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Abstract: Supercritical carbon dioxide (SC-CO,) fracturing can form more complex fracture network
and avoid reservoir damage, making it a lucrative alternative to hydraulic fracturing in shale gas
reservoirs. This study establishes a two-dimensional dynamic filtration model of SC-CO, fracturing,
which considers stress sensitivity, fluid adsorption, dynamic changes of fluid physical parameters, and
coupled fracture propagation. According to the established model, the dynamic filtration of fracture
elements and matrix pressure variation in fracture propagation are simulated and analyzed. And the
influence of dynamic and static filtration model, constant and variable SC-CO, physical parameters,
and fluid types in the filtration areas on the calculation results, as well as the effects of stress sensitivity
and fluid adsorption on the filtration process are analyzed. The results show that during the fracturing
process, fracture elements’ average filtration rate gradually drops and finally becomes stable, while the
cumulative filtration volume increases nearly linearly. The static filtration model of uncoupled fracture
propagation or the simplification of fluid in the filtration areas to SC-CO, single phase provides the
reduction of calculation results, while constant SC-CO, physical parameters or the fluid simplification to
the methane (CH,) single phase have the opposite effect. Stress sensitivity can accelerate the filtration,
while fluid adsorption can slow down the filtration. The influence of stress sensitivity is maximal at the
middle stage of fracturing, while the influence of fluid adsorption weakens with time. This study’s
findings have important guiding significance for the optimal design and field application of SC-CO,
fracturing in shale gas reservoirs. © 2021 Society of Chemical Industry and John Wiley & Sons, Ltd.
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Introduction gas reservoirs."> However, in the presence of abundant
) o ) clay minerals in the reservoir, the slickwater fracturing
ydraulic fracturing is o'fter} used to improve fluid causes clay mineral expansion after entering the
shale gas well production in order to mitigate reservoir, further reducing the reservoir permeability
the low porosity and low permeability of shale 34

and seriously affecting the gas production.
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Compared with hydraulic fracturing technology,
anhydrous one has unique advantages in reducing
reservoir damage and water resource dependence.
Thus, it gradually gets attention.’® Insofar as
supercritical carbon dioxide (SC-CO,) combines high
density, low viscosity, high diffusion coeflicient, and
low surface tension, some scholars proposed to use
SC-CO; for fracturing in shale gas reservoirs.”!°
SC-CO; fracturing fluid can reduce reservoir damage
and rock breakdown pressure, as well as connect more
natural fractures. Moreover, SC-CO,; can replace
methane adsorbed on the rock surface, improve shale
gas reservoir recovery, and realize the permanent
geological storage of CO,.!'"14

Under the effect of the pressure difference
between fracture and matrix, the SC-CO, fracturing
fluid will gradually filtrate into the matrix. The
filtration will affect the total mass of SC-CO, fracturing
fluid in the fracture, further affecting the fracture
morphology and size.'® Therefore, it is very important
to describe the filtration process accurately. At present,
there are few numerical and experimental studies
on the filtration of SC-CO, fracturing fluid. Tudor
and Poleschuk'® conducted a filtration experiment
of liquid CO,. The experimental results show that the
turbulence effect caused by the high-speed flow of CO,
will produce additional flow resistance, forming a kind
of filter cake similar to the water-base fracturing fluid’s
filtration process. The virtual filter cake will reduce the
filtration rate of CO,. Moreover, in high-temperature
or low-pressure reservoirs, the expansion of CO, will
further reduce the filtration rate. Ivory et al.'” found
that with pressure decline in the filtration process,
the gasification and expansion of liquid CO, will
produce additional resistance, which can reduce the
filtration rate of CO,, and liquid CO, can effectively
reduce the water saturation in the core, which is vital
for improving the production after fracturing. Ding'®
measured the filtration coefficient of SC-CO, fracturing
fluid through filtration experiment and analyzed
the influence of temperature, pressure, reservoir
fluid and other factors on the filtration coefficient, and
found that the filtration coefficient of CO, could be
significantly reduced under the condition of formation
saturated with water and oil. Wang et al.'” established
a one-dimensional filtration model considering
the physical properties of SC-CO, fracturing
fluid and the adsorption of SC-CO, and CHy.
The model was verified by the filtration experiment
with unconventional core, and the influence of
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reservoir permeability, SC-CO, viscosity, and filtration
pressure difference on the filtration was analyzed.

Previous research on the filtration of SC-CO,
fracturing fluid were static filtration, so the dynamic
filtration law in the process of fracture propagation is
still not clear. Therefore, a dynamic filtration model
coupled with fracture propagation is established for the
first time in this research, moreover, stress sensitivity,
fluid adsorption, dynamic variation of fluid physical
parameters are also considered. Based on the model,
the dynamic filtration law of fracture elements and
matrix pressure variation are analyzed, and the
influence of dynamic and static filtration model,
constant and variable SC-CO, physical parameters and
fluid types in the filtration areas on the calculation
results, as well as the effects of stress sensitivity and
fluid adsorption on the filtration process are analyzed.
This study is the first time to investigate the dynamic
filtration law of SC-CO, fracturing in shale gas
reservoir.

Mathematical model

Filtration model

Insofar as SC-CO, has the characteristics of low
viscosity and easy diffusion, there is no filter cake in the
filtration process, and only the intrusion area and
reservoir area are in the filtration areas.!” The filtration
model’s basic assumptions used in this study are as
follows: the fluid seepage conforms to the linear
seepage law, and the reservoir rock is slightly
compressible. Moreover, under the condition of shale
gas reservoir temperature and pressure, SC-CO, piston
displaces CH,'?. In addition, the filtration model
established in this paper does not consider the
influence of natural fractures.

The two-dimensional filtration process is shown in
Fig. 1.

(1) Seepage equation in the intrusion area

Because SC-CO, will adsorb on the rock surface, the
continuity equation of SC-CO, fracturing fluid flow in
the intrusion area can be obtained by combining with
the mass conservation principle. The equation is as
follows:

ap

— 4+ V(pv)=0 1

o T (psv) (1)
where p is the total mass of SC-CO, in rock unit
volume, p; is the total mass of SC-CO, flowing in rock
unit volume, and v is the seepage velocity.
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Figure 1. Schematic diagram of the two-dimensional filtration process.

According to the research results of Hu?, the
adsorption process of SC-CO, on shale can be
accurately described by the Langmuir adsorption
equation:

2)

P = Qs+ PsaprVsL Pi+p

The first term in Eqn (2) is the mass of free SC-CO,,
while the second term is the mass of adsorbed SC-CO,,
¢ is reservoir porosity, p, is the density of SC-CO; in
the standard state, p, is rock density, V;; is the
Langmuir adsorption volume of SC-CO,, P, is the
Langmuir adsorption pressure of SC-CO,, and p is
pore pressure.

Given that reservoir rock has certain compressibility,
the reservoir rock’s porosity state equation should be
taken into account:

¢ =do[1+Cy(p— po)] 3)

where Cy is the compressibility coefficients of rock, and
¢y is the porosity of rock under specific pressure py.

Combining Eqns (2) and (3), the first term of Eqn (1)
can be reduced to the following form:

3 (psp)
ot
__p 9p
(PsL + p)2 ot @

ap 35
— = 1-C — C
Y ¢0( ¢P0) Y + $oCy

+psa,0erL
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Based on the assumption of linear seepage, the
motion equation of SC-CO, fracturing fluid in the
intrusion area is as follows':

k
=—-——V 5
° Hs P ®

where k is the permeability of the reservoir and p; is
the SC-CO, viscosity.

Combining Eqns (3) and (5), the second term of Eqn
(1) can be reduced to

__ k8 dp\_ 0 ( dp
V (psv) = s [ax (psax) + oy (psay>] (6)

Combining Eqns (1), (4), and (6), the seepage
equation of SC-CO; fracturing fluid in the intrusion
area can be obtained as follows:

9 (psp)
Jat

0 0s
do (1 — Cypo) 8_€ + $oCy

__ P 0p
(PsL + p)2 ot

_ k3 ( dp\ 0 ( 9p
T [896 <ps 8x> "oy (ps 8y>] @)

(2) Seepage equation in the reservoir area

The adsorption of methane (CH,4) on shale also
satisfies the Langmuir adsorption equation.?’ Similarly,
when the Knudsen and slippage effects of CH, in the
pore flow process are ignored, the seepage equation of

+:05a,0erL
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CH, in the reservoir area can be obtained:

d0q 0 (PgP)
ar T9C—y,
p__9p

(PsL + P)Z ot

_ ko ( dp\ 9 ( 9
= [ax (pgax) "o (pgay)] ®)

where Pga is the density of CH, in the standard state,
Vit is the Langmuir adsorption volume of CHy, Py is
the Langmuir adsorption pressure of CHy, and g is
the viscosity of CH,.

(3) Stress sensitivity model

Kim et al.?! have revealed the phenomenon of stress
sensitivity in shale reservoirs. In this study, the
exponential relation is used to calculate the reservoir
permeability:

o (1 —Cypo)

+/0ga,0rVgL

k =koexp (=B (6 — 00)) €)

where ky is the initial permeability of the reservoir, B is
the stress sensitivity coefficient, o is the effective stress
after the pore pressure changes, oy is the initial effective
stress.

Fracture propagation model

The filtration model’s inner boundary undergoes a
dynamic changing process in the actual fracturing
process. Thus, the pressure boundary length and
boundary values are variable. Therefore, it is
necessary to establish a mathematical model
of fracture propagation in SC-CO, fracturing
to obtain the dynamic fracture length and fluid
pressure in the fracture to describe the filtration
process of SC-CO, fracturing fluid more
accurately.
(1) SC-CO, fracturing fluid flow equation
Considering the compressibility of SC-CO,
fracturing fluid and ignoring the change of fracture
height, the mass conservation equation in the fracture
can be written as follows:

3 (psw) 3 (psq)
+
ot 0x

+qLpr =0 (10)

where p is the SC-CO; fracturing fluid density in the
fracture, w is the fracture width, g, is the filtration rate.
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The momentum equation of SC-CO, fracturing fluid
in the fracture can be expressed by classical Poiseuille
equation®’:

_ w3 3pf
12 dx

(11)

where 1 ¢ is the viscosity of SC-CO, fracturing fluid in
the fracture, py is the fluid pressure in the fracture.

(2) Elastic deformation equation

In this study, the semi-analytical and semi-numerical
displacement discontinuity method (DDM) is used to
describe the elastic deformation of rock. The effect of
finite fracture height on the stress and displacement
fields is described by the following equilibrium
equation?’:

N
Y (GUA;gDi + GZJA;{JJ;) = —3 (o — 03 sin 26,
=

N
Z (GijAanSDﬁ + GijA;JnD@ = P}n — oysin?6; — oy,c0s%6;
j=1

(i,j=1,2,---N) (12)

where A, AJ,, Ay, and A}, are the influencing
coefficients of boundary stress, D and Dj, are the
tangential and normal displacement discontinuities of
jth fracture element, respectively, G is the
three-dimensional correction coeflicient, oy is the
horizontal maximum principal stress in far-field, oy, is
the horizontal minimum principal stress in far-field, p’f
is the fluid pressure of ith fracture element, 6; is the
angle between ith fracture element and the direction of
maximum principal stress, and N is the total number of
fracture elements.

Auxiliary equation

The auxiliary equation is mainly used to calculate the
physical parameters of SC-CO, and CH,4.The
fracture-matrix temperature field is calculated using
the unsteady state model proposed by Sun et al.** The
density, heat capacity, and the Joule-Thomson
coefficient of SC-CO, are calculated via the
Span-Wagner equation” The viscosity and thermal
conductivity are calculated by the Fenghour-Vesovic
model?*?”. The deviation factor of CH, are calculated
by the Dranchuk-Abou-Kassem method, and the
viscosity is calculated by the Dempsey method.?® The
density of CH, is calculated by the state equation of
real gas.
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Figure 2. Schematic diagram of fracture and matrix grid.

Model solution and verification

Model solution

To reduce computation costs, a grid with the
x-direction coinciding with the fracture propagation
direction is constructed for a quarter of the shale gas
reservoir, as shown in Fig. 2. The fracture propagation
step is equal to the matrix grid length in the
x-direction.

(1) Solution conditions

At the initial time, the pore pressures in the intrusion
and reservoir areas, as well as at the outer boundary,
are equal to the original reservoir pressure p;.
Meanwhile, the inner boundary pressure in the
fracture propagation area is equal to the fluid pressure
in the fracture p Iz whereas that other boundaries are
symmetrical. This yields:

p|t:0 = pi

Pl = bl =pi

Pl =ps (=0 (13)
ap _op _o

o x=0,y=0~L, dy x=Lf~LX,y:0

The fracture initial and tip’s current widths are
assumed to be zero, the flow rate in the fracture tip is
also zero, and the injection displacement is go. Thus,
we get

w(s,0)=0
w (Lf, t) =0 (14)
q(0,t) =qo
q(Ly.t)=0
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(2) Moving interface

In this study, the moving interface refers to the
interface between the intrusion and reservoir areas in
the process of piston displacement. And with the
continuous filtration of SC-CO, fracturing fluid, the
interface will continue to move towards the reservoir
area. Assuming that the coordinate of each point of the
interface at the nth time step is ( x};, y},), the expression
of each point coordinate under different times can be
obtained according to the interface motion

speed:

ot =1+ Ul At

W =Yt vy At 1
where x! and ;! are the abscissa and ordinate of

any point M of the interface at the (n+41)th time step,
respectively; x}, and y}, are the abscissa and ordinate of
any point M of the interface at the nth time step; At is
the propagation time step. Finally, ], and v}, are the
extrapolation velocities of the boundary point M in the
x- and y-directions at the nth time step, respectively,
which can be derived as follows:

1 n
n o__ k pr\‘/rfl B px?vr
= M Axpy
5("3471/2)

o=k (P;:’m _%>
K s(xfCH/z) A}’M

where /iy, ) is the SC-CO, viscosity of the grid with
the point M, while ngd and p;a are pore pressures in
-1 1

(16)

the adjacent nodes of the point M in the x-direction
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Initialize pressure and temperature of fracture and matrix, and

assume fracture width, filtration rate and propagation time
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the fracture width, pressure and propagat

Calculate physical parameters of SC-CO, in the fracture, and solve Eqs (10)-(12), until
ion time meet the convergence conditions

Calculate physical parameters of SC-CO, and CH, in the matrix,
solve Egs (7)-(8), and calculate filtration rate by Eq (17)

1,=(1— @)y, + av, No

Calculate the error between the initial filtration rate v,
and the calculated filtration rate v, &,=max(|v, — v4|)

£,<&
| Yes
Calculate fracture temperature Ty and matrix field Ty,

l

Calculate the error between the calculated temperature and the initial
temperature £Tr=max(|Tf —Tg |), ETm=max(|Tm — Tmil)

3876

&7 <£-}f, &r, <€t

No Tmi=(1 — @)Ty+ @ Ty
Tfi:(l - (I)Tﬁ+ a Tf

I Calculate cumulative filtration volume by equation (18) |

| Output filtration rate and filtration volume |

| Add fracture element |

Figure 3. Flowchart of the program design.

(nodes 2 and 3 in Fig. 2). Here Py and Pl are pore
pressures of the adjacent nodes of the point M in the
y-direction (nodes 1 and 2 in Fig. 2), Ax); and Ay, are
the grid lengths in the x- and y-directions, respectively.

(3) Coupling solution method

In the SC-CO, fracturing fluid filtration law study,
the filtration model, fracture propagation model, and
temperature field model are involved. In this study, a
strong coupling method is used to implement each
model. The flowchart of the specific program design is
presented in Fig. 3.

Step 1. Initialize fluid pressure in the fracture, pore pres-
sure in the matrix, fracture-matrix temperature field,
and assume fracture width, filtration rate, and fracture
propagation time.

Step 2. Calculate the physical parameters of SC-CO,
fracturing fluid in the fracture and carry out iterative

calculation according to the Eqns (10)-(12) until the
fracture width, fluid pressure in fracture and propaga-
tion time meet the convergence conditions.

Step 3. Calculate the physical parameters of SC-CO, in
the intrusion area and CH, in the reservoir area, take
the pressure distribution in the fracture obtained by
Step 2 as the inner boundary condition of the filtra-
tion model, calculate the pore pressure distribution of
the matrix according to the seepage Eqns (7) and (8),
and further calculate the filtration rate of each fracture
element, and bring in Step 2 to calculate the pressure
in the fracture again.

The calculation formula of the filtration rate is as
follows:

k ph— P
v = fL (17)
Hs12)  An
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where vj; is the filtration rate of ith fracture element,
Ay is the first grid length in the y-direction, Pliis the
pressure of ith fracture element at nth time step, 1t5(1,2)
is the SC-CO, viscosity of adjacent matrix element of
ith fracture element, and p7, is the pressure of adjacent
matrix grid node of ith fracture element.

Step 4. Repeat Step 2 and Step 3 until the convergence
conditions are satisfied.

Step 5. Calculate the fracture-matrix temperature field
according to the pressure distribution, filtration rate,
and initial temperature distribution.

Step 6. Repeat Step 2-5 until the pressure in the fracture,
the pressure in the matrix, and the fracture-matrix
temperature field meet the convergence conditions.

Step 7. Output the filtration rate and cumulative filtra-
tion volume, in which the calculation formula of cu-
mulative filtration volume is as follows:

N

k i — Pi.
Vi=vi ey PR Pilpen  (8)
= sz An

where V" and V""" are the cumulative filtration
volume at nth and (n-1) th time steps, respectively, and
Ax; are the length of the ith fracture element.

Step 8. Add fracture element, repeat Step 1-7 until the
deadline.

Model verification

In this section, the established SC-CO, fracturing fluid
filtration model was verified. Because there is no report
on the dynamic filtration model and filtration
experiment of coupling fracture propagation, and the
two-dimensional dynamic filtration law is quite
different from one-dimensional filtration law, the
two-dimensional filtration model in this paper was
reduced to a one-dimensional model of uncoupled
fracture propagation to compare with Wang et al.’s
model'® to show the correctness of the filtration model
proposed in this paper. Experiments have verified the
accuracy of Wang et al.’s one-dimensional filtration
model.

The values of relevant parameters are as follows:
reservoir permeability is 1.46 x 10~* mD, porosity is
5.72%, the original reservoir pressure is 30 MPa,
reservoir temperature is 363 K, SC-CO, fluid pressure
in the fracture is 35 MPa, the temperature in the
fracture is 308 K. The calculation results of the
proposed and Wang et al.’s model are plotted in Fig. 4.

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse. Gas. Sci. Technol. 11:871-886 (2021); DOI: 10.1002/ghg.2097

Original Research Article: Numerical study on filtration law of supercritical CO, fracturing

1.5E-06 T T T T T T T 10
‘Wang's model|
1.2E-06 4 " |— — Ourmodel g8
. W Relative error
~ 9.0E-07 H F6 =
g g
g o
£ 2
E 6.0E-07 F4 &
= o)
= &
3.0E-07 L2

0.0E+00

T T T T T T T
0 200 400 600 800 1000 1200 1400 1600

Times (s)

Figure 4. The filtration rate calculated by the proposed and
Wang’s models.

It can be seen from Fig. 4 that the calculation results
of the proposed one-dimensional model reduced from
the two-dimensional one are in good agreement with
those of Wang ef al.’s model'?, and the maximum and
average errors are 7.9% and 5.5%, respectively. Part of
the calculation results’ difference is because the shale
gas reservoir’s stress sensitivity is considered in our
model. The way stress sensitivity affects the filtration
rate is analyzed in the next sections.

Case study

In this section, a case study is analyzed to clarify the
dynamic filtration law of SC-CO, fracturing fluid. The
relevant parameters were obtained from earlier
studies?** and summarized in Table 1.

The pressure drop between the fracture element and
the adjacent matrix grid node (Fig. 5), the filtration rate
of each fracture element (Fig. 6), and the matrix
pressure distribution (Fig. 7) are calculated for the grid
length in the y-direction of 0.01m.

It can be seen from Figs 5-7 that at the initial stage of
fracture propagation, the matrix pressure remains
unchanged. Still, the pressure in the fracture root is
higher than that in the fracture tip. Hence, the fracture
element in the fracture root has a larger filtration
pressure difference so that the maximum filtration rate
is 8.65 x 107% m s~! in the fracture root. The
minimum filtration rate in the fracture tip is 8.55 x
107% m s~!. Due to the low viscosity of SC-CO,
fracturing fluid, the difference of fluid pressure in the
fracture is small, hence the difference of filtration rates
in fracture root and tip is also small at the initial stage.
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Table 1. Parameter values of example analysis.

Parameter Value
Reservoir thickness 30 m
Elastic modulus 25 GPa
Original reservoir pressure 20 MPa
Matrix porosity 0.05
Horizontal maximum principal stress 40 MPa
Langmuir volume (CHy) 2.8md kg~!
Langmuir volume (SC-CO5) 21 md kg!
Injection displacement 3m?® min~’

Stress sensitivity coefficient 5x 103 M Pa!

..“_.' T T T T T T T
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Figure 5. The pressure drop between the fracture element
and the adjacent matrix grid node.

With an increase in fracture length, the fracture’s fluid
continuously filtrates to the matrix and increases the
matrix pressure near the nontip fracture elements.
However, the pressure difference between the fracture
element in the fracture tip and matrix is the difference
between the minimum principal stress and the
reservoir pressure, so the maximum filtration rate of
the fracture element in the fracture tip is 5.51 x 107°
m s~!, and the minimum filtration rate of the adjacent
fracture element is 3.96 x 107% m s~!. When the
fracture length is large enough, the pressure in matrix
elements along the fracture propagation direction
decreases gradually. Hence, the pressure drop between
the fracture and matrix elements increases gradually.
Finally, the filtration rate is the lowest in the fracture

Zluoetal.

Parameter Value
Rock density 2600 kg m—3
Poisson’s ratio 0.2
Original reservoir temperature 60 °C
Matrix permeability 0.001 mD
Horizontal minimum principal stress 36 MPa
Langmuir pressure (CHy) 3.5 MPa
Langmuir pressure (SC-CO,) 5.1 MPa
Bottom hole temperature 30 °C

Rock compressibility coefficient 45 x 10~4 M Pa~’
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Figure 6. Filtration rate of each fracture element under
different propagation time steps.

root, increases sharply near the fracture tip, reaching
its maximum in the fracture tip.

Due to the expansion effect of SC-CO,; and the
decrease of filtration pressure difference caused by the
increase of matrix pressure, each fracture element’s
filtration rate is gradually decreasing. Although
SC-CO; fracturing fluid’s viscosity is low and easy to
filtrate, SC-CO, fracturing fluid’s intrusion area is still
small. The propagation range of pressure waves is
limited because the reservoir is relatively tight (Fig. 7).

To analyze the overall filtration evolution pattern, the
average filtration rate is obtained by averaging those of
all fracture elements, and the cumulative filtration
volume at different times is calculated via Eqn (18).

It can be seen from Fig. 8 that the maximum average
filtration rate of all fracture elements is 8.6 x 107¢ m

© 2021 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse. Gas. Sci. Technol. 11:871-886 (2021); DOI: 10.1002/ghg.2097
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Figure 8. Average filtration rate and cumulative filtration
volume at different times, where AFR is an average filtration
rate, and CFV is cumulative filtration volume.

s~ ! at the initial stage of fracturing. At the later stage of
fracturing, even if the fracture element in the fracture
tip has a larger filtration rate, that of most fracture
elements is relatively low, so that the average filtration
rate is still low. Finally, the average filtration rate is
stable at about 1.4 x 107° m/s™!. At the early stage of
fracturing, the average filtration rate is high, and there
are few fracture elements. At the later stage of
fracturing, the average filtration rate is low, and there
are many fracture elements. Therefore, the cumulative
filtration volume increases linearly, and the growth rate
is slightly accelerated at the later stage of fracturing.

Discussion

In this section, the effects of dynamic and static
filtration model, constant and variable SC-CO,
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Figure 9. Evolutions of the average filtration rate and
cumulative filtration volume calculated for dynamic and
static filtration models.

physical parameters and fluid types in the filtration
areas on the calculation results, as well as the effects of
stress sensitivity and fluid adsorption on the filtration
process, are analyzed.

Dynamic and static filtration model

The difference between dynamic filtration and static
filtration mentioned in this study is that the former
needs to consider fracture propagation, while the latter
does not. The average filtration rate and cumulative
filtration volume of them are calculated as follows:

1. According to the method of model solution section,
considering the fracture propagation, the fracture
length Ly at a given time ¢, the dynamic average
filtration rate v; and dynamic cumulative filtration
volume V can be calculated.

2. Without considering the fracture propagation, the
final fracture length Ly is preset first. And the
boundary value within the fracture length L¢is the
fluid pressure in the fracture calculated from
dynamic filtration. The static average filtration rate
vy, and static cumulative filtration volume V; also
can be calculated under the condition of constant
fracture length Ly.

The calculation results are plotted in Fig. 9.

It can be seen from Fig. 9 that, compared with the
dynamic filtration model coupled with fracture
propagation, the average filtration rate calculated by
the static filtration model has little difference at the
early and late fracturing stages, while the maximum
difference at the middle fracturing stage is 0.41 x

Zluoetal.

10~°m s~!. The average filtration rate at all fracturing
times calculated by the static model is lower by 0.17 x
10~°m s~! than that calculated by the dynamic model.
The reason is that at the early stage of fracturing, the
filtration pressure difference in the static and dynamic
models is equal, so the average filtration rate is equal,
but in the static model, the filtration boundary is
longer. There are more fracture elements, so the
cumulative filtration volume increases faster. With
time, the filtration pressure difference at the static
model’s filtration boundary decreases continuously.
The filtration pressure difference of some fracture
elements in the dynamic model decreases gradually. In
contrast, the newly added fracture elements still
maintain a larger filtration pressure difference after
propagation, so the average filtration rate calculated by
the static model is lower. The cumulative filtration
volume is higher because of the long filtration
boundary in the static model, but this increase gets
smaller. At the later stage of fracturing, the average
filtration rate and cumulative filtration volume tend to
be stable due to the constant filtration boundary and
stable matrix pressure near the fracture in the static
model. In the dynamic model, although the filtration
rate of newly added fracture elements is higher, most
fracture elements’ filtration rates, as well as the average
value, tend to be stable. As the fracture length keeps
increasing, so does the cumulative filtration volume.
The dynamic model’s cumulative filtration volume
exceeds that of the static model by 3.54 m® because the
dynamic model has added fracture elements, which
promotes the pressure wave transfer, thus speeding up
the fluid filtration.

Constant and variable SC-CO, physical
parameters

When calculating the filtration rate of SC-CO,
fracturing fluid, to reduce the calculation workload, the
physical parameters of SC-CO, are often treated as
fixed values. Therefore, the influence of constant and
variable physical parameters of SC-CO, (mainly
density and viscosity) on the calculation results is
analyzed. Without considering the variation of SC-CO,
physical parameters, their temperature and pressure
are the reservoir temperature T, and the average value
P, of the horizontal minimum principal stress and
reservoir pressure, respectively. The above temperature
and pressure data are easier to obtain. The calculation
results are plotted in Fig. 10.
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Figure 10. Evolutions of the average filtration rate and
cumulative filtration volume calculated for constant and
dynamic physical parameters.

It can be seen from Fig. 10 that the average filtration
rate calculated using constant physical parameters is
higher than that calculated with dynamic parameters,
and the maximum difference at the initial stage of
fracturing is 0.86 x 107° m s~'. With time, the
difference between constant and dynamic predictions
gradually decreases. The average filtration rate and
cumulative filtration volume calculated with constant
physical parameters exceed dynamic estimations by
0.18 x 107° m s~! and 2.15 m’, respectively. The
reason is that the SC-CO, fracturing fluid temperature
is lower than the reservoir temperature T, while the
pressure exceeds the average pressure P, at the initial
stage of fracturing. Thus, the SC-CO, temperature will
be overestimated, and the SC-CO, pressure will be
underestimated in the calculation process via constant
physical parameters. In the supercritical region, the
temperature increase and pressure drop will decrease
the SC-CO, viscosity and accelerate the filtration.
Therefore, the predictions via constant physical
parameters are overestimated. With time, the SC-CO,
temperature in the intrusion area gradually grows, and
temperature difference with the reservoir drops. At the
same time, the pressure waves gradually propagate to
the reservoir area so that the SC-CO, average pressure
in the intrusion area gradually approaches pressure P,
so the difference of filtration rates calculated with
constant and variable parameters gradually drops.
Moreover, constant physical parameters cannot reflect
the additional filtration resistance caused by the
SC-CO,; expansion with temperature increase and
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Figure 11. Evolutions of the average filtration rate and
cumulative filtration volume calculated for various fluid

types.

pressure drop, so the calculation results on filtration
rates will be overestimated.

Fluid types in the filtration areas

The fluid in the filtration areas is usually treated as
SC-CO; single-phase or CH, single phase to simplify
the calculation. This simplification will bring errors in
the calculation results. Therefore, the effect of fluid
type in the filtration areas on the calculation results
was analyzed. The average filtration rate and
cumulative filtration volume evolutions for various
fluid types are plotted in Fig. 11.

In the case of CH, single-phase fluid in the filtration
areas, the pressure wave propagates slower due to the
large compressibility of CH,, which leads to a larger
filtration pressure difference at the same filtration time.
Due to the larger filtration pressure difference and
lower CH,4 viscosity, the initial average filtration rate is
9.6 x 107° m s™!, which exceeds the two-phase case by
0.99 x 107° m s~!. With time, this difference drops
gradually and finally tends to zero. Still, the final
cumulative filtration volume in the CH, single-phase
case exceed the two-phase ones by 1.39 m°.

In the case of SC-CO; single-phase fluid in the
filtration areas, the initial average filtration rate is 6.9 x
107% m s~!, which is lower by 1.68 x 107° m s~ than
the two-phase one. With time, this difference firstly
increases and then decreases, but the absolute
difference is still large. The average filtration rate at all
fracturing times and final cumulative filtration volume
in the SC-CO; single-phase case are lower by 0.96 x
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Figure 12. Evolutions of the average filtration rate and
cumulative filtration volume with account and disregard of
stress sensitivity.

107°m/s and 7.95 m’ than the two-phase ones. The
reason is that less fluid enters the matrix at the initial
stage of fracturing in both two-phase and single-phase
cases, which have little effect on reservoir pressure and
calculation results. With time, the pressure difference
between fracture and matrix is smaller due to the lower
SC-CO; compressibility and faster propagation of
pressure waves. Higher viscosity and smaller filtration
pressure difference of SC-CO, jointly reduce the
filtration rate and increase calculation error. At the later
stage of fracturing, the matrix pressure and filtration
pressure difference gradually stabilize. Therefore, the
error induced via matrix fluid simplification by an
SC-CO; single phase is gradually reduced.

Stress sensitivity

There is a certain stress sensitivity in shale gas
reservoirs, which effect on filtration rate is analyzed in
this section. The average filtration rates and cumulative
filtration volumes with and without the account of
stress sensitivity are plotted in Fig. 12. It can be seen
from Fig. 12 that at the start of the fracturing process,
the stress sensitivity has little effect on the filtration
rate: the average value is 8.6 x 107¢ m s™! with and
without this effect account. The amount of SC-CO,
fracturing fluid entering the matrix at the initial stage is
small; the respective matrix pore pressure variation is
low, so the stress sensitivity is negligible. With time, the
amount of SC-CO, fracturing fluid entering the matrix
increases, the matrix pore pressure variation is large,
and the stress sensitivity is pronounced. The highest
average filtration rate calculated with an account of
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Figure 13. Evolutions of the average filtration rate and
cumulative filtration volume with account and disregard of
fluid adsorption.

stress sensitivity exceeds that with no account by 1.2 x
10~% m s~ L. At the later fracture stage, due to a small
pressure difference between fracture and matrix, the
stress sensitivity only affects the matrix elements near
the fracture tip and, thus, is negligible. Since the
average filtration rates calculated with the account of
stress sensitivity always exceed those neglecting this
effect, this trend is also followed by the cumulative
filtration volume. As the above difference grows at the
later fracturing stage, the cumulative filtration
volumes’ difference reaches 2.35 m®. Therefore, the
one-dimensional filtration rates calculated by the
proposed model with the account of stress sensitivity
systematically exceed Wang et al.’s model

predictions®.

Fluid adsorption

In contrast to conventional reservoirs, SC-CO, or CHy
in shale gas reservoirs have a certain adsorption
capacity. The latter affects the propagation of pressure
waves and further filtration rate of SC-CO, fracturing
fluid. Therefore, this section analyzes the fluid
adsorption effect on the filtration process. The latter
effects on the average filtration rate and cumulative
filtration volume are illustrated in Fig. 13.

It can be seen from Fig. 13 that the initial filtration
rate of fracturing in disregard of the SC-CO,
adsorption is 9.68 x 107° m s~!, which is higher by
1.08 x 107° m s~! than that calculated for two-phase
adsorption. This difference gradually drops and tends
to be stable with time. This trend can be attributed to
the lack of SC-CO, adsorption on the rock at the initial
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stage of fracturing, and the rapid adsorption of
SC-CO, can reduce the pore radius of the matrix,
which prevents SC-CO, in the fracture from entering
the pores, so the adsorption has a great influence on
the filtration rate at the initial stage of fracturing and
the filtration rate will be higher when the adsorption is
neglected. With time, the adsorption of SC-CO, by the
rock gradually reaches saturation, so this effect on the
filtration rate gradually weakens. At the later stage of
fracturing, the pressure difference between most
fracture elements and matrix elements is stable, and the
filtration rate is low. Even if SC-CO, adsorption
strongly affects the matrix elements near the fracture
tip, the average filtration rate’s effect is still weak, and
the final calculation results with SC-CO, adsorption
account or disregard tend to be consistent. When CH,4
adsorption is neglected, the average filtration rate
exhibits a slight increase of 0.06 x 107¢ m s~ at all
fracturing times. On the one hand, the adsorption
capacity of CHy, is weaker than that of SC-CO,. On the
other hand, the pressure of the matrix containing CH,4
is lower. The combined effect of these two factors
results in that the adsorption of CHy has little effect on
the filtration rate. When the adsorption of SC- CO,
and CHy is neglected, the filtration rate is further
increased due to both factors” superposition effect.

Conclusions

In this study, a two-dimensional dynamic filtration
model considering stress sensitivity, fluid adsorption,
dynamic changes of fluid physical parameters, and
coupled fracture propagation is established. According
to the established model, the dynamic filtration of
fracture elements and matrix pressure variation in the
process of fracture propagation are simulated and
analyzed in detail. The calculated results of average
filtration rate and cumulative filtration volume are
affected by dynamic and static filtration model,
constant and variable SC-CO, physical parameters,
and fluid types in the filtration area. The stress
sensitivity and fluid adsorption effects on the filtration
process are also clarified. The results obtained made it
possible to draw the following conclusions.

e At the initial stage of SC-CO, fracturing, the
filtration rate of the fracture element in the fracture
root is the highest and gradually changes to that in
the fracture tip with time. And the average filtration
rate at the initial stage reaches its maximum, then
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gradually drops, and finally stabilizes, while the
cumulative filtration volume increases nearly
linearly.

e The average filtration rate predicted by the static
filtration model with uncoupled fracture
propagation is higher than that of the dynamic
filtration model, while the cumulative filtration
volume increases faster at the initial stage, slows
down with time, and finally becomes lower than that
predicted by the dynamic filtration model. The
average filtration rate and cumulative filtration
volume calculated using constant SC-CO, physical
parameters are higher than those with dynamic ones
due to overestimation of temperature,
underestimation of pressure, and failure to consider
the additional resistance caused by SC-CO,
expansion. Simplifying the fluid in the filtration
areas to SC-CO; single phase will result in lower
calculation results, while simplifying the fluid in the
filtration areas to CH, single phase will result in
higher calculation results.

e Stress sensitivity can accelerate the filtration of
SC-CO, fracturing fluid, and the influence of stress
sensitivity on the filtration rate reaches its maximum
at the middle stage of fracturing, being negligible at
the early and late stages. However, fluid adsorption
can slow down the filtration of SC-CO, fracturing
fluid, and the influence of fluid adsorption decays
with time, and the influence of SC-CO, adsorption
on filtration is stronger than that of CHy,.

Nomenclature
AZ, Ai{;, A;js, A:{n Influence coefficients of boundary
stress, Pa~!
Cy Compressibility coefficient of rock,
Pa~!

D! Tangential displacement
discontinuity of jth element, m
D), Normal displacement discontinuity
of jth element, m
G Three-dimensional correction
factor, dimensionless
H  Fracture height, m
k  Permeability of the reservoir, m
ko  The initial permeability of the
reservoir, m?
Ly Fracture length, m
N Total number of fracture elements
p Pore pressure, Pa

2
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Vji

Pf
Ioga

Pr
Ps

0o
OH

Oh

bo

Fluid pressure in fracture, Pa

Fluid pressure in i fracture element,
Pa

Langmuir adsorption pressure of
SC-CO,, Pa

Langmuir adsorption pressure of
CH4, Pa

Filtration rate, m s~
Injection displacement, m’ s~
Cumulative filtration volume at nth
time step, m*

Langmuir adsorption volume of
SC-CO,, m* kg™!

Langmuir adsorption volume of
CHy, m® kg™!

Fracture width, m

Stress sensitivity coefficient, Pa™
The length of ith fracture element,
m

The angle between ith fracture
element and direction of horizontal
maximum principal stress, rad
Viscosity of SC-CO,, Pas™!
Viscosity of CHy, Pas™!

Viscosity of SC-CO, fracturing
fluid in fracture, Pa s~!

Seepage velocity, m s!

Filtration rate of ith fracture
element, m s—*

SC-CO, density (mass of SC-CO,
per rock unit volume), kg m >
Density of SC-CO, fracturing fluid
in fracture, kg m >

Density of CHy in the standard
state, kg m >

Rock density, kg m

The total mass of SC-CO, flowing
in rock unit volume, kg m~?
Density of SC-CO, in the standard
state, kg m ™

Effective stress after pore pressure
change, Pa

Initial effective stress, Pa
Horizontal maximum principal
stress in far-field, Pa

Horizontal minimum principal
stress in far-field, Pa

Reservoir porosity, dimensionless
Rock porosity at a specific pressure
po> dimensionless
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