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Abstract 

lhe design of a new type of thermal space radiator is 

extended. Micron-sized particles are heated and electri¬ 

cally charged on a high potential spherical electrode and 

ejected into space. A second high potential spherical elec¬ 

trode of opposite polarity attracts these particles and 

changes the polarity of their charge upon contact. The 

particles then return to the first electrode to complete the 

cycle. Along their trajectories the particles radiate ther¬ 

mal energy, giving a high area-to-mass ratio because of 

their small size. Equations are presented which permit cal¬ 

culation of power radiated-to-mass ratios for the entire 

system. Results of a computer study indicate that at power 

levels above one megawatt the new type of particle radiator 

will weigh approximately four to eight percent of the weight 

of its conventional tube-and-header counterpart. Limita¬ 

tions of the theory are investigated and discussed. 
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t - Thickness of the outer sphere of the heated 
electrode* 

tc - Tine of contact betveen particles and electrodes. 

tc - Representative time of flight from one electrode 
F to the other. 

Íl - Representative time required for a particle to 
heat from arrival temperature to the temperature 
of the electrode surface* 
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DESIGN ANALYSIS OF 

A PARTICLE THERMAL RADIATOR 

FOR SPACE VEHICLES 

I. Introduction 

The economical rejection of heat from space power 

plants has become an Increasingly critical problem In space 

technology. For power plants operating above the one mega¬ 

watt range) the conventional tube-and-header radiator Is 

the heaviest single component. This weight is doubly crit¬ 

ical because each extra pound makes vehicle launching and 

Its subsequent maneuvering In space more difficult. More¬ 

over t conventional radiators are vulnerable to meteoroid 

puncture. Extra weight In the form of protective thickness 

must be sustained to achieve the reliability needed for 

lengthy space missions. This study deals with a new type 

of variable-area thermal radiator which promises to have 

outstanding weight advantages over conventional radiators. 

In addition, its design permits protection from meteoroid 

damage with a very small weight penalty. 

Modern technology compares radiators according to 

specific weight which is determined primarily by the area 

1 
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to volume ratio. For small spherical particles the area to 

volume ratio becomes 

A _ _ _3_ 
V ' l'irr’ ' r (i) 

It is tempting then to examine the use of particles of ex¬ 

tremely small radius as radiators. Charles F. Neef has 

investigated the use of micron-sized charged particles con¬ 

fined in an electric field. For a representative radiator, 

his studies gave a performance figure of approximately 

10^ kvAg for the particles alone, vhich did not include any 

weight for the source of the electrical system or for the 

external heat-transfer structures (Ref 8:26). This figure 

is three orders of magnitude higher than that of present 

day tube-and-header radiators. 

The purpose of this study is to extend Neefs work to 

include the computation of the specific weight of the com¬ 

plete radiating system and, within certain limitations, to 

investigate the optimization of some of the design paraneters. 

This study will include the following: (1) a general de¬ 

scription of the radiator and the basic theory governing its 

operation, (2) the limitations of the theory including spe¬ 

cific problem areas, (3) the analysis of the radiator weight 

and of the system reliability, and (4) the conclusions and 

recommendations of this study. 

2 
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II. General Description and Theory 

Description 

The particle radiator depends on charge transfer from 

highly charged electrodes to small dielectric particles. 

The particles are placed on a dumbbell-shaped arrangement of 

two large spherical electrodes separated by a connecting 

cylinder as illustrated by Figure 1 on page 4. The elec¬ 

trodes are raised to a high potential of opposite polarity, 

and the associated electric field on the surface causes a 

charge transfer to the particles. One sphere is the heat 

source for the particles. The other sphere does no heating. 

Since the use of a liquid metal working fluid is contem¬ 

plated, this arrangement simplifies the problem of electri¬ 

cal insulation of the two electrodes and allows greater 

separation without large heat-transfer mechanisms. As charge 

transfer occurs, the particles are repulsed by the like 

charge of the sphere. In the environment of the spacecraft 

the particles travel approximately along the lines of force 

between the two electrodes. The particles arrive at the 

second electrode and are held on the sphere by coulomb at¬ 

traction. When charge transfer occurs, the particles 

return to the first electrode and the cycle repeats. As 

the particles travel, they individually radiate heat into 

space. Thus heat is removed from one sphere and radiated 

3 
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into the space heat sink as the particles continue to circu¬ 

late. This design differs from the one offered by Neef in 

that only one of the two electrodes transfers heat. 

Particle Motion 

To make some approximate calculations on the motion of 

the particles, one must consider several factors. The geom¬ 

etry of the electrodes and the physical properties of the 

particle material are important parameters. Also, the 

electric field, the operating voltage, and the charge car¬ 

ried by each particle must be found so that the time of 

flight may be determined. Khoving the time of flight will 

permit the calculation of the electric current carried by 

the particles and their specific weight. 

Neef‘s study suggests that charge transfer does not 

occur until complete electrical breakdown of the dielectric 

(Ref 8:5); however, it appears that this may not be com¬ 

pletely accurate. Several theories have teen presented con- • 

cerning the mechanisms which lead to electrical breakdown in 

solids. According to Stratton (Ref 11:235), the different 

theories of dielectric breakdown fall into two broad clas¬ 

sifications, thermal and intrinsic. Intrinsic breakdown is 

further divided into three classes, collective, avalanche, 

and field emission breakdov/n. The field emission theory 

holds that electrons from the filled valance band of the 

dielectric can tunnel through the potential barrier, which 

5 
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corresponds to the gap of forbidden energy levels, into the 

conduction band. Once electrons are in the conduction band, 

charge transfer can occur. .The collective and avalanche 

theories depend on different cumulative processes which pre¬ 

cede actual breakdown. These three theories, in particular, 

lead one to believe that some charge transfer can occur in 

solid dielectrics prior to complete breakdown. Yet, due to 

the diversity of thought found in other theories and the 

lack of any single well-integrated theory on breakdown, ex¬ 

perimental results appear to be the best source of informa¬ 

tion concerning charge transfer in dielectrics. 

Shelton obtained a value of 1000 electrons when charg¬ 

ing a 0.5 micron diameter particle with a high voltage 

probe (Ref 10:1243). Hewitt showed that for particles 

larger than 0.5 microns, the charge is proportional to the 

diameter squared (Ref 6:302). This finding correlates 

satisfactorily with the data compiled by Langer and Radnick 

which give charges of 1400, 500, and 120 electrons for di¬ 

electric particles of 0.9, 0.5, and 0.2 microns respectively 

(Ref 7:956). In the following analysis a charge of 1500 

electrons for a one microrf particle was adopted, and the 

charge on larger particles was assumed to vary in propor¬ 

tion to the diameter squared. 

The electric field associated with the high potential 

spheres provides the force to move the particles through 

6 
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space and also charges the particles on the surface of the 

spheres. A representative path of motion between the two 

spheres was determined by dividing each sphere into two sec¬ 

tors each containing half of the particles resting on that 

sphere. The path was found by selecting a particle that de¬ 

parted the surface of the sphere at the dividing line. An 

averaging process on all paths was not attempted because of 

the great uncertainties in the problem as a whole. 

For the system of two oppositely charged spheres, the 

lines of force lie on a series of spherical surfaces, each 

of which passes through the center of both charged electrodes. 

Methods exist whereby a more exact trajectory of a charged 

particle of finite mass can be calculated. For approxima¬ 

tion purposes, however, it is assumed that in the zero grav¬ 

ity environment of space the particles will follow the lines 

of force between the electrodes. A two dimensional view of 

the spheres and the field lines is shown in Figure 2. 

In view of the uncertainties of the charge and size of 

the particles and the complexity of the particle motion, 

only an order-of-magnitude calculation was made for the time 

of flight. A representative curvilinear path, ABC, was 

assumed and replaced by an equal length rectilinear path, 

AB'C, along which a constant acceleration was assumed to 

act. The dashed line in Figure 2 represents the curvilinear 

7 
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path for which the time of flight of a typical particle was 

calculated. Its length is j'ïïD • 

For an engineering calculation of the tire of flight, 

specific selections of parameter values were made. In this 

study particles of Stained lîuby Mica were used throughout. 

Variations were made in the separation distance between the 

electrodes, D , the diameter of the particle, d , the op¬ 

erating voltage (the potential difference between electrodes), 

V , and, later, in the heat rejection temperature, Ti . 
The average velocity along each half of the straight line 

path was computed initially; the total time of flight was 

obtained by adding the time increments required for the par¬ 

ticle to travel from A to E and from E to C. When any par¬ 

ticle of mass (m) and charge (q) is accelerated from rest 

through a potential drop (V), its velocity (v) can be found 

from v2 = 2 q V/m. 

For a particle at A initially at rest and acted upon by 

a constant voltage, the velocity of the particle at E is 

<lV 
i 
I 

(2) 

where is the charge on the particle, V is the poten¬ 

tial difference between the two spheres and m is the mass 

of the particle. For a particle at E with initial velocity 

/VB , the velocity of C car. be obtained from 

’ ■ üV - ,„rl 
»T ' (3) iVc = ATa 4 

Q 
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An approximate time of flight for a single representative 

particle is therefore obtained from 

2.21 (qv 
(M 

From the assumed charging conditions, in coulombs 

is given by 

q = z.4*io'lfcclx 
1 (5) 

i/here d is the particle diameter in microns. For Stained 

Ruby Kica with a density of 3000 kg/m3 the mass in kilograms 

is 
13 _i* 

m - Sird X io 
(6) 

Th.e time of flight in seconds is found by using Eqs (5) and 

(6) in liq (4) which then becomes 

tp =565 i' 

V (7) 

Variation of the size and charge of the particle, the op¬ 

erating voltage, and the separation distance gives the rep¬ 

resentative values shown in Table I. 

10 
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Table I 
Times of Flight 

Farticle Diameter Operating Voltage Separation Flight Time 
(microns) (kilovolts) (meters) (seconds) 

50 400 
250 400 
500 400 

1.0 0.089 
1.0 0.200 
1.0 0.283 

50 8OO 
250 800 
500 800 

1.0 0.045 
1.0 0.100 
1.0 0.141 

50 
250 
500 

400 3.0 0.268 
400 3.0 0.599 
400 3.0 0.848 

Keat Transfer 

To be worthwhile the proposed radiator must reject heat 

efficiently into space. This is dependent on the working 

fluid transferring the excess heat to the electrode and on 

the particle removing this heat from the sphere and then ra¬ 

diating the energy during its flight between the spheres. 

Neef investigated heat transfer by the particle (Ref 8:18), 

and he determined that the arrival temperature, Tä , can be 

obtained from . 

Ta I a T,3 
= 3Ap e (t tf 

to Cp 
(8) 

where m • mass of the particle 

e = emissivity of the particle 

Ap> surface area of the particle 

Cp = particle specific heat 

CT ’ Stephan Boltzmann constant 
'Tj’ * temperature of the particle as it leaves the 

heated sphere 

11 
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The arrival temperature in °K is found by inserting the phys¬ 

ical properties of Stained Ruby Mica given in Appendix A 

into Eq (8) which becomes 

712 
3 

(9) 

In this study "ÏÏ is assumed equal to the temperature at 

the surface of the heated electrode. 

The heat loss rate per particle is given by 

\ = mcp Al; 
At 

= hiCp 
T-Tq 

(10) 

If O is the tota] heat rejection rate, then the weight of 

the particles is given by 

Wp = m 

(ID 
The specific weight of the Stained Ruby Mica particles in 

kg/kw is determined by substituting Eq (10) into Eq (11) 

which gives 

Wp _ 2.32 tf 

Û T>Ta (12) 

The weight of the spheres and connecting structure,Ws j 

is primarily a function of the surface area of the rejecting 

sphere and the thickness necessary for meteoroid protection. 

For preliminary calculations a 95^ probability of no punc¬ 

ture in one year was assumed. The heat-transfer electrode 

was considered to be a hollow molybdenum sphere in which an 

12 



GA/I hys/62-16 

olíate sphere of smaller mean radius was fixed. The cross- 

section area along the flow direction was assumed constant. 

Liquid sodium v/as arbitrarily selected as the working fluid 

to flow between the spheres. 

Preliminary calculations showed that the electrode sur¬ 

face area will be determined by the area required for heat 

transfer from within. An approximation was used to determine 

the heat-transfer coefficient for the sodium flow. Since 

the mean separation between the inner surface of the outer 

sphere and the outer surface of the inner sphere was small 

with respect to the radius of the electrode, a parallel plate 

assumption for heat flow was used. Such a correlation for 

liquid metal flow between parallel plates with heat flowing 

through only one plate is given by Brocks (hef 1:278). The 

equation is 
-2M - 5.8+02 GhG 

Kh Kn U3) 

where h = heat-transfer coefficient 

Kn . thermal conductivity of liquid sodium 

d' = mean separation between inner and outer spheres 

CN - specific heat of liquid sodium 

G = weight flow rate per unit area 

The overall coefficient of heat transfer, U , is calculated 

from the following equation 

U h + K 
dli) 

13 
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where t is the thickness of the outer sphere and K* is 

the thernal conductivity of molybdenum. The required heat- 

transfer area, A , is given by 

Q 
U aT 

(15) 

where aT is the temperature difference between the bulk 

temperature of the working fluid and the outer surface of 

the heated electrode. 

Only the outer surface of this electrode must be pro¬ 

tected from meteoroid damage. Since very little data is 

available on meteoroid penetration into molybdenum, that 

given by Ross et al for steel was used (Ref 9:598). This 

choice is within the range of assumptions necessary in this 

study and should be on the conservative side in estimating 

the thicknesses required for meteoroid protection at dif¬ 

fering heat rejection rates. 

To obtain a minimum weight for the heat rejection 

sphere, the thickness which was assumed in the calculation 

of the rejection area was correlated with the minimum thick¬ 

ness required to meet the assumed criteria of the design. 

In the final analysis the total weight of the spheres and 

connecting structure is assumed to be 1.5 times the weight 

of the outer heated sphere alone. The weight of the spheres 

and supporting structure is then given by 

Ws - 1.5At/« - Qt 
7 LUT (16) 

l4 
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where ^ Is the density of molybdenum. Figure 3 gives the 

total weight of the electrodes and connecting structure at 

various heat rejection rates. 

In Appendix B there is a sample calculation for a 100 

megawatt radiating system. State-of-the-art representative 

values for system temperatures and flow rates were used. A 

heat rejection area of square meters is required. This 

indicates that a particle radiator capable of rejecting 100 

megawatts requires a heat-transfer electrode 3.6 meters in 

diameter. 

Radiator Electrical System 

An electrostatic generator is proposed to provide the 

electric field that charges the particles and forces them 

through space. Adequate voltages for electrostatic gener¬ 

ators in the range from 200 kilovolts to one megavolt are 

now in development. A direct current, variable capacitance, 

dc-excited, machine has been chosen ai, the most attractive; 

it is described by Denholm et al (Ref 3:1^)• Its ceramic 

and metal construction lends itself to designs for high tem¬ 

peratures, and except for the flexibility of its stator and 

rotor disks, the generator is sturdy and reliable. Such 

electrostatic generators can be designed with a specific 

mass of 0.9 kg/kwe, but Gale estimates this figure can be 

reduced to 0.2 (Ref 4:168). The former specific mass was 

used for calculations in this study. 

15 
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When the particles return to the heated electrode they 

will be at a temperature la. The rate of heat transfer to 

the particles will be a maximum at this time and decrease 

exponentially as the temperature reaches Ti . In the pre¬ 

liminary design (Ref 8:25) the time to heat the particles,, 

tj, , was assumed equal to the time of contact, tc . This 

time was determined by Keef to be much less than the time 

of flight. He proposed a design which utilized several lay¬ 

ers of particles so that there would be particles on the 

electrodes at all times. If Np is the number of particles 

on one layer of an electrode, then the maximum number of par¬ 

ticles that can be contained in the system is approximated by 

The weight of the electrical system which is required 

to operate the radiator can be determined when the current 

caused by the notion of the charged particles is known. 

This current can be determined from 

I = 2Np H 
tc <16) 

The weight of the electrical system, Wj , is given ty 

Wr = 0.WI 
E (19) 

where 0,9 is the assumed specific mass of the electrostatic 

17 
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generator. Since Kt s Wp/m, Eqs (17), (16), and (19) are 

combined to give the specific weight of the electrical 

system, 
\Aj_ , o.qV^ Wp 

Q tf ^ (5 
(?0) 

Eqs (5) and (6) are substituted into Eq (20-) to.give the 

specific weight of the electrical system in kg/kv. This 

weight is shown as 

We 

û 
aq « io 

y_ 
t f d 

We 

QJ (?d 

18 
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III. Limitations to tjie Theory 

The particle radiator is not without limitations. Sev¬ 

eral of the potential problem areas can be easily recognized; 

however, little else can be done until a working model is 

built or a test device constructed to operate in a free fall 

vacuum condition. In addition to those problems briefly 

discussed by Neef (Ref 8:28), several others can be expected 

to arise. Some of these, with suggested solutions, are 

discussed below. 

Loss of Particles 

Even if it were possible to induce uniform curvilinear 

motion of the particles, it is apparent from two 180° changes 

of direction that inhomogenous flow will result. Because 

the particles do have mass, each will tend to travel outward 

from its initial line of force position. In addition, if 

particles impact elastically and depart the electrodes with¬ 

out losing the kinetic energy from the previous trip, their 

trajectories will be lengthened. The end result would be 

that particles would leave from the tip of the spherical 

electrode (point D or E in Figure 2) and never return. It 

may be possible to vary the configuration of the electrodes 

to prevent the buildup of significant radial velocity com¬ 

ponents. For example, this may be done with cavities or 

ridges which would mechanically direct the particles 

19 
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inward. Changing the overall electrode configuration and 

thus varying the electric field may also be a solution. To 

eliminate excess kinetic energy either the non-heated elec¬ 

trode or possibly both can be constructed of an absorbing 

rubber-like material. 

Particles may also be lost from the system because of 

neutralization caused by oppositely charged particles col¬ 

liding, An increase in electrode separation would decrease 

the collision rate because the particles would be further 

apart. This neutralization problem may not be too serious, 

however, since absolutely neutral particles would seldom 

result. Each dielectric bit will vary in size and charge, 

and although the coulomb attractive force may be decreased 

because of collision and partial neutralization, it will 

still be present to return the colliding particles. Forces 

of dielectrophoresis exist which tend to return those par¬ 

ticles which become exactly neutral. Since it is probable 

that some will be lost, a spare supply of particles may be 

carried and introduced as required during the space mission. 

Timing Considerations 

Two essential changes must occur during the short in¬ 

terval that a particle is in contact with the heated elec¬ 

trode. Charge transfer must occur, and the particle must 

20 
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heat up sufficiently for effective operation. Neef gave as 

an approximate expression for the tine to heat 

(22) 

where I" is the radius of the particle, is the density 

of the particle, and Kp is the particle theraal conduc¬ 

tivity. From Eq (22) the time to heat a representative 

particle of 100 micron diameter is approximately 2 x 10“3 

seconds. From theoretical duration of impact equations 

developed by Goldsmith who considered a completely elastic 

collision between a spherical particle and a sphere, a lower 

limiting value for the time of contact was determined on the 

order of 10"^ seconds (Hef 5:90). With regard for the time 

required for charge transfer, Vorob'ev concluded that times 
0 

on the order of 10 seconds are sufficient for the devel¬ 

opment of breakdown in solid dielectrics (Ref 12:228), 

Since the collisions will not be completely elastic, 

it appears that the time of contact will be sufficiently 

lengthened to allow adequate heat transfer to the particle. 

A more serious problem exists when the time to heat is 

compared to the time required to charge the particle and 

force it away from the electrode. One solution may lie in 

the mechanism of breakdown. Vorob'ev at all times used 

voltages large enough to produce complete breakdown. It 

is possible that at voltages below the breakdown value, 

21 
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charge transfer alone will occur and that the process will 

be a slower one. More data is needed to prove this idea. 

A more positive solution is in the design of the elec¬ 

trical system. A pulsing circuit could be introduced which 

would place-an adequate charging voltage on the electrodes 

for periods long enough to give charge transfer and would ‘ 

space the intervals according to the time required to heat. 

Some residual voltage must always remain to provide the 

electric field between the electrodes. Such a pulsing tech¬ 

nique may allow a smaller total voltage requirement for the 

generating unit and thereby decrease the overall weight of 

the radiator. 

Electric Charging 

Problems with regards to the electrical charging of 

dielectric particles are associated with the charging 

phenomena in a space environment. Ileef based the particle 

radiator design partially on an experiment by H. A. Fohl 

in which solid dielectric particles were sprayed from a 

highly charged electrode of a Van der Graaff generator. 

According to Pohl* the spraying notion was produced not by 

complete breakdown but mainly by charge transfer as 

♦Personal letter dated April 26, 1962, to the author from 
Dr. Herbert A. Pohl, Senior Resident Associate Lecturer 
and Supervisor of the Dielectric Section, School of 
Engineering, Princeton University. 

22 
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suggested earlier in this paper. He says, however, that 

charge was transferred by an incipient corona effect which 

takes place in the gaseous medium surrounding the particles. 

In the vacuum conditions of space the action of the gaseous 

medium would be absent, and therefore, other effects would 

be needed. 

Pohl also pointed out that particles must cover the 

entire electrode for continued action. This condition was 

necessary for Pohl's experiment, but at this stage of de¬ 

sign it has not been determined if this is necessary for the 

particle radiator. If this is a requirement, the zero grav¬ 

ity condition may be an aid in providing complete coverage 

of the particle radiator electrodes. The use of additional 

particles will have to be anticipated, and, in addition, 

still other methods will be required to disperse the par¬ 

ticles evenly. 

Of all the problems considered, these associated with 

electrical charging in space are potentially the greatest. 

No precise solutions are offered here because more experi¬ 

mental data must be furnished first. 
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IV. Radiator Weight and System Analysis 

The total weight of the particle radiator unit consists 

of the following elements: 

WT = Wp + W8+We (23) 

where £qs (12), (16), and (21) can be used to obtain the con¬ 

tributions of each component. These elements are primarily 

a function of d, D , V , Tí, and the physical properties 

of the materials used in the design. For a first analysis 

the use of a molybdenum electrode containing a liquid sodium 

working fluid and particles of Stained Ruby Mica was assumed. 

This analysis was made in terms of the following design par¬ 

ameters: (1) particle diameter, (2) operating voltage, 

(3) heat rejection temperature, and (4) separation distance. 

To aid in this analysis an IBM 1620 digital computer 

was used. The program and some representative data are de¬ 

scribed in Appendix C. The program input included incre¬ 

mental variations in d, D, V , and T*and utilized 

Eqs (7), (9)» (12), and (21) to give the time of flight and 

specific weights as an output. The specific weight of the 

electrodes and connecting structure as computed for the 100 

megawatt example was used as a constant in the computer 

analysis since the reduction of radiator weight at high 

power level is a primary concern. 
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The conclusions to be derived from a computer analysis 

such as this are only as good as the assumptions made. In 

this study many of the assumptions are obviously debatable, 

but the trends vhich are shovn on the graphs in Figures 4, 

5, 6, and 7 and discussed below are important whether or not 

the assumed values of some of the design parameters are 

exactly correct. 

Optimum Particle Size 

For each combination of d, D , V , and T that was 

used for the computer input, an optimum particle size exists 

which minimizes the total specific weight. Figure 4 is a 

plot of total specific weight versus particle diameter for 

selected heat rejection temperatures. As the heat rejection 

temperature was Increased, a broader minimum was obtained 

and less variation of specific weight is evident. Conse¬ 

quently, particle size becomes a less critical design par¬ 

ameter at higher temperatures. Other trends seen in the data 

include an increase in optimum particle size for higher op¬ 

erating voltages, an increase in optimum particle size for 

smaller electrode separation, and a slight increase in the 

optimum size for higher rejection temperatures. In the re¬ 

mainder of the weight analysis near optimum sized particles 

were used to determine the best operating voltage, separa¬ 

tion' distance, and rejection temperature. 
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Optimum Voltage and Temperature 

Figures 5 and 6 on pages 27 and 28 are representative 

curves showing the variations of specific weight with V and 

"IT • Obviously, the minimum weight design should have an 

operating voltage as low as possible and a rejection tempera¬ 

ture as high as possible. Yet, the voltage must still be 

large enough to provide adequate charge transfer and particle 

motion without causing breakdown in the rest of the system. 

The upper limit for the heat rejection temperature will be 

the point where structural strength markedly decreases due to 

high temperature effects. Figure 4 indicates a satisfactory 

compromise value for ”17 in the vicinity of 1100°K. Very 

little weight advantage is gained by operating at 1250°K and, 

in addition, refractory metals such as molybdenum and tungsten 

begin to lose strength near this temperature. 

Optimum Separation 

Curves of radiator specific weight versus separation 

distance for some of the heat rejection temperatures are 

shown in Figure 7. Each combination of design parameters has 

an optimum separation, but as D increased, no consideration 

was given in the analysis to the slight increase in ws due 

to the attendant weight increase of the structure connecting 

the two electrodes. At this stage of the design, separation 

distance alone is not a primary consideration in determining 

radiator specific weight. 
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System Considerations 

Up to this point the minimization of the radiator weight 

has been investigated. This consideration should be para¬ 

mount whenever the radiator Is the single heaviest component 

In the power plant. Presently the accepted design practice 

is to reject heat from the power generating equipment at a 

temperature higher than that giving a marlnum power plant 

efficiency. This Increases the weight of the power gener¬ 

ating unit but decreases the ponderous radiator weight by 

allowing heat rejection at a higher temperature. When a 

particle radiator can be utilized in a system. It will prove 

beneficial to operate the power plant at somewhat lower heat 

rejection temperature. A lower 'IT will Increase radiator 

weight but will permit smaller generator and turbine sizes. 

IChe best trade-off point was not analyzed quantitatively here 

and will have to be determined uniquely for any given set of 

cycle conditions. 

Increased system reliability is another consideration 

worthy of investigation. If the reliabilities of the con¬ 

ventional and particle radiator are assumed equal, use of the 

particle radiator can increase the reliability of the entire 

power system In at least two ways. Initially, the operating 

temperatures can be reduced throughout the system, thus al¬ 

lowing simpler and easier construction. Since the particle 
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system can operate very competitively at heat rejection tem¬ 

peratures lower than those essential for conventional radia¬ 

tors j operating temperatures at all stages of the power cycle 

can be reduced. This reduction in itself will increase sys¬ 

tem reliability and, furthermore, will permit design con¬ 

sideration for these lower temperatures. For example, 

refractory alloys which are difficult to fabricate, corrode 

easily, and react with liquid metals can be replaced by more 

reliable stainless steels. 

System reliability can also be increased by using the 

simple, single-loop Brayton gas cycle rather than the mechan¬ 

ically complex, multi-looped Rankine vapor cycle. According 

to Zipkin and Schnetzer the Brayton cycle has several prin¬ 

cipal attractive features for space application, yet they do 

not use the gas cycle because of its required radiator size 

and weight (Ref 14î565). Table II is included from data by 

Corliss to give a better appreciation of the advantages to be 

gained by using the particle radiator in conjunction with the 

Brayton gas cycle for space power plants (Ref 2:102). 

Gntlmlzatlon Results 

An important limitation in the optimization study at 

this time is the fact that no variation has been made in the 

materials to be used. It would be best if an optimum par¬ 

ticle could be selected from its physical properties alone. 
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Table II 
Comparison of the Brayton and the Rankine Cycles 

BRAYTON GAS CYCLE 

Single loop has Inherent 
simplicity. 

Inert gases of negligible 
mass are utilized. 

Gases are not severely 
activated In a reactor. 

Inert gases are corrosion- 
free and erosion-free. 

Simple start, control, and 
restart procedures can be 
used. 

Very large radiators are 
needed because of lov 
effective radiator tem¬ 
peratures. 

High pumping pressures are 
required. 

Closed cycles can be sealed 
easier. 

RANKINE VAPOR CYCLE 

Two or more loops Increases 
mechanical complexity. 

Liquid metals add to the sys¬ 
tem weight. 

Most fluids will be activated 
thus making extra shielding 
necessary. 

Liquid metals corrode and 
erode. 

More complicated procedures 
may require complex aux¬ 
iliary systems. 

Smaller radiators can be used 
since condensation occurs 
at relatively high tem¬ 
peratures. 

Low pumping pressures can be 
used. 

Seals and liquid metal bear¬ 
ings are not well developed. 
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This may be possible when an adequate theory concerning charge 

transfer in dielectrics is developed. Until that time it ap¬ 

pears that materials with certain essential properties must 

be tested with respect to charge transfer and also heat trans¬ 

fer to determine which is the best for the actual radiator. 

Similarly, operating voltages must be proved experimentally 

and for this study any V which is selected is assumed 

proper. 

One way to show the results of the optimization analysis 

is to select a model radiator for a specific mission. This 

model was based on a heat rejection rate of 100 megawatts 

which would be suitable for the operation of a fairly large 

manned space vehicle. In view of the design analysis the 

following values were selected: 

T =1100oK 

V =lKX) kilovolts 

d 3 100 microns 

D = 9*0 meters 

The 9 meter separation was used to further separate the elec¬ 

trodes which in the 100 megawatt system have diameters of 3.6 

meters. With these operating conditions Appendix C shows 

that the time of flight of a particle is O.8O seconds. The 

computer data furnishes the specific weight from which the 

weight of the electrostatic generator was computed to be 

228 kg and that of the mica particles 330 kg. From Appendix B 
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the weight of the electrodes and connecting structure was 

determined as 19^0 kg. The entire radiating system would 

weigh approximately 2500 kg and have a power to mass ratio 

near optimum operation of ^ kw/kg« 

Â comparison of the particle radiator was made with a 

recently suggested belt radiator (Ref 13:55) and the conven¬ 

tional tube-and-header radiator. In this comparison which 

is shown in Table III, the power plant conditions were opti¬ 

mized for the conventional radiator and an overall power 

cycle efficiency of 0.727 was assumed for electric power 

outputs of 5) 10, and 20 megawatts. The particle radiator 

shows a marked weight advantage over both the belt and con¬ 

ventional radiator. Fy the use of the particle system, 

weight reduction of nearly 95# over the conventional radiator 

and more than 50# over the belt type appear feasible depend¬ 

ing on operating voltage requirements. 

35 



GA/Phys/62-16 

Table 111 

Typical Radiators 

Generator Power Output 5 10 20 mw 

Pov/crplant Conditions 

Turbine Inlet Temperature 
Heat Rejection Temperature 
Heat Rejection Rate 

12^0 1250 1250 °K 
950 950 950 °K 

23.3 46.5 93.O mw 

Conventional Tubc-and-Eeader Radiator 

Isotermal Radiation Temperature 
Required Radiating Area 
Tube Wall Thickness 
Weight of Tubes 

950 950 950 °K 
565 USO 1695 n2 

.635 *635 *635 nan 
44-20 £650 17700 kg 

Total Radiator Weight - Steel 6250 16550 33000 kg 

Belt Radiator 

I'.axinun Belt Temperature 
Required Radiating Area 
Belt Width 
Belt Length 
Belt Thickness 
Weight of Belt 
Weight of Heat Transfer Mechanism 

950 
895 
6.8 

68 
0.127 

345 
725 

950 
1790 
9.5 
95 

0.177 
1230 
1030 

950 °E 
3560 m2 
13.4 m 

134 m 
O.254 mm 

3460 kg 
1450 kg 

Total Radiator Weight - Steel 1070 2260 4930 kg 

Particle Radiator 

Maximum Beat Rejection Temperature 950 950 
Electrode Separation 
Radius of Electrodes 
Operating Voltage 
Weight of Particles 
Weight of Electrostatic Generator 
Weight of Structure and Electrodes 

5 
0.9 
400 

71 
89 

254 

/ 
1.2 
600 
205 
165 
675 

950 °K 
9 m 

1.7 m 
800 kv 
435 kg 
465 kg 

1650 kg 

Total Radiator Weight - Molybdenum 314 1065 2550 kg 

(Data taken in part from Ref I3) 
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V. Conclusions and Reconmendations 

As nentioned not all aspects of the particle radiator 

have been proved experimentally. In addition, this design 

has necessitated many assumptions because of the difficulty 

of simulating the space environment. Yet all assumed con¬ 

ditions were estimated conservatively; therefore, the re¬ 

sults should be realistic. 

. The weight of the particle radiator is made up primarily 

of the component weights of the particles, of the radiator 

electrical system, and of the electrodes with their connect¬ 

ing structure. Cf these, the latter appears to be dominant. 

Future design refinement in the internal heat-transfer 

mechanisms can do much to decrease this weight component. 

Improvements, such as those suggested by Gale (Ref 4:168), 

in the design of electrostatic generators can further de¬ 

crease the total specific weight. 

Although reliability, cost, and other factors concern¬ 

ing the radiator itself were not investigated, minimum weight 

is the paramount consideration in determining the type of 

radiator to be used in future space power plants. The 

potential advantages of the particle radiator are shown in 

Table III. In comparison with the weight of a conventional 

radiator, weight reductions larger than a full order of 

magnitude are possible. In addition, if the reliability of 
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the particle radiator can be developed to equal that of the 

conventional radiator, the reliability of the overall system 

can be improved. 

Equations similar to those in Section II can be used to 

optimize design parameters, and although still other par¬ 

ametric studies are required, the data obtained in this 

study can aid in designing an experimental model or other 

type of test device. Before any such apparatus is con¬ 

structed, however, the charging of the dielectric particles 

in a space environment and the actual motion of the particles 

should be investigated. These appear to be the two greatest 

limitations of the theory and the problems areas in which 

the least data is available. 

It can be appreciated from the preceding review that 

considerable development and study must be accomplished if 

the ultimate goal of utilization of the particle radiator in 

space power systems is to be net. Some of the most signifi¬ 

cant items which should receive early attention are: 

1. Tests in vacuum conditions to determine voltages 

necessary for charge transfer in various dielectrics-with 

various electrode materials. 

2. Study to learn the relationships concerning heat 

transfer by conduction and radiation between the particles 

and large spheres. 
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3. Investigation to determine optimum material for the 

particles and the electrodes. 

4. Experimentation to study motion of charged particles 

in space or a space-simulated environment. 

An apparatus similar to that shown in Figure 8 is suggested 

for experiments in charge and heat transfer. Runs could be 

made with the electrode heated and not heated. Particles 

could be collected on a galvanometer or in a calorimeter; 

the entire study should be conducted in a vacuum with free 

falling particles to simulate as near as possible a space 

environment# 

Only by persevering application in tests such as these 

and others which will undoubtedly come to light through 

continued development will it be possible for the particle 

radiator to assume its proper role in the science of space 

propulsion. 
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Appendix A 

Specific Constants 

General 
-8 

(j~ Stephan Boltzaann constant joule/meter 

Stained Ruty ÏÜ-ca 

yûp density 

Cp specific heat 

0 emissivity 

Kp thermal conductivity 

Molybdenum 

density 

Km thermal conductivity 

Liquid Sodium 

CN specific heat 

K thermal conductivity 
N 

3OCX) kilograms/meter^ 

863 joulesAilogram °K 

0.9 dimensionless 

0.6 joules/meter sec °K 

10200 kilograms/meter^ 

65 BTU/hour ft °R 

O.305 BTU/lb °R 

30 BTU/hour ft °R 
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APPENDIX B 

SAMPLE CALCULATION OF ELECTRODE WEIGHT 
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Appendix B 

Sample Calculation of Electrode Weight 

Illustrated below are a set of sample calculations which 

show the method by which the weight of the electrodes and the 

connecting structure was calculated for a heat rejection rate 

of 100 megawatts. 

Film coefficient. Equation (13) was solved for h • 

where values for d and G vere taken as O.O328 ft (1 cm) 

and I.25 X 10? Ibs/hr-ft2 from state of the art designs. 

Physical property data is given in Appendix A. 

h = 
30 
2(.032.0 58 V 02 

^2(.0326)(.30¾) ).27 * 10' 

30 

.-7 
0.8 

= 14,500 BTU/hr ft1 

Overall heat-transfer coefficient. Under equilibrium 

conditions the heat flow rate through the molybdenum is 

equal to that through the liquid sodium. 

Q - h A (Te 

-^A(X-T) 
v/here Tb is the bulk temperature of the sodium and 

is the temperature of the inner electrode surface. 
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Adding Eqs (E2) and (B3) and rearranging 

A (Te* I) O 1 + i. 
h km 

where Ü , the overall heat-transfer coefficient, is defined 

by 

U h Km 
(B5) 

A value of 125 mils was selected for the thickness of the 

molybdenum. 

u 
•0104 

14500 65 

M = 4400 BTU/hv = 25000 jool«*/5ec *K 

Heat-transfer surface area. Eq (B5) was substituted 

into Eq (b4) to obtain 

A Q 
U aT 

where aT" = "la " "IT 

assumed to be 100 °K. 

A = 

(B6) 

For this calculation aT was 

10 - 40 vr\ 
26oOO < \oo 

From meteoroid penetration data given by Ross £t al the 

minimum thickness required for a vulnerable area of 40 m^ is 

approximately 125 mils; therefore, the assumed thickness was 

considered representative (Ref 9:598)» 
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V/eleht. Equation (16) was solved to give the weight of 

the electrodes and connecting structure. 

l.5/>* t 
U aT 

(is) 1.02*10* (.00317) 10* 
25000 * 100 

~ 1^40 Ktlo^reu^s 

The specific weight for the 100 megawatt case is 0.0194 kg/kw. 

Q 
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Appendix C 

IBM 1620 Computer Data 

The printout of the program used on the IBM 1620 Digital 

Computer and some sample data are included in this Appendix. 

The computer program in Portan machine language is repro¬ 

duced on page 51. Pages 52 through 58 contain output data 

which is a sampling of the data used in the weight analysis 

portion of this study. Beginning on page 52 the first line 

of each block of output data contains, in the following order, 

the heat rejection temperature in °K, the separation distance 

of the electrodes in meters, and the operating voltage in 

volts. Each data block is grouped in six columns which, for 

the three variables listed above, give the following values: 

Column 1: the particle diameter in microns for that 

particular line of calculations 

Column 2: the representative time of flight in seconds 

for that sized particle 

Column 3: the specific weight of the particles 

Column 4: the specific weight of the radiator elec¬ 

trical system 

Column 5: the specific weight of the particles and 

electrical system 

Column 6: the total specific weight of the radiator. 

All specific weights have dimensions of kilograms per kilo¬ 

watt. 
50 
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IBM 1620 C0MPUTER PROGRAM PRINTOUT 

1 ACCEPT.DO.OM.OD.VP.VM.OVJO.TM.OT.SO^SM.OS.WS 
T1-T0 

2 0-00 
3 V-V0 
U S-S0 

PRINT 51,T1,0,V 
5 TF»S.65*0*SQRT<S/V) 

ta-^S*T1**3/^7. 12E-7*TF*T1**3+S) )**.333H 
WP-2.32*TF/^T1-TA) 
WE-1.39E-4*V*WP/(TF*S) 
WEP-WE+WP 
WT-WEP+WS 

PRINT 5^S,TF 
PRINT ?2,WP,WEfWEP,WT 
S-S+OS 
I F^SM-S)6,fi,5 

6 v.v+ov/ 
IFfVM-V)?,1*,1» 

7 0-0+00 
I F fOM-D)R,3,3 

R T1-THDT 
IF(TM-T1)1,2,2 

«Î1 FORMAT f//F6.0.F1 2.0.F1 2,0) 
62 FORMAT ^F12.5) 
53 FORMAT (/F6.0,F10,5) 

END 

END OF COMPILATION 
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650. 5 
50. .19975 

100. .28250 
150. .34599 
200. .39951 
250. .44667 
300. .48930 
350. .52850 
400. .56500 
450. .59927 
500. .63168 
550. .66252 
600. .69198 
650. .72023 
700. .74742 
750. .77365 

1000000. 
.00407 .05666 
.00739 .03636 
.01057 .02832 
.01369 .02381 
.01676 .02086 
.01980 .01075 
.02281 .01714 
.02580 • .01587 
.02878 .01483 
.03175 .01397 
.03470 .01323 
.03765 .01260 
.04058 .01205 
.04351 .01156 
.04643 .01112 

.06074 

.04376 

.03890 

.03751 

.03762 

.03855 

.03995 

.04168 

.04362 

.04572 

.04794 

.05025 

.05263 

.05507 

.05755 

600. 5 
50. .19975 

100. .28250 
150. .34599 
200. .39951 
250. .44667 
300. .48930 
350. .52850 
400. .56500 
450. .59927 
500. .63168 
550. .66252 
600. .69198 
650. .72023 
700. .74742 
750. .77365 

1000000. 
.00223 .03113 
.00389 .01917 
.00544 .01459 
.00694 .01208 
.00841 .01046 
.00984 .00932 
.01126 .00846 
.01266 .00779 
.01405 .00724 
.01543 .00679 
.01680 .00641 
.01816 .00608 
.01952 .00579 
.02087 .00554 
.02221 .00532 

.03337 

.02306 

.02004 

.01903 

.01887 

.01917 

.01972 

.02045 

.02130 

.02222 

.02321 

.02424 

.02531 

.02641 

.02753 

950. 5. 
50. .19975 

100. .28250 
150. .34599 
200. .39951 
250. .44667 
300. .48930 
350. .52850 
400. .56500 
450. .59927 
500. .63168 
550. .66252 
600. .69198 
650. .72023 
700. .74742 
750. .77365 

1000000. 
.00144 .C2Û11 
.00242 .01194 
.00332 .00891 
.00417 .00727 
.00500 .00622 
.00580 .00549 
.00659 .00495 
.00736 .00453 
.00813 .00419 
.00888 .00391 
.00963 .00367 
.01037 .00347 
.01111 .00329 
.01184 .00314 
.01257 .00301 

.02155 

.01437 

.01223 

.01145 

.01123 

.01130 

.01154 

.01190 

.01232 

.01280 

.01331 

.01385 

.01441 

.01499 

.01558 

.06014 

.06316 

.05830 

.05691 

.05702 

.05795 

.05935 

.06108 

.06302 

.06512 

.06734 

.06965 

.07203 

.07447 

.07695 

.05277 

.04246 

.03944 

.03843 

.03827 

.03857 

.03912 

.03985 

.04070 

.04162 

.04261 

.04364 

.04471 

.04581 

.04693 

.04095 

.03377 

.03163 

.03085 

.03063 

.03070 

.03094 

.03130 

.03172 

.03220 

.03271 

.03325 

.03361 

.03439 

.03498 
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1100. 5 
50. .19975 

100. .28250 
150. .34599 
200. .39951 
250. .44667 
300. .48930 
350. .52850 
400. .56500 
450. .59927 
500. .63168 
550. .66252 
600. .69198 
650. .72023 
700. .74742 
750. .77365 

1000000. 
.00103 .01441 
.00169 .00832 
.00227 .00609 
.00282 .00491 
.00334 .00416 
.00385 . .00365 
.00434 .00326 
.00483 .00297 
.00530 .00273 
.00577 .00253 
.00623 .00237 
.00668 .00223 
.00713 .00211 
.00758 .00201 
.00802 .00192 

.01545 

.01001 

.00837 

.00774 

.00751 

.00750 

.00761 

.00780 

.00803 

.00831 

.00860 

.00892 

.00925 

.00959 

.00994 

1250. 5 
50. .19975 

100. .28250 
150. .34599 
200. .39951 
250. .44667 
300. .48930 
350. .52850 
400. .56500 
450. .59927 
500. .63168 
550. .66252 
600. .69198 
650. .72023 
700. .74742 
750. .77365 

1000000. 
.00079 .01107 
.00127 .00625 
.00168 .00451 
.00207 .00360 
.00243 .00303 
.00278 .00263 
.00312 .00234 
.00345 .00212 
.00377 .00194 
.00408 .00179 
.00439 .00167 
.00470 .00157 
.00500 .00148 
.00529 .00140 
.00559 .00134 

.01187 

.00752 

.00620 

.00567 

.00546 

.00542 

.00546 

.00557 

.00571 

.00588 

.00607 

.00627 

.00648 

.00670 

.00693 

.03485 

.02941 

.02777 

.02714 

.02691 

.02690 

.02701 

.02720 

.02743 

.02771 

.02800 

.02832 

.02865 

.02899 

.02934 

.03127 

.02692 

.02560 

.025(7 ,0248t- 

.02482 

.02486 

.02497 

.02511 

.02528 

.02547 

.02567 

.02588 

.02610 

.02633 
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650. 5 
50. .44667 

100. .63168 
150. .77365 
200. .89334 
250. .99878 
300. 1.09411 
350. 1.18178 
400. 1.26337 
450. 1.34001 
500. 1.41250 
550. 1.48144 
600. 1.54731 

200000. 
00557 .00693 
00958 .00421 
01330 .00318 
01688 .00262 
02035 .00226 
02376 .00201 
02712 .00182 
03043 *00167 
03370 .00155 
03695 .00145 
04018 .00137 
04338 .00129 

.01251 

.01380 

.01649 

.01951 

.02262 

.02577 

.02894 

.03210 

.03526 

.03841 

.04155 

.04468 

650. 5. 
50. .31584 

100. .44667 
150. .54705 
200. .63168 
250. .70625 
300. .77365 
350. .83564 
400. .89334 
450. .94753 
500. .99878 
550. 1.04753 
600. 1.09411 

400000. 
.00479 .01687 
.00844 .01050 
.01188 .00805 
.01521 .00669 
.01847 .00581 
.02169 .00519 
.02486 .00472 
.02801 .00435 
.03113 .00405 
.03423 .00381 
.03731 .00360 
.04037 .00341 

.02166 

.01894 

.01993 

.02191 
,02429 
.02688 
.02959 
.03237 
.03519 
.03804 
.04091 
.04379 

650. 5. 
50. .25788 

100. .36470 
150. .44667 
200. .51577 
250. .57665 
300. .63168 
350. .68230 
400. .72941 
450. .77365 
500. .81550 
550. .85531 
600. .89334 

600000. 
.00443 .02869 
.00792 .01811 
.01123 .01398 
.01446 .01169 
.01762 .01019 
.02075 .00913 
.02384 .00832 
.02691 .00769 
.02996 .00717 
.03300 .00675 
.03601 .00638 
.03902 .00607 

.03313 

.02603 

.02522 

.02615 

.02782 

.02988 

.03217 

.03461 

.03714 

.03975 

.04240 

.04509 

650. 5. 
50. .22333 

100. .31584 
150. .38682 
200. .44667 
250. .49939 
300. .54705 
350. .59089 
400. .63168 
450. .67000 
500. .70625 
550. .74072 
600. .77365 

800000. 
.00422 .04203 
.00760 .02678 
.01084 .02078 
.01400 .01743 
.01711 .01524 
.02018 .01367 
.02323 .01249 
.02626 .01155 
.02926 .01079 
.03226 .01015 
.03524 .00961 
.03821 .00915 

.04625 

.03439 

.03163 

.03143 

.03236 

.03386 

.03572 

.03781 

.04006 

.04242 

.04486 

.04736 

54 

.03191 

.03320 

.03589 

.03891 

.04202 

.04517 

.04834 

.05150 

.05466 

.05781 

.06095 

.06408 

.04106 

.03834 

.03933 

.04131 

.04369 

.04628 

.04899 

.05177 

.05459 

.05744 

.06031 

.06319 

.05253 

.04543 

.04462 

.04555 

.04722 

.04928 

.05157 

.05401 

.05654 

.05915 

.06180 

.06449 

.06565 

.05379 

.05103 

.05083 

.05176 

.05326 

.05512 

.05721 

.05946 

.06182 

.06426 

.06676 
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%0. 5. 
50. .4466? 

100, .63168 
150. .77365 
200. .89334 
250. .99878 
300. 1.09411 
350. 1.18178 
400. 1.26337 
450. 1.34001 
500. 1.41250 
550. 1.48144 
600. 1.54731 

200000. 
.00235 .00293 
.00376 .00165 
.00500 .00119 
.00614 .00095 
.00722 .00080 
.00826 .00069 
.00926 .00062 
.01024 .00056 
.01120 .00051 
.01214 .00047 
.01306 .00044 
.01397 .00041 

.00528 

.00542 

.00620 

.00710 

.00803 

.00896 

.00989 

.01081 

.01172 

.01262 

.01351 

.01439 

950. 5. 
50. .31584 

100. .44667 
150. .54705 
200. .63168 
250. .70625 
300. .77365 
350. .83564 
400. .89334 
450. .94753 
500. .99878 
550. 1.04753 
600. 1.09411 

400000. 
.00188 .00663 
.00307 .00382 
.00413 .00279 
.00512 .00225 
.00607 .00191 
.OO698 .00167 
.00787 .00149 
.OOO75 .00136 
.00960 .00125 
.01044 .00116 
.01128 .00108 
.01210 .00102 

.00851 

.00689 

.00693 

.00737 

.00798 

.00866 

.00537 
,01011 
.010C5 
.01161 
.01236 
.01312 

950. 5. 
50. .25788 

100. .36470 
150. .44667 
200. .51577 
250. .57665 
300. .63168 
350. .68230 
400. .72941 
450. .77365 
500. .81550 
550. .85531 
600. .89334 

600000. 
.00166 .01078 
.00275 .00629 
.00373 .00464 
.00465 .00376 
.00554 .00320 
.00640 .00281 
.00724 .00253 
.00806 .00230 
.00887 .00212 
.00967 .00197 
.01046 .00185 
.01125 .00175 

.012^5 

.00905 

.00838 

.00842 

.00875 

.00922 

.00977 

.01037 

.01100 

.01165 

.01232 

.01300 

950. 5 
50. .22333 

100. .31584 
150. .38682 
200. .44667 
250. .49939 
300. .54705 
350. .59089 
400. .63168 
450. .67000 
500. .70625 
550. .74072 
600. .77365 

800000. 
00153 .01529 
00256 .00902 
00349 .00669 
00437 .00544 
00522 .00465 
00605 .00410 
00685 .00368 
00765 .00336 
00843 .00311 
00921 .00290 
00997 .00272 
01073 .00257 

.01683 

.01158 

.01018 

.00982 

.00987 

.01015 

.01054 

.01102 
,01154 
.01211 
.01269 
.01330 

.02468 

.02482 

.02560 

.02650 

.02743 

.02836 

.02929 

.03021 

.03112 

.03202 

.03291 

.03379 

.02791 

.02629 

.02633 

.02677 

.02738 

.02806 

.02877 

.02951 

.03025 

.03101 

.03176 

.03252 

.03185 

.02845 

.02778 

.02782 

.02815 

.02862 

.02917 

.02977 

.Õ3G40 

.03105 

.03172 

.03240 

.03623 

.03098 

.02958 

.02922 

.02927 

.02955 

.02994 

.03042 

.03094 

.03151 

.03209 

.03270 
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í?50. 5. 
50. .44667 

100. .63168 
150. ./7365 
200. .69334 
250. .95878 
300. 1.05411 
350. 1.18178 
‘l00. 1.26337 
450. 1.34001 
500. 1.41250 
550. 1.48144 
600. 1.54731 

200000. 
.00143 .00178 
.00220 .00056 
.00285 .00068 
.00343 .00053 
.00356 .00044 
.00445' .00038 
.00496 .00033 
.00545 .00030 
.00551 .00027 
.00635 .00025 
.00676 .00023 
.00721 .00021 

.00321 

.00317 

.00353 

.00397 

.00442 

.00487 

.00531 

.00575 

.00618 

.00660 

.00702 

.00742 

1250. 5. 
’ 50. .31584 

100. .44667 
150. .54705 
200. .63168 
250. .70625 
300. .77365 
350. .63564 
400. .68334 
450. .54753 
500. .85878 
550. 1.04753 
600. 1.05411 

400000. 
.00110 .00307 
.00171 .00213 
.00224 .00152 
.00272 .00120 
.00317 .00100 
.00360 .00086 
.00401 .00076 
.00441 .00068 
.00480 .00062 
.00517 .00057 
.00554 .00053 
.00590 .00050 

.00497 

.OO3O5 

.00376 

.00382 

.00417 

.00447 

.00478 

.00510 

.00542 

.00575 

.00608 

.00640 

1250. 5. 
50. .25786 

100. .36470 
150. .44667 
200. .51577 
250. .57665 
300. .63168 
350. .68230 
400. .72941 
450. .77365 
500. .61550 
55C. .85531 
600. .89334 

600000. 
.00085 .00614 
.00149 .00342 
.00197 .00245 
.00240 .00194 
.00261 .00162 
.00320 .00140 
.00357 .00124 
.00393 .00112 
.00429 .00102 
.00464 .00094 
.00497 .00088 
.00531 .00082 

.00709 

.00492 

.00442 

.00434 

.00443 

.00460 

.00482 

.00506 

.00532 

.00558 

.00586 

.00614 

1250. 5. 
50. .22333 

100. .31584 
150. .38682 
200. .44667 
250. .49939 
300. .54705 
350. .59089 
^:00. .63160 
450. .67000 
500. .70625 
550. .74072 
600. .77365 

800000. 
.00085 .00855 
.00136 .00480 
.00180 .00345 
.00220 .00274 
.00258 .00230 
.00295 .00200 
.00330 .00177 
.00365 .00160 
.00358 .00146 
.00431 .00135 
.00463 .00126 
.00495 .00118 

.00941 

.0061b 

.00525 

.00495 

.00489 

.00495 

.00508 

.00525 

.00545 

.00567 

.00590 

.00613 

.02261 

.02257 

.02293 

.02337 

.02382 

.02427 

.02471 

.02515 

.02558 

.02600 

.02642 

.02682 

.02437 

.02325 

.02316 

.02332 

.02357 

.02387 

.02418 

.02450 

.02482 

.02515 

.02548 

.02580 

.02649 

.02432 

.02382 

.02374 

.02363 

.02400 

.02422 

.02446 

.02472 

.02498 

.02526 

.02554 

.02881 

.02556 

.02465 

.02435 

.02429 

.02435 

.02448 

.02465 

.02485 

.02507 

.02530 

.02553 
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50. .05157 
ico. .0725A 
150. .01*535 
200. .10315 
250. .11533 
500. .12633 
350. .I36A6 
*‘00. .145ÍJIÍ 

1. 600000 
,0001'3 
.00154 
.00222 
.00281 
.00354 
.00415 
.00484 
.00545 

02710 .02754 
01762 .01516 
01381 .01603 
01166 .01455 
01025 .01380 
OO523 .01343 
00846 .01331 
00784 .01334 

550. 3. 
50. .15473 

100. .21882 
150. .26800 
20C. .30546 
250. .34555 
300. .37501 
350. .40538 
400. .43764 

600000. 
.00126 .01367 
.00216 .00826 
.00300 .00622 
.00375 .00512 
.00457 .00441 
.00533 .00351 
.00607 .00353 
.00661 .00324 

.01454 

.01043 

.00523 

.00852 

.00658 

.00524 

.00561 

.01006 

550. 5. 
50. .25786 

100. .36470 
150. .44667 
200. .51577 
250. .57665 
300. :63166 
350. .68230 
400. .72541 

600000. 
.00166 .01078 
.00275 .00625 
.00373 .00464 
.00465 .00376 
.00554 .00320 
.00640 .00281 
.00724 .00253 
.00606 .00230 

.01245 

.00505 

.00836 

.00642 

.00675 

.00522 

.00577 

.01037 

550. 7 
50. .36104 

100. .51058 
150. .62534 
200, .72208 
250. .80731 
¿OO. .68436 
350. .55522 
'1OO. 1.02117 

bOOOCO. 
00204 .00546 
OO33I .00541 
00443 .00354 
00548 .00316 
00647 .00267 
00743 .00233 
00836 .00208 
OO527 .00185 

.01151 

.00673 

.00838 

.00664 

.00515 

.00577 

.01045 

.01116 

550. 5. 
50. .46415 

100. .65647 
150. .60400 
200. .52838 
250. 1.03757 
300. 1 .1370¿¡ 
350. 1.22814 
400. 1.31254 

600000. 
.00241 .00665 
.00385 .00450 
.00511 .00353 
.00627 .00282 
.00737 .00237 
.00643 .00206 
.00545 .00163 
.01044 .00165 

.01110 

.00875 

.00865 

.00505 

.005/4 

.01045 

.01128 

.01210 

.04734 

.03656 

.03543 

.03355 

.03320 

.032C3 

.03271 

.03274 

.03434 

.02583 

.02663 

.C2C32 

.02636 

.02864 

.02501 

.02546 

.03165 

.02845 

.02776 

.0278? 

.02615 

.02662 

.02517 

.02577 

.03051 

.02613 

.02778 

.C26C4 

.02155 

.02517 

.02^85 

.0305b 

.C3C50 

.02815 

.02105 

.02145 

.02514 

.02365 

.03066 

.03150 
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3. 400000. 
.18950 .00100 
.26800 .00164 
.32823 .00221 
.37901 .00275 
.42375 .00326 
.46419 .00376 
.50138 .00425 
.53600 .00472 

.00588 .00689 

.00341 .00505 

.00250 .00472 

.00202 .00477 

.00171 .00498 

.00150 .00527 

.00134 .00559 

.00122 .00595 

.02629 

.02445 

.02412 

.02417 

.02438 

.02467 

.02499 

.02535 

.31584 

.44667 

.54705 

.63168 

.70625 

.89334 

400000. 
.00139 
.00222 
.00294 
.00360 
.00422 
.00482 
.00540 
.00597 

.00491 

.00276 

.00199 

.00158 

.00133 

.00115 

.00102 

.00092 

.00631 

.00498 

.00493 

.00518 

.00556 

.00598 

.00643 

.00690 

.02571 

.02438 

.02433 

.02458 

.02496 

.02538 

.02583 

.02630 

.44218 

.62534 

.76588 

.88436 

.98875 
1.08312 
1.16990 
1.25068 

400000. 
.00177 
.00277 
.00363 
.00441 
.00514 
.00584 
.00651 
.00716 

.00445 

.00246 

.00175 

.00138 

.00115 

.00100 

.00088 

.00079 

.00623 

.00524 

.00539 

.00580 

.00630 

.00684 

.00740 

.00796 

.02563 

.02464 

.02479 

.02520 

.02570 

.02624 

.02680 

.02736 

.56852 

.80400 

.98470 
1.13704 
1.27125 
1.39258 
1.50416 
1.60801 

400000. 
.00213 
.00330 
.00430 
.00520 
.00603 
.00683 
.00758 
.00832 

.00418 

.00228 

.00161 

.00127 

.00105 

.00090 

.00080 

.00071 

.00632 

.00559 

.00592 

.00647 

.00709 

.00773 

.00839 

.00903 

.02572 

.02499 

.02532 

.02587 

.02649 

.02713 

.02779 

.02843 

11. 
.69485 
.98267 

1.20352 
1.38971 
1.55375 
1.70204 
1.83842 
1.96535 

400000. 
.00249 
.00383 
.00495 
.00596 
.00690 
.00779 
.00863 
.00944 

.00399 

.00216 

.00152 

.00119 

.00098 

.00084 

.00074 

.00066 

.00649 

.00600 

.00648 

.00716 

.00789 

.00863 

.00938 

.01011 

.02589 

.02540 

.02588 

.02656 

.02729 

.0 2803 

.02878 

.02951 
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