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ABSTRACT 

Space debris are objects in Earth’s orbit consisting of fragments of spent rocket stages, 

non-functional satellites, and parts like fasteners, paint chips and other waste materials in the 

lower earth orbits (LEO) (200 – 2000 km/s) traveling at hypervelocity with maximum speeds of 

16 km/s. These objects can cause considerable damage to spacecraft structure, the Space Shuttle 

and the International Space Station which are orbiting around the earth at altitudes of 300 to 500 

km/s in the LEO. Damage occurs when the debris traveling at hypervelocity impact (HVI) the 

spacecraft structure. Hence there is necessity to not only develop spacecraft with good shielding, 

but also develop a means of spacecraft pressure wall repair. A NASA EPSCoR grant for 

designing a portable friction stir welder to repair the hypervelocity impact damage caused was 

the driving force for this thesis topic. A detailed understanding of the extent of damage to the 

spacecraft shielding system was necessary to understand repair requirements expected for the 

design of a space-bound Friction Stir Welder. A spacecraft shielding system can consist of a 

double bumper shielding system placed ahead of the pressure wall.  

The current goal of this study was to determine the damage area of the pressure wall, 

using the new gridless Smoothed Particle Hydrodynamics (SPH) meshing techniques and the 

regular Lagrangian meshing technique. The approach was to model and validate the damage area 

due to the HVI against existing test data, and to conduct a parametric study for various impactor 

shapes, velocities and impact scenarios. The software tools used for modeling were PATRAN for 

the Lagrangian models and LS-Prepost for SPH modeling. The simulation was analyzed in LS-

DYNA, a non-linear finite element dynamic analyzer. Simulations were initially conducted using 

a spherical projectile; later parametric studies were conducted with varied impactor shapes. The 

materials for the plate and impactor were alloys of Al (6061-T6, l100-O, 2024-T4). It was 
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observed that the model developed using SPH meshing technique generated the debris cloud as 

in the actual impact scenario, unlike the Lagrangian meshing technique which had problems with 

mesh tangles. Hence the SPH technique provided a potential means of predicting pressure wall 

damage due to HVI. 
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CHAPTER 1 

INTRODUCTION 

1.1 Space Environment 

The near earth orbit (200 – 2000 km) is a space environment where most satellites, the 

United States Space Shuttle, and the International Space Station operate. It is also cluttered with 

naturally occurring micrometeoroids and pieces of man made orbital debris [1]. These long 

duration spacecraft are highly susceptible to high speed impacts by pieces of debris from past 

earth orbiting missions [2]. These debris particles are increasing year by year as the number of 

spacecraft launched into orbit increase. According to the records published in the Spacecraft 

Encyclopedia [3] the total number of spacecraft launched by several countries all over the world 

starting with Sputnik 1 by the Soviet Union in 1957 until 31 December 2005 was 6376. In 

addition to this 93 spacecraft were launched in the year 2006 alone. These included both 

successfully launched spacecraft and the ones that have failed. The Space Surveillance Network 

(SSN) operated by US Space Command (USSPACECOM) cataloged the weight of satellites to 

be about 2 million kilograms [4], out of which only 6 % was cataloged as functional satellites, 

while the rest was considered to be space debris. This debris travels in various orbital altitudes 

and velocities categorized as: 

1. Lower Earth Orbit (LEO): Orbit below 2000 kilometers above earth’s surface that corresponds 

to an orbital period of 127 minutes or less is called a low earth orbit (LEO). The International 

Space Station operates at altitudes between 300 and 500 km in low earth orbit [4]. The region of 

space shown in the Figure 1.1 represents the most concentrated area for orbital debris [5]. This 

image provides a good visualization of where the greatest orbital debris populations exist as each 

dot represents a debris particle. 
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Figure 1.1 Space Debris Revolving in the Outer Atmosphere [6] 

2. Medium Earth Orbit (MEO): Orbits between LEO and GEO. 

3. Geosynchronous Orbit (GSO): Orbits at an average altitude of 35,787 kilometers in which a 

satellite has a 24-hr period [4]. 

4. Geostationary Earth Orbit (GEO): The orbital range of GEO is at an altitude of around 35,785 

km [21]. This is a special case of a GSO in which a satellite orbits above Earth’s equator at an 

angular rotational speed, which is equal to the speed of Earth. It thus appears to remain stationary 

with respect to a point on the Equator. Positions along the GEO are highly sought for 

communications satellites because the geostationary vantage point allows the satellites 

continuous coverage of a large portion of Earth. In addition, GEO satellites can be repositioned 

along the orbit to change their coverage at reasonable cost [4]. According to the latest data 

published by the National Geographic there were 13,000 tractable man made objects of 2 inches 

or larger in size [7] whose distribution is the outer circular cloud as shown in Figure 1.2. They 

show the distribution of debris particles from different angular positions. 
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Figure 1.2 Debris Particles in the Geosynchronous Orbital Regime [5] 

(b) (a) 

5. Super Synchronous Orbit: This is an orbit with longer period and greater average altitude than 

GSO [4]. 

6. Sun Synchronous Orbit: An orbit synchronized with sun such that passes the Equator the same 

time each day, therefore this orbit is highly important for remote sensing satellites that must view 

Earth’s surface at the same time of day on each pass in order to maintain consistent data sets [4].  

 Different methods of protection are available depending in debris particles shape and 

density. The debris which can be tracked around 1 cm and above can potentially be avoided, 

while the untraceable debris must be guarded by shielding. Impact simulations are used along 

with impact testing to help design protection. Different methods are used to simulate 

hypervelocity impact phenomena. The methods that are largely in use are finite element analysis 

method and emphatically-based analytical method.  

Although in hypervelocity impact research part of the objective is to determine the pressure wall 

damage area when a spacecraft is impacted by debris particles. This debris includes both natural 

meteoroids and artificial debris particles that includes spent rocket stages, parts of spacecraft 

including nuts, bolts and paints [8]. The debris particles and the spacecraft orbit in the same 

orbital plane in space, increasing the chances of collision. The size of the debris is very small 
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when compared to the spacecraft although they travel relatively at hypervelocity and can impact 

the spacecraft surface, eventually resulting in damage of the spacecraft. This damage could be 

very minute such as a paint chip impact, but can be disastrous to spacecraft if the debris impacts 

the pressure wall. The impact damage on the pressure wall may result in the pressure loss, loss of 

environmental integrity and potentially loss of structural integrity [8]. The distribution and 

density of space debris particles in space is shown in the form of a chart in Figure 1.3 [9]. It can 

be inferred from the graph that there are large number of debris particles in the orbital range of 

200 to 2000 km which is the LEO where most of the debris particles were assumed to exist. 

 

Figure 1.3 Space Debris Distribution [9]. 

1.1.1 Debris 

Most of the non-functional spacecrafts and components in lower earth orbit that no longer 

serves a useful purpose are called space debris. The debris particles also called man-made debris 

include spent rocket stages, explosion fragments, thermal control paints, nuts, bolts, stainless 

steel particles, solar cell material, aluminum alloys and chemical composites which form the 

major part. Bernhard and Christiansen [10] studied spacecraft surfaces after returning to the 
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laboratory after being exposed to the low Earth Orbit (LEO) environment using Scanning 

Electron Microscopy and Energy Dispersive X-ray (SEM/EDX) over the last two decades. 

According to the data the largest crater was 1.2 cm, and impacts analyzed were 1.7 cm on the 

outer payload bay door, and 4.8 cm in a Reinforced Carbon Carbon (RCC) panel on the wing 

leading edge, which were due to man-made debris. These orbital damages by hypervelocity 

impact required replacement of spacecraft components. The debris particles included thermal 

coatings, predominately paint, and defined by the presence of Ti, Si, Zn, C, and O in major 

amounts and minor amounts of K, S, Cl, Fe and Al. The debris particles also included Stainless 

steel and metallic aluminum projectiles and electric components. The debris also included human 

wastes (Na, K, Ca, and Cl) which in some cases penetrated the thermal blanket material [10]. 

The debris particles orbit at hypervelocity speeds up to a maximum of 16 km/s. The size of the 

debris varies from several meters to a fraction of micrometers in diameter. The shape of the 

debris varies as well.  

1.1.2 Meteoroids 

 Meteoroids are naturally occurring space debris. These meteoroids revolve in the earth’s 

orbit along with the man made space debris. The natural meteoroid impactors can consist of 

Chrondritic material, Monomineralic silicates and Fe-Ni-Sulphide particles. The space debris 

orbit in the outer space at an average speed 20 km/s which are equivalent to 44000 mph. Every 

year 40000 metric tons of micrometeoroids, non functional spacecraft components and other dust 

particles enter the outer orbital. The approximate mass of these debris particles reaches 

2,000,000 kg orbiting at velocities of 10 km/s. There is a possibility that the spacecraft is 

impacted with a meteoroid at altitudes of 35,000 km in the geosynchronous orbits, where the 

meteoroids orbit with a high velocity of 70 km/s [12].   
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 The Figure 1.4 shows the list of damages caused due to debris particles impacting a 

spacecrafts.

 

Figure 1.4 Table showing the damages caused due to debris particles [9] 

1.2 Spacecraft Shielding Design 

 Figure 1.5 shows one type of shielding used to protect various impact hazards which uses 

multiple shielding. Many such shielding techniques were used from many years. The various 

types of shielding methods used were  

Monolithic Shield [13]: In this type of arrangement a single slab of aluminum which is capable 

of absorbing the entire force of impact is considered as shown in the Figure 1.5.  
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Figure 1.5 Monolithic Shielding Arrangement [13] 

Whipple Bumper Shield [13]: The Whipple bumper shield was the first spacecraft shield, 

developed by Fred Whipple in 1940. Its arrangement consisted of an aluminum sacrificial 

bumper in front of the pressure wall as shown in the Figure1.6. This shield takes all the impact 

loads over a large area and prevents the debris from reaching the spacecraft pressure wall. 

 

Figure 1.6 Whipple Bumper Shielding Arrangement [13, 14] 

Stuffed Whipple Bumper Shield [13]: The arrangement of this particular shielding is similar to 

the Whipple bumper shield with little variation as shown in the Figure 1.7. In order to provide 

more protection to the bumper wall and the spacecraft, layers of Nextel and Kevlar are placed in 

between the two shields. The layers further shock and fragment the debris in order to prevent the 

debris from reaching the spacecraft wall. 
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Figure 1.7 Stuffed Whipple Bumper Shielding Arrangement [13] 

Mass Module Shield [13]: The mass module shield was developed under studies for a manned 

mission to mars. This shield is made up of layers of Mylar, Nextel, Kevlar and foam as shown in 

the Figure 1.8. The foam is filled inside the arrangement to reduce the mass of the shielding. This 

is a compressed model which expands after the space shuttle is developed.    

 

Figure 1.8 Mass Module Shielding Arrangement [13] 

Mesh Double Bumper Shield [13]: This arrangement consists of a double layered mesh of 

aluminum in front of the spacecraft wall. The arrangement is as shown in Figure 1.9. 

 

Figure 1.9 Mesh Double Bumper Shield Arrangement [13] 
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Multi-Shock Shield [13]: This arrangement consists of staggered layers of Nextel at specified 

distances as shown in the Figure 1.10. These layers shock the debris continuously such that the 

debris is completely fragmented and can cause a reduced effect on the spacecraft wall. 

 

Figure 1.10 Multi-Shock Shielding Arrangement [13]. 

Beta Cloth Shield [13]: It consists of multiple layers of beta cloth placed in front of a rear wall as 

shown in Figure 1.11. 

 

Figure 1.11 Beta Cloth Shielding Arrangement [13] 

Figure 1.11 shows the scenario of the spherical impactor impacting normally with a multi 

wall Whipple bumper shield. It consists of two sacrificial bumpers called the outer and the inner 

bumpers to protect the pressure wall [2]. These bumpers help in preventing the debris impacting 

the pressure wall by fragmenting the debris and avoiding the debris to reach the pressure wall. 

This also results in decreasing the velocity of the debris impacting the pressure wall by creating a 

debris cloud which results in lower impact per unit area, thereby preventing the loss of life or 
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equipment [15]. There are chances for the debris also called projectile and the bumper materials 

to melt, vaporize or disintegrate into a debris cloud because of the high velocity impact. 

Operational protection is another method of preventing damage to the spacecraft. The windows 

of the spacecraft are very much susceptible to debris impact damage there by causing many holes 

in the spacecraft windows resulting in pressure loss [2]. In order to avoid these hazards the 

spacecraft has to travel inverted with the rear end of the spacecraft facing the direction of 

motion. By this kind of protection the replacement of windows is prevented to a very large extent 

[16].  

1.3 Impact Scenario 

A major impact hazard is the potential loss of pressure wall integrity. Even a small hole 

in the pressure wall could cause catastrophic failures in the spacecraft. There are many hazards 

of which one could be for the astronauts during their spacewalks. Fuel leakage is also a major 

concern during these space debris impacts. In order to prevent these failures it’s necessary to 

assess the extent of potential damage to the pressure wall. One way this can be done is by 

analyzing this phenomenon experimentally, and using this data to develop protective shield 

models [17].  

However in order to analyze this we need an overview of how the impact takes place on a 

two plate model. The Figure 1.12 shows the actual impact scenario and the measurable 

parameters on hypervelocity impact events. The initial conditions of hypervelocity impact 

include the velocity of the projectile, integrity of projectile, and physical and geometric 

properties of the target and the projectile. After the impact, shockwaves are created in impactor 

and target which propagates through the material, creating impact pressures accompanied by 
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emitted radiation. As the impactor continues to propagate and reaches the second target or the 

bumper, fragmentation of the impactor takes place there by forming a debris cloud [18].  

 

Figure 1.12 Impact Phenomenon [18] 

Figure 1.13 shows the actual  normal impact double bumper scenario where the inner 

most plate represents a pressure wall, the outer most bumper called the sacrificial shield or the 

outer bumper and the one between the pressure wall and the outer bumper is the inner bumper. 

These outer and inner bumpers protect the pressure wall against the perforation of the debris by 

fragmenting the debris in to a debris cloud. This secondary debris cloud has a lower force per 

unit area which causes reduced damage to the pressure wall. The bumper is made up of different 

composite material combinations; several materials that have been used as bumper materials 

were 6061-T6 Al, 2219-T87 Al, Graphite Epoxy and Kevlar 49. These bumpers are made of 

varied thickness, of which the pressure wall is made thicker than the sacrificial bumpers. In 

double wall system designs parameters examined included varying the spacing between the 

bumpers, thickness of bumpers, spacing between the bumpers, to select the best parameter 

combination for protecting the spacecraft [2]. 
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Figure 1.13 Impact Scenario of Direct Impact [2] 

On the other hand there is a range of possible impacts where the projectile impacts at a 

certain angle to the spacecraft. Figure 1.14 shows an oblique impact scenario of a double bumper 

shield. The disintegration of the debris or the projectile into a debris clouds reduces the over all 

impact on to the pressure wall. In a normal impact there is a formation of a single debris cloud 

after impacting the outer bumper. This debris cloud later strikes the inner bumper; the 

disintegrated debris cloud particles that still have enough force per unit area strike the pressure 

wall. In the whole process there is a formation of only a single debris cloud, whereas in an 

oblique impact, there can be a formation of three debris clouds as shown in Figure 1.15. One 

cloud is called the normal debris cloud, while the second is called the in-line debris. These both 

travel towards the pressure wall passing through the bumpers [15]. The third cloud is called the 

ricochet debris cloud that bounces back away from the outer bumper. 
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Figure 1.14 Oblique Impact on Typical Multi Wall System [19] 

Parameter definitions to Figures 1.13 and 1.14 are: 

VP: Velocity of the projectile 

dp: Diameter of the projectile 

θp: Obliquity of the projectile 

tb: Thickness of the bumper plate 

S: Spacing between outer bumper and the pressure wall 

S2: Spacing between inner bumper and the pressure wall 

tw: Thickness of the pressure wall 

 

Figure 1.15 Oblique Hypervelocity Impact of a Generic Multi-Wall System [15] 
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Parameter definitions for Figure 1.15 are: 

θp: Impact angle of the projectile 

θ1: Angle made by the normal debris cloud 

θ2: Angle made by the in-line debris cloud 

θr: Angle made by the ricochet debris cloud 

The arrangement of the bumpers in the oblique impact scenario is almost similar to the 

normal impact scenario, where as the impactor is at a certain angle to the normal. In order to 

check the parameters of the projectile like the length and diameter the aspect ratio is to be 

calculated. The Figure 1.16 shows the detailed description of the various parameters and their 

calculations to determine the effective aspect ration for an oblique impactor. The effective aspect 

ration of an impactor is defined as the ratio of the projectile dimensions measured along the outer 

bumper normal (Le) to the dimension measured along the bumper surface (De). The effective 

aspect ratio is calculated as follows [2]  

)sin*(cos)sincos*( ppppeeeff RRDLR θθθθ ++==                                 (1) 

Where R is the effective aspect ratio of the projectile 

 

Figure 1.16 Effective Projectile Aspect Ratio [2] 
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1.4 Motivation 

The need for further study of hypervelocity impact simulations of small space debris is 

very significant and important for further protecting the spacecraft. A large amount of natural 

material and man made debris consists in low earth orbit where many spacecrafts are located 

[20]. The debris clutter is getting worse with the increasing number of new spacecraft launches. 

Although large pieces of debris are tracked and avoided, very small debris particles do not cause 

major damage to the spacecraft. Intermediate size debris can cause substantial damage which 

may include the loss of manned spacecraft. This intermediate debris include most of the defunct 

satellites, explosion fragments, spent rocket stages, lumps of paints on spacecraft that include 

many chemicals, nuts, bolts and many other waste material. For small debris particles one 

method by which this could be done is through a portable Friction Stir Welder on which research 

is still in process [21]. In order to simulate this scenario we consider finite element analysis. 

As it was already discussed, there was some kind of shielding necessary for protecting 

the spacecraft against the debris impact. Therefore the impact scenario needs to be tested and 

simulated using Lagrangian and SPH meshing techniques. The intent of this research was to 

better understand hypervelocity impact phenomenon on Spacecraft shield and pressure walls. 

Understanding the type of damage incurred would help in devising repair strategies, such as one 

conducted under a NASA EPSCoR study [21]. The study examined development of a portable 

Friction Stir Welder (FSW) necessary to weld a patch over damaged hole diameter on the 

pressure wall. To assist in FSW development of the device as well as repair strategies, it was 

important to be able to assess the actual damage area created at the time of impact.  
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1.5 Goal 

The primary goal of this study was the development of a model to predict the damage 

area of a spacecraft pressure wall due to hypervelocity impact of debris over various impact 

parameters in order to support the development and application of a space-bound friction stir 

welder.  

1.6 Objectives  

The objectives of the project were as follows: 

1. To develop LS-DYNA simulation of primary impact scenario of debris impact on a 

Whipple bumper shield using Lagrangian and SPH meshing techniques. 

2. To conduct a parametric study of various impactor sizes, shapes, and velocities, and 

compare results to available literature. 
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CHAPTER 2 

LITRATURE REVIEW 
 
 

Modeling of spacecraft damage caused by impact of hypervelocity orbital debris has been 

studied by various researchers [1, 2, 15, 19, 22, 25, and 28]. The research focused on 

development of empirical models to correlate and predict damage based on various impactor and 

shield geometries, material types, and impact scenarios, as well as methods of analytical 

prediction. 

The pollution within the Earth’s orbital environment (where most satellites, the space 

shuttle and International Space Station orbit) consists of natural meteoroids and pieces of man-

made debris particles. Minor impacts on spacecraft have emphasized the importance of debris 

impact mitigation and protection [1, 19]. This in turn prevents the spacecraft failure and the loss 

of life [1]. The impact velocities range from few hundred meters per second to one kilometer per 

second [22]. The impact scenario was extensively analyzed by Schonberg and Hu using an 

empirical approach which correlated a large amount of impact test data. The study was further 

extended and resulted in the development of numerical and analytical model simulations under 

high-speed impact velocities [19]. The simulations included normal and oblique impacts with 

different debris particles having varied shapes and sizes [1]. Different shielding techniques were 

also studied. In the Whipple bumper shielding technique the characteristics and formation of the 

primary debris cloud, which is formed after impacting the outer bumper and secondary, debris 

cloud created after impacting the inner bumper plate were studied [15]. The effective hole 

damage area was defined as the circular diametric area equal to the see through area in the 

pressure wall. The distance between the two extreme damage points was the maximum tip-to-tip 
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crack length. If there are large number of holes in a circular area then the damage is defined as 

maximum hole width [2]. 

A large amount of research has been conducted experimentally by the NASA research 

center and the test results have been published in the publication “Analysis of Hypervelocity 

Impact Handbook” [23]. Empirical models were developed to determine the damage area by 

Schonberg, Yang and Depczuk [19, 15]. The maximum tip-to-tip crack lengths were determined 

by developing empirical models and was incorporated in a Monte Carlo simulation tool in a 

study by Schonberg and Williamsen and later modified in further numerical studies [17, 2]. 

These numerical simulations were conducted using the HULL Hydrodynamic computer code for 

variety of cylindrical projectiles [28]. The dual-wall deformation process of a hypervelocity 

impact simulation was also studied using the AUTODYN software package by Schonberg [1], 

which included AUTODYN 2D and AUTODYN-3D hydrocodes designed for nonlinear 

dynamics problems. Schonberg [1] used the Smoothed Particle Hydrodynamics (SPH) mesh for 

the projectiles and the bumper models, and the Lagrangian model for the rear wall. Numerical 

experiments were also conducted to check for the survivability against post-penetration 

fragments impacting the spacecraft pressure wall. Rade [22] conducted impact simulations and 

compared different modeling methods: the finite element method, SPH method and Discrete 

element method. He obtained good results with the SPH method.  

Various empirical equations [19] have been proposed by Schonberg and Williamsen to 

determine the hole diameter and maximum tip-to-tip crack length in the perforated spacecraft 

wall system. These equations are called the Schonberg - Williamsen (S-W) models. The original 

equation of S-W model (1) used to estimate hole diameter or crack length was  

( )[ ]11)()( −−−= BLp MMc
pp eVgAfX θ            (1) 
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Where 

A-J: Constant 

Vp: Velocity of projectile 

Mp: Mass of the projectile 

θp: Obliquity of the projectile 

Mbl: Projectile ballistic limit mass 

g(Vp): Velocity dependent component depending on the type of wall system and other 

parameters. This particular equation was designed for a wall system of 6.5 km/s; hence g(Vp) 

was 1 at this velocity. If there is a change in velocity equation (2) was used to calculate the value 

of g(Vp). 

D
bpp CVVg )/()( =                                                                                                        (2) 

cb – Speed of sound in the bumper plate material.  

The value of )( pf θ was calculated using the equation (3) 

p
B

pf θθ cos)( =                                                                                                                   (3) 

This equation was later modified  

p
C

VpVcB

p
bf θθ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −

= cos)(                                                                                                 (4) 

In a modified S-W model Williamsen demonstrated the effect on hole diameter and crack 

length with change in impactor shape. By including an effective projectile aspect ratio term in 

equation (3) the empirical damage equation (1) could be applicable for all the spacecraft wall 

systems. There were series of equations generated to determine hole diameter and the crack 
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length. The ratio between projected horizontal and vertical dimensions was considered rather 

than the absolute projectile length and diameter. 

The effective projectile aspect ratio effρ  was defined to be the ratio of the projectile 

dimension measured along the outer bumper normal (Le) to the dimension measured along the 

bumper surface (De) shown as 

eeeff DL /=ρ                                                                                                              (5) 

 

Figure 2.1 Effective Projectile Aspect Ratio 

 The S-W model was further developed and modified as 

                                                                      

                                                                                                                                     (6)               
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 The ballistic limit curve defines the boundary between pressure wall perforation and non-

perforation for a given shield/ impactor setup as a function of impactor velocity. 
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Figure 2.2 Ballistic Limit Curves [1] 

In a study by Hu and Schonberg [1] the objective was to develop Ballistic Limit 

Equations (BLE) and their corresponding Ballistic limit curves (BLCs) as shown in the Figure 

2.2 for a typical dual-wall spacecraft system impacted by a non-spherical projectile considering 

the numerical simulations. The test results of the Whipple bumper shielding technique were 

considered for correlation. The results obtained using spherical and non-spherical projectiles 

were compared on the BLC by converting the non-spherical mass-velocity curves into equal 

mass spherical diameter-velocity curves to predict the damage caused on to the pressure wall. 

The various debris shapes considered were long and short cylinder, long and short disk, long and 

short solid cone, long and short cone disk, thick and thin hollow cone, square face impactor, 

square edge impactor and square point impactor as shown in the Figure 2.2. 
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Figure 2.3 Different Shape Impactors [1] 

They found that the best simulation tool for simulating such complex hybrid finite 

element models was the gridless SPH method. The simulations were performed with consistent 

material properties and modeling parameters, which included a SPH model for the projectile and 

bumpers, a Lagrangian model for rear wall with erosion algorithm, a shock equation of state, the 

Johnson-Cook strength model and use of the principal strength failure model. All the simulations 

were run using a Whipple shield model with 0.12 cm thick outer bumper, 0.32 cm thick rear 

bumper. Both bumpers were made of 6061-T6 aluminum set at an offset distance of 10 cm. The 

projectile was made up of SPH particles, each with particle diameter of 0.1 to 0.3 mm. The 

impact simulations were run at intervals of 2 km/s ranging from 1 km/s to 15 km/s and the 

projectile mass was increased to a point where the projectile perforated the rear wall system. 

However, the grid based Lagrangian meshing technique had severe problems associated 

with mesh tangles and distortion involving large deformations. This method assumes 

connectivity between grid nodes to construct spatial derivatives, whereas the gridless SPH 

meshing technique avoided all the problems associated with the regular Lagrangian meshing 

technique. The SPH uses a Kernal approximation based on randomly distributed interpolation 
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points, with no assumptions about which points are neighbors to calculate spatial derivatives. 

The calculation cycle is similar to that for Lagrange zone, except for the steps where Kernal 

approximation is used. SPH requires the particles to be sorted at least once every cycle in order 

to locate current neighboring particles. The SPH code has been shown to be quite effective in 

modeling the various associated phenomena that occur in multi-wall systems following a 

hypervelocity impact, including material phase changes as well as debris cloud formation and 

growth [29]. 

From their ballistic limit curves Hu and Schonberg observed that hollowness reduced 

penetration ability and cylindrical projectiles had more penetration capability than spherical 

projectiles. Cubic impactor point on face impact had highest effect when compared to edge on 

face impact. A long cone had greater perforation ability than a long cylinder. The BLCs of the 

non-spherical projectiles were beneath the spherical projectile BLCs at similar mass. The results 

showed that the long cylinder and long cone projectiles had highest penetration capabilities. 

Schonberg concluded that if a spacecraft wall system was designed using the spherical projectile 

based BLCs the design will likely be non-conservative [1]. 

Since hypervelocity debris impact is a highly non-linear, high deformation and strain rate 

related event, numerical simulations must consider the appropriate meshing techniques to 

accurately model the event. In Rade’s et al. [22] study, application of different modeling 

methods for simulating high velocity impacts to represent test cases were conducted using three 

different Lagrangian methods: Finite element erosion, the Smooth Particle Hydrodynamics 

(SPH) method and the Discrete element method. Their effectiveness was compared for the 

determination of post-penetration characteristics and identification of material failure modes. In 

element erosion a portion of post-penetration debris cloud was deleted and removed from 
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calculation and difficulty in determination of failure mode. The SPH method suffered from 

tensile instability affecting the formation of the debris cloud. The discrete element method 

assumed a failure based on quasi-static failure values and gaps between elements which affected 

the simulation of material failure modes and debris cloud characteristics. This study concluded 

that SPH based results were independent of user defined parameters. 

In Lacome et al, study the simulation results of hypervelocity impact on thin aluminum plates 

using the SPH option of LS-DYNA hydrocode are presented. The simulation results of the first 

plate were initially compared with theoretical calculations. Later the complete results were 

presented [25]. 

The development of hypervelocity impact fragmentation of impactor and plate was studied by 

Andrew [29], who conducted the impact study through the tests performed at the University of 

Dayton Research Institute (UDRI) Impact Physics Laboratory using 50 and 20 mm barrel 

diameter, two-stage, light-gas guns. Impact velocities from 1.98 to 7.38 km/s were used in the 

study. Four laser-photodetector systems were installed at various locations along the flight path 

of the projectile to determine the impact velocities. A spherical impactor made of 2017-T4 Al 

having 9.53 mm diameter and bumper plate made of 6061-T6 Al having 4.80 mm thickness were 

considered. The failure and fragmentation due to hypervelocity impact was observed in different 

stages by constantly increasing the velocity. Initially there was a plastic deformation observed 

which resulted in the development of spall failure there by causing failure in the sphere. The 

threshold velocity required for spall failure was a function of the plate thickness to impactor 

diameter ration (t/D). Next was the development of a shell of spall fragments causing petalling. 

The formation of well developed shell occurred at 500 m/s above the spall-failure threshold 

velocity. Further increase in velocity produced a cloud of projectile fragments consisting of 
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projectile and bumper particles and liquid droplets. A center element surrounded by irregular 

shaped fragments contained most of the disintegrated projectiles.  

 From the above research it can be concluded that a new technique call the SPH meshing 

technique has the potential, when used with LS-Dyna, to simulate the initial bumper impact 

damage, as well as the resulting debris cloud and damage to the second bumper. 
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CHAPTER 3 

METHODOLOGY 
 
 

The original methodology in this study was to use the Lagrangian meshing technique 

with LS-Dyna to validate the model against existing single plate impact data, and extend the 

model to multi-wall systems with different impact parameters. However hypervelocity impact 

simulations conducted using the regular Lagrangian meshing technique which had several 

problems associated with mesh tangles and distortion. However, from the literature survey it was 

found that these limitations can be avoided using the gridless SPH meshing technique [19]. 

The specific tasks of this study were revised to: 

• Conduct the impact simulations using regular Lagrangian meshing technique initially. 

 Create the models for the bumper plate and the impactor. 

 Generate and modify the key file as required. 

 Run the key file in LS-DYNA [23] Finite element solver. 

 Review and correlate the data with published experimental results. 

 Conduct parametric study. 

•  Conduct the impact simulations using the gridless SPH meshing technique. 

 Model the bumper plate and the spherical impactor using SPH meshing technique 

using LS-DYNA Pre-post processor. 

 Input all the key file parameters and generate the key file. 

 Run the key file in LS-DYNA Finite element solver. 

 Correlate the results with published data. 

 Conduct parametric study with different mesh density and different shape 

impactors. 
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3.1 LS-DYNA Introduction 

LS-DYNA [27] is a general purpose finite element code for analyzing the large 

deformation dynamic response of structures including structures coupled to fluids. The main 

solution methodology is based on explicit time integration. An implicit solver is currently 

available with somewhat limited capabilities including structural analysis and heat transfer.  

Significant features of LS-DYNA include 

• Fully automatic definition of contact areas 

• Large library of constitutive models 

• Large library of element types 

• Special implementation for the automotive industry (seatbelt, airbag, dummy) 

• Special features for metal forming applications (adaptive mesh) 

Along with the explicit solvers LS-DYNA includes various implicit solvers such as 

Arbitrary Lagrangian Eulerian solver (ALE), Thermal solver, Coupled Fluid Dynamics (CFD) 

and Smooth Particle Hydrodynamics (SPH). 

3.2 Lagrangian Meshing and Formulation [28] 

 The most popular meshing technique used in solid mechanics modeling was the 

Lagrangian meshing technique. This was because of its ability to handle complicated boundaries 

following material points in order to treat history dependent materials accurately. A formulation 

in terms of Lagrangian measures of stress and strain in which integrals and derivatives are taken 

with respect to Lagrangian or material coordinates x, Eulerian or spatial coordinates x is called a 

Lagrangian formulation.  

3.3 SPH Meshing Technique [29] 
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An element called the SPH element has been added to the LS-DYNA library [29], based 

on Smoothed Particle Hydrodynamics theory. SPH is a meshless Lagrangian numerical meshing 

technique used to model the fluid equations of motion. This was initially developed to simulate 

astrophysical problems. The complicated feature associated with SPH has made it a very 

important tool to resolve various physical problems related to continuum mechanics, crash 

simulations, ductile and brittle fracture in solids. The SPH technique allows resolution of many 

problems which are difficult to be resolved using regular methods. The absence of mesh in SPH 

technique helps in solving problems with large irregular geometry. 

The intent of this study was to use the Lagrangian meshing technique for first and second 

shield impact models. However, the grid based Lagrangian meshing technique has severe 

problems associates with mesh tangles and distortion involving large deformation. This method 

assumes connectivity between grid nodes to construct spatial derivatives, where as the gridless 

SPH meshing technique avoids all the problems associated with the regular Lagrangian meshing 

technique. The SPH uses a Kernal approximation based on randomly distributed interpolation 

points, with no assumptions about which points are neighbors to calculate spatial derivatives. 

The calculation cycle is similar to that for Lagrange zone, except for the steps where Kernal 

approximation is used. SPH requires the particles to be sorted at least once every cycle in order 

to locate current neighboring particles. The SPH code has been shown to be quite effective in 

modeling the various associated phenomena that occur in multi-wall systems following a 

hypervelocity impact, including material phase changes as well as debris cloud formation and 

growth [29]. 

In computing a fluid motion, set of particles are assumed to move at the flow velocity. 

Each SPH particle represents an interpolation point of a fluid, on which all the properties are 
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specified. The entire problem is then solved by calculating regular interpolation function 

(smoothing length) on all particles. The equations of conservation are then equivalent to terms 

expressing fluxes or inter-particular forces [29].   

3.3.1 Basic Principles of SPH Method [29] 

In his works Lacome [29] described the new formulation approximation resulting from the 

development of this new computational method: 

Particle methods are based on quadratic formulas of moving particles . Piii twtx ∈))(),((

P is the set of the particles, is the location of particle i and (t) is the weight of the 

particle. We classically move the particles along the characteristic curves of the field v and also 

modify the weights with the divergence of the flow to conserve the volume: 

)(txi iw

(i) ),( txvx
dt
d

ii =   (ii) iii wtxvdivw
dt
d )),((=                                     

We can then write the following quadrature formula: 

                ∫ ∑≈= ))(()()()),(( txftwdxxfwtxvdivw
dt
d

jjiii                (7) 

3.3.2 Particle Approximation of Function [29]  

The previous qudrature formula together with the notion of smoothing kernel leads to the 

definition of the particle approximation of a function. To define the smoothing kernel, we first 

need to introduce an auxiliary functionθ . The most useful function used by the SPH community 

is the cubic B-spline which has some good properties of regularity. 

It is defined by: 
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Where C is the constant of normalization depends on the space dimension. 

 

Figure 3.1 Distribution of Auxiliary Function [29] 

There are enough elements to define the smoothing kernel W: 

⎥⎦
⎤

⎢⎣
⎡ −

=−
h

xjxi
h

hxxW ji θ1),(  

δ→− ),( hxxW ji  and 0→h  where δ is the Dirac function. h  is a function of  and  which 

is called smoothing length of kernel. 

ix jx

The particle approximation can now be defined for the function u, by approximating the integral  

∑
Ω=

−=
j

jijji hxxWxutwxu ),()()()(  (8) 

The approximation of gradients is obtained by applying derivation on smoothing length i.e. 

multiplying by  on both sides.  ∇

∑
Ω=

−∇=∇
j

jijji hxxWxutwxu ),()()()(  (9) 

3.3.3   Gather Approximation [29] 
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In finite differences or finite elements, there is only one spatial discretization parameter. 

One major difference of SPH with these classical techniques is that we have two parameters to 

determine the spatial resolution, the smoothing length h  and the characteristic length of the 

mesh∇ x . 

In the beginning when SPH was being used the smoothing length was considered to be 

constant throughout the simulation. In recent study each particle is given its own smoothing 

length which depends on the local number of particles.  

h  represents the mean value of the smoothing length between and . In earlier formulations, 

the choice of 

ix jx

h  was given by 2/))()(( ji xhxhh += , where  and  are the smoothing 

length values respectively for particle and . The reason for this choice is that it easily leads 

to conservative schemes.  

)( ixh )( jxh

ix jx

Recent works [29] proved that this approximation is not consistent and can lead to 

unstable results. The new methods since 1996 lead to better understanding of stability and 

convergence problems. The Gather formulation )( ixhh =  means that the neighboring particles 

of a given particle are the particles that are included in a sphere centered in with a radius 

of , which has been introduced in LS-DYNA. The convergence criteria for this 

approximation lead to a better precision for SPH calculation. 

ix

)( ixh

3.3.4   SPH and LS-DYNA Coupling [30] 

In SPH meshing technique the component is made up of various SPH particles with velocity 

defined in the direction of motion. Here each SPH particle represents an interpolation point on 

which all the properties of the component are specified. The solution of the entire problem is 

then calculated on all the particles with a regular interpolation function, the so called smoothing 
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length. Because of the lack of a numerical grid, the SPH processor requires some conditions in 

setting the initial particle masses and coordinates. As a result the mesh is to be generated in 

regular fashion. In order to satisfy this, particles of given neighborhood need to have same mass. 

As a consequence, the particles of same material, which have the same initial density, need to 

have the same initial volume.  

In Figure 3.2a, Mesh 1 has equally spaced SPH elements which is the correct distribution 

of elements when compared the one shown in Figure 3.2b, Mesh 2. 

(b) (a) 
 

Figure 3.2 SPH Mesh Distribution [29, 30] 

Some new key words were added to LS-DYNA key work library which were 

CONTROL_SPH: Defines general control parameters required for calculation. 

SECTION_SPH: Defines parameters for every part of SPH particle. 

ELEMENT_SPH: Defines every particle, assigns part ID and mass of the particle. 

There parameter definition is shown in the form of a flow chart in the Figure3.3. 
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Figure 3.3 Representation of SPH Parameters [29, 30] 

3.4 Input Parameters 

The analysis has been performed using two different meshing techniques. The regular 

Lagrangian mesh and the Smoothed Particle Hydrodynamics (SPH) mesh. The basic input 

parameters and procedure for running a simulation were: 

1. Create a model of an impactor that can be a sphere, cube or a cylinder  

2. Create a model of the bumper which is a rectangular plate 

3. Mesh the components 

4. Apply material properties 

5. Generate a key file 

6. Run the analysis (LS-DYNA) 

7. Review the results in LS- Prepost 

In order to run the impact simulation, the models of the impactor, bumper plates and the 

pressure wall were first generated using the Lagrangian meshing technique. Because of 

drawbacks in Lagrangian meshing technique for debris cloud generation, the SPH meshing 

technique was considered. In this technique the dispersion of space debris and the formation of 

debris cloud are clearly visible when compared to the regular Lagrangian meshing technique. 

The simulations were initially conducted using a spherical impactor; later a parametric study of 
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impactor shapes was conducted. The various shape impactors used in the simulation other than 

spherical impactor were a cylindrical impactor and a square impactor. The Lagrangian model 

was done in PATRAN [31] modeling software. The input parameters like mesh and constraints, 

material properties, and boundary conditions were specified to generate a key file which formed 

an input deck for LS-DYNA analysis software. In order to run the simulation using SPH meshing 

technique the modeling was done using LS-Prepost [32] modeling software. The various key file 

parameters and cards were specified in the LS-Prepost and input deck and, the key file was ready 

for running the simulation. The various important parameters of a key file are termination time, 

material properties of impactor and the bumper plate, equation of state values, initial velocity of 

the impactor, node definition, contact cards and the element definition. There are various other 

mandatory cards that are to be included to run key file which can be found in the LS-DYNA 

documentation [27]. 
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CHAPTER 4 

MODELING AND ANALYSIS USING LAGRANGIAN MESHING TECHNIQUE 
 
 

 As part of the modeling methodology LS-Dyna was to be used with the classical 

Lagrangian meshing technique, as was done with a previous study by Lodhi [35] to determine 

single plate impact hole damage. This model would be validated against single plate impact data, 

and then expanded to include a second and third plate. However, as discussed in the literature 

review section is was determined that the Lagrangian mesh model had problems in mesh tangling 

and mesh distribution over large deformations, and requires mesh connectivity to interpolate 

velocity. This model still had utility in shielding hole damage in single plate impacts with 

varying parameters such as impactor size, velocities and impact angles. 

4.1 Lagrangian Modeling Procedures 

 The first step was to create the model of an impactor, which is spherical in shape and a 

rectangular bumper plate. The models of these components were generated in PATRAN, 

modeling software which is compatible with LS-DYNA dynamic analysis software. 

The basic steps to generate a key file in PATRAN were modeling, meshing, assigning 

boundary conditions and material properties. The PATRAN is a pre-processing modeling 

software for LS-Dyna. The procedure was as follows:  

• Select geometry creation module  

• Create groups for different components 

• Mesh the components by creating a mesh seed and generate complete mesh by sweep or    

revolve options using a Hex 8 node solid element and constant stress element formulation. 

• Apply Material properties 

• Apply boundary conditions for the bumper plate by constraining four edges of the plate 
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• Run the analysis in PATRAN 

• Generate a key file 

The various LS-DYNA cards were modified and added as desired to generate a key file. The 

various important card types used were: 

MAT_RIGID: which defined material of impactor is rigid 

MAT_PLASTIC_KINEMATIC: defined material of bumper plate to have plastic deformation  

MAT_ADD_EROSION: to delete the elements once they reached the specified stress value 

INITIAL_VELOCITY: applied velocity to the impactor 

Once the key file was edited, the job was submitted in LS-DYNA for simulation. 

Figure 4.1 shows the models for the spherical impactor meshed using the Lagrangian 

meshing technique. Three spherical impactors of 5 mm, 10 mm and 15 mm diameters were 

considered and modeled in the same procedure. The number of elements was 6106 for the 5 mm 

diameter impactor, 10898 for the 10 mm diameter impactor and 18987 for the 15 mm diameter 

impactor. The material properties for the aluminum Al 6061-T6 impactor are given in the Table 

4.1. 

 

Figure 4.1 Meshed Model for the Spherical Impactor 
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Table 4.1 

Mechanical properties for AL-6061-T6 [33] 

Property SI Units ENGLISH Units 

Density 2700Kg/m3 0.097lb/in3 

Tensile Strength(Ultimate) 310MPa 45,000 Psi 

Tensile Strength(Yield) 276 MPa 40,000 Psi 

Elongation % 12% 12% 

Elastic Modulus 68.9 GPa 10,000 Ksi 

Poisson’s Ratio 0.33 0.33 

Shear Modulus 26 GPa 3770 Ksi 

Shear Strength 207 MPa 30,000 Psi 

 

Material characteristics for the spherical impactor are tabulated in Table 4.2: 

Table 4.2 

Material properties for the spherical impactor [33] 

Density 2700 Kg/m3 

Young’s Modulus 68.9 GPa / 10,000 Ksi 

Poisson’s Ratio 0.33 

Material Model Rigid 

Element Type Hex 8 node solid element  

Element Formulation Constant Stress Solid Element 
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Figure 4.2 shows the models for the bumper plate which are meshed using the 

Lagrangian meshing technique. Two plates of 150 by 150 by 2.5 mm dimension were modeled 

with two different mesh densities of 2 mm and 1.5 mm respectively. The material properties for 

aluminum Al 6061-T6 bumper plate were applied according to the input parameters given in the 

Table 4.2. 

 

Figure 4.2 Meshed Model for the Bumper Plate 

Material characteristics for the bumper plate are tabulated in the Table 4.3 

Table 4.3 

Material Properties for the Bumper Plate [33] 

 Density 2700 Kg/m3 

Young’s Modulus 68.9 GPa / 10,000 Ksi 

Poisson’s Ratio 0.33 

Material Model Rigid 

Element Type Hex 8 node solid element 

Element Formulation Constant Stress Solid Element 

Failure / Erosion Criteria P Max = -1.2 E+06 
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4.1.1 Initial Studies Conducted Using Lagrangian Mesh 

Cases 1, 2 and 3 were done using a Lagrangian mesh where case 1 was a correlation case 

and 2 and 2 are a part of parametric study. The impactors of different sizes were impacted at 

velocities ranging from 7 km/s to 19 km/s on a bumper plate whose model is as shown in the 

Figure 4.2. Simulations were conducted to correlate with Schonberg et al [24], G. Pezzica et al 

[35] and NASA Handbook [23] simulation results data in order to validate the model. Parametric 

simulations were performed in order to study the effect of different mesh densities, velocities and 

impactor obliquities. The various simulations conducted are described as follows: 

CASE 1(Correlation): In this particular case a spherical impactor of 10 mm diameter is impacted 

on a bumper plate at 2.79 km/s. This simulation was conducted to validate the model which 

correlated with the results published by the NASA Handbook test data [23]. 

CASE 2: Spherical impactors of 5, 10 and 15 mm diameters, bumper plate of 150 by 150 by 2.5 

mm made of Lagrangian mesh with bumper element mesh size of 2 mm. 

 

Figure 4.3 Impactor and Bumper Models Using Lagrangian Mesh 

 Direct Impact 

In case 2 a bumper plate of 150 by 150 by 2.5 mm having a mesh density of 2.0 mm was 

impacted with spherical impactor of various sizes ranging from 5 to 15 mm in diameter. Both the 

 39



impactors and the bumper plates were made using Lagrangian meshing. Simulations were also 

conducted where the projectile impacts obliquely at angles of 30° and 60° normal to the surface 

of the plate.  

Oblique Impact 

For oblique hyper velocity impact the ball of sizes 5, 10 and 15 mm were impacted on the 

plate of size 150 by 150 by 2.5 mm at an angle of 30° as shown in Figure 4.4. 

 

Figure 4.4 Projectile Impacting at Impact Angle of 30° 

For oblique hyper velocity impact the ball of sizes 5, 10, 15 mm were impacted on the 

plate of size 150 by 150 by 2.5 mm at an angle of 60° as shown in Figure 4.5. 

 

Figure 4.5 Projectile impacting at an impact angle of 60° 

CASE 3: Spherical impactors of 5, 10 and 15 mm diameters, bumper plate of 150 by 150 by 2.5 

mm made of Lagrangian mesh with bumper element size of 1.5 mm. 

In this case a bumper plate of 150 by 150 by 2.5 mm dimension having a mesh density of 

1.5 mm was impacted with spherical impactor of various sizes ranging from 5 to 15 mm in 
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diameter. Both the impactors and the bumper plate were made using the Lagrangian meshing 

technique.  

The results obtained in the simulations, where debris particles impact the bumper plates using 

Lagrangian and SPH meshing techniques are summarized separately in different sections 4.2 and 

4.3 respectively. Figures 4.6 a-e show the position of impactor and plate for different termination 

times. 

Figures 4.6 a-e Position of Impactor and Plate at Different Termination Times (Case 3) 

 
 

a. Termination time = 0 milliseconds 
 

 
 

b. Termination time = 3 milliseconds 
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c. Termination time = 4 milliseconds 
 

 
 

d. Termination time = 7 milliseconds 
 

 
 

e. Termination time = 10 milliseconds 
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4.2 Results of Initial Studies Conducted Using Lagrangian Mesh 

4.2.1 Results Summary: Case 1 (Correlation) 

The results obtained in Lagrangian model simulations are compared against the results 

data published by Schonberg et al [24], and G. Pezzica et al [35], and the NASA Handbook [23] 

test data which are tabulated in the Table 4.4.  

From Table 4.4 below it can be observed that the damage area of a 5 mm spherical 

impactor when impacted a bumper plate at 6 km/s resulted in a maximum hole diameter of 11.5 

mm, and for a 9 mm diameter impactor damage diameter was 14.5 mm maximum hole diameter, 

which were correlating with the results published by Schonberg et al whose damage diameter 

was 10 mm and 18.0 mm respectively. A 10 mm diameter impactor was impacted at velocities of 

2.79 km/s, 5.10 km/s and 7.0 km/s whose damage diameters were 14.4 mm, 18.1 mm and 21.7 

mm that were compared against NASA Handbook results data whose damage diameters were 

14.22 mm, 18.28 mm and 21.5 mm respectively. The calculated damage diameter of 10 mm 

impactor at 7.0 km/s and 21.7 mm damage area was also compared against Pezzica et al results 

whose damage diameter was 22.0 mm, which is a similar value. From this comparison it can be 

concluded that the Lagrangian model has been validated for a single shield model. 
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Table 4.4 

Comparison of Results Data for the Purpose of Validation (Case 2) 

Spherical 
impactor 

Size 
 

Velocity of 
impactor 

 

Simulated 
damage 
diameter 

 

Schonberg et 
al [24] 
damage 
diameter 

 

G. Pezzica et 
al [35] damage 

diameter 

NASA 
Handbook 

[23] damage 
diameter 

5 mm 6.0 km/s 11.5 mm 10.0 mm - - 

9 mm 6.0 km/s 14.5 mm 18.0 mm - - 

10 mm 2.8 km/s 14.4 mm - - 14.2 mm 

10 mm 5.1 km/s 18.1 mm - - 18.3 mm 

10 mm 7.0 km/s 21.5 mm - 21.6 mm - 

 

4.2.2 Results Summary: Case 2 

The damage area results generated when a spherical impactor impacts bumper plate made 

of Lagrangian mesh is tabulated in Tables 4.5, 4.6, 4.7 and 4.8. The impactors of 5, 10 and 15 

mm diameters having element size of 0.5 mm are impacted on a plate having element size of 2.0 

mm as discussed in Case 2.   

Direct Impact 
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Table 4.5 

Damage Diameter of Direct Impact (mm) (Case 2) 

 

 
7 

Km/sec 

10 

km/sec 

13 

km/sec 

15 

km/sec 

17 

km/sec 

19 

km/sec 

5 14 14 13 12 12 12 

10 21.5 19.7 19.6 18.5 17.2 17.2 

15 26 26.2 26.1 25.8 25.6 25.6 

Velocity 
of Impact 

Impactor 
size 

 

From Figure 4.7 a graph plotted between damage area in mm² vs the velocity in km/s for all the 

three impactor sizes of 5 mm, 10 mm and 15 mm from the data tabulated in Table 4.5 , it can be 

inferred that increase in impactor velocity increases the damage area. 
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Figure 4.7 Graphical Comparisons of Direct Impact Results (Case 2) 
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 Oblique Impact 

Table 4.6 

Damage Diameter at an Oblique Impact of 30° (mm) (Case 2) 

 
7 

Km/sec 

10 

km/sec 

13 

km/sec 

15 

km/sec 

17 

km/sec 

19 

km/sec 

5 13 12.3 14.3 14.1 13.3 12 

10 21.8 21.7 21.2 21.3 21.5 21.6 

15 26.3 25.9 25.9 26.3 26.5 27 

Impactor 
size 

Velocity 
of Impact 

 

Hole Size vs Impact Velocity (Oblique Impact 30°) 
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Figure 4.8 Graphical Comparison of Oblique 30° Impact Results (Case 2) 
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Table 4.7 

Damage Diameter at Oblique Impact of 60° (mm) (Case 2) 

 
7 

Km/sec 

10 

km/sec 

13 

km/sec 

15 

km/sec 

17 

km/sec 

19 

km/sec 

5 14 14.2 13 12.8 12 12 

10 21.7 20.7 19.9 18.2 18.3 18.3 

15 26 25.7 25.6 25.7 26.1 24.6 

Velocity 
of Impact 

Impactor 
size 

 

Hole size vs Impact Velocity (Oblique Impact 60°) 
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Figure 4.9 Graphical Comparison of Oblique 60° Impact Results (Case 2) 

4.2.3 Results Summary: Case 3  
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Table 4.8 

Damage Diameter of Direct Impact (mm) (Case 3) 

 
7 

Km/sec 

10 

km/sec 

13 

km/sec 

15 

km/sec 

17 

km/sec 

19 

km/sec 

5 13 13 12.7 11.6 10.8 10.8 

10 20.6 19.7 19.2 17.5 16.8 16.8 

15 24.8 24.8 24 23.6 23.3 22.6 

Impactor 
size 

Velocity 
of Impact 

 

Hole Size vs Impact Velocity (Normal Impact) 
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Figure 4.10 Graphical Comparisons of Case 3 Direct Impact Results 

Additional details on impactor parametric impact results for 5 mm, 10 mm, and 15 mm diameter 

spherical impactors at 7, 10, 13, 17, and 19 km/s may be found in Appendices A-O. 
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CHAPTER 5 

MODELING AND ANALYSIS USING SPH MESHING TECHNIQUE 

 

5.1 SPH Modeling Procedure 

Because of the ability of SPH meshing technique to model extreme deformations, debris 

cloud generation, and other associated phenomenon found in multi-wall systems following 

hypervelocity impact, the above mentioned reasons SPH meshing technique was considered for 

multi-wall impact simulation. The basic input parameters were the models of the impactor and 

the bumper plate. The modeling was done in LS-DYNA Prepost.  

Modeling was as follows: 

• Created a group for the impactor which was spherical in shape. 

• Meshed the impactor by selecting the meshing and geometry interface.  

• Selected SPHGEN tab for SPH mesh generation. 

• Defined the shape of the model by selecting sphere from the drop down menu. 

• Input sphere dimensions. 

• Specified the mesh parameters.  

• Input pitch which is the spacing between two SPH particles of components. 

• Input density of sphere depending on the material used. 

• Generated mesh by CREATE and ACCEPT options. 

Figure 5.1 shows the LS-Prepost menu for the SPHGEN (SPH mesh generation), while 

Figure 5.2 shows the SPH particle distribution in the impact model. 
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Figure 5.1 LS-Prepost Menu for SPHGEN [32]. 

 

 

Figure 5.2 SPH Model for the Spherical Impactor 
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The same procedure was followed to generate models for cylindrical and square 

impactors. Figures 5.3 and 5.4 show the models for the various impactors. The spherical 

impactor was of 4.864 mm diameter, cylinder was made of 6 mm length by 4 mm diameter and 

cube was made up of 4 mm side. 

 

Figure 5.3 SPH Model for the Cylindrical Impactor 

 

Figure 5.4 SPH Model for the Cubic Impactor 

The model of the inner bumper plate of 150 by 150 by 1 mm was generated. The central 

portion of this plate was made of SPH meshing. The reason behind not creating whole plate 
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using SPH mesh was the computational constraints as it took more computational time to run the 

simulation and required more memory. In order to minimize the computational time a central 

spherical plate of 25 mm diameter was generated using the SPH meshing technique as shown in 

the Figure 5.5. This assumption is supported by an online example posted in the LS-DYNA 

support and service. In the example simulation posted the corner nodes of the SPH elements 

were not constrained or tied with the outer Lagrangian mesh elements [33]. Simulations were 

also conducted in order to check for variation of damage area by constraining the corner nodes of 

the inner hole area of the outer bumper plate. 

 

Figure 5.5 Unconstrained and Constrained Inner SPH Plate of Outer Bumper 

 

 

Figure 5.6 Inner Plate made of SPH Mesh and Outer Periphery made of Lagrangian Mesh 
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  Outside this is a plate of 150 by 150 by 0.9 mm Lagrangian-meshed plates which has a 

central hole to accommodate the 25 mm diameter SPH meshed disk.  

The second bumper plate of 100 by 100 by 1 mm was created using the SPH meshing 

technique as shown in Figure 5.7. 

 

Figure 5.7 Inner Bumper Plate modeled using SPH Mesh 

The properties for the material for two bumper plates Al 2024-T4 and impactor Al 1100-O were 

input by adding material cards and there parameters accordingly from the Table 5.1. All the 

necessary cards and their parameters were mentioned in the key file. The key file was then 

submitted in LS-DYNA and the D3 plots were reviewed in LS-Prepost to assess the damage 

area.  
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Table 5.1 

 Material Properties of Different Aluminum Alloys [33] 

Material 
Yield strength 

(MPa) 

Density ρ 

(Kg/m3) 

Shear Modulus

G 

(MPa) 

Elastic modulus E 

(GPa) 

Al 6061-T6 290 2786 26.9 68.9 

Al 2219-T87 393 2840 27.0 73.1 

Al 1100-O 34.5 2710 26.0 68.9 

Al 2024-T4 324 2780 28.0 73.1 

Al 2017-T4 276 2790 27.0 72.4 

 

Parametric simulations were performed in order to study the effect of different mesh densities, 

constraints and impactor shapes. The plates were impacted at two different velocities of 3.3 and 

7.2 km/s to correlate with the NASA Handbook simulation results data. The various simulations 

conducted are described in sections 5.2. 

5.2 Model Validation 

CASE 4: Spherical impactor and inner bumper plate were made of SPH particles with 0.25 mm 

spacing between two SPH particles.  Direct and oblique impact cases were simulated: 

 Direct Impact 

In this particular case the simulation was performed using spherical impactor impacting 

an inner bumper plate of 25 mm diameter meshed using SPH particles as shown in the Figure 

5.8. The NASA Handbook test data [18] was used for correlating the obtained results. The 

thickness of the plate was considered to be 1 mm and the diameter of impactor 4.826 mm. In 
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order to get a 1 mm thick plate the spacing between two SPH particles was specified to be 0.25 

mm. Because of 0.25 mm spacing being considered between two SPH particles the number of 

neighboring elements increase, as a result the memory required for running the simulation 

increases. The memory required for running this simulation exceeded the allowable memory 

when an outer bumper plate made of SPH particles was placed. As a result the simulation 

terminates at the moment the debris reached the outer bumper plate. Thus the simulation 

consisted of only a single plate instead of two bumper plates. The damage area was then assessed 

by viewing the results in LS-Prepost.  

 

Figure 5.8 Impactor and Bumper model having 0.25 mm spacing. (Case 4) 

Oblique Impact 

The simulations were also conducted at oblique impact angles of 30° with respect to the 

normal of the plate. The same models were simulated with different velocities. 

Figure 4.14 a-f  below show the formation and the distribution of debris cloud particles at 

different termination times. 
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Figure 5.9 a-f: Debris Formation and Distribution at Different Termination Times (Case 4) 

 

a. At termination time 0.000 sec 

 

b. At termination time 0.001 sec 

 

c. At termination time 0.0025 sec 

 56



 

c. At termination time 0.0035 sec 

 

d. At termination time 0.0045 sec 

 

 
e. At termination time 0.006 sec 
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5.3 Parametric Study 

These simulations were performed as a parametric study with 0.3 mm spacing between 

two SPH particles, instead of 0.25 mm. The thickness of the plate was considered to be 0.9 mm 

instead of 1 mm. This resulted in less number of SPH neighboring particles which gave enough 

memory to accommodate the inner bumper plate made of SPH particles. This particular mesh 

was considered to conduct a parametric study throughout this study. The only reason behind this 

is the possibility to both access the damage area and accommodate memory for the inner bumper 

plate thereby decreasing the computational time, which was not possible in the scenario where 

the spacing between two SPH particles was considered to be 0.25 mm. There were many 

simulations conducted using this mesh as described below: 

CASE 5: Spherical impactor and inner bumper plate made of SPH particles with 0.3 mm spacing 

between two SPH particles. 

This simulation was conducted as a part of parametric study to correlate with CASE 4. In 

this particular case a spherical impactor and a bumper plate with the above mentioned 

specifications are considered as shown in the Figure 5.10. The results are compared with the 

results obtained in CASE 4. 

 

Figure 5.10 Impactor and Bumper model having 0.3 mm spacing (Case 5) 
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CASE 6: Spherical impactor, inner bumper plate made of SPH and Lagrangian mesh, and an 

outer bumper plate with 0.3 mm spacing between two SPH particles. 

The same simulation was conducted by placing a Lagrangian outer plate of 150 by 150 

by 0.9 mm thick with a circular hole to accommodate a central SPH plate. As there was no 

contact card to tie SPH nodes with Lagrangian nodes they were just created and positioned. The 

question that could be raised here is that how could the stress transfer to the Lagrangian mesh 

without any connectivity. The SPH example simulation posted in the LS-DYNA support and 

services website, where a spherical ball impacts a plate at hypervelocity made of SPH and 

Lagrangian mesh also does not assume any connectivity between SPH and Lagrangian mesh. 

This example problem supports this particular simulation. 

CASE 7: Spherical impactor, inner bumper plate made of SPH with its outer most nodes 

constrained and Lagrangian mesh, and an outer bumper plate with 0.3 mm spacing between two 

SPH particles. This case was used to study the effect of connection between the SPH grid based 

disk and the surrounding Lagrangian grid based plate.  

 Direct Impact 

The bumper plate and the spherical impactor models made of SPH having 0.3 mm 

spacing are considered as mentioned above. In order to support the question raised in the above 

scenario the corner nodes of the inner SPH plate of 25 mm diameter are constrained. There 

existed a peripheral Lagrangian mesh of 150 by 150 by 0.9 mm size. An outer bumper plate of 

100 by 100 by 1 mm that can be assumed to be the pressure wall, made of SPH mesh with 1 mm 

spacing between two SPH particles is incorporated in this scenario which is shown in the Figure 

5.11. 
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Figure 5.11 Impactor and Double Bumper Model with 0.3 mm Spacing (Case 7) 

Oblique Impact 

The simulations were also conducted at oblique impact angles of 30° with respect to the 

plate normal. The same models were simulated with different impactor velocities. 

5.3.1 Parametric Study of Impactor Shapes 

CASE 8: Cylindrical impactor, inner bumper plate made of SPH with its outer-most nodes 

constrained and Lagrangian mesh, and an outer bumper plate with 0.3 mm spacing between two 

SPH particles. 

In this simulation instead of a spherical impactor, a cylindrical impactor was considered having a 

length of 7.8 mm and diameter 3.6 mm made of SPH particles having 0.3 mm spacing between 

each particle, as shown in the Figure 5.12. The same inner and outer bumper plates as in CASE 6 

were considered. 
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Figure 5.12 Cylindrical Impactor and Double Bumper Model with 0.3 mm Spacing (Case 8) 

CASE 9: Cubic impactor, inner bumper plate made of SPH with its outer most nodes constrained 

and Lagrangian mesh, and an outer bumper plate with 0.3 mm spacing between two SPH 

particles. 

In this simulation a cubic impactor of 4.8 by 4.8 by 4.8 mm was considered instead of the 

spherical impactor as shown in the figure 5.13. The cube was made up of SPH particles having 

0.3 mm spacing between each particle. The same inner and outer bumper plates as in CASE 6 

were considered. 

 

Figure 5.13 Cubic Impactor and Double Bumper Model with 0.3 mm Spacing (Case 9) 

5.4 Results of Studies Conducted Using New SPH Technique 
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The results of parametric impact studies using the new SPH meshing Technique are shown 

in Table 5.2.  Appendices P and Q, R and S, and T and U give additional details for cases 6, 

7 and 8 respectively, while Appendices V through X give low-speed impact details. 

Table 5.2 

Comparison of Results Data with the Results Published for Validation 

 LS-DYNA Simulation 
Results (mm) 

NASA Handbook results 
data (mm) Case 

3.3 km/s 7.2 km/s 3.3 km/s 7.2 km/s 

Case 4 
sphere,0.25 mm 

spacing, correlation 
1st shield  9.2-10.3 11.0-13.2 7.9 13.2 

Case 5 
sphere,0.25 mm 

spacing 
1st shield  9.6-11.6 11.2-12.5 7.9 13.2 

Case 6 
sphere,0.3 mm 

spacing 
1st shield  9.6-11.6 11.2-12.5 7.9 13.2 

1st shield  7.1-9.2 10.0-12.0 7.9 13.2 Case 7 
sphere,0.3 mm 

spacing, 2nd shield 2nd 
shield  3.0 3.0 2.5 0 

1st shield  8.3-13.0 9.5-11.2 -  -  Case 8 
cylinder,0.3mm 

spacing, 2nd shield 2nd 
shield  No hole 3.0 -  -  

1st shield  10.1-13.3 10.8-14.5 -  - Case 9 
cube, 0.3 mm 

spacing, 2nd shield 2nd 
shield  No hole 1.0 -  - 

5.4.1 Results Summary: Case 4 

 Direct Impact 

The predicted damage diameter ranged from 9.2-10.3 mm across at 3.3 km/s and 11.0-

13.2 mm at 7.2 km/s, compared to experimental values of 7.9 mm (3.3 km/s) and 13.2 mm (7.2 

km/s). It can be observed that the results at 7.2 km/s correlated more appropriately. The 

termination time was taken when the node velocities stabilized, as there was no particular 
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recommended procedure found in the literature survey. Rade [19] considered 5 milliseconds as 

the termination time but there was no detailed description regarding why and how this was 

considered. Thus even though the simulation was conducted until a termination time of 15 

milliseconds in this analysis, the impact damage hole diameter was measured at 0.008 seconds (8 

milliseconds), where the velocity of selected nodes became constant. This is an assumption made 

after plotting termination time vs velocity plot as shown in Figure 5.14. 
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Figure 5.14 Resultant Velocity Vs Termination Time. (Case 4) 

Oblique Impact 

Similar parameters were considered in this case, using an oblique impact angle of 30° with 

respect to the normal. The damage area was 16.1 mm at 3.3 km/s. This damage area was 

elliptical in shape and larger than the normal impact damage which was 9.2-10.3 mm at 3.3 km/s. 

5.4.2 Results Summary: Case 5 

The first simulation was conducted using SPH circular plate having 25 mm diameter 

which is compared with Case 4 to check if the damage area generated had similar values. As 
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damage diameter generated in this particular case was 9.6-11.6 mm across at 3.3 km/s and 11.2-

12.5 mm at 7.2 km/s which is similar to 9.2-10.3 mm and 11.0-13.2 mm ranges obtained in Case 

4. This established case 5 as part of the model validates with case 4. 

5.4.3 Results Summary: Case 6 

To study the effects of inner SPH plate and outer Lagrangian plate, a similar simulation 

was conducted by placing a Lagrangian outer plate of 150 by 150 by 0.9 mm thick with a hollow 

circular hole to accommodate a central SPH plate. As there was no contact card to tie SPH nodes 

with Lagrangian nodes they were just created and positioned. The question that could raise here 

is that how could the stress transfer to the Lagrangian mesh without any connectivity. The SPH 

example simulation posted in the LS-DYNA support and services website [34], had a spherical 

ball traveling at hypervelocity speed impacting a disc plate core made of SPH particles. The 

surrounding plate was made up of a Lagrangian mesh. No connectivity was shown between SPH 

and Lagrangian meshes. The results of this particular example were supported by the Case 6 

simulation. The damage areas generated in this particular Case were 9.6-11.5 mm at 3.3 km/s 

and 11.2-12.5 mm at 7.2 km/s, the same as in Case 5, indicating no apparent interaction between 

the SPH disk model and surrounding Lagrangian plate.  

The damage diameter for the second plate was 3.0 mm at 3.3 km/s and 7.2 km/s and the 

corresponding damage diameter was 2.5 mm, as seen in Table 5.6. As seen from Figure 5.15, the 

individual hole diameters were similar for both 3.3 and 7.2 km/s of conditions of case 6, but the 

hole density was much higher for the 7.2 km/s case. 
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Figure 5.15 Damage Distribution on Inner Bumper 

5.4.4 Results Summary: Case 7 

Direct Impact 

  In order to investigate the question aroused in the above scenario, the simulation was 

conducted by constraining the outermost nodes of the inner SPH circular plate to the surrounding 

Lagrangian plate mesh. An outer bumper plate of 100 by 100 by 1 mm made of SPH particles 

having 1 mm spacing between each particle was placed at an offset distance of 100 mm from the 

inner bumper. The predicted damage diameter generated was 7.1-9.2 mm at 3.3 km/s and 10.0-

12.0 mm at 7.2 km/s for the outer bumper plate. The damage diameters for the inner bumper 

were 3.0 mm at 3.3 km/s and 3.0 at 7.2 km/s which are compared against 2.5 mm at 3.3 km/s 

damage area published by the NASA Handbook test data [18]. 

 Oblique Impact 

This simulation was conducted with the above scenario as in direct impact, except at an 

angle of 30° with respect to the plate normal. The damage diameter was 9.6-12.0 mm at 3.3 

km/s, compared to direct impact damage diameters of 8.5-13 mm for an oblique impact angle of 

30° with the plate normal. 
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5.4.5 Results Summary: Case 8 

In this simulation a cylindrical impactor was considered instead of a spherical impactor 

having length of 7.8 mm and diameter 3.6 mm made of SPH particles having 0.3 mm spacing 

between each particle. The damage diameters generated in this simulation for outer bumper were 

8.3-13.0 km/s at 3.3 km/s and 9.5-11.2 mm at 7.2 km/s. There was no hole observed in the inner 

bumper at 3.3 km/s and a damage area of 3.0 mm was observed at 7.2 km/s. This showed that the 

effect of damage in this case for this particular cylinder was less when compared to the spherical 

impactor diameter. 

5.4.6 Results Summary: Case 9 

In this simulation a cubic impactor of 4.8 by 4.8 by 4.8 mm replaced the cylindrical 

impactor in Case 8. The cube was made up of SPH particles having 0.3 mm spacing between 

each particle. The damage diameter generated in this simulation was 10.1-13.3 mm at 3.3 km/s 

and 10.8-14.5 mm at 7.2 km/s. There was no damage observed in the inner bumper at 3.3 km/s, 

whereas a damage diameter of 1 mm diameter was observed at 7.2 km/s. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Conclusions 

Potential space debris hypervelocity impact hazards are of significant concern in 

spacecraft design. Tools to predict damage are useful in developing repair strategies. The current 

parametric study not only included parametric studies of single plate model using conventional 

Lagrangian mesh, but also a new meshing technique called the Spherical Particle 

Hydrodynamics. The hypervelocity impact simulation results of Lagrangian and SPH meshing 

techniques correlated with the damage areas published by G. Pezzica et al[35], Schonberg et 

al[24] and the NASA Handbook test data [23], allowing additional parametric studies to be 

conducted. 

6.1.1 Lagrangian Meshing Technique 

Parametric studies were carried out using Lagrangian meshing technique results to study 

the variations in single bumper damage diameters by varying the spherical impactor dimensions 

and velocity of impact. It was found that for each spherical diameter size as the velocity 

increased the resultant damage areas decreased and it reached a point from where the hole area 

the damage area remained constant irrespective of increase in impact velocity. Simulation of 

debris cloud generation was not possible in this technique hence there was a necessity to conduct 

simulations using the SPH meshing technique to show the actual impact scenario.  

6.1.2 SPH Meshing Technique 

A large amount of research was conducted in this particular field using different 

modeling techniques and meshing methods. It was found in the literature review that currently 

not much research has been conducted using SPH technique in LS-DYNA except for Rade et al. 
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The current study in this section of research concluded that the SPH meshing technique was 

successful in creating the debris cloud after impacting the outer bumper plate. It was also 

observed that the oblique hypervelocity impact simulation had greater predicted damage 

diameter than the normal impact scenario using the same bumper plate and impactor 

configurations.  

Parametric studies were conducted using SPH meshing technique with different shape 

impactors and it was observed that there was comparatively less damage in the inner bumper, 

which can also be assumed to be the pressure wall.  

6.2 Recommendations  

 The SPH meshing technique offered new modeling capabilities for hypervelocity impact 

simulations. Further recommended studies could include: 

• Conduct more simulations with different impactor shapes to investigate the variation on 

damage area on varied bumper plates. Correlate these results of test data as it becomes 

available. Simulation can also be conducted by varying the material composition of the 

components. 

• Utilize a one-quarter symmetry model or larger computational resources to determine if 

additional computational space allows the incorporation of the complete impact scenario 

including the pressure wall damage assessment.   

• Investigate further the connectivity issues using SPH meshing with Lagrangian meshing 

hypervelocity impact modeling. 

 

 

 68



 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 69



LIST OF REFERENCES 

 
[1] Hu, K., Schonberg, W. P., 2003, “Ballistic Limit Curves for Non-Spherical Projectiles 
Impacting Dual-Wall Spacecraft Systems, International Journal of Impact Engineering, 29, (1-
10), pp. 345-355. 
 
[2] Schonberg, W.P., and Williamsen, J.E., 1998, “Modeling Damage and Predicting 
Survivability for Spacecraft Impacted by Orbital Debris,” American Society of Mechanical 
Engineers, Pressure Vessels and Piping Division (Publication) PVP-Vol. 361, Structures Under 
Extreme Loading Conditions, pp. 121-131. 
 
[3]   Spacecrafts-index, http://www.sciencepresse.qc.ca/  

[4]    U.S. Congress, Office of Technology Assessment, “Orbiting debris: A Space environmental 
problem-Background Paper,” OTA.BP.ISC.72 (Washington, DC: U.S. Government Printing 
Office, September 1990). 
 
[5] NASA Orbital Debris Program Office, http://orbitaldebris.jsc.nasa.gov/  

[6] Milt Heflin, NASA shuttle flight director, BBC, More than a million objects circle the Earth, 
Feb 2003. 
 
[7] National Geographic, “Space Trash and Treasure,” January 2007, pp. 29. 

[8] Schonberg, W.P., 1998, “Using Composite Materials to Protect Spacecraft against Orbital 
Debris Impact Damage,” Key Engineering Materials (141-143), pp. 573-584. 
 
[9]ESA Meteoroid and Space Debris Terrestrial Environment Ref., the MASTER-2005 model). 

[10] Bernhard, R.P., Christiansen, E.L., Kessler, D.E., 1997, “Orbital Debris as Detected on 
Exposed Spacecraft, International Journal of Impact Engineering, 20, (1-5) pt 1, pp. 111-120. 
 
[11] “Science astronomy and space junk,” http://www.space.com/  

[12] Meteoroids and orbital debris: Effects on Spacecraft C.A. Belk, Robinson, M.B. Alexander, 
W.J. Cooke, and S.D. Pavelitz 
 
[13] “Shield Development”, 2007, http://hitf.jsc.nasa.gov/  

[14] The Encyclopedia for Space Astrobiology Astronomy and Spacecraft, 2007, 
http://www.daviddarling.info
 
[15] Schonberg, W.P., 1999, “Hole Size and Crack Length Models for Spacecraft Walls under 
Oblique Hypervelocity Projectile Impact, Aerospace Science and Technology, 3, (7), pp. 461-
471. 

 70

http://orbitaldebris.jsc.nasa.gov/
http://www.space.com/
http://hitf.jsc.nasa.gov/hitfpub/shielddev/basicconcepts.html
http://www.daviddarling.info/


 
[16] Schonberg, W.P., “Space debris historical overview and design aspects.” University of  
Missouri – Rolla, Presentation 
 
[17] Schonberg, W.P., and Williamsen, J. E., 1999, “Modeling Damage in Spacecraft Impacted 
by Orbital Debris Particles, Journal of the Astronautical Sciences, 47, (1-2), pp. 103-115. 
 
[18] Muhammad F. Lodhi, 2005, “Impact of space debris on a spacecraft”, Master of Science in 
Mechanical Engineering Thesis, Wichita State University. 
 
[19] Depczuk, D., and Schonberg, W.P., 2003, “Characterizing debris clouds created in oblique 
orbital debris particle impact,” Journal of Aerospace Engineering, 16, (4), pp. 177-190 
 
[20] Ben-Shmuel, B. and Goldstein, S., 1999, “Hypervelocity Meteorite Impact Simulation”,20th 
Space Simulation Conference, NASA/CP-1999-208598,  The Aerospace Corporation. 
 
[21] Soschinske, K., Talia, G., Lankarani, H., and Babin, B., 2005 NASA EPSCoR Project Status 
Report, “Spacecraft Leakage Repair”. 
 

[22] Vignjevic, R., Campbell, J., and Lepage, S., 2004, “Numerical Simulation of High Velocity 
Impacts on Thin Metallic Targets I and II,” Crashworthiness, Impact and Structural Mechanics 
(CISM), Cranfield University, UK. 
 
[23] Elfer, N.C., “Structural Damage Prediction and Analysis for Hypervelocity Impact-
Handbook” 
 
[24] Schonberg, W.P., and Peck, J.A., 1993, “Parametric study of multi-wall structural response 
to hypervelocity impact by non-spherical projectiles,” Computers and Structures, 49 (4), 17 Nov. 
1993, pp. 719-745. 
 
[25] Lacome, J.L., Espinosa, C., and Gallet, C. “Simulation of Hypervelocity Spacecrafts and 
Orbital Debris Collisions using Smoothed Particle Hydrodynamics in LS-DYNA.” 
 
[26] Piekutowski, A.J.,1995 “Fragmentation of a Sphere initiated by Hypervelocity Impact with 
a Thin Sheet,” International Journal of Impact Engineering,  17, (4-6) pt 2, pp. 627. 
 
[27] LSTC LS-DYNA 970 keyword manual, 2006. 

[28] Delytschko, T., Liu, W. K., and Moran, B., “Non-Linear Finite Elements for Continua and 
Structures” 
 
[29] Lacome, J.L.,  Smooth Particle Hydrodynamics (SPH): A New Feature in LS-DYNA. 

[30] The Mesh-Free method in LS-DYNA, Part 1 Smoothed Particle Hydrodynamics. 
LIVERMORE SOFTWARE TECHNOLOGY CORPORATION, Manual. 
 

 71



[31] PATRAN Manual, http://www.mscsoftware.com/products/patran.cfm. 

[32] LS-PRE/POST V 1.0, 970 manual, 2006. 

[33] Web site http://www.matweb.com, Material Data Website. 

[34] LS-DYNA support and services, January 2007,http://www.lsdyna-portal.com/index.3.0.html

[35] Pezzica, G., Destefanis, R., and Faraud, M., 1996, “Numerical simulation of orbital debris 

impact on Spacecraft,” International Conference on Structures Under Shock and Impact, SUSI, 

pp. 275-284. 

 

 

 

 

 

 72

http://www.mscsoftware.com/products/patran.cfm
http://www.matweb.com/
http://www.lsdyna-portal.com/index.3.0.html


 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 73



APPENDIX A 

Appendix A: 5 mm diameter spherical impactor at 7 km/s 
 

                 
                           0.000                                                             2.9647e-006 

                 
                    3.9902e-006                                                           4.988e-006 

                 
                  6.9632e-006                                                          8.9746e-006 

                 
                       1.0005e-005                                                     1.0005e-005 
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APPENDIX B 
Appendix B: 5 mm diameter spherical impactor at 10 km/s 

 

                 
                          0.000                                                                   2.9647e-006 

                  
                 3.9921e-006                                                            5.9577e-006 

                  
                  6.973e-006                                                            8.9475e-006 

                  
                   1.0054e-005                                                         1.0054e-005 
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APPENDIX C 
Appendix C: 5 mm diameter spherical impactor at 13 km/s 

 

             
                         0.000                                                                     2.9647e-006 

             
                        3.9913e-006                                                         5.9632e-006 

             
                     7.9417e-006                                                         9.9886e-006 

             
                     1.0014e-005                                                          1.0014e-005 

 76



APPENDIX D 
Appendix D: 5 mm diameter spherical impactor at 17 km/s 

 

            
                          0.000                                                                    2.9647e-006 

            
                        3.9941e-006                                                        4.9466e-006 

            
                        6.9927e-006                                                         8.9396e-006 

            
                       1.0035e-005                                                        1.0035e-005 
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APPENDIX E 
Appendix E: 5 mm diameter spherical impactor at 19 km/s 

             
                       0.000                                                                     2.9647e-006 

             
                         3.9941e-006                                                         4.9466e-006 

             
                        5.9724e-006                                                         7.9898e-006 

                
                       1.0035e-005                                                         1.0035e-005 
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APPENDIX F 
Appendix F: 10 mm diameter spherical impactor at 7 km/s 

 

             
                          0.000                                                                 2.9956e-006 

             
                         3.973e-006                                                          4.9888e-006 

             
                           6.9776e-006                                                         8.976e-006 

             
                          1.0021e-005                                                          1.0021e-005 
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APPENDIX G 
Appendix G: 10 mm diameter spherical impactor at 10 km/s 

 

                
                       0.000                                                                2.9956e-006 
 

                
                  3.973e-006                                                          5.9545e-006 

                
                       7.9505e-006                                                 9.9537e-006        

                
                       1.0021e-005                                                1.0021e-005 
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APPENDIX H 
Appendix H: 10 mm diameter spherical impactor at 13 km/s 

 

            
                       0.000                                                                   2.9956e-006 

            
                        3.997e-006                                                         4.9469e-006 

           
                       5.9889e-006                                                      7.9445e-006 

           
                      1.0043e-005                                                      1.0043e-005 
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APPENDIX I 
Appendix I: 10 mm diameter spherical impactor at 17 km/s 

 

             
                           0.000                                                                  2.9956e-006 

             
                       3.9725e-006                                                        4.9556e-006 

             
                         5.9335e-006                                                          6.9666e-006 

             
                        1.004e-005                                                           1.004e-005 
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APPENDIX J 
Appendix J: 10 mm diameter spherical impactor at 19 km/s 

 

             
                            0.000                                                                     2.9956e-006 

             
                          3.9725e-006                                                         4.9556e-006 

             
                         5.9335e-006                                                          6.9666e-006 

             
                       1.004e-005                                                           1.004e-005   
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APPENDIX K 
Appendix K: 15 mm diameter spherical impactor at 7 km/s 

 

      
                         1.9524e-006                                                  2.0054e-006 

      
                        3.9952e-006                                                         4.9807e-006 

       
                         5.9377e-006                                                      6.9586e-006 

             
                       1.0021e-005                                                      1.0021e-005 
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APPENDIX L 
Appendix L: 15 mm diameter spherical impactor at 10 km/s 

 

                  
                             0.000                                                          2.9764e-006 

       
                       3.9779e-006                                                    4.9389e-006 

          
                       5.9687e-006                                                  6.9829e-006 

                  
                        1.003e-005                                                      1.003e-005   
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APPENDIX M 
Appendix M: 15 mm diameter spherical impactor at 13 km/s 

      
                              0.000                                                          2.9764e-006 

      
                       3.9779e-006                                                        4.9389e-006 

        
                        5.9687e-006                                                      6.9829e-006 

     
                          1.003e-005                                                       1.003e-005 
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APPENDIX N 
Appendix N: 15 mm diameter spherical impactor at 17 km/s 

 

                                                  
                             0.000                                                       2.976e-006 

        
                         3.9805e-006                                                 4.9513e-006 

        
                       5.9807e-006                                                      6.9963e-006 

        
                       1.0044e-005                                                   1.0044e-005 
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APPENDIX O 
Appendix O: 15 mm diameter spherical impactor at 19 km/s 

       
                              0.000                                                            2.976e-006 

       
  3.9805e-006                                                         4.9513e-006 

        
                         5.9807e-006                                                    6.9963e-006 

       
                         1.0044e-005                                                   1.0044e-005     
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APPENDIX P 
Appendix P: Spherical impactor at 3.3 km/s 

 

                
                          0.0000                                                                  0.0050 

                
                          0.009                                                                         0.016 

                
                         0.021                                                                          0.026 

                
                        0.030                                                 At 0.030 showing the damage area     
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APPENDIX Q 
Appendix Q: Spherical impactor at 7.2 km/s 

 

               
                       0.0010                                                                    0.0030 

               
                        0.0050                                                                 0.0070 

               
                        0.010                                                                      0.012 

               
0.013                                                  At 0.013 showing the damage area 
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APPENDIX R 
Appendix R: Cylindrical Impactor at 3.3 km/s 

         
                               0.000                                                          0.0034994 

       
                        0.0084919                                                          0.011499 

        
                          0.014499                                                           0.017499     

        
                               0.0275                                                             0.028                  

 91



APPENDIX S 
Appendix S: Cylindrical impactor at 7.2 km/s 

 

              
                           0.000                                                                 0.002 

              
                         0.004                                                                 0.009 

                      
0.11 0.013 

             
0.15 At 0.015 showing the damage area 
 

 92



APPENDIX T 
Appendix T: Cubic Impactor at 3.3 km/s 

      
                             0.000                                                              0.001 

      
                           0.006                                                                  0.010 

      
                             0.013                                                               0.025 

      
                             0.03                                                                  0.03 
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APPENDIX U 
Appendix U: Cubic Impactor at 72 km/s 

      
                             0.000                                                               0.0015 

      
                             0.004                                                                0.006 

      
                           0.009                                                                  0.02 

      
                              0.03                                                                  0.03 
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APPENDIX V 
Appendix V: Deformation at 0.5 km/s 

      
                             0.000                                                              0.0049836 

      
                        0.0099757                                                             0.014949    

      
                           0.019999                                                          0.039999 

    
                          0.050002                                                      Damage area 
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APPENDIX W 
Appendix W: Deformation at 0.05 km/s 

 

       
                              0.000                                                             0.034948 

         
                      0.044995                                                               0.054994   

         
                        0.064998                                                          0.084966     

         
                       0.09496                                                               0.10003    
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APPENDIX X 
Appendix X: Deformation at 0.005 km/s 

       
                           0.000                                                                 0.36494 

       
                         0.38499                                                              0.40499 

        
                         0.41995                                                               0.43995 

       
                          0.49995                                                            0.50003 
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