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Abstract. In order to investigate the effect of different perforation angles (the angle between the
perforation direction and the maximum horizontal principal stress) on the fracture initiation and propagation
during hydraulic fracturing of highly deviated well in oil & gas saturated formation, laboratory experiments
of the hydraulic fracturing had been carried out on the basis of non-dimensional similar criteria by using
400"3 mm?® cement cubes. A plane fracture can be produced when the perforations are placed in the
direction of the maximum horizontal principal stress. When the perforation angle is 45°, the fractures firstly
initiate from the perforations at the upper side of the wellbore, and then turn to the maximum horizontal
principal stress direction. When the well deviation angle and perforation angle are both between 45° and 90°,
the fractures hardly initiate from the perforations at the lower side of the wellbore. Well azimuth (the angle
between the wellbore axis and the maximum horizontal principal stress) has a little influence on the fracture
geometries; however it mainly increases the fracture roughness, fracture continuity and the number of
secondary fractures, and also increases the fracture initiation and propagation pressure. Oriented perforating
technology should be applied in highly deviated well to obtain a single plane fracture. If the well deviation
angle is smaller, the fractures may link up.

Keywords: oriented perforating; highly deviated well; hydraulic fracturing; fracture initiation; fracture
propagation

1. Introduction

Hydraulic fracturing is now widely used to stimulate oil production in the unconventional oil
and gas formations with low permeability that was inaccessible before. The sand or other
proppants are left in the fracture after hydraulic fracturing, holding the fractures open to allow the
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oil to flow freely out of the formation and into a production well. Field applications indicate that
most hydraulic fracturing works are operated in cased well with perforating completion technique,
and the perforation tunnels are the flow paths of the fracturing fluid between the hydraulic
fractures and wellbore (Abass et al. 1994, Mahrer et al. 1996). Many scholars (Daneshy 1973a, b,
King 1989, Behrmaan and Elbel 1991, Hallam and Last 1991, Pearson ef al. 1992, Soliman et al.
2008) have proposed that hydraulic fracturing can produce a large plane fracture when the
perforations perfectly align with the preferred fracture plane (PFP), namely the perforation angle is
180° or 0°. When the perforations don’t align with the PFP, the fracture geometries may be
complicated. The greater the perforation angle is, the higher the fracture initiation pressure is, and
the more complicated the fracture geometries are.

It is difficult to directly observe the fracture initiation and propagation. Some analytical models
are used to simulate hydraulic fracturing problem indirectly based on various assumptions and
simplified conditions, such as PKN (Nordgren 1972), GDK (Kbhristianovic and Zheltov 1955),
radial Penny model (Sneddon and Elliot 1946), PL3D (Siebrits and Peirce 2002) and P3D (Mack
and Warpinski 2000) model. In recent years, some numerical calculation methods including finite
element method (Cao and Liu 2012, Liao er al. 2012, Akhaveissy et al. 2013), finite difference
method (Nagel and Sanchez-Nagel 2011), the boundary element method (BEM) (Rahman et al.
2002, Hossain and Rahman 2008), displacement discontinuity method (DDM) (Zhang et al. 2007,
2009) and the discrete element method (DEM) (Nagel and Sanchez-Nagel 2012) are used to
calculated initiation and propagation of hydraulic fractures. The existing computing softwares for
hydraulic fracturing are: FLAC3D (Nagel and Sanchez-Nagel 2011), FRANC3D (Rahman et al.
2002), HYFRANC3D (Hossain and Rahman 2008), RFPA (Tang et al. 2002), Abaqus (Chen et al.
2009, Zhang et al. 2010), UDEC/3DEC (Nagel and Sanchez-Nagel 2011, 2012) and so on.
Although numerical calculation methods are effective to solve the fracture initiation and
propagation problems of some vertical, horizontal and medium deviated wells, for highly deviated
well with perforations of different phases it is hard to solve the high nonlinear problem caused by
its complex fractures.

Hydraulic fracturing experiment which considers the formation conditions is an important way
to understand the mechanism of hydraulic fracture initiation and propagation. Hydraulic fractures
can be monitored and observed by the experiment directly. Table 1 summarizes the test parameters
of typical laboratory hydraulic fracturing experiments since the 1970s, where ¢, o5y and o, are the
vertical stress, the maximum horizontal principle stress and the minimum horizontal stress
respectively. We can find that the studies about the initiation and propagation mechanism of the
hydraulic fracture are mostly proposed between the 1970s and 1990s. The cement and
cement-sand mixture are used to simulate the formation rock. Rock samples are mainly 152 x 152
x 254 mm? for vertical or horizontal well hydraulic fracturing experiments and 300"3 mm?® for
deviated well. The viscosity of the test liquid is between 0.03-1.3, which is similar to the field
condition. However, according to the scaling analysis by De Pater et al. (1994), a very high
viscosity must be used to properly scale to the field condition (because of the orders of magnitude
lower flow rate). Also, few systematic researches on hydraulic fracturing with oriented
perforations and different well azimuth and deviation angles of highly deviated well have been
done. In this paper, using 4003 mm® cement-sand samples, laboratory hydraulic fracturing
experiments are carried out. The influences of oriented perforating on the fracture initiation and
propagation of highly deviated well with different well deviation, well azimuth and perforation
angles are further studied. The fracture initiation and propagation mechanism of highly deviated
well are found out to provide the theoretical guidance for hydraulic fracturing treatment.
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2. Design of laboratory hydraulic fracturing experiments with oriented perforating
technique

2.1 Field conditions scaling

The size limitation of the laboratory experiment equipments makes it impossible to simulate the
full-scale test of hydraulic fracturing, so the numerical scaling for experimental rock, perforation
tunnel, injection rate and the fracture fluid property is necessary. De Pater et al. (1994) introduced
a scale model for the laboratory experiment based on the theoretical analysis and the laboratory
experiment. Bunger et al. (2005) introduced a laboratory experiment design scale for the
penny-shaped fracture. Using a pseudo three-dimensional model of hydraulic fracturing
established by Clifton and Abou-Sayed (1979), Liu et al. (2000) gave a similarity principle for the
laboratory experiment. Their similarity groups and the groups’ theoretical origins are presented in
the Appendix. For the parameters of the Z1-C5 well in the Southeast China Sea area, the
experimental parameters obtained by the similarity principle are listed in Table 2. The confining

Table 2 Basic experimental parameters

Parameter Experimental parameters Field parameter
Wellbore size (mm) 18 177.8 (7 in)
Perforation interval (mm) 20 200
Perforation row 3 3

Perforation diameter (mm) 2 >=9

Perforation length (mm) 60 >= 300

Injection rate (cm*/min) 0.126 2000000

Viscosity of fracture fluid (Pa-s) 2.4 0.04-0.6

1

Nconcrele —

inlet

i

Fig. 1 400”3 mm? true tri-axial hydraulic fracturing test equipment
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pressures of the text samples are the same with the in-situ stresses of this oilfield which are 58.2
MPa (the vertical stress), 54.6 MPa (the max. horizontal stress) and 42.5 MPa (the min. horizontal
stress) respectively.

2.2 Experimental equipments

The hydraulic fracturing experiment was carried on the 40073 mm?® tri-axial hydraulic
fracturing test equipment (Fig. 1) (Zhu et al. 2013). The horizontal principal stresses and vertical
stress are generated by four hydraulic jacks at the outside of the sample and a hydraulic jack below
the sample respectively. The maximum pressure of the hydraulic jack is 60 MPa. Using the MTS
servo booster pump, the high-pressure liquid is pumped into the simulation borehole in this
experiment (Zhu et al. 2012). The pressure is observed and recorded by MTS data acquisition
system during the experiment. More detail information about the schematic diagram of tri-axial
hydraulic fracturing test system can be seen in the paper published by Zhou et al. (2010).

2.3 Scheme design

We respectively simulate wellbores of 0°, 30°, 45° and 60° deviation angles with different
perforation angles and well azimuth angles (Table 3). Fig. 2 illustrates the rock sample size and the
location of the perforation tunnels. We use the concrete made by cement and fine-sand with
proportion of 1:1 to simulate the formation rock. The elastic modulus of the concrete is 8.4 GPa,
the Poisson’s ratio is 0.23, the tensile strength is 3.1 MPa, the UCS is 29.2 MPa, the permeability
is 0.2 mD, and the porosity is 2.32%. A special mold which consists of one bottom plate and four
side plates is designed to make a 400"3 mm?® rock sample (Fig. 3). The simulated wellbore is a
steel pipe with 18 mm outer diameter, and 8 mm inner diameter. Three holes of 2 mm diameter are
drilled at 20 mm over the bottom of the steel pipe, and some plastic pipes which simulate 60 mm

Table 3 Experiment schemes

Injection - . Perforation Perforation _Side _Top B_ottom

No ratg Deviation °© Azimuth ° angle ®  length mm distance  distance  distance
L/min mm mm mm
1 0.126 45 0 0 0 153 184 188
2 0.126 45 0 0 60 110 142 145
3 0.126 45 0 45 60 110 142 145
4 0.126 45 0 90 60 110 142 145
5 0.126 45 45 0 60 110 142 145
6 0.126 45 45 45 60 110 142 145
7 0.126 45 45 90 60 110 142 145
8 0.126 45 90 0 60 110 142 145
9 0.126 45 90 45 60 110 142 145
10 0.126 45 90 90 60 110 142 145
11 0.126 30 45 45 60 113 157 148
12 0.126 60 45 45 60 113 128 148
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Fig. 3 Rock sample mold and simulated wellbore

pre-set perforation tunnels are inserted into these holes. Pour the concrete into the mold and stir
the concrete enough to release the air contained in the concrete. Finally, keep the concrete in a
28°C room for a month and then remove it out.

3. Experimental results and discussions
3.1 Fracture initiation and propagation pressure
When the well deviation angle is 45°, and the well azimuth angles are 0°, 45° and 90°

respectively, the fracture initiation pressure increases with the increasing of the perforation angle
(Fig. 4). When the perforation angles are 45° and 90°, the fracture initiation pressure and
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propagation pressure increase with the well azimuth angles. When the perforation angle is 0°, the
fracture initiation pressure and propagation pressure increase at first and then decrease with the
well azimuth angle increasing, that means that the fracture initiation pressure and propagation
pressure are the largest when the well azimuth angle is 45°. Fig. 5 illustrates that the fracture
initiation and propagation pressure increase rapidly with the increasing of the well deviation
angles.

3.2 Fracture geometries with different perforation angles

3.2.1 Fracture geometries with 45° well deviation and 0° perforation

Whatever the well azimuth is, a big plane fracture can be produced (Fig. 6). The fractures are
all tensile (1) type cracks, and all initiate from the perforation tunnels in the PFP. When the well
azimuths are 0° and 90°, a smooth plane fracture initiates (Figs. 6 (a), (c)). When the well azimuth

32 r

24

4

20 | M
f—

16 s/—:— Initiation pressure with 90°well azimuth

—S— Propagation pressure with 90°well azimuth
—&— |nitiation pressure with 0°well azimuth
8 I —— Propagation pressure with 0°well azimuth
—&— |nitiation pressure with 45°well azimuth
—— Propagation pressure with 45°well azimuth
0 L
0 15 30 45 60 75 90

(45° well deviation) perforation angle (°)

Pressure (MPa)

12

Fig. 4 Fracture initiation and propagation pressure with different perforation angles

30 r
28 1

26
24
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—=— Propagation pressure
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22
20
18

30 35 40 45 50 55 60
Well deviation

Fig. 5 Fracture initiation and propagation pressure with different well deviation angles
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Fig. 6 Fracture geometries with 0° perforation angle

is 45°, the fracture initiates in the PFP and propagates at the upper part of the wellbore (Fig. 6(b)).
Secondary fracture occurs and the surface of the plane fracture is rough, which can explain why
the initiation pressure and propagation pressure are higher than what of the 0° and 90° well
azimuths. What should be noticed is that when the well azimuth is 45°, though the fracture initiates
at both sides of the perforations, it doesn’t propagate further at the lower side of the wellbore.

3.2.2 Fracture geometries with 45° well deviation and 45° perforation

The fractures are mainly tensile (1) type and shear (1) type cracks, shear (II) type cracks are
mainly turning fractures (Fig. 7). The fracture geometries are very complicated, including plane
fractures, turning fractures, parallel fractures, secondary fractures and discontinuous fractures etc.
The propagation model for arbitrary fractures in oriented perforations is shown in Fig. 8 (Zhang et
al. 2008, Zhu et al. 2012). The stress intensity factors of the fracture tip can be expressed as (Zhou
et al. 2010, Kim et al. 2012)

Turning fracture

-~ X ¢
Discontinily
Plane fracture )

#

7

Turning fracturd

Wellbore
Secondary fracture

Secondary Ii%urc Turning fragture S

' < Wellbore

Tuming [reire

Perforations /

Perforation jumigls oh_.

(@) 0° well azimuth (b) 45°

L
well azimuth (c) 90° well azimuth

Fig. 7 Fracture geometries with 45° perforation angle
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where, p(x) is the net pressure acting on the fracture surface, s is the fracture trajectory, « is the
fracture length, x is the distance between a point on fracture and the wellbore. The fracture turning
position and direction can be calculated using above equations.

When the well azimuth is 0°, the fracture initiates along the perforations at the lower side, turns
to the PFP and form a turning fracture; a big plane fracture is created at the upper side of deviated
wellbore; also a secondary fracture occurs (Fig. 7(a)). When the well azimuth is 45°, the fracture
initiates along the perforations at the upper side and forms a turning fracture; the fracture at the



162 Hai Y. Zhu et al.

lower side initiates along the perforations and do not propagate further (Fig. 7(b)). When the well
azimuth is 90°, the fracture initiates along the perforations at the upper side and forms a turning
fracture; although the fracture initiates alone the lower side perforations, it is hard to propagate; a
plane fracture is also created at the upper side of deviated wellbore; there is a discontinuous
fracture around the vertical borehole (Fig. 7(c)).

3.2.3 Fracture geometries with 45° well deviation and 90° perforation

When the well azimuths are 0° and 45°, twist (I11) type cracks are produced (Fig. 9). For a
circular fracture, if its radius is a, the stress intensity factors of the fracture tip can be expressed as
(Luo et al. 2012)

2 4
K; =ﬁp(x)\/7m, Ky =§r\/7ra )
The fracture twist angle (Alshoaibi 2010)
D= latan _ 2K (6)
2 K, (1-2v)

As illustrated in Fig. 9(a), when the well azimuth is 0°, a horizontal fracture is produced; in the
maximum horizontal principle stress direction, some branched fractures are created; the fractures
are hard to initiate from the perforations of the second and third rows. When the well azimuth is
45°, the fracture geometry is similar to the fracture of 0° well azimuth; the hydraulic fracture only
initiates from the perforations of the first row; the fracture surface is very rough, some secondary
fractures and discontinuous are produced (Fig. 9(b)). When the well azimuth is 90°, the fracture
initiates from the perforations at the upper side of the wellbore, and then twists to maximum
horizontal principle stress direction; there are no fractures initiated from the perforations at the
lower side of the wellbore (Fig. 9(c)). When the perforation angle is 90°, whatever the well
deviation and azimuth angle are, the hydraulic fracture geometries are very complicated, the
fractures are hard to initiate from the perforations. Van de Ketterij and De Pater (1997) have
carried out the hydraulic fracturing experiments for the deviated well with well deviation of 49°,
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Fig. 9 Fracture geometries with 90° perforation angle
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well azimuth of 60° and perforation angle of 0°, 90° and 180° respectively (Fig. 10). They found
that the perforation angle of 0° or 180° is the best for the fractures link-up and 90° is the worst,
which are consistent with our results.

3.3 Fracture geometries with different well deviation angles

When the well azimuth and the perforation angle are both 45° the hydraulic fracture
geometries of deviated wellbores with 30°, 45° and 60° angles are studied. Fig. 11(a) illustrates
that when the well deviation is 30°, the fracture initiates along the perforations and forms a turning
fracture with two nearly symmetric wings; there are some discontinuous fractures. Fig. 11(b)
illustrates that when the well deviation is 60°, a turning fracture is also produced at the upper side
of the wellbore; although the fractures in the lower side of the wellbore initiate, they do not
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propagate any further. In conclusion, when the well deviation is larger, the fracture geometrical
shapes are more complicated, and the fracture initiation and propagation pressure are higher.

3.4 Fracture geometries with different well azimuths

When the well azimuth is certain, the fracture geometrical shapes become more complicated as
the perforation angle increases. No matter how the well azimuth angle changes, this relationship
remains the same. Under the same well azimuth angle, when the perforation angle varies from 0°
to 90°, the fractures would change from the plane fracture to the turning fracture, multi-fractures
and a horizontal fracture. The well azimuth has a large influence on the fracture surface roughness,
the secondary fracture and the fracture continuity, but is not related to the fracture geometrical
shape.

3.5 Fracture discontinuity

Hallam and Last (1991) carried out hydraulic fracturing experiments with perforating
completion method for moderate deviated well. When the well deviation is less than 10°, the
fracture surface is smooth no matter what the well azimuth is; when the well deviation is more
than 20°, the well azimuth that produces smooth fracture surface can be expressed as

02 pin? 2 P
tan,b”z(sm BSIn” a +cos ,B)
sin fcosa

(7)

We can find when the well deviation is 45° and well azimuth is more than 13°, the fracture is
discontinuous. According to the results of this paper, when the deviation is 45° and the well
azimuth is 90°, the fracture surface is still smooth. It cannot be accepted that Hallam and Last used
the well deviation and well azimuth to judge whether the fracture is continuous or not. Weng
(1993) used the well deviation, well azimuth, in-situ stress differentiation and the net pressure to
judge whether the hydraulic fracturing could produce a continuous fracture or not, they given the
following equations to calculate the critical angle that produces continuous fracture

tang =tanasin g (8)
tany =sing/tan S 9
co,=0y+ (0, - o,,)cos’ ¢ (10)
Ao =0,-0, (11)
siny,,, =0.57(Ac/p,..) " (12)
Criterion for fracture links up
Y <Verit (13)

The plane that contains the wellbore axis and is perpendicular to the fracture propagation
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direction is called the “¢” plane. The angle ¢ is the angle between the “¢” plane and the maximum
principle stress. y is the angle between the fracture and the wellbore axis. Domain of well angles
for fracture link-up of Z1-C5 well is shown in Fig. 12. When the well deviation is 45° and the well
azimuth is 90°, the well angles are in the link-up area, which is consistent with the results observed
by our experiments.

3.6 In-situ stress ratio on fracture geometries

The in-situ stress ratio (the maximum horizontal stress/the minimum horizontal stress) in our
simulations is 1.22. According to the experiments results, the fractures include double wings
fractures, turning fractures, multi-fractures, twisting fractures and horizontal fractures. Doe and
Boyce (1989) carried out a laboratory hydraulic fracturing experiment on salt. They systematically
studied the fracture geometrical shapes when the in-situ stress ratio varies from 1 to 2. When the
stress ratio is more than 1.5, the fracture is a single plane fracture. When the stress ratio varies
from 1.5 to 1, the branched fractures and multi-fractures appear, the fractures become much more

i Iflazzirotn horizontal principle stress
9

0
90 £a

—HB— Met pressure=2.5MPa

—<— et pressure=5MPa
757
Met pressure=10MPa

45 —— et pressure=1aMPa

Azitrth angle (%) —=— Net pressure=20hPa
60+

Deviation
angle (%)
44 4

301
15
15+
Idinirmum horzontal
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10

0 15 30 45 8O 75 90
Deviation angle (™)

Fig. 12 Domain of well angles for fracture link-up
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complicated when the ratio decreases. Beach (1980) and Daneshy et al. (1974) proposed the same
results later. Behrmann and Elbel (1991) did the hydraulic fracturing experiments of the vertical
and horizontal well under the stress ratio of 1.22, they also found the double wings fractures and
multi-fractures. The results observed in our experiments of highly deviated well also show that the
fractures become more complicated when the stress ratio decreases.

3.7 Perforation spacing and perforation length

In order to avoid the discontinuous fracture, Hallam and Last (1991) suggested the perforation
spacing should be less than 330 mm, and the length is about 100-150 mm. Stadulis (1995)
suggested that 0° perforation angle and perforation spacing within 304 mm can produce a big
plane fracture. In our experiment, the perforation spacing is 200 mm and perforation length is 600
mm. No matter what the well deviation is, a plane fracture can be obtained when using the oriented
perforation technique.

4. Conclusions

* When the perforation spacing is chosen as 200 mm, the perforation length is designed as
600 mm, and the perforation angle is zero in Z1-C5 well, a single plane fracture can be
obtained. So these operation parameters are suggested for the hydraulic fracturing of this
oilfield.

» The initiation and propagation pressure increase with the increasing of the well deviation,
well azimuth and perforation angle. When the well deviation and well azimuth are certain,
the perforation angle should be set as 0° (oriented perforation), so as to decrease the fracture
initiation and propagation pressure.

» Whatever the well deviation and well azimuth are, when the perforation angle is 0°, a large
plane fracture can be produced. When the perforation angle is not equal to 0°, the fracture
geometrical shapes are very complicated. The larger the perforation angle is, the much more
complicated the fracture geometrical shapes are, and the fractures are much harder to initiate
from the perforations. For hydraulic fracturing of the highly deviated well, in order to obtain
a big plane fracture, the orientated perforating completion technique is suggested.

» The well azimuth angle has a large influence on the roughness of the fracture surface, the
creation of the secondary fractures and the fracture continuity, but has a little influence on
the fracture geometrical shape. In addition, they would increase the fracture initiation and
propagation pressure.
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Appendix

The governing equations of Clifton and Abou-Sayed (1979) include equilibrium equation,
continuity equation and pressure gradient equation, which are listed as follows

Ap(x,y) = p(x,y) - (x,7,0) = Ee”{%[lM} + Q[EM}}dxdy

R ox oy| R Oy
%+%+a_w+2KLafjéxjpo_ 0
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where, Ee is the equivalent elastic modulus, p; is the fluid pressure inside the fracture, a(z)z is the
normal pressure of fracture surface before hydraulic fracturing, K; is the total leak-off coefficient,
n is the viscosity coefficient of hydraulic fracturing fluid, R is the distance between integral point
(x, y) of integrand and the pressure point (xo, yo), w is the fracture width, g, is the volume flow rate
per unit length along x direction, g, is the volume flow rate per unit length along y direction, g is
the injection rate per unit area of the fracture, 7 is the contact time between the fracture and frac
fluid, T is the fracture propagation time, Q is the hydraulic fracturing pumping flow, p the density
of the hydraulic fracturing fluid.
Fracture propagation condition

1/2
W, (s)>w, = K—l[z"—(ﬂ (A2)

T

where, a is the width of vicinity area of the fracture end point, K. is the critical stress intensity
factor of fracture propagation, w. the critical fracture width of fracture propagation. When w,(s) <
w,, fracture propagation terminates. According to the similarity principle, nine single boundary
value conditions are given

Po —1 Oy —1 102 —1 1K 1o —1 10l —1 40’0 :1;10pr0 —1 cho -1 O =1 (A3)
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Dimensionless form of the Egs. (A.1) and (A.2)
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where L is the length. Substituting the single-value condition (A.3) into dimensionless equation
(A.5), we have the dimensionless similarity principle
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where, A is constant. After simplifying (A.6), we obtain the dimensionless similarity index

C cC, cC,C C cC
Pi_ %= _ T3Q =Cy G ke G QS = B = constant (A7)
CEe CEe CL ! CQ CEe \' CL CEe CL

where, the similarity principle is

Cy =Vinoder / Vﬁeld (A.8)

where, V=1L, Ee, O, T, K;, 1, pi, a%z, K, Cy is the ratio of the model quantities to the prototype
quantities.





