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Abstract

Compared with central penetration, the eccentric penetration of jet into a liquid-filled composite armor (LCA)
shows a more obvious lateral displacement due to the asymmetric impact by the shock wave and liquid radial
reflux. Based on this characteristic, the reaming process in the liquid layer during the shaped charge jet (SCJ)
penetrates into the strongly-constrained liquid-filled composite armor (SLCA) eccentrically, the interference
process of jet is subjected to the asymmetric impact by the shock wave and liquid radial reflux, and the lateral
movement process of the SCJ under lateral force loading is analyzed to study the influence of SLCA on the
stability of incoming SCJ during eccentric penetration. Theoretical and X-ray experimental results show that
when the eccentricity distance is [0 mm, 12 mm], the severely disturbed velocity range and total disturbed
velocity range of the SCJ increase with the increase of the eccentricity distance, while the maximum lateral
displacement of the SCJ decreases slightly with the increase of the eccentricity distance at [1 mm, 12 mm].
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Influence of strongly-constrained liquid-filled composite armor on stability of incoming shaped charge jet You-er Cai et al.
during eccentric penetration

1 INTRODUCTION

With the increasing firepower of modern weapons, the safety of a mobile launching platform of weapons such as
tanks and ships is increasingly threatened. Among them, high speed shaped charge jet (SCJ) produced by APHE is one of
the main threats faced by mobile platforms and personnel in the battlefield. According to existing research, the
penetration ability of SCJ can reach more than 10 times caliber, so the protection of SCJ has become one of the key
research points in the field of impact protection.

Liquid-filled composite armor (LCA), a new type of protective armor, has gradually attracted the attention of
scholars in impact protection. The protective mechanism of LCA is different from that of other passive protective devices.
It interferes with SCJ by means of shock wave propagation and liquid radial reflux, and plays a role in generating rigidity
with softness. The process of SCJ penetration into LCA is shown in Figure 1, which can be roughly divided into four stages:
jet penetration into cover plate, jet reaming in liquid, jet disturbed by shock wave impact and liquid radial reflux, jet
penetration into bottom plate and liquid spraying. After penetrating the LCA, the tip and middle section of the SCJ is
seriously disturbed, which leads to fracture and lateral movement, and the residual penetration capability is greatly
reduced.

S D > TS

Figure 1 Schematic of jet penetration into liquid-filled composite armor

To date, many relevant studies have been conducted on the interaction between kinetic energy penetrators such
as high-speed projectiles and fragments and liquid-containing vessels by Truscott et al. (2014), Lundstrom and Fung
(1976) and Lundstrom (1988), Lee et al. (1996 & 1997), Thomas et al. (2014) and Fourest et al. (2015), mainly focusing
on the water hammer effect caused by kinetic energy penetrators penetrating into liquid-containing vessels such as
aircraft and tanks. Studies include the description of liquid cavity shape, calculation of water spray, analysis of pressure
change in liquid, and so on. Some relevant studies have also been conducted on the jet penetration process in liquid,
among which Held and Backofen (1990) studied the penetration behavior of copper, aluminum and tantalum molding
jets in water by using high-speed photography and intermittent switch technology. Lee et al. (1995) studied the
penetration process of jet particles in water through high-speed photography and X-ray experiment. Held (1995) and
Held et al. (1996) slightly improved the Szendrei equation and measured the radial crater growing process of jet
penetration into water with high space and time resolution by using the profile streak technique.

In recent years, scholars have conducted studies on the process of jet penetration into liquid-containing containers,
but few articles have been published. White and Wahll (1981) studied the process of jet penetration into an airtight
structure full of water or other liquids through experiments, and demonstrated that airtight structures full of liquid had
good resistance to jet penetration. By studying flash radiographs and Autodyn computations, Andersson et al. (1998)
concluded that the latter portion of the jet was missing suggesting a large influence of an imploding penetration channel
in the process of jet penetration into the targets containing water. From an engineering viewpoint, Li et al. (2002)
proposed a new type of protective armor composed of water-filled sealed steel box unit structure, and calculated the
interference of this protective armor on SCJ. Gao et al. (2016a & 2016b), Zhang et al. (2017a & 2017b), Guo et al. (2018
& 2019) and Cai et al. (2021) analyzed the process of jet interference by liquid radial reflux when penetrating single-cell
liquid-filled composite structure, established and improved the theoretical calculation model of jet disturbed velocity
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range, and calculated the residual penetration capacity of SCJ. Tan et al. (2019) and Zu et al. (2019) obtained the
relationship between the residual penetration of the jet and the physical parameters of the target, jet, and liquid material
through dimensional analysis. Zu et al. (2021) presented experimental and theoretical investigations of the penetration
ability of the residual SCJ emerging from the liquid-filled compartment structure after the penetration process at
different impact angles.

Although the mechanism of the interaction of an LCA with a SCJ in the case of vertically central penetration has
been studied, to the best of our knowledge, the mechanism of interaction between strongly-constrained liquid-filled
composite armor (SLCA) and SCJ during eccentric penetration has not been reported in the open literature. The
penetration position of jet is random, and the preliminary test results show that the penetration position has a great
influence on the anti-penetration performance of SLCA. Therefore, studying the influence of SLCA on the stability of
incoming SCJ during eccentric penetration is necessary. In this study, the process of jet eccentricity penetrating SLCA is
analyzed by combining theory and experiment. The main contents include three aspects: the crater growing process in
the liquid layer of SLCA during the jet’s eccentric penetration, the influence of the eccentric distance on the jet’s
interference velocity range, and the influence of the eccentric distance on the lateral movement of the jet element under
the impact by shock wave and liquid radial reflux.

2 X-RAY EXPERIMENTAL WORK

X-ray experiments were conducted on the process of the SCJ penetrating the SLCA at different eccentricity distances,
to display the morphology of the residual jet directly after the interference by the SLCA.

2.1 Shaped charge (SC)

Figure 2 shows a picture of a @56 mm SC. In the experiments, the 56 mm SC has a charge capacity of 203 g, and
the charge type is JH-2 explosive. The jet tip velocity is 6700 m/s and the jet tail velocity is 1200 m/s. At 30 us, the radius
of the tip of jet is 1 mm and the tail is 7 mm. The stand-off is 80 mm.

Figure 2 A ®56 mm shaped charge

2.2 Strongly-constrained liquid-filled composite armor

The dimensional parameters of the SLCA used in the experiments are shown in Figure 3, and the physical object is
shown in Figure 4. As shown, the SLCA consists of a thick metal shell with a cylindrical cavity and threaded holes, a liquid
filling material, a cover plate and a seal connected by screws. The outer diameter of the metal shell is 50 mm, the
thickness of the side wall is 35 mm, the thickness of the cover plate is 4 mm, the thickness of the bottom of the shell is
10 mm, the metal material is #45 steel, while the radius of the cylindrical cavity is 15 mm, the height is 70 mm, and the
filling material is water. The specific material parameters are shown in Table 1.

15 mm "CFlat crew

|
NZ AN ul 4 mm
Cover Plate /H/ - ”
Sealing strip—"| r
35mm 70 mm
Liquid —| i
Metal shell — | ! 10 mm

50mm

Figure 3 Dimension parameter diagram of SLCA
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(a) Parts (b) Whole

Figure 4 Physical shot of SLCA

Table 1 Material parameters of armor

Materials p/(kg-m3) c/(m-s?) os,/MPa o,/MPa el/%
#45 steel 7850 5200 370 630 17
water 1000 1460 — — —

2.3 Experiment setup

To study the influence of different eccentricity distances on the interfered velocity range of jet and the lateral
movement of SCJ element when jet penetrates into SLCA, X-ray experiments are conducted for four working conditions
with eccentricity distance of 0, 3, 6, and 9 mm. The included angle between the two light outlets of the X-ray machine is
45°, To facilitate the calculation of the lateral displacement of the SCJ after interference, we ensure that the light direction
of light outlets B is perpendicular to the eccentric direction in working conditions 2 and 3.

Shaped Charge—" |

Stand-off Cylinder — |

L

SLCA—
]
\

Figure 5 Experiment layout

N ,

\ /

X-ray Tube A “ray Tube B

a bi
Protective wall % Experiment
di cl Sample

NS%
7 !
/ \
/ \

X-ray Screens B Protection Case X-ray Screens A

Figure 6 Schematic of X-ray experiment layout
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Figure 7 X-ray experiment setup

The X-ray test was set according to Figures 5-7. The distance between the bottom surface of the SLCA and the ground was

a, + b +d
175 and k = - ! , respectively. The X-
4 1

ray machine output time was set to 70 ps and 90 ps, respectively. Test setting parameters are shown in Table 2.

denoted as /1, and the amplification ratio of A and B light outlets was ky =

Table 2 X-ray experimental setting parameters

d

No- oy o (m) a{™™bymm) e () ) Ky kg Tyg s Tpsus)
1 0 1.390 1.435 1.455 2.525 2.625 1.760 1.804 70 90

2 3 1.400 1.385 1.430 2.300 2.340 1.661 1.636 70 90

3 6 1.380 1.360 1.385 2.350 2.440 1.728 1.762 70 90

4 9 1.390 1.405 1.430 2.355 2.530 1.676 1.769 70 90

2.4 Experimental results

Figure 8 (a-d) shows the X-ray experiment results. X-ray images at 70 us showed that when the SCJ penetrates the
SLCA, the tip and middle section of the SCJ is severely disrupted, the former section of the SCJ shows a very obvious
fracture and fragmentation, the middle starts to exhibit necking and fracture, and the latter section of the jet keeps good
collimation and continuity.

In the experiments with eccentric distances of 3, 6, and 9 mm, the tip of jet has obvious lateral movement. Due to
the large velocity gradient of the jet, its elements with necking and fracture continue to stretch over time, and the
distance between the fractured jet elements also increases. X-ray images at 90 us show that the jet fracture and lateral
movement are further enhanced, and the latter section of jet still maintains good continuity and collimation. In general,
the SCJ is disturbed after it penetrates through the SLCA, and the disturbed part of the jet exhibits obvious partition.
According to the severity of the interference, the residual SCJ is divided into three parts: serious disturbed, general
disturbed, and undisturbed. Among them, the jet elements have obvious lateral displacement, fragmentation and
discontinuous distribution in the seriously disturbed part, while the jet has a necking fracture and a small lateral
displacement in the general disturbed part. In the undisturbed part, the jet keeps good collimation and continuity.
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(¢) d=6 mm (4) d=8 mm

Figure 8 X-ray experiment results

According to the X-ray images at TA and T, the velocity at different positions of the jet can be calculated. The

following takes working condition 2 as an example to calculate the disturbed velocity range of the jet and the maximum
lateral movement of the tip of the jet.
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In the axial direction of the SCJ, we take the bottom of the SLCA as the reference. The distance between the tip of

jet and the reference line at TA and TB was denoted as AXAl and AXBl . The distance between the boundary point
of the serious disturbed part and the general disturbed part of residual jet and the reference line at TA and TB was
denoted as AXA2 and AXBQ . The distance between the boundary point of the general disturbed part and the
undisturbed part of residual jet and the reference line at TB was denoted as AX33 . The measured distance and actual

output time under each working condition are shown in Table 3.

Table 3 Experiment data

d
No. TA (us) TB (us) AXAl (mm) AXA2 (mm) AX31 (mm) AXm (mm) AXB3 0(mm)

(mm)
1 0 56 70 172.5 102.0 311.1 216.6 146.6
2 3 75.7 91 364.0 206.0 495.0 305.0 135.0
3 6 75.5 91 326.6 184.0 474.0 296.0 118.0
4 9 70 90 265.0 126.3 460.5 267.5 86.1
In addition, the velocity gradient of the jet is assumed to be linear. Accordingly, the velocity of the tip of the residual
jet erl, the minimum velocity of the serious disturbed part ij , and the minimum velocity of the general disturbed part

V.3 can be calculated as follows:

. AXp, /kB ~AX, /kA
71 - ’
! TB - TA

(1)

AX, /kB —AX,, /kA

V., = , 2

o = )
AXy, — AX

Vo, =V, BTy oy ) 3

Jr3 Jr2 AXBI _ AXBQ ( grl ]7‘2) ( )

In the radial direction of the SCJ, taking the central axis of the undisturbed part of the residual jet as the reference,

the distance from the maximum lateral displacement point of the residual jet to the reference line at TB is denoted as

AYB, and the maximum lateral displacement § and lateral movement velocity of the jet Vl can be calculated as follows:

AY
5 =—=, (4)
kB
AY,./k
- 73_ (5)
1

Similarly, the velocity range of disturbed jet, the maximum lateral displacement of disturbed jet, and the jet particle
velocity at the maximum lateral displacement at different eccentric distances can be calculated. The results are shown
in Table 4.
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Table 4 Experiment parameters and result statistics

Serious disturbed part General disturbed part Velocity of jet element with maximum lateral Maximum lateral

No. d (mm) (m/s) (m/s) displacement (m/s) displacement (mm)
1 0 [4438,5319] [3097,4438] _ _

2 3 [4035,5393] [2819,4035] 4814 29.120

3 6 [3972,5167] [2755,3972] 4481 27.191

a4 9 [3802,5110] [2477,3802] 4394 —

3 THEORETICAL ANALYSIS

Shaped Charge —

Stand-off Cylind \5

Jet .

Cover Plate -
Liquid —
Shell —_|

1 5

Figure 9 Schematic of eccentric penetration process

Figure 9 shows the schematic of SCJ eccentrically penetrating into SLCA. When this occurs, the stability of the SCJ is
affected by the shock wave and asymmetric liquid reflux impact, resulting in an obvious lateral movement, which reduces
the subsequent penetration capacity of the residual jet. In this paper, the interaction between SCJ and SLCA during
eccentric penetration is analyzed theoretically from three aspects: the crater growing process of SCJ in liquid layer, the
interference process of shock wave propagation and liquid radial reflux on jet, and the lateral movement process of jet
elements by lateral force.

3.1 Crater growing process of SCJ in liquid layer of SLCA during eccentric penetration

Figure 10 Crater growing process of jet in liquid layer

Figure 10 shows the crater growing process in the liquid layer when the SCJ eccentrically penetrates the SLCA. The
liquid cross section is taken at a certain height hw , and the polar coordinate system is established with the central point

of the jet’s penetration position. Then, the relationship between the position of the inner cavity wall 7(¢) and the
eccentricity distance ¢ can be expressed as

(r(0)cosf — d)* + (r(0)sin0)* = n?, (6)

When the eccentricity distance < is greater than zero, the distance from the coordinate origin to the inner cavity wall

r(0) varies everywhere within the range of [0, 180°], and corresponding parameters such as subsequent penetration
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crater size, liquid internal pressure, reflection time of shock wave, liquid reflux speed, and interference time are also
different with the change of angle.

Considering the influence of shock wave and compressibility of liquid on the growth process of jet penetration
crater, this study makes the following assumptions:

1. The radial and axial pressures of the initial reaming are equal.

2. The radial reaming pressure decreases with the increase of the crater size, and the product of radial reaming
pressure and penetration crater area is constant.

3. The circumferential motion of liquid particles is ignored, and the mutual interference of liquid particles in the
circumferential direction is ignored.

4. In a constrained structure, the strength of the liquid is considered equal to the internal pressure of the liquid
because the liquid is compressed.

According to assumption 1, when the jet penetrates the liquid layer at a certain height hw, the jet penetration

pressure P, can be calculated as follows:

p; = %pj(vj - U)Q- (7)

According to Bernoulli equation, in the process of crater size growth, the stagnation pressure at the crater wall is equal
to the sum of dynamic pressure and static pressure at the crater wall. Then, the stagnation pressure can be calculated:

§0) = S, (O (0) + R, (6). (8)

According to assumption 2, there is

p(0) = pj - ——. (9)

The liquid is compressed in the process of reaming. Based on the research of Dowson and Higginson (2014), the
relationship between liquid pressure and density is

Pull) = 2.3 x 10_9pw(10.)7/iw;0t91pw(0)/pw0 ' (10
According to assumption 3, the liquid density can be approximated as

0= (1)
According to assumption 4, there is

R,(0)=p,(0). (12)

Substituting equation (9—12) into equation 8, there is
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o1 A0
—p(v; = == =, (0)u(0) + ‘ ( : (13)
277 r2@) 2" 0.6 x 1072(0) — 2.3 x 10°7.2(6)
Then, the reaming velocity of the SCJ in the liquid layer of the SLCA is
p; 1 2 r2(9)
u (0) = ,[—— (v; — u)? — —- < . (14)
‘ Puo T.2(0) Puwo 0.6 x10777%(0) — 2.3 x 10~7.2(0)

The reaming velocity uc(ﬁ) decreases with the increase of penetration crater size. When reaming velocity uc(e)

decreases to zero, the penetration crater of jet reaches the maximum value reaming velocity Qw(e) .
When the jet reaming occurs in the liquid, the actual crater size becomes slightly larger than the calculated
maximum crater size Qw(Q) until negative pressure is generated in the cavity. When the pressure of the compressed

part of the liquid exceeds the equilibrium pressure, the liquid undergoes self-reflux under the action of pressure
difference to shrink the crater. However, due to the extremely fast propagation speed of shock wave, in this process, it
is considered that the self-reflux of liquid under the action of differential pressure and the expansion exceeding the
equilibrium pressure cancel each other. Therefore, we assume that the equilibrium state is maintained after the

penetration crater of the reaming reaches the calculated maximum crater size Tcw(e) until the reflected shock wave

propagates to the crater wall. In addition, since the jet tail diameter is approximately 6 mm, this study only analyzes the
eccentricity distance within the interval [0 mm, 12 mm] without considering the direct interference between the jet and
the inner cavity wall of SLCA.

Matlab was used to calculate the reaming process at hw = (0, and the relationship between the maximum
penetration crater size 1, (0) and angle 0 at [0, 180°] with different eccentricity distances d at [0 mm, 12 mm] was

drawn as shown in Figure 11. Figure 12 shows the relationship between the reaming size 7"6(9) and time { at angle

f = ( and § = ¢ under different eccentricity distances, while Figure 13 shows the relationship between the reaming

velocity uc(ﬁ) and time ¢ atangle § = () and § = 7 under different eccentricity distances. As shown in Figure (11-13),

with the increase of eccentric distance, the difference of crater size between different angles gradually increases, and
the difference of crater size change and reaming velocity change at § = () and § = 1 also becomes increasingly
obvious.

9 T T T T T T T T
8 -
7,_ .
6 \\ b
- .
2 st N\
S
=~ ——— 0mm \ 1
‘CE: A 2mm
5 3L 4 mm =
6 mm
2F —— 8 mm .
10 mm
[ p— 12 mm i
00 20 40 60 80 100 120 140 160 180

6"

Figure 11 Relationship between maximum penetration crater size and angle
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7.(6) (mm)

0 1 2 3 456 7 8 91011 1213
t(ps)
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d=6 mm, 8=180°
d=8 mm, =0
d=8 mm, 8=180°
d=10 mm, 6=0
d=10 mm, =180°
d=12 mm, 6=0
d=12 mm, 6=180°

Figure 12 Relationship between reaming size and time
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d=10 mm, 6=180°
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Figure 13 Relationship between reaming velocity and time

You-er Cai et al.

Figure 14 shows the ratio of the maximum and minimum pressure of the liquid at hw = 0 when the jet reaming

reaches the maximum crater size at different eccentric distances.

When the eccentric distance { increases to 12 mm, the maximum pressure ratio between pw(ﬂ) and pw(o) is

3.37, within an order of magnitude. Therefore, it is feasible to ignore the circumferential motion of the liquid particles in
the process of jet reaming and liquid radial reflux for the convenience of calculation.

3.5

2.5

p,.(7)/ p,(0)

1

01 2 3 456 7289
d (mm)

Figure 14. Ratio of maximum to minimum pressure D, (W)/pw (0) in liquid cross section
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3.2 Shock wave propagation and liquid radial reflux during eccentric penetration

3.2.1 Calculation of effective interference angle range

When the SCJ centrally penetrates into the SLCA, the liquid particles at the crater wall of the same liquid level
converge to the center and act on the jet surface simultaneously driven by the reflected shock wave.

As shown in Figure 15, in the case of eccentric penetration, due to the circular shape of the inner cavity of the SLCA,
there is an effective reflection angle for shock wave reflection on the inner cavity wall, and only the reflected shock wave
generated within the effective interference angle can drive the liquid particles at the crater wall to contact with the jet
surface. Meanwhile, at the same liquid level, the time of shock wave propagating along different angles and the time of
liquid particles converging and returning to the jet surface driven by reflected shock wave are different. The effective
interference angle interval of the SLCA interference the SCJ in eccentric penetration is calculated.

””””” ~ Direction of shock
T T T T, wave propagation

P(xpy) __—— Direction of motion
7 7 CJ, : § ) of liquid particles
I <

Effective interference —
Angle interval _

Effective interference
Angle interval

Figure 15 Schematic of effective interference angle range during eccentric penetration

The section with the height of liquid level hw was taken for analysis, and a limit interference angle was observed on
both sides of the jet penetration position so that the liquid particles driven by the reflection shock wave could collide
with the jet.

The limit interference angle in the first and second quadrants are denoted as 6, and 0,, and P(Jrl,yl) is the

reflection point of the shock wave at the limit interference angle on the cavity wall. The effective angle range of jet
disturbed can be calculated by using the following geometric relations:

by = 91/331 , (15)
k, = yl/(xl - d>, (16)
(xl - d>2 + ?/12 = 7’02' (17)

(kQ_kl)/(l"'klkz)_(]%_k2)/<1+k2k3):0' (18)

|y, — Ky -:v1|/4/(k32 +1) = ;. (19)

where k, is the slope of incoming ray |, k, is the slope of symmetric line [, and ks is the slope of reflected ray ;.

The positions of limit reflection points at different eccentric distances can be obtained by simultaneous

equations. When P(z,,3) is in the first quadrant, there is 6, = arctan(yl/xl), and when P(z;,3,) is in the second
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quadrant, there is 0, = —arctan(yl/:vl). Then, the effective interference angle interval can be expressed as
0 €6, 6,]U[180°—6,,180° + 6, ]

Matlab is used to draw the variation trend of 91 and 92 with eccentric distance d and the effective interference

angle interval with the eccentric distance, as shown in Figures 16 and 17.

35 T T T T T T T T T T T T T

Limit interference angle (° )
Y
1
"
1

04 4

T T T T T T T T T T T
01 2 3 4 5 6 7 8 9 1011 12 13 14
Eccentric distance (mm)

Figure 16 Variation trend of limit interference angle with eccentric distance

180 T T T T T T T T T T T

120 ~ .

60 .

-60 4

-120 -

Effective interference angle interval (° )

'180||IIIIIIII]
1 2 3 4 5 6 7 8 9 10 11 12 13

Eccentric distance (mm)

Figure 17 Variation trend of effective interference angle interval with eccentric distance

3.2.2 Calculation of interference velocity range of jet

The following discussion and calculation of the interference velocity range of jet are carried out within the angle

range of effective reflection interference, that is, 0 € [—9 ; 91} U {180o — 0,,180° 4 0, |.

(a) Calculation of side-wall reflection reflux interference velocity interval

The jet penetrates into the liquid layer and generates an initial shock wave, which propagates to the side-wall of the
cavity and is reflected. Then, the reflected shock wave propagates to the liquid crater wall and is reflected on the free
surface, driving the liquid particles to reflux radially to the jet surface and interfering with the stability of the jet, as shown
in Figure 18.
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Shockwave

Reflection

Shockwave Shell

Figure 18 Schematic of shock wave propagation and reflection

Based on the assumption that the action time of the disturbance pulse generated by the initial shock wave is the
time difference between the propagation of the shock wave along the direction of Mach angle and the radial direction,
the maximum and minimum interference velocity of jet affected by the initial shock wave generated when jet penetrates

to the depth hw of liquid layer can be calculated as

U].dl(a) _ 20 + H + 6f + hw + (27'<9> — ’/‘j — 7’(w<0>)tan6
b 10 (0) + 1 (0)

) (20)

2o+ H 46, +h,
tjw + t52 (9) + tc.sQ (9)I

”jd?(e) =

(21)

where, 2 is the position of virtual origin, H is stand-off, 5f is the thickness of cover plate, § is Mach angle, tjw is the

corresponding moment when the jet penetrates to depth hw in the liquid layer, t; (9) and t, (9) are the propagation

time of shock wave propagating to the liquid crater wall along two different paths, and ¢, (9) and ?_, (0) are the time

consumed by liquid particles at the crater wall to return to the jet surface driven by shock wave.
Therefore, on the side-wall reflection reflux interference stage, the velocity range of jet interfered by liquid particles

is [Ujd2 (9)‘ h=h Vidl (9) ‘ B, =0 } . The relationship between jet velocity range interfered by the side-wall reflection reflux

and eccentric distance is shown in Figure 19.

6500

6000

Disturbed velocity interval (m/s)
N
W
(=4
(=)

2500 T T 71—
01 2 3 4 5 6 7 8 9 1011 12

Eccentric distance (mm)

Figure 19 Variation of side-wall interference velocity interval with eccentric distance

(b) Calculation of maximum jet velocity interfered by bottom reflection reflux
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When the SCJ penetrates the bottom plate of SLCA, the shock wave is reflected on the interface between the liquid
and bottom plate. The bottom reflected shock wave propagates to the liquid crater wall and causes secondary reflection
at the free interface, which makes the liquid particles reflux radially. The maximum velocity of the interference jet
affected by bottom reflection reflux can be calculated as follows:

zy + H + 5f +h
tj’w | h,“’,:h + ts& <6) + th (9) '

Vi3 (0) = (22)

where, 7., (9) is the time for the bottom reflected shock wave to propagate to the crater wall, and ¢, (0) is the time

consumed by liquid particles at the bottom crater wall to reflux to the jet surface.

(c) Calculation of direct interference region by side-wall reflected shock wave

When the SCJ penetrates the bottom plate of SLCA, the liquid is sprayed from the crater and contacts with the jet
due to the large pressure difference at the internal and external of the SLCA. In the bottom region, the side-wall reflected
shock wave acts directly on the jet surface with the liquid as the carrier. The maximum and minimum velocity of the
disturbed jet in this region can be calculated as follows:

2o+ H+ 6, +h

Vaa (0) = (23)

tjw }I,W:h,f?(r(é))fr/ )tam{j + t54 (0) '
2o+ H+6; +h
t h,=h + t55 (6> '

Jw

Vs (9) =

(24)

where, 1, (9) and ¢ (9) are the propagation time of shock wave to the liquid crater wall along two different paths.

Therefore, the velocity range of direct interference by side-wall reflected shock wave is [vjd5 (9), Viga (0”, and

the relationship between the interference velocity range and the eccentric distance is shown in Figure 20. Due to the
large pressure on the jet in the direct interference region by side-wall reflected shock wave and the bottom reflected
interference region, the jet particles are considered to be seriously disturbed. Therefore, the serious disturbed part of

jetis{vj%(e), vjd3(9)}.

Disturbed velocity interval (m/s)

3800 T

01 23 45678 9101112
Eccentric distance (mm)
Figure 20 Variation of velocity interval of direct interference with eccentric distance
(d) Calculation of interference velocity interval by bottom secondary reflection shock wave
The bottom reflected shock wave propagates to the side-wall of the cavity and is reflected to form a secondary

reflected shock wave. The secondary reflected shock wave propagates to the liquid crater wall and drives the liquid
particles to reflux and interference with the jet again.
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The simulation by Cai et al. (2021) showed that the bottom secondary reflected shock wave interacts with the side-
wall reflected shock wave during propagation, thereby weakening the wave front pressure to a certain extent. Moreover,
after the liquid particles complete the first radial reflux, the jet impacts on the liquid particles to make the second
reaming. However, due to the decrease of the jet impact pressure and the existence of liquid motion inertia, the cavity
size of the liquid secondary reaming is small, which is ignored in the calculation. The maximum and minimum velocity
disturbed jet by the secondary reflection shock wave can be calculated as follows:

2, +H—|—5f —I—h—2(r(9) —fj)tanﬁ
t + 1, () ’

Vg6 (0) =

(25)

Jw | h,=h

29+ H+6 +h

t h,=h + tr82 (9) ’

Jw

”jd7<9) =

(26)

Therefore, the interference velocity range of the bottom secondary reflection is [UW(Q), Vjde (9)], and the

relationship between the interference velocity range and the eccentric distance is shown in Figure 21.

5500 T T T T T T T T T T T
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Disturbed velocity interval (m/s)

2000———————T—T—T—T—T T T
012 3 4 5 6 7 8 9 1011 12

Eccentric distance (mm)

Figure 21 Variation of interference velocity range with eccentric distance

To sum up, the total velocity range of the disturbed jet is [Uj[” (9>, Vjgs (9)], in which the serious disturbed part

9

is [vjd4 (9), vjd5((9>]and the general disturbed part is {vﬂ”(ﬁ), vjd4(9)}.

3.3 Calculation of maximum lateral displacement of jet during eccentric penetration

When the jet penetrates into the SLCA along the central axis of symmetry, the force of liquid reflux on the jet surface
is equal in all directions, and the jet is clipped. Due to the shaped charge processing technology, material uniformity and
other factors, the fracture jet has a small lateral motion velocity. When the jet eccentrically penetrates the SLCA, an
obvious lateral movement occurs due to the different forces in each direction of the jet element. Section 2.2 shows some
overlap in the velocity range of the disturbed jet, and it is difficult to calculate the lateral displacement of the overlapped
part. Therefore, the lateral movement of the jet element under unilateral force is solved here.

The action time of shock wave on the jet element is Atl = 47”j/6j . If the acting time difference of the direct interference of
the side-wall reflection shock wave on the both sides of the penetration position is greater than Atl , that is,
te (0) -ty (0) > At,, a direct interference region exists, affected by only the unilateral lateral force by the side-wall reflection

shock wave, and the maximum velocity of this disturbed region is Vjgg (9) . In the region affected by unilateral transverse force,

the shock wave directly acts on the SCJ and reflects on the jet surface, resulting in lateral displacement of the jet elements. The
maximum lateral displacement of jet can be obtained according to force analysis as shown in Figure 22.
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Vi
dm,, 7/

ds;

Figure 22 Schematic of force analysis of jet element

The change of the axial velocity of the jet and the effect of sparse waves on the interaction between liquid and jet
elements are ignored. Regardless of the wave front pressure and particle velocity, the relationship between the lateral

velocity of the jet element Y, and the lateral force Pl by shock wave can be obtained as equation 27, according to the

momentum conservation theorem.

dm] dU]
—ZL.—l-p, (27)
ds, dt
tﬁl/T
B = KP,e", (28)

where dmj is the mass of the jet element, dSl is the contact area between the liquid and jet, K is the reflection

coefficient of shock wave, ris the time constant, tsl is the propagation time of shock wave. The maximum lateral

displacement can be calculated as follows:

§ =01, (29)

where tl is the time difference between the time of X-ray emission and the time of side-wall reflection shock wave

reflected on the jet surface.

4 COMPARISON BETWEEN EXPERIMENTAL RESULTS AND THEORETICAL RESULTS

4.1 Interference velocity interval

When the jet penetrates into the SLCA, lateral movement and fracture occur due to shock wave and liquid reflux impact.
With the change of eccentricity distance, the velocity range of the disturbed jet is also changed. Table 5 presents statistics of
theoretical calculation results and experimental results of jet disturbed velocity interval at different eccentricity distances (0, 3, 6,
and 9 mm). With the change of eccentricity distance, the theoretical calculation results of the jet disturbed velocity interval are in
good agreement with the experimental results. When the eccentricity distance is 0, 3, 6, and 9 mm, the minimum velocity in the
severely disturbed part calculated by theory is 4377, 4233, 4082, and 3941 m/s, respectively, and the errors are 1.39%, 4.61%,
2.69%, and 3.53%, respectively. The minimum velocities in the general interference part calculated by theory are 3333, 3044,
2795, and 2579 m/s, and the errors are 7.08%, 7.39%, 1.43%, and 3.96%, respectively.

Table 5 Comparison between theoretical and experimental results of disturbed velocity interval

Serious disturbed part (m/s) General disturbed part (m/s)
No. d (mm) - -
Theory Experiment Theory Experiment
1 0 [4377, 5243] [4438, 5319] [3333, 4377] [3097, 4438]
2 3 [4233, 5243] [4035, 5393] [3044, 4233] [2819, 4035]
3 6 [4082, 5243] [3972, 5167] [2795, 4082] [2755, 3972]
4 9 [3941, 5243] [3802, 5110] [2579, 3941] [2477, 3802]
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Figure 23 more intuitively shows the distribution of the jet disturbed velocity interval calculated by theoretical calculation
and X-ray test with the change of eccentric distance. The jet disturbed velocity interval calculated by theoretical calculation is in
good agreement with the X-ray test result, which indicates the accuracy of the theoretical calculation model.
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Figure 23 Comparison between theoretical and experimental results of disturbed velocity interval

4.2 Maximum lateral displacement of jet element

As shown in Table 6, the theoretical calculation and experimental results of the maximum velocity and maximum
lateral distance of the jet element with the unilateral force at different eccentricity distances (3, 6, and 9 mm) are
summarized. The theoretical calculation results are all within the acceptable error range.

Table 6 Comparison between theoretical calculation and experimental results

No d (mm) TB Va4 (0) (m/s) Errors 5 (mm) Errors
) % %
(us) Theory Experiment (%) Theory Experiment (%)
1 0 70 — — — —
2 3 91 4779 4814 0.73 27.51 29.120 5.85
3 6 91 4651 4481 3.66 25.93 27.191 4.86
4 9 90 4529 4394 2.98 24.56 =

Figure 24 shows the relationship between the velocity of jet element with maximum lateral displacement Vjgy (O)

and the eccentric distance (. With the increase of the eccentric distance, the velocity of the jet element with maximum
lateral displacement decreases. Compared with the X-ray experimental results, the velocity of the jet element with
maximum lateral displacement calculated by theory is 4779, 4651, and 4529 m/s, respectively, and the errors are 0.73%,
3.66%, and 2.98%, respectively, when the eccentricity distance is 3, 6, and 9 mm.
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Figure 24 Variation of U;;, (0) with .
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The maximum lateral velocity and maximum lateral displacement caused by the interference at different eccentric
penetration distances are calculated, as shown in Figures 25 and 26. Compared with the X-ray test results, when the
eccentricity distance is 3 mm and 6 mm, the maximum lateral velocity of the jet element calculated by theory is 521.6
m/s and 501.6 m/s, and the errors are 5.45% and 4.76%, respectively. The maximum lateral displacement of the jet
element at 91 us is 27.51 mm and 25.93 mm, respectively, and the error is 5.85% and 4.86%, respectively. The errors
between the theoretical calculation and experimental results is within the allowable error range, which also proves the
accuracy of the theoretical analysis.
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Figure 25 Relationship between maximum lateral velocity and eccentric distance
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Figure 26 Relationship between maximum lateral displacement and eccentric distance

5 CONCLUSIONS

When the jet eccentrically penetrated into the liquid composite armor, it showed obvious lateral displacement due
to the shock wave and asymmetric reflux impact of the liquid. On the basis of neglecting the circumferential motion of
the liquid, the jet reaming process of eccentric penetration in the liquid layer of the SLCA, the variation of jet disturbed
velocity interval in different eccentricity distances, and the relationship between the maximum lateral displacement and
the eccentricity distance are analyzed in this paper. The following conclusions are obtained:

1) After the SCJ penetrates through the SLCA, sections with different shapes appear due to interference, which can

be divided into serious disturbed part, general disturbed part, and undisturbed part according to the severity of

interference.

2) In the eccentricity distance range [0 mm, 12 mm], the severely disturbed velocity range and total disturbed

velocity range of the jet increase with the increase of eccentricity distance.

3) Different from the center penetration, in the eccentricity distance interval [1 mm, 12 mm], the tip of the SCJ has

a large lateral displacement, which decreases slightly with the increase of the eccentricity distance, and the position

of the maximum interference point also moves backward with the increase of the eccentricity distance.
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