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Abstract

Finite element method is used to study the formations of the penetration jet, the bulge, and the burr in the designed reus-
able perforating gun. The attached layer of the soft metal on the perforator is studied for the controlling of the bulge height
on the casing of the reusable perforating gun. Results indicate that the shaped charge jet is initially formed in the center of
the shaped charge liner and then the material of the liner is driven to the centerline of the liner by the detonation wave. The
attachment of the soft metal layer to the cartridge of the perforator can be beneficial to control the bulge height. The design
on the blind holes on the casing can affect the burr height formed by the collision between the jet and the casing. With the
increase in the liner angle, the penetration width on the cement wall of the wellbore is increased.
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Ey  Kinematic energy

Ey  Internal energy

Ep  Frictional energy

Ey Dissipated viscous energy
E;  Remaining energy

o,  Stress without viscous dissipation effect
o,  Viscous stress

€  Elastic strain

e?  Plastic strain

e Creep strain

W Penetration width

v Maximum jet velocity

1 Introduction

Perforation is very important in the petroleum well com-
pletions. The perforation quality can directly affect the oil
productivity. For perforation with high quality, different
models have been proposed to predict the productivity of
the perforated well or the permeability around the tunnel
(Gambirasio et al. 2017; Hagoot 2007; Karacan and Hal-
leck 2003; Du et al. 2017; Wang et al. 2010). Perforation
by shooting with shaped charge is now commonly used in
well completions due to its low cost and high efficiency. In
the perforating process, a perforator is exploded to form a
jet, which can penetrate the casing, the cement and the rock.
The maximum velocity of the jet can reach 8000 m/s in some
cases. Experiment shows the strength of the target can be
treated as a factor for the penetration by the metallic jet in
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haped charge liner

Fig. 1 Schematic of the perforating process
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the perforating process (Eichelberger 1956). The perforating
processes with shaped charge can be studied by both numeri-
cal simulation and experiment (Guo et al. 2011; Lee 2002;
Molinari 2002; Murphy et al. 2003). A practical method was
proposed to accurately predict the perforation depth and the
size of the perforation hole (Ott et al. 1994). The shaped
charge liner is one of the key components in the perforator,
which serves as the basis for the jet formation (Xu et al.
2019; Guo et al. 2019; Eichelberger and Pugh 1952). The
theory of the shaped charge formation, the steady-state and
the quasi-steady-state theories of the jet formation and the
target penetration were proposed (Eichelberger 1956; Eichel-
berger and Pugh 1952; Birkhoff et al. 1948). In jet formation,
the liner material undergoes huge stretching deformations in
the axial direction. When the liner material impacts on the
charge axis, it ceases to move in the radial direction (Shvet-
sov et al. 2011). The penetration process and the destruc-
tion mechanism of concrete targets by the shaped charges
and kinetic energy projectiles were analyzed (Wang et al.
2008). It was found that the shaped charge directly affects
the penetration into the target and causes very large spalling
area in comparison with the kinetic energy projectile. The
liner collapsing and jet/slug formation of the double-layer
shaped charge were analyzed for the improvement of the
shaped charge performance (Zhang and Qiao 2011). It has
been considered that the shaped charge with an axial chan-
nel can be beneficial to the composite shaped charge of the
“base-head” type (Malygin et al. 2011).

The schematic of the perforating processes is shown in
Fig. 1. The jet driven by the explosion can form a hole on
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the cement and the rock oil. Due to the pressure in the rock
oil, the oil can flow into the perforating tunnel and enter into
the wellbore. At the same time, the cartridge can move in the
opposite direction and collide on the casing of the perforating
gun. Usually, there are blind holes on the casing to reduce
the resistance to the jet. Thin wall tubulars with D/t=7~15
are usually used for downhole perforating in well completion
(Zhao et al. 2017). When the jet penetrates the casing, burr
is formed on the blind holes on the casing. Meanwhile, the
cartridge moves in the opposite direction and collide the cas-
ing. Bulge can be formed in this collision, which can affect the
reuse of the perforating gun.

The burr height can affect the reuse of the perforating gun.
But till now, the relations between the burr height and the
perforating gun have seldom been studied. To reuse the perfo-
rating gun, the collision between the cartridge and the casing
of the perforating gun also needs to be studied to control the
bulge height on the shell. The formations of penetration jet, the
bulge and the burr need to be studied as well as the attachment
of soft metal layer to reveal the controlling of the bulge and
burr heights in the reusable perforating gun.

2 Model description
2.1 Model of shaped charge liner

The DP36RDX?25-2 perforating gun is selected for simulation.
The outer diameter of the casing is 154 mm and the inner
diameter 132 mm. The material of the casing is 40CrNiMo.
The yield stress of 40CrNiMo is taken as 888 MPa. The
strength limit is 1043 MPa. The elongation is 12.7%. The
shaped charge liner is made by copper. The density of the cop-
per is 8932 kg/m”. The thickness of the shaped charge liner is
1.5 mm. The charge height is 16 mm. Johnson—Cook consti-
tutive model (Mareau 2020) is used for the description of the
mechanical behavior of shaped charge liner,

o, = (A+Be")(1 +clné)(1 — (T*)") (1)

where A, B, ¢, n and m are material constants, as shown in
Table 1.

Table 1 Parameters in Johnson—Cook model

—_ T-T,
CT.-T, @
£ =£/é 3)

T, and T, represent the ambient and the melting
temperatures.

2.2 Description of explosive

The Jones—Wilkins—-Lee (JWL) equation is used for the
calculation of explosion (Yu et al. 1999; Yan et al. 2020),

® \ RV ® \ _gv, OF
P=A(1--2 e RV 4B (1--2 |ekV 422
() em(i- gy )+ 5

where V is the volume of the charge, E is the initial ratio
of internal energy and A, By, @, R| and R, are material
constants. 32 g RDX is used as explosive for the perforat-
ing shaped charge in DP36RDX25-2 perforating gun. The
parameters for RDX are indicated in Table 2.

2.3 Equation of state

Gruneisen state equation is used to describe the dynamic
responses,

POCZM[I + ( - y;“)ﬂ - [5’#2]

[1- (8= 1) =522 = 5,22

w3y

P=

s+ (vo+au)E

&)
where C is the intercept of v—v, curve (shear and compres-
sive wave speeds) (Meyers 1994). S|, S, and S; are the coef-
ficients of the slope of the v—v, curve. y, is the Gruneisen
gamma. a is the first-order volume correction to y, and
u=plpy,— 1. The parameters for shaped charge liner and air
are listed in Tables 3 and 4, respectively.

A B C n m T,K T, K
0.90E-03 0.29E-02 0.31 0.025 1.09 1360 293.0
Table 2 Parameters for RDX

Ps g/cm3 D, co/ps P, GPa A, GPa B, GPa R, R, ) E
1.640 0.6930 27.0 374.0 3.230 4.150 0.950 0.30 0.07
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Table 3 Parameters in Gruneisen state equation for shaped charge
liner (copper)

C S, S, S3 % a

0.394 1.49 0.00 0.00 1.99 0.0

Table 4 Parameters in Gruneisen state equation for air

c Sy Sy Ss Y0 a

0.034 0.00 0.00 0.00 1.40 0.0

2.4 ALE and adaptive re-meshing

To avoid mesh distortions and entanglements, arbitrary
Lagrangian—Eulerian (ALE) mesh or adaptive re-meshing
can be used (Wan et al. 2017; Zhang and Tan 2019; Zhang
et al. 2017; Zhang and Zhang 2014). In the procedure of
ALE, one or more time-step computations are conducted.
Meshes are deforming with the flow of the material. When
the deformation is completed, the meshes maintain the
boundary condition of the object, and the internal meshes
need to be updated. This step is called as smooth step. Then,
the advection step is taken to transport the unit variables
(density, energy, stress tensor, etc.) and the velocity vectors
of nodes to the new updated meshes. The problem can be
finally solved with the conservation equation. The meshes
in the solution process to the adaptive re-meshing of the
deformed jet at different time are shown in Fig. 2. Due to
the use of adaptive re-meshing technique, mesh sensitiv-
ity problem can be avoided. The number of the elements
variates from 3680 in Fig. 2a to 19,912 in Fig. 2b and then
19,906 in Fig. 2c at different time.

2.5 Models of perforator and casing

Figure 3 shows the perforator and the casing system. The
outer diameter of the casing is 154 mm and the inner diam-
eter 132 mm. The thickness of the casing is 11.0 mm. The
length of the casing is 1213 mm. The material of the cas-
ing is 40CrNiMo. The thickness of the shaped charge liner
made in copper is 1.5 mm. The charge height is 16 mm. The
thickness of the attached soft metal is 8§ mm. Dynamite and
shaped charge liner exist in the shell as indicated in Fig. 1.
Due to the characteristics of high ductility, aluminum and
magnesium alloys are selected to be the attached soft metal.

The strain hardening constitutive model of the casing is
shown as:

6c=o0,+ K& ©6)
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Fig.2 Meshes of the shaped charge liner in solution process

where K is the tangent modulus and &P is the equivalent plas-
tic strain. When the equivalent stress reaches the strength
limit, the casing is broken by the jet.

For the associated plastic flow, the flow rule can be
expressed as:

0

de? = da 28 %)
do

where g is the flow potential. dA is the plastic state parameter.

The Cowper—Symonds model is used for the description
of the material behavior of the cement,
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Fig. 3 Perforator with attachment of soft metal

Table 5 Parameters of cement

Density  Elastic Poisson  Yield Tangent  Hardening
p,g/lem®  modulus ratio y stress 6y, modulus  param-
E, GPa MPa E. GPa eter
2.65 40 0.3 100 0.04 0.5
. L
E\P -
ay=[1+(5>:h00+ﬁQ@” @®)

where o, is the initial yield stress. C and P are the Cow-
per-Symonds parameters. f is the hardening parameter. E,
is the plastic hardening modulus,

E .E

tan

»“E-E, ©

where E,,, is the tangent modulus.

The values of the above-mentioned parameters are listed
in Table 5. 0.1 is taken to be the erosion strain for failure of
cement in simulation.

According to the energy balance, the external work can be
converted to kinematic energy, internal energy and frictional
energy,

Ey =Ex + Ey + Eg (10)

E: = , - ydSd
F /0!/]7 yaosar (11)

Vv

Due to the short time for penetration, the integral in Eq.
(11) must be very small and can be neglected. The frictional
energy is small and nearly to be zero. The dissipated por-
tions of internal energy Ey; are split off into the energy by
dissipated viscous effect Ey; and the remaining energy Ej,

Ey =/ </ o, : édV)dT (13)
0 \%

E :/ </ o, édV)dr (14)
0 1%

where o, is the stress without viscous dissipation effect. o,
is the viscous stress. The internal energy includes the elas-
tic strain energy, the energy dissipated by plasticity and the
energy dissipated by time-dependent deformation,

E1=/ </GC : éedV>dT+/ </(7C : épdV>dT
0 14 0 14
+/ </0'C : éCdV>dT
0 v
s)

where £° is the elastic strain, €P plastic strain and ¢° the creep
strain.

LS-DYNA was used for the simulations of the jet for-
mation, the collision between the cartridge and the casing
and the casing and collision between the jet and the con-
crete. ABAQUS was used for the simulation of the collision
between the jet and the casing.

3 Results and discussions

Figure 4 shows the velocity of the jet. The jet is initially
formed in the center of the shaped charge liner, and then, the
material of the liner is driven to the centerline of the liner by
the detonation wave. The jet is divided into two parts: the
head and the body. The velocity of the jet head is higher and
can be increased to 4115 m/s in a short time when the liner
angle is 80°. About 7 ps after the explosion, the jet veloc-
ity can reach the maximum value and then remains in this
high speed until the jet penetrates the casing and the cement.
The computational result is similar to the experimental and
numerical figures on jet formation (Elshenawy and Li 2013).
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Fig.4 Velocity of the jet

The velocity of the cartridge can reach 150 m/s. Due to
the fact that there is no restriction for the movements in
the axial direction, the cartridge can collide the casing after
the detonation. Then, a bulge can be formed on the surface
of the casing. Figures 5, 6, 7, 8 and 9 reveal the collision
between cartridge and the casing in different cases with-
out attached layer, with attached layer of AA6061 and with
attached layer of AZ80A-TS5 magnesium alloy. It can be seen
that the attachment of the layer of soft metal can provide
good energy dissipations. The metal layer can dissipate the
kinetic energy of the perforator by deformations, which
can lead to the decrease in the bulge height. The provided

Effective strain
3.936e-01 —

]

2.756e-01 =

3.543e-01

3.149e-01

2.362e-01

1.969e-01

1.575e-01

1.182e-01

7.885e-02

3.950e-02

1.497e-04

Fig.5 Collision between the cartridge and the casing without soft metal
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relationship between the yield strength and the formed bulge
height can be helpful for the selection of attached soft metal
in the design of reusable perforating gun.

The collision between the cartridge and the casing with-
out soft metal is shown in Fig. 5. The annular and longitu-
dinal stresses on the casing are similar. This phenomenon
was also observed by experiment (Dou et al. 2019). The
maximum effective strain on the casing is 0.67, and the
maximum on the cartridge is 0.39. The dissipated plastic
energy is dependent on the stress and the corresponding
strain. So, the increase in the plastic deformation of the car-
tridge can be beneficial to the dissipation of energy on the
cartridge. Meanwhile, the energy dissipated to the casing
becomes smaller. This can protect the casing for the reuse
of the perforating gun.

When the cartridge is attached by the layer of soft metal,
the soft metal can be broken, which can be beneficial to
the decreases of the bulge height. When a layer of AA6061
aluminum alloy is attached on the cartridge, as shown in
Fig. 6, the effective strain of the shell is increased to 0.97.
The increase in the plastic deformation on the cartridge leads
to the decrease in the effective strain of the casing to 0.33.
In comparison with the case in Fig. 5, the effective stain of
the casing is obviously decreased. The bulge height on the
casing is decreased. The effect of different attached Al alloys
on the bulge height of casing is summarized in Table 6. The
attachment of 7075 aluminum alloy can reduce the bulge
height to 3.46 mm, i.e., 52.1% decrement compared to the
case without attachment of soft metal. From Table 6, it can
be seen that the increase in the yield stress of the attached
soft metal can lead to the decrease in the bulge height. Fig-
ure 7 shows the relationship between the yield stress of the
attached soft metal and the bulge height. This relationship

Effective strain
6.695¢-01 —

6.0266-01 ]
5.3566-01
4.687¢-01 —
4.017e-01
3.3486-01
2.6786-01
2.009e-01 =
1.339¢-01

6.696e-02

5.797e-06
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Effective strain

9.667e-01 —

6.767e-01 =

5.800e-01

4.834e-01

3.867e-01

2.900e-01

1.934e-01

9.671e-02

4.135e-05

8.701e-01 ]
7.734e-01

Effective strain
3.348e-01
3.014e-01
2.679¢-01
2.344e-01 —
2.009e-01
1.674e-01
1.339e-01
1.005e-01
6.697e-02 =

3.349e-02

6.846e-06

Fig.6 Collision between the cartridge with addition of AA6061 and the casing
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Fig.7 Relationship between yield stress of attached aluminum and
bulge height

Effective strain

9.676e-01 —

8.709e-01

7.741e-01

6.774e-01 =

5.806e-01

4.838e-01

3.871e-01

2.903e-01

1.936e-01

9.682e-02

6.595e-05

can be explained by the energy balance. The increases of
the stress and strain can lead to the increase in the energy
dissipations on the cartridge.

When a layer of AZ80OA-T5 magnesium alloy is attached
on the cartridge, as shown in Fig. 8, the effective strain of
the shell is increased to 0.97. Meanwhile, the effective strain
of the casing is 0.36. In comparison with the case in Fig. 5,
the effective stain of the casing is obviously decreased.
However, the effective strain is slightly increased from 0.33
to 0.36 in comparison with Fig. 6. The effect of different
attached Mg alloys on the bulge height on casing is summa-
rized in Table 7 and Fig. 9. 36.6% decrement can be found
when the AZ61A-F is attached. In the current case, the bulge
height on the casing is 4.58 mm.

Effective strain
3.580e-01
3.222¢-01
2.864e-01
2.506€-01 =
2.148e-01
1.790e-01

1.432e-01

1.074e-01
7.161e-02

3.581e-02

8.165e-06

Fig. 8 Collision between the cartridge with addition of AZ80A-T5 and the casing
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Fig.9 Relationship between yield stress of attached magnesium and
bulge height

Table 6 Effect of different attached Al alloys on the bulge height on
casing

Type of aluminum  Yield stress, Bulge height, Ratio of

alloy MPa mm decrement,
%

7075 503 3.46 52.1

7050 405 3.7 48.8

2024 325 4.39 39.2

6061 276 4.64 35.7

5083 211 4.97 31.2

5052 195 5.05 30

1100 110 5.46 24.4

Table 7 Effect of different attached Mg alloys on the bulge height on
casing

Type of magnesium Yield stress, Bulge height, Ratio of
alloy MPa mm decrement,
%
AZ31B-F 200 5.37 25.6
AZ31B-H24 203 5.35 25.9
AZ31B-O 145 5.66 21.6
AZG61A-F 348 4.58 36.6
AZ80A-TS5 275 4.96 31.3
ZK60A-T5 305 4.8 335
ZM21-F 155 5.63 22

As summarized in Tables 6 and 7, the lowest bulge height
can be obtained by use of 7075 aluminum alloy. The bulge
height can be reduced by 52.1%. The effect of AZ31B-O
on bulge height is the smallest. It can only reduce the bulge
height by 21.6%. From the obtained results, it can be seen
that the increase in the yield limit of the attached soft metal

@ Springer

selected in current work can be beneficial to reduce the max-
imum bulge height. In similar yield stress, aluminum alloys
show higher performance to reduce the bulge height on the
casing in comparison with magnesium alloys.

When the jet penetrates the casing, the jet can be treated
as a rigid body due to the high speed of the jet. Burr is
formed on the casing in this collision. For the reuse of the
perforating gun, the burr height must be small enough. The
collision between the jet and the casing is completed within
8 ps. Moreover, the length size of jet is not a factor affecting
the results in collision simulation because the jet in high
velocity can be treated as rigid body (Xing et al. 2020). So,
the state of tip jet at 8 s is used to be the rigid body in the
simulation of the collision between the jet and the casing.
The geometric parameters of the blind holes on the casing
can be important factor to affect the burr heights. When the
radius of the blind hole (R) on DP36RDX25-2 perforating
gun is 15.875 mm and the thickness of the blind hole (7) is
9.7 mm, the average burr height is 1.70 mm as shown in
Fig. 10, which is smaller than the threshold in the design,
i.e., 3 mm. When the radius of the blind hole is increased
to 20 mm as shown in Fig. 11, the average burr height is
decreased to 1.204 mm. When the thickness of the blind hole
is decreased to 7.7 mm as shown in Fig. 12, the average burr
height is increased from 1.7 to 2.76 mm. This means that the
increase in the radius or the decrease in the thickness of the
blind hole is beneficial to control the burr height formed in
the collision between the jet and the casing.

The effect of the liner angle on the penetration width is
shown in Fig. 13. When the penetration hole is formed, the
figure is sufficient to provide the studied penetration width.
So, the initial stage of the penetration is used for comparison
to reduce computational cost. With the increase in the liner
angle, the penetration width is increased. More cases are
summarized in Table 8. It reveals that smaller liner angle
leads to narrower penetration width. The observation is fitted
well with the experimental one (Shvetsov et al. 2011). The
penetration width is a function of the maximum jet velocity,

W = 3260e 152 (16)

where W is the penetration width (mm) and v is the velocity
of the jet (km/s).

4 Conclusions

The structures and the performance of the perforating gun
and the perforator are studied numerically in the paper. The
effect of different liner angles on the formation of the shaped
charge jet and the penetration of the jet into the concrete
target is considered via the adaptive re-meshing technique
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Fig. 10 Collision between the jet and the casing when R=15.875 mm and r=9.7 mm
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Fig. 11 Collision between the jet and the casing when R=20 mm and r=9.7 mm
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Fig. 12 Collision between the jet and the casing when R=15.875 mm and r=7.7 mm
and ALE method. The influence of the soft metal layer on is driven to the centerline of the liner by the detonation
the bulge of the casing is studied. The burr of the blind hole wave.
is also studied. The current work can be useful for the design 2 The attachment of a layer of soft metal to the cartridge
of the reusable perforating gun. The obtained results are of the perforator can be beneficial to control the bulge
summarized as follows: height formed by the collision between the cartridge and
the casing.
1 Shaped charge jet is initially formed in the center of the =~ 3  With the increase in the yield stress of the attached
shaped charge liner, and then, the material of the liner soft metal, the dissipated energy on the cartridge can
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Effective strain
9.474e-02,
8.527e-02
7. 579e-02
6.632¢-02 -

5.685e-02
4.737e-02
3.790e-02
2.842e-02
1.895e-02
9.474e-03
2.778e-22

Effective strain
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i

(a) 60°

4.920e-02
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3.280e-02
2.460e-02
1.640e-02
8.200e-03
1.165e-18

(c) 120°

Fig. 13 Collision of jet and concrete in different liner angles

be increased and the bulge height on the casing can be
decreased.

4 The increase in the radius or the decrease in the thick-
ness of the blind hole is beneficial to control the burr

Table 8 Effect of different liner angles on jet velocity and penetration

Liner angle, ° Maximum of jet velocity,  Penetration
m/s width, mm

40 4911 2.35

50 4456 2.76

60 4236 3.55

70 4115 4.70

80 3957 7.29

90 3857 9.41

100 3777 14.10

110 3617 18.80

120 3421 19.76

130 3346 21.65

140 3144 23.45

150 2967 27.88

@ Springer

Effective strain
9.545¢-02 —,

8.590e-02 ]
7.636e-02

6.681e-02—
5.727e-02 ﬂ
4.772e-02
3.818e-02
2.863e-02

1.909e-02
9.545e-03

3.284e-23
(b) 80°

Effective strain
9.276e-02
8.348e-02 ]
7.421e-02
6.493e-02-
5.566e-02 i
4.638e-02
3.710e-02
2.783e-02
1.855€-02
9.276e-03
2.299e-17

(d) 150°

height formed in the collision between the jet and the
casing.

5 With the increase in the liner angle, the penetration
width is increased. An exponential function can be found
between the penetration width and the liner angle.
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