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Abstract 

The basic radiator problem related to space powerplants is 
reviewed» The tubular fluid radiator is discussed together 
with its associated essentials of construction. The effects 
of environmental factors and design and operating conditions 
on the selection of radiator materials are enumerated. A com-
parison of specific materials then is made, and the problem 
areas associated with their use in space radiators are dis-
cussed. The major conclusion reached indicates the need to 
develop design and fabrication technologies for relatively 
brittle materials as well as the need to determine accurately 
the behavior of such materials under space operating condi-
tions. 

Nomenclature 

E = modulus of elasticity, psi 
K = thermal conductivity (Btu-ft/hr-ft2-°F) 
L = length, in. 
Qe = heat rejected by fin, Btu 
t = armor thickness, in. 
Тщах = maximum shock temperature, °F 
V = volume of fin, ft3 

W = weight, lb 
a = local coefficient of thermal expansion (in./in.-°F) de-

fined as the derivative of the fractional elongation 
with temperature at that temperature or [d(AL/L)]/lT 

Presented at the ARS Space Power Systems Conference, Santa 
Monica, Calif., September 25-28, 1962. The authors express 
their appreciation to Marshall Dietrich for the painstaking 
compilation of materials properties and to Richard Krebs for 
the calculations of radiator weight. Both are with the Flow 
Processes Branch of NASA Lewis Research Center. 
*Research Engineer, Flow Processes Branch. 
+Chief, Flow Processes Branch. 
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total hemispherical emittance 
density, lb/ft3 

breaking strength, psi 
yield strength, psi 
ultimate tensile strength, psi 
Poisson's ratio (assumed constant 0.30) 

Introduction 

Future space missions will require large amounts of electric 
power in the megawatt range for primary propulsion and for 
auxiliary power uses. Analysisl;^ indicates that a nuclear 
energy source with turbogenerator or thermionic energy conver-
sion systems holds the greatest potential for minimum power-
plant specific weight. Low powerplant specific weight is 
necessary to permit large payload weight and/or low values of 
mission time.3 Anticipated mission times may range in the 
neighborhood of a year or more, during which time the power-
plant must operate continuously and unattended. Consequently, 
lower mission times reduce the demands on component reliability 
and protection against damage by micrometeoroid impact, both 
of which make further decreases in weight possible. 

The energy conversion cycles for use in space powerplants 
will be closed thermodynamic cycles involving a recirculating 
working or coolant fluid. Low values of cycle efficiency (10 
to 20$) indicate that large amounts of waste heat must be re-
jected continuously. Since the mode of heat rejection in 
space is limited to thermal radiation, large radiator areas 
will be required for the anticipated radiator operating temp-
eratures. The radiator, therefore, is a major system compo-
nent that is estimated to comprise 30 to 50$ of the total 
powerplant weight. A component representing such a large 
fraction of the total powerplant weight warrants separate con-
sideration. 

Materials will play a large part in determining radiator 
weight and reliability and will also influence component cost 
and development effort since "exotic" materials might be indi-
cated. Also, the selection of suitable materials is made dif-
ficult by the large number of basic requirements that must be 
satisfied. 

The scope of this paper first will be to survey briefly the 
radiator problem and indicate the basic radiator characteris-
tics. The factors affecting the selection of suitable materi-
als then will be indicated, together with some evaluating 
parameters and comparisons of materials. Finally, the 
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problem areas arising from the final selection of materials 
will he indicated. However, specific solutions to these prob-
lems cannot as yet be indicated. 

Radiator Characteristics 

Powerplant Considerations 

The two types of powerplants potentially capable of produc-
ing power in the megawatt level at low weight (order of 
10 lb/kw) are the turbogenerator and thermionic energy conver-
sion systems, each using a nuclear energy source. The turbo-
generator system employs a cycle using either an alkali metal 
vapor (Rankine cycle) or an inert gas (Brayton cycle) as the 
working fluid (Fig. l). The thermionic convertor converts 
thermal energy directly to electrical energy by means of elec-
tron emission (Fig. 2) and does not employ a working fluid as 
such. However, the anode that must be kept cooler than the 
cathode will require a liquid coolant. 

For the Rankine cycle, the type of radiator will depend on 
the method used to condense the vapor. In direct condensing, 
the vapor is admitted to the radiator and condensed directly 
within the radiator structure. This type of radiator operates 
at essentially constant temperature and constitutes a single 
loop cooling system. In indirect condensing, the vapor is 
condensed by means of a separate condenser, and the liquid 
coolant is circulated through a radiator and cooled. The out-
let temperature of this radiator is lower than the inlet temp-
eratures, since a single phase fluid is circulated in the 
radiator loop. The thermionic convertor also uses an all-
liquid radiator to cool the anode (Fig. 2). 

The Brayton cycle uses an inert gas as the working fluid and 
has no condensing requirement. The radiator is similar to the 
all-liquid radiator, since it involves a single phase fluid 
(does not operate at constant temperature). 

Thus far, mention has been made of the primary radiators re-
jecting waste heat from the main power cycle. There are also 
additional or secondary requirements for waste heat rejection 
stemming from the cooling requirements of components and equip-
ment (generator, bearings, electronic equipment, etc., operat-
ing at lower allowable temperatures). The radiators satisfy-
ing this requirement use also a liquid coolant. 
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Operating Temperatures 

The operating temperatures for each of the radiators can 
differ widely due to variations in maximum cycle temperature 
and optimization criteria. The maximum cycle temperature is 
determined largely from strength and corrosion considerations 
of the materials of construction for the turbine in the turbo-
generator and for the cathode in the thermionic convertor. 
When heat is rejected by thermal radiation, for a given maxi-
mum cycle temperature, a radiator temperature exists which 
produces a minimum radiator area. This is illustrated in 
Fig. 3, which shows values of specific radiator area for two 
peak cycle temperatures for several powerplant systems. The 
figure illustrates also the higher operating temperatures re-
quired by the thermionic convertor in order to make it compe-
titive with turbogenerator systems. Optimization of the 
radiator for minimum weight may result in a somewhat lower 
radiator temperature than shown in Fig. 3. This is because 
the fin has the ability to reject a greater fraction of the 
total heat per unit weight and also because the resistance of 
materials to meteoroid penetration increases at lower tempera-
tures. Further optimizations made when integrating components 
into the complete system could result in further variations of 
radiator design temperature. From these and other considera-
tions, then, a range of peak operating temperatures of inter-
est has been defined for the primary and secondary radiators 
of advanced systems as listed in Table 1. 

Table 1 Radiator classifications 

Radiator class Cycle Radiator peak temperature 
range, °F 

Primary Rankine 

Brayton 

Thermionic 
emitter 

1100 - 1500 

1100 - 1500 

1600 - 2300 

Secondary All 400 - 1000 

The bulk of the discussion following will be principally on 
the Rankine turbogenerator cycle, but extensions to the gas 
cycle and the thermionic convertor will be made wherever sig-
nificant. 
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Types and Configurations 

The radiators for advanced powerplants can be classified un-
der two main headings: fluid and nonfluid radiators. However, 
in this study of materials comparisons, only the fluid radia-
tor will he considered. 

Figure 4 is a conception of the fluid or tubular type. The 
principal feature of this type is that the fluid is in direct 
contact with the prime radiating surface. The illustration 
shows a direct condensing radiator in which the vapor is dis-
tributed to the condensing tubes by means of large tapered 
headers. The condensing tubes probably will be relatively 
narrow and tapered to facilitate condensing in a zero-gravity 
environment. The fins between the tubes serve as a supplemen-
tary radiating surface. This reduces the percent of surface 
area that is vulnerable to catastrophic damage by meteoroid 
impact and also permits the use of a low density material 
having a high conductivity for the fins. Surrounding each 
vulnerable tube and header is an armor sleeve of sufficient 
thickness to protect against penetration and spalling by mete-
oroid impact. The section at the bottom of Fig. 4 is approxi-
mately to scale showing relatively heavy armor and short thin 
fins. The liquid header is made smaller than the vapor header 
to accommodate reduced volume of the condensed liquid. Since 
the surface of the radiator must by necessity have a high 
emittance, surface coatings will be required to increase base 
material emittance. Lower temperature gas cycle and secondary 
radiators will require coatings that have a low solar absorp-
tance as well as a high emittance. The all-liquid and gas 
radiators have the same general features except that different 
tube diameters will be required to accomodate the different 
volumes of the flowing single phase fluids» 

For cycles using an alkali metal, resistance to corrosion by 
the alkali metal is a vital system consideration. The material 
used as armor might not be compatible with the alkali metal, 
and for this reason the radiator is shown to have an internal 
liner made of material that offers the greatest corrosion re-
sistance. This liner would exist in the radiator headers, 
tubes, and throughout the system to minimize mass transfer 
effects. 

The fluid radiator can exist in many configurations such as, 

l) Flat plate. Flat sections extending outward in a single 
plane. This configuration might have to be folded within the 
structure of the launch vehicle and subsequently deployed in 
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orbit. Both surfaces are radiating. 

2) Cylindrical or conical. Part of a vehicle skin and non-
deployable. One surface is radiating. 

3) Triform. Three flat panels joined along a common axis and 
extending out radially. Might be contained within the launch 
vehicle or deployed. Both surfaces of each panel are radiat-
ing. 

Factors Affecting Materials Selection 

Many factors affect the selection of materials of construc-
tion for space radiators. These have been grouped arbitrarily 
into two classifications: l) Environmental factors (internal 
and external) and 2) Design considerations (steady-state and 
off-design). 

Environmental Factors and Effects 

The behavior of materials in the space environment has been 
treated by several investigators in considerable detail.^"^ 
The chief environmental factors affecting the selection of 
materials for the radiator are summarized below. 

Meteoroid impact and damage 

This factor represents the greatest potential hazard to space 
radiators and unfortunately is also the greatest area of un-
certainty as far as design criteria are concerned. The princi-
pal investigator's estimates of the meteoroid population and 
mass disagree substantially. The mechanisms of penetration 
and other possible damage phenomena (e.g., dimpling, spalla-
tion, microcrack formation, local stress concentration) are 
not understood clearly. At present, the relative penetration 
of materials seems to correlate with the strength of materials 
(e.g., hardness, elastic modulus, etc.), but this relation 
needs to be verified further experimentally with impacting 
particles at masses and velocities approaching those of the 
meteoroids. The third uncertainty lies in the relative effec-
tiveness of various methods and geometries for preventing 
penetration. Again many proposals have been made, but the 
burden of proof still remains. However, in spite of these un-
certainties, a degree of protection against catastrophic dam-
age by meteoroid impact must be provided. The main features 
of this protection are high resistance to damage coupled with 
the least weight and least complexity. 
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Vacuum effects 

1) Sublimation. The rate of evaporation or sublimation is 
dependent upon the vapor pressure of the material, which is in 
turn dependent upon the surface temperature. Consequently, 
materials must be selected which have low evaporation rates. 
The evaporation of alloys and compounds in a vacuum are also 
of interest since the selective evaporation of constituents 
might affect thermal conductivity and strength. These latter 
materials also might decompose and form a volatile product 
that can evaporate. 

2) Contact resistance. The drop in temperature occurring 
across joints and contacting surfaces is accented in a vacuum 
due to the absence of conduction and convection from the gas-
eous atmosphere between the materials. 9 

3) Surface welding. Clean surfaces of certain materials in 
contact in a vacuum tend to weld together, especially with 
friction and pressure. Contacting materials (belt, drum, 
bearings, rollers, etc.) in the nonfluid radiator and movable 
joints in deployable configurations are particular areas of 
concern with this phenomenon. 

4) Change of properties. Mechanical properties such as 
creep-rupture and fatigue strength can vary for different sur-
face environments. Properties in vacuum can be different than 
in air or an inert gas, and specific materials may be either 
strengthened or weakened, and no generalization is possible. 

Zero Gravity 

A zero-gravity environment has no direct physical effect on 
materials as such, but the essential operating characteristics 
of the complete cycle must be maintained. Some details of con-
struction (such as tube size and configuration, for example) 
will be regulated by this phenomenon. 

Radiation 

The radiation field present in space plus the radiation from 
the nuclear energy source cause the radiator to be bombarded 
with fast neutrons and other high energy particles. The con-
sequent atomic displacements could alter the material and 
coating properties. Changes in strength, hardness, thermal 
conductivity, and dimensions are a U possible. The magnitude 
of the changes, however, depends upon the material, rate and 
time of exposure, and temperature. In addition, some materi-
als undergo a transmutation and form new elementslü in the 
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presence of fast neutrons* For example, beryllium reacts to 
form helium,11 -which escapes leaving voids and a consequently 
porous structure* This will be of concern in any application 
but of prime importance if it is used in a gas cycle, since no 
tube liner is used* Graphite, -when irradiated, is transformed 
to amorphous carbon and has the attendant effect of reducing 
the thermal conductivity by a factor of 100* This reaction 
could be more severe in pyrolytic graphite than in normal 
graphite since the original thermal conductivity is consider-
ably higher• No data are available on pyrolytic graphite, but 
this reaction is suspected* Some of these changes caused by 
radiation are minimized by increases in temperature (similar 
to an annealing process), but again specific materials and de-
signs must be considered, since generalizations are not pos-
sible. However, in the event that the chosen materials of 
construction are sensitive to the radiation environment, any 
implied change in shielding and consequent -weight penalty must 
be considered* 

Surface Erosion 

In the space environment there will be a gradual erosion 
over a long period of time of the exposed surfaces due to im-
pingement of micro-meteoroid particles* "Sputtering" of sur-
face atoms caused by impinging atoms or high energy particles 
also is possible* Although the consequent loss of material is 
not believed to impair the structural integrity,5^° the ef-
fects on the emittance of the surface coating must be known, 
since this is a critical factor in the ability of the radiator 
to reject heat by thermal radiation. 

Compatibility with the Working Fluid 

The interior surfaces of the radiator exposed to an alkali 
metal liquid or vapor must resist corrosion. Although the 
concepts of a fluid radiator (Fig. 4) include a resistant lin-
er inside the condensing tube, the possibility of diffusion of 
armor material through the liner also must be considered as a 
contamination source. If a gas Is used as the working fluid, 
the radiator must contain the gas and not allow diffusion 
through the containing walls. 

Design Considerations 

Included under this heading are the factors affecting the 
selection of materials as influenced by both steady-state and 
off-design operation of the radiator. General considerations 
are discussed herein, since no specific design application is 
treated. 
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Reliability 

The most critical design consideration is that the radiator 
perform its function effectively and without attention or re-
pair for the duration of the mission. This implies sufficient 
factual knowledge of materials properties and behavior to make 
a valid selection of materials consistant with the considera-
tions mentioned thus far- Reliability manifests itself in 
many areas but primarily with respect to operating temperature 
and lifetime. Principal effects governed by time and tempera-
ture are material strength, sublimation, corrosion, diffusion 
rates between the materials in contact, creep and relaxation 
of materials under load. Por example: an aging phenomenon 
exhibited by some alloys can result in reduced strength and 
resistance to meteoroid impact damage; chemical changes and 
diffusion of materials in contact can alter the composition of 
alloys and cause reductions in either corrosion resistance or 
strength; and welded joints can have a time dependent embrit-
tlement effect that could influence their structural integrity. 
Accurate design technique and fabrication of the design into a 
completed structure and assurance that the end product meets 
design specifications are also reliability factors. 

Minimum Weight 

A combination of material properties and characteristics is 
necessary to yield a minimum weight design. Thermal conduc-
tivity and radiation coupled with the resistance to penetra-
tion by impacting meteoroids and structural integrity are the 
principal items affecting the weight. 

Internal Pressure 

Alkali metal systems have relatively low values of internal 
pressures in the radiator--generally between 5 and 30 psi. 
Internal pressure, therefore, does not pose a major strength 
design problem. A gas cycle, however, easily can develop in-
ternal pressures of hundreds of psi so that creep rupture 
strength of the material becomes important. 

External Loads and Vibrations 

Launch loads, although short in duration, may be the great-
est in magnitude (9-10 g's) endured by the radiator. The 
radiator is assumed to be a part of the launch vehicle skin 
(conical or cylindrical shape) or folded and contained within 
the launch vehicle (deployable configuration). Obviously the 
radiator structure must be oriented and supported to sustain 
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these loads. Compromises between minimum weight and structural 
rigidity will affect the selection of materials and design of 
the radiator structure, 

The small forces impressed on the radiator by maneuvering 
and acceleration during the mission will be small in compari-
son to the launch loads and will not present a significant 
problem area for certain configurations. However, they can-
not be dismissed totally, since such forces coupled with the 
vibrations from the rotating machinery over long periods of 
time could cause vibrations of the entire radiator structure 
and could create a fatigue problem. 

Thermal Stresses 

A steady thermal stress in the fin section of finned tube 
radiators exists due to the temperature gradients present in 
steady state operation. Additional thermal stresses can be 
caused by constraints inherent in the system. Even though 
these stresses will relax themselves by creep over an extended 
period of time, their initial values are of concern because of 
possible warping of the fins and effects on the bonds of joints 
between the liner, armor, and fin. High local stresses in 
joint areas could cause separations that could impair the oper-
ation and integrity of the radiator. 

The starting sequence may cause thermal shock stresses in 
the tube structure due to the response of the radiator material 
to the resulting temperature gradients. The materials chosen 
must withstand thermal shocks caused by a hot vapor striking a 
cold surface, contrasted to the normal concept of a hot sur-
face being rapidly cooled. 

Radiator Geometry 

A final radiator design for a specific purpose may require 
complex composite geometries and configurations for both the 
fins and tube portions and the headers. The tube-header 
joints in a conventional radiator (Fig. 4) are critical to the 
system operation from the standpoint of both structural integ-
rity and performance. They must be leaktight and must mini-
mize entrance and exit losses to the flowing working fluid. 
The meteoroid protection (armor) must be designed for and 
cover all vulnerable areas. This generally will be a rela-
tively large amount of material, and since the fins are gen-
erally thin sections (a result of weight optimizations), the 
bonding of heavy sections to light sections is implied. The 
many joint areas involved represent potential sources of 
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difficulty and temperature drops which must be minimized. 
"Exotic" materials might be indicated for use which will re-
quire compatible and reliable methods of joining. Welding, 
brazing, coextrusion, solid state diffusion bonding, could be 
used separately or in combination. 

For fabrication, it is desirable that the tube liner, mete-
oroid protection, and fin are made from the same material so 
that some of these joints could be eliminated. However, since 
each component has a principal requirement to satisfy, a dif-
ferent material might be indicated for each, bringing along 
the consequent problems of joining materials with dissimilar 
thermal expansion characteristics. 

Testing and Development 

The testing and development of radiators to the point of 
acceptable structures for space application may be a lengthy, 
complex, and costly procedure. Consequences or effects of ma-
terials selection with respect to testing and development 
effort therefore should be carefully considered, especially 
for "exotic™ difficult-to-handle materials. Special consider-
ation must be given to the method of testing for long term 
effects at high temperature. If accelerated tests cannot be 
employed validly, then full-term tests under operating condi-
tions must be performed for the final evaluation of the struc-
ture. 

Some materials such as the refractory metals require an 
"inert" or vacuum atmosphere to prevent the adverse affects 
of contamination of the material. Many costly and complex 
long-term tests eventually will be required to verify the re-
liability of the detailed materials properties. Furthermore, 
some materials and configurations might require a zero-gravity 
environment to test such effects as panel vibration. This 
again is a difficult and costly requirement to achieve. 

Regard in design configuration and material selection also 
should be given to inspection and quality control. Most joint 
areas in composite configurations are surrounded completely, 
and visual inspection may not be possible. Appropriate non-
destructive test measures and inspection techniques are de-
sired to evaluate integrity and effectiveness. Equally im-
portant is the need to establish specifications and acceptance 
standards for the critical areas (joints, coatings, etc.). It 
will be important to base such standards and specifications on 
the results of tests that are representative of the completed 
structure. The full effects of "scaling-up" laboratory 
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processes and tests must be known. 

Off-Design Conditions 

The effects and consequences of off-design perturbations and 
excursions must also be considered in design and the selection 
of materials. The effects of expected temperature excursions 
must be considered with respect to thermal stresses, strengths 
of bonds and joints, and evaporation of the material surfaces. 
Some components are certain to be temperature-limited in their 
design, and small increases in temperature might lead to seri-
ous adverse effects. It may be desirable also to consider the 
possible harmful effects of a noncatastrophic meteoroid hit. 
Effects such as stress concentration and acceleration of cor-
rosion due to microcrack formation could occur after such an 
impact. 

Materials Comparisons 

The previous discussion indicated the design requirements 
and environmental factors that affect the radiator design and 
selection of materials. It is clear that radiator materials 
should possess a rather large number of desirable characteris-
tics. The extent to which they can meet these requirements, 
of course, will depend on their properties and behavior char-
acteristics for the intended applications. Unfortunately, 
only a small part of the desired data currently are available 
for positive selection of materials. Nevertheless, prelimi-
nary comparisons of candidate materials can be made from con-
sideration of their basic physical and thermal properties. 

In the ensuing discussion, attention will be restricted to 
material for the radiator fin and armor protection, since they 
generally comprise the largest percentage of the total radia-
tor weight. Also, for simplicity, only the basic elements or 
major alloys will be considered. 

Basic Properties 

The basic properties of interest for which significant 
amounts of data are available are density, thermal conductiv-
ity, local coefficient of thermal expansion, modulus of elas-
ticity, tensile, and yield strength, and evaporation rate. 
Density values are listed in Table 2, and variations of the 
other properties with temperature are given in Figs. 5-8. 
Modulus of elasticity is taken as the characteristic property 
for resistance to impact damage. Coefficient of expansion is 
important for consideration of joining of dissimilar metals. 
Creep rupture strength will be important if any large steady 
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loads over long periods of time develop in the radiator (the 
only steady design load is the internal fluid pressure). 
Fatigue strength also may be important if cyclic loads are pre-
sent. 

Evaluating Parameters 

Inasmuch as weight is important in radiator design, it is 
desirable wherever applicable to combine the basic properties 
of materials into parameters that reflect conditions for mini-
mum weight. For radiating fins-^ the volume V required per 
unit heat rejected Qe is given by the following relation be-
tween thermal conductivity K and surface emittance e: 

V/Qe cc l/Ке
2 

If this is multiplied by density P, the expression reflects 
the weight W per unit heat rejected as 

W/Qe cc p/Ke
2 

Thus minimum weight for a given amount of heat radiated will 
be achieved when the parameter KG /p is a maximum. However, 
since the emittance e will be a function of the applied sur-
face coating, the ratio К/р will be taken as the parameter 
for the fin. Representative variations of К/р with tempera-
ture for several materials are shown in Fig. 9. 

The basic equation for the penetration t of an impacting 
projectile into a given target8 indicates the following rela-
tion between the material properties of density P and modulus 
of elasticity E: 

t CC (p-l/6E-l/3) 

Multiplying this by density yields a grouping of terms wnich 
defines the relative weight ¥ of tube armor required to at-
tain a given level of protection. Thus, 

W cc р 5 / б / Е 1 / 3 

Low values are desired; and, since meteoroid protection consti-
tutes the major portion of the radiator weight, this parameter 
should provide a preliminary indication of relative radiator 
weight. Representative variations of P 5 / 6 / E V 3 with tempera-
ture are given in Fig. 10 for a wide range of materials. For 
reduced temperature drop effects, the armor also should have a 
high thermal conductivity. In addition, if the armor is to be 
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bonded to an inner liner tube or to the fins, the coefficients 
of thermal expansion should not be too widely different in 
order to minimize joining problems. 

The maximum temperature T m a x that can be withstood by a 
plate in a thermal shock environment is given13 by the follow-
ing relation between a critical value of stress cx̂ , thermal 
conductivity K, modulus of elasticity E, coefficient of 
thermal expansion a, and Poisson's ratio u. 

Tmax * (abK/Ea)(l - ц) 

The parameter O^K/ECC is used to compare the relative shock 
resistance of brittle materials. A similar parameter ст̂ /Еа 
is used when heat transfer conditions or part dimensions nul-
lify the effect of thermal conductivity. Both of these param-
eters were evaluated for a range of materials and temperatures 
and are shown in Table 2. These parameters must be used as 
comparisons only and not as final evaluations, and further-
more, they are not applicable for materials beyond the elastic 
limit. The comparative rating (high values are desired), how-
ever, gives an indication as to the relative sensitivity of 
the materials to thermal shock and stress conditions. 

Other basic properties such as sublimation rate, coefficient 
of thermal expansion, emittance, and creep rupture (or yield 
tensile) strength appear directly as evaluating parameters for 
the individual effects that they govern. 

Comparisons 

For purposes of rapid comparison, a tabulation of the fore-
going evaluating parameters at several significant tempera-
tures is given in Table 2. Inspection of the table and 
Figs. 9 and 10 reveal that, for low armor and fin weight, 
beryllium and the graphites (especially pyrolytic graphite) 
appear best. This trend further is verified by calculations 
of radiator finned-tube specific weight as a function of radi-
tor temperature shown in Fig. 11. The calculations are for 
typical Rankine vapor cycles with fixed turbine inlet tempera-
ture with radiator temperatures in the low (500° to 900° F) 
and intermediate (1100° to 1400° F) ranges. The calculations 
are based on a computer weight optimization program developed 
in the Flow Processes Branch of NASA Lewis Research Center1^ 
(same as used in Ref. 15). In the calculations, the radiator 
is composed of monometallic fin and armor, and a columbium 
alloy liner tube to resist corrosion by the working fluid. 
The curves illustrate the wide spread in relative weight ob-
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tained for the various materials, primarily as a result of the 
meteoroid protection criterion, 

As far as the basic physical and thermal properties are con-
cerned; Fig, 11a for a megawatt power level cycle shows that 
the number of materials exhibiting the potential for low 
weights in the intermediate temperature range from 1100° F to 
1400° F is narrowed down to two, beryllium and pyrolytic graph-
ite, For higher temperatures than those covered in Fig. 11a, 
sublimation and strength considerations restrict radiator fin 
and armor materials to pyrolytic graphite and graphite as the 
best choices for minimum weight. 

A similar analysis for a 30-kw cycle has shown (Fig. lib) 
that for the low range of radiator temperatures, beryllium, 
pyrolytic graphite, aluminum, and graphite are promising 
materials for low weight.* 

The use of aluminum and its alloys for low temperature radi-
ator applications should pose no significant problems, except 
possibly in the bonding to refractory materials. The material 
is ductile, and considerable experience with its use is avail-
able. 

The graphites have the potential advantage of being able to 
cover the entire range of temperatures for radiator applica-
tions and may also possess sufficient natural emittance to 
eliminate the need for surface coatings. In addition, lamp-
black graphite has essentially the same coefficient of thermal 
expansion as columbium and tantalum. Difficulties arising 
from differential expansions therefore can be minimized in 
bonding operatings. Thermal shock resistance is good for this 
class of materials. On the debit side, the graphites have 
little ductility, low elastic modulus, and generally are not 
regarded as good structural materials. Special forms such as 
pyrolytic graphite are very costly, and there is little ex-
perience in joining this material to other materials of in-
terest. 

Beryllium, indicated for use in the low and intermediate 
temperature range, may be somewhat better as a structural ma-
terial but still suffers from low ductility. Furthermore, 
thermal shock and differential thermal expansion characteris-
tics are relatively poor for beryllium. As in the case of the 

^Magnesium was not considered in this comparison because of 
its unfavorable sublimation characteristics (Fig. 8). 
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pyrolytic graphite, there is little experience in joining to 
other materials of interest. 

The calculations that were made for Figs. 11a and lib fur-
ther indicate that the armor comprised the greater portion of 
the total radiator weight at minimum weight temperatures. For 
megawatt-level cycle s, the armor comprised from 81 to 87$ of 
the total weight for the various materials and penetration 
criteria considered, whereas the fins accounted for 11 to 17$ 
of the weight. The 30-kw cycle had corresponding ranges of 
70 to 80$ for the armor and 15 to 22$ for the fins. The im-
portance of obtaining minimum weight armor materials thus is 
indicated clearly. The need for minimum weight for fin mate-
rials, however, is not as critical, especially for the high 
power systems, and selection could be made principally on the 
basis of other considerations (such as fabrication and join-
ing) without serious weight penalty. 

The potential materials selected are just as stated--
potential. The burden of proof still remains to determine if 
they fill their individual promises to withstand penetration 
and other damage mechanisms incurred by meteoroid impact. 
Furthermore, they must meet all the other previously posed re-
quirements and characteristics. In the event they fail to 
prove highly resistant to penetration or are unacceptable for 
other reasons, the refractory materials will have to be con-
sidered; however, they do not possess the ability to provide a 
low radiator specific weight, and severe system weight penal-
ties will be incurred. In the final analysis, the material 
selection will be based on the allowable powerplant weight (de-
pends on mission, e.g., propulsion or auxiliary power) and the 
various tradeoffs involved in the development of a practical 
reliable system. However, in spite of the possible limitations 
of beryllium and the graphites, it appears from a weight stand-
point, that work should be directed toward exploring the poten-
tial of these materials for use in radiator construction. It 
would be well, then, to delineate the major problem areas an-
ticipated in their development. 

Materials Problem Areas 

As discussed previously, the general problems in the fields 
of meteoroid damage, bonding and joining, long term effects, 
emittance coatings, thermal shock and stress, and nuclear radi-
ation exist for all materials of construction. Beryllium and 
the graphites deserve special consideration due to their phys-
ical and chemical properties as well as their inadequacies as 
ideal structural materials. 

642 



POWER SYSTEMS FOR SPACE FLIGHT 

Beryllium 

The questionable strength and sublimation characteristics of 
beryllium in the intermediate temperature range from 1400° to 
1500° F render the accurate definition of these properties a 
vital concern, especially for gas cycle applications where re-
latively high values of internal pressure are encountered. 
Furthermore, efforts should be expended toward developing 
alloys and processes than can produce material of greater 
strength and ductility. 

As far as bonding is concerned, beryllium is a very active 
metal and forms brittle intermetallic compounds with most 
metals. As a consequence, operation and integrity of the radi-
ator might be impaired by the lowered ductility and the ensuing 
thermal shock problem. If joint strength is reduced (e.g., 
fusion-welded joints inherently exhibit lower values of 
strength and elongation than the parent material-1-6), an addi-
tional design restriction is introduced in that restraints and 
stress concentrations in the structure must be avoided so as 
not to place undue stress in the joint areas. The methods 
suitable for joining beryllium to itself and other metals are 
not fully perfected. Fusion welding, brazing, coextrusion, 
and solid-state diffusion bonding studies are indicated for 
general application. The problem may be intensified by the 
large difference in coefficient of thermal expansion between 
beryllium and the refractory materials. 

The active diffusion and reduction tendencies of beryllium 
may require the development of a barrier layer between the 
berrylium and a high emittance coating in order to achieve a 
durable coating with sustained effectiveness. Diffusion in 
the other direction through the inner liner also must be 
checked in view of the possible effects on liner compatibility 
with the alkali metal fluid. 

Graphite s 

The discussion here will be limited chiefly to pyrolytic 
graphite since, if usable, it can produce a minimum weight 
radiator structure for a wide range of temperatures. Pyrolytic 
graphite is notably different from all of the other materials 
considered because of its marked anisotropic properties. The 
materials properties differ considerably in the plane of de-
position (a - b direction) and normal to the plane of deposi-
tion (c direction). The calculations showing the superiority 
of this material were made using the maximum value of thermal 
conductivity which exists in the plane of deposition. Orienta-
tion of the material to take advantage of this property will 
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present difficulties for the armor sleeve, and it may be more 
propitious to consider ordinary graphite. Pyrographite sheets 
as deposited, however, can be used effectively for the fins. 

The method and temperature of deposition of pyrolytic graph-
ite preclude the use of the radiator structure itself as a 
metallic substrate for the deposition. The structure will have 
to be made up of individual plates, oriented according to the 
preceding discussion. Current manufacturing techniques place 
a limit on the size and thickness ofmmaterial produced which 
will cause problems in design and fabrication. 

Since graphite sublimes rather than melts, welding (by con-
ventional methods) does not offer much promise of success as a 
joining process. Graphite is relatively porous, and there-
fore, it is possible to join by brazing. Pyrolytic graphite, 
however, is not porous material, and brazed joints are not as 
successful. Proper joint design is quite important here, as 
is the selection of the braze-alloy. The use of an adhesive 
bond for this material may be possible, but such a compound 
does not exist and would require development. Much work is 
necessary in this area to achieve the technology required to 
fabricate a radiator. 

Concluding Remarks 

The preceding discussion has attempted to indicate the major 
influencing factors and considerations involved in the selec-
tion of materials for construction of waste heat radiators for 
electric power generation systems. It was evident that these 
materials must satisfy extremely varied and sometimes opposing 
requirements. On the basis of basic thermal and mechanical 
properties, it was shown that, within the limitations of the 
evaluating parameters employed, the use of beryllium and pyro-
lytic graphite for fins and armor could result in radiator 
panels of least weight. The final practicality and effective-
ness of these materials as structural members, however, remains 
to be demonstrated for long-term application. Many problems 
exist, and considerable effort might be involved in the suc-
cessful development of these materials. However, any large-
scale development activity should be preceded by extensive ex-
perimental appraisal of the ability of the candidate material 
configurations to withstand penetration damage from hypervelo-
city impacting particles. 

In the comparisons, representative values were used for the 
basic properties of the materials considered. It is recognized 
that variations in results can be obtained for specific materi-
als and chemical compositions. Furthermore, the evaluation 
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thus far has been limited basically to the elements to illus-
trate the problem. A similar analysis of alloys and composites 
should be conducted. 
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Table 2 Material properties 

Material 

Commercial 
graphite 

Beryllium 
Pyrolytic 

graphite 
Wrought 

aluminum 
Aluminum 

powder 
metallurgy 

Titanium 
Vanadium 
316 stain-
less steel 

Columbium 
Copper 
Molybdenum 
Tantalum 
Beryllium 

oxide 

Density,, 

lb/ft3 

109 

116 
130 

172 

172 

283 
381 
500 

530 
530 
638 

1036 
188 

Conduction 
parameter, 

K/p 

Thermal 
stress 

parameter, 
a/Ea 

Thermal 
shock 

parameter, 
аК/Есс 

Penetration 
resistance 
parameter, 

Sublimation rate, 
in./year 

Yield 
strength, 

lb/in. 2 

Temperature, °F 

1400 

0.365 

0.400 
fO. 590"] 

Li. looj 
. . . 

0.039 
0.023 
0.029 

0.072 
0.375 
0.102 

1 0.034 
0.092 

1200 

330 

15 
220 

*21 

155 
71 

165 
121 
98 
148 
58 

1200 

13.5X103 

.79 
17.5 

• . . 

*1.8 
1.25 
0.95 

5.7 
24.2 
6.2 
6.6 
1.7 

1400 

4. 7X10"2 

1.9 
3.5 

* • * 

6.2 
6.8 

7.8 

6.9 
11.4 
2.3 

1400 

<io-10 

4.1X10"3 

<L0-10 

8.0X10"3 

8. 0X10"3 

<10~6 

i<10"7 

<ao~5 

<io-10 

1 4X10"4 

<L0-H 
;<10-16 

<ao-9 

1600 

<L0"9 

0.15 
<L0-9 

0.3 

0.3 

<10"5 

<L0"6 

1. 4xl0"4 

<10-9 

0.032 
<L0-10 
<L0""15 

<LCT8 

1400 

2.4X103 

2.1 
14.8 

11.8 
18.9 

10.9 
1.3 

18.6 
18.9 
13.4 

*Value at 800° F. 
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