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Prcfatce 

When thie feasibility study was begun, 1 anticipated that most of 

the work would be on the nuclear aspects of the design. As it turned 

out, more than half of my time was taken by the materials problem, 

which was essentially a literature search. It should be noted that 

the amount of information available on materia* properties at high 

temperatures is both very limited and well distributed among many 

unrelated journals, most of which have nothing to do with nuclear 

engineering. The problems of heat transfer and fluid flow also took 

much longer to solve than was anticipated, and so the reactor calcu¬ 

lations were limited to the minimum amount which would indicate 

trends of the system. 

The bibliography includes all the important references containing 

L' ormation on either materials or fluidised beds which 1 was able to 

find, but it does not list such sources as " Nuclear Science Abstracts" 

or "Chemical Abstracts", which were extensively used. The body 

of this report has also been shorn of much material which 1 felt was 

superfluous, including a discussion of the derivation of two-group 

diffusion theory. 

1 would like to thank both Mr. Cook and Mr. Vincze from the 

AF1T Library and Mrs. Denning from the Physics Department for 

the assistance they gave me, without which my work would have been 

much more difficult. Finally, I thank my wife for her help in pre¬ 

paring this report, and for her calm in the midst of the storm. 

Kenneth R. Hooks 
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Abstract 

A feasibility study of a high temperature, liquid-metal-cooled 

nuclear power reactor depends upon considerations of materials, heat 

transfer, fluid flow and nuclear parameters as well as certain design 

guidelines. The criteria of a coolant outlet temperature of 2000°C 

and a low pressure core, plus good nuclear and heat transfer proper¬ 

ties, led to the choice of liquid aluminum as the coolant. A compati¬ 

bility study determined that only aluminum mononitride is inert to 

aluminum at 2000 C, and must be used for constructing the core. 

Sine no uranium or plutonium compounds are inert to liquid aluminum 
o 

at 2000 C, fuel elements of uranium mononitride were chosen on the 

basis of probable compatibility with the required aluminum nitride 

cladding. Consideration of the heat transfer effects led to the choice 

of micron-sise coated fuel particles in a cylindrical fluidised bed 

core. Three methods of determining the parameters of the fluidised 

bed were used to indicate the best particle sise and aluminum flow 

rate in the core for any desired power level. The nuclear parameters 

of the system were studied using two-group diffusion theory and an 

infinitely reflected spherical geometry. The results predict a fast 

core with a critical mass above ten kilograms, and indicate that the 

reactor may be made inherently stable by correct design of the core. 

vi 
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I. Introduction 

The great variety in both type and purpose oí nuclear reactors 

requires that any attempt to design such a system must start with 

the establishment of the criteria which the reactor must meet. 

These guide lines perform the functions of; (1) defining the purpose 

of the design study, (2) suggesting ways in which the problem may 

be attacked, and (3) providing a check upon the value of the results. 

Problem 

This report presents the results of a feasibility study of a very 

high temperature, liquid-metal-cooled nuclear power reactor, 

based upon the following criteria. First, the reactor should be 

capable of operation with a coolant outlet temperature of about 
o 

2000 C. Second, a liquid-metal heat-transfer agent should be used 

to cool the core, to eliminate the problems of pressurization. 

The temperature requiremeri reflects the desire to improve 

heat transfer characteristics in the power cycle (heat exchanger) 

of the system, where efficiency improves with increasing temper¬ 

ature. The use of a normal liquid or gaseous coolant at the 

proposed outlet temperature would result in very high operating 

pressures, and this consideration led to the second criterion. 

Current liquid-metal-cooled reactors, using coolants such as 

sodium or NaK, achieve peak fuel temperatures of about 600°C, 

with maximum coolant temperatures at the outlet of about 500°C. 

(4: 444-449). Reactors have been proposed which would be fueled 

with a liquid uranium (or plutonium) metal alloy or a slurry of 

liquid-metal coolant and refractory fuel. These reactors are 

expected to operate with coolant outlet temperatures near 1000°C. 

In particular, one design for a slurry-fueled reactor specifies a 

peak fuel temperature of 1500 C and a maximum outlet temperature 

1 
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of 1100 C (9: 1-3). In general, little consideration hat been given to 

liquid (metal or otherwise) cooled reactors for use above 1000°C. 

Sc°Pg 

The problem was treated in as general a fashion as possible, 

within the limits imposed by the guide lines and available time. No 

experimental n»ork was performed, so all the results are based upon 

literature searches and theoretical calculations. Where no generally 

accepted property values or defining relationships were available, 

extrapolations were made. The main effort was given to the materials 

problem and core design, with little attention given to pumping, heat 

exchange or technical problems of flow systems outside the core. 

Method of Attack 

The design problem was attacked by first considering the 

materials requirements, then heat transfer and probable core geom¬ 

etry, and finally determining the nuclear parameters of the reactor 

under operating conditions (steady state). Since each step is almost 

completely dependent upon the particular solution of the previous 

step, it was necessary to select only one "best" answer to each 

problem and base each successive answer upon the previous one. 

Selection of the liquid-metal coolant was accomplished by 

elimination on the basis of nuclear properties, melting points and 

vapor pressures followed by comparison of the heat transfer proper¬ 

ties of the remaining possibilities. Once the coolant was selected, 

a study of the compatibility of possible construction and fuel materials 

with the coolant was performed. 

When the materials selection was completed, further comparison 

of the thermodynamic and thermo cue mi cal properties of the materials 

led to a particular type of fuel element. Consideration of the neces¬ 

sary heat output of the reactor (megawatts of thermal power) and the 

probable thermal stresses in the fuel elements resulted in the 

determination of a core configuration. 

2 
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Lack of time limited the nuclear parameters study, resulting 

in the use of a simplified geometry and an analytical rather than a 

numerical solution to the flux equations. Although the results could 

not be checked against a known solution, they indicate that the final 

design selected will be inherently stable and controllable. 

Summary 

In the next three chapters of this report, a detailed discussion 

of the solutions to the problems of materials selection, heat transfer 

and core geometry, and determination of the nuclear parameters of 

the reactor are presented. The last chapter lists the conclusions 

which may be drawn from this feasibility study and some recommen¬ 

dations of areas for further study. 

3 
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II. Selection oí Material« 

The material« which are «elected for use in the core region of 

the reactor will be one of the deciding factors in the overall design. 

Their phyeical and nuclear propertie. will influence the core geom¬ 

etry, the coolant rate of flow, the fuel loading--and whether or not 

the design is practical. The materials problem consists of three 

parts: (1) the selection of the liquid-metal coolant, (2) determining 

which materials are inert to the selected coolant at 2000°C, and 

(3) the choice of the construction material(s) and fuel material. 

A great many simplifying assumptions were made during the 

course of selecting materials, due to the lack of information and 

time. It should be noted that the lack of information is not peculiar 

to this report, but is inherent in any study of materials at very high 

temperatures. 

Coolant 

The first requirement of any coolant being considered for use 

in a nuclear reactor is a low neutron absorption cross section. 

Almost equally important are its heat transfer properties, including 

heat capacity, thermal conductivity, density and viscosity. To fit 

the criteria set forth in Chapter I, any coolant must have a low vapor 

pressure at 2000°C. Finally, if the coolant ha. a short activated 

product half-life, it will present less hazard in handling or repairs. 

Aluminum was suggested as a possible coolant for a high 

temperature, low-pressure nuclear reactor by a design study per¬ 

formed in 1962 (Ij 3). The nuclear properties of aluminum are 

excellent, as is evident by its use in reactors as a fuel matrix or 

cladding, and for structural purposes. Its heat transfer character¬ 

istics are not as well known, but it does have a high boiling 

temperature and a low density. 

4 
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In order to justify the use of aluminum as the coolant, before 

spending time to determine its properties at 2000°C, four rather 

arbitrary criteria were selected by which other possible coolants 

could be compared to aluminum. First, all metal rUloy systems 

were discarded for the following reasons* (1) the number of possible 

molten alloy systems is simply too great to consider, (2) the thermo¬ 

chemical relationships of a system are much easier to determine with 

a pure (single) metal coolant, and (3) a quick survey indicated that no 

alloy systems which would be good coolants at 2000°C have been 

discovered. Second, all elements with neutron absorption cross 

sections greater than one barn at either 0. 025 eV or 1 MeV were 

eliminated. Third, metals with a melting temperature above 1000°C 

were discarded, and fourth, those metals which have a vapor pres¬ 

sure of more than one atmosphere at 2000°C were eliminated. Since 

the neutron cross sections and melting and boiling points of the 

elements are all well tabulated, and in fairly good agreement regard¬ 

less of the source, the application of these criteria was simple. 

Aluminum. The only liquid metal coolant which passed all of 

the above tests was aluminum. It has neutron absorption cross 

sections of 0. 23 barns at 0. 025 eV and 0. 37 millibarns at 1 MeV. 

The activated product oí (the only i.otope) U Al28. with a half 

life of Z. 3 minute. (5: 2-13, 29). Aluminum melt, at 660°C and ha. 

a vapor pre..ure oí le., than 100 mm Hg. at 2000°C. On the ba.i. 

of the above re.ult., molten aluminum wa. .elected a. the "best" 

coolant. 

The heat transfer properties of liquid aluminum are neither well 

tabulated nor in agreement, with the exception of the values of heat 

capacity, Cp, and (usually) thermal conductivity, k. To determine 

the most likely values of these properties, an extensive literature 

survey was performed, supplemented by correspondence with 

laboratories and individual researchers (Appendix A). 

5 
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Appendix B contains graphs oí density, p, vapor pressure, p, 

and dynamic viscosity, p, of molten aluminum as a function of 

temperature, and an explanation of the methods of extrapolation 

employed in each case. Values of the other physical properties 

of liquid aluminum which were not required for the calculations of 

fluid flow and nuclear parameters can also be found in the references 

noted on the graphs. 

Although some attempts have been made to define a heat transfer 

number which would differentiate between good and not-so-good heat 

transfer agents, these methods are usually hedged by experimental 

results. In the Liquid-Metals Handbook, for instance, the heat 

transfer properties of sodium, NaK, bismuth, etc. are compared 

by plots of the change in heat content as a function of temperature 

(Btu/ 100 F) versus velocity in a one-inch tube, and also by plots of 

the heat transfer coefficient, h (Btu/hr-ft1 °F) versus velocity in a 

one-inch tube (20: 18). 

Murray (22: 156-157) sutes that a good coolant should have a 

high specific heat, high thermal conductivity and a high heat transfer 

coefficient to achieve maximum heat flow at minimum coolant flow 

rates and temperature. The heat transfer coefficient, h, is the rate 

at which heat can be transferred per unit area per degree difference 

in temperature between the heating surface and the fluid. The heat 

transfer coefficient is defined differently depending on the flow situa¬ 

tion, and for liquid metals flowing in circular tubes or between 

parallel plates is 

where uf is the average fluid velocity, D is the diameter of the pipe 

or twice the disUnce between the plates. A, B, and C are consUnts 

determined by conditions such as constant temperature, constant heat 

flux, etc. It is thus apparent that viscosity is not rate-determining 

in liquid metal heat transfer for tubes or parallel plates (4; 246-256). 

6 
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Since h depends on D and Uf in the equations above, and will 

have another form for other geometries, no attempt was made to 

define an h which would prove aluminum to be a "good" heat transfer 

agent. Instead, a comparison between some of the property values of 

liquid aluminum at 2000°C and two other typical liquid-metal heat 

transfer agents at their probable maximum operating temperatures 

is offered in Table I as a method of determining the value of liquid 

aluminum as a coolant. 

Vapor pressure is the only value in which liquid aluminum at 
o 

2000 C differs greatly from the other two liquid metals, and vapor 

pressure should not be a strong factor in determining the heat 

transfer in the system. Thus it appears that liquid aluminum will 

probably be an acceptable, if not a good heat-transfer agent at the 

desired temperature. 

Table I 

Comparison of Property Values* 

Aluminum Sodium Bismuth 
(2000 C) ( 500°C) (600°C) 

Density (g/ cc) 2. 

Dynamic Viscosity 2. 
(centipoise) 

Heat Capacity o. 
(cal/ gm°C) 

Thermal Conductivity 0. 
(cal/ sec cm2 °C/cm) 

Vapor Pressure 50* 
(mm Hg) 

0** 0. 829 9.66 

0** 0. 226 1.00 

¿59 0. 301 0. 0359 

¿ 0. 016 0.037 

* 1.0 1.0 

* (34: 613-640) 

** Appendix B 

7 
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Once the coolant hau been selected, and its properties 

determined, a material(s) which is inert to attack by liquid alumi¬ 

num at 2000 C must be found. If this cannot be done, or the 

material has nuclear properties which exclude it from consideration 

in the construction of the core region, the whole process of selecting 

a coolant must be repeated with differing criteria. 

Compatibility 

The compatibility of materials is an area in which a great deal 

of experimental work has been carried out. but without the develop¬ 

ment of a broad theory capable of accurate predictions of the 

interactions of different compounds (metallic or otherwise). The 

best tool available for theoretical predictions of reactions between 

compounds is the Gibbs* free energy equation, which is based upon 

experimentally obtained thermochemical data. 

The criterion that a system of compounds (or elements) will 

not react is 

(i) ï(nAC)product* - 1 (■> AG)reicUnti| = aG°>0 

wh«re AG i. the Gibb.' free energy of formation of the compound, 

and n is the number of moles involved. AG is defined by 

AG = AH - TAS 

where AH is the change in enthalpy with temperature, AS is the 

change in entropy with temperature, and T is the absolute temperature 

at which the reaction takes place. The change in enthalpy and the 

change in entropy are defined by 

8 
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with the change in heat capacity as a function of temperature denoted 

by ACp (29j 34). 

Thu* the use of equation (2) requires a knowledge of the enthalpy, 

entropy and heat capacity of the reactants and products, and how they 

vary with temperature. There are usually uncertainties in the values 

which will lead to a possible error of 5 to 20% or more in the calcu¬ 

lation of the Gibbs* free energy at higher temperature. An example of 

this variation in AG depending upon the source of the values of 

ah298* as298 and ACp is given in Table II. 

Compound 

AIN 

AIN 

UN 

UN 

Table II 

Comparison of Gibbs' Free Energy 

of Formation for Two Compounds 

(kilocalories/ mole) 

(34: 587) (21: 8) 

-47.2 -63. 05 

- 3 5. 0 - 50. 2 

-57.2 - 

-47.0 - 

Temperature 

500°K 

1000 

500 

1000 

(29: 71, 72) 

-69. 8 

-49. 5 

The use of equation (2) is further limited by the requirement of 

having to know the possible product compounds resulting from a 

reaction of the materials being compared. Finally, even if AGQ is 

negative, a reaction may not take place, since AGQ> 0 is only a 

sufficient condition and does not account for the formation of protec¬ 

tive films or other mechanisms which may prevent a reaction. 

The experimental data available on the compatibility of liquid 

metals with other materials is mainly limited to the alkali metals 

such as sodium, potassium and lithium, although some information 

9 
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i» «v»iUble on U»d. mercury, »nd bi.muth (4: 434). In particular, 

almost no work ha. been done concerning the ero.ion-corro.ion 

(flow corro.ion) elíect. oí any other molten metal, upon po..ible 

containment material*. 

At temperature, below 1000°C a number of material, are fairly 

resistant to attack by liquid aluminum, including graphite, alumina 

(AljOj). beryllia (BeO), and zirconia (Zr02). No metal, are 

compatible at this temperature, although iron, chromium and nickle 

exhibit .ome re.i.tance to attack below 800°C. Graphite i. generally 

considered to be u.able up to 1800°C, due to the formation of A^Cj 

a. a protective .urf.ce film (ZOt U6-170). At 1800°C. aluminum 

react, to completion with carbon and graphite, and at ¿000°C alumina 

and molten aluminum combine to form volatile Al^O. The only 

material which appear, to be inert to aluminum at ¿000°C i. aluminum 

mononitride (18j 53). 

Aluminum mononitride (AIN) con.i.t. of 65. 81% aluminum and 

34. 19% nitrogen, and i. a white crystal having hexagonal wurtzite 

structure. It ha. a theoretical den.ity of 3. 26 g/ cc and appear, to 

disassociate (rather than melt) at about 2450°C. Hot pressed AIN 

i. a better conductor of heat than alumina, and ha. a thermal 

expansion coefficient .lightly higher than that of .ilicon carbide which 

exhibit, excellent re.i.tance to thermal .hock and good dimen.ional 

stability at 1000°C. It also appear, that AIN i. .table in contact with 

graphite, tungsten and molybdenum at 1800-2000°C (18: 425). 

On the ba.i. of mechanical (phy.ical) propertie., aluminum 

tr.onomtride .earns to be a. good a material for high temperature 

construction a. most other ceramic, although the problem, of form¬ 

ing Urge article, from AIN by hot-pre..ing or .lip-ca.ting may 

require the u.e of a "firebrick" or furnace-wall-,yp. con.,ruction 

for the core. It. nuclear propertie. will depend upon tho.e of 

10 
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aluminum and nitrogen. Nitrogen has an absorption cross section 
i 4 

of 1. 88 barns at 0. 025 eV, for N , which is 99. 63% abundant 

(5: 13-18). Although this absorption cross section is greater than 

that specified for the coolant, it is small enough to be acceptable, 

since the only other alternative is the selection of another coolant. 

No information on radiation damage to AIN is available, but in 

general ceramics tend to be fairly insensitive to radiation damage 

and heal ‘uickly at high temperatures. 

Fuel Materials 

Unless the reactor is to be a liquid-fuel type, the fuel material 

chosen must be a solid at 2000 C. There is almost no information 

available on the compatibility of materials with molten uranium, or 

plutonium alloys above 1000UC. For this reason the use of a fluid 

fuel was excluded. 

Due to the lack of information on high-temperature properties 

of plutonium and its compounds, the search for a fuel material was 

restricted to uranium compounds. The nuclear properties of Pu¿i9 

(fast or thermal fuel) are no better than those of U235 at thermal 

energies (af greater, but a f/a , smaller). For a fast reactor 
239 

Pu offers a slightly higher fission cross section and number of 

neutrons per fission with about the same parasitic capture cross 

section (average values). Since the spectrum of the reactor is not 

yet determined, the use of U235 in preference to Pu239 seems 

reasonable. The temperature requirement limits the possible fuel 

materials to oxides, nitrides and carbides of uranium. 

The results of the search for a material inert to aluminum at 
o 

2000 C indicate that no uranium compounds are available which will 

resist attack by liquid aluminum. In particular, it has been shown 

that uranium monocarbide (UC), uranium dicarbide (UC2) and 

uranium mononitride (UN) all react with aluminum above 600°C to 

11 
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form UAI3 and UAl^ (14: 174, 175). All uranium-aluminum compounds 
o 

are completely soloable in aluminum above 1600 C (41: 143). This 

being the case, it is evident that any fuel material used must be coated 

or clad with AIN to protect it from contact with the liquid aluminum 

coolant. 

The requirement that the fuel material be coated with AIN means 

that it must be a compound which is likely to be stable in contact with 

AIN. Among UC, UC2, UO^, and UN, it is likely that UN would be 

the most stable in contact with AIN, since there would be no tendency 

for any other compounds to form. Aluminum mononitride appears 

to be the only nitride of aluminum (10: 161) and of the nitrides of 

uranium, only the mononitride is stable above 1100°C (6: 43-46). 

Finally, the driving force for formation of any uranium-aluminum 

compounds at high temperature is much less than that for the forma¬ 

tion of nitrides. 

Having selected aluminum mononitride and uranium mononitride 

as the construction and fuel materials, and having determined that 

the fuel elements for the reactor must be coated or clad, it is 

necessary to consider the type of fuel element which could be used. 

Ceramics are usually brittle, possessing low tensile strength and 

high compressive strength with little change in these properties over 

large temperature ranges. They are not subject to much radiation 

damage, and tend to heal quickly at high temperatures, although 

suffering some loss in strength. Also, most ceramics have low 

diffusion coefficients for volatile fission products (26: 49-50). 

Hot-pressed UN has a very low coefficient of thermal expansion 

and it is about eight times more effective than UO2 in transferring 

heat. Irradiated UN exhibits good dimensional stability and low 

fission gas release, plus an increase in hardness (37: 1). It thus 

appears that the use of UN as a coated fuel material would be likely 

12 
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to result in little stress upon the coating material. No information 

is available on the changes in physical properties which occur in AIN 

under irradiation, but they should be small as in other ceramics. 

Testing on micron-size coated-particle fuels has been carried 

out for several years, and has demonstrated that the 100-500 micron- 

size fuel particles, coated with a layer of ceramic material at least 

150 microns thick, exhibit excellent integrity under thermal stress 

and high burnup. For particle sizes from 200 to 500 microns, thermal 

stresses from self-healing are small. Stress resulting from differ¬ 

ences in the thermal expansion coefficient of the coating and the fuel 

will not cause cracking if (a) the coefficient of thermal expansion of 

the fuel greater than that of the coating and (b) the particles ar7 

used at temperatures below the coating temperature (36: 43-45). 

These requirements are due to the ability of ceramics to withstand 

very large compressive forces, but only small tensile forces. The 

coatings which have been tested do not include AIN, but there is no 

reason to suppose that it would not perform as well as pyrolytic 

graphite or A^Oj, two of the most tested coatings. 

In order to give a basis for comparison of the properties of UN 

particles coated with AIN, Table III compares the properties of 

these two materials with those of UO¿ and A1¿03, which are a 

typical coated fuel combination. The comparison of values in 

Table m indicates that AIN coated UN particles would not perform 

as well as A12C>3 coated UC>2 particles, since the difference in the 

temperature coefficients of expansion is greater. However, the 

temperature coefficients of expansion of all the carbides of uranium 

are greater than that of UN, so that using either UO¿ or a carbide 

of uranium (UC, UC2, U2C3) would not improve performance. 

The problem of using the particles at temperatures below that 

at which they were coated is difficult to solve, as the best coating 

13 
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temperature can be ascertained only by experiment (2: 377). However, 

the limited data available indicates that AIN may be deposited above 
o 

1500 C at atmospheric pressure, so that it is entirely possible that 

coating temperatures of better than ¿000°C could be attained (27: 97). 

Summary 

The materials problem appears to be solvable through the 

selection of liquid aluminum as the heat transfer agent, with alumi¬ 

num mononitride as the core construction material (possibly in the 

form of small interlocking bricks) and micron-size uranium mononi¬ 

tride fuel particles coated with AIN. The solution presented is 

obviously based on many assumptions, including the exclusion of 

metal-alloy coolants, fluid (liquid metal) fuel and plutonium com¬ 

pounds, which were necessary due to lack of time and information. 

The main justification for these assumptions is that they have 

made it possible to go on to the problems of heat transfer within the 

core and the selection of a core geometry and flow system. 

15 
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HI* Liquid Fluidized Beds 

The selection of AIN clad UN particles for the fuel elements 

leaves two tyoes of fuel loading systems to be considered. One is 

particulate with the coolant in direct contact with the particles. The 

other is a system using the particles in a matrix of AIN, perhaps in 

fixed fuel rods. 

The large fuel elements (rods) would be subject to the thermal 

stresses mentioned in the preceding chapter, which are essentially 

proportional to size. Such an arrangement (fixed elements) would 

also result in "hot spots" in the core, with temperatures appreciably 

above the average core temperature. A system involving direct 

contact of the coolant with the fuel particles will provide a greater 

heat transfer area per unit volume of fuel and should result in lower 

peak temperatures in the fuel. 

if the particles are fixed in a solid mass, with the coolant flowing 

in the spaces between them (fixed bed) there will still be temperatures 

above the bed average at any points where the flux peaks. In addition, 

either the coolant flow rate must be low or large particles must be 

used, since the pressure drop in a fixed bed increases as the average 

sise of the particles (average size of the interstices) decreases. 

Probably the best configuration from the heat transfer standpoint 

is «. fluidized bed in which the particles are supported by the flow of 

cocl*n'< and undergo rapid mixing both vertically and horizontally. 

This system allows for a high coolant flow rate and a small temper¬ 

ature gradient within the mass of particles, and the mixing effect will 

insure uniform fuel burnup. The pressure drop in a fluidized bed 

will be much less than that in a fixed bed for fluid velocities above 

the minimum velocity required to fluidize the bed. 
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Fluidized Bed (25:1-5) 

A fluidized bed result» when a fluid (liquid or gas) is flowed 

upward through a bed of solid particles with sufficient velocity to 

buoy the particles and give them a highly turbulent, fluid-like motion. 

The fluid velocity can vary from a minimum value, which is just 

sufficient to buoy the particle bed. to the velocity which will flush 

the particles out of their container. With suitable sizes and densities 

of particles and the correct fluid velocity, a stable bed can be main¬ 

tained which has a definite separation between the top of the bed and 

the escaping fluid, and has little carryover of particles. 

Most fluidized beds contain a baffle plate or screen on which the 

particles rest prior to the onset of fluidization, much as if they were 

in a fixed configuration. This plate also acts to break up the fluid 

stream and distribute it over the total area of the inlet. 

In liquid fluidized beds, the solid particles are normally dispensed 

individually and uniformly, giving the whole bed an ordered structure 

(homogeneous or particulate fluidization). Gaseous fluidized beds, 

on the other hand, usually have spots where the particles form »olid 

masses with some of the gas flowing through the bed as bubbles 

(aggregative fluidization). 

Both types of fluidized beds are characterized by very high thermal 

conductivity compared to that of the carrier fluid, and by transport of 

heat from one part of the bed to the other by the movement of the solid 

particles. This leads to a nearly uniform bed temperature, both 

axially and radially, even if there are localized zones in the bed which 

produce heat at a rate far above the average for the bed. 

Heat Transfer 

There are three aspects of heat transfer in a fluidized bed which 

must be considered: the heat transfer from the fuel particles to the 

fluid, the heat transfer from the fluid to the walls of the container, 
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and the heat transfer from one region of the bed to another. Ideally, 

the rate of heat transfer from the fluid to the walls of the bed would 

be low, and that from the particles to the fluid high, resulting in low 

temperature gradients in the particles (low thermal stress) and low 

heat loss through the walls of the core. For a nuclear reactor, good 

heat transfer from region to region is also desirable. 

Basically, the first two types of heat transfer will involve 

conduction and convection through a thin film (boundary layer) of 

fluid immediately adjacent to the surface of the wall or particle. This 

may be expressed by 

(3) q * j? At 

where q is the heat flux from the wall to the fluid, k is the thermal 

conductivity of the liquid, 0' is the thickness of the boundary layer 

and At is the temperature difference between the wall and the average 

fluid temperature. This equation is normally expressed by 

(4) q = h A t 

where h is called the heat transfer coefficient. Thus, for a given 

At, q will be a direct function of h, or an inverse function of 0' for 

a given fluid (a given value of k). 

Experiments indicate that extremely high coefficients of heat 

transfer exist between a fluidized bed of small particles and its 

conUining walls, and that these coefficients are normally much higher 

than for a fixed bed of particles. These high coefficients may be due 

to the scouring action of the particles on the walls, resu'ting in a 

very thin boundary layer at the wall. In any event, although the data 

on bed to wall (or wall to bed) heat transfer is extensive and agrees 

qualitatively, it contains many discrepancies, and no consistent 

method of predicting the heat transfer rates has been found (39: 737-740). 
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Some of the problems involved in setting up a theoretical method 

for predicting heat transfer in a fluidized bed are shown in a report 

by Carr and Amundson (3; 1856-1862). Even with the assumptions of 

complete random motion of the particles and complete mixing of the 

fluid only qualitative values of heat transfer rates could be computed. 

Almost all the data available on particle to fluid heat transfer 

is for gaseous fluidized beds, where the heat transfer coefficients 

are orders of magnitude lower than for most liquid fluidized systems 

(liquid metals in particular). The work on gaseous fluidized systems 

indicates that the heat transfer coefficients for particle to fluid heat 

transfer are lower than for bed to wall transfer for the same fluid* 

isla« agent. However, the rate of heat transfer from the particles 

to the fluid is high due to the small size of the particles (large area 

to volume ratio) (25: 47-48). 

Very little data is available on the temperature gradients within 

the particles themselves, since it appears to be standard practice 

to assume a uniform temperature throughout the particle. Calculations 

performed after the fluidization and reactor calculations were com¬ 

pleted indicate that for particles 0. 1 centimeters or less in diameter, 

the probable temperature rise across the particles will be less 
o 

than 20 C. For particles 1.0 centimeters in diameter, the temper¬ 

ature rise is on the order of 200°C for the same rate of heat genera¬ 

tion in the fuel. The detailed calculations are given in Appendix E. 

The rate of heat transfer from one spot to another within a 

fluidized bed is always at such a high rate that temperature gradients 

are negligible. The small gradients are due to the rapid circulation 

of the solid particles in liquid fluidized beds (25: 20-23). 

Leva presents some graphs of vertical and radial temperature 

gradients in fluidized beds which indicate an almost flat temperature 

profile (less than 5% rise or drop) starting within a very small 
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distance from the bed entrance (baffle plate) and walls, respectively 

(16: 185-190). Although this data is for gaseous fluidized systems, 

it should be valid for liquid system* also, where the lower turbulence 

of the bed would be offset by the higher thermal conductivity of the 

fluids. 

The heat transfer rates in a fluidized bed are so impressive that 

several reactor designs based upon fluidized systems have been 

performed since 1955. One of the first such studies was done at the 

Oak Ridge School of Reactor Technology. Several designs were 

considered, including fast and thermal systems (8). One of the best 

recent fluidized bed designs was performed by the Martin Nuclear 

Division, based on a low temperature watei -fluidized system with 

refractory uranium fuel particles (7). All of these design studies 

used standard sources such as Leva (16) or Lewis and Bowerman 

(15) for their predictions on heat transfer and fluidization, and con¬ 

tributed little new information on either subject. 

Particulate Fluidization 

When a fluid is forced upward through a bed of particles at a low 

velocity, it flows through the interstices, experiencing a drop in 

pressure due to film friction. If the fluid velocity is increased, a 

flow rate will be reached at which the upward drag forces on the 

particles exactly equal the weight of the particles and the bed is 

effectively weightless. Any further increase in fluid velocity will 

increase the upward drag on the particles and lift them, thus causing 

the bed to expand. The expansion of the bed increases the area for 

flow between the particles, resulting in a decrease of the interstitial 

velocity to the point where the upward drag force again exactly equals 

the gravitational force on the particles. Perturbations to the ideal 

picture are caused by wall friction in the bed, which gives a minimum 

fluid velocity at the walls. Thus the particles rise at the center of 
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the bed and fall at the wall» in a pattern superimpoeed on the local 

turbulent motion (40: ¿30). Thi. total flow pattern .. called particulate 

or homogeneous fluidization. 

The pressure drop through a homogeneously-fluidized bed is a 

function of the drag forces coupling the fluid and the particles, and 

the drag forces are a function of the interstitial fluid velocity. The 

interstitial velocity depends on the effective cross sectional area for 

flow, which in turn depends on the average fluid volume per unit 

volume of the bed (that is, total bed volume at a given flow rate minus 

the total particle volume). This volume ratio is railed the voidage of 

the bed. 

The minimum value of voidage occurs when the particles in the 

bed have the loosest possible configuration in which they all touch 

(equivalent to the maximum fixed bed dispersion). This value of 

voidage is determined experimentally, and depends on particle size 

and shape but not on the fluidizing agent. The maximum theoretical 

value of voidage is + 1.0, which means that no particles are in the bed. 

Extensive experimental data has shown that for particulate 

fluidization, a plot of the logarithm of average fluid velocity in the 

bed versus the logarithm of the voidage results in a straight line. 

This result is true for both liquid and gaseom fluidizing agents and 

for a large range of sizes, shapes (including both spheres and cubes) 

and densities of particles. Some of the best examples of these experi- 

mental results are presented in a report published in 1954 by J. F. 

Richardson and W. N. Zaki Q2î 35-53). 

Unfortunately, there 1» no valid (generally accepted) way to 

determine the initial point, minimum voidage and minimum fluid 

velocity, or the »lope of this straight line except by experimental 

testing. Since .uch experimenution wa. not within the »cope of this 

report, it was necessary to find .ome other (theoretical) method of 
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determmmg the size and density oí a liquid aluminum fluidized bed 

for various combinations of particles and fluid velocities. 

Both the size of the core (total bed volume) and the mass of fuel 

per unit volume of the core depend on the voidage of the bed. Thus an 

accurate method of determining void^e as a function of fluid velocity 

is the basis of any critical calculations of the reactor. 

Three separate nonexperimental methods of determining the 

relationship between voidage and average fluid velocity were selected 

for use in this report. Two of them are attempts to correlate experi¬ 

mental values by means of a set of formulas, which may then be used 

to predict the parametric values of other fluidized beds. The third 

method performs essentially the same function but uses graphical 

techniques rather than analytical equations. All three methods result 

in values of voidage as a function of fluid velocity which fit the experi¬ 

mental criterion of a straight line log-log plot, but each method results 

in a different straight line. 

The more widely known (circulated) of the three methods is that 

devised by Dr. Max Leva, which will be presented below. The other 

two methods are presented in Appendix C, along with a digital com¬ 

puter program used to calculate the values used in this report. 

Leva* s Method (16: 21-94) 

If it is assumed (or specified) that the terminal free-fall velocity 

of a spherical particle in still fluid, i^, is a single-valued function of 

any fluid-particle sys*3m, just as is the minimum voidage, then the 

relationship between voidage, € , and average fluid velocity, uf, may 

be written as 

(5) ÏÎ * « n 

where ut is a constant, k* . Then 

“f n — * € 
k' 
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and letting mf indicate the value of a variable at minimum fluidization 

“mi _ " 
~ * mf 

k* 

where both u^ , £ m£ and n are determined by the physical properties 

of the system. Then 

“mf 
k* = 

€ mf 

and substituting into the defining equation 

u mf n 
u f n 

€ mf 

Solving for the voidage as a function of average fluid velocity gives the 

working equation for predicting voidage: 

£ - £ mf 
uf 
u mf 

1/n 

Leva has developed a set of four equations to give values of n for 

various values of the particle Reynold1 s number at minimum 

fluidization. The particle Reynold* s number is a standard dimen¬ 

sionless group used in fluidization work which indicates the flow 

pattern of the fluid (laminar, turbulent, etc. ) and is defined by 

(7) ReP = 
Dp uf Pi 

where Dp is the particle diameter, Pf is the fluid density, and p is 

the dynamic viscosity of the fluid. 

The value of Rep at minimum fluidization, Re^, is obtained 

from 

Re 
Dp umf Pi D G mf 

mf 

where Gm£ is the mass flow rate at minimum fluidization, given by 
1.82 r . 10.94 

668 a 
(9) 'mf = 

[pf (Pp -Pff' 
0. 88 
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with pp the density of the particle. Depending upon the value of 

Re^ a new value of Gmf is determined by multiplying the first number 

by the correction factor Cp where 

C£ = 1.0 Re^ <10 

(10) C£ * 1. 39 - 0. 422 log10 Remf 10<Remf<250 

C£ = 0. 898 - 0. 2162 log10 Remf 250 < Re^ < 1000 

A new value of is then determined and used in selecting the 

value of n, where the defining equations for n are 

n = (4. 35 + 17. 5 
Dp 

) Re 
-0.03 
mi 0.2< Remf<1.0 

(H) 

U _Qt J 

n = (4. 45 + 18 Re^ 

n = 4. 45 Re 
-0. 1 

mf 

1. 0 < Rernf <200 

200 < Remf < 500 

n = 2. 39 R«mi >500 

with Dt the diameter of the tube in which the fluidized bed is contained. 

For values of Dt much greater than Dp the preceding equations 

simplify to 

n « 4. 35 Re^/03 0. 2 <Remf<1.0 

(12) n = 4. 45 R«¡¿* 1 1.0<Remf<500 

n * 2. 39 Remf > 500 

which are the equations used in this report. 

Now the following procedure may be followed to determine the 

values of c as a function ol "ujs 

(a) Using equation (9), determine Gm£. 

(b) Determine Rem£ and "um£ using equation (8) and multiply 

these values by the correct C£, 

(c) Using the corrected Re^i select the correct equation for 

n from equations (12) and calculate n. 
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(d) Select a value of c ^ from theory or previous experiments 

(€ mf ~ 4 {or tnicron-sixe spheres). 

(e) Use equation (6) to obtain values of e as a function of the 

average fluid velocity, Hf. 

This method is mainly based on the experimental data of Richardson 

and Zaki (32: 35-53), and is probably most accurate for values of € 

less than 0. 75: its accuracy will depend in part on the value of * 
' mf 

which is used. 

Figure 1 shows the values of € as a function of the mass flow rate, 

Gf = uf Pf • obtained using Leva's method and those of Zenz and Othmer 

and Lewis and Bowerman (Appendix C). The lines are for three sets 

of particles, fluidized by liquid aluminum of density 2g/ cc and 

viscosity 2 centipoise. The heavy solid line is from the graphical 

method by Zenz and Othmer, which was taken as the standard since it 

does not involve any guessed values such as t mf. The other two lines 

were assumed to indicated the maximum probable margin of error, so 

that the real values lie in the region defined by the three lines. 

If the thermal power output of the reactor is defined as the heat 

gained by the liquid aluminum coolant between entering and leaving 

the core, then for a fixed inlet and exit temperature, the thermal power 

will be a direct function of the flow rate. For temperatures of 1700°C 

at the entrance and 2000°C at the exit, the thermal power output 

(kilowatts/ft2 core cross sectional area) is about 0.041 times the 

mass flow rate, (see Appendix C). 

The probable effects of a variation in particle size (and/or density) 

and the relative smoothness and shape of the walls surrounding the bed 

should also be considered. Leva (16: 63-69) indicates that the effect 

of size differences in the particles will be small, and that use of a 

composite or average particle diameter will give acceptable results 

in voidage computations. 
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The effects of wall drag on fluidization appear to be small, and 

for channel diameters much greater than particle diameter, the size 

of the channel is unimportant (see eouations (11) and (12)). The 

limited data which is available indicates that beds whose height is of 

t e same order of magnitude as their diameter are the most stable, 

and that for heavy particles and dense fluids, tapering the bed from 

top to bottom with the greatest cross section at the top will improve 

stability. 

Summary 

It is evident that accurate predictions of either heat transfer rates 

or voidage in a liquid fluidized bed of spherical particles are impos¬ 

sible, but good qualitative estimates can be obtained. All indications 

are that the temperature gradients in the bed are negligible, with a 

high rate of heat transfer through the bed walls. Thermal gradients 

in the particles will be essentially negligible, and variations in 

particle size and density will not affect voidage appreciably. The size 

and shape of the containment vessel will have little influence on the 

bed parameters, as long as it is approximately cylindrical. Therefore 

the use of "firebrick" construction for the bed walls should be 

practical. Finally, good stability may be expected for a vessel with 

height the same order of magnitude as diameter, which is also the 

best ratio for neutron conservation. 

Thus the best core design at this point appears to be a cylindrical 

core, with the height about the same as the diameter, containing a 

very large number of microspheres of AIN coated UN, fluidized by 

liquid aluminum. The walls of the core might be constructed of small 

interlocking bricks, to eliminate the problems of forming large objects 

from ceramic materials. The problem of a baffle plate or similar 

device at the bed entrance has not been solved, but it will be consid¬ 

ered in the final chapter. 
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IV. Nuclear Parameters 

The nuclear parameters study was based on two-group diffusion 

theory calculations, using fast group < ross sections obtained from the 

GAM-I program written at Atomics International. The thermal group 

cross sections were obtained from both the multigroup cross section 

sets and standard tables of cross sections, as explained below. An 

infinitely reflected spherical geometry was assumed with an enrich¬ 

ment of 1. The general flux distribution in the core and reflector was 

determined, and the effects of changes in voidage (average fluid 

velocity) and the fuel particle size and composition on the critical 

radius of the core were studied. 

Cross Sections 

Prior to any study of the nuclear parameters of a system, the 

neutron cross sections to be used must be selected. All of the values 

which are calculated will depend upon these cross sections, so every 

effort must be made to pick the "best" values. 

The lack of data on NU cross sections between thermal energies 

and intermediate energies greatly limited the choice of values. As 

it turned out, no self-consistent set of values for U¿35, Al¿7 and N14 

over the desired energy range could be found, so a composite set was 

created. A list of all cross sections used is included in Appendix D. 

Fast Group. The GAM-I program developed by Atomics 

International may be used to calculate flux-weighted cross sections 

for as many as sixty-eight energy groups, with a lower limit of 

0.414 eV (lethargy of 17.0). Inputs are the nuclei densities of the 

materials (assumed homogeneous), the neutron spectrum to be used 

(of six available in the code), the width of the group intervals, and a 

guess at the value of buckling. The output consists of both micro¬ 

scopic and macroscopic cross sections for each group, the group 

fluxes, and the neutron age to each group. 
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This code apparently assumes a uniform source distributed 

through the specified media, and calculations are not dependent upon 
238 

geometry, except in the case of U resonance absorption. The age 

is calculated for an infinite system, starting above 10 MeV and going 

to 0.414 eV. There is a dependence of the cross sectional values on 

the specified buckling, but it is small. 

Use of GAM-I prior to obtaining the fast group cross sections for 

the diffusion equations indicated that, for all reasonable voidages and 

coating thicknesses on the fuel particles, the core spectrum would be 

very hard (see Figure 2 for an example). The age to 0.414 eV in AIN 

as given by GAM-I is 268. 25 cm as compared to 321. 65 for graphite, 

which indicates that AIN is a fairly good moderator. 

Thus, even before determining the flux distribution by the use of 

two-group diffusion theory it is possible to predict a fast core with 

very little slowing down of neutrons, and a thermal flus peaking in the 

reflector. This qualitative picture of the probable flux distribution was 

used in determining what approximations were valid in solving the 

diffusion equations. 

The fast group was considered to extend to 1. 125 eV (lethargy 16) 

based on the assumption that the neutrons would obey Maxwell-Boltzman 

statistics (ave. age energy 0. 25 eV at 2000°C). An approximate 

Maxwell-Boltzman distribution for 2000°C is shown as part of Figure 2. 

The flux units for this distribution are arbitrary, and do not indicate 

the size (amount) of the thermal flux. 

Thermal Group. It was assumed that even though a " pool” of 

thermal neutrons might not exist in either the reflector or core, or 

have a Maxwell-Boltzman distribution, the 1. 125 eV cutoff would still 

include most of the thermal group. 

The thermal group cross sections for aluminum and uranium 235 

were obtained from those given in the LASL 16-group fast reactor 
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cross section set in ANL-5800 (31: 568-576), using the average of the 

last three groups (14 through 16). Since no multigroup cross sections 
14 

for N could be found which extend to the energy levels of the thermal 

group, the thermal cross sections for nitrogen were taken from 

BNL-325 (24:4, 98-101). The absorption cross sections were modi¬ 

fied by 

and the transport cross section found by 

atr = at -’ïo 

Table IV 

Thermal Group Cross Section 

U235 

2. 43 

N 
14 

257 

48 

315 

0 

0. 64 

10. 16 

A1 
27 

0 

0 

0. 11 

1. 49 

One set of critical and flux calculations was made with the 

cutoff between fast and thermal groups set at 3. 059 eV, for € = 0. 6, 

RUN = 0.03, RALN = 0. 02. The flux distribution was approximately 

the same, and the critical radius was increased. Since raising the 

energy cutoff lowers the fission cross section in both groups, this is 

the logical result (parasitic capture << fission). 

Reactor Calculations 

The standard time-independent two-group equations were 

written for the core 
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<»> Dfcv%ic.z*>r%fc.£;c 

+ •'t 2,C «tc> = 0 

!u) *tc - rtc ♦tc + zic ?ic + Xt (‘'f 2(c 0fc 

+ •'t < ♦tc) = 0 

and for the reflector 

(15) DfR . 0fR - £ír 0fR - 2:fR 0fR . o 

(16) *,R^Ír%m =o 

where fc * fast group in core. tR * thermal group in reflector, etc. 

The following assumptions were made to simplify the 

calculations 

(Re-introduced later - see 
Appendix D for details) 

Xt s o 

s, re 

These simplifications allowed 

(Both removal scatter cross 
section and parasitic capture 
cross section were several 
orders of magnitude less 

than the parasitic capture in 
the core). 

core equations to be decoupled, 

and resulted in the following set of equations to be solved. 

(13a) 
’ic v *ir + (t,f •'> LU*lc + E,c «te = 0 

(14.) DtcV%tc. Z* ^ 

(15.) DiRV%(R-Zi;r%(R 
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The solution of this set of equations for both critical radius and 

flux distribution was carried out in standard textbook fashion, fol¬ 

lowing the notation in Murray* s book (¿3: 111-133), and is given in 

detail in Appendix D along with a flow diagram, listing and sample 

output of the digital computer program used for the calculations. The 

four flux equations developed are 
sinh (Btc r) 

(17) 0tc(r) = C1 r 

(18) 0fc(r) = c3 
r 

-kfR r 

®£R<r) = A2 
(19) 

(20) 

and a typical flux plot is shown in Figure 3, page 34. 

Results 

The values of critical radius as a function of voidage for three 

different particles are shown in Figure 4. The size of the UN pellet 

was held constant in order to give an indication of the effect to be 

expected when aluminum nitride replaces liquid aluminum (coating 

thickened, voidage reduced). 

Figure 4 indicates that for a given particle, an increase in voidage 

(increase in fluid flow rate) will make the reactor subcritical, while 

a decrease in voidage will make the reactor supercritical. The 

displacement of the curves from left to right for increasing coating 

thickness is due to replacing UN with AIN while the amount of liquid 

aluminum remains constant. 
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If the solid lines in Figure 5 may be legitimately extended, they 

would indicate that the same critical radius may be obtained by 

replacing a given amount of liquid aluminum with AIN, or vice versa, 
23 5 

for a constant U atom ratio (not necessarily a constant volume 
,„235 

of U per unit volume). 

It begins to appear that AIN and liquid aluminum may be 

essentially interchanged in the reactor without affecting criticality. 

If this is true, then the introduction of voids of AIN into the core 

would make up for a loss of coolant and prevent a supercritical 

condition. 

Figure 6 confirms this guess, showing that the important factor 
235 

affecting critical radius is the total mass of U in the system, not 

the ratio between AIN and liquid aluminum. Another observation 

from this figure is that an increase in effective volume (thus radius) 

of the core by the introduction of a nonfissionable material (AIN) 

leaving the mass of U^^ constant, will result in a subcritical 

configuration. 

Three-Component Graphs. The three-component graphs are an 

attempt to correlate the important parts of the preceding three graphs 

into one system. Molecular fractions of each component, UN, AIN, 

and A1 (liquid) are read either from the sides or the cross-hatching 

lines perpendicular to the sides. At the upper vertex, the molecular 

fraction of UN is 1.0, that of AIN is 1. 0 at the right-hand vertex, and 

that of A1 (liquid) is 1.0 at the left-hand vertex. Points in between 

the vertices represent various ratios of these three components. 

Moving along a line parallel to one side means that the fraction of the 

component represented by the opposite vertex remains constant, while 

the fractions of the other two components change. 

Lines of constant voidage for any coating thickness (for the same 

UN spheres) and lines of constant critical radius (heavy lines) are 
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Figure 6 
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plotted on these graphs. Figure 8 is simply a "times two" 

reproduction of the important portion of the preceding Figure 7. 

To use the graph in predicting the operation at the reactor, 

choose an operating point, for example ( = 0. 6, coating thickness = 

Q.0¿ cm, and draw a straight line from that point to any other point. 

Each line represents a path along which a change in the molecular 

fraction of one component results in a precisely defined change in 

the fractions of the other two components, and the system parameters. 

Moving along a line to the A1 vertex will show the changes in 

system parameters as the voidage changes. Alternately, a line to 

the AIN vertex shows the effect of increasing the coating thickness 

on the particles. 

Finally, looking at Figure 8, it is evident that a path exists (some 

line, not necessarily straight)along which a decrease in voidage 

(A1 fraction) could be offset by the introduction of voids of AIN 

(increase AIN fraction) and an increase in the effective volume of 

the core (decrease UN fraction). Thus the reactor may be made 

subie by the correct placing of chunks oí AIN and diverging channels. 

Summary 

Two-group diffusion theory calculations, based upon cross 

sections from the GAM-I code and BNL-325, have given values of 

critical radius and flux distribution, and have shown how these values 

change with changes in both the fuel particles and voidage. A study 

of these relationship!» indicates that a stable core configuration is 

possible. A tenUtive design for the core region will be presented in 

the following chapter. 
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V. Summary 

A solution to the problem of materials selection was obtained by 

excluding metal-alloy coolant^, liquid-metal fuels and refractory 

compounds of plutonium from consideration, for the reasons stated 

in Chapter II. These exclusions led to the selection of aluminum as 

the coolant, aluminum nitride as the core construction material, and 

uranium mononitride clad with aluminum nitride as the fuel material. 

Consideration of the heat transfer requirements for a high thermal- 

power-output from the reactor (at 2000°C) resulted in the selection of 

a cylindrical, fluidized bed core, with spherical AIN coated UN fuel 

particles 0. 1 cm. in diameter fluidized by liquid aluminum. 

Once the materials and the general core configuration were 

selected, a nuclear parameters study was performed using two-group 

diffusion calculations for an infinitely reflected spherical geometry. 

The reactor calculations indicate that the core can be made critical 

without an excessive fuel inventory (for a fast reactor) and that a 

stable, controllable core configuration is possible. 

With the problem of control apparently solvable, it is possible to 

determine a complete core configuration. The tentative design from 

Chapter III, which specified a cylindrical core with a height-to- 

diameter ratio of about 1.0 and a "firebrick" type of core vail is 

still valid, but the following additions may be made. 

In place of a baffle plate, diverging circular channels with an 

increasing cross-sectional area will be used. The fuel particles will 

be introduced to the core region through these channels at a high flow 

rate. The increasing cross-sectional ai> a at the core entrance will 

lower the fluid velocity sufficiently to achieve a voidage of about 0. 6 

to 0. 7 in the core, with very few of the particles still contained in 

the entrance channels. Since the channels diverge rapidly away from 
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the core entrance, any decrease in flow rate which rollapses the bed 

into the channel« will also increase the effective volume (radius) of 

the core and render it subcritical. That such a system is possible 

is evident from Figure 8, although the exact shaoe of the channels 

will have to be determined. 

Some fine control will be possible either by changing the flow rate 

slightly or by introducing more fuel particles to the core. For shutdown 

the flow rate may be increased to blow the particles from the core, or 

decreased to let the bed collapse back into the entrance channels. 

Figure 9 shows a possible core configuration which incorporates 

the results cf the nuclear parameters study with the tentative design 

from Chapter III. If it is assumed that the reactor calculations for 

the infinitely reflected, spherical geometry are also valid for this 

configuration, then some idea of the parameters of the core at criti¬ 

cality may be obtained. 

If a core radius of tv/enty-five centimeters and a voidage of 0. 6 
¿3 5 

are chosen, the critical mass of U in the core will be about eighty 

kilograms (Figures 4 and 5). Assuming particles with a UN core 

0.03 cm. in diameter, coated with 0.0¿ cm. of AIN, the mass flow 

rate for a voidage of 0. 6 will be between 4 5, 000 and 60, 000 lbm/ft2/ hr 

per square foot of core cross sectional area (Figure 1). For an 

inlet temperature of 1700 C and an outlet temperature of 2000°C, the 

thermal power at the outlet will be between 1. 8 and 2. 5 megawatts 

per square foot of bed cross sectional area, with an average fluid 

velocity of 0. 1 to 0. 13 feet per second (Appendix C). 

The above procedure indicates in a qualitative manner what could 

be expected from the final design. Although many details have been 

ignored, the feasibility of the design is evident. 
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Recommendationi 

It ia probable that the major value of thia report liea in the 

queationa which could not be anawered. A surprisingly small amount 

of experimental data on high-temperature properties of materials ia 

available, although more is being generated all the time. The field 

of liquid metala ia almost completely restricted to work below 1000°C, 

and what data is available for higher temperatures ia inconsistent. 

Finally, the compatibüity of materials is obviously extremely diffi¬ 

cult to predict even at low temperatures. At high temperatures 

(above 1000 C), experimenUtion will be necessary in order to 

determine compatibility. 

Since the feasibility of the design presented in this report is 

based upon the materials study, any further work should start with 

a much closer look at materials and should include experimental 

work on compatibility. 
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Appendix A 

Per tonal Correspondence — 

Con,«, oí .ix oí the eleven letter, which were received during 

the cour., oí collecting property value, of material, are included 

“ ,hU il,P'ndlX‘ ^ COnt*‘" «'«ence. to phy.ic.l proper,ie. of 

Uqutd aluminum at high temperature., to material, which mtgh, be 

inert to liquid aluminum, and to thermochemical propertie. of 

various uranium compound.. The inclu.ion of the.« .ix letter, i. 

intended to give example, of the .ource. which were contacted and 

to underline the lack of high-temperature data on both phy.ical and 

thermochemical propertie.. The letter, are in order of date 

received. 
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Defense Metals Information Center
Uattelle Memorial Institute
• Ok MINO AVCI^UC 
COCUMSuSI. OHIO
AliCA coot AIA TClCAmOhc

ZIP CODk: 43201 
October l8, 1963

Lt. K«nocth Hooks
Air Tore* Institute of Technology
Arisht'Petterson Air force Bsse
Ohio

Dear Lt. Hooks:

Snclosed is a list of references on the eonpatibility 
of saterials with molten aluainua as discussed by phone with you 
recently.

There are no known metals or alloys completely resis* 
tant to attack by molten aluainumtD*, Plated chroaiua is re­

ported to be resistant to aluoinua near its melting point^ ^while 
stainless steels become embrittled under siailar exposure 
conditionsfThe meltin(,' refractory metals would offer
little adTantage at temperatures much above the aluainua melting 
point as evidenced by binary phase diagrams^^M For example, 
tungsten is readily dissolved by molten aluainua at temperatures 
of 1300 to 1600 C^5),

Only the refractory oxides and graphite apparently are 
resistant to molten aluainua. Graphite has good resistance up 
to 1200 C, but can be used up to 1700 and 1600 C. Ceraaics which 
may be useful are .‘bl203« BeO, Th02t HgO, and Zr02«^^^

uie hope this information will be of value to you.

Tory truly yours.

Walter K. Boyd
Acting Chief
Corrosion Research Division

*Please refer to enclosed List of References.
A ocrcNAc ocaAaTMCNT aaojccT at aATTC ULS



2. M. Kolodnty, «Indjiatrial Applications of Chrora« Plating - A 
Raviaw" 

3* F. R# Horrail( "Corrosion of I.&terials of Construction by 
Molt an Matais", ’./ire and .'.'ire Products 23, 484, 571 (1948). 

4. K. Kansan, "Constitution of Binary Alleys", ¡-icGraw-rj.il Book 
Co., Inc., ¡lew Yoric, 195-ä. 

5» U. D. Clark, "The Aluminun-Tunsotan Equilibrium Diagram", 
J. Inst. Matais 65, 271-236 (1940). 
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ALjy:.\UM COMPANY OF AMERICA

P. O. liOX 772 • Nttw KFlNSlNlGTON, PA.

ALCOA RC3E/.HCM l-ABORA' OftltS

r7^
ALCOA

November 6, 1963

Lt. Kenneth P.. Hoohs 
Box 3035, AFIT 
Wright-Patterson AFB 
Dayton, Ohio

Dear Mr. Books:

Yoiir letter of October 23, 1963, to Mr. George 
Long requesting information on the high temperature pro­

perties of liquid aluminum has been directed to my atten­

tion. Neither Mr. Long nor Dr. Foster, the coauthor of the 
paper to which you referred, is now associated with Alcoa 
Research Laboratories.

Few of the properties of molten aluminum have been 
measured in the temperature interval 1500-2000'*€. Estimates 
of the values of most properties at these temperatures must 
be obtained from extrapolations of measurements at consider­

ably lower temperatures. There is no reason to believe that 
such extrapolations of the physical properties of liquid 
aluminum are not valid at the elevated temperatures.

A good source of thermochemical data for liquid 
aluminum is JAMAF THER^iCCHZMICAL TABLES, The Dow Chemical 
Company, Midland, Michigan. The vapor pressure of molten 
aluminum, as calculated from the thermodynaumic data of the 
JANA? TABLES is presented in the following table:

P (atm.

1800 1527 0.0010

1900 1627 0.0030

2000 1727 0.0079

2100 1827 0.0188

2200 1927 0.0410

2300 2027 0.0818

The density of aluminum above its melting point 
has been reported by Belyaev, et al. (Metallurgie Des Alu­

miniums, I, VEB Verlag Technik, Berlin, 1956, p. 20). The
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Lt. Kenneth R. Hooks 
Page Two 
November 6, 1963 

values are presented In the following table* 

Temperature 
_*C 

Density 
q/ era3 

658.7 
700 
800 
900 

1000 
1100 

2.382 
2.371 
2.343 
2.316 
2.289 
2.262 

These values can be represented by the linear equation. 

D - 2.382 - 0.000273 (t - 659) 

where O is the density in g. per cc 
and t is the temperature in *C. 

The values of electrical resistivity of aluminum 
reported by Roll and Motz [z. Metallkunde, 48, 272 (1957)] 
are given in the following table* 

Temperature 

_°-C 

Electrical 
Resistivity 

io~6 û m 
700 
800 
900 

1000 
1100 
1200 

24.7« 
26.29 
27.70 
29.2 
30.69 
32.10 

A linear extrapolation of these values to the temperatures 
of interest would appear to be valid. 

Recent experience in these Laboratories has shown 
that molten aluminum reacts rapidly with carbon or graphite 
above 1500*0 and that the aluminum carbide formed does not 
inhibit further attack on the graphite. 
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Lt. Kenneth K. BooXa 
Pege Three 
llovember 6, 1963

SoeM possible refractory materials for liquid alu- 
mlnian above 1500*C are the oxides of beryllium, magnesium, 
and aluad-num. Liad.tations of these materials are thermal 
ahoeX, worXability, and the formation of .aluminum suboxide 
at elevated temperatures. You are familiar with the liter­

ature on the refractory properties of aluminum nitride. We 
have no information on the compatibility of the nitrides of 
uraniiSB and plutonium with aluminum at 1500-2000*C. However, 
the thanaochemical stability of these materials (See Camp­

bell, 1.1., -High Temperature Technology." P. 172, John 
Wiley and Sons, 1956) suggests that they may be inert to 
attack by molten aluminum at high tesiperatures.

I hope that this information will be helpful to 
you in your thesis on reactor design.

Very truly yours,

ALUMINUM COMPANY OF AtCRICA 
Alcoa Research Laboratories

^ /J. ^
W. B. Prank

Physical Chemistry Division

WBFOg
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•moa «O TH« MB«,»«Mt 

RESEARCH INSTITUTE OF TEMPLE UNIVERSITY 
4150 Henry Avenue 
Philadelphia 44, Pa. 

TCUIOMOMaS 

»«»MBM T»MM »■••»• 

VIO TO» 0-0 BO» 

November 6, 1963 

Kenneth R. Hooks, 2/Lt., USAF 
AFIT Box 3035 
Wright-Patterson AFB 
Dayton, Ohio 

Dear Lt. Hooks: 

In reply to your letter of October 31, 1963, 
I can provide you with the literature references listed 
below dealing with the physical properties of liquid 
aluminum. 

Viscosity 

E. Gebhardt, M. Becker and S. Dorner, Z. Metallk.. 
44, 510 (1953). - 

E. G. Shvidkovsky, "Certain Problems Relating to 
the Viscosity of Liquid Metals", NASA Technical 
Translation F-88, 1962. 

Liquid Metals Handbook, NAVEXOS P-733 (Rev.), 
Washington (1952). 

T. P. Yao and V. Kondic. J. Inst. Metals. 81. 17 
(1952). 

W. R. D. Jones and W. L. Bartlett, J. Inst. Metals. 
81, 145 (1952). 
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E. Polsck snd S. V. S«rguei«v. Doklsdv Aksd. Nsuk. 
ILS,S.R.. 30, 137 (1941). 

C. J. Soithells, Metals Reference Book, Butterworths 
Scientific Publications, London (1955). 

Surface Tension 

International Critical Tables, McGraw-Hill Book Co., 
Inc., New York (1933). 

ü. A. Kliachko, Zavadskaya Lab.. 6., 1376 (1937). 

A. Porte vin and P. Bestien, Cotnpt. rend.. 202, 1072 
(1936). 

g-.P*lzel- P*r|t'und HÛtUraMnnl.che 93, 
248 (1948). 

V. N. Eremenko and Yu. V. Naidich, Fix. Metal 1. 
Metalloved Akad. Nauk. S.S.S.R.. U, 883 (1961). 

* ’A, KOi0lÜ°V S.S.S.R.. 0dt.l. 
T>kl. N«uk■. 1936. Ho. 2. M. 

Density 

J. D. Edwards and T. A. Moorman, Chem, and Met. En*.. 
24, 6i am). - 

E'573ba954) M' B*Ck*r 4rid *' DOrn*r’ Z- - M. 

E. Pelzcl, z. Mefllk.. 32, 7 (1940). 

ãttá r- S4u*n“ld' 2- M»mik.. 14, 145 
(1922). 
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Kenneth R. Hooks, 2/Lt., USAF 
Page 3 
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Few if any of the data mentioned in these 
articles refer to temperature in excess of 1000°C. However, 
in many cases reasonable extrapolations are possible but 
many of the data are conflictin0. I cannot guarantee that 
the above is a complete list of available references. 

ft-0?op ni* rice and aluminum nitride will contain 
aluminum above 1500°C.; graphite and alumina may possibly 
serve. Offhand, I don't know of anyone who is actually 
working on the high-temperature properties of aluminum. 

Best of luck in your studies. 

AVG:etc 



1 ♦
^ t • ^^NE/Phy8/64« 10

THE LIBRARY OF CX)NGRE88

RwniMCi DBrAATunrT 
Natbmal RmuLAX. Ctxm

November 12, I963

Lieutenant Kenneth R. Hooks 
AFIT Box 3035
Wrtght-Patterson Air Force Base 
Dayton, Ohio

Dear Lieutenant Hooks:

This is in reply to your letter of November 4, in which you asked 
for information about corrosion resistant materials for liquid aluminum above

The National Referral Center directs inquirers to sources of in­

formation, rather than providing bibliographic reference services or answer­

ing specific questions. Depending upon their capabilities, the information 
resources to which you are referred will provide one or both of these services. 
A brochure further desertbing our functions is enclosed.

The following information resources and those indicated on the 
attached sheet may be able to assist you:

Aluminum Association 
420 Lexingto.. Avenue 
New York, New York 10017

The Association provides special state-of-the-art reports and 
wiswers technical questions.

American Die Casting Institute, Inc.
366 Madison Avenue
Men York, New York 1001?

The Institute collects and disseminates information on
castings.

Aluminum Sr.elters Research Institute 
20 iorth Wacker Drf ve 
Chicago, Illinois 60606

The Institute provides answers to technical questions i*elating 
to seeondaxy aluminum and alloys.
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Lieutenant Kenneth R. Hooks - 2 - November 12, I963 

American ^oundr-men's Society 
Golf and Wolf Roads 
Des Plaines, Illinois 

th. ,Ih?,S0C^y eoll*cî:s “d ”*** available Infomatlon relatln* to 
ll^lt^d 11 proncles 4“"™r* ^ technical queatloi^and Halted technical cor.su. tant services. 

American Society for Metals (ASM) 
Metals Par* 
Novelty, Ohio 

. „ ,li3 Soel*V provlrte. current and retroapectlve 3. arc hin* aervlce. tJ : “ b/ the 5 b. -Iber. The Socl^y .1,0 
publlfhoa and .ella a nontnl, periodical, Review Literature. 

Engine# *ng Societies Library 
United Natior.j Plaza 
3^5 East 4?th Street 
New York, New York 10017 

Open to 11, public, the ESI will »newer request. In all field, of 
engineering ana related science.. Question. Involving readily available 

anc^tnanslatlna »me™ ^ ?Ut ^ ^ UteraL» »írche. .h. f- atIng ^ services. Photoprint or microfilm copies of articles In 

on ord^r!*7 8 ^ lt*"9 lnd*xe<i oy TitlPWrl t lltei are .uppll«l 

Information:0 0130 r'f'r 10 th® followin« publ'cation, for additional 

r4 ‘"á- J published and distributed for the Centre Interna- 

bi Brinth^ ePP*m*ït »* 6 nae Bertie Albrecht, Pari. 8* 
Englandi^ Biweehly™’ Norfolk House- St- Jmts'a Square, Lor.dor. S.W.l, 

-i«.;- Üäa. published and di.trl- 
buteo gratis by the -aooratories. Bo, sOfin^n, Sanada. Monthly. 

?Sío^è£ÍC^20^60:l3BÍw,eÍKly!Old ^ ^ Che"iC*1 

Aamimt-rnrar ^ WrJfhUPatAir ^orce Base Technical Library may b« of 

to yoiT^edî making aVallable t0 you these and other Publications ptrtinsnt 
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We have purposely omitted a resource at Wright-Patteraon Air Force 
Base, the Materials Central, assuming that you are already familiar with the 
services provided by Uua organisation. However, if you are not acquainted 
with it, we will oe glad to provide you with appropriate details. 

The foregoing citations include only those we have thus far identi¬ 
fied as relevant to your need. Our listings are not yet as definitive, quanti¬ 
tatively or qualitatively, as those we expect to fu: .ish when we achieve in¬ 
creased knowledge of more specific information resources. 

Any comments you care to give us on the usefulness of the resources 
we have cited will be aoat helpful in improving the effectiveness of our 
referral servioe. 

1 liarles E. McCabe, Head 
Referral Services Section 

Enclosures 
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THE DOW CHEMICAL COMPANY 

MIOkAMD MICMIttAM 

December 12, 1963 

2/Lt. Kenneth R. Hooks 
APIT Box 3035 
Wright-Patterson APB 
Ohio 

Dear Mr. Hookas 

The JANAF Thermochenlcal Tables are designed to serve the 
rocket Industry, and have studied chief1y the ’light ele¬ 
ments' plus some special additive eleruv.*wS* Thus, neither 
plutonium or uranium are included in our mission. 

A table of the thermodynamic properties of uranium to 
3000*K. may be found in "The Thermodynamic Properties of 
the Elements" by Stull & Sinke [No. 18 in the Advances in 
Chemistry Series] Publ. by the American Chemical Society, 
Washington, D. C., 1956, $5. 

For additional thermodynamic information on uranium, 
plutonium, and their compounds, you might contact the 
U. S. Atomic Energy Commission, or consult the open Cor 
classified) literature. 

Very truly yours, 

Daniel R. Stull 
Thermal Research Laboratory 
574 Building 

DRSindl 
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U. S. Department oy comvxrce 

NATIONAL CwACAü OF VT ANDAROS 

WASHINGTON 25 

Dscembtr 26, 1963 

2/L:. Lîassth H. Eookv 
À?!? Box 3333 

V’right-P-ttsrvon AF3 
Ohio 

Dvsr Lt. Books: 

15.01 

Your rsqussc for thsnaochsalcsl oroixivr'j»* nf . 
jnd thcri„b,.n tïinn.';" :i 
cIÎ ÎrLrM *"/0t T" 0f “y ^ « th. thrTiT 
1000*C°^*R Rr.nlua, plucoalua tnd thariua compound, «bov. 

n,0r“tl0“ 0,1 th* •i«««« «ni 30^ Of th. r 

"SsTlul ^ ;;Tîr^i C0ntrlbu^°r'8 » 'l.íi fin :*gl£$icsi apUllursY. XIII Hlgh-tsaperaturs heat content, heat 

Sincerely yours, 

^ |«dl %«.*-< I Jo< V 

Vivian B. Parker, Chemist 
7h3rmcchemistry Section 
Division of Physical Chemistry 
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Appendix B 

Physical Properties of Liquid Aluminum 

Vapor pressures of elements are usually represented by an 

equation of the type 

UM logjQ p = ^ + B + C logi0 T + DT 

where A > > B >> C ^ D (34:613), and are ordinarily plotted as 

logarithm of vapor pressure in mm Hg. versus temperature for work 

in liquid metals (1¿í 42). This procedure results in a curve which is 

a straight line in the middle temperature ranges and concave down¬ 

ward at the ends, if extended sufficiently. 

Figure 10 is a plot of the logarithm of the vapor pressure of 

molten aluminum versus temperature in degrees Centigrade. All of 

the values are for "pure" or 99+% pure aluminum, but since some 

of the values are from 1955 or earlier, the actual purity may be 

questionable in some cases. 

The graph of density as a function of temperature (°C) on page 66 

Figure 11, is obviously lacking in data above 1200°C. The straight 

line «quation 

D = 2. 382 - 0. 000273 (T - 659¾ 

is from a letter by Dr. Frank (Appendix A) and applies up to 1100°C. 

A possible justification for the *xtension of this straight line to 
o 

2000 C is that other liquid metals, sodium and NaK for instance, 

have densities which are straight line functions of temperature up to 

their boiling points (12ï 39). 

It was impossible to determine an accurate value for the viscosity 

of liquid aluminum above 1300 C. The five sets of points in Figure 12, 

page 66, are all for 99+ % pure aluminum if the sources are to be 

believed. I here is reason to believe that the viscosity of aluminum 

decreases markedly as it approaches 99. 99+ % purity (38: 18). The 
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lowest Mt of points is from work performed in Russis sfter 19S8

end is for "pure, unoxidlsed" aluminum (33l 182).
The accepted method for extrapolation of viscosity daU to higher

temperatures is a straight line extension of a logarithm of p versus

1/ T (°K) plot. This method is usually good for 50 or 100 K. but it

is certainly liable to error over nearly 1000 K. Since plots of

experimenUl points for liquid metals usually show a decreasing slope
0

at higher temperatures, it is probably sale to pick p > 1 at 2000 C 

for aluminum of reasonable purity.
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Appendix C 

Methode of Computing Voidege 

Two method« for predicting voidege in a particulate fluidiied 

bed of epherical particle« a. . function of the average fluid velocity 

in the bed ar. pre.ented in an abbreviated form in thi« appendix. It 

al.o include, the flow chart, li.tin* «d a ..mpl. output of the com¬ 

putar program uaed to calculate voidage by all three of the method« 

diecuesed in this report (Figure 1). 

Lewie end Bower men (151603-610) 

Lewis end Bowermnn devised en enxlyticel method for predicting 

voidage which is quite similar to Leva* s method. The functional 

relationship is 

(«> « • A 
“t 

which i. analogou. to equation (5) in Chapter UI. with A and b con.tant. 

to be determined on the baaia of the particle Reynold« . number at 

terminal velocity. 

The value of the terminal velocity, is given by one of the 

equations (24) 

u‘* Ü7 

(24) 14.0.1530 
1. 14 /Pf I0*43 

P 1M 

Pi 

J0,71 
Pt J 

Re. < 2 

2< Ret < 500 

p( '/ I 500<Re,<2 X lo' 

and the «elecud value of u, i. uaed in one of the equation« 

„P510U8 
I <*t| R*t K 1 

€ * 0. 
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(¿5) £ = 1. 04 

0. 336 

2 < Ret < 500 

0. 43 

€ = 1. 15 500 < R«-t < 2 X 10 
5 

The vmlue» of € as a function of U£ are then obtained. 

One small problem inherent in this method is that ut must be 

known in order to pick the proper defining equation for ut. For purposes 

of this report, an approximation to Re^ was obtained using either of the 

other two methods of calculating € s f and then u"f was calcu¬ 

lated and checked against the approximate value. 

This particular method of calculating voidage was used in the 

Martin Company* s feasibility study of a fluidired bed nuclear reactor 

using water as the fluidizing agent (7:11 5-11-16). The system of 

notation used above was taken from the Martin Company Report, as it 

is much clearer than that used in the original article. For the region 

of turbulent flow (Ret > 500) the agreement between the formula values 

and the experimental values obtained in the feasibility study was 

excellent. Leva states (16:89) that in general the formulation of Lewis 

and Bowerman is most accurate in the turbulent region, and unsatis¬ 

factory in the laminar-flow region (Ret < 2). 

Zenz and Othmer (40: 230-237) 

A graphical method of predicting voidage which covers a wide range 

of experimental variables was devised by Zenz and Othmer. In this 

system, a velocity dependent variable 

lo*10 “i/ 3 -J 
L / \ Pi 

was plotted as abscissa and a particle diameter dependent variable was 

plotteu as the ordinate. 
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log 10 P/ |4 (Pp - pf) g 

1/3 

lí % modified particle drag coefficient is defined as 

y _ 2 
Cji 4 g Dp (pp -pf)/ 3pf u{ 

and the partiel«» Reynold^ number 

V^f Pf 
Rep= -E-- 

are used in place of the previous two equations, the result is 

lo«J0 (Rep/C^)^1 plotted on the abscissa and log(C^Re^)^ 

on the ordinate, as in Figure 13. For any given system all the values 

except Tf may be considered constant, and approximate values of 

C » f ( uf ) taken from a straight hne parallel to the abscissa. 

Data from both liquid and gaseous fluidized systems of 

approximately spherical particles of many densities and diameters 

was used to obtain the graphs on which the smoothed correlation in 

Figure 13 is based. It should be noted that this correlation is valid 

only for systems exhibiting particulate fluidization. 

Although Zenz and Othmer's system does not give the value of 

Uf at minimum fluidization, it does not depend on a guess as to 

minimum voidage of terminal velocity in predicting the voidage as a 

function of average fluid velocity. Also, this method uses a continuous 

(graphical) method of determining € , rather than substituting three 

or four line segments (individual equations) depending upon the value 

of the particle Reynold's number. 
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Flow Chart. This flow chart deuils the major steps in an 

AFIT FORTRAN program which computes voidage and mass flow 

rates for a liquid aluminum fluidised bed. 

72 



GNE/ Fny■/ 64-10 

73 



GNE/ Phy./64-10 

?Tlm\ Tal««« ^ 

T4 



GNE/ Phyi/ 64-10 

Afir FOATBA«. PAOGAAM TO CO^UTE PAATKLE »EVAOLO'S *U«BE*. 
THEAHAL POKE A AAD VOIOA&f OF A FluIOIZEO BCD AS A FuACTIOA 
OF AVEAAGE FLUID VELOCITY I THREE *ETmOOS OF COMPUTI AG VOIDAOE) 

100 

C 
c 
c 
c 

c 

c 

c 
109 

110 

C 
C 
c 

c 

c 

c 

c 

c 

120 

190 
c 

c 

c 

DIMENSION yABSC I 1901» VOIDllSOI* VMN0I190I 
DIMENSION VEl FL I 190 I * RENPT I 190 ) • GFl2(190). POnEAUSO) 
PA IN T P9 
PAINT 9« 
»EAD 1« DEL 1• VIFL1» DUN* DALN 
PAINT 9. DFL1. VIFL1. DUN. DALN 
DELI-FLUID DENSITY IN 0AAMS/CUB1C CENTIMETER 
VIFL1-FLUID DYNAMIC VISCOSITY in centipuse 
DUN.DENSITY OF URANIUM MONOM ! TR I DC IN OAAMS/CuBIC CENTIMETER 
daln-density OF aluminum monotride IN &Rams/cub1C centimeter 
DEL2-DEL1*62.2A 
DEL2-FLUIO DENSITY IN LBM/CUBIC FOOT 
VIEL2*VI EL 1*0« 000A72 
VIFL2"DYNAMIC VISCOSITY OE FLUID IN LBM/SEC FT 
C1>1.0/3.0 
CP*l.BP(7.0/2B.fBi 
CP-SPECIEIC HEAT OF LIQUID ALUMINUM IN BTU/lBM DEG CENTIGRADE 
PAINT 91 
PAUSE 

IE I SENSE SNITCH 1)120.110 
READ 2. AUN. RALN. DUT 
PAINT 4. RUM. RALN. DCLT 

RUN-RADIUS OF URANIUM NITRIDE PARTICLE IN CENTIMETERS 
AALN-AADIAL THICKNESS OF ALUMINUM NITRIDE COATING IN CENTIMETERS 
DELT.TEMPERATURE DROP FROM BOTTOM TO TOP OF FLUIDIZED BED. DEG CENT 
VUN-f4.0/9.0)*9.lA16*lRUM**3*01 
VUN-VOLUME OF URANIUM MONOTRIDE PER PARTICLE IN CUBIC CENTIMETERS 
VPT-(4.0/3.0)*9.lAlG«(( RUN-RAIN )1.0) «"tTERS 

VPT-TOTAL VOLUME OF COATED PARTICLE IN CUBIC CENTIMETERS 
VALN-VPT-VUN 

VALN-VOLUME OF ALUMINUM MONOTRIDE PER PARTICLE IN CUBIC CENTIMETERS 
DPT1-I0UN«VUN*DALN«VALN)/VPT 
OPT 1■TOTAL PARTICLE DENSITY IN GRAMS/CUBIC CENTIMETER 
DIPT1«2.0«(RUN*RALN) 
DIPTl-TOTAL particle diameter in centimeters 
GO TO 130 
READ 2. DIPT1. DPT1, DCLT 
PRINT 9. DIPT1. DPT 1. DCLT 
DIPT2-0IPT1*0.3937 
DIPT2-T0TAL PARTICLE DIAMETER IN INCHES 
DIPT3-DIPT2/12.0 
DIPT3-T0TAL PARTICLE DIAMETER IN FEET 
DPT2-DPTJ«42.42 
0PT2-TOTAL PARTICLE DENSITY IN LBM/CUBIC FOOT 
C2-DPT2-DFL2 

75 



CNE/ Phys/ 64-10 

•COIN FluIOIZATIOM CALCULAT IMS. LÍVA. IMZ AAO OTMMCA 

IMO-OIATS/U).*VlFLZ*«2.)/IA^OFL2*C2*lZ.in«Kl 
C IOAO-IDAA6/IAENAT SOUAffCOl> TO TMf 1/J, ZINZ AMO OTNMCA 
C DffAWCNZ AMO OTMMfAS OAAÖ COCFFICICNT 

• SC-CfA.#¥IFLZ*C?*11.2l/C5,»OFL2**2.M«*Cl 
C1-OIATS/OFL2 
CA«C2*I4.0/S.0I«)2.2*C1 
CS*OIATS/(VIFl2*S4O0«0I 
CA-OFL7»S400.0 

G«Fl-4tA.0*<0IAT2**l.i2l*l IDFL2*C2»**O.AAI/tVlFLl**O.Ml 
C 6MFl*UMC0AAfCTCD MASS FLOW AATf FQA MINIMUM FLUIOIZATION. LtVA 

acmfi«cs*«mfi 
C NfMFl-UMCOMAfCTfO MAAT ICLE AETNOLOS NOMMA FOA MINIMUM FLUIDIZATION 

IF(ACMF 10.10.IS 
10 CMF»U0 

C CMF-Lf¥A*S COMCCTIOM facto« AASCO OM ACMF1 
60 TO 20 

IS IF(ACMFI-2S0.0U*.U.1T 
U CMF-1.»N-I0.422/2.102S«»»LOGF fAEMF n 

60 TO 20 
IT CNFiO.A*A-I0.2U2/2.S025«>*L06F<ACNF1) 
20 ACMF2*CMF«AfMF 1 

C 6M?i«CMftGwrTtP PA*T,CL€ "fTI,OLOS MUMiCA FQA MINIMUM FLUIDIZATION 

C 6MF2-COMCCTED MASS FLOW AATf FOA MINIMUM F*.UlDIZATION 
VCLFLU)«6MFZ/CS 

C VCLFL-AVCAA6E IOA BULK I FLUID WlLOCITT IN FCCT/SCCOMO 
FAINT 4. WCLFL11). DIFT2. D«T2 
SLOFC«4.4S/(ACHF2«*0•11 

C SLOFf-SLOFC OF MASS FLOW AATf VfASUS V0IDA6E FLOT. L06-L06 
IlNV-l.O/SLOFf 
1*1 

IAS 6FL2(l»-C4»VlLFL(I) 
C 6FL2-MAU FLOW AATf TMAOUAM BCD IN LBN/SO FT MOUA 

FWffBM|-6FL2( I»*CF*DfLT*0.0B02VSl 
FQWfA-TMCAMAL FOWfA OUT OF BCD IN KILOWATTS FfA SOUAAf FOOT 

C OF CAOSS SCCTIOMAL AAfA FfAFfNDICULAA TO FLOW 
ACHFT|||«CS*BFL2(tl 

C AfNFT.AfTMBLDS NUMBCA BASCO OM FAATICLE DlAMfTfA 
VABKI11 «WCLFL 11 » FMC 

C TABK.IACMFT/OAAOI TO TNf 1/J. ZENZ AMO OTMMfA 
ISS ▼DIST-ACMFTMI/ACMF2 

VOIBIII.0.41*(TDIST*WIINV) 
C VOID-CALCULATED VOICkAGC (FUNCTION OF MASS FLOW AATf». LEVA 

U-l 
IWlFl 

140 VCLFL<ll-1.0S«VCLFL(Jt 
IFIVOIDIJI-1.0I14S.14S.1A0 

160 IF(NCMFT(JI-2.01IBS.170.170 
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im m 

1*7 
174 

m 

VO 1 M6f CALOltAT ions US I AG LEWIS ANO BOwEWlAN'S F OHMUL AT ION 

US UT>S?.?*(0INTS4«2.0»4C2/IU.0«VIFL21 
UT«TEMINAL VCLOCIJT of FNCC-VALL ING SPHENC IN FLUID. FT PF* SFf 
60 TO 1 A4 

170 PNINT «4* J* NENPTlJ|. lOftD. TASSCI J I 

CNANGC WMK» »T mKH TURBULENT FLO. FOMulA [S USED 
IF I SENSE WITCH 2)1*4.147 

INT «) 
ACCEPT «2. TlIN 

TLIN.NANTICLC »fTNOLOS NUNftER AT WHICH TuNSULENT FLOW BEGINS 
GO TO 174 
TUN-SOO.O 

IF|BENPTIJ)-TLIN)17S.U0.1I0 

ÏI"Ci*ÎIÏ,PT,##1#14#<0rL,/VIFL2,#**4,#<,2*,#l,0^T2/Wr‘*Î»-l» >»•••▼! «O »0 ISC 

U?«l.T4*|(S2.2»OIPTS)*| e0PT2/0f L2)-l.0n**0.S 

VNnO(NI«l.lS4lIVELFLIN) AiT)^40.491 
rHJO-VOlOA« AT NININUN FLUIDIZATION. LEWIS AND SOwENNAN 

IFIWNNOII4-ÍI-1.0I1BS.1BS.190 
N-l 

WNNOIN)-0.944(«WELFLIN)/uT)440. Ilf I 
1 

IFIWNN0(N-1)-1.0)117,U7,190 
NM 

IN)-1.044((WELFL(N)/UTI440.S97) 
1 

IFIWNNDIN-1 ) -1 .0 I in. 1B9,190 
190 POINT 7 

POINT • 
N-N-l 
00 200 (.-UN 

PUNCM9.WELFUL),NENPT(Ll.GFL2lL».PoweNlL».TANSCIL».W0IDILI.WNN0(L) 
IF I SENSE SNITCH 9I10S.200 

200 CONTINUE 

1*0 

IBS 

1*4 
1*7 

1M 
1*9 
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fl 
97 
fl 

fl 

K»wniFi.4.îrt.*i 
FOI»*»ATi2FT.4,F7.i» 

rOJ*AÎI/lHOFLl-rf.4,4I*4H¥IFH«F*.4#4*.*HOU«l-Ff.4.4*.lt««L*.F«.4/| 
F0MlAT«/l*,4H*UI|.F7.4.4*#»H«âUI-r7t4.4K,5N0ecT«F T.!/) 
r0J«AT|/4M0IATl-F7.4.Sl.JH0ATl.F7.4.4JI.ÎH0€LT-F7.2/| 

í 2ïîlî í •41 • ,M*CT •7*•4H&F L 2 •7* •5MPo,,e* » 
FQMAT11S• iMTAtSC *4« .4MV010 .4X • 4HVfM0/) 

IÎÎ?Aî<F7*4,,*,F7*2*2**Fl0'2,2*,FI0*i»5*»FT«i»2*»^*.liÎX.r4.1i 
rOMAri/97HS«ITCM 1 ON TO READ OIRTl. OPTl. OflTí > 
P0MATIM.2I 
FORMAT! 21H(NT(R HIN |N F*,2 FQNNI 

FOIWA1 < ,l*»i^J*IA*ÍI»éH«ENPT«Fi,2.1*.lHXOIIO«F4.2 »éA.AHTASSC-FA.Í/ I 
F ORNAT I / lOXtAlHAF I T FORTRAN PROGRAM TO ESTIMATE VOIM« IN 4, 
FORNAT I/111.41MLlOUlO FLUIDIZED RED OF SPHERICAL PARTICLES/I 

IE (SENSE MITCH 2)101*100 ««t.cles/I 
ERO 



GNE/ Phy./64-10 

AflT FfRTRAN ^RiGAAM Tf ESVlhATE VtlDAGE IN A 
LIQUID FLUIDIZED BEO BF SPHERICAL PAATlCUS 

OfLl« 2.0000 VIFL1» 2.0000 DUH- 1A.3200 OAlN- ).2600 

WITCH I «N T# READ 0IPT1, DPTI, DELT 
BUI^ .0)00 RALM- .0200 DELT- 300.00 

VELFL« .033B DIPT2« .03937 DPT2» 3S2.608I 

J« 66 RENPT- 245.51 X0RD- 28.77 

VELFL RENPT CFL2 P0WER YASSC 

YABSC- 0.53 

Vf ID VMNO 

10.29 
10.81 

\\$ 
12.51 
13.U 
13.80 
14.49 
15.21 
15.97 

17.*6I 
18.49 
19.41 
20.39 
21.41 
22.48 
23.60 
24.78 
26.02 
27.)2 
28.69 
30.12 
31.63 

U:!? 
36.61 t8.44 
0.37 

42.39 
44.51 
46.73 
49.07 
51.52 

56180 
9.64 
2.63 

6f*76 

15187.96 
15947.36 

18461.07 
»9384.12 
20353.33 

ll 

24739160 
25976.58 

\UIÛ 
30071.14 
31574.69 

\mi 

38379:2¾ 
40298.20 
4231).11 
44428.76 
46650.20 
48982.71 
5*431.65 
5400).44 
5670).61 
59538.79 S 625*5.73 

641.52 
923.60 

72369.78 
75988.27 
79787.68 
83777.06 
87965.92 
92364.21 
96982.42 

»0*831.55 

623.68 
654.86 
687.61 
721.99 
758.09 
795.99 
835.79 
877.58 
921.46 
967.54 

»015.91 
1066.7» 
1120.04 
»176.05 
»234.85 
»296.59 
1361.42 
»429.49 
»500.97 
1576.02 
1654.82 !ßl:U 
1915.66 
2011.44 
2112.01 
2217.6» 
2328.50 
2444.92 
2567.17 
2695.53 
2830.30 
2971.82 
3(20.41 
3276.43 
3440.25 
3612.26 
3792.88 
3982.52 
4181.65 

:il 
.43 
.45 
.47 
.50 
.52 

.61 

.64 

.67 

.86 

.90 

.94 

.99 
1.04 
1.09 
1.15 
1.21 
1.27 
1.33 
1.40 
1.47 
1.54 
1.62 
1.70 
1.79 
1.87 
1.97 
2.07 
2.17 
2.28 
2.39 

.410 

•í15 .421 

:81 
.451 

.470 

.490 

.497 

.504 

.5»1 

.518 

.526 

.533 

!548 

.It! 

:IU 
.587 
.595 
.604 
.612 
.621 
.629 

.6« 

.404 

.411 

.418 

.425 

.432 

.454 

.461 

.469 

•ïë 
.493 
.501 
.509 
.518 
.526 i 
.553 
.562 

.590 

.600 

.610 

.620 

.631 

.641 Ö2 
2 

.673 

.708 

.719 :¾ 
:7¾ 
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Appendix D 

Two-Group Calculation« 

<13») Díc V2 « fc ♦ . 1) r' ,fc. Vtrfe *te 

(H.) DtcV2*tc- L* ,tc 

(15») D(R V2 «fR - ifR 

(lb.) 

For spherical geometry with no angular dependence, 

PT2 d2 . 2 d V = —T~ +--7- 
¿ r d r d r 

and making the following substitution 

/ Hi = J. iH. . “ 
d r I r I r dr r‘- 

Z , 2 
— /ü « 1 1-iL 2 du 2U 
dr2 lrl r dr2 r* dr r3 

the thermal flux in the core may be described by 

1 d^'u Stc y 

7 772 * 7 s 0 

u 0 

> 0 

■ 0 

- 0 

• 0 
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u (r) » Cj ainh <Btc r) ♦ C2 coah (Btc r) 

<»> ^(D-C, 

For 0tctr) ilmte »• r -• 0. 

C¿ = 0 

Um >inh(Btc r) q 

r -• 0 r '0 

Urn D coah(Btcr) 

r -. 0 Btc ¡ * Btc 

amh(B. r) 
(”) ♦„.(') * C, --i£_ 

and in an exactly amular manner 

(¿7) ♦írU) * Aj 
,4k£Rr 
•—+ A2 !^Lr 

r 2 r 

», re 

.2 
k£R * 

ÍR 

For #fR(r) iimte aa r 

Aj = 0 

Um .'kÍRr 
r —• » 0 

,'kÍR r 
í19) #£R (r) * A2 

Solving the homogeneoua part of equation (i3a), 

d*u 2 
-2 ♦ Bfc « * 0, 
d r 
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where B/c * (^-1) "fC 
fl 

Dfc 

Uh(r) = sin (Btc r) + C4 cos (Bfc r) 

and solving for the particular solution. 

d^u ¿ 
—-J ♦ Bfc u = -mC] sinh (Btc r) 

where m = u 
t D 

Í 

-tc 

fc 

- m C 1 

UP * ¿ 
Bf. + B Jíc T -te 

and the complete solution isj 

— smh (Btcr) 

m C 
uf r) = c3 .in(Btc r) + C4 co. (B(c r) - -j-y ,lnh (B r) 

Bíc + Ble 
. •m(Bfcrí co.(Bfcr) 

U«) »fc(r) = Cj --- ♦ c. -ií- . 
m 

0te<r) .2 ’"‘C 
Bíc + B,c 

í°r #fc(r) finite as r -• 0, 

c4 = 0 

Um »tn(Bfc ry o 

r -* 0 r Õ 

lim ö co*(Bfcr) 

r -• 0 Bíc J * Bfc 

(18) 0fcM * C3 
ain(Bfcr) 

r 
m 

Now, solving for the homogeneous part of equation (16a), 

d¿u 2 
. 2 ‘ ^tR u = 0 

d r 

83 



GNE/ Fhy•/ 64 

where L ^tR 

ItR ' d.r ’ 

+ ktRr _ -ktRr 
2 * 

^{r} - Ej e — f E, e 

where 

— -k2 » « * ■kiRr , 2 *lR u * A2 e 
d r 

m* * 

re 
•fR 

d.r 

m» A2 .kfRr 
“p<r> * -z—F e 

ktR * kiR 

and the complete aolution it 

u<r) * Ej e ♦k.Rrir _-ktRr m*A2 -kfRr 
* “7-« 

ktR * kfR 

ktPr -ktRr 

W i tRtr) * Ei -- 4 E¿ 
e m* 

r * 2 2 ♦íRfr> 
•HR - kiR 

E°r ^ finite at r -« « , 

Ejr 0 

*ktRr 

«“> ♦tRlO * e2 ^- + T m2 ' ♦«(') 

‘Hr 

Now the boundary condition, of continuity of flux and current at 

the core-reflector interface (r,,) may be applied. 

♦fc(r0) » *fR(r0) 
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*tc(ro) = 0tRÍroí 

lí the following «ubstitutions are made, 

P 

X = 
8inh(Btcr) 

r 

V = 
sln(Bfcr) 

r 

kfRr 

Z l 

’ktRr 
e_ 

r 

m 

b; + b tc 

ktR ' kfR 

the continuity equations become 

cj[y] - Cjhj [x] = A2[z,] 
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(Î0.) 

C,[x] . Ejzj 4 A.hJzJ 

cj H-c, h, [*•]. Pl a2 [z;] 

Cjx'j .p2 E2 [z*2] 4A2h2[z¡] + A¿ h2 

where [ J indícete« evaluation at r0 . 

The«e are a «et oí four homogeneous equations in four unknowns, 

A¿. Ci, C3, and E¿. For a nontrivial solution the determinant of 

their coefficients must equal aero. Defining 

(31) 

“ ' [£'] ' B,<: COth(B«cro» -7; 

P * [t] * Bfc co‘ (Bfc ■■o) - 7; 

r *[ir] •^R * 7 

Ô * 
fel* 

Rearranging the rows, the determinant of the coefficients becomes 

A ■ 

0 

-1 

0 

-P 

-h 

1 

-P2h2y 
Pi y 

• 1 

0 

■p¿6 * 0 , 

1 

hl 

0 

hla -P f)i y 0 

which is the critical condition» Expanding the determinant gives 

a* (h2P2# 1>1 • *« Pi r -h, « p2h2y +p, y p2 6) 

♦ P (-p2 P + hj p2 h2 y 4 0 -p2 4 h, h2) . 0 

Letting F| • p2 hj h^ and solving for ß, 

(32, p . 
p2 Ö -a - Fi(y 4 Ô ) 
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and thia equation may be solved for the critical radius, rQ . 

Once r0 iS determined, the set of equations (30a) may be solved 

for three of the unknown constants in terms of the fourth (say Cj). 

A¿ = C! [x] (a - p2 6)/p2 ktc [z,] (y -fi) 

(33) C3 = (C,k£c [x] + A2 [z,] ) y/[y] 

Ei = (Cl[XJ -Az'Hc [Zl] »/[zj] 
Now, ior any arbitrary value of Cj, the flux dl.tribution in the 

reactor may be determined by the use of equations (4 7 - 20), 

which are repeated below. 

(17) 
sinh (Btc r) 

*tc(r) s ci -:- 

(18) 

(19) 

0fc(r) 
•in (Bfc r) 

r 

*^fRr 
= a2 e—- 

m 

♦ tc(r) 

(20) OtRfr) 
e'ktRr 

r 
m* 

2 2 
ktR ' k*fR 

If fast parasitic capture in the core is re-introduced into 

equation (13a), then 

(34) Bfc * U* - 1) 9 

and the other equations remain the same. This step was added to the 

computer program as an option, and results in appreciably greater 

radii but no substantial change in the flux distribution. For € * 0. 6, 

RUN = 0. 03 and RALN = 0. 02, the critical radius is 22. 3 cm. without 

fast parasitic capture, and 25. 2 cm. with fast parasitic capture. All 

87 
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the resulte presented in the section on reactor calculations included 

the terms for fast fMrasiÜc capture. 

Input Data 

The input data for the reactor calculations program consisted of 

both fast and thermal group microscopic cross sections and nuclei 

densities in the core and reflector. Both cross sections and nuclei 

densities for the reflector wt re constant values for all calculations 

using 1. 1 eV energy cutoff. Only the cross sections for this cutoff 

are listed in the following three pages. 

The first row of numbers in each «et is the voidage. the radius 

of the i’N particle in centimeters and the thickness of the AIN coating. 

The second row is the nuclei density of aluminum and nitrogen 

in the core, followed by the densities of aluminum and nitrogen in the 

reflector. Rows three through five are cross sections, appearing in 

the enact order as called for in the program listing. The final row 

in each group contains the fast parasitic capture cross sections of 

aluminum and nitrogen which are optional in the program 

(typed input data). 
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GNE/ Phy./64-10

Flow Charts Thi« flow chart details the major eteps in an 

AFIT FORTRAN program which computes the critical radius and 

fast and therinal flux distribution for an infinitely reflected 

spherical geometry.
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r
GNE/ Phy»/64-10

Flow Chart. Thi* flow chart detail* the major etepe in an 

AFIT FORTRAN program which compute* the criucal radiu* and 

£a*t and thermal Qua (MatribuUon for an iniimtely reQected 

•pherical geometry.
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Chart. This flow chart details the major steps in an 

AFIT FORTRAN program which computes the critical radius and 

fast and thermal flua tUstribution for an infinitely reflected 

spherical geometry.
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. 

C AF I T FOftTRAF PROGRAM TO Dt T tRMI MC CRITICAL RADIUS AND NORMAL1ZFD 
C FLUX DISTRIBUTION FOR AN INFINITELY REFLECTED SPHERICAL GEOMETRY 
C USING TtfO-GROUP DIFFUSION THEORY 31 MARCH 19*4 

PRINT 500 
PRINT 501 
PRINT 502 

10 READ* CU» CAL* CN. RAL. RN 
C CU-ATOM DENSITY OF U IN CORE PER BARN-CUBIC CENTIMETER 
C CAL*AT0M DENSITY OF AL IN CORE Pf* BARN-CuBIC CENTIMETER 
C CN-ATOM DENSITY OF N IN CORE PER BARN-CUBIC CENTIMETER 
C RAL-ATOM DENSITY OF AL IN REFLECTOR PER BARN-CUBIC CENTIMETER 
C RN-ATOM DENSITY OF N IN REFLECTOR PER BARN-CuBIC CENTIMETER 

READ. FV235. FF235. FT235. TF235. TT235. TC234 
C FV235-AVERAGE NUMBER OF NEUTRONS PER FAST FISSION 
C FF235-MICR0 FAST FISSION CROSS SECTION FOR U235 
C FT215-MICRO FAST TRANSPORT CROSS SECTION FOR U235. BANNS 
C TF235-MICRO THERMAL FISSION CROSS SECTION FOR U2S5 
C TT235-MICRO THERMAL TRANSPORT CROSS SECTION FOR U215. BANNS 
C TC235-MICRO THERMAL TOTAL ABSORPTION CROSS SECTION FOR U235 

READ. CFTAL* RFTAL. TTAL. RESAL. TCAL 
C CFTAL-MICRO FAST TRANS CROSS SECTION FOR AL IN CORE. BARNS 
C RFTAfMICRO FAST TRANS CROSS SECTION FOR AL IN REFLECTOR. BARNS 
C TTAL-MICRO THERMAL TRANS CROSS SECTION FOR ALUMINUM 
C RFSAL-MICRO FAST REMOVAL I SCATTER I CROSS SECTION FOR Al IN REFLECTOR 
C TCAL-MICRO THERMAL TOTAL ABSORPTION CROSS SECTION FOR ALUMINUM 

READ. CFTN. RFTN. TTN. RFSN. TCN 
C CFTN-MICRO FAST TRANS CROSS SECTION FOR N IN CORE. BARNS 
C RF TN«MICRO FAST TRANS CROSS SECTION FOR N IN REFLECTOR. BARNS 
C TTN-MICRO THERMAL TRANS CROSS SECTION FOR NITROGEN 
C RFSN-MICRO FAST REMOVAL (SCATTER) CROSS SECTION FOR N IN REFLECTOR 
C TCN-MICRO THERMAL TOTAL ABSORPTION CROSS SECTION FOR NITROGEN 

PRINT 504, CU.CAL.CN.RAL,RN.Fv235.FF233.FT233,TF233.TT215.TC2J5 
PRINT 504. CFTAL.RFTAL.TTAL.RFSAL.TCAL.CFTN.RFTN.TTN,RFSN.TCN 
PRINT 516 
ACCEPT 519. FC235, CFCAL. CFCN 

C FC235-MICRO FAST NONFISSION ABSORPTION CROSS SECTION FOR U235 
C CFCAL-MICRO FAST ABSORPTION CROSS SECTION FOR ALUMINUM 
C CFCN-MICRO FAST ABSORPTION CROSS SECTION FOR NITROGEN 

20 CTSGC-CU«TC235KAL«TCAL*CN*TCN 
C CTSGC-MACRO THERMAL TOTAL ABSORPTION CROSS SECTION IN CORE 

CTDU-1./( 3.4(CU«TT2354CAL»TTAL4CN«TTN)I 
C CTDU-THERMAL DIFFUSION COEFFICIENT IN CORE 

*TSGC-RAL»TCAL4RN*TCN 
C RTSGC-MACRO thermal TOTAL ABSORPTION CROSS SECTIOM IN REFLECTOR 

RTD1R-1./(3.*(RAL*TT AL+RN* T TN I ) 
C RTDIX-THERMAL DIFFUSION COEFFICIENT IN REFLECTOR 

CFSGC-CU«FC233*CAL*CFCAL4CM*CFCN 
C CFSGC-MACRO FAST ABSORPTION (NONFISSIONI CROSS SECTION IN CORE 

FSGFI-CU4FF235 
C FSGFI-MACRO FAST FISSION CROSS SECT’ON (U235 IN CORE) 

CFDIX-1./I 3.*(CU*FT2354CAL»CFTALKN*CFTNn 
C CFOIK-FAST DIFFUSION COEFFICIENT IN CORE 

rfsgs-ralprfsal-rmrfsn 
C RFSGS-MACRO FAST REMOVAL (SCATTER) CROSS SECTION IN REFLECTOR 

RFDIK-1./<3.*(RALPRFTAL*RN*RFTN)) 
C RFDIK-FAST DIFFUSION COEFFICIENT IN REFLECTOR 
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TS6FI»CU*TF739
TS&FI-MACRO THERMAL FISSION CROSS SECTION (U2SS IN CONE) 
RRINT SoSt CTSOC* CTOIK* RTS(K« RTOIK* CFSOC 
l»RINT SOSt FS6FI. CfOIK. RFSGS. RFOIA. TSIiFl

SECTION OF PROGRAM TO COMPUTE CRITICAL RADIUS

*5
»0

91
99

*A1R-S0RT«R»S0S/RF01K)
XR2R>SORTIRTSbC/RTOIKI
XBK-SORTM IFF299-1. l•FSGFI-CFsaO/CFOIAI
IB2C-SORTICTS&C/CTOUI
RHOl-RFOIR/CFOU
RH02-RT0IA/CT0IK
XM-RFSGS/RTOIK
XMP-2,A9*TS0FI/CFOIX
XH1-XMP/(XB1C**2«XB2C««21
XH2-XM/IXK2R**2-XK1R*«2)
XE1-Rh02*XHI*XH2 
PRINT 520 
ACCEPT 921• RAO 
Z9-CXPFlXB2C*RAO)

2A-1./2)
ALPMA>XB2C«((Z9«ZAI/429~ZA)l-l./RAO 
&AMMA — XK1R-1./RA0 
DELTA--XX2R-1./RAO
Z9•XC1•ALPHA•<DCLTA-GAMMA)«RHO1•OAMMA*(RH02•OeLTA-ALPHAI 
Z6*RM02»0E L T A-ALPHA- XC 1 • I GAMMA<»OeL T A >
PNIME-Z5/Z*
BETA«XBlC«COSFIXBlC*RAOI/SINFIXBlC»RAO|-l./RAO 
PRINT 919t BETA. PRIME
SELECT RAO less THAN CRITICAL RADIUS BEFORE ATTEHTTING TO 

IF (SENSE SWITCH DBB.AA 
IF« ABS( BETA-PRIME I-.000 DAO. 60. AS
NEWTON-RAPMSON SOLUTION FOR TRANSCENDENTAL EQUATION 
BETA>PR|I«
Zr>(XBlC*COSF|XBlC*RAOl/StNF(xBlCMtAOll-(1./RAO I-BETA 
ZB»-(XBICA«2 t»CIl./SINF)XB1C*RA0»••*2)^ll./(RAO*«2lI 
XRAO-RAO-ZT/ZB 
PRINT 516. RAO. XRAD
NEW VALUE OF RADIUS MAY BE ENTERED IF SOl.UTlON DIVERGES 

IFtSENSE SWITCH 2)96.99 
PRINT 520 
ACCEPT 921. XRAD 

60 TO 99
IFI ABSIXRAD-RAD l-•00Bn60.60.99 
RAO-XRAO
GO TO 90

CONVERGE
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SCCTICM Of PROGRAM TO COMPUTE FLUl OISTRIRUTIOR IR CORE AMO REFLECTOR

40 I-.9»IZ9-EAI/RA0

T-SINFIIBlC«RAOt/RAO 
21-CIPfI-XAIRPRAOI/RAO 
Z2>EIPFI-XK2R*RAOI/RAO 
PRINT 9R0 
ACCEPT 92J, Cl

ci-PouCR level variable at CRITICALITV
A2>C1•I•IALPNA-RH02•OELTAI/RM02*IH2«21•IGAMMA-OELTAI
A4»(C1*X-A2»*M2»21I/22
C9*(C1*IH1«i«A2*21>/V
values of CONSTANTS IR OlFFUSIOM EOUATIOMS. IN TERMS OF Cl 
TFlC«C1«*

tflc-thermal Flu* in core
INONN-TFlC
■ norm-normal I2ATION FACTOR FOR ALL FLUIES
FFlC»C9«T-*M1*TFlC

fflc-fast Flu* in core
FFlR»A2«21

FFlR-FAST flu* in reflector 
TFlR«A4»22**M2*FFLR 
tflr-thermal flu* in reflector
PRINT BOO. A2. AA. O
print BOl
PRINT BOS. RAO. FFlC. FFLR. TFLC. TFlR 
RAO-0.0

120 IFISENSE SWITCH IIIIO.IIS
110 RAO-RAO-O.OS 

GO TO ISO 
IIS RAO-RAO«1.0 
ISO 2S«E*PF(*B2CPRAOi 

2A-1./2S

*».S*I2S-2BI/AAO 
T-SINFI*B1C*RA0I/RAO 
2laE*PFI-*KIRPRAOl/RAO 
2 2-EXPF <-XC^R-RAOI/RAO 
TFLC-IC!•*I/inoRM
fflc-iccs«ti/*normi-*mi»tflc
FFlR»«A2«21I/(NORM

TFlR-IIA4»22I/INORMIa*M2«FFLR

IFISENSE SWITCH 2US0.1A0 
IBO PRINT BOS. RAO. FFlC. FFLR. TFLC. TFlR 

GO TO IBO
ISO PUNCH BOB. RAO. FFlC. FFlR. TFlC. TFlR
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900 T fOOTRAN MIOOMAM TO 0€Tt*HIM{ CRITICAL MAOlUSI
901 F0A««ATI/Sl(tA9HAN0 FLUX 01 S T R I OUT I OM F<M AN INFINITELY REFLECTCO/I
902 FOOMATI7R*91HSPHCIMCAL GCOMCTRT USING TMO-G«OUP DIFFUSION THEOUV/I 
90A FONNAT(/)Cl9.S>i
909 FONNATI/lC20.tI I
919 FONNATI/9HOCTA-F10.6•AX.AHPRINE-F10.*/I 
91* FONHATI/AHRAO-F10.A.AX.9HXRAO>F10.A/I
91* FONNATI/SRHCNTER FC299. CFCAL. CFCH. FONMAT 9C19.0I
919 FONNAT()E19.*I
920 FONNATI//AIHCNTFR RADIUS IN CENTINCTCRS. FORMAT FIO.AI
921 FORMATIFIO.AI
990 FORMATI/9*Hf NTER Cl (POWER LEVEL!. FQRIAAT FIO.AI
*00 format I /9HA2-C lA.O. AX.)»AAA>E lA.a.AI. )HC1«E lA.* / I
*01 F0RMAT(/*X.9HRA0.12X.ahFFlC.11X.AHFFlR.11I.AHTFlC.11X.AHTFlR/I
*09 FORMAT I9E19.*/I
*0* FORMAT I9E19.*I
1*0 IFISENSE SWITCH 9110.120

■

I -4
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AFIT reRTRAN PR0GRAH T0 OETERHIHC CRITICAL RADIUS 
AHO FLUX OICTRIBUTliH FfR AN INFINITELY REFLECTED 

SPHERICAL GE0METRY USING TMB-GRfUP OlFFUSIRN THERRY

.29550000E-02

.41794000E-01

.17973000E-01

.47890000E-01

.V7890000E-01

.2S051000E-KM
,18036000E-K)1
.83686000E-K)1
.25700000E<^03
,31500000E^03
,30500000E^03
.28609000E-*^i
.22130000E<iK)l
.14900000E+01
.27240000E-02
.IIOOOOOOE-^OO
,3228OOOOE^0l
.5W33000£^0!
.10I60000E-K)2
.35S13000E-OI
.6VX>OOOOE^

ENTER FC235, CFCAL, CFCN, FfRHAT 3E15.8 
.2251^-00 .6AI7E-02 .2796AE-01

.91737506E+00 

.283Sl8tiiE^

.35917500E-01

,597^882E<K>0
.U3b0777t-02
.53296380E-02
.16A75998E»01
.1831I699E-02
.90673833E^OO
.75943500E<K»

ENTER RADIUS IN CENTIMETERS. FRRMAT F10.4 
S.O

BETA- -.006706 PRIME- -.1313*.

ENTER RADIUS IN CENTIMETERS, FORMAT FlO.6 
1.0

beta- -.001332 PRI»€- -.5877®5

ENTER RADIUS IN CENTI»€TERS. FORMAT FIO.N 
10.0

beta- -.013692 PRIME- -.076998

ENTER RADIUS IN CENTIMETERS. FORMAT F10.6 
15.0

beta- -.021296 PRIME- -.056226

ENTER RADIUS IN CENTIMETERS. FORMAT F10.6 
20.0
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iCTA- -.0300M rtIMC- -.0A6M7

CMTCR RADIUS IR CERTIMITCRS, FRRHAT FIO.A 

KTaI^'-.OAOAI? PRiHE- -.OAI157

CNTCR RADIUS IR CdfTlMnCRS, FDRMAT MO.A 

iCTAi^*-.05A697 PRI»«- 03751#

25.
RCTiU

r»1•
0 

1 fRllC- -.081257

RAD- 25.0000 XRAD- 25.2670

RAD- 25.2870 XRAD- 25.2850

RAD- 25.2850 XRAD- 25.2850

RHA- -.081257 PRltC- -.081082

RAD- 25.2850 XRAD- 25.1883

RAD- 25.1883 XRAD- 25.1880

RAD- 25.1880 XRAD- 25.1880

8CTA- -.081082 PRUC- -.081107

EMCR Cl (ffl«R LCVfU, FfMAT F10.A

AS- .liSsosost^is A8- .10977205£>23 C3- .793110A7l^19

RAD
251A#07#€<»02 
lOOOOOdOC^OI 
20000000C«01 
30000000f*01 
AOOOmOE^OI 

■♦Ol
________i^oi
7t0000M-»«l 
mooMoc^ot 

:♦«» 
[♦02

.A33ms#(-A

.AAI77530C-OA
---------------- - -i^TTllTt-OA
.SAI12A73C<»00 .2A22lO#7t-OA

FFLC

.SA«7799Ai>00 

.5A69$I95E>00 

.SAA39MI£«00

TF1.C 
.911283
.322A^*73C-j7 

.A03A72^-!^

.5371A350C>«

.$32A^7C«00 

.WTOR^Ait^OO . 

.$21030A1E>00 .nrt5$21t-OA 

.StA3IAAAC«00 .9A7U1I9C-05

.1000872^

.A03A71AM 

.1828MIAC-I5

-----------tOC-OA
13232713C-OA

.8838781lt-15 

.AA^19n-U 

.230504lk-l3 

.I2187089(>I2 
•*SA5TW-12 
.35SM^>n

TFlR

.3688A602£<»OA

.I92A1829£«0A

.lti«lAA£*OA

.707^A08£«^3

.Ulw920A£<^3

.3092^A£««3

.2n;/l25£^05

.lA7*iA3«^03

.ia57i37*£^«3
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Appendix E 

Temperature Distribution in the Fuel Particles 

Before the probable integrity of the fuel particles can be de¬ 

termined, it is necessary to know the temperatures which will exist in 

the particles. These temperatures will depend on both the rate of 

heat generation in the fluidised bed and the temperature of the fluid. 

If it is assumed that the film coefficient of heat transfer in the bed is 

effectively infinite, then the surface of the particles will be at the same 

temperature as the surrounding fluid. Without specifying a fluid 

temperature, it is possible to determine the rise in temperature in 

the particles (above fluid temperature) on the basis of the rate of 

volumetric heat generation in the fuel section of the particles. 

To obtain the volumetric heat generation rate, the thermal power 

in the bed and the volume of UN in the bed must be known (assuming 

all heating *s in the UN part of the particles). For fuel particles with 

a UN core 0.06 cm. in diameter, and an 0.02 cm. AIN coating, the 

thermal power in the bed is between 1.2 Mwt/ft* and 6.8 Mwt/ft* for 

a voidage of between 0. S and 0.8 (see Appendix C). 

If a reactor core radius of 25 cm. is assumed, giving a cross- 

sectional area of 2.2 ft*, the thermal power out of the bed will be 

between 2.6 and 15.0 Mwt, or between 6. 2 x 10* and 36 x 101 cal/ sec. 

The critical mass of U*M for this radius is about 80 kg, as given in 

Figure 6 . With a uranium density in UN of 13. 52 g/ cc (17:2) there 

will be 6. 3 x 10s cm* of UN in the bed. Allowing for a 10% heat loss 

in the bed, the volumetric heat generation rate will be between 1.08 x 

10* and 6.4 x 10* cal/ cm* sec. 

181 



r GN£/ Phys/ 64-10

The temperature in n homogeneoue sphere with a uniform 

volumetric heat production rate, q*, is given by

(35) •''»= *i ♦ -^7 <'*i -

where and t^ are the radius and surface temperature of the sphere. 

The temperature at the inner (r.) and outer (r^) radii of a hollow 

spherical shell with constant heating on the inside is given by

(36) *1 ' *s " 'i

These two equations may be written as

.1
(37)

(38)

‘o* *i ^ 1 i t^ » t (r » o)

. . (J.. i_
‘ I 'i

which will give the increase in temperature in the particles at the 

interface and the center, above the fluid temperature

No values of the thermal conductivity of either UN (k^) or AlN(k2) 

at temperatures above about 800**C are available, so extrapolated 

values were used, was taken as 0.08 cgs units and k2 as 0.02 cgs 

units for an average temperature of about ZOOO^C. k^ is an increasing 

function of temperature and k2 is a decreasing function of temperature.

Using equations (37) and (38), with r^ > .03 cm., r^ * .05 cm. 

and q' » 1.08 * 10* cal/ cm* sec, « 2®C and t^ = 2. 5®C. For 

q* « 6.4 a 10* cal/ cm* sec, t. * 12**C and t^ * 15^C. For thermal 

conductivities an order of magnitude less, or q* an order of magnitude 

greater, the values for the maximum q* are t^ « 120*^C, t^ * 150**C.

102
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will decrease the voidage at a given mase flow rate. Thus to achieve 
W BfH 

higher power in the reactor for the same critical mass, it might be 

possible to go to fewer, larger particles. An increase in the fuel 

pellet radius from 0.03 to 0.3 cm. would result in a temperature at 

the center of the particle 50°C above the temperature at the interface 

(for q1 = 1.08 X 10* cal/ cm1 sec). If the AIN coating was also 

increased in thickness from 0. 02 to 0. 2 cm., the temperature rise 

from the particle surface to the interface would be 60°C. and thus 

the total rise would be 110°C. 

If a maximum temperature increase of 100°C in the particles is 

specified as a safe value, it is obvious that increases in particle sise 

to increase power per gram of Ua*5 will be limited by the temperature 

rise in the particles themselv**. It appears that a probable upper 

limit on particle sise, for reasonable power levels, is between 0. 1 cm 

and 1.0 cm in diameter. 

The problem of maximum power generation per gram of U*11, is 

also effected by the cross-sectional area of the core. For radii 

between 12 and 100 cm., the critical mass, Mc» is given in terms of 

the critical radius, R , by 
c 

(39) Mc * 20 + 4.45 (Rc - 12) kg 

as can be seen in Figure 6. Thus the cross-sectional area decreases 

faster that the critical mass (A *frRa). For a given flow rate and 

entrance-exit temperature drop, power is a direct function of the 

cross-sectional area, and so there is probably a minimum core 

radius for the efficient production of thermal power (assuming that 
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th« r«»l cor« configuration gives values corresponding to those for 

the spherical one). 
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