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Appendix A. Linearization method of nonlinear equation

Consider a two-dimensional nonlinear governing equation as follows:
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Define the next integral form of pseudo-pressure and pseudo-time:
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and
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where p is pressure, Pa; μg is gas viscosity which changes with pressure, Pa▪s; cti is initial total compressibility, Pa-1; ct is total compressibility, Pa-1; t is time, s; Z is deviation factor; Pi is initial pressure, Pa; x, y is spatial coordinates, m. Substituting Eq. A-2 and A-3 into Eq. A-1 yields:
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Eq. A-4 is a linearized model for two-dimensional nonlinear flow. Thus, the nonlinear equation can be linearized by the definitions of pseudo-pressure and pseudo-time.[image: image1.wmf]gg
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Appendix B. Analytical solution for shale gas reservoirs

Solution of matrix in outer region and inner region. To obtain the solution of the outer region, we need to define the dimensionless reference diffusivity factor from Eq. 7 to Eq. 9:
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and



[image: image7.wmf]iftgiif

ccc

=+


(B-3)

where cg is gas compressibility; and cif is fracture compressibility. The dimensionless radial distance is defined as:
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The dimensionless time is defined by:
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We define the following diffusivity ratio:



[image: image10.wmf]i

iD

r

h

h

h

=


(B-6)
The storage coefficient and the inter-porosity flow coefficient are expressed as:
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The dimensionless pseudo-pressure could be given as:
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where i=o and i represent outer region and inner region, respectively. Substituting Eqs. B-1 through B-9 into Eqs.7 through 9 yields:
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(B-10)
The initial condition is given as:
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(B-11)
The boundary conditions are: 
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Define Laplace transform as: 
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where the over-bar symbol indicates dimensionless pressure in the Laplace-transform domain; and s is the Laplace-transform parameter with respect to dimensionless time, tD. Imposing the Laplace transform to the above equations, we can obtain the final solution:
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where



[image: image20.wmf]15(1)

i

i

iiDiD

s

F

w

t

lh

-

=


(B-16)

The derivative of Eq. B-15 at rimD=1 can be obtained as:
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Solution of outer region (OSRV region). Define dimensionless variables as:
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Substituting the above dimensionless variables into Eqs. 10 and 11, we have the following dimensionless equation:
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By performing the Laplace transform to Eqs. B-20 through B-22 and substituting Eq. B-17 into Eq. B-20, we have the following form:



[image: image27.wmf](

)

2

2

coth1=0

5

D

ofD

oooD

ofDofD

oo

oD

s

m

mm

x

wlh

tt

h

¶

---

¶


(B-23)

Eq. B-23 can be rearranged as:
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where
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Boundary conditions can be given as: 
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The solution of the boundary value problem in Eqs. B-24 through B-27 can be obtained in the Laplace transform domain as follows:
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In Eq. B-28, the outer reservoir solution is given in terms of the inner reservoir pressure at the interface of the inner and outer reservoirs, xD=1.

Solution of inner region (SRV region). Let:
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According to dimensionless definitions of Eqs. B-9, B-29 and B-30, the dimensionless version of Eq. 15 can be written as:
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(B-31)

The initial condition can be expressed as:
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By imposing the Laplace transform to Eq. B-31, we can obtain:
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 (B-33)

Substituting Eq. B-17 into Eq. B-33, we have:
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where
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Substituting from Eq. B-28, we obtain:
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where
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Substituting Eqs. 35 through 37 into Eq. 34 yields:
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with



[image: image43.wmf]o

oI

RDeD

u

Cy

b

a

=+


(B-39)

The general solution of Eq. B-38 is:
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where
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We also note the useful pressure derivative:
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The boundary conditions for the inner reservoir are given by:
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and
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Thus, the solution of Eq. B-40, with the boundary conditions given by Eqs. B-43 and B-44, is:
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The pressure derivative can be written as:
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Final solution of hydraulic fracture region (HF region). Define:
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According to dimensionless variables defined above, Eq. 17 becomes
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From Eq. B-46 we can substitute:
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where
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          (B-51)

Imposing the Laplace transform to Eq. B-49 with the solution given by Eqs. B-50 and B-51, Eq. B-49 becomes:
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where
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The boundary conditions of the hydraulic fracture problem are given by:
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Then, the dimensionless pressure solution for the hydraulic fracture is obtained as:
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Eq. B-56 is the final solution of wellbore pseudo-pressure in the Laplace domain. 
� EMBED Equation.DSMT4 ���








*Corresponding authors. Correspondence requests for materials should be addressed to X. Li (email: � HYPERLINK "mailto:lixiangcn@pku.edu.cn" �lixiangcn@pku.edu.cn�, lixiangcn@126.com)or L. Wang (email: � HYPERLINK "mailto:wanglei1986sp@foxmail.com" �wanglei1986sp@foxmail.com�).








PAGE  
1

[image: image63.emf]

_1587798999.unknown

_1587799015.unknown

_1587799023.unknown

_1587799031.unknown

_1587799035.unknown

_1587799039.unknown

_1587799041.unknown

_1587799043.unknown

_1587880016.unknown

_1587799044.unknown

_1587799042.unknown

_1587799040.unknown

_1587799037.unknown

_1587799038.unknown

_1587799036.unknown

_1587799033.unknown

_1587799034.unknown

_1587799032.unknown

_1587799027.unknown

_1587799029.unknown

_1587799030.unknown

_1587799028.unknown

_1587799025.unknown

_1587799026.unknown

_1587799024.unknown

_1587799019.unknown

_1587799021.unknown

_1587799022.unknown

_1587799020.unknown

_1587799017.unknown

_1587799018.unknown

_1587799016.unknown

_1587799007.unknown

_1587799011.unknown

_1587799013.unknown

_1587799014.unknown

_1587799012.unknown

_1587799009.unknown

_1587799010.unknown

_1587799008.unknown

_1587799003.unknown

_1587799005.unknown

_1587799006.unknown

_1587799004.unknown

_1587799001.unknown

_1587799002.unknown

_1587799000.unknown

_1587798990.unknown

_1587798994.unknown

_1587798996.unknown

_1587798997.unknown

_1587798995.unknown

_1587798992.unknown

_1587798993.unknown

_1587798991.unknown

_1587798985.unknown

_1587798988.unknown

_1587798989.unknown

_1587798987.unknown

_1587798986.unknown

_1587798983.unknown

_1587798984.unknown

_1587798982.unknown

