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ABSTRACT 

Orbital debris is a growing concern for all space applications. Specifically, the 

ASPOD concept has been proposed to help eliminate the debris population. This 

dissertation focuses on the characterization and feasibility of processing (cutting) 

structural metals in low earth orbit using concentrated solar energy as they pertain to the 

ASPOD concept. In characterizing the process, both experimental and analytical 

techniques were utilized. Analytically, a non-linear explicit finite difference model was 

created that examined how the heat transfer and physical parameters affect metal 

processing in low earth orbit. In addition, the model was used to develop a thermal 

criterion under which processing of aluminum debris can be accomplished with 

concentrated solar radiation. The experimental investigation entailed designing and 

constructing two experimental apparamses. The first experimental apparatus was utilized 

to demonstrate the control of radiative surface properties on simulated orbital debris and 

to allow for the conceptual testing of physical parameters. The second experimental 

apparatus was constructed to demonstrate the entire cutting process. The feasibility of 

cutting structural members in low earth orbit with concentrated solar is discussed and 

demonstrated. Finally, the effect of these results on the ASPOD concept and threat of 

orbital debris is addressed. 



II 

1. OVERVIEW 

Debris has existed in earth's orbit since 1957. The amount of debris grows with 

every mission sent to space. An Autonomous Space Process for Orbital Debris (ASPOD) 

has been proposed to alleviate the debris problem. ASPOD proposes to rendezvous with 

existing large scale debris and break the debris down to manageable size for temporary 

storage. Once the storage capacity has been filled, the processor will constructively 

dispose of the debris. Chapter 2 of this dissertation provides a complete sunmiary of the 

debris problem and the ASPOD solution. 

Central to the ASPOD concept is the processing of debris with concentrated solar 

radiation. For the concept to work, the physics of the process must be understood. To 

this end. Chapter 3 provides a discussion of the physical process and lists the relevant 

parameters influencing the process. A specific problem is posed to simulate the debris 

cutting process: a flat plate subject to a moving focal spot of concentrated solar radiation 

and uniform parallel mechanical loading. The minimum cut line temperature is identified 

as the most descriptive thermal measurement indicating if processing will occur. In 

addition, the ultimate goals of this investigation are stated: a characterization and 

demonstration of the processing of orbital debris with concentrated solar radiation. 

With the specific problem and goals defined, a numerical model can be 

developed. In Chapter 4, a two dimensional explicit finite difference model is developed. 

The limitations of the model based on the two dimensional development and the explicit 

formulation are defined. In addition, validation of the model is performed by comparing 
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model results to analytically solved heat transfer problems involving steady state 

conduction, transient conduction, and conjugate radiation-conduction. 

Using the numerical model, an exhaustive parametric investigation can be 

performed. The parameter variations are divided into groups of properties involving 

surface radiation, geometry, and the solar concentration system. The generalized results 

from Chapter 5 include: the total surface emissivity and sink temperatures have little 

effect on the thermal process, high solar absorptivity values produce increased plate 

temperatures but result in large cut line temperature gradients, thick plates require more 

heat input but result in favorable cut line temperature gradients and Fresnel lenses with 

large projected areas and large focal spots are most effective. To summarize these results, 

the heat transfer process of heating aluminum plates with concentrated solar radiation is a 

diffusion dominated process. The only radiation parameters that significantly effect the 

process involve the absorption of the energy into the plate. 

In addition to the parametric investigation, the thermal model was used to 

generate characteristic plate temperamre distributions that were then input to a strucmral 

model to determine the mechanical loading required to induce plate failure. From this 

investigation, a criterion was established for the failure of aluminum 2026-T6. 

To further characterize the processing of debris with concentrated solar radiation, 

an experimental program was pursued. Chapter 6 discusses two experimental facilities: a 

static facility used to measure the thermal response of an aluminum plate subject to a spot 

of concentrated solar radiation and a dynamic facility used to demonstrate the cutting of 
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metals with concentrated solar radiation. The static facility documents the use of paints 

and surface roughness elements to increase the plate surface absorptivity. The dynamic 

facility cut an aluminum plate loaded with 445N heated with a Fresnel lens. The facility 

did not produce consistent processing results with smaller lenses due to design 

oversights. A new team of engineers has accepted the task of redesigning the dynamic 

facility and expect to produce a prototype in December of 1998. However, the facility 

was reconfigured with a larger lens and smaller aluminum plate test samples and 

ultimately did demonstrate the processing of aluminum at reduced mechanical loads 

while exposed to concentrated solar radiation. 

Finally, the technical goals of this dissertation are recapitulated in Chapter 7. The 

most significant results of the dissertation are emphasized and the effect of this 

investigation on future ASPOD engineers is discussed. 
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2. THE ORBITAL DEBRIS PROBLEM AND ASPOD SOLUTION 

Since Sputnik was first launched into orbit in 1957, orbital debris has been 

collecting above the Earth's atmosphere. The problem is continually getting worse. Even 

though the scientific community has been recognizing the extent of the problem since 

1989 [Interagency Group (Space), 1989] and despite numerous publications on the 

subject, the general public remains oblivious to its possible repercussions. It has been 

conmiented that the only way the public will ever fully appreciate the threat posed by 

orbital debris would be if a communications satellite were destroyed during a world 

televised event. This would accentuate the effect of the growing orbital debris population 

and our society's dependence on clear orbital paths. A recent failure of the PanAmSat 

Galaxy FV satellite previewed just such an event when 90% of all U. S. pagers went silent 

[Hammond, et al., 1998]. 

A lack of public support not withstanding, many researchers have proposed 

solutions to the growing orbital debris problem. The solutions range from lasers that 

knock debris out of orbit, bouncing balls that absorb debris kinetic energy, and exotic 

trash collectors [Ash et. al., 1992]. The solution addressed in this document is titled an 

Autonomous Space Processor for Orbital Debris (ASPOD). In general, ASPOD is an 

exotic trash compactor whose mission is to collect existing large scale debris and 

constructively dispose of it. 



15 

2.1 Origination of Orbital Debris 

Orbital debris consists of a multitude of man-made objects that begin as an orbital 

vehicle of some sort. As orbital vehicles achieve certain altitude levels their exhausted 

parts (i.e. booster stages) are jettisoned in order to avoid adding urmecessary mass and 

drag to the main vessel. Once in proper orbit, the vehicles often jettison protective 

coverings in order to expose sensitive instrumentation. Ultimately, as power supplies 

lose energy capacity, vehicles become non-functional and either return to Earth, remain 

floating in orbit for decades, or, in national security endeavors, are destroyed in order to 

wipe out evidence of classified missions. No matter what the means, the end result leaves 

millions of potentially hazardous pieces floating around in the confines of Earth orbits. 

All this is simply to say that the natural life of an orbital vehicle produces a lot of debris. 

It only follows that once enough orbital vehicles have been deployed, significant amounts 

of orbital debris will accumulate. Although the volume of space used in Earth orbits is 

huge, the increasing amount of debris has increased the probability of a collision between 

debris and a functioning orbital vehicle. It has been concluded within the scientific 

community involved in space missions that sufficient debris already exists in orbit to 

affect the planning of ftiture missions [Interagency Group (Space), 1989, General 

Accounting Office, 1990, and Office of Technology Assessment, 1990]. 
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2.2 Characterization of Orbital Debris 

During the I970's, organizations such as NORAD began tracking objects that 

penetrated the area extending from the Earth's surface up to 22,000 miles into high earth 

orbit within the imaginary border of the United States [Interagency Group (Space), 1989]. 

As technology, data processing, and national security concerns increased, the imaginary 

border disappeared. NORAD now reports on all objects greater than 10 cm in diameter 

that orbit the Earth. The NORAD database allows scientists to characterize existing 

debris. Other techniques have been developed to monitor debris, but they are not as 

broad in scope as NORAD tracking [Alfriend and Lewis, 1994, and Berthoud and 

Mandeville, 1997], There is, however, a new tracking radar dedicated to orbital debris 

being developed that is scheduled to be complete in late 2000 [Miotto, 1998]. 

2.2.1 Characterization by Quantity 

The most recent surveys of the trackable orbiting population estimate greater than 

8000 pieces currently occupying earth orbits [Spencer, 1997]. A breakdown of the 

population is shown in Table 2.1. It is important to point out that trackable debris is 

debris larger than 10 cm in diameter and does not include the millions of nontrackable 

objects out there. In 1989, the total estimate of debris was 3.5 million objects of which 

over 99% (by number) were non-trackable (see Table 2.2) [Interagency Group (Space), 

1989]. A common misconception concerning orbital debris is that the smaller 

nontrackable objects pose no threat to operational orbital vehicles. Very small particles 

even the size of paint chips less than 0.1 mm in diameter cause surface erosion that can 



17 

jeopardize the thermal and optical coatings of vehicles. One millimeter diameter objects 

have been found imbedded in Space Shuttle windows and bay doors. Although no major 

harm has been caused by debris of this size, certainly the potential has been demonstrated. 

Debris on the order of 0.5 cm traveling at mere orbital velocities of 10 km/s contain as 

much kinetic energy as a bowling ball at 80 mph. This undoubtedly could destroy 

operational vehicles. Objects greater than 1 cm in size have more kinetic energy than a 

400 pound safe falling at 60 mph [Interagency Group (Space), 1989]. Thus the potential 

for catastrophic events due to orbital debris collisions exists. With every orbital mission 

that leaves a trail of debris in its wake, the potential for harmful contact increases. With 

trackable debris, orbital vehicles often have enough warning to 'dodge' and avoid 

catastrophic disasters as the Space Shuttle routinely does. However, since such a large 

amount of debris remains non-trackable, collisions will occur. In July of 1996, the 

French-made Cerise satellite was rendered useless when its stabilizer boom was clipped 

by debris [Bates, 1997]. In 1998, a spent Minuteman booster motor was destroyed by 

orbital debris just minutes after deployment, creating hundreds of new pieces of debris 

[Oberg, 1998]. Unless efforts are made to reduce the orbital debris population, such 

events will become much more common. 

2.2.2 Characterization by Constitutioii 

No studies have been carried out to determine the physical make-up of orbital 

debris. However, since the predominant material used in orbital applications is aluminum 

it is generally assumed that most debris is also aluminum [Bates, 1997]. Certainly, there 
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are objects made of titanium and stainless steel; however, these materials typically serve 

specific applications and are not as robustly used as aluminum. Therefore, orbital debris 

referenced in this document is assumed to be composed of aluminum. 

23 The ASPOD Solution 

With the increasing amount of orbital debris and the hazard it poses for future 

space missions, a solution is proposed in the form of an Autonomous Space Processor for 

Orbital Debris (ASPOD) [Ramohalli, 1988]. The mission objectives for ASPOD are to 

rendezvous with existing large scale orbital debris, break the debris into manageable sizes 

using only concentrated energy from the sun, store the dismantled debris in a bin and then 

dispose of it. Once ASPOD's storage capacity has been filled, the ultimate removal of 

the processor and debris can be accomplished in one of three ways: (1) rendezvous with 

the space shuttle or space station to allow for salvaging of the debris and refurbishing of 

ASPOD for another mission, (2) return the processor and debris to earth by maneuvering 

for a harmless splashdown, or (3) maneuvering of ASPOD to severely re-enter Earth's 

atmosphere in order to cause complete burnout of both the processor and its collected 

debris. 

Clearly, ASPOD cannot collect the 3.5 million pieces of debris currently in orbit. 

The primary objective of ASPOD is to remove all trackable debris before it breaks down 

into smaller non-trackable debris. If the 8000 larger pieces of debris are removed from 

orbit, the potential amount of mass available to become non-trackable debris is reduced 
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by 99.9%. In addition, if ASPOD can salvage mass already in orbit, the space community 

can save resources and prevent fiiture accumulation of debris by not having to launch 

duplicated structures [Ramohalli and Jackson, 1997]. This not only cleans the Earth's 

orbital environment, but is also beneficial to the Earth's surface environment. 

23.1 ASPOD Project History 

Since the original patent disclosure for ASPOD in 1992 [Ramohalli, 1992], the 

project has served as a wonderfiil teaching tool at the University of Arizona. Projects 

ranging from Senior Design classes to Master's Thesis and even this Ph.D. Dissertation 

have all aided in the development of future engineers. The initial work for ASPOD 

involved determining the orbital requirements for possible missions. Further work has 

been involved with developing more efficient solar concentration arrays, a carbon/epoxy 

composite frame, and independent robotic arms. In 1994, an automated demonstration 

took place in which an ASPOD robot grabbed an aluminum can, positioned the can 

before the solar concentrator and proceeded to vaporize it [Ingmire, 1995], All told, over 

50 students have participated in making ASPOD a reality and in return have gained 

valuable hands-on engineering training. 

23.2 ASPOD Material Processing 

Very central to the ASPOD concept is processing the debris with concentrated 

solar energy. A big advantage for ASPOD is that the cutting power required to break 

apart the debris need not be launched into orbit. The cutting power for ASPOD will be 

collected in situ from the sun. Solar energy will be focused along a proposed cut line to 
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reduce the material strength of the debris. Robotic arms used to position and pull ±e 

weakened debris apart will be powered by photovoltaic cells. There is a balance between 

the force required by the robotic arms and the level to which the concentrated solar 

energy weakens the debris. If large forces are required, then the amount of photovoltaic 

cells and their associated energy storage capacity will be large also, however the solar 

concentrating lens required will be much smaller. Fresnel lenses are commercially 

available which offer quality magnification, high transmissivity for solar wavelengths, in 

a very low-mass, low-cost plastic lens [Edmund Scientific, 1997]. Thus, it is more 

effective to increase the size of the solar concentration lens and decrease the amount 

photovoltaic cells and power storage. Characterizing the debris processing and 

establishing guidelines for optimizing the required concentration lens is the ultimate goal 

of this dissertation. 



Trackable Orbital Population No. 
Operational spacecraft 350 
Abandoned spacecraft 1950 
Spent rocket bodies 1500 
Operational debris 1027 
Breakup fragments 3113 
Anomalous events 130 
Total 8070 

Table 2.1 Trackable Orbital Population 1997 [Spencer, 1997] 

Size No. of Object % by No. Mass on Orbit % by Mass 
> 10 cm 
1-10 cm 
< 1 cm 

7,000 
17,500 

3,500,000 

0.20% 
0.50% 

99.30% 

2,999,000 
1,000 

99.97% 
0.03% 

Total 3,524,500 100% 3,000,000 100% 

Table 2.2 Estimated Debris Population 1989 [Interagency Group (Space), 1989] 
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3. PROBLEM STATEMENT 

The prcxessing of orbital debris using concentrated solar radiation is the core of 

this dissertation. Before the processing can be modeled, the physical phenomena 

involved with the process must be carefully considered. Primarily, a specific problem 

must be posed in which the effects of the physical parameters can be investigated. The 

heat transfer modes, their effect on the material mechanical stress state, and the ultimate 

manifestation of mechanical failure all must be understood. Recognition of the physical 

parameters that affect the heat transfer and the bounds of these parameters is essential. 

Ultimately, with the process of cutting orbital debris using concentrated solar radiation 

clearly defined, concepmally understood, and accurately modeled, conclusions can be 

made regarding the feasibility of the process and design guidelines can be established. 

3.1 Specifically Posed Problem 

In order to optimize the process of cutting debris with concentrated solar energy, a 

very specific problem must be posed. The shape and configuration of orbital debris 

widely varies. It would be impossible to predict the exact configuration of the debris to 

be modeled, therefore it is necessary to choose representative configurations and 

boundary conditions to model. In general, the debris will be heated by oscillating a 

Fresnel lens along a cut line in which failure is to occur. While the debris is being heated, 

robotic arms will apply a load. The remainder of this section defines the specific 
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geometry and boundary conditions as applied to processing debris with concentrated solar 

radiation. 

An ASPOD mission consists of breaking apart large scale debris, hence structural 

members within large scale debris will be modeled. Typical structural members for 

orbital vehicles include circular tubing, box tubing, and angle iron. A reasonable 

compromise for all of these configurations is a flat plate (see Figure 3.1). A flat plate 

resembles unrolled circular tubing, cut and unfolded box tubing, and flattened angle iron. 

Because structural members often have long aspect ratios, the width of the plate should be 

significantly longer than the length. In addition, this dictates that the mechanical loading 

applied far from the intended cut line will not influence the stress distribution (Saint 

Venant's Principle) at the cut line. Thus, a valid loading assumption would be uniform 

parallel loading transverse to the cut line. 

The thermal environment of the targeted flat plate can now be defined. The 

thermal loading due to the focused solar radiation from the Fresnel lens can be reasonably 

approximated as a circle of uniform heat flux [Edmund Scientific, 1997]. The 

concentrated heat flux is a multiple of the average incident solar flux in low earth orbit. 

A velocity can be assigned to the spot to simulate the movement of the lens tracing the 

cut line. The front surface will be predominandy exposed to deep space although the 

surface will also see the lens, other ASPOD structures, and the earth. Since the specific 

geometry of the ASPOD processor cannot be predicted at this time, the most conservative 

heat sink will be applied as a boundary condition; radiation to deep space. The backside 



surface is also difficult to accurately predict. The backside may only be exposed to itself 

(in the case of structural tubing), other parts of the debris structure, the ASPOD structure. 

Earth, or deep space. The most conservative estimate remains radiation to deep space and 

hence is again the assumed boundary condition. Because the exact radiative surface 

properties of the debris will be unknown, total hemispherical conditions will be assumed 

for both plate side surface properties. The absorptivity of the plate to solar radiation will 

be different from the nominal plate absorptivity because of the vastly different source 

temperatures. As the flat plate is ±ermally modeled, the edges of the plate will have a 

minimal effect on the thermal load, therefore the edges will be assumed to be adiabatic 

for simplicity. 

Thus, a specific problem is posed that represents the processing of orbital debris 

with concentrated solar radiation: a flat plate subjected to uniform mechanical loading, a 

moving spot of concentrated solar radiation on one face, and deep space radiative 

boundary conditions on both faces of the plate. All of these mechanical and thermal 

loadings are schematically represented in Figure 3.2. 

Using a modified heat equation, we can now describe the temperature profile in 

the plate. In two dimensions and including radiative heat flux terms, the heat equation 

becomes 
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where we define to be the plate thickness, q"(x,y,t) to be the incident concentrated solar 

energy at a particular point and T„ to be the ambient temperature. Note that we have 

assumed e =a for non-solar wavelengths and a distinct value for a,, the plate 

absorptitivity at solar wavelengths. The boundary conditions can be assigned as 

3 T 
@ X = 0, L = 0 

ox 

d T 
@ y = 0,L — = 0 

dy 

A simple assumption for the transient initial condition is 

@ r = 0  

Where Tinidai is arbitrarily defined to be the steady state temperature of an object in low 

earth orbit. We have now succinctly defined the geometry, configuration, and thermal 

model of processing orbital debris in space as applied to ASPOD. The remainder of this 

document involves characterizing this specific problem. 

3.2 Processing of Orbital Debris with Concentrated Solar Radiation 

With the specific geometry and boundary conditions stated we can now more 

accurately investigate the processing of orbital debris with concentrated solar radiation. 

We will first discuss the physical process, including the interaction between the thermal 

and mechanical effects that result in the cutting of the debris, and then list and bound the 

relevant physical parameters controlling the processing. 
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3.2.1 The Physical Process 

Simply stated, ASPOD proposes to process orbital debris by using concentrated 

solar radiation to locally weaken structural members within the debris sufficiently enough 

for low powered robot arms to dismantle the debris. However, the physics involved in 

this statement are anything but simple. 

A tension load applied across any material, if sufficiently high, will cause the 

material to fail. For most engineering materials the loading required to induce failure 

decreases as temperature increases. At room temperamre (25°C), a one square inch piece 

of aluminum alloy 2024 T6, a typical structural metal in orbital vehicle applications, can 

support a load of 57,000 lb. The same piece of aluminum at 370° C can only support a 

load of 4,000 lb, a 93% decrease in load bearing capacity. This is the effect ASPOD is 

seeking to exploit by heating debris with concentrated solar radiation. 

A significant difference in exploiting material strength degradation at elevated 

temperamres in the example described above and the process proposed by ASPOD is that 

the above example assumes a uniform temperature throughout the metal while ASPOD 

will only locally heat the targeted material. Instead of an entire body elevated to a high 

temperature, ASPOD will heat only a small portion of the body at which the failure is to 

occur. Further, because ASPOD will trace a relatively small focal point of solar 

radiation, the temperature along the targeted failure line will be time dependent. Thus, to 

truly determine if a given mechanical loading will cause failure due to an incident 



transient temperature profile, computationally intensive calculations of the stress field 

must be made. However, we can describe the physical process that occurs. 

The physical process of cutting a flat plate with concentrated solar radiation is as 

follows: as the focal spot of concentrated solar energy cycles across the plate, the plate is 

locally heated. However, a large amount of the energy is reflected away due to the 

typically high reflectance of metals or is conducted outward away from the cut line due to 

the typically high thermal conductivity of metals. If the flux of concentrated energy is 

sufficiently high, the material along the cut line will raise in temperature. As the focal 

spot moves across the plate, a wake of high temperature metal will follow the spot. As 

the focal spot moves further along the plate, the thermal diffusion and emissive properties 

of the plate will reduce the temperature behind the focal spot. This wake phenomena is 

demonstrated in Figure 3.3. When the local spot cycles back across the plate, the local 

temperamre will once again rise. An expected local plate temperature at a fixed position 

is illustrated in Figure 3.4. Transversely away from the cut line, the plate temperature 

profile will appear one dimensional, with higher temperatures closer to the cut line. As 

the average temperature across the cut line (defined as the integrated average temperature 

across the cut line) increases with each pass, the load bearing capacity of the plate along 

the cut line is decreased. Once the average cut line temperature is sufficiently high, 

plastic deformation of the plate along the cut line will begin to occur under the minimal 

applied load. This deformation will increase the local strain along the cut line, however 

the load applied across the plate will redistribute and be supported by the positions along 
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±e cut line where the temperature is the least. Ultimately, under constant load, the strain 

along the cut line will continue to increase due to the decreased load bearing capacity of 

the plate as a result of the increased temperatures and will eventually manifest themselves 

in failure of the plate [Brawner, 1998]. Certainly the minimum cut line temperamre 

(which is directly a function of the amount of solar energy focused on the plate) and 

amount of loading strongly determine when, and if, failure will occur. If the amount of 

energy incident on the plate is insufficient to elevate the temperamre along the cut line of 

the plate, the plate will not fail. Equally, if ±e mechanical loading on the plate is 

insufficient to cause failure of the plate at elevated temperatures, the processing cannot be 

accomplished. 

A very subtle temperature limitation has yet to be discussed. If the temperature of 

the plate achieves the material melting temperature, the vacuum environment of low earth 

orbit will disperse the liquid material immediately. This creates the potential for the 

liquid material to become deposited on the concentration lens. Because the lens will be at 

a substantially cooler temperature than that of the liquid, the liquid will re-solidify on the 

lens. If sufficient deposits continue to occur on the lens, the lens will lose its 

effectiveness over time. This is a scenario to be avoided. A limitation for the proposed 

ASPOD processing method is that the material temperamre cannot exceed its melting 

temperature. 

The expected physical process of cutting flat plates with concentrated solar energy 

has been discussed. An important thermal parameter to monitor is expected to be the 
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minimum cut line temperature. The most significant boundary conditions which 

ultimately determine if plate failure occurs are the amount of mechanical loading and the 

net amount of radiative energy incident on the plate. Due to liquid dispersion of melted 

material, the limiting temperature of the debris being processed is the debris material 

melting temperature. 

3 .̂2 Physical Parameters 

As indicated in the previous section, the processing of debris with concentrated 

solar radiation is a complicated process involving many parameters. Exactly which 

parameters are involved is to some degree dependent on the model used to describe the 

process. In addition, the parameters may also be categorized as either controllable or 

material dependent. As each parameter is discussed, its categories will be indicated, as 

well as the expected range of values. A final descriptive listing of all parameters is 

included in Table 3.1. 

Since the specifically posed problem has been defined to be an aluminum flat 

plate, we will begin by specifying the pertinent properties of the plate. If we further 

define the plate to be aluminum alloy 2026 T6, we can identify the density, specific heat, 

thermal conductivity, and melting temperature as material dependent parameters. The 

specific values for these thermal parameters are stated in Table 3.1. Although the first 

three parameters have temperature dependence, the effect of the temperature dependence 

is assumed to be secondary to the problem and hence neglected. Other significant 

properties of the plate are the radiative properties of the plate surfaces. Both the 



emissivity and absorptivity of the plate surfaces can be controlled by surface coatings and 

therefore can range in values from O.I (highly reflective) to I (a black body). The 

particular application of the orbital vehicle dictates the coating. Although only the total 

hemispherical properties are used in this investigation, different values are assumed for 

the absorptivity of ±e plate at solar wavelengths and at deep space radiation wavelengths. 

This document will investigate the full range of these total surface parameters. Another 

parameter related to the radiation heat transfer is the sink temperature to which the plate 

radiates. If the plate top and bottom surfaces are predominately exposed to deep space, 

then the accepted value is 4K. However, if shielding were to be added to the system the 

sink temperature can realistically range from 4 to 350K. 

The specific plate geometry includes more parameters. The 8 cm width of the 

plate is motivated by the un-rolled circumference of I inch diameter structural tubing. In 

addition, structural tubing typically has a thickness of I mm. The length of the plate has 

been fixed to 24 cm, long enough to remove the effect of the boundary conditions on the 

line temperature. The plate thickness is the only geometrical parameter considered 

variable. 

The solar energy flux at low earth orbit is accepted to be 1400 W/m" and hence all 

concentration energy flux must be a multiple of this value. Commercially available 

lenses have concentration ratios varying from 2 to 100,000 with transmissivities of 90% 

and focal spot diameters ranging from 1 mm to 10 cm [Edmund Scientific, 1997]. The 

combination of concentration ratio and focal spot area determine the amount of heat flux 



31 

transferred to the plate. A concentration factor of 5000 will be used as a nominal value 

for this investigation. The nominal diameter of the focal spot is 12.4 mm. Congruent to 

the amount of flux incident on the plate, the speed at which the focal spot cycles across 

the plate is another controllable variable. Low powered linear motion devices are able to 

move objects at velocities as high as 25 cm/s. The nominal value is set to 10 cm/s. 

The mechanical loading on the plate is strongly dependent on the loading device. 

Because this document is primarily concerned with the thermal response of the plate, a 

general loading of 445 N (100 lb) is assumed. Clearly, the level of loading direcdy 

effects the required cut line temperamre profile, however this loading level is reasonably 

attainable by robotic arms. The effect of this loading level will be discussed fiirther in 

section 5.3. 

The physical parameters affecting the processing of orbital debris with 

concentrated solar radiation have been defined. Each parameter has been described and 

assigned a nominal value and range. If the parameter can be varied, the expected limits 

have been stated. A complete listing of the parameters is found in Table 3.1. 

3 J Technical Advances 

There are three significant technical advances achieved in this dissertation: the 

development of a numerical model that describes the processing of debris with 

concentrated solar radiation, a fiill characterization of the processing and an experimental 

demonstration of the concept. Each will be discussed separately. 
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33.1 Development of a Numerical Model 

The processing of debris with a moving spot of concentrated solar radiation is a 

complex heat transfer problem. The analytical equation describing the process is a non

linear first order differential equation. The first technical goal of this work is to develop a 

numerical solution to the analytical equations that describe the thermal response of the 

targeted debris. The model wUI used to evaluate the parameters affecting the process and 

be available as an optimization tool for future ASPOD engineers. 

3.3.2 Characterizing the Process 

As described in the preceding paragraphs, the heat transfer problem posed 

involves many geometrical, radiative, and material parameters. The second significant 

technical advance of this dissertation is a complete understanding of the effects of each 

parameter on the processing. Through modeling, each parameter will be parametrically 

varied and the overall effect of the parameter on the process will be discussed. The most 

significant parameters will be emphasized. This characterization will then provide design 

rules for future ASPOD engineers. 

333 Physical Demonstration of the Process 

To confirm both the understanding and feasibility of processing orbital debris with 

concentrated solar radiation, an experimental facility will be constructed. The facility 

will allow for variation of some physical parameters to verify the predictions of the 

model. Under optimal conditions, the facility will demonstrate the processing of 
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aluminum using concentrated solar energy. The demonstration will serve to verify the 

concept and motivate future ASPOD engineers. 
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Material Parameters nominal value range 
Aluminum 2026 T6 

density 2770 kg/m^ fixed 
specific heat 875 J/kg K fixed 
thermal conductivity 170 W/mK fixed 
melting temperature 775°K fixed 
emissivity.top 0.15 0.1 - 0.98 
absorptivity .solar 0.15 0.1 - 0.98 
emissivity, bottom 0.15 0.1 - 0.98 

Geometrical Paramters 
width 0.08 m fixed 
length 0.24 m fixed 
thickness 0.001 m 0.1 - 3 mm 
loading force 445 N fixed 

Solar Energy System 
concentration ratio 5000 2- 100,000 
focal spot diameter 12.4 m 2-20 mm 
focal spot velocity 0.1 m/s 0 - 0.25 m/s 

sink temperature, top 4°K 4° - 350° K 

sink temperature, bottom 4°K 4° - 350° K 

Table 3.1 Physical Parameters Considered 
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4. MODELING 

To fully investigate the controlling physical parameters that effect the processing 

of orbital debris with concentrated solar radiation, the thermal process must be modeled. 

As the problem is posed in the previous chapter, the two dimensional heat transfer 

problem can be described by the following system of equations and boundary conditions: 

with 

d T 
@x = 0,L k— = 0 

ax 

d T 
@y = 0,L k— = 0 

dy 

@ t = 0  

Due to the non-Unearity of the radiative term, this system has no known analytical 

solution. Therefore a numerical solution must be pursued. Common numerical modeling 

schemes used for heat transfer applications include finite difference and finite element 

methods. A finite difference method was used for this dissertation. Further, because of 

the non-linearities, an explicit finite difference method was used in order to avoid solving 

non-linear matrices generated by an implicit method. This section describes the 

numerical model developed for processing debris with concentrated solar radiation. 
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4.1 Flat Plate Assumption 

Inherent to the system of equations presented above which describe the cutting 

process is the fact that the temperature differences through the thickness of the plate are 

not accounted for. Before we continue with the development of the model, we need to 

establish the domain for which this assumption is valid. 

In order to consider the heat transfer in the third dimension (the plate thickness) 

negligible, we must compare the temperature differences associated with the two modes 

of heat transfer in this investigation: conduction and radiation. Using Fourier's law and 

assuming a linear temperature profile through the plate, we can state the conductive heat 

flux through the plate to be 

^coiui ~ ~ ^ ) 

b 

where b is the thickness of the plate and the subscripts 1 and 2 refer to the bottom and top 

of the plate, respectively. Using the Stefan-Boltzmann law and assuming a gray diffuse 

surface, we can state the radiative heat flux from the top surface of the plate to be 

To linearize this expression we can define a radiation heat transfer coefficient as 

/z^=ea(7;- + rj)(r2 + r„) 

Now we can compare the temperature gradients associated with each heat transfer mode 

in ratio form, commonly called the radiative Biot number. 
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^ ^ _ D • ; - °^rad 
T.-T̂  

If Birad is significantly less than unity the temperature gradients across the solid are 

significantly less the those driving the radiation. Hence, if 

Bir^ <0.1 

we can consider the geometry to be a flat plate and neglect the temperature profiles 

through the plate (Incropera and DeWitt, 1981). 

Using the previously defined parameters, we can bound the values of Birad-

Noting that Bitad is maximized when had is maximized, we can use a sink temperature of 

4K and a plate surface temperature of 775K (±e melting temperature of aluminum alloy 

2024 T6), along with the thermal properties stated in Table 3.1 to determine 

This is sufficiently below the 0.1 criteria and hence validates the flat plate assumption for 

the thermal problem described previously. Further, because Birad,max is 0(10"^), moderate 

changes in the plate thickness will not effect the flat plate assumption. 

In conclusion, temperature gradients involving radiation and conduction heat 

transfer were compared in order to determine if temperature gradients into the plate were 

significant. The comparison of the gradients revealed that radiation driven gradients were 

7 orders of magnitude greater than conduction driven gradients. The temperature 

variations in the thickness dimension of the plate can therefore be neglected. 
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4  ̂Finite Difference Techniques 

Finite difference techniques are often applied to lieat transfer equations. The 

versatility of the method allows it to be applied when other more elegant solutions cannot 

be derived. There are many texts and articles which guide investigators in developing 

finite difference solutions [Incropera and DeWitt, 1981, Carslaw and Jaeger, 1984, 

Ozisik, 1994, and Lewis et al., 1991]. 

The application of finite difference modeling techniques involves solving the heat 

equation at discrete nodes throughout a volume. In general, a volume is divided into a 

finite amount of discrete volumes, an energy balance is then applied to each discrete 

volume, and all resulting equations are simultaneously solved for the individual node 

temperatures. For steady state analysis the method is straight forward in that once the 

energy balances are applied and reduced in terms of temperatures, a unique matrix results 

which hopefully can be solved directly. For transient analysis, the temperature 

distributions are more difficult to determine. Because of the time dependence, all the 

volume temperatures must be calculated at each time step. There are two approaches to 

these calculations: implicit and explicit. 

An implicit finite difference technique determines new volume temperatures 

based on both the individual node temperature at the previous time step and the 

distribution of temperature at the new time step. Similar to steady state finite difference 

techniques, a matrix system of equations representing the temperature distribution must 

be solved at each time step. When radiation terms are present in ±e modeling equation. 
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as is the case for this dissertation, the resulting matrix is non-linear and more elegant 

matrix solving techniques are required. In general, the stronger the non-linearities present 

in the temperature solution, the more difficult it is to determine a solution to the system of 

equations [Greenspan and Casulli, 1988]. 

An explicit finite difference technique determines new volume temperatures based 

solely on the previous time step temperature distribution. There are no matrices to solve 

however there are limitations on the time step/node size in order to assure thermodynamic 

laws are not violated. The non-linearities due to radiation make the formulation a bit 

more challenging; however, the solution is guaranteed if the time step limitations are 

adhered to. The time step/node size limitations will be addressed fiirther in section 4.4. 

The finite difference model pursued in this dissertation is an explicit formulation. 

The expected temperature ranges are 4 to 775K, which will result in extreme non-

linearities in the radiation term, and will make the implicit formulations difficult to solve. 

The explicit formulation will be limited by a small time step size; however, a valid 

solution will always be produced at the sacrifice of computation time. 

43 Recursion Equation Generation 

The development of an explicit finite difference technique involves balancing 

energy flux through discrete volumes. The formulations can then be algebraically 

manipulated to express the transient volume temperatvu^s in terms of the previously 
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known volume temperature distributions. This section will formulate the temperature 

recursion equations for interior, side, and comer nodes. 

Before an explicit finite difference technique can be applied to the posed problem, 

a volume discretization must be established. The gridding pattern used in this 

formulation is shown in Figtire 4.1. The grid spacing in both the length and the width 

directions are equal. Note that the interior nodes are 'full' sized in that they have a 

projected area of Ar. The side nodes only have a 'half size (Ax'/2) and the comer nodes 

have a 'quarter' size (Axr/4). 

With the grid pattern established we can begin the formulation. For an interior 

node (labeled /,/), we can perform an energy balance of the four conduction terms, two 

radiative terms, the incident solar energy, and the change in thermal capacitance (see 

Figure 4.2). Symbolically, we can state for a center node: 

M x A  ~  +  k A x b   ̂ ~ + kAxb̂ ^—  ̂+ kAxb̂ ^—  ̂+ 
Ar Ar Ax Ar 

Note that the incident solar heat flux <?,.y is a transient term. This equation can be 

algebraically manipulated and solved for the new center node temperature at time t + A/. 

•jnnew 
ij 

\ccTUernode pc^Ax' I 9 ^p 

^ top ^ ^ /_4 _ _4 ^bottom ^ ̂  ^ 

p c  b  ^  p c  b  ^  

^  q  A t  
T,,+—— 
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Thus, if all parameters are known for a node as weU as the temperature distribution at a 

time t, then the temperature at center node i,j can be calculated with the above equation at 

a time t + Ai. 

We can follow the same approach with a side node. Again balancing the heat 

transfer through the left side node (see Figure 4.3), we can formulate: 

, ̂  I. ̂ .1./ - Ti.j kAxb Ti.j-i - Tj j kAxb 
IcAxb --i H 

Ax 2 Ax 2 Ax 2 
e^pOAx- , . g^„„„tyAx- / 4 ^4 . Ax'bpc^ 

2 \ ' J '••top) 2 V '-j ".bottom) 2 ^ 

The divisor of 2 is due to the element being either half as wide for the particular heat flux 

or half as small for the capacitance volume. Solving this equation for the new side node 

temperature, the expression for a left side node becomes: 

T"^\ -——(IT +T +T Wfl-4—^JL-. 
\iqis,d.nod. pCpAc-^ [ pCpAx-

\ 
a At 

/ —4 7"* \ bottom f X"* T** \ 

pc^b ^ pc^b 

Similarly we can derive equations for a right side node, upper side node and lower side 

node. For completeness we state the equations: 

T"^\ =——(IT +T +T ) + ln«/U udenade p ^ ^.y-1 ^ ^ 

f A ; ^ 
1-4-

Pc.Ax- ) 

^lop^ ^ I J.4 _-r* \ g bonom ̂  ̂  ( f *  — T *  ^  
_ I I ,, "jap I „ I I ,, "Jxinom I 
pc b ^ " ' pc b ^ ' ' 

Q At 
T — 

PCpb 
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•j^new 
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A/ 
7;, — 

pc> 

^^4 _j.4 \ 
\ ,.j *^<^Jop ) 

' bottom o A/ / 4 ^4 
pc> 

IT* -T* ] 
\ I.J '^jMttom I 

Ar A: 
pc Ax 

r(^-l.y +27;y^,) + 1-4-
Atk 

pc„ Ar-

a A/ 
T,, +—— 

Pc> 
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p c h  ^  !  

Lastly, we can generate the node temperature equations for a comer node. 

Balancing the heat flux terms of the lower left comer node in Figure 4.4, we get: 

khxbT,^y,j-T,,, kAxbT,^j.^-T,.o.,q,_^Ax- e^pOAx' . 
V ^".lop) 

Ax Ax 

 ̂bonom̂ ^̂  fj"* T"*  ̂
. \ '-V "Moaom J 

4 4 
Ax'bpc^ 7:7-7;.^ 

4 A/ 

Again, the factors of 2 are due to 'half size areas for conduction heat transfer and the 

factors of 4 are due to the 'quarter' size areas for heat flux. Finally, we can reduce this 

equation to express the lower left node temperature as: 

'pnew Atk 

i lower left node A r 
T(n„,*2T,„.,) + 1-4-

Atk 

pc> 
' bottom 

pc^b 

pCpAx 

^ ̂  (T* -T* ^ f \ ^ J *»ikmom / 

q At 
T,, +—— 

pc> 

To complete the set of recursion equations, we state the expressions for the upper left 

node, the upper right node, and the lower right node, respectively: 
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This completes the set of node temperaoire recursion equations. With all the parameters 

and an initial temperature distribution defined, subsequent temperature profiles can be 

calculated with this set of equations. 

The only undefined parameter remaining in the set of node temperature recursion 

equations is the incident heat flux qij. This heat flux represents the amount of energy flux 

incident on a node at a particular time step. The amount of flux generated by the 

concentration lens is simply computed by 

*7flax.total ^ s ^factor^ 

where G is the solar constant in low earth orbit (nominally 1400 W/m"), cfactor is the 

concentration factor of the lens, and ttj is the absorptivity of the plate at solar 

wavelengths. This represents the energy flux, but not the incident solar flux on each 
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node. Unfortunately, the nodes are defined in a rectangular coordinate system while the 

incident solar flux is focused into a circular spot. This means that the amount of energy 

incident on a particular node must be carefully calculated. The algorithm for determining 

the nodal incident solar flux is as follows: the nodal grid shown in Figure 4.1 is further 

discretized by a factor of 10 in each dimension. Each node is therefore divided into 100 

segments. With the incident solar energy center position and the geometrical center of 

each segment area known, the distance between the two can be determined. If this 

distance is less than the radius of the focal spot, the segment is assigned a solar flux value 

equal to the area of the segment times the incident solar flux. The nodal heat flux is then 

the sum of all its segment heat flux. Figure 4.5 is a schematic of this algorithm. 

A complete set of node temperature recursion equations for an explicit finite 

difference formulation has been presented. An algorithm for determining the specific 

node solar flux has been described. The foundation of a numerical model describing the 

processing of debris with concentrated solar radiation has been established. 

4.4 Stability Requirement 

Since the model used to characterize the processing of debris with concentrated 

solar radiation is an explicit finite difference model, a stability criterion must enforced. 

The stability criterion may be derived from a mathematical basis [Myers, 1971] or, more 

appropriately for this dissertation, from a thermodynamic basis. The second law of 

thermodynamics states that energy transfers as heat firom a hot state to a cold state. Thus, 
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if the net energy into a node over a time increment is positive, the new temperature of the 

node relative to the previous temperature must be greater. Symbolically, we can write 

Using this criterion we can take the partial derivative of the node temperature recursion 

equations with respect to the prior time step temperature. Fortunately, all the recursion 

equations result in the same derivative: 

It is very significant to note that the derivative is dependent on the node temperamre 7,^ 

and the grid spacing Ax. The implication is that the time increment used in the model 

will be dependent on the node temperatures and will therefore vary throughout the 

calculations. Using the above inequality, we can produce an expression for the time 

increment size. 

Most significantly, the time increment is proportional to the square of the grid spacing 

and inversely proportional to the cube of the node temperature. Thus, finer grid spacing 

and higher node temperatures imply smaller time steps. 

bottom 
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Since inequalities are difficult to incorporate into numerical models, we must 

convert the inequality into an expression for the time increment. This can be 

accomplished using a scaling factor/ where 0 </< 1. 

A/ = ^ 
Ak {̂̂ top "̂ b̂onom "̂ i.j 
_ +  I 

V / 

Preliimnary test cases were calculated using various scaling factors. Calculations were 

made using a non-moving focal spot to determine the effect of the scaling factor. To 

visualize the effect, the focal point center temperature is plotted against time in Figure 

4.6. Clearly, scaling factor values greater than unity are unsatisfactory. However, to 

minimize computation time the scaling factor should approach unity. Values of unity do 

not identically satisfy the time increment inequality, therefore a value of / = 0.98 is 

recommended. This value of the stability scaling factor is used for all computations in 

this document. 

To recapitulate, thermodynamic laws dictate a stability criterion must be set. This 

criterion has been determined and an expression for the time increment has been 

established with a scaling factor enforcing the inequality. An appropriate stability scaling 

factor value of 0.98 has been demonstrated to be acceptable for all computations in this 

document. 
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4  ̂Steady State Solution 

Although the problem of processing orbital debris with concentrated solar energy 

as proposed by AS POD is highly transient in nature, the steady state solution is still vital 

to the characterization of the surface properties. Because ASPOD will cycle the focal 

spot of solar radiation across the plate, no true steady state solution is expected to be 

achieved. However, due to limitations of the experimental apparams described in section 

6.1, only the temperature distribution of a non-moving spot of concentrated solar 

radiation could be measured. Thus, a method of determining the steady state solution of a 

stationary spot of concentrated solar radiation is required to model the experiment. In 

addition, because no known solution to the posed problem exists, steady state solutions 

allow for the numerical model to be validated. For these reasons a steady state solution to 

the model was pursued. 

The steady state solution can be approached by one of two methods: allowing the 

transient solution to progress until the temperamre distribution no longer changes or by 

assuming a solution and iterating to solve the resulting non-linear matrix (refer to section 

4.2). Certainly, the more direct and potentially faster (computationally) method is to 

solve the non-Unear matrix but it remains an iterative method with no guaranteed 

solution. Allowing the transient solution to progress is more reliable but it may be 

computationally more expensive. With the ever accelerating computer speeds, the chosen 

method for this document is the transient method. 
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Upon application of the transient method to determine a steady state solution, a 

criterion must be set to determine if steady conditions have been achieved. The criterion 

applied in this investigation is as follows: if the time derivative of temperature at all 

points in the domain is less than 0.5 K/s, steady state conditions are assumed. 

Symbolically, 

dT 
—— < OJ, for all i,j 

dt 

For the remainder of this document, if steady state conditions are referred to, this 

condition is satisfied. 

The necessity of a steady state solution to the numerical model is predicated by 

the experimental apparams and model verification. The steady state solution is 

determined by allowing the transient model to evaluate the temperaoire distributions until 

the rate of change of temperature throughout the domain is less than 0.5 K/s. 

4.6 Model Verification 

A numerical model was developed to determine the transient thermal response of 

processing orbital debris with concentrated solar energy because an analytical solution 

could not be determined. Before the results of the model can be accepted, the model must 

be verified by being compared to known cases. Because the model was developed to 

solve a problem with no known analytical solution, it is difficult to find the proper 

benchmark with which to compare. The verification process for this model will be based 
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on three criteria: proper convergence to a known steady state result, comparison to an 

analytically approximated transient one dimensional conduction problem, and 

convergence to an analytically solved conjugate radiation-conduction condition. The first 

two methods demonstrate the model validity related to conduction heat transfer while the 

last method demonstrates the model validity related to radiation heat transfer. Each 

verification will be discussed separately. 

4.6.1 Steady State Conduction 

To prove the validity of the recursion equations, the results of the model were 

compared to a simple one dimensional conduction problem. If the steady state solution of 

the model matches the analytically determined solution, then the conduction regime of the 

model can be considered valid. 

The model was tested as follows: a random temperature distribution (see Figure 

4.7) was applied to a model domain of 8 cm by 8 cm. All emissivities and absorptivities 

were set to zero to eliminate any radiative terms and the incident heat flux. The boundary 

conditions at the top and bottom of the domain were left insulated. The left and right 

boundary conditions were set to 200K and 3(X)K, respectively. The differential equation 

representing this steady state problem is: 

d x '  d  y '  ^  
= 0 

with 
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-— = 0, a.ty = 0,L 
oy 

T=200K atjc = 0 

T=300K atx = L 

3 ~T 
The insulated boundary conditions in the y direction eliminate the -—term and result 

d y-

in a one dimensional model. This model can be easily solved to produce 

T{x) = -^ + 200 (K) 

This result is irrespective of the initial condition. Thus the model should produce a result 

that is one dimensional with the temperature linearly varying in the x direction between 

200 and 300K. The model results are shown in Figure 4.8. Clearly, the model produces 

the expected result. As a further test, the boundary conditions applied in the x and y 

directions were switched. The model again produced the proper results. 

As a test of the validity of the numerical model, the steady state temperamre 

distribution was computed from an initially random temperamre distribution for a known 

analytical problem. The model produced the expected steady state linear temperature 

distribution. The steady state conduction solution of the model is considered valid. 

4.6.2 Transient Conduction 

To further verify the conduction modeling of the finite difference model, the 

model results will be compared to an analytically approximated two dimensional transient 
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conduction problem. The problem is from a classic text on heat transfer [Incropera and 

DeWitt, 1981], 

The test case for the model involves the immersion of a two dimensional solid 

into a bath of constant temperature. The solid is considered insulated on two edges and 

has convective boundary conditions on the other two (see Figure 4.9). To further 

challenge the model, the heat transfer coefficients on the two exposed sides are different. 

The analytical solution to this transient problem can be expressed as 

T{x,t) = P^xj) 

The P functions are the plane wall fiinctions 

r(x,0 = £c,e-^"^''cos 
V ^ / 

where the ^ values are determined from the transcendental equation 

tan((;J=fi/ 

and the C„ coefficients are determined by 

^ 4sin((;J 

2q,+sin(2(;J' 

The full derivation of these solutions can be found in Incropera and DeWitt [ 1981]. 

Using the parameter values expressed in Figure 4.9, the analytical solution was 

calculated. The same parameters were input to the numerical model and the results are 

illustrated in Figure 4.10 for ±e four locations indicated in Figure 4.9. As is evident in 
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the plot, ±e numerical model matches the analytical solution exactly. Thus, the transient 

conduction regime of the numerical model was considered validated. 

To verify the transient conduction model results, a comparison was made for a 

two dimensional transient conduction problem with a known analytical solution. The 

problem consisted of a uniform initial condition and two convective boundary conditions. 

The two solutions agreed exactly and the transient conduction modeling is considered 

valid. 

4.63 Radiative Boundary Condition 

The last validation of the finite difference model involves steady state conjugate 

radiative-conductive heat transfer. A classic text on radiative heat transfer [Siegel and 

Howell, 1992] offers an analytical solution for a one dimensional steady state radiative fm 

problem. Once again the results of the model will be compared with a known solution. 

The radiative fin problem to be solved is shown in Figure 4.11. The governing 

steady state equation can be expressed as 

Assuming an ambient temperature of OK and multiplying by dT/dx, the result is 

dx' dx dx 

This can be integrated in x from x to / to yield 
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kb(dT\' 2ea 
[ r u ) - r ( / ) ] = o  

2 y d x )  5 

If the value of T(l) is known, an expression for dT/dx results 

This equation can be separated and integrated from x to 0 and T(x) to Tbase to produce 

This is a relationship between x and T(x) which we can use to determine the steady state 

distribution. What remains is the value of T(/)- This can be solved for trancendentally by 

Using a root finder scheme with the parameter values shown in Figure 4.11, the 

temperature at x = I was determined to be 44.13K. With this value, the steady state 

temperature distribution was calculated. 

The analytical and numerical temperature distributions are plotted in Figure 4.12. 

Clearly the numerical model computed the distribution as accurately as die analytical 

solution. The conjugate radiation-conduction regime of the model is considered verified. 

To test the radiative heat transfer regime of the model, the model results were 

compared to an analytical solution for a steady state one dimensional radiation-
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conduction fin configuration. The model produced a temperature distribution that 

matched the analytical solution. The radiative regime of the model is considered valid. 

4.7 Summary 

In order to characterize the thermal processing of orbital debris using concentrated 

solar radiation, a numerical model was created. The posed flat plate problem was 

modeled wi± a two dimensional expUcit finite difference scheme. The specific recursion 

equations necessary to construct the model have been stated and a stability criteria based 

on these equations has been established. To validate the model, the results were 

compared with three test cases involving steady state conduction, transient conduction 

and conjugate radiative-conductive heat transfer. In all three test cases the model 

succeeded in matching analytical solutions. The final code, written in IDL, a graphical 

interface language, is included in Appendix A. This establishes the first technical 

advance of the dissertation: the development of a numerical model. The model can now 

be used to characterize the processing of debris with concentrated solar radiation. In 

addition, the model can be used by future ASPOD engineers to investigate other 

configurations not considered in this dissertation. 
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Figure 4.3. Energy Balance for a Left Side Node 

Figure 4.4. Energy Balance for a Lower Left Comer Node 



58 

Node Boundanes 

— Node Segments 

Figure 4.5. Schematic of Node Incident Solar Hux Calculation 

o 
S 3 
"5 
s 
Q. 

E o 
o 

800 

700 

600 

500 

400 

300 

200 

Stability Factor 

0.80 
A 0.90 

• 0.98 
1.00 

* 1.05 

Time (s) 

400 

Figure 4.6. Determination of the Stability Criteria Scaling Factor 



59 

0.08 n 

0.06 H 

0.04 H 

o 

0.02 H 

0.00-p 
0.00 0.02 0.04 

X Direction 

0.06 

[Temperature Contours (C) 
••290.0 - 300.0 

1280.0 
270.0 

1260.0 
I 250.0 
I 240.0 
1230.0 
I 220.0 
I 210.0 

200.0 

290.0 
280.0 
270.0 
260.0 
250.0 
240.0 
230.0 
220.0 
210.0 

0.08 

Figure 4.7. Initial Temperature Distribution for Steady State Conduction Verification 

0.08 

O 0.04 

Temperature Contours (C) 
•1290.0 - 300.0 
•• 280.0 - 290.0 

270.0 - 280.0 
•1260.0 - 270.0 
••250.0 - 260.0 
•1240.0 - 250.0 
••230.0 - 240.0 
••220.0 - 230.0 
•1210.0 - 220.0 
•1200.0 - 210.0 

0.02 

0.00 

X Direction 

0.00 0.08 

Figure 4.8. Results of Steady State Conduction Verification 



h. = 20 W/m-K 

= 300K 

k = 50 W/m K 
a = 0.02083 m-/s 

;V L, = L = Im 

Tu,t- = 300K 

= 4 W/m^K 

Pt I 
Pt2  
Pt3  
P t4  

Figvire 4.9. Schematic of Transient Conduction Verification Condition 

275 

^ 250 

® 225 
3 
CO 

O 200 
Q. 
E 
® 175 

ffl 
® 150 

CL 

125 

100 
0 50 100 150 200 250 300 

time (s) 

Analytical 

Numencal 

Figure 4.10. Results of Transient Conduction Verification 



plane of symeoy 

T= lOOK 

e = a = 0.6 T= lOOK 

X 

21 

Figure 4.11. Schematic of Steady State Radiation Verification Condition 

a Siegel and Howell 
Numerical Model 

Position 

Figure 4.12. Results of Steady State Radiation Verification 



5. NUMERICAL RESULTS 

The foundation of this dissertation is the concept of processing orbital debris with 

concentrated solar radiation. In order to gain a better understanding of the physical 

parameters involved with the processing, a numerical model was created. A technical 

goal of this document is to use the numerical model to characterize the effects of specific 

physical parameters on the entire cutting process. This chapter discusses the results of an 

exhaustive parameter variation for the process. In addition, with the aid of a mechanical 

stress analyst, a criterion is established under which processing of orbital debris with 

concentrated solar radiation can be achieved. The conclusions of this chapter serve as 

design rules for future AS POD designers. 

5.1 Description of Modeling Process 

The previous chapter described the thermodynamic foundation of the numerical 

model; however, the specific operation of the model was not described. This subsection 

will describe the parameter inputs to the model and the outputs from the model. In 

particular, a 'base' case will be discussed which will provide the basis of comparison for 

all other cases considered. 

The modeling process is conducted as follows: the plate is assumed to be at a 

uniform initial temperature of 300K. The focal spot is positioned such that the center of 

the focal spot is at the edge of the plate. As time increases the focal spot travels at the 

indicated rate across the plate until the center is positioned over the opposite edge. At 
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this time the focal spot travels in the opposite direction. Each traverse across the plate is 

labeled a 'pass'. The cycling of the focal spot continues until either the maximum local 

plate temperature reaches the material melting temperature or 300 seconds have passed. 

All the physical parameters that the model included were listed in Table 3.1. In 

addition, nominal values were given and a range of values were presented for non-fixed 

parameters. The nominal values in the table are the input conditions for the base case. 

The transient output parameters for the model are the average cut line temperature, the 

maximum and minimum cut line temperatures, the current position of the focal spot 

center point, and the pass number. Also, the entire plate temperature distribution is 

recorded at the last calculated time step. 

The transient temperature output parameters for the base case are plotted in Figure 

5.1. The plot illustrates how the average cut line temperature monotonically increases as 

the focal spot cycles across the plate. In addition, the maximum and minimum cut line 

temperatures also increase, however they exhibit some oscillations due to the focal spot 

reaching the edges of the plate. The calculations were stopped when the maximum cut 

line temperature (which corresponds to the maximum plate temperamre) reached 775K. 

Clearly, the cut line temperature parameters have not reached steady state. The end 

condition cut line temperature profile across the plate is plotted in Figure 5.2. Because of 

the steep temperature gradient to the right of the hot spot, it can be deduced that the pass 

to the left (pass number 140) has just completed and the focal spot is now cycling to the 

right. Most significant however is the temperature span from maximum to minimum: 
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62K. As discussed in section 3.2.1, the key parameter indicating if mechanical failure 

occurs is the minimum cut line temperature. Thus, to judge if failure would have 

occurred with the input conditions of the base case, we would only consider the minimum 

cut line temperature at the end condition: 715K. Mechanical failure will occur when the 

minimum cut line temperature approaches the melting temperature. It is anticipated that 

as the model input parameters are varied, the end condition minimum cut line temperature 

will vary also, hopefully approaching the melting temperature. The most critical plot for 

each of the cases considered is the minimum cut line temperature. 

5  ̂Characterization of Physical Parameters 

In order to completely characterize the effect of each physical parameter on the 

processing of orbital debris using concentrated solar radiation, a total of 63 input cases 

were considered. Table 5.1 is a listing of all the input parameters for each case 

considered. The table is divided into groups of similar conditions: groups 1-6 and 8 

involve surface property and sink temperature variations. Group 7 involves thickness 

variations, the only non-fixed geometrical parameter. Groups 9-12 involve the solar 

energy concentration system. Each of these groups of parameter variations will be 

discussed independendy. For reference. Appendix B contains plots of the average cut 

line temperature for each of the 12 groups considered. 
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5 .̂1 Surface Properties 

To better understand the effect of surface properties on the processing of orbital 

debris with concentrated solar radiation, a total of 31 input parameter conditions were 

considered. The cases can be divided into 7 groupings: group 1 involves top surface 

emissivity variations at ±e base case condition. Group 2 varies the top surface emissivity 

with the back surface emissivity set to 0.99. Group 3 again considers the top surface 

emissivity variations at the base case condition, but with the top surface having a 300K 

shield over the heated portion of the plate. Group 4 has the same variations as group 3, 

but the entire top and bottom surface sink temperatures are 300K. Group 5 is the same as 

group 4, with the additional consideration of a back surface emissivity of 0.99. The sixth 

group maintains the base case conditions, but varies the entire top and bottom surface 

sink temperatures. Finally, group 8 considers the solar absorptivity variation with the 

base case conditions. 

The first surface property variation considered was that of the surface total 

emissivity/absorptivity. Figure 5.3 plots the minimum cut line temperamre for the cases 

1-5. The end condition minimum cut line temperature is just above 710K for cases in 

which e < 0.7. The cases where e > 0.7 appear to have reached a steady state condition 

that is significantly lower than the material melting temperature. Based on Figure 5.3, the 

top surface emissivity only effects the end condition minimum cut line temperature when 

the top surface emissivity is greater than 0.7. Physically, the top surface emissivity only 

involves the amount of energy emitted from the top surface of the plate. Since the 
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variation of the emissivity below 0.7 does not significantly effect the cut line temperature 

distribution one can deduce that the combination of the conduction of energy away from 

the cut line and the emittance of energy from the back surface of the plate are much 

greater than the emittance of energy from the top surface of the plate. Only when the 

emissivity of the top surface of the plate is greater than 0.7 does the top surface emittance 

rival the plate conductance and back surface emittance, meaning the plate cannot achieve 

higher cut line temperatures. 

With this effect in mind, cases 6-11 consider the variation in the top surface 

emissivity with the back surface emissivity set to 0.99. As shown in Figure 5.4, the effect 

of the top surface emissivity further reduces the end condition minimum cut line 

temperature. All six cases considered with the higher back surface emissivity reach a 

steady state temperature much lower than the 0.15 back surface emissivity base case. 

This is very much expected, as in general, with the back surface emissivity at 0.99, much 

more energy emittance occurs and results in higher temperature gradients across the cut 

line. 

The top surface emissivity can be further investigated with a coupling to the sink 

temperature. For cases 12-17, the top surface sink temperatures for the area within 16mm 

of the cut line (see Figure 5.5) was set to 300K. This simulates a reasonable shielding 

condition about the cut line. Figure 5.6 is a plot of the minimum cut line temperamre for 

this condition. As evidenced by comparing this figure to that of Figure 5.3, there is no 
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effect due to the shielding temperature. The difference in heat sink temperatures from 4K 

to 300K over the shielded area has no effect on the transient temperature distribution. 

To further investigate the effect of the sink temperatures, cases 18-23 were 

considered. These cases assume a uniform sink temperature of 300K for both the front 

and back sides of the plate and vary the emissivity. Cases 18-21 vary the front surface 

emissivity with all parameters except the front and back sink temperatures the same as the 

base case. Cases 21-23, are the same except that the back surface emissivity is set to 

0.99. These results are plotted in Figure 5.7. Once again, the sink temperatures of 300K 

by themselves do not effect the temperature distributions. With the increased back 

surface emissivity, the results are the same as in cases 6, 8, and 11, of Figure 5.4. Thus, 

the front and back sink temperattires varying from 4-3(X)K do not effect the end condition 

temperature distributions. 

With the realization that sink temperatures under 300K do not effect the end 

condition cut line temperamre distributions comes the question: at what temperatures do 

the sink temperatures become significant? Plotted in Figure 5.8, cases 24-26 answer this 

question. Even at sink temperatures above 6(X)K, significantly more than can be 

reasonably achieved in low earth orbit with a photo-voltaic powered system, the end 

condition minimum cut line temperature is not effected. Certainly the amount of time 

necessary to achieve the cutting temperatures is altered, but the most significant 

parameter, the end condition minimum cut line temperature, is not effected by the sink 

temperature. 
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Thus far, the only surface parameter that has been investigated is the total surface 

emissivity and not the solar absorptivity. The solar absorptivity only effects the amount 

of solar energy absorbed by the plate at the focal spot. Figure 5.9 shows the results of the 

variations in solar absorptivity (cases 33-37). Clearly, higher absorptivities will mean 

more energy enters the plate, but there is a disadvantage. The increased amount of energy 

results in higher local temperatures which imply higher temperature gradients across the 

cut line. Certainly the plate is heating faster, however the temperature gradients across 

the cut line increase with increasing absorptivity. There must be a balance then between 

absorbing enough energy to adequately heat the plate but not too much to induce large cut 

line gradients. 

The effect of the surface properties on the processing of debris with concentrated 

solar radiation has been discussed. The effects of the plate emissivity and the sink 

temperatures associated with them are secondary. At emissivity values above 0.7, the 

emittance from the plate at elevated temperatures is of the same magnitude as the solar 

energy incident on the plate. The sink temperatures play an insignificant role in plate 

temperature distribution. The solar absorptivity of the plate strongly effects the heating 

rate of the plate but increasing values of the absorptivity also result in higher temperature 

gradients along the cut line. 

5J..2 Geometrical Properties 

As the problem has been posed, the only non-fixed geometrical parameter 

considered in the processing of debris with concentrated solar radiation is the plate 
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thickness. In section 4.1 we established that the temperature disuibution in the thickness 

dimension was much smaller than the distribution in the plane of the plate. This does not 

imply that the thickness does not effect the in-plane temperature distribution. The 

seventh group of parameter variations (cases 27-32) investigate the effect of the plate 

thickness. Figure 5.10 illustrates the results of this investigation. Due to the reduced 

capacitance, the thinner plates heat up much faster than the thicker plates, however, due 

to the decreased cross sectional area for conduction heat transfer, the energy wasn't able 

to spread outward through the plate and thus resulted in higher temperature gradients 

across the cut line. Certainly, more energy, and hence more time, is required to heat 

thicker plates, but the resulting temperature distributions make them more likely to 

experience failure due to more uniform temperatures along the cut line. 

The results of the plate thickness variations is that thinner plates require less 

energy to heat but result in less favorable cut line temperature distributions. Thicker 

plates require more total energy but result in favorable cut line temperature distributions. 

The thickness of debris in orbit cannot be predicted, therefore the final designed system 

must be able to account for thickness variations. 

5.23 Solar Energy Concentration System Properties 

The solar energy concentration system for ASPOD has one clear goal: to apply 

energy to the surface of the debris in order to produce cut line temperature profiles that 

result in diminished material properties. To this end, there are essentially 3 parameters 

that can be varied: the focal spot area, the concentration factor, and the rate at which the 
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focal spot cycles across the debris. The projected area of the lens is a hidden parameter 

within the focal spot area and the concentration factor. The relationship between these 

three parameters can be expressed as: 

^ _ ^Uns 
^/acmr . 

Spot 

Hence, it suffices to only consider two of the parameters. 

The variation in focal spot radius is investigated in group 9. The results are 

plotted in Figure 5.11 for cases 38-42. As the focal spot radius increases above the base 

case (6.2mm), the end condition cut line minimum temperature decreases. However, for 

focal spot radii less than the base case, the cut line does not achieve a steady state 

condition in 300s. Both effects can be explained by the total energy incident on the plate. 

The concentration factor is assumed constant for these cases but because the focal area 

varies, the implied lens projected area has to vary, and hence, the total amount of energy 

incident on the plate varies also. Thus, smaller areas result in less incident energy, larger 

areas result in more incident energy. Therefore it is difficult to qualify the effect of the 

focal spot radius by only considering radii variations. 

A similar effect can be seen with the lens concentration factor. Group 10 

considers variations in the concentration factors. The minimum cut line temperature plots 

for these cases are shown in Figure 5.12. The end condition minimum cut line 

temperatures increase with decreasing concentration factors. This effect is the same as 
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the solar absorptivity, ±e model carmot distinguish the difference between higher 

absorptivity and higher concentration factor. 

To truly see the effect of variations in the focal spot radius, the total energy, i.e. 

the lens projected area, should be fixed while both the focal spot radius and concentration 

factor are varied. This constant energy focal sp)ot radius variation, while maintaining the 

same lens projected area as in the base case, was performed in group 11. The minimum 

cut line temperatures are plotted in Figure 5.13 for cases 51-55. Now the effect of focal 

spot radii variations becomes apparent. Smaller focal spots result in very high cut line 

temperature gradients, while larger focal spots result in lower gradients. Namrally, if the 

focal spot radius becomes as large as the plate, the cut line temperature distribution will 

be the most uniform, but this case should not be considered because the configuration of 

the acmal debris may not allow the solar energy to impinge on the entire cut line. 

However, this is still a very significant result, in that smaller concentration ratios, i.e. less 

precise lenses, can be advantageous. The results indicate that as long as the lens 

projected area is sufficiently large, a concentration factor of 1000 to 1500 may be 

sufficient. 

The last solar concentration system parameter investigated is the focal spot 

velocity. Intuitively, the faster the focal spot cycles across the plate, the lower the cut line 

temperature gradients, as this mimics the case of a large focal spot area. Cases 56-63 of 

group 12 demonstrate this effect in Figure 5.14. The oscillating minimum plate 

temperature phenomena is apparent for the low velocity cases. Note also that the rate at 
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which the cut line is heating up is essentially equal for all cases considered. Figure 5.15 

is a better illustration of the end condition time and minimum plate temperatures. The 

effect of higher focal spot velocities is clearly lower cut line temperature gradients. 

The solar concentration system parameters have been examined. The focal spot 

radius and the concentration factor where found to be interdependent. The effect of one 

of these cannot be evaluated without considering the other. For a constant lens projected 

area, smaller cut line temperature gradients were the produced by large focal spot areas 

and corresponding lower concentration ratios. The effect of faster moving focal spots 

was demonstrated. To minimize the cut line temperature gradients, the focal spot should 

be cycled as quickly as possible. These generalities can serve as design guidelines for 

future ASPOD engineers. 

53 Failure Criteria for Aluminum 

Throughout this document we have referred to the minimum cut line temperature 

as the most significant criteria indicating if failure of the debris will occur under a given 

mechanical load. Section 3.2.1 discussed briefly the failure mechanisms, however a 

concise criterion was not established. This section will establish a criterion for 

Aluminum 2026-T6. It should be respectfiilly noted that the author provided the 

motivation and the thermal modeling to develop this criterion, but an experienced stress 

analyst, Kevin Brawner, developed the structural model and ultimately determined if 
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mechanical failure occurred for a given themaal condition. The results of the 

investigation described in this subsection are awaiting publication [Babin, et al., 1998]. 

It was alluded to in section 3.2 that the only means of tnily determining if a piece 

of debris will mechanically fail under a given loading is to perform a stress analysis on 

the piece. In order to establish a criterion for the failure of aluminum 2026-T6, that is 

exactly what was performed. 

The structural model was developed using the commercial Finite Element code 

COSMOS/M. A finite element mesh of PLANE2D plane stress isoparametric elements 

was used in the non-linear structural analysis of the aluminum member. This element 

was chosen for its capabilities at analyzing thermo-plasticity problems such as this one. 

The mesh used in the model transitioned firom very fine at and around the intended cut 

line to relatively coarse at the ends of the plate. This was done to minimize computation 

time. The temperature dependence of the material mechanical properties were included 

in the model. Since the plastic behavior of the plate (load at failure) was to be 

determined, a non-linear static solution method was required. The non-linearities 

considered in the analysis were the plate aluminum material behavior and geometric 

configuration during loading. 

Using the thermal model described in Chapter 4, a series of realistic plate 

temperature distributions were calculated. These results then forwarded to the structural 

model. The structural model considered this temperature profile to have been achieved 

prior to the mechanical load being applied. This removes the path dependency and the 
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relationship between the load distribution and thermal heating time dependent profile. 

The structural model then increased the loading until failure occurred. 

The tabulated yield and predicted failure loads are based on the following 

criterion: the yield load is that load which if exceeded will produce plastic strain in one or 

more elements along the cut line. Whether the yield state is highly localized or wide 

spread is case dependent and a function of the temperature distribution across the plate. 

The failure load is that load at which the plate is considered to possess no further load 

carrying capability. For this analysis, the data in the Military Standardization Handbook 

[1987] indicates that this occurs at approximately 0.58% total strain for aluminum at 

644K. Therefore, failure is declared when the minimum cut line strain is approximately 

0.58%. The use of this criterion coupled with the bi-linear stress-strain curve utilized will 

yield conservative results, i.e., the model should predict failure loads higher than reality. 

This is due to the fact that for temperature distributions that are not uniform across the 

plate, some elements will have strains higher than 0.58% in order to bring the minimally 

strained element to that level. In reality, this cannot happen and the model is allowing for 

false load carrying capability (erroneous load distribution) which ceases after 0.58% at 

644 K. In short, more cross sectional area is available to carry load than really exists. 

Using this mechanical failure definition, a series of plate temperature distributions 

were calculated and the necessary loading to induce mechanical failure was determined 

(see Table 5.2). For all the cases, the load at failure is plotted against the minimum cut 

line temperature in Figure 5.16. For minimum cut line temperatures exceeding 740K, the 
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required loading is less than the targeted 445N. For this reason, the failure criterion for 

Aluminum 2026-T6 under a 445N mechanical loading is a minimum cut line temperature 

of 740K. Future ASPOD designers should use this criterion when sizing the required 

solar concentration system. 

To recapitulate, to better determine a mechanical failure criterion for Aluminum 

2026-T6, a combined thermal/structural analysis was pursued. An experienced strucmral 

analyst, Kevin Brawner, developed a structural model using COSMOS/M that used 

output firom the previously described thermal model. A series of plate temperature 

distributions were input into the structural model and the loading required to induce 

failure was determined for each case. The parameter that indicated most clearly if failure 

occurred was the minimum cut line temperature. It was determined that a minimum cut 

line temperature of 740K is the proper threshold for failure for an aluminum member 

under a mechanical load of 445N. This is the criterion fumre ASPOD designers should 

reference. 

5.4 Summary 

The purpose of this chapter was to characterize the physical parameters involved 

with processing orbital debris with concentrated solar radiation, as applied to an 

aluminum flat plate. A total of 63 independent parameter variations were considered and 

their effect on the cut line temperature profiles discussed. The surface total 

emissivity/absorptivity were found to have secondary effects, in that for values below 0.7 



76 

the emissivity does not significantly influence the cut line temperature distribution. 

However, emissivity values above 0.7 do limit the maximum temperature the plate can 

achieve. The sink temperatures were found to have almost no effect on the cut line 

temperature distributions. The solar absorptivity has a strong effect on the cut line 

temperature distributions. High values of the solar absorptivity result in rapid heating of 

the plates but the also produce large temperature gradients along the cut line. The plate 

thickness also strongly influences the cut line temperature profiles: thicker plates heat 

slowly but produce low cut line temperature gradients. The solar concentration system 

parameters were also investigated. A coupling between the focal spot size, concentration 

factor, and lens projected area was discussed. For a given lens projected area, larger sized 

focal spots produced more uniform cut line temperature profiles with lower lens 

concentration factors. Higher focal spot velocities produced the lowest cut line 

temperature gradients. 

The true crux of these results imply that the process of heating aluminum debris 

with concentrated solar radiation in low earth orbit is dominated by diffusion heat 

transfer. The most significant radiative parameters only involve getting enough energy 

into the plate to achieve the targeted temperature. The diffusion parameters, as well as 

some energy concentration system parameters, influence how the energy is distributed on 

the plate and hence, the cut line temperature profile. 

In addition to a parameter variation investigation, a criterion was pursued for 

determining if aluminum 2026-T6 would fail at the assumed mechanical load of 445N. 
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Using a non-linear structural model with a wide range of cut line temperature profiles as 

thermal inputs, it was determined that the plates would fail when the minimum cut line 

temperature reached 740K. 

This chapter has established the second technical goal of this dissertation: a 

characterization of the processing of debris with concentrated solar radiation. The 

physical parameters ±at affect the processing of debris with concentrated solar radiation 

have been characterized. A criterion has been established for determining if a given cut 

line temperature profile will induce failure at a mechanical loading of 445N. Using these 

results as a guide, future ASPOD scientists can design a system to meet specific mission 

requirements. 
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Case ID plats e E a focal spot focal spot concentration sink tsmperatures 
thickness front back asolar radius velocity factor front Shield back 

base 0.001 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
easel 0.001 0.3 0.15 0.15 0.0062 0.1 5000 4 4 4 
case2 0.001 0.5 0.15 0.15 0.0062 0.1 5000 4 4 4 
case3 0.001 0.7 0.15 0.15 0.0062 0.1 5000 4 4 4 
case4 0.001 0.9 0.15 0.15 0.0062 0.1 5000 4 4 4 
cases 0.001 0.99 0.15 0.15 0.0062 0.1 5000 4 4 4 
case6 0.001 0.15 0.99 0.15 0.0062 0.1 5000 4 4 4 
case? 0.001 0.3 0.99 0.15 0.0062 0.1 5000 4 4 4 
caseS 0.001 0.5 0.99 0.15 0.0062 0.1 5000 4 4 4 
case9 0.001 0.7 0.99 0.15 0.0062 0.1 5000 4 4 4 
caselO 0.001 0.9 0.99 0.15 0.0062 0.1 5000 4 4 4 
easel 1 0.001 0.99 0.99 0.15 0.0062 0.1 5000 4 4 4 
caselS 0.001 0.15 0.15 0.15 0.0062 0.1 5000 4 300 4 
ease13 0.001 0.3 0.15 0.15 0.0062 0.1 5000 4 300 4 
case14 0.001 0.5 0.15 0.15 0.0062 0.1 5000 4 300 4 
caseiS 0.001 0.7 0.15 0.15 0.0062 0.1 5000 4 300 4 
easel6 0.001 0.9 0.15 0.15 0.0062 0.1 5000 4 300 4 
easel? 0.001 0.99 0.15 0.15 0.0062 0.1 5000 4 300 4 
easelS 0.001 0.15 0.15 0.15 0.0062 0.1 5000 300 300 300 
ease19 0.001 0.5 0.15 0.15 0.0062 0.1 5000 300 300 300 
ease20 0.001 0.99 0.15 0.15 0.0062 0.1 5000 300 300 300 
ease21 0.001 0.15 0.99 0.15 0.0062 0.1 5000 300 300 300 

0.001 0.5 0.99 0.15 0.0062 0.1 5000 300 300 300 
case23 0.001 0.99 0.99 0.15 0.0062 0.1 5000 300 300 300 
case24 0.001 0.15 0.15 0.15 0.0062 0.1 5000 400 400 400 
case2S 0.001 0.15 0.15 0.15 0.0062 0.1 SOOO 500 500 500 
ease26 0.001 0.15 0.15 0.15 0.0062 0.1 5000 600 600 600 
ease2? 0.0001 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
ease28 0.0005 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
ease29 0.0015 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
easeSO 0.002 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
ease3i 0.0025 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
ease32 0.003 0.15 0.15 0.15 0.0062 0.1 5000 4 4 4 
case33 0.001 0.15 0.15 0.3 0.0062 0.1 5000 4 4 4 
ease34 0.001 0.15 0.15 0.5 0.0062 0.1 5000 4 4 4 
easeSS 0.001 0.15 0.15 0.7 0.0062 0.1 SOOO 4 4 4 
ease36 0.001 0.15 0.15 0.9 0.0062 0.1 SOOO 4 4 4 
ease3? 0.001 0.15 0.15 0.99 0.0062 0.1 5000 4 4 4 
easeSS 0.001 0.15 0.15 0.15 0.002 0.1 5000 4 4 4 
case 39 0.001 0.15 0.15 0.15 0.0041 0.1 SOOO 4 4 4 
ease40 0.001 0.15 0.15 0.15 0.008 0.1 SOOO 4 4 4 
casa4i 0.001 0.15 0.15 0.15 0.01 0.1 5000 4 4 4 
case42 0.001 0.15 0.15 0.15 0.012 0.1 SOOO 4 4 4 
ease43 0.001 0.15 0.15 0.15 0.0062 0.1 2000 4 4 4 
case44 0.001 0.15 0.15 0.15 0.0062 0.1 3000 4 4 4 
case45 0.001 0.15 0.15 0.15 0.0062 0.1 4000 4 4 4 
case46 0.001 0.15 0.15 0.15 0.0062 0.1 6000 4 4 4 
ease4? 0.001 0.15 0.15 0.15 0.0062 0.1 7000 4 4 4 
ease48 0.001 0.15 0.15 0.15 0.0062 0.1 8000 4 4 4 
case49 0.001 0.15 0.15 0.15 0.0062 0.1 9000 4 4 4 
easeSO 0.001 0.15 0.1S 0.15 0.0062 0.1 10000 4 4 4 
easeSI 0.001 0.15 0.15 0.15 0.002 0.1 48050 4 4 4 
easeSZ 0.001 0.15 0.15 0.15 0.004 0.1 1201Z5 4 4 4 
easeSS 0.001 0.15 0.15 0.15 0.008 0.1 3003 4 4 4 
case54 0.001 0.15 0.15 0.15 0.01 0.1 1922 4 4 4 
caseSS 0.001 0.15 0.15 0.15 0.012 0.1 1335 4 4 4 
case56 0.001 0.15 0.15 0.15 0.0062 0.02 5000 4 4 4 
eases? 0.001 0.15 0.15 0.15 0.0062 0.04 5000 4 4 4 
easeSS 0.001 0.15 0.15 0.15 0.0062 0.06 5000 4 4 4 
easeS9 0.001 0.15 0.15 0.15 0.0062 0.08 5000 4 4 4 
ease60 0.001 0.15 0.15 0.15 0.0062 0.12 5000 4 4 4 
ease61 0.001 0.15 0.15 0.15 0.0062 0.14 5000 4 4 4 
ease62 0.001 0.15 0.15 0.15 0.0062 0.2 5000 4 4 4 
case63 0.001 0.15 0.15 0.15 0.0062 0.25 SOOO 4 4 4 

Table 5.1 Input Parameter Listing for All Cases Considered 



T max T min T ave AT Yield Failure 
case # cut line cut line cut line cut line Load Load 

(K) (K) (K) (K) (N) (N) 
1 767.51 622.01 651.23 145.49 1189 3002 
2 767.34 593.06 627.99 174.28 >1200 NA 
3 751.52 634.97 658.40 116.54 1193 2669 
4 759.24 740.50 747.39 18.74 294 410 
5 775.02 616.85 669.59 158.17 1062 1911 
6 755.26 607.37 637.59 147.89 >1200 NA 
7 766.39 676.38 703.56 90.01 772 1112 
8 766.93 494.84 536.99 272.09 >1200 NA 
9 760.63 701.20 712.83 59.43 548 987 

10 765.88 618.44 648.49 147.44 >1200 NA 
11 759.73 612.10 642.22 147.63 >1200 NA 
12 756.80 609.90 639.82 146.90 >1200 NA 
13 749.93 742.67 747.27 7.26 354 410 
14 743.32 706.04 720.09 37.28 271 431 
15 754.72 730.11 739.52 24.62 625 832 
16 773.36 595.43 631.91 177.94 1300 3002 
17 755.32 733.11 741.54 22.21 396 521 
18 757.78 749.08 754.57 8.70 247 299 
19 759.55 738.94 746.52 20.61 300 451 

Table 5.2 Cases Considered for Determining Failure Criterion 
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6. EXPERIMENTAL PROGRAM 

In order to better understand the thermal response of structural plates subject to 

concentrated solar radiation, an experimental program was pursued. The aim of the 

program was twofold: to demonstrate the effect and control of the radiative surface 

properties on the resulting temperature distributions and to demonstrate the cutting 

process. Two experimental facilities were developed: a static facility and a dynamic 

facility. The static facility enables temperature measurements to be taken at the focal 

point of a non-moving spot of concentrated solar radiation. The dynamic facility cycles a 

spot of concentrated solar radiation along an intended cut line of an aluminum plate 

bearing a load of 448N but is not instrumented for temperature measurements. This 

chapter will describe each of the two facilities and their respective results. 

6.1 Static Test Facility 

Very critical to the processing of orbital debris with concentrated solar radiation 

are the effects of surface properties. In order to leam more about these effects, a static 

test facility was constructed. The test apparatus allows for the temperature measurement 

of an aluminum plate at the focal point of concentrated solar radiation. A schematic of 

the static test facility is shown in Figure 6.1. 

The static test facility is simply a co-linear structure that allows plate temperatures 

to be measured with an infrared camera. The support of the structure is a 2 meter uni-

strut beam. This beam allows for simple axial adjustment of three support frames. The 
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frames hold the Fresnel lens, the test plate, and the IR camera. The entire structure is 

manually aligned with the sun (by shadow only) and propped into position. Typically, the 

alignment must be adjusted every 5 minutes. 

The most forward frame on the test facility holds the concentrator lens. The lens 

is a 11 inch square Fresnel lens made by Edmund Scientific [1997] (part number 79877) 

with a focal spot diameter of 9.53 nmi (concentration factor of 1050). The lens 

transmissivity is 0.9 at solar wavelengths. The focal length of the lens is 41 cm. In 

addition to the lens, a pyranometer was mounted on the frame. The pyranometer 

measures the instantaneous solar intensity to within 10 W/m". However, the instrument 

measurement is susceptible to errors in aligrmient. By tilting the pyranometer about its 

axis, this error is estimated to be 20 W/m". Regardless, by hard mounting the device to 

the lens, the normal intensity of the sun on the pyranometer must be the same as that on 

the lens. 

The second frame retains the aluminum test plates. The plates are 0.635 mm 

(0.025 in) thick and are cut into square sections 30.5 cm on a side. The plate alloy is 

aluminum 2026 T6. The plate side facing the IR camera was coated with a paint of 

known emissivity. 

The final frame supports the IR camera. The IR camera is an Inframeuics Model 

600L Thermal Imaging System. While testing, the camera is operated in a special 'point' 

mode that allows for the precise temperature measurement at a point in the camera 



display image. In this mode, at the focal length used, the temperature measurement 

accuracy is 1K. For transient measurements, the images were recorded on video tape. 

A shroud of black painted Styrofoam surrounds the test apparatus. This shroud 

minimizes the convective heat losses from the plates and eliminates peripheral radiation 

noise from the ER image. 

6.2 Static Test Results 

The general procedure for gathering static test data is as follows: while the lens is 

shaded from the sun, the test facility is aligned with the sun. The solar intensity and 

ambient temperamres are noted, the IR camera measurement point is placed at the 

expected position in the image and the expected temperature range is programmed. At 

this time, the video tape recording is initiated. Finally, the shading is removed from the 

lens and the plate begins to heat up. Immediately, the test engineer must perform 

adjustments to the IR camera measurement point. Testing continues until the plate has 

reached steady state conditions, typically one minute. 

An illustrative test is shown in Figure 6.2. This test involves an aluminum plate 

with one side painted black (for more accurate ER camera measurements) and an exposed 

side with no surface treatments. The solar intensity was measured to be 800 W/m" and the 

ambient temperature was 295K. The plate is initially at a uniform temperature of 292K 

and continues to heat until the center of the focal area of the plate achieves a steady state 

temperature of 332K. The gap in measurements at early times is due to realigrmient of 
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the IR image measurement point with respect to the center of the focal area. Although it 

is not apparent in the plot, the temperature distribution about the plate is continuing to 

change after 30 seconds have passed (it is actually spreading out) while the focal point 

has nearly reached its asymptotic maximum. This is due to the conduction heat transfer 

through the thickness of the plate. The thermal environment for this test was input into 

the numerical model. The assumed paint emissivity was 0.95 while the raw plate 

emissivity/absorptivity was assumed to be 0.15. The model calculations are included on 

the figure and generally agree with data. The differences between the modeled data and 

the experimental data may be due to the numerical model not accounting for natural 

convection heat transfer and the fact that the surface properties of the plate may not be 

accurately characterized using total radiative properties. However, the general shape of 

the transient plot is captured. This result also serves to fiirther validate the numerical 

model. 

The objective of the static experimental facility was to demonstrate that the 

surface properties could be easily controlled and affect the thermal response of the plate. 

To this end, the plate used in the experiment described above was quickly painted with 

black paint (ACE Hardware Heat Resistant Black Paint) and allowed to dry for the 

recommended 15 minutes. The transient response of the plate focal spot for this 

condition is also plotted in Figure 6.2. The effect of the paint is an increase in focal spot 

steady state temperature by 50K. Thus, a relatively simple means of controlling debris 

surface properties has been demonstrated. 



92 

In order to determine the surface properties of the plate, the numerical model was 

used in an 'inverse' mode. A guess was made for both the total surface emissivity and 

solar absorptivity and then the plate response was calculated. Ultimately, a match was 

made at an emissivity of 0.9 and a solar absorptivity of 0.25. This is the result included in 

Figure 6.2. Initially the low absorptivity is surprising, however the particular paint used 

is not specifically manufactured for high solar absorptivities. Evaluation of the paint by 

the Jet Propulsion Lab determined the plate emissivity to be 0.83. No measurements of 

the solar absorptivity were made. The paint vendor does not publish surface property 

measurements of this paint. 

To emphasize the effect of the variability of surface properties in the experimental 

data, two tests of an aluminum plate were performed sequentially. The plate was coated 

with heat resistant paint on both sides, the paint was allowed to cure for 2 days. The 

results of the two tests are shown in Figure 6.3. Although the thermal environment 

conditions were identical to those applied in the tests discussed previously, the plate focal 

spot steady state temperatures were 365K and 372K. Although these temperatiires are 

still considerably above the untreated plate maximum temperature of 332K, they are less 

than the uncured paint plate maximum temperature of 382K. This demonstrates the 

difficulty in predicting the radiative surface properties and the variation expected from 

existing orbital debris. 

The purpose of the static tests was to demonstrate that surface properties could be 

controlled. To this end, two simple methods of treating the surfaces were proposed: 
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paints and surface aberrations. Each of these two methods will now be discussed. A 

summary of all experimentally measured test plates is included in Table 6.1. A graphical 

summary of the data is found in Figure 6.4. 

6.2.1 Paints 

The use of paints to control radiative surface properties is quite common. As 

most Tucson residents are familiar with, black cars get hot much faster than white cars. 

The solar energy community has long been exploiting coats of paint to maximize the 

performance of solar systems. The incorporation of paints in the ASPOD design is not 

ideal because an additional amount of mass will need to be launched. However, the 

application of paints is very simple and if coats of paint are the difference between 

processing success and failure, then the additional mass must be accepted. 

The general effect of paints has already been demonstrated. The use of 

commercially available heat resistant black spray paint increased the aluminum plate 

maximum temperature by 50K under a solar intensity of 800 W/m" and a concentration 

factor of 1050. Because these results were encouraging, a search was performed for 

companies manufacturing specialty paints for solar applications. One company. Micron 

Instrument Co., donated a sample of "InfiraBlack," a paint especially manufactured to 

have a high solar absorptivity. This paint was applied to some sample aluminum plates 

and its thermal response to concentrated solar radiation tested. On a particularly warm 

Tucson day, five aluminum plates (plates C-G of Table 6.1) were tested. All the plates 

used the InfiraBlack on the ER camera side of the plate. The first plate was left raw as a 
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base case. The second plate was painted with the heat resistant spray paint. The final 

three paints were coated with hifraBlack. All coatings were allowed to cure for one 

week. 

On the day of testing the ambient temperamre was 310K and the solar intensity 

varied from 920-950 W/m". All plates were tested twice to demonstrate 

repeatability/variability. The results of the tests are listed in Table 6.1. As expected, the 

untreated plate (C) had the lowest maximum plate temperatures: 378K and 376K. The 

two untreated plate experiments had nearly identical transient temperature profiles. This 

implies that untreated plates have a low variability in surface properties. The next highest 

maximum plate temperamre was achieved by the heat resistant paint plate (D). Once 

again, this paint proved to be inconsistent, producing steady state temperatures of 385K 

and 405K. The effect of this spray paint was not as dramatic as the previous series of 

tests. This may be due to the extra cure time or ±e thickness of the paint layer, a variable 

not considered in this investigation. The highest maximum steady state plate 

temperatures were achieved by the InfraBlack painted plates. The maximum achieved 

temperatures are: 468K and 473K for plate E, 437K and 455K for plate F, and lastly, 

460K and 446K for plate G. The tests produced temperature variations of 36K, again 

illustrating the difficulty of predicting the radiative surface properties. However, the 

InfraBlack coated plates did produce maximum plate temperatures as high as 96K above 

that of an untreated plate. 
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The use of paints to increase the solar absorptivity of aluminum plates has been 

demonstrated. Although the exact effect of the paints is difficult to quantify with the 

available data, the overall effects are increased maximum focal spot temperatures. 

Specialty products exist which result in more effective coatings. 

6.2.2 Surface Aberrations 

The use of surface aberrations to control radiative surface properties is motivated 

by the effect of a roughened surface having a higher emissivity than that of a smooth 

surface. It was proposed that ASPOD may be able to coat the targeted debris with a layer 

of small particles, essentially adding roughness to the material. The particles could be 

held to the surface by an adhesive or possibly a static charge. These proposals would 

again add mass to the ASPOD system, but if the gain is significant, the sacrifices must be 

made. Another proposal was the application of small dents to the surface. If the surface 

indentations are sufficiently small and deep enough, they approach the effect of a black 

body cavity, regardless of the material surface emissivity. Unfortunately, with the thin 

plates being investigated, it was not possible to create such indentations. The 

indentations caused the entire surface to bend. If enough power was available on ASPOD 

to create the indentations, the purpose of the solar concentration system would be mute. 

This proposal never developed beyond the concept stage. 

Two particle types were investigated: aluminum and titanium. These particles 

were chosen because they were readily available and their mean particle diameter was 

sufficiently small. Ideally the particles would have diameters in the range of 0.2-0.7njn 
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(to match the solar wavelength) however particles of this size could not be located. Five 

fresh aluminum plates were coated with hifraBlack on one side. One plate (H) was left 

untreated on the opposite side. The other four plates were coated with a thin layer of 

Saureisen No. 31 to serve as an adhesive for the particles. Adhesive was applied over a 

square area 3cm to a side approximately in the center of the plate. Next, the particles 

were applied. A heaping layer of aluminum particles was added to the first plate (1). 

After allowing the particles to set in the adhesive, excess particles were swept away. The 

second plate (J) had a less generous layer of aluminum particles added to it. After 

sweeping away the excess particles, it was apparent that the amount of aluminum bonded 

to the plates was significandy less than the previous plate. This same method was applied 

to two plates (K and L) using titanium particles. 

The results of the testing are stated in Table 6.1. The conditions of the testing 

were a constant solar intensity of 890 W/m" and an ambient temperature of 3 lOK. As the 

control test, the untreated plate (H) achieved a maximum plate temperature of 372K and 

380K. The thick coat of aluminum particles (plate I) achieved maximum plate 

temperatures of 395K and 385K, not significantly higher than the untreated plate. The 

thinner layers of aluminum particles (plate J) produced maximum plate temperatures of 

36IK and 356K, lower than the untreated plate. The reason for this may be due to the 

Sauereisen adhesive. The adhesive is relatively shiny, and since the particle density is 

small, the solar energy may have been more effectively reflected away. Unfortunately, 

the results from the plate (K) with a thick titanium particle layer were not properly 
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measured. The DR. camera lost its nitrogen charge and the measurements were 

meaningless. Further confounding the measurements, the solar energy quickly burned 

away the layer of titanium, leaving only caked Sauereisen behind. The final plate (L) 

with the thin titanium particle layer produced maximum plate temperatures of 412K and 

418K, the highest among all plates tested in this series. 

The effect of placing small aberrations on a surface by the application of fine size 

particles has been demonstrated. The more effective particle material tested was 

titanium. Although aot as effective as the paints tested previously, the proper application 

of surface aberrations resulted in increased plate maximum plate temperatures. 

63 Dynamic Test Facility 

In order to demonstrate the feasibility of processing orbital debris with 

concentrated solar radiation, an experimental facility was constructed to simulate the 

processing. This facility oscillated a Fresnel lens focusing solar energy onto a strip of 

aluminum that is mechanically loaded in tension with 445N. The facility is not 

instrumented to measure any thermal properties during testing. A schematic of the 

dynamic test facility is shown in Figure 6.5 

The dynamic test facility consists of an aluminum angle frame. The frame stands 

approximately Im high and is 75cm on a side. The back legs of the frame are adjustable 

so that the stmcture can be tilted towards the sun. The alignment of the frame is by 

shadow only. 
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The top tier of the frame holds the Fresnel lens and the lens oscillating system. 

The lens used is the same lens as in the static test apparatus. The lens is oscillated by a 

compressed gas powered cylinder. The Origa 25-2020/20X100-B-M rodless cylinder is 

capable of moving 89N at a velocity of 30 cm/s. The regtilated Nitrogen gas supply to the 

cylinder is controlled by an Origa A-A L2003BAIM start valve and a A-A L2003BAA 

Control valve. Two Clippard FV-3P limit switches control the span at which the lens 

oscillates. The lens velocity is controlled by the gas supply pressure. 

The lower fi^me layer holds the simulated debris to be processed. The simulated 

debris is again aluminum 2026-T6 plate of 0.635nmi thickness. Typically, the plates are 

30cm in length and 5cm in width. The width of the plate is limited by the total traverse of 

the gas powered cylinder. One end of the aluminum plate is bolted to the facility frame. 

The other end is attached to a cord holding a 445N load. 

The entire dynamic test facility was mobile enough for one person to transport it 

from the lab to a sunny deck. The facility was designed for simplicity such that any 

future improvements could be easily incorporated. 

6.4 Dynamic Test Results 

The dynamic test facility was constructed in order to demonstrate the processing 

of debris with concentrated solar radiation subject to a 445N mechanical load. To this 

end the facility did not specifically fulfill its purpose. Due to design oversights, the 

facility was unable to mechanically fail the aluminum plates using any of the surface 



coatings discussed previously. However, a situation was created for which the processing 

of an aluminum plate was demonstrated. 

Under favorable thermal environment conditions (ambient temperature of 31 OK, 

solar intensity of 890 W/m", InfiraBlack paint on the aluminum plate, maximum lens 

oscillation velocity) the facility was unable to fail an aluminum plate. The numerical 

model predicts a steady state minimum cut line temperature of 740K for these conditions 

(see Figure 6.6). Because the plate showed no signs of degraded strength, one can 

surmise the thermal enviroimient conditions were not being imposed. In particular, the 

alignment of the apparatus with the sun is difficult to maintain during operation. Because 

the cylinder moves the lens so quickly, the entire apparatus shook violently and drifted 

out of alignment. Test engineers attempted to control the drifting, but the vibration forces 

were too strong. No attempts were made to hard mount the test facility to the floor. In 

addition, the arms that the limit switches were mounted on were not stiff. This means 

that the traverse of the lens was constantly drifting. The focal spot may have been 

'missing' the plate, resulting in decreased amounts of energy radiated onto the plate. /\11 

told, the dynamic test facility has many design errors. 

The dynamic test facility is in the process of being redesigned. A new group of 

ambitious young engineering students has assumed the task of learning from the mistakes 

made in the existing test apparams and building a more sound apparatus. The group is 

evaluating the specific performance requirements and attempting to create a test facility 
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that more resembles a true ASPOD configuration. A prototype facility is expected in 

December of 1998. 

To demonstrate the feasibility of the cutting process, the dynamic facility was 

reconfigured to produce more favorable results. The aluminum plate samples were 

reduced in cross sectional area to 9.53 cm in width. This allowed for less load bearing 

capacity along the cut line as well as less thermal capacitance. In addition, the Fresnel 

lens was replaced by a much larger lens measuring 34 by 29 inches and produced a focal 

spot 1.5 inches in diameter (concentration factor of 560). The net result was that 

mechanically loaded aluminum plates which were reduced in strength and thermal 

capacitance were subject to a much higher thermal radiation load. At room temperamre, 

the plates have a yield limit at 64ksi corresponding to a tensile load of 6001b. However, 

when the plates were loaded with only 448N (a stress loading of lO.Vksi) and subject to 

the higher levels of solar radiation, the aluminum sample plates failed. The processing 

was completed with an 83% reduction in the room temperature failure load. The 

temperature the plates achieved was not measured. It is significant to note that the 

InfraBlack coating on the plate did not bum away. The area of the plate exposed to the 

concentrated solar radiation did show some discoloration, but the paint remained fixed to 

the surface. 



101 

6^ Summary 

To demonstrate the use of surface coatings to control the radiative surface 

properties of simulated orbital debris two test facilities were constructed. The first 

facility, a static test apparatus, enabled the transient thermal response of aluminum plates 

subjected to a non-moving spot of concentrated solar radiation to be measured with an IR 

camera. A total of 12 plates were tested in this facility. Three different test series 

demonstrated the effect of heat resistant spray paint, InfraBIack paint, and aluminum and 

titanium particles on the resulting plate temperature distributions. For all coatings 

applied except the sparsely applied aluminum particles, the maximum plate steady state 

temperature increased as compared to the corresponding untreated plate temperatures. 

The abiUty to influence the radiative surface properties with coatings in order to achieve 

higher focal spot temperatures was demonstrated. 

The second test facility, a dynamic test facility, was intended to demonstrate the 

processing of simulated orbital debris with a spot of moving concentrated solar radiation. 

The apparatus oscillated a Fresnel lens over 5cm strip of aluminum while the aluminum 

strip was supporting a 445N load. Unformnately, the test facility was not able to process 

the plates because of some significant design oversights. A new team of students have 

undertaken the task of redesigning the apparatus and anticipate completion of a prototype 

in December of 1998. 

The dynamic test facility was reconfigured with smaller aluminum plate samples 

and a larger stationary Fresnel lens. Samples of InfraBIack coated aluminum samples 
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were cut using only 448N of mechanical loading. The feasibility of using concentrated 

solar radiation to process aluminum plates was demonstrated. 

Shieldiog 

Unismit Beam 

Figure 6.1 Schematic of Static Test Facility 
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Plate Camera Exposed Ambient Steady State Solar 
Label Side Coating Side Coating Temperature (K) Temperature (K) Intensity (W/m  ̂

A Black Spray nothing 293 332 800 
Black Spray Black Spray 293 382 800 

B Black Spray Black Spray 293 372 800 
Black Spray Black Spray 293 365 800 

C InfraBlack nothing 310 378 950 
InfraBlack nothing 310 376 950 

D InfraBlack Black Spray 310 385 940 
InfraBlack Black Spray 310 405 940 

E InfraBlack InfraBlack 310 468 940 
InfraBlack InfraBlack 310 473 940 

F InfraBlack InfraBlack 310 437 920 
InfraBlack InfraBlack 310 455 940 

G InfraBlack InfraBlack 310 460 940 
InfraBlack InfraBlack 310 446 940 

H InfraBlack nothing 310 372 890 
InfraBlack nothing 310 380 890 

1 InfraBlack thick Al 310 395 890 
InfraBlack thick Al 310 385 890 

J InfraBlack thin Al 310 361 890 
InfraBlack thin Al 310 356 890 

K InfraBlack thick Ti 310 NA 890 
L InfraBlack thin Ti 310 412 890 

InfraBlack thin Ti 310 418 890 

Table 6.1 Surface Enhancements Test Result 
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7. CONCLUSIONS AND RECOMMENDATIONS 

To address the growing orbital debris population, ASPOD proposes to dispose of 

the large scale debris in low earth orbit. This would eliminate over 99% of the current 

mass in orbit. The ASPOD concept involves intercepting a targeted piece of debris, 

breaking down the structure to manageable size using only solar energy, storing the 

dismantled debris while other objects are collected, and, once the storage capacity is 

exhausted, constructively removing itself and the debris pieces from harms way. Central 

to the ASPOD concept is processing the debris with concentrated solar energy. The 

efficient use of solar energy requires less mass at launch, making the missions more 

economical and feasible. 

This document has been an characterization of the use of concentrated solar 

energy to process orbital debris in low earth orbit so that future ASPOD engineers can 

optimize the processor. The objectives of this dissertation were threefold: to develop a 

numerical model for use in this and future ASPOD investigations, to concisely 

characterize the thermal processing using concentrated solar energy in order to establish 

design rules, and ultimately, to experimentally demonstrate the processing of metal using 

concentrated solar energy. All three objective were achieved. 

The specific problem posed for this document was reduced to an aluminum flat 

plate subject to uniform parallel mechanical loading with a moving spot of concentrated 

solar radiation tracing an intended cut line. The geometrical configuration was chosen 

because it is representative of common structural members in orbital vehicles. The 
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specific physical constraints and boundary conditions as applied to the processing were 

identified. In addition, bounding values were established for all physical parameters. The 

physical process of cycling a spot of concentrated solar radiation across a plate and how 

this is manifested in mechanical failure has been discussed. It was revealed that the most 

significant thermal measurement indicating if a plate would fail under a given thermal 

distribution was the minimum cut line temperature. 

The numerical model developed was a two dimensional explicit finite difference 

scheme. The limits of the two dimensional assumption were discussed and a stability 

criterion for the explicit scheme was derived. The model was validated by comparing its 

results to classic analytical solutions to problems involving steady state conduction, 

transient conduction, and steady state conjugate radiation-conduction heat transfer. The 

numerical model fully documented and available to fumre AS POD engineers. 

Using the numerical model, the physical parameters of the thermal process were 

individually investigated. The most significant results were as follows: the total 

emissivity of the plate and the sink temperatures to which the plate radiated did not 

significantly effect the minimum cut line temperature. The solar absorptivity strongly 

influenced the cut line temperature distribution; high absorptivity values resulted in 

faster heating of the plate but also high temperature gradients across the cut line. The 

plate thickness had a similar effect in that thinner plates result in higher heating rates and 

higher temperature gradients. The solar concentration system parameters were found to 

be inter-related. However, the most favorable conditions existed with large lens projected 
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areas and large focal spot areas, regardless of concentration level. Independently, the lens 

concentration level was found to have the same effect as the solar absorptivity. Finally, 

the focal spot velocity produced the most favorable cut line temperature gradients at the 

highest rates. These generalities form the basis for ASPOD design constraints. 

The characterization of processing debris with concentrated solar radiation 

continued with a static experimental facility. The facility allowed for the temperature 

measurement of an aluminum plate subject to a non-moving spot of concentrated solar 

radiation. Temperature measurements were made with an infrared camera. A raw. 

polished aluminum plate was tested and the resulting transient temperature plot agreed to 

the numerical predictions to within 7K. Thus, the utility of the experimental apparatus to 

validate the numerical model and experimentally characterize the process was 

established. The facility was used further to demonstrate that the radiative surface 

properties could be manipulated by paints and surface roughness. The effects of these 

methods were to increase the focal spot temperature by as much as 96 K. 

To fully demonstrate the processing of debris using concentrated solar radiation, a 

dynamic test facility was constructed. The facility cycled a 0.635mm spot of 

concentrated solar energy at velocities exceeding 25cm/s across a 5cm aluminum plate 

loaded with 445N. Unfortunately, the facility was not able to complete the processing 

due to design oversights. The facility vibrated violently and did not maintain proper 

alignment nor did the lens oscillating mechanism maintain its span. However a new 
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group of students is in the process of redesigning the facility and expects an improved 

prototype to be operational in December of 1998. 

The dynamic facility was reconfigured to use smaller aluminum plates and a 

larger, stationary Fresnel lens. At room temperature, the weakened plates had a failure 

load of 2700N. The InfraBlack coated plate subjected to the concentrated solar energy 

failed with a 448N load. Thus, the feasibility of processing aluminum with concentrated 

solar energy was demonstrated. 

This investigation into the processing of debris with concentrated solar radiation 

as proposed by ASPOD has produced the following results: 

• A numerical model has been constructed which accurately characterizes the process. 

• A parameterization has emphasized the effect of all the relevant physical parameters. 

• The control of radiative surface properties and their effect on the processing has been 

experimentally demonstrated. 

• The feasibility of processing aluminum members with concentrated solar energy has 

been demonstrated. 

It is anticipated that future ASPOD engineers will use this document as a guide when 

further evolving the design. Hopefully, a viable orbital debris processor will be produced 

based on the findings in this dissertation. 
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APPENDIX AIDL CODE 

pro e2d 

; procedure written to do compute 2D temperature profiles 
; which can be input into the stress model. 

; if you want graphics to be active, then make gvar = 1 
; if you want graphics to be off, then make gvar = 0 

gvar= 1 

geometrical list 
Ix = 0.08 ; lenght in x direction m 
ly = 0.082 ; length in y direction m 
b = 0.001 ; plate thickness m 
nx = 41 ; number of nodes in X direction 
ny = 42 ; number of nodes in y direction 

; be sure that node size in x and y direction matches! 

dx = lxy(nx-l.) 
dy = dx/10. 
print,' dx = ',dx 

print,' dy = ',ly/(ny-l) 

; material list 
rho = 2770.0 ; density of material 
k = 170.0 ; thermal conductivity 
cp = 875.0 ; specific heat 

solar concentration properties 
etreat = 0.98 ; emissivity of treated material 
eplain = 0.98 ; emissivity of untreated material 
rsun = .0064 ; radius of solar spot m 
xsun = -rsun/4. ; initial x location of spot m 
ysun = 0.041 ; initial y location of spot m 
rate = 0.01 ; rate of spot travel m/s 
twait = 0.0 ; time for spot to wait before motion s 
cf = 500. ; concentration factor 
tinit = 580. ; initial temperature of plate K 

kg/m3 
W/mK 
J/kg K 
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g = 1400. ; solar constant 
tinff = 4.0 ; environmental temperature K 
tinfs = 4.0 ; shielded environmental temperature K 
sig = 5.67e-8 ; boltmanns constant 

; assigning initial values 
t = fltarr(nx,ny) 
tn = fltarr(nx,ny) 
tinf = fltarr(nx,ny) 
dtt = fltarr(nx,ny) 
q = fltarr(nx,ny) 
e = fltarr(nx,ny) 

t(*,*) = tinit 
tn(*,*) = tinit 
q(*,») = 0.0 
e(»,*) = eplain 

; e(*,0:3) = eplain 
tinf(*,*) = tinff 

; tinf(*,0:4) = tinff 

pflle=strarr( 100) 
pfile(0:49)=['pass 1 .dat','pas2.dat','pas3.dat','pas4.dat','pas5.dat', S 

'pas6.dat','pas7.dat','pas8.dat','pas9.dat','pas lO.dat', $ 
'pasl l.dat','pasl2.dat','pasl3.datVpasl4.dat','pasl5.dat', S 
'pasl6.dat','pasl7.dat','pasl8.dat','pasl9.dat','pas20.dat', S 
'pas21 .dat','pas22.dat','pas23.dat','pas24.dat','pas25.dat', S 
'pas26.dat','pas27.dat','pas28.dat','pas29.dat','pas30.dat', $ 
'pas31.dat','pas32.dat','pas33.dat','pas34.dat','pas35.dat', $ 
'pas36.dat','pas37.dat','pas38.dat','pas39.dat','pas40.dat', $ 
'pas41 .dat','pas42.dat','pas43.dat','pas44.dat','pas45.dat', $ 
'pas46.dat','pas47.dat','pas48.dat','pas49.dat','pas50.dat' ] 

pfile(50:99)=['pas51 .dat','pas52.dat','pas53.dat','pas54.dat','pas55.dat', $ 
'pas56.dat','pas57.dat','pas58.dat','pas59.dat','pas60.dat', $ 
'pas61.dat','pas62.dat','pas63.dat','pas64.dat','pas65.dat', $ 
'pas66.dat','pas67.dat','pas68.dat','pas69.dat','pas70.dat', $ 
'pas71.dat','pas72.dat','pas73.dat','pas74.dat','pas75.dat', $ 
'pas76.dat','pas77.dat','pas78.dat','pas79.dat','pas80.dat', $ 
'pas81.dat','pas82.dat','pas83.dat','pas84.dat','pas85.dat', $ 
•pas86.dat','pas87.dal','pas88.dat','pas89.dat','pas90.dat', $ 
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'pas91.clat','pas92.dat','pas93.ciat','pas94.dat','pas95.dat', $ 
'pas96.dat','pas97.dat','pas98.dat','pas99.dat','paslOO.dat' ] 

plist = fltarr(15) 
plist(O) =rho 
plist(l) = k 
plist(2) =cp 
plist(3) = etreat 
plist(4) =eplain 
plist(5) =rsun 
plist(6) =xsun 
plist(7) =ysun 
plist(8) =rate 
plist(9) =twait 
plist( 10) = cf 
plist(ll) = g 
plist(12) = tinff 
plist(13) = tinfs 
plist( 14) = sig 
tlist = strarr( 15) 
tlist(O) =' rho ' 
tlist(l) =' k' 
tlist(2) =' cp ' 
tlist(3) =' etreat' 
tlist(4) = ' eplain ' 
tlist(5) =' rsun ' 
tlist(6) =' xsun ' 
tlist(7) =' ysun ' 
tlist(8) = ' rate ' 
tlist(9) = ' twait' 
tlist(10) = 'cf' 
tlist(ll) = "g' 
tlist(12) = • tinff • 
tlist(13) =' tinfs ' 
tlist(14) =' sig ' 

openw,unit,'fileid.datVget_lun 
printf,unit,tlist 
printf,unit,plist 
close,unit 

sunspot=fltarr(2) 



sunmark=fltarr(2) 
sunmark=[0,800] 

time = 0.0 
tstop = twait + 2.*(lx-2.*rsun)/rate 

if gvar eq 1 then begin 
tek_color 
window,0,title=' Heat Flux ',xsi2e=350,ysize=350^pos=10,ypos=10j'etain= 
window,l,title=' Temperature Profiles 

',xsize=350,ysi2e=350,xpos=360,ypos= I04«tain= 1 
endif 

iprint= 1 
jprint = 0 
jcount = 0 
iplot = 1 
tmax = max(t) 

while (time It 120.0 and tmax It 775.0) do begin 

dtt(*,*) = 0.9*0.25*rho*cp/(k/dx'^2+e(*,*)*sig/b*t(*,*)'^3) 
dt = min(dtt) 
if ( dt gt abs(dx/rate/3.)) then dt = abs(dx/rate/3.) 

time = time + dt 

tmin = min(t(*,20:21)) 

icolor= 1 
if (xsun ge Ix and rate gt 0.0) then begin 
rate=-rate 
icolor=:2 
if(tmin gt 550) then jprint=l 

endif 
if (xsun le 0.0 and rate It 0.0) then begin 
rate=-rate 
icolor=2 
if(tmin gt 550) then jprint= I 

endif 
if (time gt twait) then xsun = xsun + rate*dt 
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for i = 0,nx-l do begin 
for j = 0,ny-l do begin 

xst = i*dx - 9./2.*dy 
yst = j*dx-972.*dy 
xen = i*dx + 972.*dy 
yen = j*dx + 972. *dy 
if (i eq 0 ) then xst = dy/2. 
if (i  eq nx-l ) then xen = (nx-l)*dx - dy/2. 
if ( j  eq 0 ) then yst = dy/2. 
if ( j  eq ny-1 ) then yen = (ny-l)*dx - dy/2. 
tcount = 0. 
ycount = 0. 
for X = xst,xen,dy do begin 
for y = yst,yen,dy do begin 
tcount = tcount + 1. 
d = sqrt((x-xsun)'^2+(y-ysun)'^2) 
if (d it rsun) then ycount = ycount + 1. 

endfor 
endfor 
q(ij) = cf*g*ycount/tcount 

endfor 
endfor 

facx = k*dt/dx'^2/rho/cp 
facb = dt/rho/cp/b 

tn(0,0) = facx*(2.*t(0,I)+2.*t(l,0)-4.*t(0,0)) $ 
+e(0,0)*sig*facb*(tinf(0,0)'^4-t(0,0)M)+t(0,0)+q(0,0)*facb 

tn(nx-l,0) = facx*(2.*t(nx-2,0)+2.*t(nx-l,l)-4.*t(nx-l,0)) $ 
-i-e(nx-1,0)*sig*facb*(tinf(nx-1,0)M-t(nx-1,0)M)+t(nx-1,0)+q(nx-1,0)*facb 

for i = I ,nx-2 do begin 
for j = l,ny-2 do begin 
tn(ij) = facx*(t(i-lj)+t(i+l j)+t(i,j-l)+t(i,j+l)-4.*t(ij)) $ 

+e(i,j)*sig*facb*(tinf(i,j)'^4-t(i,j)M)+t(i,j)+q(i,j)*facb 
endfor 

endfor 
tn(0,ny-I) = facx*(2.*t(l^y-l)+2.*t(0,ny-2)-4.*t(0,ny-l)) $ 

+e(0,ny-1 )*sig*facb*(tinf(0,ny-1 )M-t(0,ny-1 )M)+t(0,ny-1 )-Ki(0,ny-1 )*facb 
tn(nx-l,ny-l) = facx*(2.*t(nx-2,ny-l)+2.*t(nx-l,ny-2)-4.*t(nx-l,ny-l)) $ 

+e(nx-1 ,ny-1 )*sig*facb*(tinf(nx-1 ,ny-1 )M-t(nx-1 ,ny-1 )M)+t(nx-1 ,ny-1 )+q(nx-
l,ny-l)*facb 

for j = l,(nx-2>ny-2) do begin 
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printJcount,tmin,tmax,time 
openw,unit,pfile(jcount)yget_lun 
for i = 0,40 do begin 

for j = 15,26 do begin 
printf,unit,tn(ij) 

endfor 
endfor 
close,unit 
jprint = 0 

endif 

t(*,*) = tn(*,*) 
tmax = max(t) 

endwhile 

print,t 
for i = 0,nx-1 do begin 
for j = 0,ny-l,3 do begin 
prinU,j,t(i,j)J+l,t(io+l)J+2,t(ij+2) 

endfor 
endfor 

print,' do not forget to change the file names!' 

jcount=jcount+1 
print,jcount,tmin,tmax,time 
openw,unit,'Iast.dat'yget_lun 
for i = 0,40 do begin 

for j = 15,26 do begin 
printf,unit,t(ij) 

endfor 
endfor 
close,unit 

return 
end 
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APPENDIX B Numerical Data 
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