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Abstract Based on the classical PKN two-dimensional
fracture propagation mathematical model, the two-dimen-
sional leak-off model of fracturing fluid of fractured dual-
medium reservoir is established by considering the time-
varying non-Newtonian fracturing fluid leak-off coefficient
in the stretching process of fractures. Using the finite ele-
ment difference method, a dynamic discrete grid system is
established and solved by Newton—Raphson iterative
method. At the same time, the effect on fracturing fluid
leak-off of the fractured reservoir stress sensitivity coeffi-
cient, the pumping rate, and the propagating length of the
fractures is analyzed. As it is analyzed, under the combined
effect of the formation pressure, the fracture pressure, the
edge effect, and the fracture permeability, the greater the
stress sensitivity coefficient is, the smaller the leak-off rate
and coefficient are. However, the greater pumping rate is,
the larger leak-off rate and coefficient are. If both of them
increase to a certain value, the leak-off coefficient firstly
decreases , and then increases; the longer the fracture is, in
the same position, the larger fracturing fluid leak-off
coefficient is; and the greater boundary effect is, the larger
fracturing fluid leak-off coefficient near the pinch point is.
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Introduction

Low-permeability reservoirs need to be developed with
fracturing technology (Balen et al. 1988; Demarchos and
Chomatas 2004; Fan and Economides 1995); due to the
presence of natural fractures in the reservoirs, the con-
ventional homogeneous reservoir fracturing fluid leak-off
model is no longer applicable (Settari 1985; Yi and
Penden 1993; Settari 1998). For the double-porosity
reservoir fluid leak-off calculation model, many scholars
have studied it. Considering single permeability and dual
permeability (Mayerhofer et al. 1991; Nghiem et al.
1984), some established one-dimensional fracturing fluid
leak-off models for fractured dual-medium rese rvoirs,
and then considering the actual situation that fracturing
fluid leak-off in the formation is two-dimensional flowing
fluid and the fracturing fluid is non-Newtonian fluid, they
established the two-dimensional model of non-Newtonian
fracturing fluid leak-off, which improved the pressure
fracturing fluid leak-off model, rendering the results more
in line with the actual situation. However, the above
models are established on the basis of the situation that
the fractures do not extend after the pump stops and the
pressure distributes evenly in the fracture, and combining
the actual mineral conditions, the fracturing fluid leak-off
also exists in the propagation process. For the propagation
of the fractures, the classical two-dimensional PKN and
KGD models and the pseudo-three dimensional (P3D)
model are mainly used to conduct the simulation (Al-
Shatri et al. 2009; Ouenes and Hartley 2000), and we can
make the assumption that the fracturing fluid filtration
coefficient is constant. However, the leak-off process does
not accord with the classic Carter leak-off model. The
actual filtration coefficient changes with time and is
associated with the fluid flowing process among the
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formation and the fractures (Economides and Demarchos
2008; Gidley et al. 1989)).

At present, the main point is the stress sensitivity
when the formation pressure decreases in production.
Therefore, the fracturing fluid leak-off makes the reser-
voir pressure increase, and the permeability of the stress
sensitive reservoir may increase. So it is necessary to
discuss the increasing volume of leak-off fluid. This
paper combines the dual-porosity formation flow equa-
tions with PKN two-dimensional fracture-stretching
model, and considering the filtration coefficient dynamic
variation during the fracture-stretching process, and the
effect of the reservoir stress sensitivity, we will establish
two-dimensional fracturing fluid leak-off model. Com-
pared with the actual site, the results of simulation get
better adaptability.

Mathematical model
Formation
According to the Darcy law, when fracturing fluid flows in

low-permeability reservoirs fractures and matrix, the dif-
ferential equations are derived asFlowing in the fractures:

K oP
=V () o (P = Pp) = ($Co)p (1)
Flowing in the matrix:

Kﬂl aPm
=V () = o ™ (P = Pr) = (8C),, 5 @

em

Wherein, when the fracturing fluid is considered as non-
Newtonian fluid, the equation of motion can be derived as

vi=—up, (i=f.m) ©)
Ml \T e
Mo = (81@) (k) (=VPi) ™, (i=f,m). (4)

For the reservoirs of which the depth is relatively
shallow and the deformation of the skeleton particles is
obvious, such as the coalbed methane reservoirs, when
the fracturing fluid filtrates into the reservoirs, the
formation pressure increases, which may cause fractures
or matrix porosity to expand and the permeability to
increase. For the low-permeability  reservoir
characteristics, only the stress sensitivity is considered,
namelylInitial condition:

Kf = Kﬁe‘iﬁ(PﬁPf) (5)
(j =/, m)

Boundary condition
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igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

K: OP. P
_f%:ic(x) , (0<x<L(t),y:O) 2:07
Her Oy r—1(x) Oy

(L(f) <x<x,,y =0)

(6)

Py _ Py
§_07 (0<x<xeay_y6) a_oa (7)

(x=0,0<y<y,)
oPy _
5—07 (x =%, 0<y<ye). (8)

Artificial fractures

The classic PKN two-dimensional model is used to simu-
late the propagation of fractures in the formation, and the
fracture height is constantly equal to the effective reservoir
thickness. While considering the fracturing fluid leaking
off into the formation, the filtration coefficient is not the
same at different locations and changes with time.

Considering the artificial fracture vertical face’s strain
and combining with the England and Green equation, we
can derive the fracture width equation:

(1 —=v)H(Pp(x,t) — ay) '

W(x, 1) = G

©)

Considering the artificial fracture vertical profile as oval
and the fracturing fluid as non-Newtonian fluid, when the
fracturing fluid flows in the fracture, we can obtain the
pressure drop equation as

OPr 64 g 2n+1\"[ 6 \"!

Zr__= K, . 10
ox n W3H ”( 3n ) (HW2 (10)
when the fracturing fluid flows in the artificial fracture, the
continuity equation can be expressed as

Initial condition:

W(x,1) =0, x> L(t) (12)
Boundary condition:

W(x,0) =0 (13)
(%T)XO W, x=0. (14)

The model solution
Formation
Combined with Egs. (1)—(5), and considering the quasi

steady-state channeling in matrix and the two-dimensional
flow of the fracturing fluid in the formation, the synthesis
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Fig. 1 Dynamic grid

flow equation in fracture and matrix can be derived
asFracture:

Kpe PPi=Fy) K, oP;
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v ( e VE +aum( 7) = (0G5
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Equation (15) shows a strong non-linear characteristic,
and it is difficult to the analytical solution. Therefore, the
finite-difference distribution combined with the Newton—
Raphson iterative method is used to solve the equation.
With the fracturing proceeding, the fractures keep
propagating, which makes it difficult to divide meshes.
So a dynamic discrete grid is established in Fig. 1, which
works as follows: according to the increase of the fractures,
the number of meshes is increased and all the time steps are
assumed to be equal to 7. During the first period 7, the
fracture length is Lg;, and the entire area is divided into the
two grids in the fracture crack orientation. The length of
the grids are, respectively, Lg; and (X, — Lg;). During the

second period Ty, the length of the fracture increases by
Lg», and the entire region is divided into three grids in the
direction of the fracture, and the length of the grids are,
respectively, Lgy, Lg,, and (Xe — Lg; — Lg>). We can find
that the pressure of the grid of L, during the last period is
the pressure on the grid of (X. — Lg;) during the last
period. It can be successively obtained according to this
method that during the n period of Ty, the length of the
fracture increases by Lg,, and the whole region is divided
into (n + 1) grids in the direction of the fracture, the length
of which are, respectively, Lg1, Lgy,. .., Ly, and [Xe — (Lg;
+ Lgy + -+ 4 Lgy)] and the pressure on the grid Ly, during
this period is equal to the pressure on the last grid of
[Xe — (Lpy + Lgo + -+ + Lgy—1) 1 during last period.
Dynamic meshes dividing diagram is shown as follows in
Fig. 2:

Now the differential discretization is conducted for the
formulas (15) and (16), which is the process of simple
discretization. We regard the fracture and the matrix of
channeling as the same grid, while we can make use of the
pressure value of last period to calculate the effective crack
permeability and effective viscosity of this period. Then we
can get the final differential equation as follows:

ai.jp}v( f( I f (i WY f(i+1y) (17)
+ e Pl = &g
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Fig. 3 Solving flowchart
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Artificial fracture

The fracture synthetical flowing equation can be derived of
the combination from Egs. (9) to (11) as

G ’wt oW 8C
64(1 —v)Hu ox? o n

=0. (18)
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On the basis of the value of the pressure distribution of
last period, the value of the leak-off in Eq. (18) can be
approximated as

—p(Pi—PY )
C__2Kpe TTIPE - Py) (19)
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Thus, by the “#” period (which can also be expressed as
NTO), we can get the filtration coefficient at the fracture tip
as

—B(Pi—PY.
C— 2Kje : f("'))(Pg - P}v(i,l))
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With the combination of the Egs. (18) and (20),
according to Carter method, at the “z” period (which can
be expressed as the first (N + 1) one time TO), the full
length and pressure distribution of the fracture are derived
as

N +1 .uefAM
L((N+1)Ty) =Q ' 21
VN ke PP (P — P (21)
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Then the fracture is regarded as the boundary condition
of formation pressure, which can be expressed as
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Based on all the equations above, considering the
additional boundary condition and initial condition, we can
use the strong implicit Newton—Raphson iterative method
to derive the pressure value at each point. By using the
Eq. (20), we can get fracturing fluid filtration coefficient
and rate at different locations. The overall calculation
flowchart is shown as follows: first, we need to discrete the
formation flowing equation, then combine it with the
formation pressure distribution at last period to obtain the
correlation coefficient and the outer boundary condition of
differential equations; then we make use of PKN model
and combine it with the pressure distribution of grids
nearby the fracture on the last moment to derive the
dynamic filtration coefficient, and the length of the fracture
and pressure distribution in fractures are obtained. Then the
pressure distribution of fractures is regarded as a boundary
condition of the formation; the differential equations, the
outer boundary conditions, and the inner boundary
conditions are integrated to obtain the current reservoir
pressure by using the Newton—Raphson iterative method
and the fracturing fluid filtration coefficient is finally
obtained. Solving flowchart is shown in Fig. 3.

Calculation and analysis

Based on the models above, making use of non-uniform
grid mesh which is divided into 20 perpendicular to the
fracture, we may analyze the examples and factors. The
other basic data are shown in Table 1.

As is shown in Fig. 4, considering stress sensitivity
during the fracture propagation process, we can get the law
of fracturing fluid leak-off. It can be concluded from Fig. 4,
as the stress sensitivity coefficients increase, the fracturing

Table 1 related basic data

Parameters Value

Well control area (mz) xe=100 m,
ye=100 m

Initial formation pressure (Mpa) 25

Initial fracture permeability, Kfi(lmD) 10

Stress sensitivity coefficient, B(MPa'l) 0.5

Minimum horizontal stress (MPa) 20.5

Consistency coefficient, Kn (Pa sn) 0.01

Fracture porosity, ®¢ 0.01

Fluid index, n 0.85

Matrix porosity, ®m 0.01

Matrix permeability, Km(mD) 1

Fracture compressibility coefficient, Ctf (MPa™") 0.00025

Matrix compressibility coefficient Ctm (MPa™") 0.00030

Pumping volume, Q(m/min) 10°
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Fig. 4 The effect of stress sensitivity on fracturing fluid leak-off:
a leak-off rate, b leak-off coefficient

fluid rate and filtration coefficient decrease; as time passes
by, the leak-off rate decreases but the filtration coefficient
increases. In the beginning of fracturing, both the fractur-
ing fluid rate and filtration coefficient appear obvious
variation, and both of them remain unchanged later. As is
shown in Fig. 4b, when the stress sensitivity coefficient
increases to a certain value, the filtration coefficient will
firstly decreases and then increases. Based on comprehen-
sive analysis of the reason, it is obtained that, along with
the continuous injection of the fracturing fluid, the artificial
fracture’s pressure continues to increase, and due to the
fracturing fluid leak-off and the increase of the formation
pressure, the stress sensitivity makes the formation frac-
tures open and the permeability increase, which improve
the capacity of the increase of the formation pressure. Also
as the fracture permeability increases, the comprehensive
effect results in the decrease of leak-off. When the pressure
wave reaches the boundary, the sealed boundary will
weaken the effect; therefore, the fracturing fluid filtration
coefficient will increase again.
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Fig. 5 The effect of pumping rate on fracturing fluid leak-off: a leak-
off rate, b leak-off coefficient

Figure 5 shows the laws of fracturing fluid leak-off
considering the different fracturing fluid pumping rate
during the fracture propagation process. It can concluded
from Fig. 5, as the fracturing fluid pumping rate increases,
the leak-off velocity and filtration coefficient will increase.
As time passes by, the leak-off rate decreases but the fil-
tration coefficient continues to increase. In the beginning of
the fracturing, both of them appear obvious variation first
and remain unchanged later. As is shown in Fig. 4b, when
the stress sensitivity coefficient increases to a certain value,
the filtration coefficient will firstly decrease and then
increase. Based on comprehensive analysis of the mecha-
nism, the increased volume of fluid pumped in increases
the fluid pressure of the fractures, and then increases the
fracturing fluid leak-off. However, when the volume
increases to a certain value, the formation pressure will
increase, the fracture permeability resulting from the stress
sensitivity will increase, and the artificial fracture pressure
will also increase. This comprehensive effect makes the
filtration coefficient decrease, and the sealed boundary
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Fracture length, m

Fig. 6 The effect of different propagating lengths on fracturing fluid
leak-off: a leak-off rate, b leak-off coefficient

effect results in the increase of the filtration coefficient
later. Thus, an optimal displacement volume of fracturing
fluid pumped in exists during the process of fracturing.
Figure 6 shows the laws of fracturing fluid leak-off
considering the different stretching lengths of the artificial
fractures. In Fig. 6, the lengths of the fractures are,
respectively, 20, 40, and 60 m. It can be concluded that, for
a certain length of the fracture, the leak-off rate and the
filtration coefficient are different, respectively, at the dif-
ferent locations of the fractures. The closer the distance to
the end of the fracture is, the smaller the leak-off rate is and
the greater the filtration coefficient is. For the different
lengths of the fractures, the filtration coefficients are dif-
ferent at the same position of the fracture, the longer the
fractures are, the greater the leak-off rate and the filtration
coefficient are. Based on the analysis of the mechanism, the
longer the fracture and the time of pumping in fracturing
fluids are, the larger the artificial fracture pressure will be,
and the amount of leak-off will also increase. While the



J Petrol Explor Prod Technol (2016) 6:343-349

349

closer to the end of the fracture, the more significant the
effect of the sealed boundary will be, and the worse the
formation pressure supply will be. All of the phenomena
above will result in larger fracturing fluid leak-off rate and
greater filtration coefficient.

Conclusion

1. Based on the classical PKN two-dimensional fracture-
stretching mathematical model, the two-dimensional
leak-off model of fracturing fluid of fractured dual-
medium reservoir is established by considering the
time-varying non-Newtonian fracturing fluid leak-off
coefficient in the stretching process of fractures;

2. Using the finite element difference method, a dynamic
discrete grid system is established and solved by
Newton—Raphson iterative method, and the relevant
factors are analyzed;

3. As the stress sensitivity coefficient increases, the
fracturing fluid filtration coefficient and fracturing
fluid leak-off rate will decrease, while as the volume of
fracturing fluid pumped in enlarges, the fracturing fluid
filtration coefficient and the leak-off rate will increase.
When the stress sensitivity coefficient or the displace-
ment volume of fracturing fluid pumped in increases to
a certain value, under the comprehensive effects of the
formation pressure, the fracture pressure, the bound-
ary, and the fracture permeability, the filtration coef-
ficient will firstly decrease and then increase; and

4. Considering the propagation length of the fracture, the
longer the length is, the more significant the leak-off
effect will be, and the boundary effect close to the end
of the fracture will increase the fracture filtration
coefficient and the leak-off rate.
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