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ABSTRACT 

The purpose of this investigation is to design a 

nuclear reactor which can be used as a rocket propulsion 

device. The reactor investigated 1s fueled with a molten 

uranium-bismuth alloy and utilizes a two phase vortex flow 

principle. Hydrogen is employed as a coolant 2nd rocket 

propellant. The hydrogen is h~ated directly by the fuel 

thus eliminating the need for heat exchangers. 

The major part of the investigation consists of a two 

group neutron diffusion study to show the opera.tional 

feasibility of this type of reactor and to obtain an 

The study shows that this type of reactor is practical 

and that it can be used successfully as a rocket propulsion 

device. 
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I. INTRODUCTION -----

This thesis proposes nuclear power as an altern~tive to 

chemical rocket propulsion. 

The exploration of outer space appears, at the present 

be limited by the perform~nce capabilities of the 

present chemical rockets. The excessive mass of the pr~~ent 

chemical rockets and the limited specific impulse Pestrict 

them to orbital flights or short mJ_Sslons with lis;ht pay-

loads. One answer to this problem is the development of a 

nucle~r rocket engine. The propulsion system developed in 

this thesis has a much smaller mass than a chemical rocket 

and has more than twice the specific impulse. 

were considered in the reactor design. A twCJ gro0p neutron 

diffusion study was done first to insure that the rc::d.ci=or 

was feasible. A commercial computer code, Exterminalcr II, 

was used to perform the two dimensional neutron calcul~-

tions. Various parameters were changed to obtain the 

optimum design. These included; reactor dimensions, types 

of materials used, and amounts of these various materials. 

Once the reactor was shown to be practical from a nuclear 

viewpoin-t, a further study of mechanical and chemical pro-

perties was made. Investigation in these areas showed that 

the reactor could be used as a rocket engine. 
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II. LITERATURE REVIEW 

Chemical rockets, which have proved quite capable of 

performing simple orbital or short range missions, are 

definitely limited in their fu~ure possibilities. This .1.s 

because the energy ~vhich can be released by ch2mica.l combus-

tion is restricted by weakness of the chemical bond (1). 

In order to successfully compare two types of rockets, 

a common parameter must be found. One commonly accepted 

method is to compare burnout velocities, a hiEh burnout 

velocity being desirable. The burnout velocity is measured 

with respect to the ratio of initial rocket mass to the 

burnout mass. Richard Plebuck ( 2) gives the follo1.ving 

expression for burnout velocity: 

V = I g b sp ' 
2.1 

where: 2 
t = Time g = 32.17 ft/sec 

v - Velocity 0 = Initial state -

m = Rocket mass b ::: Burnout state 

Isp = Specific impulse 

Assuming the burning time and initial velocities of the two 

systems are equal, then the burnout velocity is only a func-

tion of mass and specific impulse. Specific impulse, de-

fined as the engine thrust per unit mass flow rate of 

propellant will then be used to roughly compare rocket 

systems since systems masses vary widely. 
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The specific impulse of ~ chemical rocket ~ust be less 

than 400 seconds (1). In order to overcome the low imiJulse 

rates, chemical rockets have been multistaged and designed 

with ex-treme precision. If a system of higher i~pulse were 

designed, not only would the overall performance increase 

but both the excessive size and exact design limits c0uld be 

reduced. The nuclear powered rocket is one answer to this 

problem. 

A number of designs for nuclear rockets have been 

theorized or proposed. However, the development of such 

systems has rarely gone beyond the basic design stage. 

Nuclear propulsion systems may be classified into two 

areas. These are by the method of converting fission energy 

into ~ propulsive force and by the phase or state of the fuel 

employed. 

Three methods of nuclear energy conversion have been consid-

ered. Two of these would use the energy produced in the 

reactor in some kind of secondary system. A nuclear-electric 

system would employ the fission energy to create either an 

electric oP magnetic field which would heat the propell~n~c. 

A second possible method would be to e~ploy a heat ex-

changer or similar device to transfer energy to the propel-

lant. Both of these systems would require a lar~e amount 

' of extra equipment which would increase the systems mass 

but would not add directly to the power produced. The 

third method, a direct conversion system, would eliminate 

any superflous equipment. The propellant would 
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also sc=rve as the reactrJI' coolant and 1voul:i b~ hr":'d tcri on a 

single or multiple pass through the reactor core. 

that the amount of heat transf~rred to the propc=:llant 110111d 

be at least equal to the amount transferred in a heat ex-

changer system, the direct transfer system would have a 

definite advantage. The phase of the fuel employed is one 

of the more important factors in determining the capability 

of a nuclear rocket. The specific impulse of a rocket 

operating in a vacuum may be expressed as 

[ (~r) R tt +(~~~ 2J 
.}-

T 2.2 1sP = \) Ffg_o_ llc v c 

y-1 ) ~ n:J 
y 

(~/ 
R T 

1 u c 
+ --

\)d l\1g 0 
llc 

v v = Velocity coefficient V IV . ea e:t 

y = Ratio of specific heats 

Ru = Universal gas constant 

M = Holecu1ar weight of propellant 

v -= Actual exit v01ccity 
ea 

T - Propellant temporature -
c 

v = 
c 

Propellant velocity 



www.manaraa.com

vd = Ratio of actual to theoretical flow 

Pe = Nozzle 
Pc 

pressure ratio, exit/chamber 

nc = Nozzle efficiency 

v = Ideal exit velocity el 
p - Exit pressure -e 
p = Chamber pressure c 

c 
...; 

From this exDression we can see tha-t there are three 

dominant factors. A propellant of low atomic weight and 

high propellant temperatures and velocities are desirable. 

Since the ratio of nozzle exit to entrance pressure must 

be less than one and since 
y-1 
zy- is also less than one , the 

first term in equation 2. 2 is dominant. Thus the possible 

attainable temperatures are extremely important in the 

specific impulse of a rocket. 

Although some mention has been made of liquid and 

gaseous fueled reactors in literature, almost all of the 

designs proposed have been for solid fueled reactorsC2,3). 

Six solid fuel reactors (KIWI Reactors) have been tested 

under the government sponsored program "Projecc Rover" (2). 

These tests were designed to demonstrate the operational 

feasibility of solid core rocket reactors. Some of the 

areas studied were responsed to reactivity changes, coolant 

flow rate, coolant temperature, and start up methods. The 
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fir:::t three tests employed_ gas,ous h d ' ·1 th f h _ c y r?gen wn1 e · e ·ourt , 

KIHI-BIA used liquid hydrogen (4). Although the tests were 

fairly promising, the project appears to be inactive at this 

time. 

The proposed designs for solid core reactors usually 

consist of a number of disc or flat plate fuel elements (2, 

3 '5) . The propellant-coolant passes over and between the 

fuel plates and exhausts through a nozzle. This type of 

reactor has the advantage of being re:atively easy to con-

struct as it is quite similar to some power reactors 1n 

operation. The maJor disadvantage of this system 1s that 

operating temperatures are limited by the melting point of 

the fuel. The maximum fuel temperature of such a reactor 

appears to be about 2300°C if a uranium-graphite fuel is 

employed. At these temperatures, however, the hydrogen 

coolant could never come in direct contact with the fuel 

as carbon is attached by hydrogen at temperatures above 

1500°C (6). 

In order to obtain higher operating temperatures and 

specific impulse, the maximum fuel temperature must be 

increased. In order to accomplish this, it is necessary 

to use liquid or gaseous fueled reactors. Of these two 

possibilities, the gaseous fueled reactor will obviously 

yield higher impulses. A reactor of this type would only 

be limited by the temperatures which the structural 

materials could withstand. The major problem with the 

gaseous fueled reactor is the loss of fissiondble material. 
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It lS four,d that the coolant will car>ry 

percentage of the fuel as it leaves the corG. 

fuel loss would be one a tom per thou sar;d ( 7) • T\-·:c po:~slLle 

methods of separation have been prcposE.:d (1), a vortex 

system similar to the one discussed in this repul't and a 

magnetic containment device. Neither of these has proved 

satisfactory, and so while gaseous reactors offer hisher 

temperatures and impulses, they cannot be serioLsly consid-

ered until the fuel-coolant separation problem has Leen 

solved. 

The liquid fuel reactor serves as an obt:<lir:a1~lr3 com-

pr·omise between the gaseous and solid fueled reactcrs. The 

liquid fueled reactor offers operating temperatures as high 

as 4300°C and presents no t:.nsolvable pr'oblem in fuel 1oss 

( l ) . The high operating temperatures have t1vo desirarJle 

fee:. tur·es. First, specific impulses as high as 1600 scccnds 

are attainable. This would be twice that of ~ solid fuele~ 

reactor and four times that of the most efficient sir1gle 

staged chemical rocket. Secondly, at temperatures above 

2000°C Lind pressures belm,..r 30 atm., hydrogen will begin to 

dissoci~te. The 

. + 
lnto H atoms lS 

energy required to break H2 molecules 

5 
10 BTU/lb. or 4.4 ev/molecule. Thus, 

if conditions are favorable, hydrogen dissociation will 

lncrease the amount of heat transferred to the coolant. 

Assuming the hydrogen will recombine in the collection 

chamber due to three body collisions, an additional source 

of heat is available. The chemical equations for this 
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process are shown below 

\tJhere: 

1/2 H + H -+ H+ 
2 d 

Hd 1s the heat of disassociation 

x lS a hydrogen atom or H2 

8 

2.3 

The separation of the fuel from the coolant 1 · · d J.n a 1qu1 

fueled reactor is accomplished by using a two phase vortex 

system. The centrifuge action of the vortex causes the 

heavy fuel to be forced to ·the outside of the fuel container 

while the lighter gas is passed inward. Although some 

experimental \,Jork has been uone on tvJO Dha se vortex flow 
~ ' 

no references could be found on tlie specific system used 

1n the reactor. J. F. Lafferty's work provided information 

on possible velocities, pressures and void fractions (8). 

However, his work was performed us1ng water and air. Due 

to the differences in dens it i e s of \·J ate r and uranium , and 

hydrogen and air, his results could only be used as approxi-

mate guidelines for values used 1n this report. 

There has been a good deal of work done in liquid 

metal fueled reactors (9). All of the systems studied seem to 

be a heat exchanger type system 1n which the liquid fuel 

1s passed through a core region and then to a heat exchanger 

d~vice. This type of system has been investigated in the 

late fifties and early sixties by the Babcock and Wilcox 

Company in Akron, Ohio. The Babcock and Wilcox Liquid Metal 

Fueled Reactor (LMFR) utilized a uranium-bismuth mixture but 
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that was the only similarity between the reactor proposed 1n 

this report and the LMfR. 

No information could be found on the development of a 

liquid fueled reactor using the vortex principle. 
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III. BASIC REACTOR DESIGN 

The reactor studied in this report 1s a mo1t~n fueled 

thermal reactor with a beryllium oxide reflector. A cross 

sectional view is shown in Figure 1. It should be noted 

that this is only an initial design. The reactor has a 

right circular, cylindrical geometry, and is symmetric about 

the aXlS. The fuel 1s a molten alloy of uranium-bismuth 

and 1s contained in an annular region one half inch in 

width. The coolant employed is gaseous hydrogen and is 

injected into a plenum near the outside of the reactor, 

Csl1own by arrows in Figure 1). The hydrogen will be stored 

in the liquid state and evaporized before entering the 

reactor. The coolant leaves the plenum through tubes in the 

reflector. Each of these tubes leads to a nozzle which ends 

at the fuel reflectop interface. The nozzles increase the 

I coolants velocity and change its direction so it is injected 

tangential to the liquid fuel. This causes the molten 

fuel and hydrogen to form a two phase vortex. The centri-

petal force created by spinning the fuel forces the hydrogen 

to diffuse through the liquid where it is collected in a 

centrally located Qhamber. From here it is passed through 

a DeLaval nozzle producing the rocket thrust (not shown in 

Figure 1). 

The reactor was divided into five regions which are: 

I. collection chamber, II. reflector region, III. fuel re-

gions, IV. reflector plus hydrogen region, and V. nydrogen 

inlet region. 
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Fig. 1 Cross Sectional View of the Reactor - Initial Design 
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As the hydrogen passes through region IV, it ~bsor·bs 

heat from the reflector and its density Jcci'eascs as a re-

12 

sult. This in turn will cause a decrease in the Dacroscopic 

cross sections which are proportional to the density. In 

order to account for this change, the highest values of the 

cross secTions were used. A larger number of subdivisions 

would he desirable; however, the limitations of available 

cere storage prohibited it. 
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IV. REACTOR PHYSICS 

The maJor emphasis of this thesis ls on reactor physics. 

As no other reactor has been designed which utilizes the vor­

tex principle, hydrogen cooling, and a liquid fueled core, 

the basic nuclear p11ysics of the system must be studied. The 

ultimate aim of this study is to prove that the proposed 

reactor can achieve criticality and to determine the neutron 

fluxes. 

A. D~_f!_~~sion Theo!'y 

Two metho~s are available for studying the reactor dif-

fusion or transport theory. 

Kc;_s used. 

Of the two, diffusion thecry 

Neutron diffusion is considered to vary only with the 

radills 2nd height of the reactor. All calculations al~e to 

be done under steady state conditions. 

Exterminator II, a computer code which solves two 

dimensional multigrcup diffusion equations, was us~d in this 

s-tudy (10). This code, developed at Oak Ridge Naticnal 

Laboratory, provides an approximate solution to otherwise 

unsolvable diffusion equations. 

The necessity for such a computer code can easily be 

seen by briefly looking at a set of two group, two region 

diffusion equations. 
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fuel -1 

fast -1 

thermal -2 

reflector region -2 

fast -1 

thermal -2 

For convenience, the equations are transformed into 

cylindrical coordinates as shown below. 

; ~r (rD11~~~} ~z (n11 :::
1
)- Ir¢11 = vi 1f¢11 + vi 2 f¢" 

I~ sho~ld be noted that the diffusion coefficient ls 

a function of both radius and height. 

Assuming 

• Z (Z) c 

an attempt is made to separate the valuables, resulting 

ln the following for region I 

vI 
2 

fcpl 2 z1 2 

D11cf>llzl1 
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It lS obvious that no exact solution can be attained 

for the diffusion equations in cylindrical geometry and 

some approximate technique must be used. The availability 

of Exterminator II and its wide variety of options were 

the major reasons for its selection. 

B. Flux Distribution 

The flux distribution 1n a bare finite cylindrical 

reactor 1s AJ (2.405r/R ) cos (nz/H ) 
0 c c 

\Vhere: A = Constant 

R = Critical Radius 
c 

H = Critical Height 
c 

Thus, one should expect a radial flux distribution which 

approximates a zero order Bessel function and an axial flux 

distribution resembling a cos1ne function. The presence of 

a reflector will, of course, alter these shapes. A thermal 

spike or peak will appear at or near the fuel reflector in-

terface due to the return of thermal neutrons to the core. 

This peak is a function of both the reflector thickness and 

its slowing down properties. 

The flux distribution in the reactor under study can 
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be expected to vary considerably from the bare cylinder or 

simple reflected cylinder. The main reason for this dif-

ference is that the reactor core is poorly d d A mo Prate . .1-

though the core contains 50% hydrogen, the coolant is an 

ineffective moderator. This is due to the lew hydrogen 

density (.002 lb/ft3). Thus, only a few neutrons will be 

thermalized by the hydrogen. The uranium and bismuth are 

also poor moderators because of their large atomic weight. 

It is reasonable to assume that most of the neutrons will 

be thermalized in the reflector. A portion of these will 

find their way back to the fuel and will cause fission. Be-

cause of this, the highest thermal flux should be in the 

reflector, near the fuel-reflector interface. The major 

advantage of this system is that most of the neutrons are 

thermalized outside of the fuel area and they will escape 

resonance absorption by the uranium and bismuth. The 

thermal neutron flux should have its lowest value some-

where near the center of the reactor, increase as it ap-

preaches the fuel region and then increase as the radius 

of the fuel re~ion increases, reach its highest point in 
= 

the reflector and then decrease. 

Th ~ + neutron flux will not be directly affected by e ..._as L 

the presence of the reflector. The fast flux should be 

highest in the fuel, near the reflector. This is because 

the thermal flux is highest here and consequently the fission 

rate is also. The fast flux should be lowest in the 

reflector. 
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V. REACTOR MATERIALS 

The initial design of the reactor calls for the use of 

three basic materials; hydrogen, beryllium oxide, and a 

molten uranium alloy. A number of other materials will 

undoubtedly be present in the actual working reactor. 

However, for the initial design developed here they will not 

be considered. 

A. Coolant-Propellant 

Hydrogen was selected as the coolant-propellant over 

a number of other choices which included; water, various 

alcohols, hydrocarbons, air and nitrogen compounds. If for 

no other reason, hydrogen was an obvious choice because of 

its low molecular weight. According to Bussard and DeL3uer, 

nThe energy content per unit mass of working fluid is evi­

dently inversely proportional to the atomic mass of the 

working fluid used" ( l ) . This can be seen from equation 

where the specific impulse decreases as the molecular 

weight increases, all other factors being constant. Since 

the lowest possible molecular weight in chemical propel­

lants is nine (ozone-hydrogen system) (12) a rocket 

employing hydrogen has an extreme advantage. 

High molecular weight was the main reason for ruling 

out the other propellants mentioned, however, there were 

other reasons for selecting hydrogen. As mentioned before, 

hydrogen molecules are unstable at temperatures above 

4oooop and will dissociate into H+ atoms and its heat 
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of dissociation is much g~eate~ than th 1 ~· ~ o er propc lants. 

Secondly, hydrogen has a higher heat capacity (4.2 BTU/lb 0 R) 

than any other gases mentioned (1). The heat capacity is 

more than twice that of helium and CH
4 

(1.8 and 1.6 BTU/lb 0 R). 

Hydrogen also enjoys the highest thermal conductivity 

(4.0 BTU/hr-ft-°F). One disadvantage of hydro8en is that at 

high temperatures it is a strong reducing agent, reacting 

with carbon and some metals. Because of this, the use of a 

graphite reflector or fuel mixture was ruled out. Since 

the coolant passes through the fuel mixture, it should also 

have reasonable nuclear properties. Hydrogen has essen-

tially a zero fast neutron absorption cross section and a 

reasonably small one for thermal neutrons (.29 barns). It 

should also be noted that the average increase in lethargy 

per collision (~) is unity for hydrogen. This means that a 

neutron can lose all of its energy in a single collision 

with hydrogen. Even though the amount of hydrogen ln the 

fuel may be small, the fractional energy loss will be of 

significance in a poorly moderated core. 

B. Reflector 

The choice of hydrogen as the propellant restricted 

the choice of a reflector material. A graphite reflector 

was immediately ruled out because of the hydrogen presence. 

The three main criteria set for the reflector were light 

· t resl'stance, and of course, desirable Welght, and tempera ure · 

nuclear properties. 

With the elimination of carbon, beryllium or beryllium 
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oxide remain as the two choices •-•l"th 1 "' _ow P.l.olecular \.Jej L,hts. 

Pure beryllium was considered f" t lrs . Of course, its most 

desirable property is its low density (l.85gm/cm
3
). It is 

reasonably strong at high temperatures, its short-time ten-
2 

sile strength is 6000 lb/in at 2000°R and has a Young's 
2 5 

modulus of 34-37 x 10 lb/in at the same temperature. The 

thermal conductivity is high, being fifty four BTU/hr-ft- 0 f 

at 1500°R. Another desirable feature is its low coefficient 
_5 

of linear expansion (11 x 10 /°F) at 2000°R. The excel-

lent moderating properties are quite familiar and need not 

be mentioned. Pure beryllium has one disadvantage, however, 

its low melting point (2800°R). If the reflector is to be 

in contact with the fuel at a proposed operating temperature 

between 3000 & 1~000 °R, beryllium cannot: be used. It: is a 

possibility, however, if a material with a high melting point, 

such as tungsten, is placed between the reflector and fuel. 

Upon investigating the various properties of beryllium 

oxide, it was found that: this material is th2 best of the 

choices available. Some of the properties of beryllium 

oxide are listed in Table I. These appear to be quite 

reasonable except for the tensile and compressive strength. 

These values are low and would necessitate the use of some 

reinforcing device. This could be in the form of steel 

bands or a steel container around the outer circumfErence of 

the reflec·tor. While beryllium oxide has a fairly high 

melting point, the maximum operating temperature of the 

reactor may be limited by it. It should be noted that most 
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Table I 

?r'operties of Beryllium Oxide 

Density = 2.9 gm/cm3 

Melting Point = 5050 °R 

Thermal conductivity = 8.5 BTU/hr-ft-°F at 3000°R 

Thermal conductivity = 21 BTU/hr-ft-°F at 1500 °R. 

Coefficient of linear expansion = 16.0 X 10- 6 or-l 
at 21+ 00°R 

Tensile strength = near zero above 2500° R 

Compressive strength = 7950 lb/in 2 at 2700°R 

20 
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Table I 

~roperties of Beryllium Oxide 

Density = 2.9 gm/cm 3 

Melting Point = 5050 °R 

71 

1 n tl1co 

;how 

ic to:r 

r:ocs 

)xi de 

:d 

ium-

Thermal conductivity = 8.5 BTU/hr--,:::o-t-°F at 3 000°R ). 

Thermal conductivity= 21 BTU/h.c--Ft-°F at l SOD 0 R en 

Coefficient of linear expansion = Ftjor 

Tensile strength = near zero above 2500° R 

Compressive strength = 7950 lb/in2 Qt 2700°R 
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of the work with b ll" ·d ery lUffi OXl e. has been done at tempera-

tures below 3600°F which may be below the temperai~JH'e in the 

reactor. 

Further inv t" t• es lga lOTI was necessary ln order to show 

that beryllium oxide was compatable with the other reactor 

materials. It has been reported that beryllium oxide does 

not interact with hydrogen C13J. Once again the tempera-

ture range investigated was up to 3600°F. Beryllium oxide 

does react with uranium, however. It has been reported 

that the system will form an oxide of uranlum~ beryllium-

uranium solution and an oxide deficient substrate ( ll+). 

However, since the reactor operating time for any glven 

rocket maneuver will be short, this should not be a maJor 

factor. 

A secondary system would employ a tungsten fuel con-

tainer surrounded by the reflectur. The tungsten container 

will protect the reflector from corrosion and may permit 

higher operating temperatures. 

The use of a tungsten container would also eliminate 

another disadvantage of a l:eryllium oxide fuel interface. 

Since beryllium oxide is a porous material, there is a 

possibility of the fuel diffusing through the reflector. 

The tungsten container would prevent this. Natural tungs-

h t · er as it has a thermal ten could not be used for t e con aln 

microscopic absorption cross section of 19 barns. OtheP 

materials with high melting points such as osmlum, rhenium, 

and tantalum have large cross sections also. Only niobium 
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molybdenum, and tungsten-184- have cr-oss s~ctions smd.ll 

enough to be considered. Of these, h'-18 1+ was con side r-ed 

best with molybdenum second. Since the reactor proposed 

in this study operates below the melting point of beryllium 

oxide, no calculations were performed with a tungsten con­

tainer. 

C. Fuel 

The rnaj or criterion in choosing a fuel mixture for the 

reactor was temperature resistance. It was desirable to 

select a fuel with a high boiling point, but a fairly low 

melting point which will provide a wide operating range. It 

was decided that highly enriched uran1um 1n a molten metal 

carri~r would be the most likely choice. A number of pos-

sibilities were considered. These were uranium with titanium, 

tungsten, molybdenum, niobium, carbon, bismuth and bl.c;ryllium. 

Phase diagrams of these alloys are found in the Reactor 

Materials Handbook (15). Of these, three were eliminated 

immediately, titanium and tungsten because of high thermal 

neut~on absorption and carbon because of its reaction with 

hydrogEn. Molybdenum and niobium offered the possibility 

of high working temperatures. However, the melting points 

of these alloys were high. An initial estimate of the fuel 

co1nposition was a maximum of twenty per cent uranium and a 

minimum of eighty per cent carrier. For these compositions 

the liquid phase of the niobium and molybdenum alloys exist 

only above 4-200 and 4-500°F respectively. 

If it is found that only a small amount of fissionable 
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material (3%) lS necessary to reach critically a ur~nium-

beryllium fuel system could be considered. There is a 

reasonable interva.l between the melting and boiling te:rnpera­

tures at 97% beryllium and above 99% and beryllium has good 

neutron moderating properties. One problem which might 

render this alloy useless is the large difference in density 

of the constituents. The centrifugal action of the vor-

tex might separate the fuel from the carrier and the beryl­

lium could be carrie~ off by the hydrogen. 

The uranium-bismuth system offers the ~<lides·t opePating 

range of the alloys considered. For a bismuth content 

above 50%, the alloy melts at or below 1800°F and does not 

boil below 3500°F. No definite information could be ob-

tained regarding the actual boiling point of the alloy. It 

will be assumed that the boiling point is above 1+000°F. The= 

fuel will be under pressure and this should raise the 

boiliPg terrperature. While bismuth is not an effective 

neutron motlerator, neither is it a neutron absorber. Bis-

muth-209 will undergo a (n,y) reaction to form Bi-210. This 

has a five day life and decays to Po-210 by beta emission. 

The polonium in turn undergoes an alpha decay (half life 

140 days) to Pb-206. The cross secticn for this reaction 

is .016 barns. Since the reactor will operate for short 

periods of time, the loss of bismuth from the systems 

will be small. 
· · · cnnsidered U-235 and 

Two 1sotopes of uran1um were ~ ' 

U-233. The 235 isotope would be rreferable as it is more 
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available than 233 and therefore, less ,-,xrcr::~lv,:. 1\t. ;_. :·:!Jl 

temperatures, U-235 has a much hi.s,her fissicn cr~;~ s ::<:-<.: t i·'n. 

However, when operating at high neutron t ·~;npe rat 11rc :; , the 

fission and absorption cross sections of U-235 ,}ecr(;,:J.::;es 

while those of U-233 show an increase. Thus, at hiE;h 

temperatures, U-233 may have a higher fission cro~::5 ~:·C'ction. 

This will be discussed further in Section VI. 
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VI. CROSS SECTIONS 

The nuclear microscopic cross sections used in the 

various calculations are based on the LASL-16 8roup found 

in ANL-5800 (16). This set was chosen because of the 

desirable energies of the various neutron groups. All of 

the elements on the reactor except bismuth were found in 

the above reference. Cross sections for Bi-209 were approxi-

mated frorn cross section curves in BNL-325 (17) and may con-

tain some degree of error. 

The cross sections for beryllium oxide were obtained 

by adding the macroscopic cross sections of oxygen and 

beryllium. We know that 

l: = l: + 1:2 + • • • + l:n, 
total 1 

6.1 

and that 

l: = N a r.vith N = pNa/M 
0 0 

Where: p = Density gm/cm 3 

M = Molecular weight 

N = 6.03 X 1023 atoms/cm 3 

a 

Thus = N a + N a 
o Be o 0 

6.2 
NoaBeO 

Since the number of oxygen and beryllium atoms ln the com-

pound are the same, equation 6.2 simply reduces to 

a - a + ao BeO - Be 

a bsorption cross sections were not As capture or -

6.3 

listed for u- 23 s, U-238 and Bi, they were calculated from 

the following relationship 

a = a + a (1 - ~) 
tr a s 

6.4 
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~were: 

~ = the average cosine of the scattering 
angle (11). 

26 

Since ~decreases with increasing mass, (.00725 for 

uranium) the absorption cross ~ectl"ons ~ lS essentially 

6.5 

It was originally intended to use sixteen neutron 

groups which would ln turn be reduced to three b d · .l'Oa 8l'OUpS 

by using option 14 of the Exterminator II code. 

the limitations of available core on the TBT1 360/50 com-

puter made it necessary to reduce the number of energy 

groups to ten. This was accomplished by averaging the 

group cross sections with respect to energy. (:;roups 1 and 

2; 6, 7, 8, and 9; and 10, 11, and 12 were averaged into 

three groups. These pairings were chosen because the 

changes in lethargy were approximately the same. 

As mentioned above, option 14 was to be used to gen-

erate three broad groups, one from 100 ev to oo, one from 

.1 ev to 100 ev, and one thermal group of energy less than 

.025 ev. Unfortunately, this method does not easily apply 

itself to a reactor design problem. Since the broad group 

cross sections are a function of nuclide concentration and 

region volume, they would have to be recomputed for each 

different reactor design. This would necessitate the use 

of an additional thirty to forty hours of computer time. 

In order to avoid this, a simple weighted average was used 
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to reduce the ten neutron groups to three. 

cross sections obtained by this me'.::hod dre liste-d in 

Table II. 

thr>ee group cross sections for U-235 to those gi-.;erl J.n 

ANL-5800. It was found that the averaged values were 

usually within .l barns of the given values. 

Due to high temperature expected in the r'ec:J.ctor, 

the thermal neutron cross section cannot be cc'n~c:.id·..:r·ed 

J'.1axi>Jellian. The cr>oss sections given in BNL-325 Jnd 

in ANL-5800 were computed at 293°K and vJill }·JdV•:: lo be 

cor>r>ected. Meghreblian and Holmes give the follo~ing 

method for finding the effective neutr·on 'l:c:-;;F''l·d.~.urr:: (18). 

Where: 

T =T (l + l.lll AK) 
n N 

TN = Moderator tempera t 1.Jre (oK) 

T·'· .. = 293°K 

N = Nuclear density of dbsor'br:ors 
a 

N = Nuclear density of sca.ttcrers 
s 

6.6 

In all cases K was found to be sDall so the ;-,eutron 

· t 1 that of the ;::o,..:crd ttJr. 
temper>atur>e will be approx1ma e Y 

Since the absorption cross sections of 

and ber>yllium were small(<.0095 barns) 

hydrogen, oxygen, 

the reflector was 

treated as a pure scatterer (i.e. Na = 0) • 

Cross Section for l/v absorbers cdn be 
The effective 
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Table II. Three Group Neutron Cress Sections 

U-235 
.-----· 

GP. 0 of 0 \) a. a tr l 
f-.---- ---------~ 

l 1.21 1.23 4.50 2.82 . 0 s o.o 
f---· 

2 66.5 1+ 4. 0 76.2 2.38 . 0 4 
-- -

3 611 516 621 2.45 -

H2 

GP. 0 
a 

0 f 0 tr v 0 i i+l ai i+2 
-----+--------+--- ---+-----~--+------~-f-------

1 0.0 8.67 .10 .096 
f- ------------ --~-· ----

2 . 0 2 2.60 
·--3-- ---.-2-9 -- f--------+--7--.-0 9 - J 

.___ ___ _~_ _______ ..___ _______ L----- ~--.....-1----~-----L------' 

Bi 
- ---r--------------· 

GP. 0f 
0 \) a 0 0 -tr l i+l l i+ a 

~--1-------
1------ ---

1.44 .01 0. 0 1 . 0 5 -

2 

~ f---~ --
0. 0 2 0 . 0 5.46 - -- -------~-~-- f--· --1---· 

3 .009 9.21 - - -

BeO 
~~ 

,...... 

I GP. 0f 0 tr 
\) 

a a i i+l a . i+2 l 

1-------- -
3.96 -1 .063 -

--------~1-· 

98 o.o 
--- ------

----- --
2 0.0 9.10 -- .21 -1 

3 .009 9.21 -- - -
--

All cross sections given in barns. 
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found from the following equation (19). 

G.8 

A typical calculation for hydrogen at 20ooor the 

effective cross section as .14 barns. This is about h~lf 

of the value at 293°K (.29 barns). 

For· the purposes of the calculations perfonncd ln this 

paper, the higher or uncorrected values of the .:: b:"orpt ion 

cross sections will be used. The purpose of th i_s is to 

take into account the presence of structur•al ma u~ rials, con-

trol devices, impurities, etc., which arc not included 

in the actual calculations. It is not expected that the 

higher values will duplicate the effects of these m~teria.ls. 

However, the overd~sign which will result, will allow to 

some degree for the inclusion of foreign bodies. 

Corrections for U-235, a non 1/v absorber, were taken 

from Westcotts work (20). His values of the effective 

absorption and fission cross sections at 233°K are higher 

~han those glven in ANL-5800. For example, the ~bsorption 

cross section in ANL-5800 is 611 barns, while Westcotts 

value is 676 barns. At the neutron temperature encountered 

in the fuel, vJestcotts cross sections are cs~;entially 

e 1 1 • ANL 58 00 As a rcsul t, the cPoss qua_ to t 1ose glven ln - · 

sections used were: 
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cr - 611 barns a 

af - 516 barns 

30 
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VII. REACTOR DESIGN 

The firs·t basic steps ln desis;nin3: the; 1'•-~ac t()l' 11 ovc 

already been taken. Materials have been chosen for the 

fuel, reflector, and coolant, and the; size of the :!."•::::.clor 

has been set. Two alternatives are available for t:ie nr'xt 

step. Either the amount of fuel or the c:ffective ;:mlti-

plication factor may be chosen and the other calcuL1 ted. 

For a reactor type which has been previously ~tudir:>d, a 

reasonable guess may be made at the fuel conccn t1•a 1 inn .1nd 

the corresponding keff calculated. The fuel concut t r·a t inn 

can then be adjusted until the desired rnultipliccJ.tion is 

found. 

For a new reactor design it might be difficult to 

choose fuel concentr2tions which arc reasonAbly close to 

those necessary for .criticality. In this cac:;e, the r~e:c,ir•;rl. 

k can be selected and the corr<3sponding flF'l cone.:;! tra-
eff 

tions found. Exterminator II offers the user both of these 

options. 

The first choice was to use the nuclide search,for a 

given multiplication factor, option. A oultiplication fac-

tor of 1.05 was selected as were the following nuclide con-

centrations. 

= 5.60 X 10- 3 atoms/cm 3 

NH = 1.26 X 10-s atoms/cm 3 

NBi = 1.05 X 10- 2 a tor:ts/ em 3 
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fro~ Laff2rty's work on vortex flow, a void fraction of SO% 

w2s assumed in the core. The void refers to the absence of 

liquid fu·C'l and is actually filled with hydrogen. The re-

mainin2 volume was assumed to contain 75% bismuth, 25% 

U-235, and 0% U-238. 

A good dl~al of difficulty was encountered in uslng 
• I 

£Xt\~X'mlr1c1tors nuclide search. While the multiplication 

factor converged (E = .0001) in less than thirty iterations, 

the flux failed to converge in three hundred iterations. 

Whr;n the convergence criterion was reduced, the flux con-

However, the code performed another iteration 

d f t (~ r co r1 v c r g c:; n c e • This extra iteration changed keff con-

::0 id<·r',1bly ,1nd the rcsu:L ts \;Jere worthless. 

failure of the flux to converge can be explained 

l) Not enough mesh points were chosen 

2) The flux was not well behaved 

3) The initial fuel concentration guess was grossly 
l.n error 

G(~c,nJ:-_::;o uf the difficulty with option 14 of Exterminator, 

LJ·1c ,lssuJncd nuclide concentrations were used in a search for 

k _t-- f. c: -
This resulted in a three group multiplication factor 

of .0517. 

It should be noted that there lS some doubt to the 

< ."lld c~}-tape of the fluxes obtained using 
•lc t 11,11 Jihlgni tuue ~· ~ 

l:xt(~rmincltor Il. This uncertainty is due to the failure of 
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the neutron flux to converge. In order to check the ac-

curacy of the results, the same problem 1 was so ved using 

AIM-5, a one dimensional computer code. The results shows 

that while the flux distribution had the same shape in both 

cases, the fluxes obtained in AIM-5 were larger by a factor 
2 

of 10 
3 

to 10 An obvious explanation for this lS the fact 

that AIM-S does not consider neutron leakage from the top and 

bottom of the reactor. This will account for the hi8her 

flux values calculated by AIM-5, as Exterminator II considered 

both top and bottom leakage. 

A multiplication factor of .0517 indicated that there 

was a serious error in the initial reactor specifications. 

The first area which was investigated was the amount of 

U-235 in the fuel . Since 233 kilograms yielded a keff of 

. 0528, trials were made with 116 and 467 kilograms of U-235. 

This information is ·depicted graphically in Figure 2. 

While increasing the amount of U-235 causes a rise in the 

mul~iplication factor, it lS estimated that two thousand 

.ki1o~-Yrams would be needed to reach criticality. 
'~ -

The neutron fluxes in this case are as predicted. These 

are shown in Figures 3 and 4. 
Figure 3, the radial thermal 

f · of ,~, max/ ¢ min as 4400 from the out-
-1 u x , s h o \v s the rat l o 'I' 

side to the inside of the fuel region. 
Such a depression 

T.'ou]_(j · · tl t ~t of the thermal neutrons produced 
vv :1nd1.cate - 1a· mos 

J.n the reflector b b ~d l·n the first few centimeters are Ll >sor e 

Of f W reach the inner regions. 
the fn~l, and very e 

Thus, 
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Fig. 2 k as a Function of Fuel Mass- Initi.1l Design 
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only a small portion of the fuel is being u::;.::::d .__,ficl_'t i_·/·_ ;y 

and as a result, the multiplication factor h'::_ 11 n<J t 1 ,_: i>- 1 1 !} 

significantly to lncreases in the amount of fuel. 

In order to make better use of the fuel, a b.:ryll iurn 

oxide reflector was placed between the fuel arHj hydros'..:n 

collection chamber. It was theorized that the presence 

of this reflector would cause thermal flux peaks at both 

sides of the fuel region with a small thermal flux de-

pression at the fuel center. A calculation vJas r:-:,J.r]e vJi th 

a six inch inner reflector and with the hydrogen coJ l· c t 1r:n 

chamber radius of fourteen inches. A laq:;e lncr~~.:.:~·:; in t11c 

effective multiplication factor was found. The UGC of a 

six inch inner reflector caused keff to increase to .3765 

with a fuel loading at 233 kgs U-235 and to .9906 with 

!i67 kgs. The fluxes corresponding to this design are 

plotted in Figure 5. 
Figure S shows that a serious pro-

blem has developed. \vhile the thermal flux at the 1rtr~t3r 

and outer edges of the fuel are high, there 

flux depression in the center of the fuel. 

l s a ~_;cverc 

A flux cJc-

pression (¢ max/¢ min) of 8421 occurs in one quarter 

inch of fuel. 
A flux depression of this magnitude lS 

intolerable. 
In almost any power reactor, it is desirable 

to have a flat flux or at least a flux which is a slowly 

changing function of position. 
This promotes even fuel 

bu 
. the bes-7-- l1eat transfer. 

Pnup and glves ~ 

In the reactor 

proposed in this study, even fuel burnup is not a 

. factor due to the short operating times 
s1.gnificant 

· of the fuel will 
and the fact that the vortex motlon 
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Table III. Hydrogen Density at Various Pressures 

Hydrogen Density Hyd~<_?gen Pressure 

.0024 45 psla 

.0096 183 psla 

.0387 735 psla 

.0591 1102 psla 

.0795 1470 psla 

.1590 2940 psla 

/\1 l quantities are evaluated at 3500°R. 



www.manaraa.com

keff 

r. 6 
.L lg. 

Effect of Hydrogen Pressure on k fc 

e ~ 

LaaLTI -------..-----

0 
.98 t-<r-· --<>--------..---~-

.94 T 
I 

I • 9 2 I 
....;... 
·------~----

200 

-Fuel Concentration 
5.6 x 10- 3 atoms/cm 3 

-Fuel Concentration 
1.12 x l0- 2 atoms/cm 3 

0 

' ' 

I 
I I I 1 I J l I .J soo 1ooo 14oo :aoo 22oo 2soo 3ooo 

Pressure (~sia) 

I 

.::: 
0 

I 



www.manaraa.com

lj l 

counteract any uneven buildup of r· · 1ss1on products. 

heat transfer is, however, most important 1n this system. 

The hydrogen coolant will only be in contac~ with the fuel 

for a short time. If the max1mum fluxes occur only 

portion of the fuel, the amount of heat transferred 

duced. 

1 n a 

1s re-

In order to decrease the flux depression, more neutron 

moderation in the core was needed. Since the fuel systPm 

is in vortex motion, any substance added to the mixture 

will be forced from the fuel due to the centripetal force 

developed. Either another fuel mixture must be used or 

the density of the hydrogen must be increased. 

It was thoughtthat increasing the hydrogen density by 

pressurizing the system would be the easiest way to incre~se 

mode~ation in the fuel. Trials were made with hydrogen 

pressures vary1ng from 45 psia to 3000 psia. The various 

pressures and the corresponding hydrogen density and atom 

concentrations are listed in Table III. 
It was found for a 

fuel loading of 233 kgs, that hydrogen pressures above 

3000 psia would raise the effective multiplication factor 

above unity thus making the reactor critical. 
Figure 6 

shows the effects of various pressures on kef£. 

Increasing the hydrogen density did not eliminate the 

~l · f 1 However, it did tend to reduce 
r ux depression 1n the ue · 

1· ..... 
L • 

f 1 470 psia, the ratio of the 
At a hydrogen pressue o 

l 
· fluxes 1·n the fuel is 90, still too high. 

owest and h1ghest 

The effects of coolant pressure on the flux depression are 

-
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shown in Figure 7. 

Extrapolation of the curves in Figure 7 s1YJ~~':; L11 ,1 t 

with a fuel loading of 233 k_ gs U-235, a pre:.3sure of 7SOO 

psla would be needed to reduce the flux depression 

(tj>max I ¢min) at such a high pressure is unfeasibl•:; and 

another method of decreasing the flux depression must be 

found. 

An examination of Figure 5 offers a possibility. 

Since the flux is so low in the fuel center, the thickness 

of the fuel could be decreased, thus moving the i..',·Jo hiroh 

flux points closer together and reducing the dr:prc::~:; ion. 

Trials were made with 3/8, 1/4 and l/8 inch thick fuel 

regions. The atom concentrations in the fuel were: 

N2s = 5.6 X 10- 3 atoms/cm 3 

NBi = 1.05 X l0- 2 atoms/cm 3 

N 
H = 8.12 X 10- 4 atoms/cm 3 

As the center portion of the fuel only makes :1 ~;m._: ll 

contribution ·to the neutron flux, its rcmova1 should not 

seriously reduce the multiplication factor. 

The results of this set of calculations verify t~e 

· fl. gure 8 sh1 ows ke +'. f as a function of prevlous hypothesis. _, 

th f It Can be c:cen thrlt the J;lult~plicl.tjon 
- e uel thickness. ~ 

factor increases as the fuel thickness 
is decrcaseli :"rom 

l/2 to 
1

; 4 inch and then decreases for thicknesses less than 

l/4 inch. 

Decreasing the fu 
thickness has also decreased the 
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flux depression to an acceptable level. From fiourc 9 
c~ 

it can be observed that the value of ¢max I ¢min lS 

below ten for fuel thickness of 7/32 of an inch or l (2 ~3 s , 

and for a l/8 inch fuel the ratio drops to less than four. 

Although the flux shape is still not flat, the curvature 

obtained with a l/8 inch fuel is acceptable. 

The multiplication factor for the l/8 inch fuel w~s 

.9846. In order to lncrease this, five centimeters of 

beryllium oxide was added to the inner reflector. This 

raised k rf to 1.051 while reducing the value of the flux 
e_l_ 

depression to 3.85. 

The hydrogen pressure in this system lS 29 1
! 0 psJ_a. 

An attempt was made to reduce this by raising the U-235 

concr:ntPation to 1.12 x 10 2 atoms/cm 3 (25%) and rcduci_ng 

the hydrogen concentration to 4.06 x 10 
4 

atoms/cm
3 

Cat ll+ 7 0 p s ia) . These concentrations resulted in a multi-

plication of 1.0630 for a l/8 inch fuel and 1.0572 for a 

1/16 inch fuel. The more concentrated fuel creates a flux 

depression of 10.8 at l/8 inch and 4.0 at l/16 inch. 

'l bl f r the fuel size; 
Thus, two choices are aval a e 0 

a l/8 inch region containing 12.5% U-235 with a hydrogen 

pressure of 2940 psia or a 1/16 inch region containing 25% 

U-235 with a hydrogen pressure of l470 psia. 
The l/15 inch 

regi8n was selected mainly because of the loi,JCr hydr
0

)3,en 

the axial and radial fluxes 
Pr>essure. Figures 10, 11, 12 shoW · 

ln the reactor. 
is the amount of radial 

The final area to be studied 
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rc fl ec-toP necessary to achieve the des ircu mu l tip l ~-c<t t ion 

:factor. In previous trials, a reflector t11 id- nc ~; :; of 5 G em. 

was assumed. The beryllium oxide concentration w2s 

6.67 x l0- 2 atoms/cm 3 • An examination of F i.3;ure 10 s1v-n·JS 

that the thermal flux peak in the inner re flee tor ( t!1 ic\::nc.::; s 

20 em.) lS almost equal to that in the outer reflector. This 

would seem to indicate that size of the other reflector m2y 

be decreased without seriously affecting the neutron flux 

or l<:eff" 

Calculations were made on a 1/8 inch fuel rcg1on 

using reflector thicknesses of 56, 42, 28 and 1 1+ cc:nti-

meters. It \vas found that while decreasing the ,1moun t of 

reflector slowly decreased keff' the fluxes in the core 

decreased rapidly. This information is presented in 

FiguPe s 14, 15. 

------------------~~~ 
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reflector> necessary to achieve the desired mul tipl ic,lt ion 

factor. In previous trials, a reflector thickncs s of 5 G cr'1. 

was assumed. The beryllium oxide concentration w~s 

6.67 x l0- 2 at6ms/cm 3 • An examination of Figure 10 shr;'.·Js 

that the thermal flux peak in the inner reflc~ctor Ct~1ic~<n·2::;s 

20 em.) is almost equal to that in the outer reflcc~or. This 

would seem to indicate that size of the other reflector m~y 

be decreased without seriously affecting the neutron flux 

or keff" 

Calculations were made on a 1/8. inch fuel rc81on 

using reflector thicknesses of 56, 42, 28 and 1 1+ cc~nti-

meters. It \vas found that vJhile decreasing the ,lrnount of 

reflector slowly decreased keff' the fluxes in the core 

decreased rapidly. 

Figures 14, 15. 

This information is presented in 
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VIII. T\.JO PHASE VORTEX FLO\'J 

Two phase vortex flow was investigated by J. F. L2 ff~rty 

ln 1966-1967. His work served as the guideline frOE1 v;hich 

the various properties of the two phase vortex descri~ed in 

this work were found. 

Although the basic principles employed ln Lafferty's 

work were the same as those used in the reactor design, the 

actual systems varied greatly. His apparatus consisted of 

a five inch diameter vortex chamber surrounded by a one 

in~h nlenum rlng. The height of the vortex chamber vJas 

also one inch. The gas-liquid mixture employed \·Jas alr 

and water as compared to a hydrogen and liquid metal mix-

ture used ln the reactor. Lafferty's work was largely 

experimental although some theory was included. 

In order to obtain a successful reactor design, five 

areas of vortex flow were investigated. These were the 

gaseous void fraction, pressure drop across the vortex, 

radial pressure of the liquid phase, radical velocity of 

the gaseous phase, and the conditions necessary to create 

a two phase vortex. 

The two phase vortex lS created by injecting the 

gaseous phase tangentially to the liquid region. This 

causes the liquid to rotate and the centrifugal action 

forces the less dense gas to the center where it is ex-

hausted. 

In order to determine the gas inlet velocity 
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necessary to rotate the liquid phase, the system was analyzed 

from an energy standpoint. In order for energy to be con­

served, the kinetic energy of the rotating liquid must 

equal the kinetic energy of the gas at the inlet point 

m1nus any flow losses. 

The kinetic energy of the rotating fuel 1s equal to 

the product of the moment of inertia and the square of the 

angular velocity. The moment of inertia (I) is found from 

equation 8.1 to be 't.95 sluP"s ft2. 
0 

m = mass of body 8.1 

R - radius 

and the energy is 4.95w 2 . The kinetic energy of the gas 

is t~ken as l/2mv 2 . Equating the two, the following 1s 

obtained: 1+. 95w 2 = l/2mv 2 

There are three quantities which we must select, w, v 

and m. It will be assumed that an angular velocity of two 

revolutions per second will be sufficient, in free space, 

to form the vortex. Various combinations of v and m were 

tried and a velocity of one hundred feet per second was 

selected. The resulting mass was found to be .063 pounds. 

The mass should be as low as possible to allow for longer 

operating times, however, the velocity should be reasonably 

low. 

Once the rotational speed of the fluid has been deter-

mined, the pressure of the fluid on the container can be 

found. The centripital force is equal to the fluid mass 
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times the ra.dia.l acceleration, a . The radial acccler~tion 
r 

is found from a 
r 

(2nRw) 2 

= where R is the radius of the con-R 

tainer. The radial acceleration was found to be 3'+79 in/sec 2 

and the force on the container wall was computerj as 2370 lb. 

From this information, the pressure was found to be .355 

pounds per square inch at any point on the container wall. 

Lafferty gives the following relation between pressure 

and the radius of the vortex. 

where: 

= (. 00345) e 5 . 76 (r/ro) ' 

p = Pressure ln lb/in 2 

e - Exit conditions -

. = Inlet conditions l 

r = Radius at \tJhich p lS to 

r = Radius of the container 
0 

8.2 

be found 

Taking the derivative with respect to r of equation 8.2 

yields the differential pressure loss. 

~ = (Pl. -Pe) dr 

A l·ng that pl·, the inlet pressure, ssum 

8. 3 

lS known, it is 

t · 8 2 cc..,nnot be solved without kno1\rledge obvi.ous that equa lOn . _c. 

of either QQ or the exit pressure. 
dr 
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In this case, however, an accurate determination of 
dp 
dr lS not essential. The hydrogen pressure in the system 

lS 1470 psia. This will be controlled by using orifices 

on the exit holes in the inner reflector. Thus, regardless 

of ·the pressure d th · rop, e entlre vortex system is kept at 

57 

In his report, Lafferty reported that the void fraction 

lS a function of the radius and the height of the vortex 

and is independent of the gas inlet pressure and the pres-

sure drop across the vortex. As no mention was made as to 

whether or not the void fraction lS a function of density, 

velocity, etc., it will be assumed that it is not. Lafferty 

determined experimentally the void fraction at various 

radii and has plotted the radial distribution of the aver-

~ge void fraction. From this information, an overall void 

fraction of .6 was assumed. It should be noted that the 

void fraction approaches unity at an r/r of .4. Thus, 
0 

about one third of the vortex region is pure hydrogen. 

The dimensions of the fuel region w2re assumed to be ~ 

thick by forty eight inches high. The ~ inch lS from 

the point at which r/r 
0 

equals .4 and lS assumed to be 

the collection chamber region (region I). 

inch 

ln 

Since the calculations in this section are based on 

fairly approximate theory, they may be in error. Due to 

the scarcity of information on two phase vortex flow, there 

seems to be no way of proving that the calculations are correct. 

An experimental apparatus would be one way to check their 
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validity. Such a device. could be easily constructed a.nd 

molten lead could possibly be substituted for the more 

expcns1ve bismuth-uranium mixture. 

58 
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IX. HEAT TR,_'\NSFER 

One of the T11ost important factors in determining the 

usefulness of a reactor for rocket propulsion is the aJ11ount 

of heat transferred to the propellant. It has been shown 

ln equation 2.2 that the specific impulse of a rocket lS 

largely a function of the propellant temperature. A reactor 

with poor heat transfer properties would be useless. 

The majority of heat will be transferred from the fuel 

to the coolant by convection. The motion of the vortex 

will cause the hydrogen to bubble through the fuel. In 

order to determine the temperature rlse on the gas, an 

individual bubble was studied. It will be assumed that 

th2 bubble is spherical in shape. 

The general heat conduction equation for a sphere lS (21) 

Where: 

T 

e 

r 

ct 

k 

p 

c 
p 

- temperature 

- time 

:: radius 

:: k/pc 
p 

:: thermal conductivity 

- material density 

:: specific heat at constant pressure 

9.1 

This cannot be solved easily, however, a serles of 

graphical solutions are presented ln The Principles of 
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Heat Trar1sf er by Krei t-h ( 21). Th h - ese s Old bot:h the tempera-

tur>e ratio, (T I 
r r 

0 
- T~) I (T - T ) and the ratio of 

e=o 0> 

heat flow as a function of the Fourier modulus and the recip-

rocal of the Biot modulus. 

Fourier modulus = aelr 2 
0 

Biot modulus = hr lk 
0 

vJhere: 

fi = the average unit surface conductance 

9.2 

The charts ln reference 21 show that the temperature 

rlse of the sphere is highest for large values of the 

Fourier and Biot moduli. Thus, for a maximum temoerature 

rise, the ratios of 8/r 2 and hr/k should be close to or 
0 

~re~ter than unity. Taking the first case, the value of G 

':rill probably be small. Even with a pressurized system, an 

individual bubble should not stay in the fuel for longer 

then one tenth of a second (2.78 x 10 hrs .. -4 ) In order 

to obtain the desired value of the Fourier modulus, r 2 
0 

must be at least equal to 3 x 10- 4 ft 2 (the value of a lS 

1.15 ft 2 /hr). This corr'esponds to a bubble radius of 

.2 inches. Although no information could be found on the 

bubble size in a vortex system, it would seem that this 

size is much larger than that expected. Bubbles having a 

radius of less than .OS inches appear to be more reasonable. 

This is corr~borated in a University of Florida rcpo~t which 

includes a di;:3cussion of heat tn:1nsfer in a vortex reactor, 

wherein the various parameters are optimized. These in-

elude flow rates, bubble sizes, pressures and velocities 
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( 7). The author g1ves an optimum bubble s~ze of 

2.32 em. or about .0091 inches. Bubbles 0f :; ~ z e 

will result in a Fourier r'1ojulus greater' than five hundred. 

A value of this magnitude will allow for an error in the 

choice of e. 

The large value of the Fourier modulus also cases the 

restriction on the Biot modulus. If it is assumr:d that 

the values of the conductivity and bubble radius are kno~rm, 

only fi remains to be found. There are a number of 

empirical formulas for determing ~under v~r1ous conditions. 

In most of these the unit surfuce conductance is a. function 
,. 

of Reynolds number, Prandtls number and the thcr~al con-

c1uctivity. In order to obtain a reasonable estimation of 

h, the hydrogen was assumed to flow through tubes, whose 

surface area equals that of the bubble. Assuming a bubble 

diameter of one tenth of an inch, the tube diameter 1s 

.16 inches. The Reynolds number calculated usln~ a 

velocity of fifty feet per second is 34900. All fluid 

properties were evaluated at two thousand degrees Faren-

heit. 

Since the flow is turbulent (N > 4000)the following 
Re 

equation was used to determine fi (22). 

k 
ii = D 

(.027) 
8 ) 1 I 3 (-11 ) • 14 

(NRED) . ~-" (NPr ~s 9.3 
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\~here: 

NPr = Prandtl number= .71 

~s = Dynamic viscosity, evaluated at the pipe 
surface temperature - 1.74 lb/ft-sec 

Solution of equation 8.3 results in a value of lOI+S BTU/hr-
2 

ft -°F for h. It should be remembered that this value is 

very approximate due to the assumption necessary. Since 

the possibility of error 1s great, the worst situation will 
2 

be assumed and h will be reduced to 10.45 BTU/hr-ft -°F. 

Using this value, the Biot modulus is 1.74. When this is 

a~plied along with Fouriers modulus, to Krieth's chart, 

TP/ro - Too 
T= o o - T 

00 

is found to be close to zero, indicating 

that T I r r 
0 

- T 
00 

J.s small. Thus, the final 

tcmperature of the gas will be almost equal to the fuel 

temperature of four thousand degrees Farenheit. 

b2 
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X. CONCl~SIONS AND RECOMMENDA·rroNS 

The r-2actor studied in this report has been ~~::cv:n to 

meet the basl·c requl"rcments f t h · . ~- o reac· or p yslcs and hc~t 

transfer. 

The final design calls for the use of a l/16 inch fu2l 

region containing 25% U-235, 25% bismuth and 

The fuel will have an inner reflector of 20 em. and 2n cuter 

reflector of 56 em. The axial reflector thickness is IJ S em. 

A reactor of this design will have a keff of 1. 057 ,1;;ci the 

ratio of ~ /~ . of less than four. 
max mln 

The 11se of a pressurized system (1470 psia) will pro-

hibi t any dissocia·tion by the hydrogen molecu lcs. 'l'h i_ s is 

one undesirable feature of the reactor. 

The hydrogen will leave the fuel at appt•oxi:natr~ly 1+000°F 

and Hhen exhausted through the proper nol'.zle, produce a 

specific impulse of 835 seconds, more than t• .. ri.ce thdt of 1"1-1e 

best chemical rocket. 

A number of areas must be investigated before this 

design could be considered for operation. Some of these 

would include: 

l) A study of the properties of beryllium 
oxide at hizh temperatures. 

2) A study of t\<JO phase vortex flo\-J 1-Ji th 
a heavy liquid metal and hydrogen. 

3) The effects of motion on the vortex. 

4) A detailed heat transfer study. 
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fig. 16 Cross Sectional View of the Reactor - Final Design 
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