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Preface 

This study is a continuation of the analysis of the factors 

involved in the desigi cf a  particle thermal radiator for space vehicles. 

The basic idea was oririnally proposed by Dr.  '.ülliari L.  Lehmann, 

Professor and Head, Department of Physics.    Major Charles F. Neef 

presented the basic principles of the conceptual design and derived 

mathematical   equations  for each phase of operation.    Captain Duane W» 

Snetana extended and modified Neef's calculations, investigated theoretical 

problem areas,   and suggested areas  for experimeital work. 

Our effort has been  expended on  an experimental investigation of 

the particle charging and particle motion problems as  enumerated by 

Smetana, and  the optimization"of several design parameters by  a computer 

study using our expa^imental results.     It is hoped that the results of 

this  study will suggest a method of  vfrifying the heat transfer assumptions 

ased and lead  eventually to  a   successful working model, 

Ue wish to  acknowledge our indebtedness to Dr. W.L.  Lehmann for the 

as;d stance ana advice Xvrhich he   so  generously gave to us.     In addition, 

we wish to  express  our jratitude to thecersonnel of the  Electronic 

Technology Laboratory, A.S.D.,  Physics Laboratory, A.F.I.T.,  and especially 

to Vr,  Harry R,  Kremer of  the  Technical  Photographic Division, A.S.D,  for 

their invaluable technical   assistance. 
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Abstract 

■ 

The design of a new type thermal radiator is extended.    Micron- 

sized particles are heated and electrically charged on contact with 

electrode-spheres aid radiate thermal energy during oscillations 

between spha'es.    Results of ejqpalimentation show that metallic 

particles will  charge and the  charge transferred (in coulombs)  can be 

calculated from the empirical- formula 

-, ' ■        '•' '•   '■    - 

'viiere   d  is-the particle diameter, in microns,/»is the particle electrical 
' ''  ' ' .'   ' [' c. 

'resistivity in iriicro-ohin-cin/j'ard JE. is the  electric field in volts per 
*" .        /    '   '* '•**•■     ' "    "•'    '" 

ineiier.   'Oscillatory motion.was-verified betweoi parallel plates;    Design 
.'..'    .      •   ..   •   ■•'-  • .'.*•■. *, 

' of expo-imental equipment* is* discussed.    Equations are presented for 
.. .    : •     ■-•'.     ...       •**   •. ■■ 

calculation of radiator specific weight.    Results of   a ooiqputer  study 

• indicate,, for powei- levels on the order of  ten megawatts, the particle 
'—v •.   ;*-r> .•. ••>*■•'/•••••:-       •■     .     • 

radiator will weigh approximately 16 percent of ^the wei^it of the 

conventional rjidiatorV •       '   ,'   ; #    ' 

»   * •      .    ' 

vi 



GA/Phys/63-1,9 

A 
A, 
a. 
5 
CH 

Cp 

J 
d7 

D 
E 
e 
F 
G 

d 
h 
i 

• . 

K* 
KF: 
'm 

Nr- 

% 

% 

Q 

List of Symbols 

- Heat-transfer area of the heated electrode. 

- Surface area of each particle. 

- Particle acceleration. 

- Proportional.ity constant. 

- Specific heat of liquid  sadium. 

- Specific heat of the particles. 

- Diameter of th e particies in microns. 

- Mean separation between the inner "and outer surfaces of the 
heated electrode. 

Separation di stance between 'electrode centers. 

- Electric field." '•'*        •   ■ 
:   .Emiseivity of the particles. 

• Particle flow-rate in number of particles per second. 

- Weight flow rate of liquid sodium per unit area. 
.        . '..        i     •. • ■ '*       *■   . 

• Acceleration".due-to gravity. 
•'.   .■•■••** 

- Heat-transfer coefficient. 
;' ' •;  r    ;   •  

- . Current due to charged particles flowing between the electrodes. 
•   .    "'..j.*,    * 

• Thermal .conductivity"of molybdenum. 
• ' • • • 

• Thermal conductivity "of liquid sodium. 
• *••-■.    ^ .*        -  . 

•.■•-,••. •      • 

• Tharial conductivity of the particles. 
.     • ' '  ' • 

• Mass of each particle. •      • 

• Total number of-particles in the system. 

• Electric charge on each particle. 

- Rate of beat loss per particle. 

- Rate of heat loss for the entire system. 

.    . *      * .    . vii .   ' 



GA/Phys/63-1,9 

Y"     -   Radius of particle in meters. 

Radius of electrode-sphere. 

Thickness of the outer sphere of the heated electrode. 

Time of contact between particles and electrodes. 

Average tiine of flight between electrodes. 

R 
t 
U 
tf 
.tfc 

i; 

Representative time required for a particle to heat from arrival 
temparature to the- temperature of the electrode. 

Temperature of the particles when thqy arrive on the heated 
electrode. . . 

IT     -    Temperature cf the particles as'thsy leave the heated electrode. 
—I-- , .      ■ • .        • 

Al    -    Temperature difference between the bulk temperature of the 
liquid sodium "and the. outer surface of the heated electrode. 

■ -.• •. 

M     -    Overall heat-transfer coefficient. 

V     - . Velocity of#the particle. ■ 

\f     -    Op a-ating voltage.    .''-''■'■■.:* 

Wa  -   Weight of the electrical generator.    .  ' . 
•       . . .-.■•■    ■ -   .__ .=■.     •• ...>_ \_. • •-•   >   ;. 

\^/p   -   Welghjt of the particles.' 
.    •        '•.-.••      '  *   .:''•'.   '<■■-.■',    "■■:.■.:    .';   • •■• 

\A/c' - •Weight of-the electrode-spheres. 

*WT   -    TotaQ. weiäit^of the radiatorV;'* •' ...... 
••.-.I ;..■ •. ..•■■■•.*:.•*•.'.   •*'■",'.•< ■*./.--.\''e'^- ' •"■-"■•; .' 

'Vg.   -'   Electrical resistivity of the particles.   .'    . . 

PAJ    --.Den^ity-jof^molybdenum/   .    . -,. . 
'•....•■-•'••.        - ■     .... ■•>*•. ■-..•'   -,     .    ..       .r... v.   .■:■:■.■■■   . 

P0.    - ' D.ensity of'the particle.    ., • 
If .'    .. •••:,   ;.•.•.. ., * •• , •'■    1   • . ■•.. ... .....    • 

."*■ ■■■" *      ■ "■ - •■'»*-»■   .1       ■  . * •* *.•' *     • '       • •* • .• 

' (7~    -"" Stephai" BolJ,zmann  constant.. ..     .• . ".      •, 

•  • 1, 

vlii 
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PROJECT HOT SHOT - 

PARTICLE THERMAL RADIATOR 

I. Introduction 

In a. space environment, radiation is the only method of heat transfer 

available for' rejection of excess heat.     "The economical rejection of heat 

from space power plants has become an increasingly critical problem in 

qpace technology.    For power plants above the one megwatt'range, the 

conventional tube-and-header radiatcr  is the heaviest single component. 

This weight-is doubly critical because each extra pound makes vehicle 

launching and-its subsequent maneuvering in space more difficult" 
•       "" "■' '•'   • * 

(Ref 2:1).    Thus'a means .of ..severely reducing the wei#it of conventional 

space radiators, or alternatively, design of a new type light-wei^it -  • • , ,   .      •...,. •        . • • 

radiator would represent a major breakthrough in space engineering. 

**• C.F. Neefand D;W;'-Smetana have presented the concepts of a new 
•   ... •- * .•.    : ■-.• •   •     .- •- ■ ' • 

■ "^   tyP6 thermal'radiator',"for  space vehicles.     "Modern technology compares 
:.-      •-•.4v .    ^ • *v--»-.> •-■"..  .   "*■■'*■■  • .•   - 

'. radiators, according*to^specifictweight which is determined primarily by 
•-ü.., »   •■ ' - '■'*% _-.*_ -    . •   . • 

•*.* .■...--- 

-   the* area to-volume ratio.'  For-small'spherical particles,  the area to 
. '•;   ' """ "        '  *" *       • 
mass ratio becomes ..  •y.; '   . ' ■ ' 

"•v^ •   (i) 
•^■TT r-. ,       •       "■■,'• 

'"'It'is-tenpting th ai« to examine the use of particles of extremely small 
■ ..": »•'> .• , • '     - -• .    •       • • • ; -    . * 

. "radius as radiators" (Ref.-2:1).    For a given mass of particl'es,  the   " 

~... ^  .••'••--.....••■••   I' . •        /    . 
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total surface area can be made arbitrarily large by decreasing particle 

radius. 

The principles of operation of a device using anall particles as 

radiators are shown in Flgire 1.    Particles contact the heated electrode- 

sphere and absorb heat by conduction.    A potential difference is maintained 

betwem  the  eLectrodes so  that the particle also becomes charged while in 

contact with the heated electrode.    The electric field between the 

electrodes forces tine charged particle along a path, as it is shown, until 

it collides with the other sphere.    There it will be oppositely charged 

and forced back toward the heated electrode.    During the enure trip, the 

particle is radiating heat into  space.    As it contacts the heated 

electrode, the cycle is  repeated. 

If the weight advantage gained using particles as radiators is not 

negated by required structure and electricaQ.  systan weight, then the 

particle radiator sppears to hold a useful advantage over the conventional 

radiatcrs.    Areas for further investigation are listed by Smetana 

(Ref 2:38): 

1. Charge transfer in vacuum. 

2. Heat transfer from sphere to particle and particle to  space. 

3. Materials for particles and electrodes. 

U.    Charged particle motion in vacuum. 

The purpose of ■this study is   generally to extend Neef's and Smetana's 

work, and specifically to  investigate experimaitally, in vacuo, charge 

transfer  to particles and the  motion of charged particles in air and 

vacuo.    Particle motion e^qpariments are restricted to motion between 

2 
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parallel plates.    Results of tti e two Investigations are then used in a 

computer study to optimize some of the design parameters.    No attempt 

is made to experimeitally verify the heat transfer assumptions made by 

Neef and  Smetana.     Selection of   sphere and particle materials is made 

on an analytical rather than an experimental basis. 

Results show that metallic particles can be charged but dielectric 

particles cannot.    Charging depends on electric field, particle size, 

and particle  material.     Charged particle motion is successfully photo- 

graphed in vacuum at normal gravity  and in air  at zero  gravity.    Contact 

time between particle and plate compares Taw rably to the time required 

to heat a particle.    The computer design analysis yields a specific 

wei^it  for  the particle radiator on the order of 0.055 kilograms per 

kilowatt compared to a value on the order of .35 kilograms per kilowatt 

(Ref 2:36)  for a  conventional tube-and-header radiator. 



r 
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II.    Charge Measurement 

Previous investigations of particle charging have been based upon 

the use of dielectric particles only (Ref 2:6,   22).    For his study, 

Smetana assumed that the charge, o (coulombs), on a dielectric particle 

was jriven by 

o= 2.4 x/O"'6^ 
t (2) 

where dis the diameter of the particle in microns (Ref 2:10).    Smetana 

then concludes,   "Of all the problems considered, those associated with 

electrical charging: (of particles) in space are potentially the greatest" 

(Ref 2:23). 

In this chspter, a method of experimentally measuring the charge 

transferred to particles (dielectric or metallic) is described.    The 

following variables are examined for  Üieir affect on particle charging: 

air pressure, electric field, plate material, plate temperature, particle 

size, particle raterial, and particle veloaLiy.    It is shown that only 

metallic particles can be charged by contact with a metal plate which 

has a known electric field at its surface.    The three variables that affect 

charginft are found to be electric field, particle size,  and particle 

material.    An empirical formula for the charge on a particle is developed 

from the observed data. 
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Description of Charge Measuring Apparatus 

Figure 2 shows the  apparatus that was desigied to measure the average 

charge per partLcle in a stream of particles (B) falling on the metal plate 

(A).    The particles, formed into a stream ly the fumel shown, fall through 

a hole in the screen (C) and onto the metal plate.    The plate then deflects 

the particles into a metal cup (D) that is connected to the input terminal 

of a Keithley Model IjlO micro-microammeter (E),    A D.C. voltage source 

(not äiown)  is connected to the plate (A) to provide an electric field 

between the plate aid the grounded screen. 

The weight flow rate of particles in the stream was measured by 

timing the flow through the funnel of a known weight of particles.    The 

flow rate of average sized particles, P, (particles per second) is then 

calculated by dividing the weight flow rate (kilograms per second) by 

the average particle weight (kilograms per particle).    See the next 

section for a discussion of average particle weight. 

If there is charge transfer between the  plate and  the particles, 

the  stream of particles will  cariy a current between the plate and the 

cup.    The magnitude of this current,    I    , in amperes (coulombs per second) 

is measured by the micro-microammeter.    The average charge per particle, 

Q    ,  (coulombs) is then given by 

t-f (3) 

Particle Wei^it and  Size 

Particles of various sizes existed for all the particle materials 

used.    Therefcre, it was necessary to obtain the weifjit of an average 

6 
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particle for each material.    The average particle weigit was calculated 

ty weighing about  200 particles chosen at random and averaging their 

weights.    A spherical shqpe was then assumed for each average particle 

and the dianeters of these fictitious spheres were calculated.    These 

average diameters, a , will be used fcr   äze comparisons and are listed 

in Figure 3. 

Variables Investigated 

Seven variables were investigated to determine how each affected the 

charge transferred to a particle.    Atmosphs'ic pressure was varied from 

sea level  (llu7 psia) to 1 x 10~° mm Hg which is equivalent to the 

pressure at 131 miles above sea level.    The apparatus shown in Figure  2, 

except for the micro-microaiuneter, was placed inside the bell jar of a 

vacuum system where pressure was varied within the limits specified above. 

Lower pressures could not be obtained with the vacuum equipment used for 

this investigation. 

The eLectric field, E.,  (-volts per meter) between the plate and the 

screen was calculated by use of the potential difference, V , and the 

separation distance,   D 

5=^ 
D 

(U) 

A separation distance of O.O^ii meters was used.    The potential 

difference was varied from -U500 TOlts to +U500 volts to   obtain various 

electric fields  (up to   63,300 volts per meter). 

Three different plate materials were used:    iron, copper, and 

aluminum.     The plates were all 12.7 centimeters in diameter and  1.5 

8 
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millimeters thick. 

Plate temperature was varied in one series of experiments from 

2930K to 5U50K at atmospheric pressure.    A Bunsen burner heated the 

under side of the plate while an iron-constantine thermocouple measured 

the temperature of the upper  surface. 

Charging versus size comparisons were made using two sizes of iron 

particles. 

Particles of aluminum, zinc, tin, graphite, and polystyrene were 

used to investigate the effect of particle naterial on charging.     The 

conducting particles were irregular in shape but had  anooth surfaces 

with no sharp edges.    The polystyrene particles were generally sphrrical 

in shape. 

The last variable investigated was particle velocity on impact with 

the plate.    Impact velocity was varied by changing the distance through 

which the particles fell  before contacting the plate. 

Charge Measurement Results 

The average charge per particle was calculated b.y  using Eq (3). 

However,  it was found that the current measured by the micro-microatmneter 

required a correction factor in order to indicate the true charge 

transferred to the particles by the electric field.    This was necessary 

because a current was measured with zero potential difference between the 

plate and the screen while particles were flovdnp.     This current is 

designated the zero voltage current in this investigation.    Zero voltage 

currents were measured for   each type of particle and were algebrically 

10 
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subtracted £rom the actual readings to obtain the corrected current for 

use in üq (3).    The si^n of the zero voltage current depended on the 

particle material. 

For pressures between the corona discharge value (about 0.025 mm Hg 

at 500 volts) and 1 x 10"6 mm Hg, there was no measurable difference in 

particle charging.    As pressure was increased from 0.025 mm Hg to standard 

atmospha'ic pressure, charging was decreased ty less than one-tenth its 

value at 1 x 10"6 mm Hg.    This decrease was caused by charge leaking 

to  the air  as particles traveled from plate to cup. 

The result of varying the electric field for different particles is 

shewn in Figire 3.     The separation distance used for these data was 0.051i 

meters.    It was concluded that charging varies linearly with electric field. 

Reversing  the direction of  the electric field reversed the  sign of the 

charge, but had no affect on its matOiitude. 

Charge variation from using different metal plates (copper, iron, 

and aluminum) was small compared to  the assumed experimental error  for 

tte apparatus, particles,   aid assumptions used.    This error was assumed 

to be   ^ 15 percent.    Plate temperature variations within the limits 

previously specified (293 0K to  5U5 0K) produced no charge variation. 

Two groups  of iron particles with average surface areas in the 

ratio of  two to one were used   bo examine the effect of particle size 

on charging.    Measured charges were found, to be in the same ratio;  thus 

it was assumed that particle charging varied according to   the  surface 

area of the particle.    These iron particles are not shown in Figure 3 

11 
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because they had flat surfaces and sharp comers and were not considered 

a good approximation to the spherical shape assumed for the other particle 

materials.    Extension of Hi is assumption to the other particles suggests 

that charge is proportional to the diameter squared of ttie average sized 

spheres previously assumed for these particles. 

Determination of particle material affect on charging was more difficult 

than for the other variables.    Examination of  several physical and 

electrical properties of the various particle materials revealed that 

electrical resistivity,^ ,  (micro ohm cm) provided a correlation to the 

observed data.    The effect of resistivity on charging will be discussed in 

the   next section. 

The drop distance of the particles was varied by a factcr   of about 

1.9.    Dimensions of the bell jar and scattering of particles prohibited 

further increases in drop distance.    Charging was measured at two particle 

impact velocities:  1.06 meters per second and 1.5 meters per  second with 

aluminum particles.    No difference in charging was observed for these two 

velocitiesj  however, if much higher particle velocities (for  example, ten 

times   greater) become necessary  for a working radiator model,  then further 

experimentation with higher velocities should be ennducted.    Within the 

range of velocities specified above,  it was concluded that particle velocity 

had no affect on charging. 

It was found that dielectric particles such as polystyrene could not 

be charged vith an electric fieid as high as one million volts per meter. 

Therefore, polystyrene and similar dieiectric materials cannot be charged 

by this method either in the vacuum conditions of space or in a  standard 

12 
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atmosphere.    Only conducting materials can be charged by impact vdth a 

metal plate viiich has an electric field at its surface. 

Three of the seven variables investigated affected charging: electric 

Held, particle size, and particle material.    In the next section, these 

variables will be combined into an empirical formula derived from the 

obsffved charging data. 

Developmait of the Charging Formula 

Prom previous discussion, it can be concluded that the particle 

charge 

(5) 
is a linear function of   O    , E., and an unknown function of resistivity. 

fit l" An exponential function of fe   was assumed in order to  fit the 

formula to the observed data.    Various powers of A are shown in Table I. 

Table I 

 Electrical Resistivity Raised to Various Powers  

Particle Material        /*e /^V11 //M'12 //»l'1^ 
(micro ohm cm) (^j L'E) 

Aluminum 2.66 1.11U 1.125 1.136 
Zinc 6.0 i.ae 1.2U0 1.262 
Tin 11.5 1.306 1.3U1 1.373 
Graphite 1365.0 2.213 2.380 2.555 

The formula for  Q  now becomes I 

t= BJ'CfJ'E (6) 

13 
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Tittere B  is a proportionality constant.    Rearrangement gi-wes 

a - erw (7) 

If measured values of o , known values of £ and a , and the values of 

(f~) from Table I are substituted into Eq (7), families of 3 are found 

for each value ofX. The value Riving the most constants within each 

family is found to be 0.12. Values of X larger and smaller than those 

shown in Table I were tried but gave diverging values of ^ within each 

family. 

The value of^ corresponding to   X »  .12 is fl - 8.16 x 10"23. 

thus, the final charging formula is 

(8) 
<l = S.ICxlO'23<JzCfE)

JZE. 

A comparison of measured charges and ib nnula calculated charges is 

shown in Table  II.    Of the   three variables in Eq (6), the one  that 

most clearly affects 9 is the electric field, £,    This is shown 

in Figure 3.    Variation with surface area (represented by a), 

although based on only one set of data, is plausible because aiy 

excess charge on a body tends to reside on its surface.    The electrical 

resistivity raised to  the .12 power simply fits Eq (8)  to the observed 

data.    The choice of this parameter is not based on aiv theory and possibly 

some other parameter of the particle material could be Justified theoretically. 

Now that a method of predicting particle charge has been developed, 

an examination of cterged particle motion will be made in the  next chapter. 

lU 
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III.    Particle Kotion 

In Chapter I, motion of charged particles between large spheres 

was discussed as it applies to  the general radiator theory.    Possible 

problem areas associated with this motion are:    do the particles rebound 

from or adhere to the spheres, are collisions elastic or inelastic, is 

the  time of contact betweai particle and sphere sufficient to heat the 

particle, will a particle be continuously accelerated throughout several 

trips so that it may eventually puncture the sphere, and will particles 

migrate toward one area of a sphere?    A simple experiment to demonstrate 

particle motion between parallel plates is presented in this chapter. 

High speed motion picture photography is used to study the problems 

listed above with the parallel plate configuration. 

Oscillatory particle  motion is verified both in vacuo and at 

atmospheric pressure in a normal gravity environment,  and at atmospheric 

pressure in a zero gravity environmait.    The motion pictures show that 

collisions between particle and plate (both aluminum)  are inelastic and 

therefore, the acceleration on the particle is not  cumulative over several 

trips.    A random pattern of particle rebounds after contacting a plate 

indicates that migration of particles towards one area of a sphere may not 

be a problem.    The particles used are smooth, but irregular in shape. 

Time of contact and time of flijiit measurements  are made from the motion 

picture film.    The charging formula is verified by use of the fli^it time 

and the known electric field between the plates. 
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Desoription of Particle Motion Apparatus 

Figure h shows the chamber (B) that was designed to study charged 

particle motion.    Two aluminum plates were seoarated by a thin glass 

cylinder as is  shown.    The upper plate was connected to a direct current 

voltage source, while the lower plate was grounded to provide an electric 

fieLd between the plates.    The separation distance was 0.025 meters. 

Various voltage sources were used; the one shown at (A) in Figure U is a 

anall electrostatic generator. 

Results 

A fev particles of various weights were placed on the bottom plate, 

and voltage applied.    According to the llieory of equlpotential surfaces 

(assuming an absolutely flat plate and  spherical particles) no particle 

should leave the plate.    However, irregularities in particle shape and 

lack of an ideally smooth plate caused particles to leave the plate as 

they charged.    As voltage was increased,  the lightest weight particles 

began to leave first until all particles had left the bottom plate. 

Vibration of  the support stand caused particles to leave the plate at a lower 

voltage than without vibration.    Vibration aided the particle in escaping 

the influence of the  equipotentiai surface. 

Oscillatory motion was obtained at both lU.? psia and 1 x 10"° rm Hg. 

This was expected since it was shown in Chapter II that air pressure has 

a very small  effect on particle charging.    The terminal velocity of a 

particle falling  in a viscous medium can be calculated from Stokes Law. 

For  an aluminum particle weighing 0.9 milligram, the  terminal,  velocity 

in air is 13.85 meters per  second.    The maximum velocity attained by this 
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particle on a downward trip of 0.025 meters with  C   ■ 528000 TOlts per 

meter is calculated to be 1.2b meters per second.    Thus the motion 

results obtained at llj.7 psia are assumed to be valid in vacuum conditions. 

The oscillation experimait was performed in the C-131 zero gravity 

aircraft which is capable of attaining near zero gravity for periods up 

to 20  seconds.    Oscillation occured at zero gravity with no unexpected 

difference from normal gravity conditions. 

Photographing Particle Motion 

Detailed study of particle motion with the unaided eye was impracticalj 

therefore, a high speed nction picture camera was employed to effectively 

reduce the velocity of the particles.    A Beckman and Whitley Magnifax High 

Speed Motion Picture Camera with 63 mm lens was used.    Figure 5 shows the 

photographic apparatus with camera removed.    The camera mount is shown at 

(E).    A direct current power supply (D), capable of producing 25000 volts, 

provided the electric field.    Rigidly clamped to the board at (C) is the 

particle chamber.    (A) and (B) are the reflector and limits respectively. 

Attached to this thesis is a 200 foot reel of 16 mm film showing 

particle motion under various electric fields, air pressures, and gravity 

levels.    The following table lists the operating conditions for each of the 

four film sections: * 

Table HI 

Operating Conditions for Each Film Section 

Section Electric Field 
(volts/meter) 

Air Pressure Gravity Film Speed 
(frames/sec) 

1 720,000 1U.7 psia one g 2,000 

2 600,000 1 x 10"6mm Hg one g 2,000 

3 60,000 1U.7 psia zero g 800 

U 528,000 1U.7 psia zero g 800 
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Two aluminum plates were used in the chamber shown at (C) in Figure 3. 

ill particles shown In the film are aluminum:  those in sections 1 and 2 

have various weights with an average weight of 0.8 milligrams, while those 

in sections 3 and 4 weigh 0.9 ±  .05 milligrams. 

Contact Time 

X mnilnnTn speed run with the Magnifar camera was made at 3,000 frames 

per second to measure the time, t-, that a particle Is in contact with a 

plate. Every second, 120 time ticks were recorded along the edge of the 

film, thus it was possible to convert the number of frames into time. 

Other conditions for this run were: pressure, I/).? pala; electric field, 

480,000 volts per meter; particles, aluminum; particle weight, 0.9 t J03 

milligrams; gravity level, one O• 

The number of frames that a particle remained in contact was recorded 

for several contacts. lach of these was converted to time and then averaged. 

The result was Tc «v«= 0«9 milliseconds, a value which will be used in tir« 

to heat calculations in the next chapter. 

Verification of Charging Formula 

Several measurements of flight time.'tf , between plates of the particle 

chamber were made from section four of the motion picture film.  It should 

be recalled that this section of film was made at zero Cj  with C ■ 528,000 

volts per meter. The average time to travel the 0.025 meters for six 

different particles was 0.05 seconds (time for four of the particles was 

O.05 seconds). 

The average charge on these particles will now be calculated by use 

of "tr and other known values. The equation for uniformly accelerated 
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motion is 

D*i*4 (9) 

where A is acceleration and Lris the time of flight. When rearranged 

Ä1 (9) can be expressed as 

a = ^Sr do) 

Another expression for «Z, can be found from 

Force = E.o  ä ma. (11) 

which gives 

(12) 

These two expressions for Q, can be equated since they are the 

acceleration» The resulting expression for o  is then 

(13) 9= -^A* 

Substitution of numbers yields 

I     S28.000 (.05)* 

It can be shown that a 0.9 milligram aluminum particle is equivalent 

to a spherical particle 858 microns in diameter.  The solution of 

-/2 / 
= 35".7 x 10        coul 

The charging formula was derived from data obtained with a maximum CZ, 

of 83,300 volts per meter.    However,  it has been used to successfully 
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predict the charge on a particle resulting from an electric  field of 

528,000 volts per meter. The application of the charging formula In the 

radiator design will be shown in Chapter IV. 
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IV. Particle Radiator Design Theory 

A general radiator design theory, based upon both experimental and 

theoretical results, is developed in this chapter. Equations for the 

following design parameters are determined: electrode geometry, separation 

distance of the electrodes, number of particles required, electrical power 

requirements, and total weight. 

Particle Motion 

It is necessary to assume a typical particle path in order to determine 

an order of magnitude time of flight between electrode-spheres. The 

precise solution to particle motion between spheres is extremely complicated 

and is not Justified at this stage of investigation.  An order of magnitude 

time of flight will permit the approximate calculations of the electrical 

power required, the number of particles required, and the total weight of 

the radiator. 

A typical particle path was presented (see Figure 6) by Smetanas 

"A representative curvilinear path, ABC, was assumed and replaced by an 

equal length rectilinear path, AB'C, along which a constant acceleration 

was to act. The dashed line in Figure 6 represents the curvilinear path 

for which the time of flight of a typical particle was calculated.  Its 

length is ?•/)" (Ref 2:8) where ^ is the separation distance between the 

electrodes. 

"The average velocity along each half of the straight line was computed 

initially; the total time of flight was obtained by adding the time 

increments required for the particle to travel from A to B and from B to C. 

When any particle of mass (m) and charge (q) is accelerated from rest 
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through a potential drop (V), its velocity (▼) can be found from 

T
2
 ■ 2qV/m. 

For a particle initially at rest and acted upon by a constant voltage« 

the Telocity of the particle at B is 

*-iSifr (U) 

where a is the charge on the particle, V is the potential difference 

between the two spheres, and HO is the mass of the particle.  For a 

particle at B with initial velocity vg , the velocity of C can be obtained 

from 

tW  +^ = 2^ 
(15) 

An approximate time of flight for a single representative particle is 

therefore obtained from " (Ref 2:9) 

trz $D  ,   £D 
v» 

+ i 
(l(v) 

Heat Transfer 

The heat transfer process is dependent on the working fluid supplying 

excess heat to the sphere and the particles removing heat by conduction 

and then radiating it into space during their flights between the spheres. 

For maximum efficiency, it is necessary that the particles depart the heated 

sphere at the same temperature as that of the sphere. It is therefore 

necessary that the particles be in contact with the heated sphere for sufficient 

time to heat up to sphere temperature. Neef developed an approximate 
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expression to find the time to heat« The first approxiination was made by 

assuming a cube containing the same volume as that of a spherical particle; 

i.e., the side of the cube was 1,612 times the radius of the sphere. Then 

the average rate of heat transfer is 

AT 
i=*r*< AS (17) 

where fCa is the thermal conductivity of the particle,/fcis the area of 

contact, zsJ.  is the change of temperature per change of thickness. When 
AS -j- 

the particles arrive at the heated sphere, they are at a temperature 'A • 

The rate of heat transfer will be aaxiioum at this time and will decrease 

exponentially as the temperature of the particle approaches the temperature 

of the heated sphere, /, . By selecting a time such that the top of the 

cube is at ifl and the bottom of the cube is at /, , a representative rate 

of heat transfer is obtained.  Therefore, the tine to heat is given by 

(18) 

where IWp is the mass of the particle and Cp is the specific heat of the 

particle. Substituting Sq,  (1?) into Eq (18) gives 

(19) 

where ^ is the density of the particle material andrlsthe radius of the 

particle (Ref 1:17). 

Since the maxinum time to heat has to be the time of contact between 

the particle and sphere, Eq (19) is solved for the maxinum particle diameter 
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that will heat up to sphere temperature,    übe equation for maximum particle 

diameter,  in microns,  is 

d - fr^f * 'o-6 
where Lg is the time of contact between the particle and the heated electrode 

which can be measured by high speed photography. 

Neef determined by use of the Stephan Boltzmann law for radiation that 

the temperature of the particle arriving at the heated sphere la (Ref 1:18} 

(21) i3i;3ft/>e(rtf -♦- mCp. 

where 7/ = temperature of the particle as it leaves the heated sphere 

A»  = surface area of the particle 

6 = hemispherical emissivity of the particle 

G~ =  Stephan Boltzmann constant 

With 7/ and Tft  known, the heat loss rate of a particle can be found 

from (Ref 2:12) 

^:r MC AT _ ** cp (T-TM) 
(22) 

IfQ is the total heat rejection rate, then the weight of the particles 

is given by 

Wp = = mi (23) 

The specific weight of the particles in kilograms per kilowatt is 

obtained by substituting Eg (22) into Eq (23) which gives 

(2/1) 
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Additional heat is generated in the system because of the dissipation 

of the particles' kinetic energy on impact with the spheres. This requires 

additional particles for the removal of the added heat. The kinetic energy 

of a particle is given by 

I _ —2 

Substituting Bqs (5) end (6) into Si (li») gives 

(KE), - ^v 

The total kinetic energy of the particles is 

(25) 

(26) 

(27) 

The rate of beat generated by the kinetic energy dissipation is then 

given by 

tfm (28) 

Miltiplylng Eq (28) by Eq.  (24) gives the additional particle weight 

required to dissipate the heat caused by kinetic energy effects: 

^W^Jft^J (29) 

and 

Wi ri^äl-fü] (30) 

29 



GIA/Phys/63-1,9 

The specific weight of the particles required is obtained by adding the 

right hand side of Sq, (30) to the right hand side of Sq, (2k) and solving 

for ■■Jr which gives 
Q 

f* -Iw^ll^j (31) 

The separation distance between the electrodes is a function of 

the total surface area of the particles. It is assumed in this study that 

the effective radiation area of the particles cannot be greater than the 

area of a sphere which has a diameter equal to the separation distance 

between the electrodes.  If the particles are confined to a smaller 

volume, then the effective radiation area of the radiator would be less 

than the surface area of the particles because of radiation interference 

between particles. Therefore, the mlnisum separation distance must 

generate a sphere equal in surface area to the surface area of the particles. 

Equating the two areas gives 

v-'2 
TTO*  = tyTrfxlO' (32) 

Substituting N* B  -^ into Eq (32) and solving for Dm Vm   gives 

(33) 

where *»lrn is the minimum separation distance,  in meters,  between electrodes 

and    a   is the particle diameter in microns. 
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It can be seen from Eqa (16), (21). and (31) that the weight of 

the particles increases as the separation distance is increased. Therefore, 

for minimum weight operation, Sq. (33) must be satisfied. It is important 

to note that Wp is a function of the time of flight, the time of flight Is 

a function of the separation distance, and the minimum separation distance is 

a function of \M>, therefore, an iterative solution is required to determine 

the minimum separation distance. 

The weight analysis theory of the two electrode-spheres was developed 

by Smetana (Ref 2:12). The weight of the spheres is a function of the surface 

area of the heated sphere and the thickness necessary for meteroriod protection« 

Smetana used a 93 percent probability of no puncture by meteroriods in a one 

year period. "The heat-transfer electrode was considered to be a hollow 

molybdenum sphere in which an oblate sphere of smaller mean radius was 

fixed. The cross section area along the flow direction was assumed constant. 

Liquid sodium was arbitrarily selected as the working fluid to flow between 

the spheres. 

Preliminary calculations showed that the electrode surface 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 ad  the outer surface of the inner sphere was small with respect 

to the radius of 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 
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Brooks (Ref It278)*    The equation la 

ghd! = 5:8 + 02 [^H 
.8 

(34) 

whore h = heat transfer coefficient 

K^ = thermal conductivity of iltiuld sodium 

a = wan separation distance between inner and outer sphere 

Cflf« specific heat of liquid sodium 

O = weight flow rate per unit area 

The overall coefficient of heat transfer, U , is calculated from the 

following equation 

TT'T*  Km (35) 

where X Is the thickness of the outer sphere and Am la the thermal 

conductivity of molybdenum. The required heat-transfer area, /\ , 

is given by 

(36) 

where ÄTia  the temperature difference between th« bulk temperature 

of the working fluid and the outer surface of the heated electrode. 

Only the outer surface of this electrode must be protected from 

meterorold damage. Since very little data is available on meterorold 

penetration into molybdenum, that given by Ross et al for steel was 

used (Ref 9:58). This choice is within the range of assumptions 

necessary in this study and should be on the conservative side in estimating 
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the thickness required for meteorold protection at different heat rejection 

retea» 

To obtain minimum weight for the heat rejection sphere, the thickness 

which was assumed in the calculations of the rejection area was correlated 

with the minimum thickness required to meet the assumed criteria of the 

design"  (Ref 2:13). The total weight of the two spheres is assumed to 

be 1.5 times the weight of the outer heated sphere alone. The weight of 

the spheres is then given by 

K* ***** ^ftiP w) 
where £, is the density of molybdenum. The weight of the connecting 

structure was arbitrarily chosen to be one kilogram per meter. 

Radiator Blectrieal System 

The electrical system for the radiator was described by Smetana* 

"An electrostatic generator is proposed to provide the electric field 

that charges the particles and forces them through space. Adequate voltage 

for electrostatic generators in the range from 200 kilovolts to one 

megavolt are now in development. A direct current, variable capacitance, 

dc-excited, machine has been chosen as the most attractive; it is described 

by Denjelm £t al (Ref 3:14). Its ceramic and metal construction lends 

itself to designs for high temperatures, and except for the flexibility of 

the stator and rotor disks, the generator is sturdy and reliable. Such 

electrostatic generators can be designed with a specific mass of .9 kilograms 

per kilowatt, but Gale estimates this figure can be reduced to .2" (Ref 2:15). 
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A single particle transfers a positive charge, *q.,  from the positive 

electrode to the negative electrode and transfers a negative charge, -3, 

from the negative electrode to the positive electrode. Since the time 

of contact is neglegible with respect to the time of flight, the current 

produced by this charge transfer can be obtained from 

1=   Np-Jr =  ^ 4r (38) 

By use of % specific weight of .9 kilograms per kilowatt, the weight of 

the electrical system, VVg , can be obtained from 

|/Yf = .7VIx/0'3 (39) 

Substituting Eq (38) into Bq (39) gives 

^ ''^t^ 

or 

f-^ffn (41) 

where-'fBi3 the specific weight of the electrical system in kilograms 
Q 

per kilowatt of heat energy to be rejected and  O  is the charge per 

particle which is obtained from 

-23 |2/-\,/2 

t^8./6x/o   cr^;rE (8) 

r- V 
Substituting C = -ir        into Eq (8) gives 

n 
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r ».It * lO^Jty'^ (42) 

where J>     la the resistivity of the particle material and f?     is the 

radius of the electrode-sphere. 

Limitations to the Theory 

There is a high probability that particles will be lost during the 

operation of the radiator, which will require an additional supply of 

particles. Particles may be lost from the system because of the collisions 

of oppositely charged particles resulting in neutralization; however, the 

probability of complete neutralization is remote. At this stage of design, 

it is not possible to estimate the number of particles that will be lost 

because of neutralization effects. 

Another pot ential source of particle loss is the particles that depart 

the outer tips of the spheres (points 0 and £ in Figure 6) with only a radial 

velocity component. These particles will depart the field of Influence and 

will not be able to return. A possible device to prevent this loss is an 

insulated deflector placed on the outer tips to preclude the particles from 

reaching points D and S in Figure 6. Another possible solution Is to use 

electric field shaping techniques to confine the particles to the desired 

areas of the electrode-spheres. However, no definite solution can be determined 

until a more thorough study of particle motion between spheres is completed. 

Summary of Equations 

Particle Mass 

<-lf J3 
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Particle Charge 

^= O.lbX IW       J  ^J'    -^• = 8.(6x10     J^J 

Time of Flight 

tr- MßffD 
Arrival Temperature of Particles 

- r   ,  T3^ c^ .v 
"[3-7r3Al>etrT/ 4-  ^cfJ 

Specific Weight of Particles 

"M^l^J 
Minimum Separation Distance 

A.-P^f«'^'* 
Specific Weight of Electrical System 

Q = ^'^-t]fm 
Heat Transfer Coefficient 

k*&[r.* + -o*l*%*f] 

(42) 

(16) 

(21) 

(31) 

(33) 

(41) 

(34) 
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Orerall Heat Tranaf«r Coefficient 

U h   ^   Km (35) 

Specific Weight of Sleotrode-epherea 

0      LUT (37) 
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V. Radiator Veight and System ijialyala 

The particle radiator is proposed for use in a space environment; 

therefore, the following analysis is based upon minimum veight per kilowatt 

of heat energy rejected« 

The radiator's total specific weight consists of the following 

elements: 

O      Q G? t ihk) 

where Eqs (31), (37), and (41) are used to find the contributions of each 

element. The total specific weight is primarily a function of the particle 

diameter, the operating voltage, the heat rejection temperature, the 

radiator capacity, and the physical properties of the materials used for 

the electrode-spheres and particles. For this study, molybdenum was 

selected as the material for the electrode-sphere because of molybdenum's 

strength and favorable thermal conductivity at high temperatures. Titanium 

particles were selected because of titanium's high melting point, low weight, 

and total hemispherical emissivity of 0,54 (Ref 4:32). 

For purposes of analysis, three radiator capacities were arbitrarily 

selected:  five, 10. and 20 megawatts.  The weight and dimensions of the 

electrode-spheres were calculated, for each capacity, from Eqs (34)« (35)» 

and (37); these calculations are shown in Appendix A. A heat rejection 

temperature, Tf , of 950^K was selected as a representative value for 

purposes of analysis. 

To aid in the analysis, an IBM 1620 Digital Computer was used. The 

computer program incorporating the equations developed in Chapter IV and 
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the corresponding data are presented in Appendix C. JÜS, being a constant 

for all radiator capacities, was used as an Input constant. Incremental 

particle diameters and operating voltages were used as variable inputs into 

the conputer analysis. For each combination of particle diameter and 

operating voltage, a minimum separation distance was calculated by an iteration 

process, thus satisfying £q. (33). Gbce the mini nun separation distance was 

found, then-V^, -tj», and -^C Were calculsted by use of Eqs (31), (41), and 

(kk)'    Th« primary outputs of the computer analysis are //^, Jüpt, JQES , and 

Q 
The conclusions derived from the computer analysis are only as good 

ad the assumptions made. The assumptions made concerning heat transfer and 

particle motion are crude, but should be of the right order of magnitude 

to establish the trends that are shown in Figures 7, 8, 9, and 10 and 

discussed in the following paragraphs. 

Optimum Separation Distance 

For each combination of particle size, operating voltage, and radiator 

capacity, there exists a minimum separation distance. This mininum separation 

distance is the optimtun separation distance which was explained in Chapter 

IV, Figure 7 is a plot of minimum separation distance versus particle 

diameter for a 10 megawatt capacity and for various operating voltages, As 

the particle size is increased, it can be seen from Figure 7 that the 

minimum separation distance decreases. The slopes of the curves are large 

between 5 and 30 microns and become significantly smaller between 30 and 

50 microns.  As the operating voltage was increased, a broader mininum is 

obtained and less variation in separation distance is evident. Figure 8 
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shows another plot of minimum separation distance versus particle size for 

the different capacities and optimum voltage for each particle size. It can 

be seen from Figure 8 that the ifflnlinim separation distance Increases as the 

radiator capacity Is Increased. The Increase In m4n1niiin separation distance 

is approximately proportional to the increasj *r radiator capacity raised 

to the 0.75 power. 

Qp*^mir* Particle Size and Operating Voltage 

The maximum diameter of titanium particles that would heat up to heat 

rejection tempe.ature was found to be 91 microns by the solution of Eq (20) 

and the use of the contact time found in Chapter II. Particle diameters 

from 5 to 50 microns in increments of 5 microns were selected for purposes 

of analysis, which allowed a conservative margin for the assumptions made 

by Neef (Ref 1:17). 

yigure 9 shows a plot of radietor specific weight versus particle size 

for a radiator capacity of 10 megawatts end for various operating voltages. 

It can be seen from Figure 9 that for each operating voltage there exists a 

particle size that will minimize the total specific weight. For each 

particle size, there is an operating voltage that will also minimize the 

total specific weight.  From the computer data presented in Appendix C, 

it is seen that as the particle size increased, Jw increased and-JV*- 

decreased» These trends are caused by the surface area to mass ratio of 

the particles. As the particle diameter is increased, its Surface area 

to mass ratio is decreased, and for purposes of radiation heat transfer, 

a large surface area to mass ratio is desirable for minimum weight. Since 
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the charge carried by the particle is proportional to the surface area 

of the particle, particles with large surface area to mass ratios will 

also have large charge to mass ratios, which results in a short time of 

flight and a large transfer of charge. Therefore, particles with relatively 

small diameters will give a correspondingly high value of  U»  . 

There exists a complicated tradeoff between particle size and operating 

▼oltage which will minimize the sum of "P   and —!ij" • therefore minimizing 
yw Q      Q 
-S|U . figure 10 shows a plot of total specific weight versus particle 

diameter for the different radiator capacities and optimm voltage for each 

particle size« It can be seen from Figure 10 and the computer data 

presented in Appendix C that there exists a particular operating voltage and 

particle size that will minimize the total specific weight. 

Op^lptgation Results 

The 20 megawatt radiator was selected as a typical model with which 

to show the results of the optimization analysis. Once the capacity and 

the heat rejection temperature were specified, then the remaining design 

parameters were calculated to minimize the total weight of the radiator. 

For the 20 megawatt radiator, the computer data presented in Appendix C 

furnishes the following values for weight minimization> 

a s 20 microns 

0 ■ 101 meters 

\/ ■ 800 kilovolts 
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If    ■ 4*5^ seconds 

R     = 0.797 meters 

•W = 0.02496 
Q 

yjfi = 0.01177 

•JJ*= 0,01940 

.% = 0.05614 

Fron: the above data, the weights of the titanium particles and the 

electrostatic generator were computed to be 499 »nd 250 kllogramfl respectively. 

The weight of the electrode-spheres and connecting structure vas computed to 

be 1223 kilograms. 

The optimization results of the 5 and 10 megawatt capacities are shown 

in Table IV in which a comparison of the particle radiator is made with the 

standard tube-and-header radiator. It can be seen from Table IV that the 

particle radiator concept has a narked weight advantage over the conventional 

radiator. It should be noted that the tube-and-header radiator has been 

under development a much longer time than the particle radiator and has 

the advantage of optimization of design and materials. Further refinements 

in the particle radiator should increase its weight advantage over the 

conventional radiator. Comparison with a recently suggested belt radiator 

shows the particle radiator to weigh approximately the same as the belt 

radiator (Ref 2:35, 36). 
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Table 17 

Typical Radiators 

Heat Rejection Rate 10 20 mr 

•K 

2 

Comrentlonal T\ibe-and-Header Radiator (Ref 2:36) 

Isothermal Radiation Temperatur« 950 950 950 

Required Radiating Area 121 242 485        m 

Tube Vail Thickness .635 ,635 .635        mm 

Weight of lubes 949 I898 3795       kg 

I  Total Radiator Weight - Steel 1770 3540      7080        kg j 

Particle Radiator 

Mftxinum Heat Rejection Temperature 

Electrode Separation 

Radius of Electrodes 

Operating Voltage 

Weight of Particles 

Weight of Electrostatic Generator 

Weight of Electrodes and Structure 

950 950 950 •K 

60 76 101 m 

399 .564 .797 m 

300 500 800 kr 

88 209 499 kg 

29 83 235 kg 

157 270 489 kg 

I Total Radiator Weight - Molybdenum 562  1223   kg j 274 
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System Confliderationa 

Dp to this point in the analysis, only minimization of weight has 

been considered. However, other considerations are of vital importance 

to the analysis, A thermal rejection temperature of 950?K was the only 

temperature considered because of the complexity of the calculations 

involved.  The optimum heat rejection temperature cannot be determined 

until cycle conditions have been specified. Smetana stated in his study, 

•Presently the accepted design practice is to reject heat from the power 

generating equipment at a temperature higher than that giving a maximum 

power plant efficiency.  This increases the weight of the power generating 

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 // will increase radiator weight 

tnt will permit smaller generator and turbine sizes"  (Ref 2:31). 

Systan reliability was also discussed by Smetana:  "If the reliabilities 

of the conventional 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 tenperatures can be reduced 

throughout the system, thus allowing simpler ana easier construction. Since 

the particle system can operate very competitively at heat rejection 

temperatures lower than those essential for conventional radiators, operating 

temperatures at all stages of the power cycle can be reduced. Ttis reduction 

in itself will increase system reliability, and furthermore, will permit 

design consideration for those 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" (Ref 2:31). 
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VI. ConcluBlona and Reeommendatlona 

is discussed in Chapter I, problem areas that needed experimental 

inrestigatlon were particle charging, heat transfer, and particle motion 

between spheres. Only particle charging experimentation was accomplished 

in this study. The results of the charging experimentation presented in 

Chapters II and III showed that charge transfer does occur and that the 

charge transferred can be calculated by an empirical formula presented as 

Eq. (8). In addition, the associated oscillatory particle motion was confirmed 

under simplified conditions, i.e., between parallel plates. Times of 

contact between particles and parallel plates were measured in order to 

determine a representative time of contact for use in computer analysis. 

The results of the computer analysis, based upon experimental quantities, 

showed that a total specific weight on the order of .055 kilograms per kilowatt 

is feasible. The weight advantage of the particle radiator is shown in 

Table 17. Weight reduction by a factor of 6 over the conventional radiator 

appears feasible. Further weight reduction of the particle radiator may be 

possible by design refinements in the internal heat transfer mechanism, 

connecting structure, and electrostatic generator. Since minimum weight is 

the primary consideration of the type of radiator to be used in nuclear power 

plants for future space behicles, the weight advantage of the particle 

radiator is of paramount importance. 

The assumptions made concerning heat transfer and particle motion 

have not yet been proven experimentally. However, all the assumed conditions 

were estimated conservatively and the results obtained should have been 

realistic* Optimization of materials used for the electrode-spheres and 
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particles was not considered in this study. Optimization of these materials 

will be more appropriate after heat transfer experimentation is completed. 

The primary conclusion of this investigation is that the particle 

radiator concept, offering an appreciable weight advantage, is feasible. 

Therefore, there is sufficient Justification for continued studies toward 

the ultimate goal of an operational particle radiator. 

A3 discussed earlier, factors such as reliability and cost have not 

been considered. In view of this and the fact that experimental heat 

transfer and particle motion data are required, the following design and 

development studies are reccranended to be accomplished before the particle 

radiator is considered for use in space pov/er systems: 

1. An experimental study to determine the heat transferred by 

conduction from a heated sphere to micron sized particles in vacuo. 

2. A study to determine the optimum materials for the electrode-spheres 

and particles. 

3. A theoretical study to determine particle motion between spheres in 

conjunction with a radiation heat transfer study. 

4« Design and development of a prototype particle radiator for use in 

an orbital environment to investigate system reliability, particle 

loss, heat transfer efficiency, and overall operation. 
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Appendix A 

Specific Constants 

General 

(T Stephan Boltzmann constant 

litaaiim (950 "K) 

fa   density 

Cp   specific heat 

©   total hemispherical eoissivlty 

KB  thermal conductivity 

Ifelvbdenum (950 «K) 

fa density 

/(„, thermal conductivity 

Liquid Sodium 

CM specific heat 

Kff thermal conductivity 

5.67 x 10-8 Joules/mster2 

sec  ^C4 

4540 kilograms/meter^ 

753 JoulesAllogram •& 

0.54 (Ref 4 »32) 

20,76 Joules/meter sec *%. 

10200 kilograms/meter^ 

65 BTO/hoar ft ^C 

0.305 BTO/lb ** 

30 BTÜ/hour ft ^ 

(Data taken in part from Ref 3) 
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Appendix B 

Sample Calculations of Electrode Specific Weight 

Illustrated below are a set of sample calculations which show the 

mthod by vhich the specific weight of the electrodes was calculated for 

heat rejection rates of five, 10, and 20 megawatts. 

Film coefficient. Equation (34) was solved for ri < 

where values for a and 6 were taken as 0,0328 ft and 1*25 x 10' Ibs/hr-ft 

from state of the art designs* Physical property data are given in Appendix 

= HiSOO  BTU/krifK 

Overall heat transfer coefficient. Under equilibrium conditions the 

heat flow rate through the molybdentm is equal to that through the liquid 

sodium; therefore. L/ , is found from Equation (35) 

J L 4.4. 

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

therefore 

J_=  !__   .   .0/04 
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Bleetrode BDecific velght.  J^£ Is found from Equation (37) 

JM = M£3tl x to3 

Q    UTr 
where ^ I ^ /g — /^  . For this calculation A I was assumed to be 

lOO^C. 

Q zsicoouoo) *' 

TOT  the five megawatt capacity 

i/\/5-.om<?- -omCs-tio9) = 17 Kj 

Similarly,  V^for the 10 and 20 megawatt capacities were calculated to be 

194 and 388 kilograms respectiyely. 

Electrode-sphere radius.    Equation (36) gives the required heat transfer 

area. 

A f\ = UAT 

For the five megawatt capacity 

2^2 
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which gives • corresponding radius of 0.399 meters.    Similarly, the radii 

for the 10 and 20 megawatt capacities were calculated to be 0.564 and 0.797 

meters respectively. 

(Calculations taken in part from Ref 2:46) 
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Appendix C 

IBM 1620 Computer Data 

The printout of the program used on the IBM 1620 Conputer together 

with a list of computer symbols and output data are presented in this 

Appendix.    The computer program is reproduced on page 57.    A list of 

symbols used in the conputer program is presented on pages 56 and 59. 

Page 60 through page 66 contains the data for the 5 megawatt radiator; 

page 6? through page 73 contains the data for the 10 megawatt radiator; 

page 7U through page 80 contains the data fcr the 20 megawatt radiator. 

The output data for each radiator is presented in blocks and each 

block consists of two lines.    The first line of each block contains, 

in the following order, the heat rejection temperature in 0K, the 

minimum separation distance in meters, and the operating voltage in 

volts.    The second line of each block contains,  in the following order, 

the particle diameter in microns, tne specific number of particles in 

10   per kilowatt, the time of flight in seconds, the specific weight of 

the particles, the specific weight of the electrical  system, and the 

total specific weight of the radiator.    All specific wei^ts have 

dimensions of kilograms per kilowatt. 
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IBM   1620   COMPUTER   PRÜGKAM   PRINTOUT 

1 READ.DH,GG.HG.HH.Td,ÜU,VUfSÜtüStDV.üD.VM.SMtWi..CC 
PUNCH   51»WS»CCfDb 

.OB 

4 V»VO 
5 S = SO 
6 D = D0 

M-1 
8 W*5.236E-19»S«S*S»0H 

Q«8.16E-23»S*S»H6»».12»V/DB 
FT»2.21»D»SQRTrw/(0*V)) 
TA»(DH*T8*Tö»TB*S»GG/((.25515»HH»FT*TB»TB*TBl 

+(S»6G»DH»))»».3333 
WW»FT*2000./((TB-TA)»6G» 
WG»V»0/(FT*WI 
WP-WW/(1.-(WW*WG*.001)) 
PP«WP*l.E-6/W 
DM»S*.001*SORT(PP»CC)-I2.»DB)+1. 
D"D+DD 
IF(DM-0)9t9t8 

9 GO   TOdlt 19) iM 
11 Ü'D-OD 

DO«DD/10.0 
O=0+DD 
M=M+1 

12 GO   TO   8 
19 DW«D-1.0 

DD=DU*l0.ö 
WE».üOU9*wG«WP 
WT-WP+WE+WS 
PUNCH   52,TB»DWfV 
PUNCH   i)3.S.PP.FT»WPfWE.WT 
S»S+DS 
IF(SM-S)lUt6t6 

10 V»V+DV 
IF<VM-V)lt5t5 

51 FORMAT ( ///l-16.5tF16.U»F16.4) 
52 FORMAT(/K6.0.F12.ü.1-18.0    ) 
53 HÜRMAT(F6.0.F10.2.F12.3.F12.3.F12.5.H2.S) 

END 
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List of Conputer Symbols 

DH - Densily of particle material (Kg/«^). 

QG - Specific heat of particle material (joules/m-sec-0K). 

HG - Electrical resistivity of particle material (u   ohms-cm). 

HH - Total hemispherical emissivity of particle material. 

TB - Heat rejection temperature  (''K). 

DO - Initial separation distance  (meters) 

VO - Initial voltage (volts). 

SO - Initial particle diameter  (microns). 

DS - Increment of particle diameter (microns). 

DV - Increment of operating voltage (volts). 

DD - Increment of separation distance (meters). 

VM - Maximum operating voltage (volts). 

SM - Maximum particle diameter (microns). 

WS - Specific wei^it of electrode-sphares (Kg/Kw), 

CO - Radiator capacity (Kw). 

DB - Radius of electrode-spheres (meters). 

W   - Wexght per particle (Kg). 

Q    - Charge per particle (coulombs). 

FT - Time of fli^it (sees). 

TA - Arrival  temperature of particle (0K). 

DW - Minimum separation distance  (meters). 

V    - Operating voltage  (volts). 

S    - Particle diameter (microns). 

PP - Specific number of particles (10 /Kw). 
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WP - Specific wei^t of particles (Kg/Kw). 

WE - Specific weight of electrical system (Kg/Kw). 

WT - Total specific weight of radiator (Kg/Kw). 
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01940 5000. .3985 

950. 
5. 

183. 
269518.73 23.39018 

100000. 
.08008 .00092 .10040 

950. 
10. 

136. 
37376.02 24.58309 

100000. 
.08884 .00048 .10873 

950. 
15. 

115. 
11918.94 25.45898 

100000. 
.09562 .00033 .11536 

950. 
20. 

103. 
5359.47 26.32993 

100000. 
.10192 .00026 .12158 

950. 
25. 

94. 
2875.32 26.86553 

100000. 
.10679 .00021 .12641 

950. 
30. 

88. 
1744.84 27.55122 

100000. 
.11198 .00018 .13157 

950. 
35. 

83. 
1142.57 28.06788 

100000. 
.11645 .00015 .13601 

9& 
79. 

793.44 28.55976 
100000. 

.12071 .00014 .14025 

*%: 
76. 

578.00 29.14187 
100000. 

.12520 .00012 .14473 

950. 
50. 

73. 
433.61 29.50566 

100000. 
.12884 .00011 .14836 

950. 
5. 

103. 
86125.32 6.58248 

200000. 
.02559 .00418 .04917 

950. 
10. 

79. 
12725.30 7.13994 

200000. 
.03024 .00227 .05192 

950. 
15. 

69. 
4279.23 7.63769 

200000. 
.03433 .00161 .05534 

950. 
20. 

62. 
1969.90 7.92454 

200000. 
.03746 ,00127 .05813 

950. 
25. 

58. 
1097.43 8,28830 

200000. 
.04076 .00105 .06122 

950. 
30. 

55. 
682.88 8.60975 

200000. 
.04382 .00091 .06414 
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950. 
35. 

52. 
454.33 

200000. 
8.79234    .04630 .00080 .06651 

% 
50. 

321.94 
200000. 

9.03790    .04897 .00072 .06910 

950. 
45. 

49. 
240.31 

200000. 
9.39441     .05205 .00066 .07211 

950. 
50. 

47. 
182.09 

200000. 
9.49839    .05410 .00061 .07412 

950. 
5. 47873.68 * 

300000. 
3.28059     .01422 .01050 .04412 

950. 
10. 

60. 
7372.38 

300000. 
3.61516     .01752 .00586 .04279 

950. 
15. 

53. 
2552.19 

300000. 
3.91108     .02047 .00422 .04410 

950. 
20. 

49. 
1220.25 

300000. 
4.17529     .02320 .00336 .04597 

950. 
25. 

46. 
690.53 

300000. 
4.38232     .02564 .00283 .04788 

950. 
30. 437.18 

300000. 
4.59187     .02805 .00246 .04992 

950. 
35. 

42. 
295.96 

300000. 
4.73434     .03016 .00220 .05176 

9& 
41. 

213.69 
300000. 

4.94071     .03251 .00199 .05390 

'& 
40. 

160.16 
300000. 

5.11260     .03469 .00182 .05592 

950. 
50. 123.64 

300000. 
5.25443     .03673 .00169 .05783 

950.       64. 400000. 
5.  33011.09    2.04504     .00980     .02064     .04985 

950.        51. 400000. 
10.  5289.35    2.30466     .01257     .01174     .04371 
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950. 
15. 

950. 
20. 

950. 
25. 

950. 
30. 

950. 
35. 

950. 
40. 

950. 
kS. 

950. 
50. 

45. 
1860.00 

42. 
906.47 

40. 
523.28 

38. 
332.85 

37. 
229.89 

36. 
166.71 

35. 
125.46 

35. 
98.73 

2.49055 

2.68411 

2.85803 

2.97427 

3.12804 

3.25364 

3.35514 

3.53663 

400000. 
.01492 

400000. 
.01723 

400000. 
.01943 

400000. 
.02136 

400000. 
.02343 

400000. 
.02536 

400000. 
.02717 

400000. 
.02933 

.00859 

.00691 

.00585 

.00515 

.00460 

.00419 

.00387 

.00357 

.04292 

.04355 

.04469 

.04591 

.04743 

.04895 

.05045 

.05230 

950.       56. 
5.  25483.91 

950. 
10. 

950. 
15. 

950. 
20. 

950. 
25. 

950. 
30. 

950. 
35. 

950. 
40. 

950. 
45. 

45. 
4181.66 

41. 
1521.81 

38. 
745.67 

36. 
432.65 

35. 
280.82 

34. 
194.77 

33. 
141.79 

33. 
108.71 

500000. 
1.43153     .00757     .03558     .06255 

500000. 
1.62682     .00994     .02055     .04989 

500000. ._„ 
1.81533     .01220     .01508     .04668 

500000. 
1.94279     .01418     .01227     .04585 

500000. 
2.05778     .01606     .01050     .04597 

500000. ,„, 
2.19157     .01802     .00922     .04664 

500000. 
2.29953     .01985     .00829     .04754 

500000. 
2.38600     .02157     .00760     .04857 

500000. 
2.53074     .02355     .00695     .04990 
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950. 
50. 

32. 
8i*.53 

500000. 
2.58679    .02511 .00653 .05104 

950. 
5. 

51. 
21269.13 

600000. 
1.08642     .00631 .05634 .08206 

950. 
10. 

k2. 
3590.05 

600000. 
1.26530     .00853 .03266 .06060 

950. 
15. 

38. 
1312.81 

600000. 
1.40208     .01053 .02425 .05418 

950. 
20. 

36. 
656.38 

600000. 
1.53378     .01248 .01970 .05159 

950. 
25. 

34. 
382.60 

600000. 
1.61955     .01421 .01699 .05060 

950. 
30. 249.28 

600000. 
1.72195     .01600 .01500 .05040 

950. 
35. 

32. 
173.52 

600000. 
1.80355     .01768 .01356 .05065 

»8: 32. 
128.57 

600000. 
1.92808     .01956 .01228 .05124 

ni: 31. 
97.41 

600000. 
1.98113     .02110 .01146 .05196 

950. 
50. 

31. 
77.02 

600000. 
2.08830     .02288 .01061 .05290 

950. 
5. 

48. 
18817.33 

700000. 
.87644     .00559 .08411 .10910 

950. 
10. 

40. 
3218.69 

700000. 
1.03290     .00765 .04883 .07588 

950. 
15. 

36. 
1181.58 

700000. 
1.13853     .00947 .03659 .06547 

950. 
20. 

34. 
593.06 

700000. 
1.24163     .01127 .02994 .06061 

950. 
25. 

33. 
352.07 

700000. 
1.34735     .01307 .02559 .05807 
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950. 
30. I2- 230.08 

700000. 
1.43123     .01476 .02267 .05684 

950. 
35. 

31. 
160.61 

700000. 
1.49759     .01636 .02058 .05635 

950. 30. 
117.63 

700000. 
1.54935     .01789 .01903 .05633 . 

950. 
45. 

30. 
90.55 

700000. 
1.64333     .01961 .01748 .05650 

• 

950. 
50. 

29. 
70.79 

700000. 
1.67448     .02103 .01656 .05700 

950. 
5. 

46. 
17325.59 

800000. 
.73493     .00514 .12062 .14517 

950. 
10. 

38. 
2951.94 

800000. 
.85860     .00701 .07036 .09678 

950. 
15. 

35. 
1101.91 

800000. 
.96854     .00884 .05239 .08063 

950. 
20. 

33. 
554.60 

800000. 
1.05447     .01054 .04305 .07300 

950. 
25. 

32. 
330.00 

800000. 
1.14321     .01225 .03692 .06858 

950. 
30. 

31. 
216.16 

800000. 
1.21319     .01387 .03282 .06609 

950. 
35. 

30. 
151.24 

800000. 
1.26812     .01541 .02990 .06471 

950. 
40. 

30. 
112.42 

800000. 
1.35568     .01710 .02715 .06366 ■ 

950. 
45. 

29. 
85.57 

800000. 
1.38999     .01853 .02551 .06345 

4 

950. 
50. 

29. 
67.85 

800000. 
1.46517     .02016 .02369 .06325 

950. 
5. 

45. 
16545.42 

900000. 
.63907     .00491 .16766 .19197 
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950. 
10. 

950. 
15. 

950. 
20. 

950. 
25. 

950. 
30. 

950. 
35. 

950. 
k0. 

950. 
45. 

950. 
50. 

37. 
2798.9^ 

34. 
1045.08 

32. 
526.88 

31. 
313.98 

30. 
206.03 

29. 
144.41 

29. 
107.44 

29. 
82.85 

28. 
65.01 

.74311 

.83633 

.90890 

.98443 

1.04360 

1.08965 

1.16488 

1.23554 

1.25747 

900000. 
.00665 

900000. 
.00838 

900000. 
.01001 

900000. 
.01166 

900000. 
.01322 

900000. 
.01471 

900000. 
.01634 

900000. 
.01794 

900000. 
.01931 

.09756 

.07283 

.06006 

.05163 

.04602 

.04205 

.03822 

.03517 

.03348 

.12362 

.10061 

.08948 

.08270 

.07865 

.07617 

.07397 

.07252 

.07220 

950. 45. 
5. 16341.22 

950. 36. 
10. 2699.12 

950. ^  33. 
15. 1006.14 

950. 32. 
20. 513.62 

950. 30. 
25. 302.67 

950. 30. 
30. 201.06 

950. 29. 
35. 141.07 

950. 29. 
40. 104.96 

1000000. 
.57516     .00485     .22715     .25140 

1000000. 
.65072     .00641     .13265     .15846 

1000000. 
.73056     .00807     .09910     .12657 

1000000. 
.81801     .00976     .08032     .10948 

1000000. 
.85741     .01124     .07056     .10120 

1000000. 
.93924     .01290     .06161     .09392 

1000000. 
.98068     .01437     .05635     .09013 

1000000. 
1.04839     .01596     .05123     .08660 
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I 
GA/PhyB/63-1,9 

950.        28. 1000000. 
45.    80.14 1.07364     .01735     .04833     .08509 

950.        28. 1000000. 
50.    63.60 t.13172     .01889     .04493     .08323 
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GA/Phy8/63-1,9 

.01940 10000. .5640 

950. 
5. 

410. 
676016.09 62.34359 

100000. 
.20087 .00061 .22088 

950. 
10. 

301. 
91083.01 64.72759 

100000. 
.21651 .00031 .23623 

950. 
15. 

252. 
28420.89 66.36958 

100000. 
.22801 .00021 .24763 

950. 
20. 

223. 
12515.08 67.81766 

100000. 
.23800 .00016 .25756 

950. 
25. 

203. 
6640.60 69.02223 

100000. 
.24665 .00013 .26618 

950. 
30. 

188. 
3961.42 70.02311 

100000. 
.25425 .00011 .27377 

950. 
35. 

176. 
2559.41 70.80593 

100000. 
.26085 .00010 .28035 

s& 
167. 

1761.63 71.82397 
100000. 

.26801 .00008 .28749 

9ll 159. 
1264.71 72.53144 

100000. 
.27395 .00007 .29343 

950. 
50. 

153. 
945.22 73.56976 

100000. 
.28086 .00007 .30034 

950. 223. 200000. 
5. 200799.61 16.95441     .05966 

950. 167. 200000. 
10. 28227.95 17.95599     .06710 

950. 142. 200000. 
15. 9092.34 18.69936     .07294 

95U. 127. 200000. 
20. 4100.37 19.31130     .07797 

950. 117. 200000. 
25. 2225.73 19.89064     .08267 

950. 110. 200000. 
30. 1359.65 20.48548     .08726 
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00267 .08174 

00142 .08792 

00098 .09333 

00076 .09814 

00063 .10270 

00053 .10720 



GA/Phys/6>1,9 
950.       104. 
35. 894.64 

950.       99. 
40. 622.93 

950.       95. 
45. 453.90 

950.       92. 
50. 343.53 

200000. 
20.91993     .09118     .00047     .11105 

200000. 
21.28914     .09477     .00042     .11459 

200000. 
21.66819     .09832     .00038     .11810 

200000. 
22.11901     .10208     .00035     .12183 

950. 160. 
5. 103746.82 

950. 122. 
10. 15118.31 

950. 105. 
15. 4994.52 

950. 95. 
20. 2301.88 

950. 88. 
25. 1268.01 

950. 83. 
30. 783.47 

950. 79. 
35. 522.46 

950. 76. 
40. 369.46 

950. 73. 
45. 271.24 

950. 71. 
50. 207.17 

8.10973 

8.74503 

9.21799 

9.63031 

9.97365 

10.30482 

10.59407 

10.89545 

11.10020 

11.38007 

300000. 
.03082 

300000. 
.03593 

300000. 
.04007 

300000. 
.04377 

300000. 
.04709 

300000. 
.05028 

300000. 
.05324 

300000. 
.05620 

300000. 
.05875 

300000. 
.06156 

.00650 .05673 

.00351 .05885 

.00247 .06194 

.00194 .06511 

.00161 .06811 

.00139 .07107 

.00122 .07387 

.00110 .07671 

.00100 .07916 

.00092 .08188 

950.       129. 
5. 67349.83 

950.       100. 
10. 10120.02 

400000. 
4.90385     .0200.1 

400000. 
5.37604     .02405 
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.01241 

.00680 

.05182 

,05026 



GA/PhyB/63-l,9 

950. 
15. 

87. 
3415.81 5.72832 

400000. 
.02740 .00485 .05165 

950. 
20. Is- 

1595.14 6.00627 
400000. 

.03033 .00384 .05357 

950. 
25. 0       

lk' 893.91 6.29020 
400000. 

.03320 .00321 .05581 

950. 
30. 

70. 
557.69 6.51810 

400000. 
.03579 .00278 .05797 

950. 
35. 

67. 
375.90 6.73863 

400000. 
.03831 .00247 .06018 

9& 
65. 

268.95 6.98885 
400000. 

.04091 .00222 .06254 

9ll: 63. 
199.79 7.18471 

400000. 
.04327 .00203 .06471 

950. 
50. 

61. 
152.87 7.33293 

400000. 
.04542 .00188 .0667p 

950. 
5. 

110. 
49204.92 3.34526 

500000. 
.01462 .02077 .05479 

950. 
10. 

86. 
7551.50 3.69871 

500000. 
.01795 .01153 .04888 

950. 
15. 

76. 
2608.31 4.00324 

500000. 
.02092 .00828 .04860 

950. 
20. 

69. 
1229.13 4.19678 

500000. 
.02337 .00661 .04939 

950. 
25. 

65. 
696.74 4.42014 

500000. 
.02587 .00556 .05084 

950. 
30. 

62. 
440.03 4.61854 

500000. 
.02824 .00484 .05248 

950. 
35. 

60. 
300.45 4.82767 

500000. 
.03062 .00430 .05432 

9ll: 58. 
215.47 4.98897 

500000. 
.03278 .00390 .05608 

9ll: 56. 
160.41 5.10913 

500000. 
.03474 .00359 .05774 

69 



GA/Phy8/63-1,9 

950. 
50. 

55. 
124.36 

500000. 
5.28932     .03695 .00332 .05967 

950. 
5. 

98. 
39020.36 

600000. 
2.48360     .01159 .03195 .06294 

950. 
10. 

77. 
6080.87 

600000. 
2.75970     .01445 .01792 .05177 

950. 
15. 

68. 
2119.14 

600000. 
2.98487     .01700 .01299 .04939 

950. 
20. 1020.85 

600000. 
3.19320     .01941 .01040 .04921 

950. 
25. 

60. 
586.37 

600000. 
3.40011     .02177 .00876 .04994 

950. 
30. 

57. 
371.30 

600000. 
3.53840     .02383 .00768 .05091 

950. 
35. 

55. 
254.18 

600000. 
3.68780     .02590 .00686 .05217 

950. 
40. 

53. 
182.73 

600000. 
3.79907     .02780 .00626 .05346 

'IS: 52. 
137.87 

600000. 
3.95349     .02986 .00574 .05501 

950. 
50. 

51. 
107.12 

600000. 
4.08720     .03183 .00533 .05656 

950. 
5. 

89. 
32471.16 

700000. 
1.93330     .00964 .04649 .07553 

950. 
10. 

71. 
5163.81 

700000. 
2.18113     .01227 .02621 .05788 

950. 
15. 

63. 
1819.54 

700000. 
2.37034     .01459 .01912 .05312 

950. 
20. 

59. 
888.10 

700000. 
2.56325     .01688 .01534 .05163 

950. 
25. 

56. 
511.52 

700000. 
2.72008     .01899 .01301 .05141 
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GA/Phy8/63-1,9 

950. 
30. 

53. 
324.74 

700000. 
2.82008     .02084 .01147 .05171 

950. 
35. 

52. 
225.32 

700000. 
2.98856     .02296 .01022 .05259 

950. 
40. 

t      50. 
162.37 

700000. 
3.07202     .02470 .00936 .05346 

950. 49. 
122.78 

700000. 
3.19320     .02659 .00862 .05461 

950. 
50. 

48. 
95.59 

700000. 
3.29724     .02840 .00802 .05583 

950. 
5. 

83. 
28285.83 

800000. 
1.57759     .00840 .06482 .09262 

950. 
10. 

67. 
4561.82 

800000. 
1.80097     .01084 .03663 .06687 

950. 
15. 

60. 
1626.75 

800000. 
1.97528     .01305 .02679 .05924 

950. 
20. 

55. 
787.45 

800000. 
2.09079     .01497 .02178 .05616 

950. 
25. 

53. 
459.66 

800000. 
2.25257     .01707 .01844 .05491 

950. 
30. 

51. 
295.75 

800000. 
2.37445     .01898 .01621 .05459 

950. 
35. 

49. 
203.45 

800000. 
2.46412     .02073 .01462 .05476 

950. 
kO. 

48. 
148.53 

800000. 
2.58050     .02259 .01331 .05531 

950. 
45. 

47. 
112.52 

800000. 
2.68001     .02437 .01229 .05607 

950. 
50. 

46. 
87.76 

800000. 
2.76487     .02608 .01147 .05695 

950.        79. 900000. 
5.  25527.03    1.33472     .00758 

71 
.08751 11449 



GA/Phy8/63-l,9 

950. 
10. 

63. 
4095.08 

900000. 
1.50529     .00973 .04979 .07892 

950. 
15. 

57. 
1477.11 

900000. 
1.66801     .01185 .03646 .06771 

950. 
20. 

53. 
724.33 

900000. 
1.79089     .01377 .02961 .06278 

950. 
25. 

51. 
423.72 

900000. 
1.92672     .01573 .02515 .06029 

950. 
30. 

49. 
273.22 

900000. 
2.02785     .01753 .02219 .05913 

950. 
35. 

47. 
188.35 

900000. 
2.10093     .01919 .02010 .05869 

950. 
40. 

46. 
137.75 

900000. 
2.19820     .02095 .01835 .05870 

950. 
45. 

45. 
104.54 

900000. 
2.28086     .02264 .01698 .05903 

950. 
50. 82.50 

900000. 
2.40424     .02451 .01570 .05961 

950. 
5. 

76. 
23612.39 

1000000. 
1.15563     .00701 .11542 .14183 

950. 
10. 

61. 
3803.58 

1000000. 
1.31175     .00904 .06552 .09396 

950. 
15. 

55. 
1373.01 

1000000. 
1.44854     .01101 .04819 .07860 

950. 
20. 

51. 
674.51 

1000000. 
1.55098     .01282 .03930 .07153 

950. 
25. 

49. 
395.29 

1000000. 
1.66605     .01468 .03350 .06759 

950. 
30. 

47. 
255.37 

1000000. 
1.75057     .01639 .02966 .06545 

950. 
35. 

46. 
178.18 

1000000. 
1.85060     .01816 .02665 .06421 

950. 
40. 

45. 
130.50 

1000000. 
1.93537     .01985 .02437 .06363 
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• 

GA/PhyB/63-1,9 

950.        Mt. 1000000. 
k5. 99.18 2.00715     .02148     .02261     .063^9 

950.       43.        1000000. 
50.    77.59 2.06764     .02305     .02119     .06365 
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GA/PhyB/6?-l,9 

.01940 20000. .7970 

950. 
5. 

349. 
245154.44 

300000. 
21.02818     .07284 .00419 .09644 

950. 
10. 

260. 
34096.33 

300000. 
22.15463     .08105 .00221 .10266 

» 

950. 
15. 

220. 
10891.91 

300000. 
22.95935     .08738 .00153 .10832 ( 

950. 
20. 

196. 
4880.33 

300000. 
23.61904     .09281 .00118 .11339 

950. 
25. 

180. 
2635.28 

300000. 
24.25123     .09788 .00097 .11825 

950. 
30. 

168. 
1596.51 

300000. 
24.79483     .10246 .00083 .12270 

950. 
35. 

159. 
1049.39 

300000. 
25.34676     .10695 .00072 .12708 

950. 
ko. 

152. 
731.95 

300000. 
25.90388     .11135 .00065 .13140 

950. 
45. 

■145. 
529.89 

300000. 
26.20991     .11478 .00058 .13477 

950. 
50. 

140. 
399.50 

300000. 
26.67499     .11871 .00053 .13864 

950. 
5. 

274. 
151725.79 

400000. 
12.38192     .04508 .00783 .07232 

950. 
10. 

206. 
21531.33 

400000. 
13.16496     .05118 .00418 .07476 

i 

950. 
15. 

176. 
7000.65 

400000. 
13.77561     .05616 .00292 .07849 

« 

950. 
20. 

158. 
3181.32 

400000. 
14.27988     .06049 .00227 .08217 

950. 
25. 

146. 
1737.88 

400000. 
14.75283     ,06454 .00188 .08583 

950. 
30. 

137. 
1063.53 

400000. 
15.16469     .06826 

7U 

.00161 ,08927 

1 
- 



GA/Phy 8/65-1', 9 

950. 
35. 

130. 
704.08 

400000. 
15.54282     .07176 .00141 .09257 

950. 
40. 

124. 
492.47 

400000. 
15.84908     .07492 .00127 .09559 

9ll: 120. 
362.17 

400000. 
16.26822     .07845 .00115 .09900 

950. 
50. 

116. 
274.35 

400000. 
16.57660     .08152 .00105 .10198 

950. 
5. 

230. 
106808.97 

500000. 
8.31486     .03173 .01283 .06397 

950. 
10. 

174. 
15397.69 

500000. 
8.89593     .03660 .00691 .06292 

950. 
15. 

150. 
5085.84 

500000. 
9.39246     .04080 .00487 .06507 

950. 
20. 

135. 
2331.81 

500000. 
9.76093     .04434 .00381 .06756 

950. 
25. 

126. 
1291.40 

500000. 
'0.18551     04796 .00316 .07053 

950. 
30. 

118. 
793.11 

500000. 
10.44925     .05090 .00273 .07303 

950. 
35. 

113. 
531.15 

500000. 
10.80824     .05413 .00240 .07594 

950. 
kO. 

108. 
373.64 

500000. 
11.04323     .05684 .00216 .07840 

950. 
k5. 

104. 
274.74 

500000. 
11.27930     .05951 .00197 .08088 

950. 
50. 

101. 
209.57 

500000. 
11.54646     .06227 .00181 .08348 

950.       200. 600000. ,       , m 
5. 81070.85    6.02526     .02408     .01936     .06285 

950.       153. 600000. 
10.  11904.09    6.51857     .02829     .01051     .05821 

7^ 



I 
GA/Phys/63-1,9 

950. 
15. 

132. 
3963.Ul 

600000. 
6.88780     .03179 .00745 .05865 

950. 
20. 

120. 
1843.09 

600000. 
7.23032     .03505 .00586 .06032 

950. 
25. 

112. 
1025.89 

600000. 
7.54482     .03810 .00489 .06239 

950. 
30. 

106. 
638.04 

600000. 
7.82218     .04095 .00422 .06457 

950. 
35. 

101. 
427.38 

600000. 
8.05038     .04355 .00374 .06670 

950. 
302.84 

600000. 
8.26538     .04607 .00337 .06884 

9il: 94. 
224.44 

600000. 
8.49562     .04861 .00307 .07109 

950. 
50. 

91. 
171.34 

600000. 
8.66937     .05091 .00284 .07315 

950. 
5. 

179. 
65091.78 

700000. 
4.62224     .01934 .02758 .06632 

950. 
10. 

138. 
9690.85 

700000. 
5.03957     .02303 .01506 .05750 

950. 
15. 

120. 
3267.95 

700000. 
5.36712     .02621 01073 .05635 

950. 
20. 

109. 
1526.97 

700000. 
5.62932     .02903 .00850 .05694 

950. 
25. 

102. 
855.54 

700000. 
5.88958     .03177 • .00711 .05829 

950. 
30. 

97. 
536.11 

700000. 
6.13545     .03440 .00616 .05997 

950. 
35. 

93. 
361.99 

700000. 
6.35377     .03689 .00546 .06176 

950. 90. 
258.68 

700000. 
6.57335     .03935 .00493 .06368 

950. 
k5. 

87. 
191.93 

700000. 
6.73969     .04157 .00451 .06549 

76 



GA/?hys/63-l,9 

950. 
50. 

85. 
147.81 

700000. 
6.94094     .04392 .00417 .06749 

950. 
5. 

164. 
54574.94 

800000. 
3.70553     .01621 .03768 .07329 

950. 
10. 

127. 
8202.20 

800000. 
4.05813     .01949 .02068 .05958 

950. 
15. 

111. 
2792.58 

800000. 
4.34401     .02240 .01480 .05660 

950. 
20. 

101. 
1312.97 

800000. 
4.56413     .02496 .01177 .05614 

950. 
25. 

95. 
741.. 35 

800000. 
4.79972     .02753 .00987 .05681 

950. 
30. 

90. 
465.00 

800000. 
4.98110     .02984 .00859 .05784 

950. 
35. 

87. 
316.71 

800000. 
5.20086     .03227 .00763 .05931 

950. 84. 
226.61 

800000. 
5.36823     .03447 .00691 .06078 

950. 
45. 

.  81. 
168.34 

800000. 
5.49052     .03646 .00635 .06221 

950. 
50. 

79. 
129.80 

800000. 
5.64461     .03857 .00588 .06385 

950. 
5. 

152. 
47061.30 

900000. 
3.05280     .01398 .04991 .08330 

950. 
10. 

118. 
7119.64 

900000. 
3.35159     .01692 .02751 .06383 

950. 
15. 

104. 
2451.30 

900000. 
3.61783     .01966 .01974 .05881 

950. 
20. 

95. 
1160.79 

900000. 
3.81600     .02207 .01575 .05723 

950. 
25. 

89. 
656.02 

900000. 
3.99696     .02436 

77 
,01328 .05705 



GA/PhyB/63-1,9 

9I8: 415.075- 
900000. 

4.18166     .02664 .01157 .05761 

9I?: n      
82- 

283.09 
900000. nn 

4.35730     .02885 .01030 .05856 

9^: „79- 202.81 
900000. 

4.48773     .03085 .00936 .05962 

950. 
45. 

77. 
152.03 

900000. 
4.63945     .03293 .00859 .06092 

950. 
50. 

76. 
118.30 

900000. 
4.82690     .03515 .00793 .06248 

950. 
5. 

143. 
41709.07 

1000000. 
2.58483     .01239 .06450 .09629 

950. 
10. 

111. 
6328.77 

1000000. 
2.83749     .01504 .03566 .07010 

950. 
15. 

98. 
2190.91 

1000000. 
3.06820     .01757 .02569 .06266 

950. 
20. 

90. 
1045.41 

1000000. 
3.25364     .01988 .02055 .05983 

950. 
25. 

85. 
595.92 

1000000. 
3.43559     .02213 .01733 .05886 

950. 
30. 

81. 
377.54 

1000000. 
3.58639     .02423 .01514 .05878 

950. 
35. 

78. 
257.84 

1000000. 
3.73027     .02627 .01353 .05921 

ni: 76. 
186.41 

1000000. 
3.88558     .02836 .01227 .06003 

nv. 74. 
139.92 

1000000. 
4.01282     .03030 .01129 .06099 

950. 
50. 

72. 
108.16 

1000000. 
4.11557     .03213 .01050 .06204 

950. 136. 1100000. 
5.     37768.76 2.23482 .01122 

78 
.08174 .11236 



GA/PhyB/63-1,9 

950. 
10. 

106. 
5756.47 

1100000. 
2.46334    .01368 .04521 .07829 

950. 
15. 

94. 
2005.33 

1100000. 
2.67542     .01608 .03263 .06811 

950. 
70. 

86. 
957.51 

1100000. 
2.82639     .01820 .02621 .06382 

950. 
25. 

82. 
550.60 

1100000. 
3.01303     .02045 .02209 .06194 

950. 
30. 

78. 
349.29 

1100000. 
3.13960     .02241 .01937 .06119 

950. 
35. 

75. 
238.86 

1100000. 
3.26073     .02434 .01736 .06110 

950. 
kO. 

73. 
172.91 

1100000. 
3.39291     .02630 .01577 .06148 

9ll: 71. 
129.94 

1100000. 
3.50013     .02814 .01454 .06209 

950. 
50. 

70. 
101.34 

1100000. 
3.63749     .03011 .01347 .06298 

950. 
5. 

131. 
34928.06 

1200000. 
1.97327     .01037 .10189 .13167 

950. 
10. 

102. 
5317.28 

1200000. 
2.17285     .01263 .05634 .08838 

950. 
15. 

90. 
1850.75 

1200000. 
2.34811     .01484 .04083 .07508 

950. 
20. 

83. 
890.81 

1200000. 
2.50048     .01694 .03281 .06915 

950. 
25. 

79. 
512.81 

1200000. 
2.66089     .01904 .02773 .06618 

950. 
30. 

75. 
325.70 

1200000. 
2.76728     .02090 .02439 .06469 

950. 
35. 

73. 
224.72 

1200000. 
2.90929     .02290 .02178 .06409 

950. 
40. 

71. 
162.85 

1200000. 
3.02496     .02477 .01983 .06401 
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GA/P: .ys./6?-l,9 

950. 
k5. 

69. 
122.52 

1200000. 
3.11807     .02654 .01832 .06426 

950. 
50. 

68. 
95.65 

1200000. 
3.23910     .02842 .01699 .06482 

950. 
5. 

127. 
32782.43 

1300000. 
1.76586     .00974 .12542 .15456 

950. 
10. 

98. 
4949.56 

1300000. 
1.92706     .01176 .06940 .10057 

950. 
15. 

87. 
1733.20 

1300000. 
2.09524     .01390 .05029 .08360 

950. 
20. 

81. 
840.92 

1300000. 
2.25252     .01599 ,04035 .07574 

950. 
25. 

76. 
480.92 

1300000. 
2.36294     .01786 .03437 .07163 

950. 
30. 

73. 
308.12 

1300000. 
2.48629     .01977 .03014 .06931 

950. 
35. 

71. 
212.80 

1300000. 
2.61193     .02168 .02697 .06806 

950. 
40. 

69. 
154.38 

1300000. 
2.71361     .02348 .02459 .06748 

950. 
k5. 

68. 
117.13 

1300000. 
2.83651     .02537 .02259 .06737 

950. 
50. 

66. 
90.84 

1300000. 
2.90200     .02699 .02114 .06754 
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