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Mechanism of hermetic single-cell structure interfering with shaped 
charge jet 

Abstract 
On the basis of visual origin, shock wave reflection, and jet interference the-
ories, this study aims to (1) divide the process of jet penetration into a her-
metic single-cell structure into six parts, (2) establish a theoretical model of 
a single-cell structure interacting with a jet during its penetration into a 
structure, and (3) obtain the time expressions of a hermetic single-cell struc-
ture interfering with a jet. A residual penetration experiment is conducted 
to verify the accuracy of the model. 

Keywords 
shaped charge jet, interference range, single cell structure, anti-penetration 
performance. 

 

 

 

1 INTRODUCTION 

With the enhancement of the protective ability of new-generation tank armors, the viability and lethality of 
new tanks have increased dramatically. However, ground and air antitank power and armor piercing/penetration 
power may still be enhanced in the future. In addition, the current tank armor still has some problems that need to 
be addressed. Therefore, studying new types of composite armor [1] is important. 

To develop a new kind of armor, the interaction mechanism of an armor with a shaped charge jet (SCJ) must 
be studied. The interaction mechanism of armors, such as the explosive reactive armor (ERA), sandwich composite 
armor, and ceramic armor with an SCJ, has been studied by scholars. M. Mayseless[2-4] explained the instability of 
an SCJ after it penetrated an ERA by using the pebble and grazing models. M. Held[5] described the entire physical 
interaction process of an SCJ with an ERA. G. Luttwak[6] established an ERA interference model based on the fact 
that the SCJ penetration volume is nearly a constant. D. B. Li. et al. [7-10] explained the process of how ERA plants 
disturb an SCJ and proposed a theoretical model. P. Pincosy[11] considered detonation products as important ERA 
elements that disturb an SCJ and contributed the fluid mechanics model. N. Gov[12] deemed that the interaction 
between a sandwich rubber composite armor and an SCJ is similar to that of an ERA. M. Held[13] analyzed the in-
terference frequency of the Dyneema fiber sandwich composite armor with an SCJ on the basis of experiments. H. 
Andreas [14] considered the rubber in a sandwich rubber composite armor as an inert explosive, which makes the 
surface plants swell and move, eventually disturbing the SCJ. X. D. Zu[15] explained the interference mechanism of 
a rubber composite armor with an SCJ based on stress wave propagation and Kelvin–Helmholtz instability. Many 
scholars have accepted that the strength of the ceramic armor reduces the penetration ability of the SCJ. 

The liquid composite armor is a new kind of composite armor, and research shows that liquid has a good in-
terference effect on the stability of a jet. Thus, studying liquid composite armors is an important research direction 
with regard to new types of composite armor. 

The liquid composite armor is a high-quality composite armor, and research on such armors is currently being 
conducted here and abroad. However, most studies focused on experimental research and numerical simulation, 
and only a few explored the mechanism and theoretical research on jet interference after liquid backflow. White 
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and Wahll [16] studied the penetration of a jet in a liquid-filled hermetic structure and found that liquid can interfere 
with jet stability. Lee [17] explored the penetration process of jet particles in water through high-speed photography 
and X-ray experiments. Held [18] modified Szendrei equations and obtained the reaming equations of jet penetration 
in water through high spatial and temporal resolution and profile streak technology. Through an experiment, X. D. 
Zu[19] found that a structure filled with polyether polyol honeycomb has good antijet penetration, and he analyzed 
the influence of the molecular weight of polyether polyol on the performance of jet penetration. On the basis of 
visual origin theory, Z. Y. Gao.[20] established a mechanical model of a diesel oil-filled hermetic structure interfering 
with a jet, obtained the interfered velocity range expressions of a jet, and verified the theory model through an X-
ray experiment. M.A. Biot[21,22] discussed the propagation property of stress wave in porous media and contrib-
uted a simulation model. O.C. Zienkiewi[23] modified nonlinear coupled models of a shock wave in porous media 
with and without liquid. 

With penetration into a liquid-filled, single-cell structure and SCJ as the research topic, this paper analyzes 
runaway jet parameters and the interference performance of a liquid-filled, single-cell structure with a jet. Further-
more, it calculates the penetration ability of a runaway jet and verifies the accuracy of the model through a residual 
penetration experiment. 

2. Theory model 

This study divides the interaction between a full-of-liquid single-cell structure into six stages, namely, pene-
tration into target, initial reaming, shock wave propagation and reflection, liquid radial convergence, jet interfer-
ence by liquid, and runaway jet penetration stages. 

Shock wave is formed when jet penetrates liquid. A shock wave is a conically diffused spherical wave, and its 
propagation direction is perpendicular to the wavefront along its normal direction. When the jet starts to penetrate 
the liquid layer, the short reaming stage is reached. The initial shock wave quickly reaches the sidewall of a single 
structure that reflects the shock wave. Reflected wave propagation prevents the reaming process of the subsequent 
jet. If the surface stress of the reflected shock wave is greater than the expansion stress, then the liquid enters a 
radial convergence process. Then, the entire penetration channel from the bottom to the top starts to converge 
closed because when the shock wave propagates along the wavefront, the reflected shock wave forms at the side-
wall first and then reaches the lower part of the liquid layer. Therefore, the liquid layer at the lower part starts to 
converge closed first until the entire penetration channel achieves complete convergence. 

To simplify the calculation and formula derivation, this paper makes the following assumptions: 
The length and diameter ratio of the inner cavity of the container is relatively large so that the reflected shock 

wave from the sidewall has no effect at the bottom of the full-of-liquid container. 
If the diameter of the inner cavity of the container is small and the shock wave propagation distance is short 

and propagates in low attenuation coefficient liquid, then the speed and intensity of shock wave propagation is 
considered unchanged. 

The radial and axial pressures of initial reaming are equal. 
In a short time, only one action of the shock wave on container wall and jet is considered. 
The initial speed is the speed of jet contacting liquid. 
Figure 1 shows the shock wave propagation path when jet impacts on liquid. 
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Fig. 1. Shock wave propagation diagram 

 

2.1 Penetration into target 

According to assumption (1), when jet impacts on diesel liquid, the liquid is squeezed horizontally and moves 
because the liquid is incompressible. On the basis of one-dimensional wave theory, when the liquid hits the wall of 
the container bound by the impact plane, left-pass shock wave spreads in the liquid and right-pass shock wave 
spreads in the wall. According to the continuity condition, liquid and wall have the same particle velocity in the 
impact plane, and according to Newton’s third law, they both have the same stress. By applying momentum conser-
vation to the shock wavefront, we obtain 

a. 
 p t t f s sc v v c v    

  (1) 

where 𝜌௧ is the density of the liquid, 𝑐௧  is the sound velocity of the liquid, 𝜌௦ is the density of the container wall, 𝑐௦ is 
the sound velocity of the container wall, and 𝑣௙ is the impact velocity. 

From Formula (1), we can derive the particle velocity 𝑣 and stress p 

v t t f

s s t t

c v

c c
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

,  (2) 
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

.  (3) 

Particle velocity is considered v1 after the first impact between the liquid and the container wall. When the 
left-pass wave in the liquid propagates to the left free surface of the liquid, reflection occurs. At the same time, the 
particle velocity of the reflected wave becomes double that of the incident wave on the free surface. Then, the rela-
tion will be 
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 1 12f f fv v v v  
  (4) 

where 𝑣௙ଵ is the particle velocity after reflection. 𝑣ଵ = 𝑣, and then by integrating (2) into (4), we can derive the 

expression of 𝑣௙ଵ 

1
t t s s

f f
t t s s

c c
v v

c c

 
 





.  (5) 

The impedance of the liquid is much smaller than that of the container wall. Thus, we obtain 𝑣௙ଵ < 0. 

The movement direction of the liquid is away from the container wall. Thus, when the liquid stress is larger 
than the jet reaming stress under the effect of shock wave, liquid convergence occurs and interferes with jet. 

2.2 Initial reaming stage 

The velocity of jet is greater than the sound velocity of liquid. Thus, the velocity of disturbed liquid exceeds the 
propagation velocity of disturbance, producing shock wave in the liquid. The shock wave is a conically diffused 
spherical wave in the medium, and the propagation direction of shock wave is along its normal direction. The be-
havior of jet in the liquid is analyzed in two directions. We consider that the shock wave is composed of two parts. 
In one part, the normal direction of the wavefront is the same as the jet movement direction. In the other part, the 
shock wave propagates at a certain angle in the horizontal direction. 

Energy conservation and momentum conservation are applied on the shock wavefront as follows: 

   0 0 1 1m= s sv v         0 0 1 1m= s sv v     
,  (6) 

 1 0 1 0p p m    
,  (7) 

 𝑝଴ , 𝑝ଵ, 𝜈଴, 𝜈ଵ, 𝜌଴, 𝜌ଵ  represent the pressure, velocity, and density of the penetrated liquid before and after the 

wavefront. m is the unit mass. 𝑣௦ is the propagation velocity of the shock wave. 
Suppose the liquid before the wavefront provides the jet with resistance and is equal to 𝑅௧,  

0 tp R
.  (8) 

The initial velocity of the liquid is zero before being disturbed, that is, 𝑣଴ = 0. The shock wave and particle 
velocity of the penetrated liquid can be expressed as[18,24] 

1s t tv C V
.  (9) 

At the same time, the penetration process is considered as follows when under balance: 

s tv v
.  (10) 

𝑣௧ is the penetration velocity of jet. 
From expressions (6) to (10), we can obtain the liquid density 𝜌ଵ, pressure 𝑝ଵ, and particle velocity 𝑣ଵ after 

the wavefront 
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Assuming that the density of liquid is instantaneously changed under the effect of shock wave, the liquid density is 
𝜌ଵ after the wavefront. According to assumption (4), we can construct the Bernoulli equation. 

   2 2

1 1 1

1 1
ρ v

2 2j s sv v v p   
.  (14) 

From (11) to (14), we can derive the penetration equation of the jet 
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From (11) to (15), we can derive penetration velocity 𝑣௧ of jet units 

𝑣௧ =
൫2𝜆௧𝜌௝𝑣 − 𝜌௧𝐶௧൯ − ൛4𝜆௧𝜌௝𝜌௧𝑣[(1 + 𝜆௧)𝑣 − 𝐶௧] + 8𝜆௧𝑅௧ൣ𝜆௧𝜌௝ − (1 + 𝜆௧)𝜌௧൧ + 𝜌௧

ଶ𝐶௧
ଶൟ

𝜆௧𝜌௝ − (1 + 𝜆௧)𝜌௧
 (16) 

where 𝑣 is the movement velocity of jet, 𝜆௧ is the Hugoniot parameter of liquid, 𝜌௧ is the density of liquid, 𝜌௝ is the 

density of jet, 𝑐௧ is the sound velocity in liquid, and 𝑣௦ is the radial propagation velocity of the shock wave. 
When the penetration velocity 𝑣௧ is reduced to C0, the penetration equation will be 

 2 21 1
ρ v t

2 2j t t tv v R  
.  (17) 

At this time, the velocity of jet units will be 

1/2
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2.3 Shock wave propagation and reflection stage 

The propagation velocity 𝑣௦ of shock wave in diesel oil is approximately equal to 

1

 

cos sin
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From the Bernoulli equation, the stagnation pressure under different pore diameters is the sum of dynamic 
pressure and static pressure at the pore wall, where static pressure is the liquid pressure after the wavefront. Thus, 
the stagnation pressure will be 

 21 1
p t

2 t c t t t
t
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

   
.  (20) 

Axial pressure 𝑝ଵ is equal to initial reaming pressure 𝑝଴. Then, we will obtain 

2
0 1

1
v v

2 j tP P   （ ）
.  (21) 

The product of radial reaming pressure and reaming area is a constant value, then 

2

02
1

r
P P

r


,  (22) 

where p is the radial reaming pressure. 
From expressions (20) to (22), we can obtain 
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Then, the reaming velocity of the pore wall will be 

2c
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At the same time, the relationship between the radius of reaming and time can be expressed as a differential 
equation 

dr cv dt
.  (25) 

By integrating (23) into (24) and separate variables, we derive 

2

1
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r



.  (26) 

The pore size equals the radius of the jet. By integrating expression (26), we obtain 

1/2 1/2
2 2 1/2t t
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r r B
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
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By transforming expression (27), we can derive the relationship between the radius of the pore and the time 

2
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Given the thick wall of the cell and the short effect time of the shock wave, we can ignore the effect of defor-
mation of cell wall on shock wave. According to continuity conditions, we derive 
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For waves with frequency of ù, the pressure can be expressed as 
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The related particle velocity will be 
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When x = 0, and 𝐴௜ + 𝐴௥ = 𝐴௧, we can obtain 

 
஺೔

௖భఘభ
−

஺ೝ

௖భఘభ
=

஺೟

௖మఘమ
.  (32) 

The problem can be idealized as the solution to a one-dimensional shock wave propagating in diesel oil. Where 
the wave impedance of diesel oil is 1,485,675 kg/mଶ, the wave impedance of aluminum and steel is 14,758,560 and 
14,758,560 kg/mଶ, respectively. If the wall is relatively thick and its movement is small, then we can ignore its effect 
on shock wave. 

According to expression (3), we can calculate the reflected pressure on the sidewall when the jet interacts with 
liquid. 

2.4 Liquid radial convergence stage 

In the horizontal direction, shock wave is considered to reflect when impacting on the container wall. Shock 
wave 𝑝௥ is strong at this time. According to the characteristic of shock wave, a sudden change occurs before and 
after the shock wavefront, and the state is discontinuous. In addition, the horizontal size is small. Therefore, the 
shock wave is considered unchangeable in the process of propagation. When the liquid converges, the closing pres-
sure will be 

b rp p p 
,  (33) 

and the closing velocity will be 

1 1)

2
 

(
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p
v

c


.  (34) 

The propagation path of the shock wave satisfies the relationship 

2 cos r 2s tv t r R  
.  (35) 

From expressions (35), (19), and (28), we can solve 𝑡ଶ , 𝑟௧. 
𝑡ଷ is the time when the liquid particles of the reaming wall radial converge to the surface of the jet and can be 

expressed as follows 

2
3

t

b

R r
t

v




.  (36) 

2.5 Interfered jet and runaway jet analysis 

The length of the undisturbed jet (runaway jet) is 

3 2 1)(t t u l 
.  (37) 

Subsequent jets are disturbed by different intensities. The penetration ability can be calculated according to 
the visual origin method. 
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 where L is the penetration depth; H is the standoff; 𝑙௔ is the distance from the top to the bottom of the liner; 𝑣௝଴ 

and 𝑣௝ are the head and rear velocity of the jet, respectively; and 𝜌௝ and 𝜌௧ is the density of the jet and the target, 

respectively. 

3. Experiment verification 

3.1 Standard shaped charge experiment 

The standard shaped charge was used in this study for the following reasons: to increase the universality of 
the study and simplify the calculation of the protection, cost, and protection thickness coefficients. Moreover, the 
standard-shaped charge is often used in related studies. The 56 mm diameter standard shaped charge (Figure 2) 
has a shaped charge copper liner with 0.8 mm thickness and JH-2 explosive (comprise 95% RDX and 5% TNT) mass 
of 203 g without a conical charge shell cover. The DOP experiments were set as shown in Figure 3 to measure the 
standard SCJ parameters, with the 80 mm standoff and velocity sensors set at the top and the bottom of the standoff 
cylinder to measure the time of the SCJ tip through the standoff. The 8# flash detonator was used to detonate the 
SCJ. The experiment results are shown in the Table 1. 

  
Fig. 2. Photograph of the standard shaped charge with a diameter of 56 mm 
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Fig. 3. DOP experimental setup with the velocity sensors to measure the velocity of the SCJ tip 

 

Table 1 Results of the shaped charge performance experiment 

No. Standoff (mm) Velocity of jet tip (m/s) Depth of penetration (mm) 

1 80 6470 182 

2 80 6470 185 

3 80 6470 186 

Average 80 6470 184.3 

5 330 6470 224 

6 330 6470 219 

7 330 6470 221 

Average 330 6470 221.3 

 
The result showed that the quality of this batch of shaped charge is stability. When the standoff is 80mm the 

average penetration depth was 184.3 mm, with a relative error of approximately 3%. When the standoff is 80mm 
the average penetration depth was 221.3 mm, with a relative error of approximately 3%. The SCJ had good con-
sistency, and the inlet diameter was almost the same as the outlet diameter. In the DOP experiments, the velocity 
of the SCJ tip was 6,470 m/s. 

The jet tip and tail velocities were simultaneously measured using a multi-channel X-ray system. The double 
flash X-ray exposures of the SCJ at 30 and 50 ìs after initiation are shown in Figure 4. The magnification of the X-ray 
exposures was 2.0. Thus, the jet tip velocity was 6,453 m/s and that of the tail was 1,179 m/s. A comparison be-
tween the velocity of the SCJ tip obtained from the X-ray exposures and that measured from the DOP experiments 
shows that the relative error did not exceed 0.3%. 

 
Fig. 4. Double flash X-ray exposures of the SCJ at 30 and 50 µs after initiation (all dimensions in mm) 

 

2.2 Structure parameters of full-of-liquid cell 

The material of the full-of-diesel-oil liquid hermetic structure and the witness target is 45# steel. The liquid in 
the single-cell structure is 0# diesel oil. Table 2 shows the mechanical properties of 45# steel and material param-
eters of 0# diesel oil. Figure 5 shows a physical map of the full-of-diesel-oil hermetic structure. 
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Table 2 Mechanical properties of 45# steel and material parameters of 0# diesel oil 

Material 
Density 
(g/cm3) 

Tensile strength 
(MPa) 

Yield strength 
(MPa) 

Elongation 
at break (%) 

45# steel 7.83 630 370 17 

Material 
Density 
(g/cm3) 

Viscosity (mm2/s) 
Burning point 

(°C) 
Solidifying point 

(°C) 
0# diesel oil 0.837 3.0–8.0 285 -1-0 

 

 
Fig. 5. Full-of-liquid single-cell structure 

 

Figure 6 shows the positional relationship between the projectile and the target in the experiment. The dis-
tance of the bottom of the liner and the cell structure is 80 mm and is 330 mm between the bottom of the liner and 
the surface of the witness target. The thickness of the witness target is 200 mm. Figure 7 shows the site layout of 
the residual penetration experiment. A foam board is used in digging a hole to fix the full-of-diesel-oil single struc-
ture. Two groups of steel ingots support the foam board, and the standard shaped charge without a case is sup-
ported by a standoff tube. The standoff tube can fix the position of the standard shaped charge and ensure that the 
jet penetrates the cell structure vertically. The witness target used in the experiment is a stack of two 100-mm-high 
45# steel ingots. 

 
Fig. 6. Vertical penetration of jet into single-cell structure 
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Fig. 7. Site layout of the residual penetration experiment 

 

3.3 Experimental results 

3.3.1 Hole formed in witness target 

Figure 8 shows the hole formed in the witness target after the jet penetrates the full-of-liquid single structure. 
The jet particles among the hole are evident in the figure because when the jet penetrates full-of-liquid single struc-
tures, radial convergence and backflow liquid can continuously interfere with the jet, thereby reducing the stability 
of the jet. At the same time, part of the splashing liquid will exert a radial force on the jet, thereby causing jet parti-
cles to deviate from the original path of penetration. Finally, jet particles scatter near the hole formed in the witness 
target. 

 
Fig. 8. Hole formed in witness target by jet 

 

3.3.2 Residual penetration 

Table 3 shows the residual penetration of the jet effect on the witness target after the residual penetration has 
been measured and counted. 

 

Table 3 Residual penetration of the jet effect on witness target 

Serial number 
Experiment results of re-

sidual penetration/mm 

Theoretical calculation ve-

locity of jet undisturbed 

range 

Theoretical calculation ve-

locity of jet interference 

range 

Theoretical calculation 

of residual penetra-

tion/mm 

1 

2 

3 

161 

156 

158 

6300m/s~3351m/s 

2651m/s~1179m/s 
2695 m/s~3351 m/s 159.6 

 
Table 3 shows that the residual penetration depth is 158.3 mm, with a 5.7% error compared with the theoret-

ical calculation result of 159.4 mm; this error is within the allowable range. Thus, the theoretical calculation result 
has good agreement with the experiment result, thereby showing that the theoretical model of jet penetration in a 
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hermetic single structure is valid. In addition, the theoretical calculation results of maximum and minimum velocity 
are 2,695 and 3,351 m/s, with errors of 3.3% and 3.2% compared with the experiment results. The experiment 
results show that the residual head velocity and residual penetration of jet are 6,038 and 169 mm, with errors of 
2.1% and 5.6%, respectively. In sum, the errors are all small and within the allowable range. Therefore, the theo-
retical model is reliable. 

4. Conclusions 

This paper improves and perfects the theoretical model of jet penetrating a full-of-liquid single-cell structure. 
The theoretical results are in good agreement with the experimental results. The following findings were obtained: 

The theoretical model [6] of jet penetrating a full-of-liquid single structure is improved from the three aspects 
of shock wave propagation direction, propagation path, and reflection mode. The range of jet interference velocity 
is more accurate and the error is smaller in the theoretical model than the experiment results. 

The normal convergence of liquid can effectively affect the stability of the jet. In other words, the liquid com-
posite armor is a new type of high-quality armor. The theory of cell relative structure establishes the foundation 
for cell structure liquid composite armors that will be developed in the future. 
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