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Abstract. In this article, an impact of a solid-paraboloid at a speed of 4190 m/s into a thin 

aluminum plate is numerically simulated. Such high-speed impacts are dangerous as they can 

damage the second screen of the Whipple shield. Whipple shield, so-called dual-wall system, 

is widely used to protect spacecraft from space debris. This paper reviews the mechanism of 

the interaction between the projectile and bumper, the movement and diffusion of the debris 

cloud. Numerical simulation for high-speed impact of a hyperboloid on an aluminum alloy plate 

is presented. Central and non-central impacts are discussed. It is shown that some types of 

collisions are very dangerous because significant mass of fragments is concentrated on the 

impact axis. The same calculations were conducted for the sphere of comparable mass, results 

were compared. 
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Introduction 

With the development of human space activities, the volume of technogenic space debris in 

orbits of different heights is rapidly progressing. As of 2021, more than 130 million objects 

with a size of 0.1-1 cm are known [1]. Among them: spent rocket stages, fragments from the 

collision of satellites, particles covering spacecraft, particles of rocket fuel, and other debris. If 

particles collide with a spacecraft at velocities exceeding 4-7 km per second, they can cause 

irreversible destruction of the covering, depressurization or damage expensive devices and 

mechanisms. 

Usually, to protect a spacecraft against hypervelocity impacts, so-called Whipple shield 

is used [2]. When a dangerous particle collides with the first screen of Whipple shield, 

fragments of a spherical- or pear-shape form a cloud and move to the second screen of Whipple 

shield [3]. The impact of a debris cloud on the second Whipple shield is less dangerous than 

the impact of a compact projectile. 

Methods for modeling such interactions are well known. Among them: SPH method 

(smoothed-particle hydrodynamics) [4–16], the discrete elements method [17,18], the finite 

element method [19–21]. As the velocities of both one SPH particle and a group of such 

particles have often been studied, we will focus on the SPH method. 

In the paper, numerical simulation was conducted using SPH method (smoothed-particle 

hydrodynamics). This method is successfully used to simulate significant displacements and 

deformations not only on low-velocity interactions (100-1000 m/s), but, as was shown in  

[24–26], on interactions at higher speeds. For creating a geometry of SPH-bodies and defining 
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material models, preprocessor LS-Pre-Post was used [19]. As a solver we used a widely known 

software package ANSYS/LS-DYNA. 

 

Methods  

The first phase of a given study is to test simulation parameters at a speed of, 4190 m/s. This 

was achieved by comparing results of numerical simulation with the results of the experiment 

– "two-stage light gas guns" according to Fa-wei Ke and others [22]. Numerical simulation was 

made for the impact of a sphere out of Al-1100 against a thin Al-6061-T6 aluminum plate with 

the speed given above. Sphere diameter matched the diameter of the sphere studied in the 

experiment and was equal to 5.01 mm. Thicknesses of the plates were also identical and were 

1 mm. During simulation, the plate was supported by a fixed ring (Fig. 1). 

 

 
 

Fig. 1. Problem statement for verification of model’s parameters. High velocity impact 

of a sphere against a thin plate. Plane cut along the main axis of a model is shown 

 

Figures 2 and 3 show the resulting debris clouds at 16 and 24 microseconds times of 

impact. Computational simulations with the parameters shown in Tables 1-3 show good 

agreement with the experiment of author Fa-wei Ke and other scientists, who carried out the 

fixation of the debris cloud evolution with laser shadowgrams. The ratio of fragment cloud 

length to maximum cloud diameter is 1.58 for the computational simulation and 1.53 for the 

experiment at a time of 16 microseconds. Accordingly, a discrepancy of about 3.5 % with the 

experiment was obtained. At the time point of 24 microseconds, this ratio is 1.58 for the 

computational modelling and 1.59 for the experiment. Correspondingly, the discrepancy with 

the experiment was 0.5 % [23]. 

 

 
Fig. 2. View of the cloud of fragments at a time of 16 µs after the impact:  

(а) – experiment by F. Ke and other scientists [22]; (b) – numerical simulation.  

Initial impact velocity was V = 4190 m/s, sphere material is Аl-1100,  

sphere diameter is 5.01 mm, barrier material is Al-6061-T6, h = 1 mm 
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Fig. 3. View of the cloud of fragments at 24 µs after the impact:  

(а) – experiment according to Fa. Ke and other scientists [22]; (b) – numerical simulation. 

Initial impact velocity was V = 4190 m/s, sphere material is Аl-1100, sphere diameter is 

5.01 mm, barrier material is Al-6061-T6, h = 1 mm 

 

Table 1. Materials’ Constants and Parameters [22]   
Parameter Unit. Al-1100 Al 6061-T6 

Density ρ kg/m3 2770 2750 

Modulus of shearing G Pa 25.9 × 109 25 × 109 

Yield stress A Pa 4.1 × 107 3.241 × 108 

Material hardening B Pa 1.25 × 108 1.138 × 108 

exponent n - 0.183 0.42 

Johnson-Cook constant c  0.001 0.002 

Thermodynamic parameter m  0.859 1.34 

Testing temperature K 293 293 

Melting temperature K 893 893 

Testing strain rate  1/s 1 1 

Specific heat capacity, Cp  J/(kg‧K) 910 910 

Coefficients in the Johnson-Cook destruction model 

D1 

 
0.071 -0.77 

                                      D2  1.248 1.45 

                                      D3  -1.142 -0.47 

                                      D4  0.0097 0 

                                      D5  0 1.6 

 

Table 2. Linear polynomial equation of state coefficients [22] 
C0 C1, GPa C2, GPa C3, GPa C4 C5 C6 E0 V0 

0 74.2 60.5 36.5 1.96 0 0 0 1 

 

Table 3. Mie-Gruneisen equation of state coefficients [22] 
C0, m/s S1 S2 S3 a E0 Γ0 V0 

3935 1.578 0 0 0 0 1.69 1 

 

In the second stage of the present study, a computational simulation of a high-speed 

impact of a solid paraboloid of rotation, the geometrical dimensions of which are shown in 

Fig. 5, with a similar initial velocity V = 4190 m/s was performed. The geometric dimensions 

of the solid-paraboloid were chosen so that the number of particles, and thus the mass of the 

paraboloid, were comparable with the dimensions and mass of the sphere from the first stage 

of the present study. 
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Fig. 4. Problem statement. Solid paraboloid of rotation material is Al. Barrier material  

is Al-6061-T6, h =1 mm. 

 

The number of SPH particles of the shock (rotational paraboloid) was 41000. For 

comparison, the number of SPH particles of the sphere from the first stage of this study was 

33000. A 3D view of the computational model before the calculation, which does not show the 

reference ring, is shown in Fig. 6. 

                                       
 

Fig. 5. Comparison of the sphere from 

the first phase of the study with the solid 

paraboloid of rotation                                                             Fig. 6. 3D view of the model    

 

Projectile 

1 mm 

V = 4190 m/s 

Target plate 
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The calculated mass of the aluminum sphere considered in the first stage of this study 

was 183 mg. The mass of the rotation paraboloid was 119.7 mg at Preprocessor Ls-Pre-Post. 

Figure 7 shows the evolution of the debris cloud during the interaction of a solid-

paraboloid of rotation with a thin 1-mm plate at time moments t = 0, 1.7, 3.4, and 5.5 µs. 

 

 
                              t = 0             t = 1.7 μs                                    t = 3.4 μs 

 

 
                                                              t = 5.5 μs (magnified) 

 

Fig. 7. Evolution of the debris cloud after solid paraboloid of rotation strikes aluminum thin 

1-mm plate   

 

At 5.5 μs (Fig. 7) we can clearly observe that oval clouds’ velocity became equal to 

velocity of a central "spike-like" cloud which is located on the impact axis and leads to faster 

evolution of these clouds compared to central SPH-particles.  

In the next step of the computational modelling, we will carry out the calculation  

of the mass of the "spike". The "spike" consisting of SPH particles is highlighted  

by the red box in Fig. 8. The mass of sphere from the first stage of the study is 183 mg, which 

is informatively given by the LS-Pre-Post preprocessor. Then the mass of 1 SPH particle is  
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183 mg / 33000 = 0.00555 mg. In the "spike" 34,188 particles were isolated. Then the mass of 

the spike = 190 mg (that is 34188 multiplied by 0.00555). I.e. the mass of the spike in this 

problem is comparable to the mass of the sphere from the first step.  

Conclusion: Normal impact of solid paraboloid of rotation is as dangerous for the second 

screen of Whipple shield (after passing through the first one). This is clearly visible in the 

Figs. 8 and 10 (shape of the cloud of fragments at t = 10.6 µs (view from above)). 

 

 
Fig. 8. Time t = 10.6 µs. Region of SPH particles is selected to estimate number of particles  

 

 
Fig. 9.  Group diagram of particles’ velocities inside the spike 

 

Group diagram (Fig. 9) shows velocity spectrum of particles located inside the "spike" 

starting from ~ 400 m/s and ending with ~ 3300 m/s. This group diagram provides clear image 

that some particles came to the "spike" from the striker (initial velocities at t = 0 from 4190 m/s 

mark, while some of them were in a state of rest - V = 0 m/s at t = 0). After 6 µs cloud motion 

stabilizes, wave oscillations of the particles’ velocities reduce and eventually disappears – 

curves of the velocities of particles are practically parallel to x-axis. 
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Fig. 10. Shape of the cloud of fragments at t = 10.6 µs (view from above) 

  

  
Fig. 11. Top cloud particles selection (shown in yellow) to calculate mass of the cloud 

 

Let us establish the number of particles in each cloud (Fig. 11). This would be 11563 

SPH. Given that there are 34,000 particles concentrated in the center (spike), we conclude that 

each cloud is low hazard, especially since the impact in the second Whipple shield screen would 

be a "spot" rather than a point impact. 

  

supporting ring 
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Fig. 12.  Dangerous vanguard of clouds, view from the front 

 

During the third step of the study let us split the cloud of debris, formed after the impact 

of paraboloid, into speed zones. 

Zone 1. Low speed zone (near the impact axis, simultaneously it is located right after free 

surface of a barrier). 

 

 
 

Fig. 13.  Selection of SPH particles from the low velocity zone 1 to establish a picture of 

evolution of debris clouds at t = 10 µs. Zone 1 is hatched. Supporting ring is hidden 
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Fig. 14.  Velocity diagram of cloud of fragments from low-speed zone 

 

Zone 2. Medium velocity area (in proximity to the impact axis, located between low-

velocity area 1 and high-velocity area 3). 

 

 
Fig. 15.  Selection of SPH particles from medium-speed zone 2 to define a shape of evolution 

of the debris cloud at t = 10 µs. Supporting ring is hidden 

 

 
Fig. 16. Velocity diagram of debris cloud from medium-speed area 
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We consider low-velocity area to be an area with particle velocities varying from 0 m/s 

to 500-600 m/s. Particles from this zone are scattered and do not have any effect on the integrity 

of the second screen of Whipple shield. Dimensions of a rectangle which contain low-velocity 

area are shown in Fig. 13, a velocity diagram of this area is presented in Fig. 14. Dimensions 

of a rectangle which contain medium-velocity area are shown in Fig. 15, a velocity diagram of 

this area is presented in Fig. 16. Figure 16 indicates that, velocity of particles located in this 

zone does not exceed 2 km/s and do not pose a substantial threat in space in case of a relatively 

small mass of particles (fragments). We base our conclusions on findings of [28]. It states that 

maximum velocity of collision of a striker against a barrier exists. If collision occurs at a higher 

velocity and the striker penetrates the barrier, the deformation of a striker of any form is 

accompanied by fluidity. For ordinary materials, evidently, this maximum speed has an order 

of magnitude of 2 km/s. 

 

 
 

Fig. 17. Selection of SPH particles from high-speed zone 3 to define a shape of evolution of 

the debris cloud at t = 10 µs. Supporting ring is hidden 

 

 
Fig. 18. Velocity diagram of cloud of fragments from high-speed area 
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Zone 3. High velocity area (in proximity to the impact axis, the most remote area from 

the barrier surface). Choice of this zone is shown in Fig. 17. The rectangle height along Z in 

this case is ~ 1.5 mm. The velocity diagram of particles from this zone, presented in Fig. 18, 

indicates that particles located in the "spike" of the cloud have velocities varying from 1700 

m/s to 3300 m/s. 

Let us examine the case of diverted impact of a paraboloid when the velocity vector is at 

an angle of 5, 30 and 45 degrees to barrier normal (cases 1 – 6) to estimate the danger of these 

cases for the second screen of Whipple shield. 

Case 1. Velocity vector of paraboloid is at an angle of 5 degrees to barrier normal 

(Fig. 19). 

 
Fig. 19. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Initial condition before calculations t = 0 

 

 
Fig. 20. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Evolution of cloud of debris at t = 10 µs 

 

Figure 20 indicates that qualitative change did not occur in the shape of the cloud. The 

debris cloud still consists of 2 semi-clouds, we can no longer observe the evident central 

"spike", however, we see a concentration of mass in the connection point of two semi-clouds. 
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Consequently, the second important result of the study: in place of contact of two semi-clouds, 

which emerged from the impact of a paraboloid against a barrier at a speed of 4190 m/s, a 

significant portion of mass of the debris cloud is concentrated and hence, diverted impact of a 

solid paraboloid of rotation is as dangerous for the second screen of Whipple shield (after it has 

passed the first) as an impact of a sphere of equal mass for the first screen of Whipple shield.  

Case 2. The velocity vector of paraboloid is at an angle of 5 degrees to barrier normal, 

the paraboloid itself is rotated 5 degrees so that an angle between paraboloid’s rotation axis and 

impact axis is 90 degrees (Fig. 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Paraboloid is also rotated. Initial condition before calculations, t = 0 

 

  
 

Fig. 22. An impact of paraboloid with a diverted velocity vector at an angle of 5 degrees to 

barrier normal. Paraboloid is also rotated before impact. Evolution of debris cloud at t = 10 µs 

 

Conclusions of the second case are identical to the first one. No qualitative changes in the 

shape of the cloud took place compared to the first case. Consequently, there was no significant 

mass transfer, as we can see from Fig. 22. 
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Case 3. Velocity vector of paraboloid is at an angle of 30 degrees to barrier normal 

(Fig. 23). 

 
 

Fig. 23. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 

barrier normal. Initial condition before calculations t = 0 

 

 
 

Fig. 24. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 

barrier normal. Result of numerical simulation at t = 10 µs. 

 

Observing the result of numerical simulation of the case 3 we can see that the "spike" do 

not appear along the impact axis (Fig. 24), clouds of fragments are forming with evident 

deflection from symmetry, in vanguard of clouds we witness particles of the striker (shown in 

dark green). 

Diverted impact of paraboloid at an angle of 30 degrees and beyond is significantly less 

dangerous for the second screen of Whipple shield because, semi-clouds merge in the process 

of evolution and considerably divert to the side. Therefore, the second screen will be loaded 

with sliding impact, which is not dangerous. 

  



155   A.F. Nechunaev, N.V. Naumova, N.P. Dorofeev 

 

Case 4. Velocity vector of paraboloid is at an angle of 30 degrees to barrier normal. 

Paraboloid is rotated to the same angle (Fig. 25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25. An impact of paraboloid with a diverted velocity vector at an angle of 30 degrees to 

barrier normal. Paraboloid is also rotated to the same extent. Initial condition before 

calculations, t = 0 

 

 
 

Fig. 26. An impact of paraboloid when both velocity vector and rotation axis are diverted at 

an angle of 30 degrees to barrier normal. Result of numerical simulation at t = 10 µs 

 

Figure 26 indicates that two semi-clouds do not merge as a result of such impact however, 

we can clearly see that there is a significant deviation of both semi-clouds from the axis which 

is perpendicular to the target’s surface. 

Case 5. Velocity vector of paraboloid is at an angle of 45 degrees to barrier normal 

(Figure 27). 
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Fig. 27. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 

barrier normal. Initial condition before calculations t = 0 

 

 

  
 

Fig. 28. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 

barrier normal. Result of numerical simulation at t = 10 µs 

 

Figure 28 indicates that the case of 45 degree divergence is special. In  this case, one can 

see that particles of the cloud concentrate in vanguard A (Fig. 28), and have a movement 

direction along the surface of the barrier. Such vanguard can pose a threat for stiffening ribs of 

a spacecraft and other elements which vanguard can meet along the way. 

Case 6. Velocity vector of paraboloid is at an angle of 45 degrees to barrier normal 

(Fig. 29). Paraboloid is rotated to the same angle. 
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Fig. 29. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 

barrier normal. Paraboloid is also rotated to the same extent. Initial condition before 

calculations t = 0 

 

 
 

Fig. 30. An impact of paraboloid with a diverted velocity vector at an angle of 45 degrees to 

barrier normal. Paraboloid is also rotated to the same extent. Results of numerical simulation 

at t = 10 µs 

 

Thus, in this case one can see that particles do not concentrate in the front of the cloud 

(Fig. 30), unlike particles in case 5, they have movement direction along the surface of the 

barrier. And as in case 5 such concentration of fragments is particularly dangerous for stiffeners 

of a spacecraft and other structural elements. 

 

Results and Discussion 

In this article, an impact at high speeds of a solid-paraboloid into a thin aluminum plate was 

numerically simulated. It was shown in [27] that at velocities of ~ 240 – 750 m/s the nature of 

aluminum destruction as a result of impact loading is locally-kinetic.  

This paper reviews the mechanism of the interaction between the projectile and bumper, 

the movement and diffusion of the debris cloud, so-called "the effect of mass collapse". 

V = 4190 м/с 
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Note that for different collision cases even if all particles of the broken barrier have 

differently oriented velocity vectors, then they start to gather in reinforced structures and after 

that they dissociate into smaller ones, in other words, the destruction of the masses begins.  

Numerical simulation for high-speed impact of a hyperboloid on an aluminum alloy plate 

was presented. Central and non-central impacts were considered. It was shown that some types 

of collisions are very dangerous because significant mass of fragments is concentrated either 

on the impact axis or along the surface of the barrier.  

The case of a normal impact of a paraboloid of rotation into the barrier is very dangerous 

for the second screen of Whipple shield (relative to the sphere, cube, and other drummers of 

similar shapes, as was simulated in [22]) because of the particles concentration closer to the 

axis of impact and their distribution in a rectangle form shown in Fig. 12.  

For non-central impact it was shown that particles of the cloud do not concentrate along 

the impact axis in the front of the cloud (Figs. 28, 30), they have movement direction along the 

surface of the barrier. This certainly affects the integrity of spacecraft and equipment. 

With increasing impact speed, we suppose, a similar process takes place in early stages. 

That is, after “gathering” of particles into reinforced structures a reverse process takes place – 

structure crushes, multiple ruptures emerge and clouds of fragments are forming. 
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