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Abstract 

Waste heat radiators for electric power generation systems 
are estimated to he one of the heaviest components of the sys-
tem because of the requirement of protection against damage 
from impact with meteoroids. Uncertainties in the present 
knowledge of meteoroid flux and properties and in impace damage 
effects on space radiators preclude precise estimates or mete-
oroid protection requirements. 

The current status of knowledge concerning meteoroids and im-
pact damage is reviewed and various approaches to the problem 
of protecting radiators are discussed. Relationships for deter-
mining required armor thickness are developed for isotropic and 
anisotropic flux with varying angle of impact. From these rela-
tions , a standard criterion for radiator armor protection is 
proposed. Finally, the benefits in reduced protection weight 
resulting from controlled orientation of the radiator in space 
are developed. 

Nomenclature 

c = velocity of sound in target -y/Ê g/P̂  
d = diameter of projectile 
E^ = Young's modulus for target 
g = gravitational constant 
m = meteoroid mass 
P = penetration into an infinitely thick plate 
t = required single material armor thickness 
v = average meteoroid velocity 
6S = angle from normal to ecliptic plane 
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p = density 
ф = angle in ecliptic plane measured from earth apex 
ÜÒ = solid angle of space 

Subscripts 

c = critical 
s = space 
t = target 
p = particle 
a = anisotropic flux 
i = isotropic flux 

Introduction 

Among the many problems associated with the design of space 
electric power systems, one of the most formidable appears to 
be that of limiting the weight of the power system to a toler-
able value. Although a specific weight of 60 to 100 lbs/kw may 
be acceptable for auxiliary power systems of the 30 kw power 
level, it is evident that systems in the megawatt class must be 
designed for considerably lower specific weights (10 to 20 
lb/kw) if electric propulsion is to constitute a strong con-
tender for long range interplanetary propulsion missions. 

Analysis of electric powerplant systems indicates that the 
radiator designed to dissipate cycle waste heat can be a size-
able portion of the total powerplant weight. Furthermore, the 
radiator specific weight will tend to increase with increasing 
power level. For example, the variation in specific weight for 
a finned-tube radiator with interconnected (nonredundant) panels 
as shown in Fig. 1 might appear as in Fig. 2 for a Rankine cycle 
turbogenerator system. Reference 1 estimates the weight of such 
a radiator to be around 5 lb/kw at a power level of 300 kw, and 
Ref. 2 estimates around 6 kw at 1 mw. For such weights the 
radiator can well comprise from 35 to 50$> of the total power-
plant weight. 

The principal weight constituents in the finned-tube radiator, 
according to current concepts, is the material needed to protect 
the radiator against damage from impact with meteoroids. At the 
300 to 1000 kw level, Refs. 1 and 2 estimate that 50 to 70$ of 
the total weight is in meteoroid protection. 

The validity of the estimated radiator weights indicated in 
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these analyses is subject to considerable question because of 
the gross uncertainties that currently exist in our knowledge 
of the magnitude of the meteoroid hazard and the nature and ex-
tent of the damage effects. Comparison among radiator system 
analyses and design studies is made difficult when different 
data are used. Therefore, it appears desirable to adopt more 
uniform (even though still uncertain) procedures for computing 
meteoroid protection requirements for system studies. 

This paper presents an assessment of the meteoroid damage 
problem for space radiators. It will review current knowledge 
of meteoroid flux, properties, penetration models, and criteria 
and discuss various approaches to the problem. Relations for 
predicting required thickness of armor protection are given for 
isotropic incident flux, and a uniform calculation procedure 
for design studies is proposed. The advantages of controlled 
radiator orientation to take advantage of the directional prop-
erties of meteoroids also are analyzed. 

Status of Knowledge 

Although a rather large range of uncertainty exists, the cal-
culation of estimated armor thickness requirements for the 
space radiator requires that representative values be selected 
for the pertinent meteoroid properties and penetration param-
eters. The selection of specific values for the various quan-
tities is, at the present time, somewhat arbitrary. The authors 
claim no special insight in proposing the adoption of the values 
selected for this paper. 

Meteoroid Characteristics 

More than ninety percent of the known meteoroid particles is 
thought to be of cometary origin.s These particles are believed 
to be the debris left by the comets traveling within the solar 
system on highly eccentric orbits. They have a composition 
similar to stone, although some investigators, Whipple and 
others, have estimated their density to be as low as 0.05 g/cm^, 
about 1/4 the density of balsa wood. Other estimates range up 
to 3.5 g/cm .^ The remaining particles are thought to be of 
asteroidal origin. The asteroids are a number of large masses 
believed to be the disintegrated remains of a planet once in 
orbit between Mars and Jupiter. Density estimates range from 
3.5 to 8.0 g/cm5 for these particles. 

An estimated 20$ of the meteoroid particles in the near-earth 
region are members of meteoroid showers. The particles in a 
known shower, traveling together with a common orbit, direction, 
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and velocity, constitute a predictable hazard to space naviga-
tors and can be dealt with by direct means. The behavior of 
the remaining 80$, the sporadic meteoroids, can be predicted 
only on a statistical or probability basis. They constitute 
the particles dealt with in this paper. 

The orbits of the sporadic meteoroids tend to be parallel to 
the ecliptic plane.5 Fifty percent of the orbits of visually 
observable meteoroids lie within 15° of the ecliptic. This 
property may be of high significance for space navigation and 
will be treated in more detail in a later section of this paper. 
In general, the orbits are direct, i.e., the same direction as 
that of the Earth, although some retrograde orbits have been 
observed. 

Observed meteoroid velocities vary from 11 km/sec to 72 
km/sec. °-° These values are also the theoretically calculated 
minimum and maximum velocities for particles in the solar sys-
tem intercepting the Earth. Theoretically, the relative impact 
velocity for a vehicle in motion within the solar system may 
range from 0 to 84 km/sec. The average velocity for practical 
consideration may be somewhere between 28 and 40 km/sec,^>^ and 
30 km/sec (98,400 fps) appears to be a reasonable average value 
for penetration calculations. 

In size, the meteoroid particles range from about -lp. to 500 
miles across for some of the larger masses in the asteroid belt. 
Some are roughly spherical in shape, whereas others are highly 
irregular. 

Figure 3 shows the mass-frequency distribution for sporadic 
meteoroids.^>6 The ordinate indicates the average number of 
impacts per square foot of area per day by particles of mass 
m or larger represented on the abscissa. The several curves 
plotted are estimates by some of the leading researchers in the 
field and indicate the uncertainty of present knowledge of me-
teoroid flux. The range from optimistic to pessimistic values 
is about 2-l/2 orders of magnitude in the range of interest for 
space radiators. 

Data for the curves are obtained in several ways, depending 
upon the meteoroid mass. Visual and photographic data for par-
ticles can be obtained down to a size of about 10"^ g; radar 
detection extends the range down to about 10~4 g; and satellites 
and ballistic rocket shots provide data covering slightly more 
than the 10~8 to 10~Ю g range. Considerable refinement is 
anticipated in the near future in the calibration and employment 
of the various techniques of gathering meteoroid flux data. In 
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general, the cumulate frequency, F>, can he expressed as a 
function of the particle mass hy an expression of the form 

F> = am-P (1) 

■where a and (3 are experimentally determined constants, m 
the meteoroid mass, and F>, the number of particles impacting 
a unit area per unit time of mass m and larger. 

Impact Effects 

The effects of meteoroid impact and the damage mechanisms on 
space radiators are not known for the range of estimated mete-
oroid densities and the velocities anticipated for actual mete-
oroid particles. The available knowledge of Impact effects is 
based principally on experimental laboratory firings into flat 
plate targets at velocities below 25,000 fps (considerably less 
than the average velocity of meteoroid particles). Data cur-
rently are being obtained at higher velocity levels as a result 
of recent advances in hypervelocity gun development. The light 
gas gun has a known capability of controlled routine firings of 
small spherical projectiles to about 30,000 fps, still far short 
of the estimated average meteoroid velocity of 98,400 fps. The 
hypervelocity jet projector successfully has fired needle-like 
slugs of metal with length-to-diameter (L/D) ratios of 8 to 1 
at velocities in the range of 60,000 to 70,000 fps. The ex-
ploding wire device has fired small disks with L/D of l/25 to 
velocities of 100,000 fps. However, the L/DTs of these pro-
jectiles and the material fired are not reasonably representa-
tive of the assumed meteoroid particle with L/D of about 1. 

Theoretical analysis of the penetration mechanism has been 
accomplished by Bjork^ and others, and theoretical studies by 
Cornell Aeronautical Laboratory and McGill University under 
NASA contract are in progress. Both flat plate and bumper tar-
gets are being investigated. 

The hypervelocity impact process is quite complicated and not 
well understood at present. The pertinent target material prop-
erties governing penetration also are not well known. Penetra-
tion has been correlated with the target heat of fusion by 
"Whipple and with Brinell hardness as reported by Feldman̂ -O and 
with target modulus (sonic velocity). Thus, target strength 
appears to be a factor at some stage of the cratering process* 

On the basis of the data obtained in the presently available 
velocity ranges, a number of investigators have expressed the 
penetration depth in equation form. Many of them can be reduced 
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to the form 

m гаСТШ (2) 

where y is a proportionality constant ranging from 1.5 to 2.5 
for some materials of interest.5 

Whipple, Kornhauser,-1--1- and Atkins^2 place Ф equal to l/3 on 
either theoretical or experimental considerations. Charters 
and Locked- and Summers^-5 experimentally correlated penetration 
with the density ratio to the 0.69 and the 2/3 power, respec-
tively. A good compromise might he using Ф = l/2 for penetra-
tion calculations. 

The term v/c, referred to as impact Mach number, is the pro-
jectile velocity in multiples of the target material sonic ve-
locity. The exponent 6 is l/3 for a momentum-dependent cra-
tering process and 2/3 if penetration is a function of the 
kinetic energy of the projectile. Summers, ̂ A^ Kineke,!^ 
Feldman,10 Charters and Locke, and Kornhauser^- have obtained 
data indicating Q equal to 2/3 or approximately 2/3. Bjork, 
on the other hand, theoretically has correlated penetration 
with projectile momentum and has obtained low velocity experi-
mental verification.9 His value for Q is l/3. Until higher 
velocity data become available, 2/3 is the preferred value 
for Q. 

Equation (2) also can be used to derive a meteoroid protection 
target material parameter. Substituting the value for c into 
Eq. (2), separating target material parameters, multiplying by 
p. to obtain armor weight per unit vulnerable area and substi-
tuting values of l/2 for Ф and 2/3 for в, the material pa-
rameter ]VL, expressing relative target weight for equivalent 
protection, is given as 

Щ. = E^/3 p5/6 (3) 

Depth of penetration also can be expressed in terms of mete-
oroid mass. For a spherical particle, Eq. (2) also may be ex-
pressed as: 

*. - r(i)i/3 ̂  р ^ д е (4) 

Bjork and others have established that a thin sheet, in order 
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to resist perforation, must have a minimum thickness of 1.5 
P̂ . However, the significant damage mechanism for the fluid-
filled radiator may he something other than simple perforation. 
Figure 4 shows in the upper right section the damage inflicted 
by a 3/l6-in. diam. aluminum sphere on a nearly 1-in. thick 
aluminum plate. Although the plate was not perforated, the rear 
surface was dimpled noticeahly with attendant spalling of mate-
rial. The introduction of this material into the fluid could 
precipitate severe problems in the systems. The application of 
the "Whipple bumper," shown on the left, although reducing the 
armor mass to about one half for equivalent protection, ex-
hibited virtually the same damage effects. Although some calcu-
lations by Jaffe^ indicate that a much greater thickness is re-
quired to prevent spalling, some preliminary experimental data 
on lined tubes indicate that a thickness less than 2 P^ may 
be sufficient. Writing the required armor thickness in terms 
of a thin plate and spalling factor "a," the value for t be-
comes 

t = aP^ (5) 

The Lewis Research Center currently is using a value of 1.75 
for a. 

The final expression for required armor thickness, then, is, 
from Eqs. (4) and (5), 

t = Kml/3(ï)e (6) 

where 

Experimental data (e.g., Ref. 15) have indicated that crater 
depth and volume tend to increase with increasing temperature. 
The temperature effect on depth of penetration is included at 
least in principle in Eq. (б) because of the temperature depen-
dence of the material modulus of elasticity. However, the tem-
perature effect on spalling is not clearly defined. 

Experimental data also have indicated that liquid-filled tubes 
evidence a more spectacular and extensive rupture than similar 
empty tubes. Such effects may be important considerations in 
the selection of vapor or liquid radiators. However, the basic 
question here is whether one type of radiator system will re-
quire more protection to prevent a given damage rather than the 
nature of the damage phenomenon. 
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There are also limited data available on oblique impact and 
displaced bumper configurations. Summers1^ found penetration 
to vary with the normal component of velocity for angles up to 
50° from the normal. Above 50°, penetration was less than that 
predicted by the normal component of velocity. The results are 
supported by the experimental data of Partridge16 and Kineke. 4 

Data for flat plate bumpers indicate that a bumper configuration 
can result in less weight than an armor configuration for the 
same resistance to penetration. 

Effects on Design 

The influence of the selection of meteoroid protection cri-
teria on the relative weight of a space radiator is demonstrated 
in Fig. 5. The fin and tube radiator geometry was optimized by 
a computer program to provide minimum weight for equivalent 
power output as a function of armor thickness for a 1 mw system. 
Applying the Whipple 1961 meteoroid flux values and penetration 
parameters, Ф = l/2, 6 = 2/3, and a = 1.75 for the "moderate1' 
criteria, a relative weight of 1 is obtained. The optimistic 
criteria, using the Watson 1956 flux, Ф = l/3, G = l/3, and 
a = 1.5 gives a relative weight of only 0.2. For the pessi-
mistic criteria, the selected maximum flux, 0 = 2/3, Ф = 2/3, 
and a = 2.5 is used. It is seen that nearly an order of mag-
nitude range of weight can be obtained as a result of different 
selections of meteoroid protection criteria. 

Approaches to Protection Problem 

Three major approaches to the meteoroid damage problem are in-
dicated: l) obtain a better definition of the hazard and damage 
mechanisms in radiator structures; 2) determine ways to reduce 
the vulnerability of the radiator; and 3) determine techniques 
for protection which will entail the least weight and complexity 
and the greatest reliability. The various aspects of these ap-
proaches now will be discussed. 

Definition of Hazard and Damage 

The effort in this category involves further work in three 
general areas: l) define more accurately the flux distribution 
of meteoroids (number of particles per unit area and time) and 
their temporal, directional, and physical properties such as 
density, structure, and velocity; 2) define the various damage 
mechanisms that can occur in actual radiator structures at 
operating conditions (temperature, vacuum, fluid-filled, etc.); 
and 3) define the principal factors, properties, and criteria 
governing these damage mechanisms. 
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Meteoroid properties. An intensification of efforts should 
he made toward obtaining more extensive data and improving the 
accuracy and utility of data already obtained on meteoroid flux 
distribution and properties. Visual, radar, and telescopic ob-
servations can be extremely useful in this respect because the 
meteoroid particles of interest for radiators (Fig. 3) fall 
within the range of effectiveness of these techniques. In par-
ticular , a more accurate determination of the ionization and 
luminous efficiencies of meteoroids (i.e., the amount of kinetic 
energy that appears as light) is needed for estimation of par-
ticle mass and density. Preliminary estimates of luminous effi-
ciency obtained in the NASA - Harvard College Observatory 
Trailblazer program, in which pellets of known mass have been 
fired into the Earth1s atmosphere, indicate higher luminous ef-
ficiencies than used previously. Further experiments and anal-
ysis of data should be encouraged to obtain more accurate mete-
oroid flux and density variations. 

As indicated in Ref. 17, the determination of meteoroid flux 
data directly from satellite experiments is complicated by the 
need for large surface areas and long exposure times for statis-
tically meaningful results. However, such experiments should 
be pursued with vigor in order to obtain supporting data as 
quickly as possible. NASA has meteoroid flight experiments 
underway in the S-55, S-65, and paraglider projects which should 
be capable of providing flux as well as penetration data for 
exposed areas up to 250 ft2. However, the need for space ve-
hicle experiments to sample meteoroid flux in far space away 
from the earth also is apparent. 

Damage mechanisms. The radiator designer must be concerned 
with the potential damage phenomena that can occur in actual 
radiator hardware under space operating conditions. He is con-
cerned, therefore, with damage effects on fluid-carrying tubes 
or drums at elevated temperatures. Damage mechanisms other 
than puncture and attendant loss of cycle fluid may be of seri-
ous consequence for radiator operation. For example, dimpling 
and spalling of the inner surface of tubes can lead to flow re-
striction and deposition of material in critical areas such as 
the pump inlet and bearings. Effects of local stress concen-
tration and microcrack formation in the case of a nonpuncture 
impact also can cause difficulties in long term operation. Ero-
sion effects of micrometeoroid particles on high emissivity 
surface coatings and surface roughness also must be considered. 

NASA currently is conducting a program to obtain experimental 
data on the damage effects of hypervelocity particles in radi-
ator tube configurations at elevated temperatures for liquid 
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and gas (vapor) filled interiors. The details of the first 
phase of the program and preliminary results of some initial 
firings are described in Ref. 18. Additional work at higher 
velocities in the range from 30,000 to 100,000 fps is needed. 

Influencing factors. In addition to a definition of radiator 
damage mechanisms, the designer must have a knowledge of the 
various factors governing the phenomena. In particular, he is 
concerned with the influence of radiator tube geometry, material 
properties, and fluid interior on the damage effects. For de-
sign purposes, he will need to reduce this knowledge to workable 
design criteria and data wherever possible. 

Reduction of Radiator Vulnerability 

Reduced vulnerable area. The vulnerable (fluid-carrying) sur-
face area of tubular radiators can be reduced in three ways. 
First, reduction can be achieved by the use of high-conductivity 
fins between tubes as in the finned-tube configuration of Fig. 1. 
The fins (which are not vulnerable to meteoroid puncture) act as 
extended heat transfer surfaces so that the surface area of the 
tubes (vulnerable area) can be reduced considerably, as much as 
40$> for high-power systems. In the second approach, the total 
surface area required can be reduced by increasing the maximum 
cycle temperature and operating the radiator at an optimum tem-
perature. Maximum cycle temperature, however, is limited by 
material strength and fluid corrosion considerations. Finally, 
radiator fin and tube geometry can be optimized to produce the 
least radiator vulnerable area and weight. Such techniques 
generally are available for tubular radiators (e.g., Ref. 2). 

Nonfluid radiators. A recent approach to the reduction of 
radiator vulnerability is the proposed use of radiator concepts 
involving continuously moving belt or rotating disk surfaces to 
radiate the waste heat. ^"^ For these concepts, the heat ex-
changer elements of the system (drum, chamber, or tubes) present 
less area vulnerable to meteoroids than does a corresponding 
tubular type. Then, if the moving belts and disks can be made 
thin, an overall reduction in weight can be obtained. 

The belt concepts, however, are not expected to be devoid of 
problems. Thermal difficulties, such as contact resistance be-
tween belt and drum, and heat exchanger design, as well as such 
mechanical problems as deployment and start up, belt dynamics, 
materials and stresses, emissivity coatings, surface welding, 
bearings, seals, radiation scattering, and ground testing are 
indicated. Studies of belt systems are currently underway by 
both the U.S. Air Force and NASA. 
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Repairing and sealing. In another approach, one can rely on 
repairing or sealing techniques to correct any damage from an 
impact. Various schemes or concepts for repairing can be con-
sidered such as manual repair, self-sealing materials, plugging 
solids, double wall tubes, etc. Sealing also can be achieved 
by cut-off or pinching mechanisms that isolate the damaged tube. 
Such means, however, require a leak detection or sensing device 
for activation. To date, a practical repairing or sealing de-
vice has not been demonstrated; and although these concepts 
warrant serious attention, the prognosis for development is not 
believed to be good. 

Redundancy. The use of redundant (i.e., isolatable) radiator 
segments has been proposed as a means of reducing radiator vul-
nerability. In this concept, the radiator is divided into a 
large number of segments which can be isolated from the cycle 
in the event of a puncture or other failure. Then, either spare 
segments can be carried along to be activated when needed to 
maintain power or a reduced power can be accepted as segments 
are lost. 

An illustration of the potential gains in weight resulting 
from segmenting of a tubular radiator is shown in Fig. 6 (from 
Ref. 22). It is seen that segmenting can reduce radiator weight 
for a given survival probability or allow an increase in survival 
probability without excessive increase in weight. These consid-
erations are most Important for high-power (megawatt-level) sys-
tems where single panel weights can be excessive (Fig. 2) and 
for manned missions where high survival probabilities are de-
sired. 

The analysis of Ref. 22 was based on an isothermal radiator 
surface and considered only radiator panel weight. Further 
analysis is required to factor in the effects of finned-tube 
configurations, the additional headers, piping, and fluid in-
ventory, and depending on the system, any effects of additional 
components such as pumps, controls, heat exchangers, valves, 
and sensing system. 

Orientation. The final possibility for reduction of radiator 
vulnerability is in controlled orientation of the radiator to 
take advantage of the directional properties of meteoroids. An 
indication of the potential benefits that can accrue from con-
trolled orientation of radiator surfaces will be given in a 
later part of the paper. 

Protection Concepts 

It is clear that some form of protection against damage from 
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impacting meteoroids must he provided for radiator or heat ex-
changer surfaces. For a given resistance to damage, the protec-
tion used should involve the least weight and complexity and the 
greatest reliability. Two general protection concepts currently 
are being considered as indicated in Fig. 1. In the armor ap-
proach, a solid mass of material is used to stop physically an 
impacting particle before any serious damage can result. In the 
bumper concept, a relatively thin shield of material displaced 
from the surface to be protected is used to fragment an impact-
ing particle and spread its energy over a greater area. Al-
though preliminary hypervelocity impact studies indicate reduced 
weight for a bumper arrangement compared to the armor approach, 
it should be noted that a resistance to radiation also is in-
curred by the bumper. The net effectiveness of the bumper con-
cept therefore must include an evaluation of heat transfer as 
well as impact resistance characteristics. 

Many geometric forms for finned-tube radiators are possible, 
as indicated by the illustrative examples in Fig. 7. The con-
figurations on the left are based primarily on the armor con-
cept, whereas those on the right embody the bumper principle. 
It is recognized that other configurations are possible and de-
sirable, depending on the type of radiator, its general configu-
ration (flat plate, cylindrical, etc.), and its orientation in 
space. 

Further investigation is needed to provide a comparative 
evaluation of the concepts and geometries proposed to obtain 
the most effective means of protection under radiator operating 
conditions. Included in these investigations should be the ef-
fects of internal liners, composite materials, and fluid inte-
riors. In addition, it will be necessary to deduce design re-
lations and criteria for the various damage mechanisms involved. 
Such evaluation best can be accomplished currently with labora-
tory hypervelocity programs and theoretical studies. 

Required Armor Thickness 

Isotropic Flux 

Although the meteoroid flux is known to be anisotropic (i.e., 
the flux is a function of the direction in space from which the 
flux emanates), for simplicity of calculation the assumption of 
isotropic flux generally is used. The isotropic flux treatment 
assumes that the impacting particles arrive equally from all 
directions in space. In reality, a satellite or space vehicle 
randomly tumbling in space will, given sufficient time, approach 
a limiting condition in which all area elements are exposed 
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equally to all directions in space. Thus, the isotropic flux 
assumption is valid under these conditions for the space device 
with uncontrolled spacial orientation. The isotropic flux 
treatment developed here pertains to nonoccluded radiator sur-
faces; that is, all surface elements see a hemisphere of space. 
This assumption may not he valid specifically for a radiator 
tube with central fin as in Fig. 1. However, it provides a 
simplified basis for general analysis. 

Defining N> as the average number of impacts (number of 
events) on vulnerable area A in mission time т by a critical 
mass mc or larger, one can "write 

N> = ATF> = Атсхт^Р (8) 

where F> is defined in equation (l). 

From the Poisson distribution function, the probability of oc-
currence qf zero events when the average number of events is 
N> is given by 

P(o) = e > 

from which 

N> = -In P(o) (9) 

Substituting for N> in Eq. (8), the expression for critical 
particle mass becomes 

r o A i i V e ( 1 0) 

An expression now must be introduced to relate critical particle 
mass to the armor thickness required for no critical damage. 

Angle independent damage. The simplest assumption that can 
be made in this respect is that the minimum armor thickness is 
independent of impact angle. In essence, this means that, al-
though the flux may be oblique, each impact behaves as if it 
were normal to the surface. The required armor thickness in 
terms of particle mass for normal impact has been given previ-
ously in Eq. (6). Substitution for mc from Eq. (10) into 
Eq. (6) gives for t 

OAT -iVsP/vY* - *N^r©9 
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where K is defined in Eq. (7). Equation (11} generally has 
been used to estimate the required armor thickness of radiator 
tubes. 

Angle-dependent damage. In the event that the critical damage 
is dependent on the impact angle, Eq. (ll) will no longer be 
representative of the required thickness. As was indicated pre-
viously^ depth of penetration varies approximately as some func-
tion of the cosine of the impact angle. For analysis purposes, 
therefore, it can be assumed that the velocity governing the 
impact damage can be given as 

vc = v(cos Л) n 

where n is an exponent. For example, n = 1 corresponds to 
the normal component of velocity being the governing factor. 
The relation between required armor thickness and critical par-
ticle mass then is given as 

t = ктУ3[: l / 5 f v ( c o s A)n ' (12) 

The determination of the required armor thickness for angle 
dependent damage requires a value for the flux from a differen-
tial solid angle of space da) incident upon an area normal to 
the flux direction. The number of particles from a hemisphere 
of space incident upon an plane area A per unit time is F^A, 
where F> is given by Eq. (l). In an isotropic space, the 
flux emanating from each da) of space is constant. However, 
the number of particles from a given doo of space impacting 
area A will depend on the projection of area A normal to the 
flux direction. Expressed mathematically, 

F>A = / F^A cos A)d03 (13) 

Hemisphere 

where Л is the angle between the flux path and the surface 
normal of A, and F^ is the flux per unit solid angle impact-
ing a unit area normal to the flux direction from doo at A. 
For isotropic flux, F^ is constant. 

Expressing Eq. (13) in terms of the spherical coordinate sys-
tem of Fig. 8 and performing the indicated integration yields 
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The d i f fe ren t ia l number of c r i t i c a l events сШ> on area A 
a t t r ibu tab le to a given d i f fe ren t ia l spacial solid angle dco 
is then given by 

dïL = - ^ A cos <9QT to = — — A cos 0qT to (15) 

Substituting for m from Eq. (12) and for to from Fig. 13 
into Eq. (15), the t o t a l number of c r i t i c a l events for an ent i re 
hemisphere of space i s expressed by 

• j t / 2 y-2jt 

'es=o ^ф3=о 
S 

(16) 

Performing the indicated integration, substituting -In P(o) 
for N^, and solving for t, the required armor thickness for 
angle dependent damage with isotropic flux is given as 

* - 4^fW(sM1/5s 

where K is given by Eq. (7). 

For normal impact (n = 0 in Eq. (12)), Eq. (17) reduces to 
Eq. (11), the thickness required for angle independent damage. 

Thus, it is seen that the term [2/(3nep + 2)}1'Ъ^ is the 
oblique damage factor for penetration as a function of 
(cos e s)

n. For example, for n = 1, Q = 2/3, and (3 = 10/9, the 
required armor thickness for oblique impact with isotropic flux 
becomes 0.799 times the thickness for normal impact. 

Protection Criteria for Space Radiators 

The selection of thermodynamic cycles, radiator materials, and 
radiator geometries for various power system studies is tied 
inherently to the meteoroid protection requirements. To permit 
more effective comparative system studies, it is desirable to 
reduce or eliminate variability in the studies due to differ-
ences in meteoroid protection assumptions. The relations for 
penetration given by Eq. (17) are being adopted by the Lewis 
Research Center in its in-house and contract work as a "standard" 
method of calculating required armor thickness for purposes of 
analysis and comparison of radiator systems. The required armor 
thickness may be expressed in terms of the meteoroid flux, the 
mission design parameters, the target material properties, and 
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the isotropic flux impact assumption. The required thickness, 
in units convenient for radiator calculations, is given below. 

a 
/ 6 \ ! / 3 _T/,^62.4 Р^(Ч\в{ ^ 1 1 / 5 P / 2 V 

V J PP V Pt / W L-in P(O)J Í3nep+2j 
1/Зр 

2.54 

(18) 

where 

t = required single material armor thickness, in. 

a = thin plate and spall adjustment, 1.75 

X = 2 if experimental value is unavailable 

/ ^ 
p = meteoroid particle density, 2.7 g/cm° 

sr 

p-L = radiator (target) material density, lb/ft3 

Ф = 1/2 

v = average meteoroid velocity, 98,400 fps (30 km/sec) 

c = 12 v/E^g/p^ where E-j. is Young's modulus at radiator 

operating temperature, lb/in.2, and g is 32.2 ft/sec' 

e = 2/3 

a = 2.54x10 I 
I Constants for flux distribution for Whipple 

/ [ 1961 flux curve from Ref. 4 
T = mission time in days 
P(o) = design probability of no critical damage to radiator 

system 

^0n the basis of a recent paper by F. Whipple (M0n Meteoroids 
and Penetration" presented at the American Astronautical Society 
Interplanetary Missions Conf., Jan. 15-17, 1963, Los Angeles, 
Calif.), the following values have now been adopted for the pro-
tection criterion: a = 5.30x10-11, (3 = 1.34, and pp = 0.44 
g/cm3 (Whipple 1963A flux without earth shielding factor). For 
the same armor thickness, these new data will result in an in-
crease in survival probability P(o) from. 0.9 to 0.998. 
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n = 1 (valid for oblique penetration dependent upon the normal 
component of velocity) 

A = external armor surface of fluid passages of radiator, ft^ 

Critical damage can he caused Ъу a particle with a large im-
pact angle and fixed velocity if the particle has sufficient 
mass. Thus, a sufficiently large particle impacting on the 
outer armor surface of a tube would cause critical damage even 
though the particle trajectory would not have intercepted the 
inner surface. For this reason, the external armor area, rather 
than the internal tube area, is used for A in Eq. (18). This 
procedure mathematically accounts for both the reduced proba-
bility of impact by larger particles and the reduced damage as-
sociated with oblique impact on the external armor surface. 

The authors believe that the foregoing procedure provides a 
moderate approach to the problem of calculating required armor 
dimensions. No claim to exactness is intended in view of the 
previously discussed uncertainties in meteoroid flux and pene-
tration knowledge. The mutual occlusion of adjacent tubes and 
fins is not accounted for in this approach. However, the proce-
dure is relatively simple to incorporate in calculations and 
computer optimization programs. The specific values can be ad-
justed as more reliable estimates are made possible by the ad-
vancing state of the art. 

Anisotropic Flux: Controlled Orientation 

In the previous section, relations were derived for required 
armor thickness for the assumption of isotropic meteoroid flux. 
Inasmuch as the flux distribution in space is known to have di-
rectional properties and is therefore anisotropic, the question 
arises as to whether controlled orientation of a radiator can 
be used to take advantage of the flux anisotropy. In recogni-
tion of the fact that the frequency of impacts as well as the 
extent of damage are both functions of the angle between the 
surface normal and the incoming flux, a study of an oriented 
radiator surface in an anisotropic flux distribution is worth 
considering. An analysis therefore was conducted to explore the 
potential reductions in required armor thickness which might ac-
crue from controlled orientation of the radiator. For illustra-
tive purposes, a plane radiator surface was taken for the 
analysis. 

The analytical treatment of anisotropic flux requires the ex-
pression of the flux spacial distribution in mathematical form. 
The total flux distribution function F , because of the inde-
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pendence of the ecliptic and longitudinal distributions, may be 
represented by the form 

Foo = ГО|г(е8Жф8) (19) 

in which F^ is the flux per unit solid angle on a surface 
normal to the flux direction as defined in the previous section. 
The functions ^(^s)

 an& ^(ф8) niay be determined from the re-
spective distribution of Figs. 9 and 10, in which the ecliptic 
latitude corresponds to 6S, and cps corresponds to the longi-
tude as represented in Fig. 8. 

The meteoroid flux distribution with respect to the ecliptic 
latitude as illustrated in Fig. 9 shows clearly that the flux 
is concentrated near the ecliptic plane. The observed distri-
bution of the northern and southern latitudes is approximately 
the same. The dashed line represents the arithmetic average of 
the two distributions resulting in northern and southern symme-
try about the XY plane. The values plotted in Fig. 9 are 
relative number of observations as a function of 0S. The num-
ber of observations, N, is related to a band of solid angle of 
width d0 and unit circumference 2JÍ sin 0g. Thus, the number 
of observations per unit solid angle from a given d6s of space 
is 

N N 

Os 2JT sin 0 S 

The function ty(0s) must represent N^S and hence must be pro-
portional to N/sin 0 . Thus, the function ^(0S) must be de-
termined such that 

\|/(6s)sin 0Q = N 

where values of N corresponding to 6Q are taken from the 
dashed line of Fig. 9. 

A function was deduced to represent the averaged observed data 
as shown in Fig. 9 given by 

sin Os^f{eG) = sin 20 s - 2.20 sin
40 s cos 6s 

- 0.20 sin 0 S cos
40 s + 0.184 sin 6S cos6GQ (20) 

The plotted symbols are values calculated from the deduced func-
tion of Eq_. (20). 

For the longitudinal flux distributions,5 the helion and 

568 



POWER SYSTEMS FOR SPACE FLIGHT 

antihelion variations of Fig. 1C also were averaged bringing 
symmetry about the XZ plane. The averaged values are repre-
sented by the solid line of Fig. 10. The apparent flux density 
from the earth antapex is considerably less than from the apex, 
helion, and the antihelion directions. The distribution is that 
observed from the earth. If correction is made for the helio-
centric velocity of 30 km/sec of the earth, the distribution 
would be considerably elongated at the earth antapex. However, 
the distribution of interest for an earth orbiting satellite or 
a planetary spacecraft is not that as seen by a body at rest at 
some position on the earth's orbit but rather the distribution 
as observed by a craft in motion with respect to the sun. Thus, 
the apparent distribution as shown in Fig. 10 is of more inter-
est than the actual distribution. 

Because of apex-antapex asymmetry, two different functions 
for ф(ф8) were developed for the observed distributions. 

\|/j(cps) = 0 .629(1 - cos cps)
2 + 0.372 for cps = 0 -* | 

and 

Фц(ф 8 ) = 1 - 0.839 cos ф3 sir&Pg - 0.290 соз3фв 

for ф3 = J - * it (21) 

The plotted symbols are values calculated from the analytical 
functions. The curve fit is seen to be extremely good. 

The hemisphere of space represented by the hemisphere of 
Fig. 8 is symmetrical with a similar hemisphere lying below the 
XY plane. One half of the total spacial flux lies in each of 
these hemispheres, and each must contain the same total flux as 
a hemisphere under the isotropic flux assumption as was treated 
in the previous section. The total flux incident upon a unit 
area normal to doo for the anisotropic and isotropic distribu-
tions must be the same. Thus, 

/ • r t / 2 y*jt 
2 / / F J e s ^ s ) s i n 6s dcPs d 0 s 

(Aniso t ropic Flux) 

• at/2 • • I t / Ú y»Tt 

= 2 / / F^ s i n 0S d 9 s d 0 s (22) 
Jes=o Уф3=о 

( i s o t r o p i c Flux) 
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S u b s t i t u t i n g F>/jt for F^ i n t h e r i g h t s ide of Eq. (22) 
and i n t e g r a t i n g and s u b s t i t u t i n g W\|/(0s)\|/(

cPs)
 f o r ^ ( б ^ ф д ) 

i n t he l e f t s ide of Eq, (22) and i n t e g r a t i n g y i e l d s , 

W = 1-088 F« > ;23) 

Solving for the number of critical events for anisotropic flux 
by substituting for F^ from Eqs. (19) and (23), for F> from 
Eq. (l), and for mc from Eq. (12) and integrating gives for 
N> 

-2я у.я/2 / - i n / + ч - 3 р / = \ 3 

B> = / / 1.088 t(0s)t(9s)a I ) [I) 
^t\-3P/?\30P 

ГФв=° 

x A(COS л)5 п 0 | 3 + 1 sin es dips ae£ (24) 

Substituting -In P(o) for N> and solving for ta the re-
quired armor thickness for anisotropic flux and controlled 
orientation yields 

t„ = (1.088) 

• jr/2 

1/3P к Г _ а А т _ 
I-In P(o) 

^№(Tr\e 

(IT 

Уея=о Уфя 

2я 
Т|Г(0ЯЖФЯ)(СОЗ Л) 

3nep+i sin 0S d-фд d0£ 

i/зр 

(25) 

The ratio of required armor thickness for the anisotropic case 
ta to the armor thickness for the isotropic case -with angle 
independent damage, t^ [Ëq. (ll)j, is then 

r?= (1.088) 
ъ1 

i/зр 

/ / Ф(0 Ж ф )(cos Л ) 3 п 0 ( 3 + 1 s i n 0S <1ф3 U0£ 

У0 =0 У ф = =0 

1/Зр 

» 

In order to solve Eq. (26) for required armor thickness, it 
is necessary to specify the spatial orientation of the radiator 
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surface as expressed in the angle A. 

To evaluate the significance of anisotropic flux and orienta-
tion on armor thickness, several special cases of radiator 
orientation will he presented. 

Case I: Plane surface with surface normal perpendicular to 
ecliptic plane 

Case II: Plane surface with surface normal toward the sun 

Case III: Plane surface with surface normal directed either 
toward earth's apex or antapex resulting in two 
separate thickness requirements, Ш д and IIIB 
because of asymmetrical flux distribution 

The required thickness ta may he calculated for each of these 
cases Ъу using Eq. (25) if cos A is expressed in terms of Gs 

and ф . Substituting the corresponding values for cos A into 
Eq. (25) results in three expressions for the three special 
cases described. Values of the integral in Eq. (26) can be 
computed as a function of 3n60 + 1. Since the longitudinal 
flux distributions for octants lying on opposite sides of the 
YZ plane are not symmetricaly the integrations for each octant 
are performed separately. Then, if a value for 0 is pre-
scribed, value of thickness ratio can be calculated. 

Plots of armor thickness ratio for 0 = 10/9 are illustrated 
in Fig. 11 for the three orientations. The dashed lines refer 
to values of n = 1 (normal component of velocity governing) and 
values of G for kinetic energy dependence (2/3) and momentum 
dependence (l/3). It is seen for these conditions that substan-
tial reductions in required armor thickness compared to the iso-
tropic calculations with angle independent damage are possible 
with proper radiator orientation. For case I, the indicated re-
duction is around 45$. Corresponding reductions in radiator 
weight therefore also can be substantial for high-power-level 
designs for which the armor protection is a very large percent-
age of the total weight. Similar calculations for occluded 
geometries such as the central finned-tube radiator or other 
angle-dependent damage variations or radiator orientations can 
be made to evaluate the corresponding thickness reductions. 

Concluding Remarks 

In the preceding discussion, an attempt was made to summarize 
the current status of knowledge with respect to damage effects 
on space radiators which can result from impact with meteoroids. 
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It was indicated that large degrees of uncertainty exist in 
both the characteristics of the meteoroids and the resulting 
damage phenomena. As a consequence, large degrees of uncer-
tainty exist in the protection requirements and the attendant 
weight and reliability estimates for radiator design. The un-
certainties are of sufficient magnitude to affect seriously the 
potential application of electric power generation systems for 
advanced propulsion missions. 

In view of the existing situation, several approaches to the 
problem were indicated which should lead to a reduction of de-
sign uncertainties. For comparison and analysis purposes, it 
was recommended that a uniform procedure be used for computing 
protection requirements. It was shown further how the use of 
controlled orientation of the radiator in space can lead to a 
sizeable reduction in required protection. It is believed that 
a vigorous pursuit of the problem areas revealed in the discus-
sion will lead to an early resolution of the general meteoroid 
problem for space radiators. 
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1 Finned-tube radiator showing armor and concentric tube 
bumper meteoroid protection 
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2 Effect of meteoroid protection on nonredundant radiator 
specific weight 
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Fig. 3 Meteoroid mass-frequency distribution 

3/16 IN. DtAM ALUMINUM PELLETS 
18,500 FT/SEC 

FRONT VIEW 

BACK VIEW COURTESY GM-SANTA BARBARA 

4 Impact on soft aluminum targets Ъу 3/l6" diameter 
aluminum pellet at 18,500 fps. Bumper configuration 
shown at left, single plate armor at right-
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2 . 5 r -

ARMOR THICKNESS, IN 

Fig. 5 Effect of meteoroid protection criteria on radiator 
weight 

SURVIVAL 
PROBABILITY 

10 100 
NO. OF SEGMENTS, N 

Fig. 6 Effect of redundant segmenting on radiator panel weight 
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а""^Ш^П'лдд 

Fig. 7 Armor and bumper configurations for fluid-filled tubular 
radiators 

SIN 6S COS 4>s 

SIN 0S SIN $ s 
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X 

Fig. 8 Space flux coordinate system. Unit hemisphere of space 
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Fig. 9 Observed and analytical representation of sporadic 
meteor distribution in ecliptic latitude 
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Fig. 10 Observed and analytical representation of sporadic 
meteor distribution -with respect to solar longitude 
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Fig. 11 Effect of spatial orientation on required armor thick-
ness 
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