
different analytical methods for decline curve analysis.
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Chapter 4
ANALYTICAL TOOLS
This chapter discusses the various analytical tools available for production data
analysis for unconventional reservoirs. These latest analytical tools were developed
keeping in mind the problems that were discussed previously. The tools discussed in this
chapter are –

4.1



Power Law Loss Ratio



Stretched Exponential

Power Law Loss Ratio
From the study done by Ilk, it was observed that the loss ratio followed a ―Power

Law‖ trend (Ilk, 2010). Thus in his work he defined the Power Law Loss Ratio using the
Power Law behavior for decline which is expressed in Equation 73 ( )

(

)

(73)

In his work Ilk made a comparative study among the different decline ratios
proposed by him (Ilk, 2010). Figure 4-1 gives an overview of the differences in
prediction between Equations 74 through 77 –
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Figure 4-1: Performance of all power law loss ratio models versus time (from Ilk,2010)

With the help of his study, he proposed a different form of the decline rate and
which are given by (Ilk, 2010) –
1)

For transient and transition flow regime Equations 72 and 73 apply.
( )

̂

̂

(74)
( )

2)

̂

(75)

For transient and transition flow regime, including hyperbolic behavior Equation
74 and 75 apply.
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( )

( )

̂

̂

̂
(

̂

)

(76)

̂

(77)

̂

The procedure to be followed to apply Equations 74 through 77 is given below
(Ilk et al, 2008) –
1. Find the value of n with the help of the type curve in Figure 4-2. Here consider
that the value of D is 0

Figure 4-2: Type Curve to identify value of n (from Johnson et al, 2009)
2. Using the value of n as a reference, we select the respective type curve to account
for the value of

. Select a match point at a certain dimensionless time and flow

rate. Thus using Equations 78, 79 and 80, the values of ̂ ,
accounted (Johnson et al, 2009) –

and ̂

can be
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⁄̂

̃

(78)

(̂

)

(79)

(

,

(80)

̂

Figure 4-3: Type curve to identify value of
3.

(from Johnson et al, 2009)

Once the constants are accounted for, a forecast of the production rates can be

made with the help of the Power Law Loss Ratio suggested by Ilk (Ilk, 2010)
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The above technique has been shown to be a good tool to forecast production
rates. But obtaining a unique match in some case is difficult (Mattar et al, 2009). To
make the expression consistent with the reservoir model, Mattar introduced a few
constraints. The guidelines introduced to make the expression consistent with the
reservoir model are –


The technique is directed towards constraining the variation of the terms ̂ , ̂ ,
and n



The value of n may vary between 0 to -0.13 for early transient conditions and
=0



Decline rate is plotted to obtain the value of decline at 1 day



Using this value of D at 1 day calculate ̂ from Equation 81 –
̂



(81)

Thus to match the transient period data the use of Equation 82 is suggested
(Mattar et al. 2009) –
̂

( ̂

)

(82)


Using the expression for radius of investigation find the time till when the flow
rate can be forecasted using the above expression



Once the boundary is felt, switch the expression to the exponential or hyperbolic
flow equation
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Figure 4-4: Comparison of Decline rate from production data with decline rate modeled
using the Power Law Loss Ratio (from Mattar et al, 2009)

Figure 4-5: Comparison of Decline rate using production data with Modified Power Law
Loss Ratio (from Mattar et al, 2009)
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4.2

Stretched Exponential
In his work Valko developed a technique to answer a number of long standing

questions like how does ultimate recovery depend on the treatment type and size, etc
(Valkó, 2009). This study was focused on answering these questions for shale gas
reservoirs. He introduced a new expression for forecast of production data using the
Stretched Exponential.
The Stretched Exponential introduced by Valko is another form of the stretched
exponential relaxation technique used to model a continuous sum of exponential decay
proposed by Johnston given by Equation 83 (Johnston, 2006) –
(

)

(83)
Equation 81 was modified by Equation 82 to apply it for production forecast
(Valkó et al, 2009) –

(84)

[ ( ) ]

The advantage of this technique is the ability to calculate the recovery potential of
the individual well. The recovery potential is a measure of the recovery factor of the well.
The recovery potential of a well is given by Equation 85 (Valkó, 2009) –

𝛤* +

𝛤[

Now the procedure to use this technique is given as follows –

]

(85)
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Determine the value of

from the plot of

and

, generated by using

Equation 84 and 85

[ ( ) ]

*𝛤 [ ]



Create a series of

and

𝛤[

( ) ]+

(86)

(87)

by assuming a value of and n

Figure 4-6: Dimensionless flow rate Vs Cumulative production for different EUR values
(from Valkó, 2009)



Using this plot calculate the value of EUR for the given reservoir
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With the value of EUR forecast the production for the well under
consideration



Plot



Assuming a value of n, calculate the value of the recovery potential



Plot recovery potential vs Q. The plot must be a straight line and must satisfy

vs Q

the following conditions –
X – intercept : EUR
Y – intercept : 1


If the straight line does not have a y – intercept of 1, then change the value of
n and perform the procedure again

Using this procedure calculate the ultimate recovery of the reservoir. The
advantage of this procedure is that it gives a fixed value of EUR (conservative estimate),
unlike in case of Arps for cases where the value of ―b‖ is greater than or equal to 1 (Valkó
and Lee, 2010).
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Chapter 5
RESULTS AND DISCUSSION
This section talks about the trends that are observed for different flow regimes.
The major flow regimes that we are going to be discussed in this section include radial
and linear flow. Results for a dual-porosity system and the trend observed for the decline
rate (D) and the decline parameter (b) are discussed. The use of analytical data would be
sort in this section. Data is generated by solving the respective flow equations for radial,
linear and dual porosity by numerical inversion was done with the help of the Stefhest
(1970) algorithm.
In this section the flow regimes observed in an infinite conductivity fracture are –

5.1



Linear Flow in Formation



Radial Flow in Formation (Pseudo – Radial Flow)

Radial Flow in Formation (Pseudo – Radial Flow)
The radial flow equation is given by Equation 88 –

(

*

(88)
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Equations 89 and 90 are the expressions for flow rate in the Laplace space for an
infinitely large reservoir and for a condition when there is no flow from the external
boundary which was discussed in section 2.1.1.

̅ (

̅ (

)

)

(√ ) (
√ [

(

(√ )
√

√ )
√ ) (√ )

(89)

(√ )

(

√ ) (√ )
(√ ) ( √ )]

(90)

Numerical inversion is done with the help of the Stefhest algorithm to obtain the
value of the flow rate (Stefhest, 1970).
The model parameters for the reservoir under consideration are given in Table 5-1 below
followed by Figures 5-2 through 5-5. The figures exhibit the trend observed due to radial
flow in the reservoir. The expression for decline rate is given by Equations 91 and 92 –

(91)

And,

(92)
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Analytical solution is generated from Equation 93 –

(93)

( ̅)

( ̅)
The decline parameter (b) is given by Equation 94 –

* +

(94)

Thus, it can be expressed as given in Equation 95 –

(95)

The analytical solution is generated from Equation 96 –

( )

(

)

( ̅)

(

̅

( )

( ))

(96)

Here the value of q’(0) and q(0) used to match the numerical values are 0 and 1,
respectively.
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Table 5-1: Model Parameters for the reservoir considered for radial flow regime
Properties

Value

Permeability (k) (mD)

0.01

Porosity ( )

0.2

Initial Pressure (Pi) (psia)

6000

Bottom hole Pressure (Pwf) (psia)

14.7

Thickness (h) (ft)

50

Temperature (T) (oF)

150

Initial Viscosity (µ) (cP)

0.027

Initial Compressibility (ct) (1/psia)

1.5128 * 10-4

Component

Methane

Critical Pressure (psia)

666.535

Critical Temperature (R)

343.15

Wellbore Radius (rw) (ft)

0.25

Shape of Reservoir

Cylindrical

Type

Homogeneous
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Figure 5-1: Cylindrical Reservoir

Figure 5-2: Dimensionless Flow rate (qD) vs Time (tD) for Radial flow
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With the help of the data generated, the decline trend is given by Figures 5-3 to 5-5 –

Figure 5-3: Dimensionless Decline Rate (DD) vs Time (tD) for radial flow
With the decline rate we can generate the plot for decline parameter ―b‖ over time –

Figure 5-4: Decline Parameter (b) vs Dimensionless Time (tD) for radial flow
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Figure 5-5: Decline Parameter (b) vs Dimensionless Time (tD) for radial flow
From Figures 5-4 and 5-5, it can be observed that the value of the decline
parameter ―b‖ keeps increasing when the reservoir is flowing under an early transient
flow regime to a certain point, after which it starts to decrease before the pressure
transient hits the boundary. The value of the decline parameter ―b‖ decreases sharply
before the pressure transient hits the boundary. It is also observed that the value of b is
higher for reservoirs with larger external radius for a time when producing under infinite
acting conditions. In Figures 5-3 to 5-5, there is an exact match for analytically and
numerically generated values of the decline rate (D) and the decline exponent (b). The
curve for the analytical solution isn’t very smooth as it is obtained using the Stefhest
algorithm and the nature of the curve depends on the value of L that is a parameter that
needs to be specified in the algorithm for numerically inverting the solution to time
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space. In the above data generated an assumption is made that the gas follows an
exponential decline.

5.2

Linear Flow in Formation
The linear flow equation is given by Equation 97 -

(97)

Equation 97 can be solved in Laplace space and the expression for flow rate for constant
pressure at the wellbore (no flow boundary) is given by Equation 98 –
[(

̅

√

[(

√ )
√ )

]
]

(98)

Equation 98 is then numerically inverted with the help of the Stefhest algorithm (Stefhest,
1970). The model parameters for the reservoir system modeled for linear flow are given
in Table 5-2. This is followed by Figures 5-7 through 5-9 which represent the flow and
decline trend for a reservoir that has a linear flow regime.
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Figure 5-6: Shape of a Rectangular Reservoir Geometry (Fekete, 2011)
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Table 5-2: Model Parameters for reservoir considered for linear flow regime
Properties

Value

Permeability (k) (mD)

0.01

Porosity ( )

0.2

Initial Pressure (Pi) (psia)

6000

Bottomhole Pressure (Pwf) (psia)

14.7

Thickness (h) (ft)

50

Temperature (T) (F)

150

Fracture Half Length (xf) (ft)

100

Initial Viscosity (µ) (cP)

0.027

Initial Compressibility (ct) (1/psia)

1.5128 * 10-4

Component

Methane

Critical Pressure (psia)

666.535

Critical Temperature (R)

343.15

Wellbore Radius (rw) (ft)

0.25

Shape of Reservoir

Rectangular
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Figure 5-7: Dimensionless Flow Rate (qD) vs Time (tD) for linear flow

Figure 5-8: Dimensionless Decline Rate (DD) vs Time (tD) for linear flow
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Figure 5-9: Decline Parameter (b) vs Dimensionless Time (tD) for linear flow

Using short time approximation, the expression for linear flow is given by Equations 99
and 100 (Wattenbarger et al. 1998) –
[(

̅

√

̅

√ )

[(

√

√ )

]
]

(99)

(100)
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Taking the Laplace transform of Equation 100 gives Equation 101 -

(101)

√

From Equation 101, it is clear that the value of the decline parameter (b) remains constant
at 2 for early-time approximation, while it attains a value of 0 for late times. From Figure
5-9, it is observed that the value of the decline exponent (b) remains constant at 2 for the
most part of the early transient period and starts to drop before the pressure transient is
about to hit the boundary. Also it is observed that in Figures 5-8 and 5-9 the match for
analytical and numerical values of the decline rate and decline parameter are in complete
agreement.

5.3

Dual-Porosity System

The flow equation for a dual-porosity system is given by Equation 102 (Warren
and Root, 1963)–

(

(102)

)

where,
(

)

(103)
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The pressure in the fracture is related to the pressure in the matrix by Equation 104 –
(

)

(

)

(104)
Equations 105 and 106 are the expressions for flow rate in the Laplace space for
an infinitely large reservoir and for a condition when there is no flow from the external
boundary which is discussed in section 2.2.1.

̅ ( )

̅ (
√

( )

(√

( ))

[

(√

( ))

(√

( ))√

)

(√

( ))

(√

( )

(105)

( )]

)

( ) [ (√
[

√

(√

( )
( )

) (√

( ))

(√

( )

)

) (√
(√

( )) ]

(106)

( )) ]

Numerical inversion is done with the help of the Stefhest algorithm to obtain the
value of flow rate (Stefhest, 1970). The model parameters considered in this case help
generate data for Figures 5-10 through 5-12 are given in Table 5-3.
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Table 5-3: Model Parameters for reservoir considered for dual-porosity system
Properties

Value

Matrix Permeability (km) (mD)

0.01

Fracture Permeability (kf) (mD)

62.5

Matrix Porosity (

m)

0.2

Storativity ( )

0.01

Transmissivity (𝛌)

10-5

Initial Pressure (Pi) (psia)

6000

Bottom hole Pressure (Pwf) (psia)

14.7

Thickness (h) (ft)

50

Temperature (T) (F)

150

Initial Viscosity (µ) (cP)

0.2828

Initial Compressibility (ct) (1/psia)

1.6173 * 10-4

Component

Methane

Critical Pressure (psia)

666.535

Critical Temperature (R)

343.15

Wellbore Radius (rw) (ft)

0.25

Shape of Reservoir

Cylindrical

Type

Homogeneous
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Figure 5-10: Cylindrical reservoir

Figure 5-11: Dimensionless Flow Rate (qD) Vs Time (tD) for dual-porosity system
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Figure 5-12: Dimensionless Decline Rate (DD) Vs Time (tD) for dual-porosity system

Figure 5-13: Decline Parameter (b) Vs Dimensionless Time (tD) for dual-porosity system
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From Figures 5-11 and 5-13, one would observe the same trend for the decline
parameter (b) that had been seen in the case of a radial and linear flow regime. Once
again it can be observed that the value of the decline parameter (b) is higher for a larger
reservoir flowing an under early transient flow regime for a specific time.
This study is broken up into 5 parts which are the time steps at which analysis is
done –


1 year



3 years



5 years



10 years



20 years
Using the data obtained from these time periods the prediction of the future

production performance for a time period of 50 years is made. Before initiating the
analysis of production data, below are explained the procedures that have been followed
to obtain the values for the constants and thereby forecasting the production values with
the help of the same.

5.4

Procedure to obtain constants for forecast
Below is the procedure to identify the value of constants for Arps, Power Law

Loss Ratio and Stretched Exponential using data for a reservoir flowing under radial flow
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conditions for 3 years. Initially the procedure discussed is for Arps (exponential decline)
which is then followed by Arps (hyperbolic decline).

5.4.1

Exponential Decline
The steps that are followed to obtain the value of the constants follow –



Draw a semi-log plot of flow rate (q) vs time (t)

Figure 5-14: Flow rate (q) vs Time to determine the value of qi



Figure 5-14 displays the value of qi that is obtained by extrapolating the
late time stabilized trend of the data which is found to be 7.2 MscfD in this
case
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The value of Di is constant and is the slope of the curve in Figure 5-14
which is 1.2859 * 10-4 (1/day) in this case

5.4.2

Hyperbolic Decline
The procedure followed to obtain the value of qi and Di for hyperbolic decline is

given below, using Equations 107 and 109 –


Plot 1/D vs t with the expression of D given in Equation 107 –

(107)

Figure 5-14: Flow rate (q) vs Time to determine the value of qi
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Slope of the plot is the value of b, while the y-intercept indicates the value
of 1/Di. This can be seen in Equation 108 –

(108)



Value of b and Di are found to be 1.2859 * 10-4 (1/day) and 0.7672, from
direct calculation and 1.2987 * 10-4 (1/day) and 0.86 from the plot which
are in close agreement



Value of qi is given by Equation 109 and the value was 6.4301MscfD.
(

)

(109)

The procedure followed to obtain the required constants for Power Law Loss Ratio and
Stretched Exponential is given in the subsequent sub-sections.

5.4.3

Power Law Loss Ratio by Ilk
The constants required to forecast production using this technique are ̂ , ̂ , n

and

. The procedure followed to obtain them is given below, using Equations


Using the data for 3 years to calculate the decline rate with Equation 107



Plot D vs t with the calculated value of D
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Figure 5-15: Plot of D vs t to obtain value of D at 1 day


From Figure 5-15 obtain the value of D at 1 day which is 0.17 (1/day)



Using the type curve in Figure 5-16 obtain the value of n

Figure 5-16: Type Curve to identify value of n (from Johnson et al. 2009)
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Figure 5-17: Plot to obtain value of n


From Figure 5-17 the value of n is obtained as 0.01



In cases where there is boundary dominated data a value of D∞ is obtained
using the type curve match shown in Figure 5-18

Figure 5-18: Type curve to identify value of

(from Johnson et al. 2009)
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The type curve is selected depending on the value of n



A match with the actual decline rate could also be done with the forecast
values given by Equation 110 to account for the value of D∞ which is 1 *
10-4 (1/day)


̂

(110)

Figure 5-18: Plot to identify value of


The value of ̂ is obtained with a data match which is 6 * 108 MscfD
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Figure 5-19: Plot of q vs t to obtain value of ̂

5.4.4

Modified Power Law Loss Ratio
Following is the procedure to obtain the constants for Modified Power Law Loss

Ratio –


Using the production data calculate the decline rate using Equation 105



Plot Figure 5-20 to match the actual decline rate with the predicted one
calculated using Equation 111 –

(111)


From Figure 5-20 obtain the value of D at 1 day



The value of n varies between 0 to -0.13. Determine the exact value of n
from a match of the predicted decline rate and the actual decline rate
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Figure 5-20: Plot of D vs t to obtain value of D at 1 day



Once the reservoir hits the boundary, the value of D∞ is obtained by
matching the decline rate with the value predicted using Equation 112 –

(112)

( )


The value of D∞ is 1.15 * 10-4 (1/day) and can be observed in Figure 5-20



Using the best-fit match between the predicted value of flow rate and the
actual value of flow, obtain the value of ̂ which is 3.4 MscfD (where D∞
= 0 for transient data)
( )

̂

̂

(113)
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Equation 113 is applicable for data in the early transient period, while, for
the late transient period, Equation 114 is used.
(

)

(114)


The value of qi for a boundary-dominated flow regime is 6.4 MscfD



Once the boundary is felt, switch the expression to the exponential or
hyperbolic decline equation by Arps



Figure 5-21 is forecasted using the technique discussed above

Figure 5-21: Plot of q vs t to obtain value of ̂ and qi
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5.4.5

Stretched Exponential
The constants required to make a forecast using this technique are n,

and qi. The

procedure followed is given below –


The value of qi is the maximum flow rate observed during the production
history of the well which is 14.1354 MscfD



Calculate the value of qD given by Equation 115

(115)



Using the value of qD calculate rp given by Equation 116

𝛤* +



𝛤[

]

Plot for rp vs Q (cumulative production) is given by Figure 5-22

(116)
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Figure 5-22: Plot of rp vs Q to obtain the value of n


The value of n used for the prediction is the one that satisfies the following
condition –
Y – intercept : 1



In Figure 5-22 it can be observed that the linear line drawn for n = 0.2 has
a y – intercept of 0.999



In this case both n = 0.1 and n = 0.2 have an intercept close to 1



Using the value of these constants a prediction of q and Q can be made
and a match of this prediction is seen in Figure 5-22
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Figure 5-23: Plot of q vs t (predicted and actual) for 3 year
Figure 5-24 gives the match of predicted flow rate with actual flow rate.

Figure 5-24: Plot of q vs t (predicted and actual) for 50 year
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In Figure 5-24 it can be seen that the forecasted value does not overall on the actual value
during the early transient period. In case of the exponential decline the value of qi
governs the match that is obtained with the actual data, while in case of the power law
loss ratio the prediction improves as time progress and the value of D∞ is realized. The
match obtained in case of the stretched exponential initial is not exact, but as observed it
improves with time. Thus is can be observed that in case of the analytical tools available
for decline curve analysis there the sections in the production history that the tools are
able to match data with good reliability, but on the other hand there are instances where
there are not able to do so.
With the help of these techniques a forecast is made. The forecast is made for 50 years
using production data for steps of 1, 3, 5, 10 and 20 years. In the subsequent sections the
details of the forecast made using these data sets is discussed for different flow regimes.

5.5

Production Forecast Using Radial Flow Data
As discussed earlier in this section the production data used for a forecast lies in

the radial flow regime.

5.5.1

Forecast Using 1-year Data
The discussion is divided into 2 sections. The first section includes identifying all

the required constants to make the forecast and obtaining a good match using those
constants. The second part includes a table which compares the values obtained with the
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help of the various forecasting tools. Below in Table 5-4 are the model parameters of the
reservoir used to generate the production data for the analysis.

Figure 5-25: Cylindrical Reservoir
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Table 5-4: Model Parameters for a reservoir flowing under a radial flow condition
Properties

Value

External Radius (ft)

200

Wellbore Radius (ft)

0.25

Porosity

0.05

Permeability (mD)

0.00047978

Initial Reservoir Pressure (psia)

5000

Bottom hole Pressure (psia)

14.7

Surface Temperature (F)

60

Surface Pressure (psia)

14.7

Reservoir Temperature (F)

150

Thickness (ft)

50

Time to hit the boundary (years)

2

Ultimate Recovery at abandonment rate

4.892 * 104

(Mscf)
Type

Homogeneous

Component

Methane

Initial Viscosity (cp)

0.0245

Initial Compressibility (ct) (1/psia)

1.8106 * 10-4

Decline

Exponential

Shape of Reservoir

Cylindrical
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The required constants are obtained using the analysis procedure discussed before. Table
5-5 lists the values of all the constants.
Table 5-5: Value of constants for different forecasting tools using 1-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

6.233

qi (MscfD) [Arps - Hyperbolic]

6.5887

̂ (MscfD) [Power Law]
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̂ (MscfD) [Modified Power Law]

3.2

Di (1/day) [Arps - Exponential]

2.2218 * 10-4

Di (1/day) [Arps - Hyperbolic]

2.2218 * 10-4

D1 (1/day)

0.17

n [Power Law]

0.1

n [Modified Power Law]

-0.13

̂ [Power Law]

1.7

̂ [Modified Power Law]

-1.3077

[Power Law]

0

[Modified Power Law]

0

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.1 and 0.2
100.6287 and 30

The following Figure 5-26 gives a match of the actual flow rate with the predicted values
using different forecast techniques.
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Figures 5-26 through 5-29 represents the results generated using these constants –

Figure 5-26: Forecasted q vs t using different predicting tools with actual data

Figure 5-27: Forecasted Q vs t using different predicting tools with actual data
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Figure 5-28: Forecasted D vs t using different predicting tools with actual data

Figure 5-29: Match of b vs t for different predicting tools with actual data
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A distinct difference in the predicted flow rate is observed once the reservoir hits
the boundary. The trend exhibited by the decline rate (D) in the case of the Modified
Power Law Loss Ratio is reliable to the point where the value of the decline rate (D)
starts to drop at a slower rate. Similarly in the case of the decline exponent (b), the match
is reliable till 1 year, after which the actual decline exponent starts to drop while the
decline exponent (b) predicted by the Modified Power Law Loss Ratio continues to grow.
The reason that the Modified Power Law Loss Ratio isn’t able to recognize the point of
decline (for the decline exponent) is due to the fact that the value of D∞ specified is 0. In
Table 5-6 below is listed the predicted values of cumulative production using the
forecasting tools. The value of the decline exponent (b) at the end of 1-year is 12.8373.
Table 5-6: Forecasted cumulative production using 1-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

4.892 * 104

N/A

Arps [ Exponential ]

2.7872 * 104

43.025

Arps [ Hyperbolic ]

9.5195 * 104

94.593

Power Law Loss Ratio

2.6425 * 104

45.983

Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.1 ]
Stretched Exponent
[ n = 0.2 ]

8.7827 * 104

79.532

8.7467 * 104

78.796

5.8428 * 104

19.436
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From Table 5-6 it can be observed that if a forecast were made using the Arps
(hyperbolic) equation with data that lies in the early transient period, it results in very
high error. The same applies for the Modified Power Law Loss Ratio. The error in the
case of Arps (exponential) is lower, but in doing so with a reservoir of a larger size would
result in a bad judgment. In the case of the Power Law Loss Ratio, the prediction made
using early transient period data depends on the value of n selected. As for the Stretched
Exponential, the forecast made with n = 0.2 is close to the actual cumulative production
value, given that the data used for the forecast lies in the early transient period. But one
needs to acknowledge that identifying the correct value of n is crucial and could mean the
difference between 19.436% error and a 78.796%. Analysis is performed in a similar
manner is the subsequent sections using production data for different time periods.

5.5.2

Forecast Using 3-year Data
The reservoir used in this case is the same. But in this case the prediction is made

using 3-year data. Table 5-7 lists the values of all the constants required for the
prediction.
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Table 5-7: Value of constants for different forecasting tools using 3-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

7.2

qi (MscfD) [Arps - Hyperbolic]

6.4301

̂ (MscfD) [Power Law]

6 * 108

̂ (MscfD) [Modified Power Law]

3.4

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

6.4

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

1.2859 * 10-4

Di (1/day) [Arps - Hyperbolic]

1.1667 * 10-4

D1 (1/day)

0.17

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

17

̂ [Modified Power Law]

-1.3077

[Power Law]

1 * 10-4

[Modified Power Law]

1.15 * 10-4

n [Stretched Exponential]

0.1 and 0.2

(1/month) [Stretched Exponential]

85 and 55
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Figures 5-30 through 5-33 represent the results generated using these constants –

Figure 5-30: Match of q vs t for different predicting tools with actual data for 3 year data

Figure 5-31: Match of Q vs t for different predicting tools with actual data for 3 year data
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Figure 5-32: Match of D vs t for different predicting tools with actual data for 3 year data

Figure 5-33: Match of b vs t for different predicting tools with actual data for 3 year data
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In the Figures 30 it can be observed that the data match has improved with the
availability of more production data. Out of all the techniques the most improvement is
observed in the forecast made using the Modified Power Law Loss Ratio. On comparing
the forecast made by the Modified Power Law Loss Ratio with the actual data, one can
see that the match for flow rate, cumulative production, the decline rate and the decline
exponent is better as compared to the other techniques. The peak seen in Figure 5-33 is
due to the change in the decline rate equation as suggested by Mattar, in the analysis
technique to apply the Modified Power Law Loss Ratio (Mattar, 2009). Also the decline
exponent predicted by the Modified Power Law Loss Ratio matches the actual trend to a
reliable extent. The flow rate match shown by the Power Law Loss Ratio during the later
times in Figure 5-30 has also improved. In Table 5-8 are listed the values of predicted
cumulative production.
Table 5-8: Forecasted cumulative production using 3-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

4.892 * 104

N/A

Arps [ Exponential ]

5.3764 * 104

9.902

Arps [ Hyperbolic ]

5.7962 * 104

18.504

Power Law Loss Ratio

4.6329 * 104

5.296

Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.1 ]
Stretched Exponent
[ n = 0.2 ]

4.9036 * 104

0.2371

8.5918 * 104

75.63

6.86 * 104

40.229
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From Table 5-8 it is clear that the predictions have improved drastically. The
additional production data which is made available has significantly enhanced the
prediction for the same reservoir. This validates that Arps is a good prediction tool for
production data that lies in the boundary-dominated period. Calculations for the
prediction using 5-year data are made in the subsequent section.

5.5.3

Forecast Using 5-year Data

The required analysis is done to account for the necessary constants. Table 5-9 lists the
values of all the constants.
Table 5-9: Value of constants for different forecasting tools using 5-year data
Parameter
qi (MscfD) [Arps - Exponential]
qi (MscfD) [Arps - Hyperbolic]
̂ (MscfD) [Power Law]
̂ (MscfD) [Modified Power Law]
(before the boundary is hit)
̂ (MscfD) [Modified Power Law]
(after the boundary is hit)
Di (1/day) [Arps - Exponential]
Di (1/day) [Arps - Hyperbolic]
D1 (1/day)
n [Power Law]
n [Modified Power Law]
̂ [Power Law]
̂ [Modified Power Law]
[Power Law]
[Modified Power Law]
n [Stretched Exponential]
(1/month) [Stretched Exponential]

Value
7.2
N/A
6 * 108
3.4
6.4
1.1485 * 10-4
N/A
0.17
0.01
-0.13
17
-1.3077
1.2 * 10-4
1.15 * 10-4
0.2 and 0.3
60 and 60
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Figures 5-34 through 5-37 represents the results generated using these constants –

Figure 5-34: Match of q vs t for different predicting tools with actual data for 5 year data

Figure 5-35: Match of Q vs t for different predicting tools with actual data for 5 year data
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Figure 5-36: Match of D vs t for different predicting tools with actual data for 5 year data

Figure 5-37: Match of b vs t for different predicting tools with actual data for 5 year data
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Table 5-10 lists the results for the forecast obtained using 5-year data in the analytical
tools.
Table 5-10: Forecasted cumulative production using 5-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

4.892 * 104
4

N/A

Arps [ Exponential ]

5.386 * 10

10.0981

Arps [ Hyperbolic ]

N/A

N/A

Power Law Loss Ratio

4.1193 * 104

15.795

Modified Power Law Loss

4.9023 * 104

0.2105

7.0028 * 104

43.1479

5.8181 * 104

18.931

Ratio
Stretched Exponent
[ n = 0.1 ]
Stretched Exponent
[ n = 0.2 ]
In Table 5-10 it can be seen that the forecast made using the Power Law Loss
Ratio in the previous step had a lower error, but it should also be observed that the match
for the decline rate in the case of the 3-year data set was not as good as the one in 5 years.
The reason for that is the value of D∞. In the this case the value of D∞ has been increased
from 0 to 1.2 * 10-4 (1/day) which has resulted in the decline rate decreasing at a lower
rate as compared to a higher one in the 3-year data set. But it is clear that the value of D∞
needs a bit more correction. To do it would require slightly more data that lies in the
boundary dominated region. The error in the forecast made by the Modified Power Law
Loss Ratio and the Stretched Exponential has reduced from that made using 3-year data
set. Another observation that could be made is that the value of qi influences the forecast
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made using Arps to a significant extent. Thus a slight misjudgment in the value of qi
would lead to a forecast with a higher error percentage.

5.5.4

Forecast Using 10-year Data

Table 5-11 lists the values of all the constants obtained with the help of the analysis
procedure discussed earlier.
Table 5-11: Value of constants for different forecasting tools using 10-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

7.2

qi (MscfD) [Arps - Hyperbolic]

N/A

̂ (MscfD) [Power Law]

6 * 108

̂ (MscfD) [Modified Power Law]

3.4

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

6.4

(after the boundary is hit)
Di (1/day) [Arps

Exponential]

1.1496 * 10-4

Di (1/day) [Arps - Hyperbolic]

N/A

D1 (1/day)

0.17

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

17

̂ [Modified Power Law]

-1.3077

[Power Law]

9 * 10-5

[Modified Power Law]

1.15 * 10-4

n [Stretched Exponential]

0.3 and 0.4

(1/month) [Stretched Exponential]

65 and 75
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Figures 5-38 through 5-41 represents the results generated using these constants –

Figure 5-38: Match of q vs t for different predicting tools with actual data for 10 year data

Figure 5-39: Match of Q vs t for different predicting tools with actual data for 10 year data
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Figure 5-40: Match of D vs t for different predicting tools with actual data for 10-year data

Figure 5-41: Match of b vs t for different predicting tools with actual data for 10-year data
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Table 5-12 lists the results for the forecast obtained using 10-year data using the
analytical tools.
Table 5-12: Forecasted cumulative production using 10-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

4.892 * 104
4

N/A

Arps [ Exponential ]

5.1799 * 10

5.88512

Arps [ Hyperbolic ]

N/A

N/A

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

4.8373 * 104
4.8997 * 104

1.13
0.1574

5.9043 * 104

20.693

5.3428 * 104

9.215

[ n = 0.3 ]
Stretched Exponent
[ n = 0.4 ]
In Table 5-12 it can be seen that the forecast made using the Power Law Loss
Ratio has improved significantly. This is due to the improvement in the value of D∞.
Consequently the error in the forecast has reduced significantly and so is the match with
the flow rate. As discussed the error in forecast the for all the analytical tools used for
decline curves has reduced significantly.

5.5.5

Forecast Using 20-year Data
The constants that are accounted remain almost the same for the forecast made

with production data of 20-years. The Table 5-13 list the values of the constants used to
make the forecast using 20-year data.
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Table 5-13: Value of constants for different forecasting tools using 20-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

6.85

qi (MscfD) [Arps - Hyperbolic]

N/A

̂ (MscfD) [Power Law]

6 * 108

̂ (MscfD) [Modified Power Law]

3.4

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

6.4

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

1.1499 * 10-4

Di (1/day) [Arps - Hyperb lic]

N/A

D1 (1/day)

0.17

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

17

̂ [Modified Power Law]

-1.3077

[Power Law]

9 * 10-5

[Modified Power Law]

1.15 * 10-4

n [Stretched Exponential]

0.4 and 0.5

(1/month) [Stretched Exponential]

71 and 86.3344
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The results obtained using the constants given in Table 5-13 are used to make the
forecast for different analytical tools. The cumulative production value obtained using
these tools are tabulated in Table 5-14.
Table 5-14: Forecasted cumulative production using 20-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

4.892 * 104

N/A

Arps [ Exponential ]

5.0171 * 104

2.557

Arps [ Hyperbolic ]

N/A

N/A

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

4.932 * 104
4.8959 * 104

0.818
0.07927

5.2513 * 104

7.345

4.9551 * 104

1.289

[ n = 0.4 ]
Stretched Exponent
[ n = 0.5 ]
From Table 5-14 it is clear that the forecast made using these constants is quite low and
can be over looked. Thus it can be observed that the Modified Power Law Loss Ratio is a
good predicting tool for a reservoir flowing under radial flow conditions. The same
analysis is performed on a reservoir flowing under linear flow conditions.

5.6

Production Forecast Using Linear Flow Data
As discussed earlier in this section the production data used for the forecast lies in

the linear flow regime.
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5.6.1

Forecast Using 1-year Data
In this section again the same procedure is followed. The model parameters used

to model the reservoir are given in Table 5-15. Figure 5-42 has a vertical fracture at the
wellbore.

Figure 5-42: Shape of a Rectangular Reservoir Geometry
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Table 5-15: Model Parameters for a reservoir flowing under radial flow condition
Properties

Value

External Boundary (re) (ft)

100

Fracture Half Length (xf) (ft)

100

Wellbore Radius (rw) (ft)

0.25

Porosity ( )

0.05

Permeability (k) (mD)

0.4798

Initial Reservoir Pressure (Pi) (psia)

5000

Bottom hole Pressure (Pwf) (psia)

14.7

Surface Temperature (F)

60

Surface Pressure (psia)

14.7

Reservoir Temperature (T) (F)

150

Thickness (h) (ft)

50

Time to hit the boundary (years)

5

Ultimate Recovery after 50 years

1.7548 * 106

(Mscf)
Type

Homogeneous

Component

Methane

Initial Viscosity ( ) (cp)

0.0245

Initial Compressibility (ct) (1/psia)

1.8106 * 10-4

Decline

Exponential

Shape of Reservoir

Rectangular
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Using the model parameters in Table 5-15, the data for different time steps is generated
for the analysis. The subsequent section gives the details of the forecast made using
production data for 1 year. The value of the constants required to make the forecast using
production data for 1 year are given in Table 5-16.
Table 5-16: Value of constants for different forecasting tools using 1-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

613.3845

qi (MscfD) [Arps - Hyperbolic]

867.8827

̂ (MscfD) [Power Law]

5 * 1026

̂ (MscfD) [Modified Power Law]
(before the boundary is hit)
̂ (MscfD) [Modified Power Law]
(after the boundary is hit)
Di (1/day) [Arps - Exponential]

3.1 * 10-19

Di (1/day) [Arps - Hyperb lic]

0.0014

D1 (1/day)

0.52

n [Power Law]

0.01

n [Modified Power Law]

-0.01

̂ [Power Law]

52

̂ [Modified Power Law]

-52

0
0.0014

[Power Law]

0

[Modified Power Law]

0

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
2 and 3.5
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Figures 5-43 through 5-46 represents the results generated using these constants –

Figure 5-43: Match of forecasted q vs t for different predicting tools with actual data for
1 year data

Figure 5-44: Match of forecasted Q vs t for different predicting tools with actual data for
1 year data
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Figure 5-45: Match of forecasted D vs t for different predicting tools with actual data for
1 year data

Figure 5-46: Match of forecasted b vs t for different predicting tools with actual data for
1 year data
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Table 5-17 lists the results for the forecast obtained using 1-year data in the analytical
tools. The decline exponent (b) at the end of 1 year is 2.
Table 5-17: Forecasted cumulative production using 1-year data

Forecasting Tool
Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

Cumulative Production
(Mscf)
1.7548 * 106
7.0255 * 105
4.0514 * 106
2.5418 * 106
3.2271 * 106

Error (%)

4.0958 * 106

133.4055

2.1602 * 106

23.1023

N/A
59.9641
130.8753
44.8484
83.902

From Table 5-17 it can be observed that the forecasted value of cumulative
production by the Power Law Loss Ratio could be lower than the one predicted. The error
in the forecasted value by Arps (hyperbolic) is significant. Thus this value cannot be used
as the estimate for the cumulative production of the reservoir at a given time. Also as
discussed previously a correct selection of n is crucial in accounting for the cumulative
production using the Stretched Exponential.

5.6.2

Forecast Using 3-year Data
Table 5-18 lists the values of all the constants required to make the forecast.
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Table 5-18: Value of constants for different forecasting tools using 3-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

353.1225

qi (MscfD) [Arps - Hyperbolic]

516.0588

̂ (MscfD) [Power Law]

5 * 1026

̂ (MscfD) [Modified Power Law]

3.1 * 10-19

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

0

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

4.7248 * 10-4

Di (1/day) [Arps - Hyperbolic]

4.7248 * 10-4

D1 (1/day)

0.52

n [Power Law]

0.01

n [Modified Power Law]

-0.01

̂ [Power Law]

52

̂ [Modified Power Law]

-52

[Power Law]

0

[Modified Power Law]

0

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
1 and 3.5

106

Figures 5-47 through 5-50 represents the results generated using these constants –

Figure 5-47: Match of forecasted q vs t for different predicting tools with actual data for
3 year data

Figure 5-48: Match of forecasted Q vs t for different predicting tools with actual data for
3 year data
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Figure 5-49: Match of forecasted D vs t for different predicting tools with actual data for
3 year data

Figure 5-50: Match of forecasted b vs t for different predicting tools with actual data for
3 year data
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Table 5-19 lists the results for the forecast obtained using 3-year data in the analytical
tools. The value of the decline exponent (b) at the end of 3-years is 1.5561.
Table 5-19: Forecasted cumulative production using 3 year data

Forecasting Tool
Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

Cumulative Production
(Mscf)
1.7548 * 106
1.2049 * 105
3.431 * 106
2.5828 * 106
3.2297 * 106

Error (%)

3.0104 * 106

71.5523

2.1557 * 106

22.8459

N/A
31.3369
99.521
47.1848
84.0495

From Table 5-19 it is clear that the Stretched Exponential is a good help to
account for cumulative production for data that lies in the early transient period. The
error observed in the predicted value by the Stretched Exponential is comparatively lower
than the one predicted by the other analytical tools used for decline-curve analysis. Also
it can be seen that a prediction made using Arps with the decline exponent (b=1.5561)
has a large error in the forecasted value. While the other forecasting tools, namely the
Modified Power Law Loss Ratio and Power Law Loss Ratio have a higher error, the
reason for that is the value of D∞ which is difficult to recognize with the available data.
Also an important trend that was discussed in the radial flow data set and is observed in
this section, too, is the steady increment in the value of the decline exponent predicted by
the Modified Power Law Loss Ratio. This is due to the fact that the value of D∞ has not
been recognized as yet.
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5.6.3

Forecast Using 5-year Data
The constants obtained from the analysis are tabulated in Table 5-20.

Table 5-20: Value of constants for different forecasting tools using 5-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

500

qi (MscfD) [Arps - Hyperbolic]

472.839

̂ (MscfD) [Power Law]

5 * 1026

̂ (MscfD) [Modified Power Law]

3.1 * 10-19

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

510

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

3.578 * 10-4

Di (1/day) [Arps - Hyperbolic]

3.578 * 10-4

D1 (1/day)

0.52

n [Power Law]

0.01

n [Modified Power Law]

-0.01

̂ [Power Law]

52

̂ [Modified Power Law]

-52

[Power Law]

1 * 10-4

[Modified Power Law]

3.6 * 10-4

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
0.85 and 3.5
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Figures 5-51 through 5-54 represents the results generated using these constants –

Figure 5-51: Match of forecasted q vs t for different predicting tools with actual data for
5 year data

Figure 5-52: Match of forecasted Q vs t for different predicting tools with actual data for
5 year data
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Figure 5-53: Match of forecasted D vs t for different predicting tools with actual data for
5 year data

Figure 5-54: Match of forecasted b vs t for different predicting tools with actual data for
5 year data
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Table 5-21 lists the results for the forecast obtained using 5-year data in the analytical
tools. The value of the decline exponent (b) at the end of 5 years is 0.3839.
Table 5-21: Forecasted cumulative production using 5-year data
Forecasting Tool
Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

Cumulative Production
(Mscf)
1.7548 * 106
1.7070 * 105
2.1933 * 106
1.764 * 106
1.7141 * 106

Error (%)

2.8213 * 106

60.776

2.1627 * 106

23.2448

N/A
2.7239
24.9886
0.5243
2.3193

From the results in Table 5-21 it is clear that the forecast made using data that is in the
boundary dominated period gives improved and accurate forecasts, which is seen in both
the Power Law Loss Ratio and the Modified Power Law Loss Ratio. The reduction in
error for the forecast made using the 5-year data set is significantly less as compared to
the one made using the 3-year data set. Also another important observation that needs to
be made is regarding the value of qi. The value of qi varies significantly depending on the
value of n that is selected for the forecast. As observed in the case of the Modified Power
Law Loss Ratio the value of qi during the early transient period is significantly small (i.e
3.1 * 10-19 MscfD) for n = -0.01. While the same term (qi) is large when the value of n = 0.13 (qi = 3.2 MscfD). It is the similar case for the power law loss ratio. Also the value of
EUR obtained using the Stretched Exponential changes significantly with the wrong

113

choice of n. The value of τ also affects the EUR for the reservoir, but not as significantly
as n does.

5.6.4

Forecast Using 10 year Data
The constants obtained from the analysis are tabulated in Table 5-22.

Table 5-22: Value of constants for different forecasting tools using 10-year data

Parameter

Value

qi (MscfD) [Arps - Exponential]

500

qi (MscfD) [Arps - Hyperbolic]

N/A

̂ (MscfD) [Power Law]

9.75 * 1026

̂ (MscfD) [Modified Power Law]
(before the boundary is hit)

3.1 * 10-19

̂ (MscfD) [Modified Power Law]
(after the boundary is hit)

495

Di (1/day) [Arps - Exponential]

3.378 * 10-4

Di (1/day) [Arps - Hyperbolic]

N/A

D1 (1/day)

0.52

n [Power Law]

0.01

n [Modified Power Law]

-0.01

̂ [Power Law]

52

̂ [Modified Power Law]

-52

[Power Law]

2.1 * 10-4

[Modified Power Law]

3.4 * 10-4

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
0.55 and 3.5
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Figures 5-55 through 5-58 represents the results generated using these constants –

Figure 5-55: Match of forecasted q vs t for different predicting tools with actual data for
10-year data

Figure 5-56: Match of forecasted Q vs t for different predicting tools with actual data for
10-year data
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Figure 5-57: Match of forecasted D vs t for different predicting tools with actual data for
10-year data

Figure 5-58: Match of forecasted b vs t for different predicting tools with actual data for
10-year data
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Table 5-23 lists the results for the forecast obtained using 10-year data in the analytical
tools. The value of the decline exponent at the end of 10-years is 0.
Table 5-23: Forecasted cumulative production using 10-year data
Forecasting Tool
Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

Cumulative Production
(Mscf)
1.7548 * 106
1.7676 * 105
N/A
1.7857 * 106
1.7574 * 106

Error (%)

2.426 * 106

38.2494

2.1754 * 106

23.9685

N/A
0.7294
N/A
1.7608
0.1482

From Table 5-23 it is evident that the forecast made using data that lies in the
boundary-dominated period has very low error. The value of the constants remains
constant after the reservoir hits the boundary to a significant level. And also the
improvement in these values isn’t significant to drastically change the prediction. In this
particular case study the reservoir that has been considered doesn’t have any cross flow
taking place due to anisotropy. Thus the value of the decline exponent (b) is considered to
follow an exponential decline once the pressure transient hits the external boundary. But
in cases where there is cross flow taking place, the value of the decline exponent
wouldn’t be equal to 0 and in a few cases even more than 1. This would once again lead
to a wrong forecast, if made using Arps (hyperbolic).
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5.6.5

Forecast Using 20-year Data
The constants that are accounted remain almost the same for the forecast made

with production data of 20-years. Table 5-24 list the values of the constants used to make
the forecast using 20-year data.
Table 5-24: Value of constants for different forecasting tools using 20-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

500

qi (MscfD) [Arps - Hyperbolic]

N/A

̂ (MscfD) [Power Law]

9.75 * 1026

̂ (MscfD) [Modified Power Law]

3.1 * 10-19

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

495

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

3.3764 * 10-4

Di (1/day) [Arps - Hyperb lic]

N/A

D1 (1/day)

52

n [Power Law]

0.01

n [Modified Power Law]

-0.01

̂ [Power Law]

52

̂ [Modified Power Law]

-52

[Power Law]

2.1* 10-4

[Modified Power Law]

3.4 * 10-4

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
0.2 and 2.55
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The results obtained using the constants given in Table 5-24 are used to make the forecast
for different analytical tools. The cumulative production values obtained using these tools
are tabulated in Table 5-25.
Table 5-25: Forecasted cumulative production using 20-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

1.7548 * 106

N/A

Arps [ Exponential ]

1.7591 * 106

0.245

Arps [ Hyperbolic ]

N/A

N/A

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

1.7606 * 106
1.755 * 106

0.3305
0.0114

1.9332 * 106

10.166

1.9423 * 106

10.6849

[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

Now the analysis is done on a dual-porosity system. The important observation
that one needs to make is that the production rate of the dual-porosity reservoir is low.
And this affects the analysis to a significant level. The consequences of the low
production rate can be seen in the analysis made in the subsequent section.
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5.7

Dual-Porosity Reservoir
The procedure followed in this section for the analysis is the same as that for the

previous sections.

5.7.1

Forecast Using 1-year Data
The model parameters used to model the reservoir are given in Table 5-26, while

the shape of the reservoir is given by Figure 5-59.

Figure 5-59: Cylindrical Reservoir
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Table 5-26: Model Parameters for reservoir considered for dual-porosity system
Properties

Value

Matrix Permeability (km) (mD)

7.7311 * 10-6

Fracture Permeability (kf) (mD)

9.6639 * 10-4

Matrix Porosity (

m)

0.05

Storativity ( )

0.1

Transmissivity (𝛌)

1 * 10-7

Initial Pressure (Pi) (psia)

5000

Bottom hole Pressure (Pwf) (psia)

14.7

Thickness (h) (ft)

50

Temperature (T) (F)

150

Initial Viscosity (µ) (cP)

0.0245

Initial Compressibility (ct) (1/psia)

1.8106 * 10-4

Component

Methane

Critical Pressure (psia)

666.535

Critical Temperature (R)

343.15

Wellbore Radius (rw) (ft)

0.25

Shape of Reservoir

Cylindrical

Type

Dual Porosity

Time to hit the boundary (years)

2

Cumulative Production after 50 years
(Mscf)

3.125 * 104
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Table 5-27 lists the values of all the constants obtained with the help of the analysis
discussed earlier.
Table 5-27: Value of constants for different forecasting tools using 1-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

6.0158

qi (MscfD) [Arps - Hyperbolic]

10.6352

̂ (MscfD) [Power Law]

1.2 * 106

̂ (MscfD) [Modified Power Law]

7.2

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

12.6

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

0.0018

Di (1/day) [Arps - Hyperbolic]

0.0018

D1 (1/day)

0.108

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

10.8

̂ [Modified Power Law]

-0.83077

[Power Law]

0.002

[Modified Power Law]

0.0021

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
60 and 20
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Figures 5-60 through 5-63 represents the results generated using these constants –

Figure 5-60: Match of forecasted q vs t for different predicting tools with actual data for
1 year data

Figure 5-61: Match of forecasted Q vs t for different predicting tools with actual data for
1 year data
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Figure 5-62: Match of forecasted D vs t for different predicting tools with actual data for
1 year data

Figure 5-63: Match of forecasted b vs t for different predicting tools with actual data for
1 year data
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Table 5-28 lists the results for the forecast obtained using 1-year data in the analytical
tools. The value of the decline exponent (b) at the end of 1 year of production is 0.5118.
Table 5-28: Forecasted cumulative production using 1-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

3.125 * 104

N/A

Arps [ Exponential ]

4.9604 * 10

3

84.1267

Arps [ Hyperbolic ]

1.1573 * 104

62.9664

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

6.0681 * 103
6.0395 * 103

80.5821
80.6736

8.7689 * 104

180.6048

4.3742 * 104

39.9744

[ n = 0.2 ]
Stretched Exponent
[ n = 0.4 ]
From Table 5-28 it can be observed that the production data forecast cannot be
made using production data that lies in the early transient flow period. In the case of the
Power Law Loss Ratio and Modified Power Law Loss Ratio the prediction is
significantly lower as the decline rate between 0.1 year and 1 year gives the impression
that the boundary has been felt. But as it is realized, the decline trend in that time period
is due to the dual-porosity signature (when the fluid from the fracture has been produced
and the matrix and fracture are trying to reach an equilibrium) and not because the
pressure transient has reached the reservoir boundary. Thus as a consequence of this, the
forecast made using the constants exhibits a significant error.
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An important point that needs to be acknowledged is that the value of λ controls
the point in time when the dual-porosity signature would be observed, while ω controls
the time till when the dual-porosity signature would last. In the analysis made here, the
value of λ considered is quite low (λ = 1 * 10-7) and thus the dual-porosity signature is
observed at a later stage in the production history of the reservoir. While the value of ω
that is considered is quite large as a result the dual-porosity signature, it doesn’t exist for
a very long time during the production history of the reservoir.
A reason for considering a small value of λ is so that all the aspects of the
prediction tools could be analyzed. The prediction tools, namely the Power Law Loss
Ratio and Modified Power Law Loss Ratio were successful in predicting the cumulative
production for a reservoir flowing under radial flow and linear flow conditions. So if a
larger value of λ would have been considered, then this aspect of the predicting tool could
not have been analyzed.

5.7.2

Forecast Using 3-year Data
The constants obtained from the analysis are tabulated in Table 5-29.
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Table 5-29: Value of constants for different forecasting tools using 3-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

5

qi (MscfD) [Arps - Hyperbolic]

4.1881

̂ (MscfD) [Power Law]

1.2 * 106

̂ (MscfD) [Modified Power Law]

7.2

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

0

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

5.9654 * 10-4

Di (1/day) [Arps - Hyperbolic]

0.0012

D1 (1/day)

0.108

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

10.8

̂ [Modified Power Law]

-0.83077

[Power Law]

1 * 10-4

[Modified Power Law]

1 * 10-4

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
12 and 7
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Figures 5-64 through 5-67 represents the results generated using these constants –

Figure 5-64: Match of forecasted q vs t for different predicting tools with actual data for
3 year data

Figure 5-65: Match of forecasted Q vs t for different predicting tools with actual data for
3 year data
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Figure 5-66: Match of forecasted D vs t for different predicting tools with actual data for
3 year data

Figure 5-67: Match of forecasted b vs t for different predicting tools with actual data for
3 year data
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Table 5-30 lists the results for the forecast obtained using 3-year data in the analytical
tools. The decline exponent (b) at the end of 3-years of production is 3.3586.
Table 5-30: Forecasted cumulative production using 3-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

3.125 * 104
4

N/A

Arps [ Exponential ]

1.035 * 10

66.88

Arps [ Hyperbolic ]

3.2006 * 104

2.4192

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

5.5519 * 104
7.738 * 103

77.6608
147.616

5.3689 * 104

71.8048

2.3164 * 104

25.8752

[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]
From Table 5-30 it can be observed that the forecast made using the data available
in this section has significant error. The reason for this, as can be seen, is due to the dualporosity signature that exists after the reservoir has hit the boundary. As a consequence of
that, the forecast made shows a significant error. In case of Arps (hyperbolic) it is sheer
coincidence that the predicted flow rate matches the dual-porosity signature shown in
Figure 5-64. As one is aware that the Arps equation was modeled to forecast the
production for conventional reservoirs, thus this case in which it is able to match the
dual-porosity signature is just coincidence.
The Power Law Loss Ratio and the Modified Power Law Loss Ratio, which were
able to match the decline rate with good accuracy, are not able to match the dual-porosity
signature that is observed in Figure 5-64. Thus the forecast made using them has
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significant error. While the Stretched Exponential if observed is a reliable tool to predict
the cumulative production with data that lies in the early transient period. One needs to
also acknowledge that the prediction in this case would improve if the reservoir were
made to produce for a longer period, as the error is significant in the region where the
dual-porosity signature is observed. Thus it could be said that the cumulative production
value at the point where the dual-porosity signature is observed may or may not always
be correct. Thus a term or a set of terms need to be introduced to try and replicate this
kind of trend exhibited by the dual-porosity system.
Another crucial point that needs attention is the trend observed by the value of the decline
exponent (b) when the matrix and fractures are trying to reach equilibrium (dual-porosity
signature). The value of the decline exponent (b) in Figure 5-67 exhibits a steep
increment and attains a maximum value at 6-years after which it again starts to drop. If
under certain circumstances this trend was observed earlier, then a forecast made using
that value of the decline exponent (b) would result in a significant error in the predicted
value.

5.7.3

Forecast Using 5-year Data
The constants obtained from the analysis are tabulated in Table 5-31 using the

procedure discussed earlier.
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Table 5-31: Value of constants for different forecasting tools using 5-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

5

qi (MscfD) [Arps - Hyperbolic]

2.6142

̂ (MscfD) [Power Law]

8.75 * 105

̂ (MscfD) [Modified Power Law]

7.2

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

0

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

1.3455 * 10-4

Di (1/day) [Arps - Hyperbolic]

0.0012

D1 (1/day)

0.108

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

10.8

̂ [Modified Power Law]

-0.83077

[Power Law]

3.5 * 10-4

[Modified Power Law]

5 * 10-4

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
12 and 20
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Figures 5-68 through 5-71 represents the results generated using these constants –

Figure 5-68: Match of forecasted q vs t for different predicting tools with actual data for
5 year data

Figure 5-69: Match of forecasted Q vs t for different predicting tools with actual data for
5 year data
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Figure 5-70: Match of forecasted D vs t for different predicting tools with actual data for
5 year data

Figure 5-71: Match of forecasted b vs t for different predicting tools with actual data for
5 year data
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Table 5-32 lists the results for the forecast obtained using 5-year data in the analytical
tools. The value of the decline exponent (b) at the end of 5-years of production is
13.8476.
Table 5-32: Forecasted cumulative production using 5-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production

3.125 * 104

N/A

Arps [ Exponential ]

3.3497 * 104

7.1904

Arps [ Hyperbolic ]

3.7703 * 104

20.6496

Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent

1.8173 * 104
1.5332 * 103

41.8464
50.9376

5.1878 * 104

66.0096

4.0078 * 104

28.2496

[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]
From the results in Table 5-32, it can be inferred that the analytical tools available
for decline curve analysis are not accurate in predicting the cumulative production at a
time when the matrix and fracture are trying to attain equilibrium (dual-porosity
signature). But if the match for Stretched Exponential (n = 0.3) is observed, one would
see that it has been reliable in matching the trend during the point when the dual-porosity
signature is observed as well as when the flow rate starts to decline. Also it should be
observed that the match for Arps (exponential) isn’t accurate; if one observes carefully it
can be seen that the predicted flow rate by Arps (exponential) is an average value. During
the early transient period it under-predicts the flow rate, while it over-predicts during the
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period where the reservoir exhibits the dual-porosity signature. The reason that the value
predicted by Arps (exponential and hyperbolic) doesn’t have a significant error is due to
the fact that the flow rate value during the late transient period is very small as compared
to the value at early transient period.

5.7.4

Forecast Using 10-year Data
The constants obtained from the analysis are tabulated in Table 5-33.

Table 5-33: Value of constants for different forecasting tools using 10-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]
qi (MscfD) [Arps - Hyperbolic]
̂ (MscfD) [Power Law]
̂ (MscfD) [Modified Power Law]
(before the boundary is hit)

2.25
N/A
8.75 * 105
7.2

̂ (MscfD) [Modified Power Law]
(after the boundary is hit)

10.1

Di (1/day) [Arps - Exponential]
Di (1/day) [Arps - Hyperbolic]
D1 (1/day)
n [Power Law]
n [Modified Power Law]
̂ [Power Law]
̂ [Modified Power Law]
[Power Law]
[Modified Power Law]
n [Stretched Exponential]
(1/month) [Stretched Exponential]

4.1094 * 10-5
N/A
0.108
0.01
-0.13
10.8
-0.83077
2.5 * 10-5
4 * 10-5
0.2 and 0.3
12 and 20
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Figures 5-72 through 5-75 represents the results generated using these constants –

Figure 5-72: Match of forecasted q vs t for different predicting tools with actual data for
10-year data

Figure 5-73: Match of forecasted Q vs t for different predicting tools with actual data for
10-year data
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Figure 5-74: Match of forecasted D vs t for different predicting tools with actual data for
10-year data

Figure 5-75: Match of forecasted b vs t for different predicting tools with actual data for
10-year data
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Table 5-34 lists the results for the forecast obtained using 10-year data in the analytical
tools. The decline exponent (b) at the end of 10-years is 2.6699.
Table 5-34: Forecasted cumulative production using 10-year data
Forecasting Tool

Cumulative Production

Error (%)

(Mscf)
Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss Ratio
Modified Power Law Loss
Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

3.125 * 104
3.2377 * 104
N/A
8.1855 * 104
1.0716 * 105

N/A
3.6064
N/A
161.936
242.916

4.8153 * 104

54.0896

3.6855 * 104

17.936

In Table 5-34 it is clear that the forecast made using the Stretched Exponential is
better than the one made using the other analytical tools available for decline-curve
analysis. As it has been observed the forecast made using the Stretched Exponential
consistently has the lowest error percentage, even with data that lies in the early transient
period. Also the forecast made using Power Law Loss Ratio and the Modified Power
Law Loss Ratio with the data set for 5 years was comparatively lower than the one for the
data set with 10-years of data. The reason for this is that, in case of 5-years, the point
where the decline trend exhibits a flat profile (indicating exponential decline has started)
was not clearly evident. Thus the decline constant (D∞) selected was higher in the case of
the data set of 5-years.
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In case of the Power Law Loss Ratio and the Modified Power Law Loss Ratio, a
term is required which would help create the same profile as exhibited by the actual data
for a dual-porosity system. The two analytical tools used for decline curve analysis are
good to account for cumulative production for a reservoir where the value of 𝛌 is higher
or

has a higher value. The reason for this is explained using Figures 5-76 through 5-79.

Figure 5-76: Effect of

on the position of the dual-porosity signature

In Figure 5-76 it can be seen that the dual-porosity signature is shifted backwards
when the value of 𝛌 is changed from 1 * 10-7 to 1 * 10-3, while the value of

is

maintained at a constant of 0.1. Thus if this is observed, the one could match the decline
rate for time after the dual-porosity signature has passed as shown in Figure 5-77. In
Figure 5-77 it can be observed that the dual-porosity signature is observed till 100 days,
after which it ends the system; again it follows the same decline trend which can be
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matched with the help of the Power Law Loss Ratio or Modified Power Law Loss Ratio
using a different value of n and D1 which can be accounted as shown in Figure 5-77.

Figure 5-77: Match of decline rate for dual porosity system using different value of D1

Now for the case of

, Figure 5-78 exhibits the effect of

in a dual-porosity system.

on flow rate and decline rate
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Figure 5-78: Effect of

on the time for which the dual-porosity signature exists

From Figure 5-78 it can be observed that the dual-porosity signature doesn’t exist
for a very long time. As soon as the dual-porosity signature ends, the decline rate (D)
attains a flat profile (indicating exponential decline). Thus this trend can be matched with
the help of either the Power Law Loss Ratio or the Modified Power Law Loss Ratio.
Figure 5-79 exhibits the decline rate (D) observed in a reservoir where the value of 𝛌 is
maintained constant at 1 * 10-7, while the value of

is changed from 0.1 to 0.5.
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Figure 5-79: Decline rate (D) vs time (t) for a larger

5.7.5

value

Forecast Using 20-year Data
The constants obtained from the analysis are tabulated in Table 5-35.
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Table 5-35: Value of constants for different forecasting tools using 20-year data
Parameter

Value

qi (MscfD) [Arps - Exponential]

2.25

qi (MscfD) [Arps - Hyperbolic]

N/A

̂ (MscfD) [Power Law]

8.75 * 105

̂ (MscfD) [Modified Power Law]

7.2

(before the boundary is hit)
̂ (MscfD) [Modified Power Law]

10.1

(after the boundary is hit)
Di (1/day) [Arps - Exponential]

4.1290 * 10-5

Di (1/day) [Arps - Hyperbolic]

N/A

D1 (1/day)

0.108

n [Power Law]

0.01

n [Modified Power Law]

-0.13

̂ [Power Law]

10.8

̂ [Modified Power Law]

-0.83077

[Power Law]

3.5 * 10-5

[Modified Power Law]

4 * 10-5

n [Stretched Exponential]
(1/month) [Stretched Exponential]

0.2 and 0.3
12 and 18
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The results obtained using the constants given in Table 5-35 are used to make the forecast
for different analytical tools. The cumulative production values obtained using these tools
are tabulated in Table 5-36. The decline exponent (b) at the end of 20 years of production
is 0.
Table 5-36: Forecasted cumulative production using 20-year data
Forecasting Tool

Actual Production
Arps [ Exponential ]
Arps [ Hyperbolic ]
Power Law Loss
Ratio
Modified Power Law
Loss Ratio
Stretched Exponent
[ n = 0.2 ]
Stretched Exponent
[ n = 0.3 ]

5.8

Cumulative

Decline Exponent

Error (%)

Production (Mscf)

(b)

3.125 * 104
3.2377 * 104
N/A
8.1855 * 104

0
0
N/A
2.6699

N/A
3.6064
N/A
161.936

1.0716 * 105

1.9705

242.916

4.8153 * 104

0.2097

54.0896

3.6855 * 104

0.0971

17.936

Comparison of Error for Forecasted Values
In this section the plots for change in error with respect to time are given for the

different analytical tools. The plot given below is Figure 5-80 which represents the
change in error for a reservoir flowing under radial flow conditions.
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Figure 5-80: Error in forecast vs time for radial flow system

From Figure 5-80 it can be observed that the forecast improves as there is more
data made available for the forecast. It can be observed that the error in the forecast for
the stretched exponential increases from 1-year to 2-year, the reason for this lies in the
value of τ. The value of τ changes the forecast by shifting the predicted curve for flow
rate parallel to the x-axis. Thus a value of τ that is higher than the exact value makes the
forecast higher than the actual value. The curve for Arps (hyperbolic) is discontinuous as
the value of the decline exponent (b) reduces to 0. The overall trend that is observed here
is that the error reduces as time progress, thus implying an improvement in the forecast
with time.
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It can clearly observed that the Modified Power Law Loss Ratio and the Power Law Loss
Ratio are better forecasting tools than compared to the other analytical tools in the
analysis.
The same plot is generated for linear flow which is followed by a discussion of
the results that are plotted in Figure 5-81 below.

Figure 5-81: Error in forecast vs time for linear flow system

From Figure 5-81 it is clear that the forecast improves as more production data
history is made available. In this case again the modified power law loss ratio and the
power law loss ratio are better forecasting tools than compared to the other tools that are
used in this analysis.
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A similar plot is obtained in Figure 5-82 for the forecast made for a dual porosity system.

Figure 5-82: Error in forecast vs time for a dual porosity system

It can be observed in Figure 5-82 that the forecast made using the Modified Power
Law Loss Ratio or the Power Law Loss Ratio gives a very high error when the data for
the dual-porosity signature is made available for analysis. On the other hand the data
match for Arps is not good either, but the only reason that the error for Arps is lower than
that for Modified Power Law Loss Ratio or the Power Law Loss Ratio is due to the low
production rates in a dual-porosity system. A detailed discussion of this erratic forecast is
done in section 5.7.1 through 5.7.5.
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Chapter 6

SUMMARY AND CONCLUSIONS

6.1

Summary

It is observed that with the introduction of hydraulic fracturing, production from
the shale reservoirs has been made economically viable. But to better predict the
production from these low-permeability reservoirs, there is a need to have a better
understanding of production during early transient conditions. There are new techniques
introduced to better predict production from such reservoirs.
This work has shown that the value of the decline exponent (b) doesn’t remain
constant during the early transient condition. It has been observed that the value of the
decline exponent (b) is dependent on the size of the reservoir.
This work also includes a comparative study between various forecasting tools
available and gives an overview of their accuracy in forecasting the production from a
reservoir flowing under early transient conditions. The change in the forecast is observed
with the availability of more production history data.

6.2

Conclusions
The trends exhibited by the decline exponent (b) generated using different

analytical models confirms that the value doesn’t remain constant during the early
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transient flow regime. Also the forecast made with the help of production data of a
reservoir flowing under early transient conditions has a significant error.
In the case of Arp’s the production forecast made using early transient data has a
significant error as observed with the data set for 1-year for reservoir with flow under
radial or linear flow. The forecast improves as the data made available is increased. But
the improvement takes place only after the pressure transient feels the external boundary
or the value of the decline rate (D) attains a flat profile. Once the data for

and

are

updated to the defined values, the forecast improves. In the case of the shale reservoirs it
takes a significantly long time for the pressure transient to hit the external boundary. As a
consequence of this the forecast made using the data in the early transient flow regime
with the help of Arp’s may not be reliable. As observed the value of the decline
parameter (b) changes all through the production history of the reservoir. Thus a forecast
made with the help of Arp’s (which assumes a constant value of b) wouldn’t match the
actual production data. Thus if Arp’s (exponential decline) is used for the forecast, it
would give us an under-estimated value of the reserves on the other hand, a forecast made
with the decline parameter (b = 12.8373) at 1 year (radial flow) would results in an
extremely high error percentage. But as observed, the error in the forecast decreases once
the reservoir hits the boundary and the correct values of qi and Di are obtained.
In the case of the Power Law Loss Ratio (Johnson et al. 2009) and the Modified
Power Law Loss Ratio (Mattar et al. 2009) a better match is obtained for the decline rate
(D) and the decline parameter (b) for a reservoir flowing under radial and linear flow
regime. The reason for that is the fact that the Power Law Loss Ratio (Johnson et al.
2009) and the Modified Power Law Loss Ratio (Mattar et al. 2009) are able to better
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match the decline rate (D). The advantage of the Modified Power Law Loss Ratio (Mattar
et al. 2009) is the fact that it is able to better match the decline rate (D) for a reservoir
flowing under early transient conditions, as compared to the Power Law Loss Ratio. As a
consequence of this it gives a better forecast of the reserves as compared to the Power
Law Loss Ratio (Johnson et al. 2009) for radial and linear flow. But what needs to be
acknowledged is that a forecast made without the value of D∞ gives a blown-up estimate
of the reserves. However, the forecast improves quite significantly once the value is
identified correctly. It is also observed that employing a lower value of D∞ helps match
the decline rate (D) to a better extent using Power Law Loss Ratio (Johnson et al. 2009).
But when the value of n is significantly low (i.e. n = 0.01), then the value of qi required to
match the flow rate is quite high (i.e. ̂ = 6 * 108 MscfD). But as discussed, the Power
Law Loss Ratio and the Modified Power Law Loss Ratio do not accurately match the
decline rate (D) in cases where the value of 𝛌 (i.e. 𝛌 = 1 * 10-7) and

(i.e.

= 0.1 ) are

quite small. To obtain a better match the introduction of a term needs to be made that is
sensitive to the point in time when the dual-porosity trend is observed, and accordingly
try to match it for the time it exists.
While in the case of the Stretched Exponential, it is observed that an accurate
selection of the parameter n helps obtain a good forecast of the reserves, even at a time
when the reservoir is flowing under early transient condition. But as it was observed,
differentiating between the exact values for n is slightly difficult during the early times.
However, a rigorous procedure helps obtain a better match with data. The Stretched
Exponential is a good tool to forecast the cumulative production of a dual-porosity
system. It implicitly acknowledges the existence of the dual-porosity signature and makes
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accommodations for this trend. The match obtained using the Stretched Exponential
during the early transient condition as well as the late transient condition is a good one
compared to the other analytical tools available for decline curve analysis. But in this
procedure the value of n is crucial in making the forecast and thus needs to be accounted
for accurately.
Thus if one is able to better match the decline exponent (b) trend during the early
transient flow period, it could further improve the forecast of production data. Thus a
better understanding of the decline exponent (b) observed during the early transient flow
regime would help us further improve the production forecast.
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