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SUIMARY 

This report presents t̂ e result's of a_study of certain features of the 

Internuclear Company concept for an Advanced Engineering Test Reactor. The scope 

of the studys which is given in Chapter II5 was specified by Division of Reactor 

Development of the Atomic Energy Commission in a list of 11 items in Appendix B, 

Contract No. AT(04-3)-109j Mod No 4 Revision, Project L. 

The Internuclear concept to achieve ultra-high thermal-flux in seven pro­

posed testing loops called for a complex of seven, decoupled reactors located 

in a single, large block of concrete. Each reactor is of the flux-trap type, con~ 

sisting of a cylindrical annjlar core of H_0 cooled Al-U elements of the general 

MTR class, a D„0 reflector, an annuliis of H 0 just inside the core annulus, and 

the central loop region for materials testing. 

The scope of the present study was primarily concerned with optimization 

of the geometrical and core-composition variables to achieve the maximum flux in 

the loop region per unit of power in the core without exceeding heat transfer 

and other engineering limitations. 

Certain other design questions were to be investigated to the extent 

possible with the funds available 

It was found that, with uniform distribution of fuel in the core annulus, 

it is impossible to obtain the flux in the large, sodium or air cooled loop that 

is desired by BED without exceeding heat removal limitations in the core. This 

is partly because of the fact that the radial power distribution is very poor, 

creating a severe hot spot at the inside edge of the core annulus. Achievable 

loop fluxes and the associated core powers are determined for the seven specified 

loops in a design that is optimized for the large 7-in, sodium cooled loop 
15 2 

Achievable loop fluxes are m the range 1.16 x 10 n/cm /sec to the desi»-.'-i flux, 
15 2 

1,5 X 10 n/cm /sec, and the associated core powers are in the neighborhood d 

200 JW for each reactor This would result m a combined power for the comply* 

of about_1400 1«; however, this can be reduced by optimizing each reactor for its 

toop or at least having two optimized designs, and by designing for a flatter, 

radial core-power distribution through the use of non-uniform radial distribution 

of fuel 

1 



Several design questions are discussed and recommendatiosis given. RecOBi" 

fflendations for further preliminary analysis are presented. A formal R & D 

program is laid out and the cost of this as well as the construction cost of 

the reactor complex is estimated. 



I, INTRODUCTION 

The purpose of this report is to present the results of a study of certain 

features of the Internuclear Company concept for an Advanced Engineering Test 

Reactor. The basic Internuclear concept for the AETR is described in detail in 
--— •—— I 2 2 

the reports AECU-3427- and AECU-3427- (Add.)". Subsequent work by the Inter­

nuclear people on the same items of investigation that are described here is to 

be published at about the same time as this report. 

The assignment to American-Standard was viewed by the authors as being 

partially in the nature of an independent estimate of achievable fluxes and 

required power levels for the H„0 moderated, D O reflected, H^O "flux-trap" typa 

of research reactor. The constants of the reactor, such as macroscopic cross 

sections, were thus calculated without reference to the Intemuc values. Wiere 

possible, refined procedures were used. Methods of reasonable brevity were, 

of course, appropriate and necessary in AECU-3427 because of the broad ranges 

of the variables in the parameter surveys. Full advantage of AECU-3427 was 

taken in narrowing the range of parameters to be investigated in the determi­

nation of optimum values. 

The plan of the report is patterned after the scope of the study^ the items 

of which and their order of importance being specified by the AEC. The report 

is thus divided into the following sections: Sumaaryj, Introduction, Scope of 

the Study, The Internuc Concepts Results and ConclusionSj Recommendations for 

Further Analysis, Optimization of Flux and Power Level, Heat Removal Limitations^ 

Materials Limitations, Gamma Heating and Thermal Stresses, Design Questions 

(Fuel Plate Orientation, Type of Control Systeffl̂  Coupled vs. Uncoupled Reactors), 

Shielding, Process System^ Research and Development Program, and Cost Estimates. 

Appendices are included on the Physics Methods and Constants, Thermal Perfoni.isU5,© 

Relationship, and Materials Considerations. The first appendix contains numerous 

graphs of cross sections that were determined for three group calculations (these 

— 0. J. Elgert, C. F. Leyse, and D. G. Ott, "Preliminary Investigations for an 
Advanced Engineering Test Reactor," AECU-3427 

2 
— C. F. Leyse and B. H. Leonard, Jr., "Preliminary Investigations for an Advanced 
Engineering Test Reactor/' AECU-3427 (Add.). 
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should be generally applicable to any AUU^O research reactor calculations) ̂  

and analyzes the accuracy of the three group model. The appendix on Materials 

Considerations contains a detailed compilation of information on aluaimini and 

other materials of interest. 



H . SCOPE OF THE STUDY 

The scope of the work discussed in this report was specified by the Divi­

sion of Reactor Development of the AEG in a list of 11 items as set forth In 

Appendix !» Contract Mo. AT(04-3)-109, Modification lo. 4, Revision^ Project L. 

All items are in reference to the reactor design presented in AECU-3427. They 

are listed below in the stated order of infiortance to the contracting offices 

1. Optimization of flux and power level in the test section to produce an 
15 2 

average unperturbed thermal flux of 1.5 x 10 n/cm /sec. The teat sec^ 

tions shall includei Two 2000 psi (550-650'°F) circulating water loops» 

one 3-in. ID and one 4-in. ID; circular test sections, three of 7-in. IDj 

one of 5-in. ID and one of 3-ln. ID -- all versatile loops for either gas 

or liquid metal capable of operating at 300 psi with temperatures in the 

order of 1500°F to 2000^F. 

The test loops are to be 30-in. long and the axial flux variation should 

not exceed 507. over that length. 

2. Extend the calculations on the flux distributions to determine the optimum 

dimensions of the fuel and moderator annul!. 

3. Estimate the limit of heat-removal capacity of various fuel element ar­

rangements in an annular system under the postulated operating conditions. 

4. Study the gaimna-heatlng problem in the "flux-trap" type reactor system 

with respect to the test loops using as a factor the power produced by the 

experiment as well as the power produced by the reactor. 

5. Study the concept of completely uncoupled versus a coupled reactor (as 

well as varying degrees of coupling) from the standpoint of cost, flexi­

bility j control, and independence of loop operation^ assuming fuel element 

tests are terminated at the point of Incipient failure. 

6. Study a mechanical control system as opposed to a completely chemical con­

trol system. 

7. Study the feasibility of using aluminum rather than zirconium or stainless 

steel or other materials where this appears economically desirable. 

8. Study shielding requirements for access after shutdown and biological 

shield thickness around reactor complex. 



Based on the results of the studies of items 1 through B, prepare a pre­

liminary conceptual design of a. reactor facility that would incorporate, 

as far aa practical^ the most suitable arrangements that result froa the 

studies of the major problem areas outlined above. 

Outline and estimate the cost of the research and ievelopment program nec-» 

essary to support the detailed design and conatruction of an adrance«l en«» 

gineerlng test reactor. 

Prepare a cost estimate for deaign^ construction! and ©psration of a flux-

trap AETE. 



m . THE IHTERNUC CONCEPT 

For readers unfamiliar with the reportj AECU-3427j it may be helpful at 

this point to present very briefly the general features of the Internuc concept 

for the Advanced Engineering Test leactor. 

By way of backgrounds in Becember^ 1956s the AEC asked several reactor de­

sign companies to study, independently« possible reactor designs that would 
15 2 

provide an ultra-high thermal fluxj greater than 10 n/cm /secj in loop type 

facilities. The companies were requested to reconnnend a system that met cer-
15 2 

tain specifications such as (1) an unperturbed flux of 10 n/cm /sec in a 3-ln. 

and 4-ln.J 2000 pel, 500-600°F, circulating light-water loops, (2) an unper-
15 2 

turbed flux of 1.5 x 10 n/cm /sec In three 6-in. x 6-in, versatile, gas or 

liquid metal loops and one 4-in. x 4-in. versatile loop, the gas loop to operate 

at 22O0°F and 300 psi^ and the liquid metal loop at 1500°F and at 300 psi^ and 
15 2 

(3) an unperturbed flux of 10 n/cm /sec in a 3-in. liquid metal loop. 

Internuc decided to concentrate its effort on H2O and DjO cooled and moder­

ated heterogeneous reactors on the basis that the technology of this type of 

research reactor is well developed and on the philosophy that "a reactor for 

eon^onent testing should not in itself be a developmental experiment," Internuc'a 

recommendation was that the design consist of a complex of seven separate re­

actors embedded in a huge block of concrete with sufficient separation to de­

couple the reactors with regard to neutron interaction. The secondary cooling 

system would be common to all but primary cooling con̂ sletely separate. 

Each reactor would consist of a cylindrical annular core of aluminum-clad^ 

H»0-C0oled elements^ of the general MTR classi a D„0 reflectori an annulus of 

H«0 just inside the core annulus; and a central loop containing in general a 

fuel element to be tested or other such experiment. (These basic features were 

to be retained in the present study.) The inner annulus of H-O lying between 

the core and loop acts to moderate neutrons into the thermal range at the same 

or greater rate than in the core annulus and^ since the absorption is snaller 

in the pure H^O than in the core annulus, the flux tends to build up and exhibit 

a peak in its radial distribution through the H^O annulus, as well as in the 

7 



loop region at the center* The name flux trap has come to be associated with 

this design in the sense that the EJO annulus traps the flux, that Is^ increases 

the thsrnal neutron concentration in this region. 

For a given loop diameter, the designer is presented with an interesting 

problem of parameter optimization to achieve the maximum flux in the loop re­

gion per unit of power in the core without exceeding heat transfer and other 

engineering limitations. 



IV, RESULTSs CONCLUSIONS, AND RECOMMENDED DESIGN 

The following resultsj conclusions, and recommended design were derived 

from the study. 

PLANT ARRANGEMENT 

1. The preferred layout of the reactor complex is shown in Figure 1. The 

arrangement has a single control room (not shown) from which all seven 

reactors would be operated^ so as to minimize the number of operators 

required. The canal arrangement is as in Internuc's "layout B". The 

canal system connects each reactor to an underwater storage area outside 

the main shield. Equipment serving each reactor is located adjacent to 

the shield. This equipment consists of heat exchangers^ reactor coolant 

circulation pumps, delonizerSj pressurlzers, reflector poison apparatus^ 

and other auxiliaries. The heat exchangers are located at higher elevation 

than the reactor core to facilitate convection cooling if coolant-pump 

power is lost. Experimental equipment is located in equipment rooms as 

shown. Instrumentation for the loops is located at the outside wall of 

each equipment room. 

REACTOR CONFIGURATION 

2, The configuration of each reactor is as shown in Figure 2^ Reactor Section^ 

and Figure 3j, Reactor Elevation. The various reactor regions are as des­

cribed in Chapter III, The Internuc Concept, The inner liner contains the 

main experimental assembly or specimen and the experiment coolant. A 

stainless steel expansion joint allows for the difference in thermal expan­

sion between the large diameter stainless steel section and the aluminum 

lower section of the reactor vessel. Top flanges allow access for refuel­

ing the reactor and reloading the experimental facilities. The annular 

space between the stainless steel liner of the thimble and the wall of 

the aluminum thimble is normally filled with an inert gas. Outside the 

reactor vessel this gas-filled gap is connected to the experiment coolant 

through a pressure balance chamber of a gas pressurizer so that there is 

no pressure on the liner. The gas space will provide thermal insulation 

on those experiments where the test coolant temperature is higher than 
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that of the reactor coolart, 

EXPERIMEMTAL FACILITIES 

3. The focal poirt of design of the facllttv is the central test section. Acces 

to 1-hls is t'̂roiig'̂  the top cover. The experiment thimble can be replaced by 

cutting off ••he lower flange dlsconrectirg the side flange, and removing 

through tiTie reactor vessel operlngo Auxiliary test space is made available 

where no conflict exists betweer efficient design and operation of the test 

section facilitv and the auxiliaries. Access to 1 1/2 in. capsule tubes in 

the water region between the core and the test thimble is from the top vessel 

opening. These capsule tubes provide space for specimens to be irradiated in 

a high flux and cooled w:th reactor water. The specimen can be transporte*? 

to the canal for storage through the discharge chute. Additional irradiation 

space at lower available flux levels is provided in tubes that penetrate the 

heavy water reflector. Access tr> these tubes is from below in the subpile 

room. 

OPTIMIZATION OF FLUX AND POWER 

Before listing certain itemized results and conclusions concerning optimization 

of flux and power, three important decisions that were made at the start of the 

project for budgetary reasons should be mentioned: (a) It was clear that it 

would be prohibitively expensive to calculate an optimum reactor design for each 

of the seven loops; it was determined that the really difficult design problem 

is to meet the specified flux magnitude in the 7-in. liquid metal cooled loop; 

after consultation with the contracting officer^ it was decided to optimize for 

the 7-in. liquid metal loop and to consider tentatively, at leasts that all 

seven reactors would be identical except for the contents of this inner 7-in. 

region; (b) It was decided not to design for non-uniform, radial distribution 

of fuel but to point out the advantages of this if it proves to be metallutg*. 

cally and economically practical ; (c) It was decided not to spend any money 

on two-dimensional flux calculatior.Ss which are very expensive, but rather to 

do the best possible one-dimensional computations at this stage of the design, 

4. The design specifications shown in Table I gave the highest flux in the 

loop region for the 7-in. sodium cooled loop that is achievable under core 

heat transfer and other engineering limitations. 



TABLE I 

SPECIFICATIONS FOR THE MAXIMUM FLUX DESIGN 

Inner HjO Annulus 

Thickness 

Inside Radius 

Outside Radius 

Core Annulus 

Metal to Water Eatio 

folume 

Thickness 

Inside Eadius 

Outside Radius 

Critical Mass 

Wt. percent uranium In 

"meat" alloy (at shutdown) 15X 

The achievable loop fluxes and the associated required core powers for the 

various loops placed in this reactor (which is optimized for the 7-In. 

liquid metal loop) are shown In Table II. Where the flux specified by the 

contracting officer can be achieved under core heat transfer llmltationSj, 

only this flux and the associated required power are glvenj that Iss for 

the water loops a greater than called-for loop flux can be achieved at 

core power levels that are somewhat lower than power levels set by heat 

transfer limitations. 

The loop flux and core power given in Table II for the smaller loops are 

for the system that is optimized for the 7-ln. sodium cooled loop. If the 

system were optimized for the 3-ln. H20-'cooled loop^ for examplej the re­

quired power to achieve the desired flux for this loop would be much smaller. 

4 

11 

15 

0.1 

ZM 

A 

A 

59 

cm 

cm 

144 liters 

11 

16 

27 

«9 

.4 

.1 

.5 

cm 

cm 

cm 

kg 



Test Loop 

Reactor Power 

Av. Power 

Density 
(W/liter) 

4-in. H^O 

184 

1.28 

TABLE 

CORE POWER AND 

3-in. H2O 

205 

1.42 

II 

LOOP FLUI 

7-in. Na 

228 

1.59 

5-in. Ma 

228 

1.59 

3-in. Na 

228 

1.59 

Av. Unperturbed 
Thermal Fl^x in ^ 
Loop (n/cm sec) 1.50 x 10 1.50 x l O " 1.16 x l o " 1.20 x 10*^ 1.27 x 10 

Av. Unperturbed 
Radial Thermal Flux 
in Loop Region ^ ^ , 
(n/em* s@c) 2.08 x 10 2.08 x 1 0 ^ 1.69 x 10 1.76 x l O " 1.82 x 10 

7. The figure of 1.59 MW/liter given in Table II for the sodiu® loops is the 

maximum allowable average power density in, the core dictated by heat trans­

fer limitations. It takes into account the poor radial po^«r distribution 

that exists in this reactor type because of the fact that the flux ri^eg 

sharply at the inside of the core (and then peaks in the trap region). If 

the radial power distribution were flat the allowable power density is 

2.59 MM/llter (vertical average). A 500°F fuel plate surface temperature 

and a coolant velocity of 25 ft/sec were used. 

8. Because of power density limitations, it is highly desirable in this reactor 

type to use fuel elements that completely fill the antiular core region ind 

do not require wedges such as would be required in a square box type assŝ ra-

bly of fuel plates. 

9. A slight gain in achievable loop flux without increase of care power dewsity 

could probably be obtained by using a lower weight percent fuel in the plate 

alloy (than the 15% shown in Table I), but the required total powers would 

be even higher than those given in Table II, 



10. The total core power necessary to achieve a given flux decreases rapidly If 

the weight percent fuel in the alloy is increased (and the core antiular 

thickness is decreased to maintain crittcality)^ but the heat transfer 

limitations on power density will not permit this decrease of core si^e 

and increased fuel loading (for uniform radial distribution of fuel), If 

the fuel Is distributed non-unlformly in the radial direction to flatten 

radial power distribution^ the average fuel content per plate could be in-

creaseds the core thickness decreased, and the total power decreased for 

the same loop flux. 

11. It seems advisable to include in the reactor complex at least two ©ptiwlzed 

designsJ one for the large loops and one for the small loops. This will 

result in smaller power requirements to achieve a specified flux in the 

small loops and will probably permit achievement of the loop flux epeclfiei 

by the contracting officer In the small sodium loops. This was not achieved 

in Table II. 

12. It was found that three groupj reactor physics calculations are satisfactory 

for this type of reactorj but an error of about 20% In loop flux is Intro™ 

dueed ccxnpared to 22-group results. Also the reactivity is about 4% too 

high in three-group calculations compared to 22"gr0up If classic values of 

"®ge'% that Is J, 1/6 second moment of slowing down density from a point 

sources are used. It Is believed by the authors that this explains the 

fact that few group calculations of critical mass in MTR type reactors have 

been nearly all too low. 

MATERIALS SELECTIOll 

13. The chosen fuel element cladding material (aluminum X8001) will give satis­

factory performance at the maximum safe operating conditions chosen and at 

a much lower cost than zirconium. 

14. Aluminum is the most econanical material to use for the pressure vessel and 

experimental loop test sections, and ha® satisfactory corrosion resistance 

when water conditions are satisfactorily controlled. 



GAMtA HEATING AMD STRESSES 

15. None of the combined stresses imposed by gamma heating exceed the yield 

point of the reactor wall materials at operating temperatures. On this 

basis, the thermal stresses are not excessive. However, a true evaluation 

of the acceptability of the computed stresses requires an estimate of the 

number of cycles expected during the life of the reactor components. 

ORIENTATION OF FUEL PLATES 

16. It is believed by American-Standard Atomic Energy Division that curved 

tangential fuel plates as shown in Figure 4 will provide the most satis­

factory arrangement in that these offer simple fabrication, good mechani­

cal strength, and easy achievement of non-uniform radial distribution of 

fuel if it is decided to incorporate this design feature. (The ingenuity 

of the curved, radial fuel plate design with non-uniform loading that has 

been suggested is impressivej but it is felt that it will be difficult 

to fabricate,) 

17. In a radial arrangement of fuel plates, the lateral heat conduction along 

the plates will not appreciably relieve the hot spot at the inner face of 

the core annulus. 

CONTROL SYSTEM ANALYSIS 

18. The amount of excess reactivity needed in the reactor is too large for re­

flector control alone. Burnable poison must be used to decrease the amount 

of control needed. 

19. The reflector level control system has many disadvantages. The only advan­

tage offered by the system is that it permits high neutron leakage, which 

may be used for external experiments. This can be achieved equally well 

by mechanical positioning of voids in the reflector. Mechanical control 

rods at the core-i?eflector interface decrease the flux In the reflector 

by only about 25X so they also permit substantial neutron leakage. Either 

of these two systems are better than the level control system. 

20. The control system which seems preferable is to have an inner S-cm annulus 

around the core filled with D„0, the level of which can be suddenly dropped 

for scrams. This action will provide a maximum effect on reactivity of 

about 217o. The estimated delay time is 0.2 second. Outside the 5-cni 
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Figure 4 — Section of the AETR Fuel Element 



scram channel is a 20~cm annulus filled with borated D.O for shimming. 

Change of boron concentration can change reactivity a maximum of lOX. 

Pine control seems best accomplished with mechanical rods in the reflector. 

COUPLED Y8. OTCOUPLED REACTORS 

21. None of the advantages to be gained from coupling the reactors warrants 

sacrificing the flexibility of uncoupled reactors that permits shutdown 

on failure of a test elanent. 

SHIELDING 

22. Calculations indicate that about 8 feet of barytes concrete will be needed 

for shielding. 

gSEMCHJffiJWH^gWW.Pge«M 
23. The R and D program necessary for the lETE encompasses the development of 

satisfactory materials, fuel elements, components, control system, and 

special kinds of equipment. The estimated time required by the program is 

30 months. The cost is estimated to be about $2,,500,000. 

COST ESTIMATING 

24. It is estimated that the plant cost will be less than $60,000,000, The 

exact figure is dependent of course on total cooling requirements and this 

depends on design decisions as to whether to have one§ two^ or more opti-" 

mlzed reactor configurations, that is, whether to have all reactors identi­

cal or not, and on the practicality of non-uniform radial fuel loading. 

The annual operating cost is estimated at $5^000,000, not including fuel. 

Fuel costs are about $9,000,000/yr, again, of course, dependent on total 

power requirement, a figure of about 1500 MW having been used in these 

calculations. 



¥. RICOMMEKDATIONS FOR FURTffiR AFAIYSIS 

Before beginrirg the formal research ard develcproert program ard detailed 

plant desigr it -s reccmnerded that the aralvsls be exterded to include the 

followirg" 

1. Determ.re the effect of the followirg desigr iindificatiors or refined calcu-

latiors or the power required to produce •'he f ux level specified for the 

AETR design: 

Determirat:or of ar optlmym reactor corfIgurarion for the smaller loops 

ard from corsideratior of total power savirgs apd a forecast of experj. 

merrs for the AETR. a decisiop as to whether there should be one, two, 

or more, tvpes of reactor corfiguratlors Ir the seven-reactor complex. 

b» Further aralvsis of possible methods "̂f alleviatirg the problem of the 

hot spot at the irrer face '̂f the core arxulus. e g , nor-uniform radial 

distributior of fuel bv varvirg the cortert per plate or by having cy­

lindrical regiors of differert plate spaclrg (In the targential arrange-

mert) or nor-uniform fuel distributior in each plate in the radial 

arrangement 

c. Performances of a few, two-dlmersional calculations to determine flux 

contours in more detail, 

d. Investigation of the true epergy distributiop of the slow neutrons --

the devlatlor from Maxwelliam -- apd the effect of this on the thermal 

cross secriops, reactivitv ard flux distributions 

e. Experimeptal determiratior of the "age" JP A1-H„0 mixtures of high 

A1/H„0 ratio and adjustmert of the few group constants accordingly 

(this experimert car probably be dore using ar existing reactor,, SUCH 

as the UTR-1 ard a source pi ate 1. 

2. Evaluate an AETR core desigr with uranlum-oxlde fuel elemerts and compare 

the merits of this desigr with the U-Al all'̂ v design, considering physics 

characteristics, safetv, and econoroics. 

3. Evaluate further the use of heaw water as coolant-moderator as compared 

to light water 



4. Make a reference design of both a chemical-mechanical and a completely 

mechanical control system and compare the merits of the two systems, con­

sidering operating characteristics, safety, and economics, to allow an 

objective selection of the best system. 

5. Extend the analysis of the AETR core heat-transfer conditions with parti­

cular attention devoted to determining the possibilities of operating with 

nucleate boiling and to other such possible advances over MTR-ETR technology 

and operating philosophy. 

6. Analyze the reactivity losses that will be sustained in the reactor with 

particular attention to non-uniform fuel burnup. Determine an appropriate 

form, quantity, and distribution of burnable poison for the core. 

7. Determine the void and temperature coefficient and the contributing effect 

on these of various test loops. 

8. Analyze the behavior of the reactor under transient conditions and make a 

preliminary safeguards analysis. This should Include a study of the reac­

tor response to sudden stoppage of flow of an absorbing material In a loop, 

for example, and the effect of suddenly flooding the test holes in the DjO 

reflector region. 

9. Pull the graphite and core tanks in the UTR-1 and mock up the AETR design 

to experimentally check the flux distributions which are predicted theo­

retically. 

UTR-1 is the first production model of American-Standard Atomic Energy Division's 
University Training Reactor, and is now In operation at Mountain ¥lew, California. 
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¥1. OPTIMIZATION OP FLUX AND POWEE LEVEL 

The objective of the AETR physics analysis is the optimization of the fuel 

region and internal moderator annul1 dimensions to achieve aaxlmum fluK in the 

central, loop region for a given total power in the fuel region. The desired 
15 2 

average unperturbed thermal flux in the loop region Is 1.5 x 10 n/cm /sec. 

Since the analysis represents an independent check and refinement of the calcu­

lations of the Internuclear Company, the validity ©f a three-group model for a 

reactor with such a thin annular core was first explored. Part of the effort 

was thus a preliminary verification that the methods to be used In the opttml-

eatlon calculations would be reasonably accurate. This is described in detail 

In Appendix A| In brief It consisted of a comparison of the few-group model 

with a 22*group calculation. The 22-group computation was used throughout all 

the work as a means of obtaining good constants for the few-group calculations. 

Experimental data on such quantities as age to thermal In Al-H-O mixtures were 

utilized. 

It Is not difficult to design a test reactor that will provide a thermal 
15 

flux of 1,5 X 10 In an HgO cooled loop because the loop coolant itself acts 

to "trap'* the flux. The difficult job Is to design a reactor that will provide 

this specified flux In a liquid metal or gas-cooled loop, especially the large 

7-in, loop. Therefore the AETR optimization analysis was performed for the 7-ln. 

liquid metal loop. 

Results will be given on Individual optimization computations of power den-

sityj total power, and critical mass with the variables being the annular thick­

ness of the Inner water annulus, the metal-to-water ratio In the core, and weight 

percent fuel in the fuel plate meat. 

A nine-regional, one-dimensional and three-neutron-group model was used to 

obtain the optimum system. All values of reactor power required to achieve the 

specified flux In the test section are evaluated when the reactor Is at the end 

©f the run and with k ,- " 1. Hence all the cores contained the equilibrium 

value of samarium and »enoo poisoning. The reactor geometry and conijosltlon used 

as ® basis for optimizing critical mass, reactor power and power density (one at 

a time) as a function of metal-to-water ratio are as shown in Table H I . 



TABLE III 

REACTOR PARAMETERS AID COMPOSITION OF REGIONS USED FOR OPTIMIZATION 

Region 

1 

2 

3 

4 

5 

6 

7 

Annular Thickness 
(R^-R^)cm 

8.89 

.1589 

1.112 

1.27 

6,0325 

0.635 

Varied 

8 

9 

2.222 

25.4 

Composition 

Sodium (200°F) 

Stainless Steel 

Void 

Aluminum 

Water 

Aluminum 

Core M/W ratio 

and fuel con­

centration varied 

Aluminum 

D2O 

Two possible designs for the AETR core were surveyed, one case having aluminum 

wedges to fill the triangular spaces between rectangular fuel elements in the 

annulus and the other case having a continuous core without the aluminum wedgea. 

A. THE CORE WITH ALUMINUM WEDGES 

Two values of fuel plate loading are examined, namely 25 and 357̂  by 

weight of uranium in the uranium-aluminum alloy. The respective U-235 con­

centrations as a function of metal-to-water ratio are plotted in Figure 5. 

The critical mass was calculated with respect to the metal-to-water ratio 

for both types of U-235 concentrations. The results are plotted in Figure 6. 

This graph shows there Is a definite minimum critical mass of 8.4 kg and 

9.0 kg for 25 and 35Z alloy respectively. The minimum critical mass occurred 

at the metal-to-water ratio of 0,5 (M/¥ - 0.5) for both cases. 
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The reactor pcwer and the power density required to achieve the speci­

fied flux In the test section as a function of metal"tO"water ratio were then 

calculated. The results are plotted in Figures 7 and 8, 

The power and power density required for the core of minimum critical 

mass are not optimum values. Because of heat transfer limitations It de­

velops that power density Is a more important constraint In the design of 

the AETR than is critical mass. The core with minimum critical mass has 

really little significance. Figure 7 seems to Indicate that the higher 

the metal-to-water ratio and weight percent of uranium in the fuel plate 

the lower the reactor power. However, the computations for no wedges, to 

be discussed below, demonstrate that a minimum reactor power vs weight per­

cent fuel would appear If further choices of weight percent fuel were ex­

amined. 

The survey of average power density vs metal-to-water ratlOj Figures, 

shows that the power densities required for AETR will be very high. For a 

given thickness of core annulus the aluminum wedge area Is not available for 

heat removal purposes; hence by removing the aluminum wedges and replacing 

this volume with core matrix .the required power density can be decreased. 

For this reason the desirability of a core design without wedges Is treated 

In more detail. 

THE CORE WITHOUT ALUMINUM WEDGES 

Three different values of fuel plate content are used for this optimiza­

tion survey, namely 15, 25 and 35% by weight of uranium in the alloy. The 

respective U-235 concentrations as a function of metal-to-water ratio are 

plotted in Figure 9, 

It was pointed out earlier that the core of minimum critical mass has 

little significance in the AETR. Hence the optimiy.ation of critical mass 

was not repeated for this case. 

The reactor power and the power density required to achieve the desired 

flux In the test section as a function of core metal-to-water ratio are de­

termined and the results are plotted in Figures 10 and 11, It will be noted 

from the curves in Figure 10 that a definite minimum exists for total power 
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as a function of weight percent fuel In the fuel plates. This Is shown more 

clearly In Figures 12 and 13 j which present the reactor power and volume as a 

function of weight percent fuel at a constant metal-to-water ratio of 0.69. The 

total power of a reactor Is the sum of the contribution from the thermal. Inter­

mediate, and fast fissions. At low weight percent fuel the thermal fissions are 

the main contributors to the reactor power because the system Is well moderated. 

As the weight percent fuel Increases, the power from thermal fission decreases 

rapidly and eventually becomes virtually constant. The reactor power from the 

intermediate fissions Increases for large weight percent fuel; eventually it 

rises to a point where It has considerable contribution to the total reactor 

power. The contribution of fast fissions Is small. Because of the behavior 

of the contribution from Intermediate fissions, the total power exhibits a 

definite minimum. 

The design of the core will be dictated by the power density required 

to achieve the specified flux In the test section. The 15% figure for weight 

of uranium in the alloy is the most attractive as far as required power den­

sity is concerned. However, even the 157o case does not meet the limitations 

liî josed by heat transfer, fluid flow, and metallurgy. The achievable average 

power density dictated by these limitations Is about 1.6 l«/liter at 0.69 M/W 

ratio for the peak-to-average power ratio determined for the 157o case. It 

appears from Figure 11 that the flux specification cannot be achieved with 

this average power density. Slightly higher fluxes could probably be achieved 

under the limitations by going to a lower weight percent fuel, but since 

Figure 10 Indicates that such high values of total power would be necessary, 

lower values of fuel percent were not investigated. It may be seen from 

Figure 10 that the required total power will be very high even for 157» 

fuel plates. This Is the result of both a npn-optlmum weight percent fuel 

and non-optimum metal-to-water ratio, that Is, non-optimum from the total 

power standpoint. It might appear at first glance at the graphs that large 

decreases in power requirement could be achieved for a snail reduction In 

flux specification by using 25% plates or a higher metal-to-water ratio. 

However, this Is not the case, because the radial peak-to-average power den­

sity ratio Increases severely for higher plate loading or closer spacing, 

with the result that the average power density must be much lower than In 
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the 151 loaded case. The over-all result is that the achievable flux and 

required core power are roughly proportional, and it thus seems best to 

choose the design that can operate at the greatest total powerj that Isj 

the 151 plates at 0.69 M/W ratio. 

The parameters used for the optimization of the inner reflector (H^O) 

annulus thickness were similar to those tabulated in Table III, except that 

the core used to study the inner reflector thickness was cold and clean and 

the metal-to-water ratio was unity. The required reactor power as a func­

tion of Inner reflector thickness is plotted in Figure 14. The result in­

dicates a 4 cm thickness of H„0 annulus will require the minimum power to 

achieve the specified flux in the 7-in. diameter sodium-cooled test section. 

But the 5 cm H„0 annulus requires minimum power density. The power density 

vs thickness of H„0 annulus is plotted in Figure 15. Although the opti­

mization of H„0 annulus for the recommended core was not done, it has been 

verified that the required power density of the recommended core with 4 cm 

water annulus is lower than the core with 6 cm water annulus. 

As the result of the survey described above, the parameters were estab­

lished for what may be called the maximum flux design. These specifications 

were presented in Table I, Chapter IV. It is possible that slightly higher 

fluxes could be achieved by using lower fuel content per plate, but the 

cost in total power is prohibitive. The core will accommodate the 7, 5 

and 3-in. sodium-cooled test sections and 4 and 3-in. water-cooled test sec­

tions. The required power is evaluated for achieving the average unper-

15 2 

turbed thermal flux of 1.5 x 10 n/cm /sec in the test section where pos­

sible. The required average power density for the three sodium-cooled-

loop reactors exceeds the heat transfer limitation^ which is 1.59 MW/liter, 

Hence the sodium-cooled-loop reactors can be operated at only 228 IW maxi­

mum, which means that the average unperturbed thermal flux in the sodium-

cooled test section will be somewhat lower than the desired flux (1.5 x 

10 ). Details of the inner, 7" region for the various loops are given in 

Table IV, The available fluxes in the test section with respect to reactor 

power and power density are given in Table II in Chapter IV. 
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The radial flux distributions at the midplane for 4 and 3-in. diameter 

water-cooled and 7̂  5, a.nd 3-ln, aodlum-cooled-loop reactors are plotted 

in Figures 16-20. 

TABLE I? 

DETAILS OF INNER REGION FOR THE M M I M W Pt0X DESIGN* 

Test 
Loop 
Region 

1 

2 

3 

4 

5 

6 

7 

8 

9 

4-in. 

17(«nl 

5.08 

5.239 

10,161 

11.431 

15.431 

16.066 

27.534 

29,756 

55.156 

H;̂ 0 Loop 
Comp. 

H2O 

SS 

¥old 

Al 

HgO 

Al 

Core 

Al 

°2° 

3-in. H2O Loop 
RQ (cinj" Comp. 

3.81 

3.969 

"2° 
SS 

7-in. Na Loop 
R^Xcm) Coiifj. 

8.89 

9,049 

Ha 

SS 

5'in. Na Loop 
RoXcmJ"" Co«^. 

6.35 

6.509 

Na 

SS 

3-in. Na Loop 
RoTSin} 

3.81 

3.969 

(Region 3 through 9 same for all reactors) 

R = outer radius of the region 

Comp. - contposition of the regi on 

Comp. 

Na 

SS 

All cores are 91.44 cm high and 7 cm reflector saving added to the top and 
bottom of the core. Cosine distribution was assumed in longitudinal directions. 
The longitudinal 0 /0 =1.38. 

max avg 

All density and thermal absorption cross sections are corrected to 200 P 
values except in Region One. For the water in Region One the density and the 
thermal absorption cross section used are 600°F and 2000 psi values. For the 
sodium in Region One the density is equivalent to 1500°F and 300 pai and ther­
mal absorption is corrected to 200°F. 
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The additional fuel loading necessary to achieve a two week run of the 

7-in. diameter sodium-cooled-loop test reactor at design power of 228 Mtf 

was calculated. A two week cycle has been found at the MTR to be about the 

minimum acceptable cycle time (MTR returned to three weeks because of the 

heavy burden on the Experiment Project Engineers created by the two week 

cycle.) The calculation was based on 1.26 grams of U-235 disappearance per 

MWD, including U-235 fission and conversion to U-236. The additional fuel 

loading for burn-up was 4.0 kg of D-235. The corresponding effect on re­

activity is 16X. 



VII. HEAT REMOVAL LIMITATIONS 

The objective of the thermal performance analysis is to find the combi­

nation of design parameters that will permit the maximum continuous rate of 

heat removal consistent with the limitations imposed by physics, mechanical^ 

and corrosion limitations. Since maximum heat transfer rate^ or power density^ 

corresponds to the maximum neutron flux attainable in the active core, and 

since the neutron flux in the test section Is proportional to the flux In the 

active core region, the combination of parameters that yields maximum power 

density corresponds to the maximum neutron flux in the central test region. 

An equation is derived that relates the thermal performance parameters, 

and the use of this equation permits a systematic evaluation of each variable 

governing the reactor performance. Table ¥ lists those parameters that are 

significant; note that several of them are not independent when considered 

within the framework of the assumed geometry. 

The thermal analysis of the AETR core performance is based on several 

assumptions: 

(1) The active fuel bearing region of the reactor core is a right 

circular annulus containing plate type fuel elements separated 

by water coolant channels. The annular geometry of the active 

region is not significant with respect to the analysis involving 

power density; the annular configuration becomes significant 

when total reactor power is sought. 

(2) No boiling of the coolant within the core is permitted. The 

postulated means by which boiling is prevented is to fix the 

operating pressure in such manner that the saturation temperature 

Is equal to the maximum allowable surface temperature. If the maxi­

mum temperature of the heat transfer surface is not permitted to 

exceed the coolant saturation temperature, no boiling can occur. 

This assumption is predicated on the requirement that the 

reactor design be within the limits of existing technology. 



TABLE 

HEAT TRANSFER 

Variable 

Inlet coolant temperature, T. 

Ifaxlmum fuel surface temperature, T 

Coolant velocity, v 

Power density, p 

Fuel element geometry 

Core length, L 

Reflector savings, 5 

Annulus thickness, W 

Fuel Plate thickness, t 
f p 

Water gap thickness, t 

Metal-to-water volume r a t i o , R 

PARAMETERS 

Retaarks 

Fixed by the local conditions as 
low as Is practical 

Dependent on and limited, by efosioHi 
corrosion, coolant velocity, and 
core life 

Governs pressure drop and «axl«isB 
allowable surface temperature 

Expresses the thermal perfowiancai 
its value Is proportional t© the 
thermal neutron flux In the central 
test region 

A specified requlreaient 

Fixed by the reflector M.terial 

Not significant 

Limited by mechanical strength and 
feasibility and econo»lca of 
fabrication 

Dependent on fuel plate fchictaess 
and metal-to-water ratio 

An independent paraiaeter 



Since the acceptability of boiling in this high performance syst^ 

is uncertalnj- the possibility must be eliminated from this analysis 

so as to comply with the "existing technology" requirements. 

(3) The axial power distribution is the central, symetrical segment of the 

cosine function; that is to say a "chopped" cosine. The chopped 

portions represent reflector savings. 

(4) The modified Colburn equation describes the film heat transfer 

coefficient or surface conductance. This equation is recommended 

by the Phillips Reactor Safeguard Committee, which has closely 
2 

examined the five most used correlations.— The modified Colburn 

equation gives results that are very close to that of the McAdams-

Colburn equation, the accuracy of which has been determined to be 

within + 9 percent. The modified Colburn equation predicts 

slightly more conservative values, particularly in the regions where 

confirmatory experimental data are sparse. A functional rela­

tionship among the parameters presented in Table V is required 

so as to examine objectively the effect of each variable on the 

core's performance and to determine that combination of heat 

transfer parameter values that will represent the highest perform­

ance possible for any given core. The results of the heat transfer 

analysis will be interpreted in the light of the physics analysis 

and of the economics and practicability of fuel element fabrication. 

The limitations imposed by corrosion will be included quantita­

tively in this analysis. 

-ft, S, Marsden, G. H, Nanso, R. J. Howerton, and D. R, deBolsblanc, Review of 
Internuclear Company Report Number 9, "Preliminary Investigations for an 
Advance Test Reactor". 
2 
-*. J. Nertney, Ed, Calculated Surface Temperatures for Nuclear Systems and 
Analysis of their Uncertainties, IDO 16343, (1957). 
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The equation 

p « 
8 va (T^-T^^) sin f 

tLtpCfW) 
F«1 B"S^%G t film eg "̂  p p 

P, ,,16aW^ 
bulk 

b^amhu^^t^^rV KpC^tl^fHn^^trh' V 

^bulk^^^^^"S 
JTpC t 
•̂  p p 

(1) 

relates the variables that govern or influence thermal performance. The deri­

vation and nomenclature are given in Appendix B, Since the form of the flux 

distribution Is Independent of power level, the thermal flux In the fuel 

annulus is proportional to the thermal flux in the teat section. Since the 

thermal flux at a point is proportional to the fissioning rate per unit volume 

at that point, the fissioning rate or power density in the fuel region is 

proportional to the thermal neutron flux in the test region. That is to say, 

the maximum power density in the active portion of the core is directly pro­

portional to the maximum unperturbed thermal neutron flux in the test region. 

An evaluation, then, of the conditions under which power density la maxi­

mum Is tantamount to finding the conditions under which neutron flux In the 

test region is maximum. The relationship between power density and several 

of the design parameters is graphically shown in Figures 21, 22, attd 23 

In all cases power density in megawatts per liter is plotted versus the metal-

to-water volume ratio in the active portion of the core. Note that all the 

curves show the same general characteristics. That is, they show a positive 

slope for low metal-to-water ratios and a negative slope for large metal-to-

water ratios. The relationship implies that the system is capable of remov­

ing the heat generated at the power density values shown. Since high flux, 

consequently high power density, is sought, the reactor design point will lie 

near the peak of the appropriate curve. An examination of the effect of each 

of the other design parameters will permit their selection in such manner that 
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Figure 21 -- Power Density vs M/W Ratio for Various Inlet Coolant Temperatures 
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Figure 23 — Power Density vs M/W Ratio for Various Coolant Velocities 
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the maximum neutron flux consistent with heat removal is achieved. 

Figure 21 shows the effect of inlet coolant temperature. Fuel plate 

thickness, inlet velocity and maximum surface temperature are fixed arbitrarily 

at the values shown. As may be observed from an examination of Equation (1), 

the lower the inlet coolant temperature the higher will be the corresponding 

power density. The value of 110 F was used In the design of the ETR, and the 

quantity will be fixed at this value in the remainder of this analysis so as to 

compare the effects of other parameters. An amplification of the basis for the 

selection of 110 F was given in Chapter XIIj Process Systems, 

Figure 22 shows the effect of varying fuel plate thickness. The two thick­

nesses chosen, 50 and 60 mils, probably represent the extremes of the range in 

which a realistic design would fall. There is a marked advantage in the use 

o"f the thin plates; however, mechanical strength becomes a limitation at 

approximately 50 mils and further reduction is not consistent with a feasible 

design under the conditions of existing technology. 

The four curves in Figure 23 show the considerable effect of variable cool­

ant velocity. Note that the maximum power density is associated with a coolant 

velocity of 25 ft/sec. The power density is less for velocities of less than 

25 and for velocities greater than 25 ft/see. The latter effect simply reflects 

the material limitation rather than a fundamental characteristic. A maximum 

surface temperature of 500 F Is allowable for velocities up to 25 ft/sec. If 

the coolant velocity Is increased above this value, the allowable surface 

temperatures are reduced accordingly. At 27 ft/sec the maximum allowable 

temperature is presumed to be 400 P and at 30 ft/see the allowable tempera­

ture is reduced another 100 F. The basis for this limiting temperature-

velocity relationship is presented in Chapter VIII, Materials Selection and 

Limitations. The curves in Figures 21, 22, and 23 reflect the effect of 

hot channel factors as applied both to the bulk temperature rise and the film 

temperature difference. These hot channel factors are summarized in Table ¥1. 

The individual values in the table are obtained directly from Table A4.3 of 
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3 
the Internuclear Company Report AECU 3427.- Note that in Tablefl factors are 

multiplied to give the totals, whereas the portion of the factors greater than 

one were added to give the portion of the total factor greater than one in 

Table A4,3 of Internuc - 9, A discussion of the individual factors may be 

found in the reference. 

TABLE VI 

HOT CHANNEL FACTORS 

1. Power distribution calculations 

2. Power measurement 

3, Heat transfer coefficient calculations 

4. Fuel concentration tolerance 

5, Fuel core dimensions tolerance 

6, Channel width tolerance 

Products 1.31 1.40 

It will be noted that the three figures (21, 22, and 23) show the longi­

tudinal average power density assuming a cosine distribution. In addition a 

radial power generation distribution exists, the effect of which is not in­

cluded in these figures. Figure 24 Is a plot showing the radial power distri­

bution for the particular conditions noted, which are a metal-to-water ratio 

of 0.69 and an inside reflector thickness of 4 cm. The maximum to average 

ratio is observed to be 1.63. This ratio must be applied to the power densi­

ties presented In the three performance figures to obtain the over-all average 

power density as shown later in Table VII. 

-0. J. Elgert, C. F. Leyse, B. G. Ott, Preliminary Investigations for an 
Advanced Engineering Test Reactor. Internuc - 9, AECU 3427, February 1957. 
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It would be more appropriate to obtain the over-all average power density 

by dividing the lon^tudinal average by the radial maximum to average fuel 

plate temperature, since the maximum surface temperature actually limits per­

formance. An examination of the equation that describes the radial temperature 

distribution assuming the fuel plates are set radially reveals that the con­

duction term is small and the temperature ratio will be only slightly less than 

the power density ratio. For this reason the power density ratio is used. 

The equation, assuming conduction within the plate In only the r direction 

Is, 

k S^iJEl+,...(,). S p i . 0 (2) 

q*"(r) Is the function showi in Figure 28 

q"(r) la the surface heat flux and Is given by 

q 

Substituting and dividing by k 

"(r) = h Tg(r) - T^(r) (3) 

^ - ^ ^ - % [ V ' > - V ' ) ] - <*> 
dr 

2h r 1 
If rr— T (r) - T (r) la large compared to the second derivative term, the 

*̂̂ P L ̂  " ' J 
latter may be neglected. With a water gap thickness of ,075 In. and a coolant 

velocity of 2S ft/sec, h may be evaluated by using the modified Colburn 

Equation (le£. 2), and ia found to be 10,340 — - — - ^ — . j fc for aluminum is 
hr ft^ °P 

approxlnately 145 — ——.^t « .050 Inches and 
hr ft °V P 

|k. „ 34^260 -4-
f ft 

T (r) - Tj^<r) at the point where T (r) Is maximum is roughly 

T (r) - T^(r) « 500 - 140 » 360°P 
a HI 



and the numeral value for the third term In (4) is about 

it™ hs^^^ " •'m̂ ^̂  = 12,300,000 - ^ 

Neglecting the diffusion term temporarily and solving for T (r) 
t ^ 

Tjt) = T„(r) +^q"«(r) 

Differentiating 

d Tjr) t̂  ^2 ,„ 
(5) 

,2 2h ,2 
dr dr 

q"'(r) ̂ y be approximately represented by the function 

q'"(r) = q"' (l.63-12.72X+84.93x̂ -262,5x̂ +315.2x̂ ) -SSL-

hr ft^ 

where x is in feet 

s© 
2 

i—S!!!^^ (169.9-1575r+3782r^)q"' 

d^T^Cr) 
Solving for the numerical value of — at r = 0 

dr^ 

d T (r) .e« g 

"^r- '̂  or^smTai) • "̂ "5 ̂«'187 K 10«) » 28,026 

Numerical values of the two terms differ by a factor of 440| consequently, it 

is concluded that diffusion will have a negligible effect on the radial tempera­

ture distribution in the fuel plate. 

The optimum combination of design parameters is presented in Table fll. 

AETE Thermal Performance. Also shown are the values of several dependent 

variables attendant to the optimum performance characteristics. Hote that 

these values are obtained from the maximum point of the curve In Figure 23^ 

although the inclusion of the radial maximum to average heat flux ratio which 



Is a function of metal-to-water ratio will adjust the position of the 

MaxlsMia somewhat. This combination of design parameters approximates the 

eondltlons of maxlmuin heat transfer performance for the AETl core with flat 

parallel plate type fuel elements regardless of their orientation. Departure 

of any values from these optlmim values implies either a reduced perforwance 

or a marginally"feasible component. That is to say, these conditions will 

closely approximate the maxlimim power density (consequently the highest 

neutron flux) at Aich continuous operation le possible. If power level were 

Increased above that which Is implied, the system would not be capable of 

removing the additional heat; boiling and possible fuel element damage would 

results 

By way of comparison with other high-performance reactors, the power 

denglty of the ETE is 0.494 Ml/1. The maximum surface heat flux is quoted 
6 2 

as 1.15 X 10 Btu/hr ft . For the AETR, the maxlimiin flux Is about 

1,8 X 10^ Btu/hr ft^. 



TABLE f II 

AETE THERMAL PERFORMANCE 

Fuel plate thickness 

Water gap width 

Average coolant velocity 

Inlet coolant temperature 

Outlet coolant temperature 

Maximum surface temperature 

C3ptlmuin metal-to-water r a t i o 

Pressure drop through core 

Ifaxlmum heat flux 

Longitudinal average power density 

Radial saxlmua to average power density ratio 

Over-all average power density (allowable) 

Needed to meet specifications i 

4-in. Water Loop 

3-in. Water Loop 

7-in. Na or Gas Loop 

5-ln. Na or Gas Loop 

3-ln, Na or Gas Loop 

0.050 In. 

0.075 in. 

25 ft/sec 

110°F 

185^F 

500°F 

0.666 

28 psi 

1,8 X 10^ Btu/hr ft' 

2.59 M/llter 

1.63 (See Fig.24) 

1.60 m/litet 

1,28 W/llter 

1.42 M/liter 

2,05 W/llt@r 

1,89 MW/liter 

1.88 W/llter 



¥111. MATERIALS SELECTION AND LIMITATIONS 

High power densities are inherent in the AETR core design. Moreover^ 

the nuclear requirements for meeting the high flux levels of this reactor 

severely restrict the choice of materials. Therefore, the technological 

status of applicable materials must be completely reviewed to assign realistic 

design limitations. Three main areas of materials application in the core 

that require study are fuel platesj pressure vessels, and experimental 

thimbles. The criteria of selection vary somewhat among the three areas. 

The most economical materials have been chosen for application to this 

reactor. Technical evaluation of materials was based on operating experience 

where avallablej and on the published results of reliable laboratory investi­

gations. Conservative operational limitations were chosen so as to ensure a 

high degree of dependability of reactor components. It is possible that with 

more operating experience and more complete testing of the new alloyss some 

of the operating limitations employed in this study can be relaxed. 

A. FUEL ELEMENTS 

Corrosion resistance^ cross section, and adequate strength at oper­

ating temperature are the main problems connected with fuel element 

cladding. 

The severe cross section limitations imposed by this reactor design 

eliminate from consideration all common materials except aluminum and 

zirconium as fuel cladding materials. Zirconium would cost about five 

times as much as aluminum for the elements, and fuel reprocessing costs 

would also be higher. Cost is not a major consideration in this atudyi 

however J because of the large number of fuel elements in the reactor and 

the high frequency of change^ use of zirconium as a cladding material 

would be prohibitively expensive. Zirconium-clad elements would cost 

approximately $8,500,000 per year as compared with $lj700sOOO per year 

for aluminum-clad elements. In addition, there are several Important 

limitations on the use of zirconium such as low thermal conductivity and 

the limit of about 15X uranium content of the meat. However> 

operating conditions could be 750 F maximum at about 30 ft/sec flow 



velocity if zirconium were employed. 

Conventional aluminum alloys are limited to a aaxlmum teiqjeratttre of 

about 400 F, above which catastrophic intergranular corrosion occurs» In 

the last few years new aluminum alloys have been developed that resist 

this Intergranular attack to at least 650 F̂  although the uniform corro­

sion rate is fairly high at that temperature. The most developed of these 

alloys is XSOOl, formerly known as M-388, This alloy wag chosen for use 

in the AETO fuel elements on the basis of the available corrosion data. 

The data supporting this decision and the selection of operating condi­

tions are given in Appendix C. The assumptions used in arriving at 

maximum ten^erature and flow rates for this system are: 

1. Maximum fuel element life will be one month 

2. Water conductivity will be 2 mlcromhos or better 

3. pH will be 5.5 to 6 

4. Fuel elements will be sufficiently rigid to be free of vibration and 

deformation 

5. There will be no boiling or cavitation at the plate surface, 

Using these assumptions, maximuiB safe operating conditions were chosen 

to be 25 ft/sec water velocity at 500°F. The AETR conditions (35 ft/sec 

at 300 F) were chosen as usaximum at lower teuperature. Strength at 

elevated ten^erature, as well a.s corrosion resistance, entered into the 

choice of operating conditions. It Is possible that future development 

will permit operating at higher flow rates and temperatures» 

PRESSURE ¥ESSELS 

The main limitations of materials for pressure vessels are strength 

and absorption cross section. Strength Is necessary for mtnlmuin required 

wall thickness which. In turn, results in lower a,bsorpti0n as well as 

lower thermal stress levels resulting from gamma heating. 

At the pressure vessel outlet tenperature of 210 F there should be no 

appreciable corrosion problem with the use of alttmlnuni if the water purity 

and pH are properly controlled. Alloy 6061 was chosen because ©f high 

strength, good weldabllity, and acceptable corrosion resistance. 
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Stainless steels with adequate high temperature strength have objection­

able parasitic absorption and very poor thermal conductivity for the flow 

of gamma heat. The following example illustrates the problem. Based on 

the values of thermal and pressure stress for a planned ETR test (3) It 

appears doubtful that a design using stainless steel would be feasible. 

Conditions are shown below: 

IN-PILE TEST ETR-C66 M-13 (3) 

Geometry Tube 5.5 in. OD x 4.628 in. ID 

Material 347 SS 

Heat Removal Both walls held at equal tenyerature 

Maximum Gamma Heat 24 watts per gram 

Maximum Calculated Stress 14,000 psi pressure, 97,500 psl thermal 

EXPERIMENT THIMBLES 

Some limitations in the central test thimble design are the same as 

those discussed In the preceding section. Further limitations on the 

design and material of the experimental test thimble appear to be In the 

flux depression and flux distortion resulting from parasitic neutron 

absorption. 

These limitations, with that of the thermal stress problem, eliminate 

the consideration of stainless steel and allows use of an alumintjm alloy 

tube having only about 5/8 in. thick wall in the high flux region. Such 

a size and material limitation causes a problem In the water-cooled 

experiments because of the 2000 psl pressure. 

Hence, a high strength aluminum, alloy 2014 or ASTM designation CS41A, 

was selected for the test thimble material In the water-cooled experiments. 

This alloy is somewhat less corrosion resistant and less weldable than the 

aluminum alloy 6061 but Its high strength is necessary to the design. It 

may be desirable to clad the 2014 alloy with a more corrosion resistant 

aluminum. Added details are given in Appendix C Materials Considerations. 

If a detailed metallurgical investigation proves the 2014 aluminum alloy to be 



unacceptable as a construction material, the design of the test thimble ©r 

the experimental operating requirements must be modified. Since the water 

loop reactors do not need as high a power level for the specified flux it 

may be desirable to use a thicker walled tube of the better-quality but 

lower-strength aluminum alloy 6061 for the test thimble. Stainless steel 

is unacceptable In the present design because of its high cross section. 

Zirconium also Is rejected because of high gamma absorption and low 

conductivity, which result in high thermal stresses. This would necessi­

tate the use of large thicknesses adversely affecting the void and water 

annul1 dimensions In the reactor. 

EXPERIMENT THIMBLE LINERS 

The annular space between the liner of the loop and the wall of the 

aluminum thimble will normally be filled with an inert gas. Outside the 

reactor vessel this gas-filled gap Is connected to the experiment coolant 

through a pressure balance chamber or a gas pressurlzer so that there is 

no pressure on the liner. The gas space will provide thermal insulation on 

those experiments where the test coolant temperature is higher than that 

of the reactor coolant. 

Corrosion resistance is Important in the choice of materials for 

thimble liners. Strength is not important since the liners are pressur­

ized on both sides, but the thickness must be minimized. The corrosion 

conditions and temperatures are set by the type of test being run in the 

reactor. It will be difficult to find materials adequate to meet the 

conditions of some of the tests planned for this reactor. Stainless steel 

was chosen as the best material for general use as the experimental loop 

liners. The liner is provided with an expansion bellows to allow for the 

difference in thermal expansion between stainless steel and aluminum. 

The liners are quite thin, 1/16 in., since they do not contain pressure. 

Thus, their cross section is not a significant factor. For sodium loops 

up to about 1500 F, and for some of the gas-cooled loops, type 316 stain­

less steel is used. For higher temperatures and more corrosive gases and 

liquid metals, special materials are used. In such extreme cases, select-



ion of materials must be made on the basis of specific test conditions. 

Materials such as niobium, high temperature alloys, and the like would b® 

required. 

Recent experience at the MTR (3, 4) points out the benefits of provid­

ing drainage for test facilities and of the use of inert gas, rather than 

air, atmospheres. The experience referred to Is the unexpected failure, 

resulting from a corrosion rate of about 0.1 inch per month, of a test 

loop. It Is hypothesized that nitrogen in the air gap surrounding the 

tube was converted to nitrogen oxides, which dissolved In condensed water 

at the bottom of the re-entrant thimble. 

This experience, In addition to its application to test loop design, 

points out the need for caution in selecting materials for the ABTR. 

Where only a small gain is possible in the use of an unproved material It 

should not be selected. If a large advantage can accrue then its use 

should be considered, provided extensive testing can be performed. 

3. B.C. King, High Pressure Water Loop Experiments in the MTR, IDO 16426 
(1957) 

4. M. S. Robinson, Failure of WAPD-30 High Pressure Loop, IDO 16338 (1957) 



IX. GAMMA HEATIMG AND THERMAL STRESSES 

GAMMA HEATIMG 

Before deriving the equations needed for calculating the rate of gawna lie«t 

generation in the various regions of the reactor core^ the geometry ©f the prob­

lem was examined. Figure 25 Is a simplified system diagram that depicts th® 

annttlar core region and the coordinate system used in the following solutloa. 

The heating is calculated at the plane perpendicular to the core axis at tli« 

point H/2| that is, the midplasie, because this gives the points of maKitmso 

gasmw heat generation. 

The gamma energy flux is calculated by suaaiiliig all the contributions to the 

flux at the observation point P from the differential souree volume d?, GSttWis 

rays emanating from dV are attenuated by absorption along the path R and are 

also diminished by the inverse square law. Therefore^ the gairaa energy flux 

at the midpoint of the axis is expressed by 

^ vol 4jtl 

where ji ̂  total linear absorption coefficient 

S ^ the gamma energy source density in the fuel region 

and 

vol = the volume of the fuel region 

2 d¥ =» R sln9 40 d^ dR 

Although the geometry being considered is cylindrical, the solution is most 

easily accomplished in spherical coordinates. The limits of integration which 

define the source volume are, 

Ri the portion ©f the radlua in the source region varies from 

B ^ f. ra b 

*1 ' Sim 2 " sln# * 
t̂ the angle ©f revolution varies from 0 to 2rt, and 

-1 c 
f; # goes from approximately tan 7S75T ^^ %ll> 
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The lower llinit of 9 can be found by considering the geometry and volume ©f 

the source region. The Integrated volume of this region, which Is 

7r/2 2tr Eg „ 

^°1 '̂  2/^ Jo j ^ ^ ^ R sinfl dE d^ de 

2 2 
has to equal iriR - R,) H. Integrating the above expression gives 

vol = 1 ^ (R^ - R̂ )ctn0j_ 

making It possible to evaluate 0.. This process is necessary since at the 

outer edge of the cylinder, the spherical coordinates cannot define the flat 

top surface of the annulus. The correction makes a difference of only 1«5X 

-1 c 
In the flux aa compared to using 0i = tan TuJ^' 

Using these limits, the expression for the flux becomes 

w/2 2-K b/sln0 -iuR -
A « 2S f I I / , « -̂ --̂  R sine dR dA i.B 

where the Integral Is doubled because of the symmetry about the nsldplane. The 

final form of this equation, 

. V f"'^ . ̂ sin9 ^ sinB . ^ « .-

is Integrated numerically by Simpson's rule. Besides the gecroetrlc dimensions, 

several physical quantities are needed for the solution of the above equation. 

The calculation of the linear absorption coefficient |i involves two sliapltfy-

ing generalizations. The first is that the mass coefficient is equal t© 

0.04 

that 

2 
0.04 cm /gm for all the materials encountered by the ganma rays| the second Is 

ju = 0.04 
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wher® T. Is the thickness of any annular region such as the water reflector. 

The gamaa energy source density was calculated using a power density af 

2 X 10 watts/cm3. The prompt gamma activity is 7.8 Mev per flsalon- and the 

fission products during operation emit a total of 2.28 x 10 Mev/watt-see-. 

Therefore^ the energy density from fission captures is 

plus 

2 X 10^ watts/cm^ x 2.28 x 10^^ Mev/watt-aee 

2 X 10^ watts/cm^ x 3.15 x 10^° fissions/watt 

In finding the contribution to the gamma ray energy source density from 

captures In the water» the following MTR datum is used: capture in water re* 
3 

suits in one 2 Mev gaunna-. If 2,5 neutrons are producted per fission and ottly 

©He l8 needed in a fission capture t© continue the chain reaetlottj then 1.3 nBW 

trons are left to be absorbed or to be lost by leakage. As a conservative 

estimate^ It is assumed that there is no leakage and that the 1,5 neutrona are 

absorbed In water^ producing 3 Mev*s of gamma energy per fission. Thereforej 

the total energy source density is 

S » 1.14 X 10^^ Mev/em^^sec 
V 

The gaiwia energy flux at the center of the core region is 

15 2 
^ - 3.78 X 10 Mev/cm -sec 

Beside having the centerline flux, it la necessary to know the spatial distri­

bution of the flux. A reasonable assumptions considering the short distance 

from the axis t© the Inner wall of the source region. Is that the flux falla off 

•|l0ckwellj page 34, Table 3.2, The Reactor Shielding Manual 
•^Rockwell, page 39j, Table 3.5s The Reactor Shielding Manual 
4)ElL-963 (Classified) page 203 
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as e'̂  . For this distance the attenuation is about a factor of 0.46. The 

cylindrical geometry lends itself easily to a P-3 solution for the gawaa energy 

fluxi such a calculation was performed using ganma absorption coefficients and 

Coroptan scattering cross sections. The attenuation given by this calculation 

was 0.45. This Is in excellent agreement with the previous estimate. In spite 

of thla agreement, the P-3 centerline flux Is slightly highj to correct for 
15 2 

this, the P-3 fluxes are normalized to give an axial flux of 3.78 x 10 Mev/cm -

sec as calculated previously. Once the gamma energy fluxes are determined the 

rate of heat generation is calculated via 

where M Is the ganma energy absorption coefficient of the material. The heat 

generations In all the Inner core regions are given in Table IX. 

TABLE IX 

RATE OF GAMMA HEAT GENERATION 

Material 

Ha (test loop coolant) 

SS (thimble) 

Al (inner reflector wall) 

H2O (reflector 

Al (outer reflector wall) 

p 
3 (watts/cm > 

14 

155 

58 

31. 

96. 

0 

8 

5 

2 

The gamma heating in the aluminum vessel separating the core fron the 

reflector Is calculatec 

simple formula utilized is 

D_0 reflector Is calculated assuming the core to be an infinite slab. The 

where t is the penetration into the aluminum and 

S 
S =™^ 
a n 
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3 
This results In an average rate of heat generation of = 103 watts/cm . This 

results in an answer that agrees fairly well with the heat generation in the 
3 

aluminum wall separating the core and the inner water reflector (96.2 watts/cto ). 

The gamna heat generation in the thimble caused by photons originating in 

the core region are supplemented by gamma rays emanating from an experiment in 

the test section. The experiment considered in the following calculations Is 

assumed to have a power density of 50 kw per linear foot and be 2 ft. long. 

Since the geometry of the tests varies considerably, this power Is uniformly 

distributed in the test region. This results In a ganma energy density of 
12 3 

3.13 X 10 Mev/cm sec in the 8.89 cm radius test section. 
The gamma flux in the steel thimble is calculated by the following formula™ 

S 
^ = ̂  CG(^^h^,b5) + GC^h^.b^) + G(^^h^,bg) + G(p^h2,bg)] 

where the notation and a table of G functions is given In the reference. The 
13 2 

resulting flux of 1.35 x 10 Mev/cm sec Is a factor of 100 smaller than the 

flux due to gamma rays from the core region and capture in the water. Therefore, 

this heating need not be considered. 

ho^ ckwells page 365^ The Reactor Shielding Manual 
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THERMAL STRESSES RESULTIIG PROM GAMMA HEATING 

Themifll stresses in the cylindrical stainless steel and aluminum shells are 

calculated with the idealizations that the shells are long, thin-walled eyllniers 

and that the temperature is a function of radius only. Under these conditi0tts 

the axial stress at axial locations remote from the cylinder ends Is given by 

the equation 

ff^(r) - ^ ^ [tm - t(r)] 

lit which taa is the mean temperature of the wall. At the wall surfaces the axial 

and circumferential stresses are equal and the radial stress Is zero. The maxl* 

mum thermal stress obtains at the surface for which [tm - t(r)] has Its maxiflmm 

value. 

For the 0.0625 In. wall thimble the outer surface caa be considered to 

be thermally insulated and the inner surface temperature can be equated to the 

sodium temperature. For uniform gamma heating of 155 watts/cc and a thei»al 
2 

conductivity of 10 Btu/hr ft ®P/ft, the temperature difference between the two 

surfaces of the stainless steel wall is 

AT « ^ = i 5 5 „ i J i * 5 0 0 fOMm" « 20 2»F 
^ 2k 10 X 2 I --̂  J ^"-^ * 

/O.O625V 

V 1̂  / 
The temperature distribution is parabolic with the apex at the insulated wall 

surface. For this distribution (tm - t) is two thirds ©f the temperature 

drop across the wall. 

The value of 'Ea/l-v for stainless steel at room temperature le 364 psi/®F. 

The maxlfflum thermal stress on the wall is thus 

ff »=̂  I X 364 X 20.2 = 4920 psi (tension) 

and occurs at the inside surface of the wall. This stress la low enough that 

it does not represent a design limitation. At operating temperature levels 

the factor Sx/l-'' is lower than at room temperature and the above stress is 

consequently conservatively high. 
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The inner surface of the 5/8~ln. thick reflector wall can be considered to 

be thermally Insulated. For this condition, a thermal conductivity of 

2 

90 Btu/hr ft °F/ft, and a gamma source of 58.8 watts/ccj, the maximum tempera­

ture difference, tm - t̂  Is 57"?. The value of mx/l-v for aluminum is 200 psl/°F, 

which gives a tensile thermal stress of 11,400 psi at the outer surface of the 

wall. The thermal stress at the inside surface of the wall is compressive and 

has a magnitude one half that of the outer surface, 5700 psi. 

The fluid pressures on the inside and outside of the reflector wall are 

300 and 700 psij respectively. The circumferential stress caused by the differ­

ence between these pressures is 2700 psl compression. The thermally and mechani­

cally Induced stresses are additive^ with the result that the net circumferential 

stress at the inside surface is 8400 psi compression and, at the outside surface, 

8700 psl tension. These stresses are well below the allowable stress at the 

operating temperature. 

The temperature distribution in the 1/4-in. thick aluminum core wall is 

symmetrical about the wall centerplane. For this condition the maximum value 

of (tm - t) is 

2 WA^ 
(tm - t) = X ^^ 

which gives, for a gamma source strength of 96 watts/cc, a value of 3.9**F. The 

corresponding thermal stress is 770 psl, which Is negligible. 

Thermal stresses in the 1 1/4-ln. aluminum wall separating the core and D-0 

reflector are determined on the basis that the wall temperature Is sjmmetrical 

about the wall centerplane. For a gamma heat generation rate of 103 watts/cc, 

the thermal stress at both wall surfaces is 20^000 psl tension and the thermal 

stress at the wall centerplane is 10,000 psi compression. The 700 psi pressure 

acting on the inside surface of the wall produces a uniform tension stress of 

6j050 psi in the wall. The total tensile stress at both wall surfaces Is thus 

26,050 psi, which Is well below the yield stress of 35,000 psi for the selected 

aluminum alloy. 

None of the computed stresses exceed the yield point of the wall materials 

at the operating temperature levels. On this basis the thermal stresses are 



not excessive. For ductile materials allowable thermal stress levels are deter­

mined in terms of the fatigue behavior of the wall following repeated cycles of 

operation. Evaluation of the acceptability of the computed stresses will thus 

require an estimate of the number of cycles expected during the life ©f the 

reactor components. 
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X. DESIGN QUESTIONS 

FUEL PLATE ORIENTATION 

Although the investigations and evaluations have been limited to fuel 

assemblies consisting of parallel plates of DA1,-A1 alloy sandwiched be­

tween two sheets of aluminum cladding, the orientation of these plates in 

the annular fuel region was not specified for either the physics or the 

heat transfer analyses. The mechanical design of the fuel element requires 

that the orientation be fixed, and several of the factors that will control 

the selection may be examined. 

Generally, two orientations are possible: The plates may be set in 

the annulus radially, or they may be set tangentially. Curved plates 

that represent an intermediate orientation might be fabricated, but it is 

believed that fabrication would be difficult especially if it is decided 

to use a non-uniform, radial distribution of fuel. Flat e.c. radial 

plates create a problem in that an assembly of such plates, if truly 

parallel, will not completely fill the annular region. Wedges of 

aluminum between each element would be needed to fill the coolant passagej 

and this results in an inefficient use of these spaces. Such pie-shaped 

regions could be filled with additional fuel plates that are successively 

narrower; however, again this would be an expensive problem in fabrication. 

Heat conduction through the plate or into the end support structure is not 

sufficient to relieve the radial maximum to average temperature ratio 

appreciably. This is because the heat transfer surface conductance is so 

large compared to the thermal conductivity of the aluminum plate that 

nearly all of the heat is transferred to the water while a distance of 

about one plate thickness from the point at which it is generated. (See 

Appendix B, Thermal Performance Relationships.) 

Tangential plates as shown in Figure 4, Chapter IV, appear to offer a 

slight advantage in fabrication, although a more thorough investigation is 

warranted before this conclusion can be considered firm. Some coolant 

channeling will exist unless each plate is rolled to a different radius 

of curvature5 in which case the slight fabrication advantage is elimi-



nated. It Is not clear that the channeling effect is sufficiently severe 

to warrant the modifications required to eliminate it. 

The tangential plate fuel element arrangement lends itself t© dis­

tributing the metal-to-water ratio and/or the uranlum-235 conceatratloa 

radially so as to flatten the radial power distribution. This can permit 

operation at power densities approaching 2.59 Mtf/llters which represents 

the maximum value attainable under the Imposed requirements. To meet the 
15 2 

requirement of 1.5 x 10 n/cm /sec thermal neutron flujŝ  2.09 MH/llter 

Is needed consequently, the increased fuel fabrication cost may be 

warranted. A quantitative examination of the relative advantages and 

disadvantages has not been performed. 

It appears probable that the curved tangential plates have an 

additional advantage with respect to their mechanical strength and 

vibrational stability in a fast moving stream of water. Table ¥HI 

provides a compariaon of the fuel elements of two existing reactors with 

those of the proposed AETR arrangement. 

TABM VIII TEST EEACTOR GOMPAIISOH 

Plate type 

Plate thickness, mills 

Water gap, mills 

Active lengths In. 

Flow velocity, ft/sec 

Pressure drop thru core, 

Stability 

MTR 

curved 

50 

115 

24 

30 

psl 9.3 

Acceptable 

ETR 

flat 

50 

108 

36 

35 

26.2 

Unacceptable 

Prop03ed 
AITt 

curved 

50 

75 

3§ 

25 

22 

Unknowi 

It Is unlikely that the vibrational stability of the element will be 

known until an experimental model is tested, but, if it Is presumed that 

the significant criteria are plate type and flow velocity, the probability 



thit the proposed AETR element will possess acceptable mechanical and 

stability characteristics appears reasonably high. Observe that the MTR 

plates are curved and the proposed coolant velocity Is less than that used 

In the MTR and much less than that required by the ETR. 

Other possible configurations exist; one that Involves coolant flow In 

the radial, rather than the axial direction is an interesting possibility. 

If used with a non-uniform water gap, the arrangement would be well suited 

for the AETR, since heat transfer coefficients would be highest at the 

inner edge of the core and this is also the point of maximum heat gener­

ation. Such an arrangement would require plenum chambers both at the 

Inner and outer core boundaries, and seems better suited to a reactor 

cooled and reflected by a single fluid. Equalizing the coolant flow 

distribution within the restricted flow length available might be a 

problem. 

On the basis of the consideration herein presented the fuel element 

configuration that appears most promising is one similar to that used In 

the MTR. The element consists of curved parallel platess 50 mills thick, 

36 inches long, and supported tangentially in a roughly trapezoidal support 

box. The elements are so sized that 13 of them completely fill the 

reactor's annular fuel region. Coolant flows vertically between plenums 

above and below the elements; these water-filled plenums also serve as the 

end reflectors. 

It should be emphasized that the recommendation of this fuel element 

configuration Is tentative. A detailed design and economic evaluation is 

required before a firm recommendation is appropriate. 

B, TYPE OF CONTROL SYSTEM 

The report by Internuclear Company^ proposes two systems for con­

trolling the AETR, both using reflector control. In the first system the 

reflector Is separated Into two regions, the Inner and smaller region 

containing pure D„0, which can be removed to scram the reactor» and the 



outer region containing B„0 with a variable boron concentration to be used 

for shim control. The feasibility of operating the control mechanism vas 

investigated both as proposed and also with mechanical control. 

The second control system proposed by the Internuclear Company involves 

separating the reflector into three sections radially. The inner section 

would normally be completely full of D2O. It would be emptied for a scram 

as In the previous system. The other two sections would be raised Just 

high enough to make the reactor critical, the second reflector annulus 

being completely filled before raising the outer annulus. 

Because of the distortions of flux and power distributions that results 

It has been assumed that control devices cannot be installed In the core. 

Any mechanical control system would, therefore, have to operate in the 

reflector. 

There are two basic requirements for any reactor control system. The 

first Is that the system must be able to neutralize the maximum amount ©f 

excess reactivity that will ever be present in the reactor. The second 

is that it must be possible to change reactivity quickly enough t© control 

the reactor. Stability may become a problem in liquid control systems. 

An additional requirement for a liquid control system is, therefore, that 

It must be capable of maintaining a given amount of control over long 

periods ©f time. 

The above requirements formed the basis of the evaluation ©f the 

control system, the results of which are as follows: 

1. Maximum change in reactivity resulting from the boron in the reflector 

is about lOX 

2. Maximum rate ©f reactivity change resulting from the borated reflector 

is approximately 2 x lO" X/sec 

3. Maximum change in reactivity resulting from the pure DjO scram anntilus 

is about 21 

4. Time delay (between actuation and appreciable reactivity decrease) of 

scram mechanism is approximately 0.2 sec 

5. Boiling cannot be permitted In partially filled control chanttels of 



the level control system. The D„0 will have to be cooled some other 

way 

6. The use of a vacuum system to control the D«0 level in the reflector 

annulus is not feasible. Positive displacement, using the D^O 

as a working fluid is feasible 

7. The axial flux perturbation caused by a level control system would 

be quite large. The ratio of the maximum to minimum flux along the 

test section would be greater than two to one. 

8. Auxiliary equipment required to make the level control system safe 

would be quite complex . 

The conclusions drawn from the investigations of control systems were 

presented in Chapter IV. 

The maximum amount of reactivity that can be controlled by poison In 

the reflector was calculated using the PROD II code on an IBM 650. A 

10-region one-dimensional model was used with three energy groups. A 

total reflector thickness of 25 cm was used. The Inner 5 cm was assumed 

to be the pure D„0 scram channel and the outer 20 cm was assumed to be 

borated D„0. The results of these calculations are given in Figure 26. 

The maximum amount of excess reactivity that can be controlled by boric 

acid in the reflector is 14.4%. This is considerably less than the 26% 

needed for burnup and fission product poisoning. It would be possible to 

Increase the effect of the boron by decreasing the thickness of the pure 

B„0 annulus. This, however, would decrease the effect of the channel as a 

scram mechanism. 

The reactivity controlled by the borated reflector could be increased 

slightly also by increasing the thickness of the reflector. Unfortunately, 

this would tend to increase the reactor power required to achieve a given 

flux in the test section. Neither decreasing the scram channel thickness 

nor Increasing the over-all reflector thickness is recommended as a 

method of increasing the amount of excess reactivity controlled by the 

reflector. Most of the excess reactivity in the AETR is needed for fuel 

burnup. This makes the use of burnable poison desirable. The amount of 
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time available to investigate control mechanisms for the AETR was not 

sufficient to determine quantitatively the effect of burnable poison. It 

is believed that it could be used to reduce the reflector control require­

ments to lOX. 

The rate of boron (B ) burnup in the reflector is a function of the 

boron concentration. It is estimated that the maximum rate of burnup will 

be less than 1% per day. The device used to control the boron concentration 

would have to be capable of replacing boron at a much faster rate. 

An estimate of the change in reactivity resulting from a void in the 

inner D„0 reflector annulus was made using the machine code described 

above. The effect of this inner reflector annulus is a function of the 

boron concentration in the outer annulus. The change in reactivity is 

greatest when the outer annulus is not borated and least when it is 

heavily borated. For the worst case likely to be encountered (1,3 for 

boron = 0.10 cm ) the change in reactivity from a completely full to a 

completely empty annulus is fi K = 0.21. 

The time response of the scram mechanism was estimated for two situ­

ations. The first estimate was made for the mechanism as described by 

Internuclear Company. The second estimate was made assuming that a dry 

pipe could be run from the scram valve to the top of the annulus to 

eliminate the time necessary to drain a D„0 filled pipe. In the first 

case the reaction time was found to be 0.6 sec and in the other 0.2 sec. 

The reflector poison represents such a large amount of reactivity that 

the device used to control the concentration must be limited to prevent 

operating the reactor In a dangerous manner. One criterion for determining 

the maximum rate at which reactivity can be safely added to the reactor is 

to set a maximum allowable startup accident. It was assumed that the 

reactor could stand a lOOX overload in power momentarily, and that the 

scram mechanism would trip at design power. 

With a scram delay time of 0.6 sec the maximum allowable period is 

0.87 sec. An approximate value of the maximum rate at which reactivity 

can be added to stay within this limit is 



R = 2.5 X 10"^ I/sec 

This is an unreasonably slow rate even for a shim mechanism. For a scram 

delay of 0.2 second the allowable rate of reactivity addition is 

R = 2 X 10"^ X/sec 

This may be fast enough for a shim control, but it is still too slow for a 

control mechanism. 

Even though the rate of response of the borated reflector is slow^ a 

system of this type offers many advantages. It can compensate for rela­

tively large amounts of excess reactivity^ the boron (B ) that is con­

sumed can be replaced easily, heat generated in the control mechanism can 

be removed easily, and there is no axial or angular flux perturbation. 

Partial mechanical control could be used to overcome the slowness of 

response time without seriously affecting these advantages. Lightly load­

ed control rods could be inserted in tubes in the pure D„0 reflector 

section. These rods could have a combined worth of less than 0.71 

reactivity. The time response of these rods could be made quite high 

since the reactor could not be made prompt critical on them alone. If 

enough of these rods are used and they are spaced evenly around the core, 

angular flux perturbation would be small. The rods could be designed 

with non-uniform axial loading so that axial flux perturbation could be 

kept small J and it might even be possible to flatten the flux somewhat. 

The machine calculations used to evaluate the moderator level control 

system were similar to those described above. These calculations showed 

that the change in reactivity resulting from the outer 3 in. annulus is 

4.5X. If the Importance of the annulus height varies with the square of 

the flux and the flux is a sine fanction, the maximum reactivity response 

to reflector level is 0.2lX/in. This means that the change in annulus 

level between critical and prompt critical is less than 4 in. 

The DjO in the partially filled annulus is not circulated^ and so the 

heat generated by gamma radiation will boil the fluid. The heat deposition 

in the outer annulus was estimated to be 90 kw for reactor power of 100 IW. 
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The corresponding rate of steam generation would be 5.37 ft /sec. This 

would make the water-steam interface so unstable that the system would 

not be a suitable control mechanism. 

The system could be modified in several ways to eliminate boiling in 

the reflector. If the number of regions were increased to five, alternate 

regions could be kept full and the D„0 in them could be easily cooled. 

The heat generated in the partially filled regions would be transferred 

across the thin aluminum walls to the cool D O in the completely filled 

region and no boiling would occur. D_0 filled cooling coils in the 

partially filled annulus would accomplish the same thing. 

Rapid and precise level control of the reflector could not be achieved 

with the use of a compressible gas or vapor to transmit pressure. It is 

preferable to use the D„0 itself as a working fluid. This could be done 

by running a pipe from the bottom of the reflector annulus to a cylinder 

immediately outside the reactor shield. By fitting the cylinder with a 

piston the level in the annulus could be rapidly controlled. 

To ensure safe operation it would be necessary to use a considerable 

amount of auxiliary equipment and instrumentation. The system would not 

be simple. 

The unique feature of the level control system is that it permits high 

neutron leakage. If this is indeed an advantage^ there are other control 

systems that permit almost as much leakage. Flux perturbation was calcu­

lated for mechanical control rods located in the reflector near the core. 

For a reactivity worth of 11% three group calculations showed that the 

thermal flux in the outer region was reduced by 25X. Fast flux would be 

affected even less. 

GOUPMD VS .UNCOUPLED REACTORS 

In considering the operation of seven reactors within a common shields 

it is evident that certain advantages or disadvantages may result from 

locating the reactors very near one another and separated only by a 

material such as D^O. In such an arrangement the reactors would operate 

coupled or so that the reactivity of one reactor would materially effect 



the reactivity of those adjoining it. 

The question of whether or not the separate AETR reactors should be 

coupled was approached as follows. Several systems with varying degrees 

of coupling were postulated. The relative advantages and iisadvaatage® 

of each system were then determined in comparison to completely uncoupled 

reactors. 

The properties considered included the total power required» shielding 

requirements J control requirements, critical mass, D^O inventory^ space 

available for out~of-pile equipment, additional Irradiation facilities 

provided J and convenience of operation. 

The following two systems will be discussed because they represent the 

extreme of the possible methods of coupling. 

1. Reactors coupled in pairs. Reactivity effect of one reactor on the 

other 1-3X Sk 
k 

2. All seven reactors coupled together. Reactivity effect ©£ six reactors 

on the seventh greater than 20X 5k 

k 

In all cases it was assumed that the reactor would be coupled by building 

them close together and filling the space between them with D_0. 

The first step in the investigation was to try to determine how a 

coupled reactor system would behave. For the sake of slmplicltys most 

of the work was done on a two reactor system. The degree of coupling 

between reactors was estimated as follows. The theriaal flux around an 

infinitely reflected reactor was calculated using a simplified four region 

model. Three group calculations were made using the PROD II code ©n an 

I'M. 650. It was assumed that the flux between reactors was additive, im 

absorption correction was made to determine the thermal flux in the core 

region of one reactor resulting from the other reactor. This perturbation 

was added to the unperturbed flux to give the perturbed flux in the core. 

The unperturbed adjoint flux was calculated using the same machine code 

described above. The reactivity effect of one reactor on the other was 



then calculated using perturbation theory. The results of these calcu­

lations are shown in Figure 27. 

The paired-reactor system provides additional space for neutron 

irradiation between the reactors. If the reactors are spaced at 130 cm 

center to centers an area of fairly flat flux, 40 by 50 cm, will be avail­

able as shown in Figure 28. The flux in this area will be about a factor 

of two lower than the flux in the central test section. The flux will have 

roughly a cosine distribution in the longitudinal direction. Flux pertur­

bation In the central test section caused by coupling will be about four 

percent In the transverse direction. The use of borated D„0 for reactor 

control would not be feasible and some other system would have to be used. 

The major disadvantage of this system is that operating flexibility 

would be decreased. When one reactor is operating, it would be possible to 

hold the other at very low power^ but it would not be possible to reload 

the second reactor or make any change in the in-pile experimental apparatus. 

It would be possible to overcome this disadvantage by inserting a slab 

of highly absorbent material between the reactors. 

A second disadvantage of the paired-reactor system is that the control 

of two coupled reactors is more complex than that of two uncoupled 

reactors. 

If all seven reactors are coupled closely togetherj the total critical 

mass will be reduced considerably. The total power required to achieve 

a given flux would also be reduced. The amount of concrete shielding needed 

would be decreased, but the D„0 inventory would increase. The amount of 

space available for out-of-pile auxiliaries would be reduced considerably. 

Small areas between the reactors would be available for neutron 

irradiation. The flux at these locations would be nearly as high as in 

the central test holes, although this would depend on the control mechanism 

used. 

The restrictions on operating flexibility of this type of reactor 

system would be extreme. The system would operate essentially as a single 

reactor. 
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OS 130 c m CENTER TO CENTER SPACINGiNUMBERS INDICATE ARBITRARY UNITS OF FMJX 

Figure 28 — Flux Between Coi^led Reactors 



One of the Important functions of the AETt Is to test fuel elementi 

to failure. At the completion of a test the fuel element will be moved 

to a hot cell J sectioned^ and Inspected for the cause of failure. It 

would be extremely undesirable to leave OBe of these test elements In 

the reactor for any length of time after failurej even at low power. The 

©oollBg system would become contaminated, and the information that could 

be gained from inspection of the element would be decreased. None of the 

advantages to be gained from coupling the reactors warrants sacrificing 

the flexibility of uncoupled reactors^ which would permit shutdown on 

failure of a test element. 



XI. BIOLOGICAL SHIELBING 

The concrete biological shield must be designed so as t© reduce to a safe 

level the three major sources of radiation -- fission and fission product 

gamma rays, secondary gammass and fast neutrons. A dose of 1/10 ©f tolerance 

or less at the shield face will be the design criterion. Also, because ©f the 

cursory nature of this shielding studyj all the assumptions and generalizations 

that must be made will always be conservative and often very severe. This re­

sults in shields that will definitely be adequate and will provide an upper 

limit to construction costs. 

The maximum dose at the shield face is on the plane perpendicular to the 

reactor's axis and through the midpoint of the core. In finding the different 

source densities^ the maximum power density of 1.59 x 10 watts per liter was 
5 3 

usedi a core volume of 1.436 x 10 cm gives a total power of 228 MW for the 

reactor considered in all shielding calculations. 

Secondary gannnas are generally found to be the chief offenders in this 

type of reactor, and therefore this gamma ray source will be considered first. 
10 8 

Taking the total power times 3.15 x 10 fissionsj one watt-sec gives 7.18 x 10 

fissions/sec in the core. Of the 2.5 neutrons released per fission^ one is re­

quired to sustain the chain reaction, and the ranalnlng are lost either by leak­

age or by capture. Making the severe assumption that none are lost by leakage 

and that the renalning 1.5 neutrons are captured uniformly in the iron thenaal 

shield gives a gamma energy source density of 

S^ = 3.88 X 10^^ Mev/cm^-sec 

considering 8 Mev of gamma energy per capture. 

The dose rate as a function ©£ shield thickness was calculated for this 

annular source by taking the difference of cylindrical sources. The shielding 
3 

material considered was barytes concrete with a density of 3.5 gm/cm . Calcu­

lations were made using the following formula from The Reactor Shielding Manual 

(page 360) with a linear build-up factor (again a conservative approach)! 

BS R ̂  
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The result of these calculations is shown in Figure 29, In general, eight 

feet of heavy concrete will attenuate the gamma rays to 1/10 of tolerance. Be­

cause of the super-position of solutions, the dose at a point between reactors 

is just the sum of the doses from each. 

The fast neutron volume source density is given by 

S = (1.59 X 10 watts/cm*')(3.15 x 10^" fissions/watt sec) 

(2,5 fast neutrons/fission) 

= 1.25 X 10^^ fast neutrons/cm^ sec 

and this is converted to a surface source density by multiplying by the fast 

neutron relaxation length in the aluminum-water core -- about 10 cm. These 

neutrons traverse radially through 25 cm of D„0 and 6.75 in. of iron thermal 

shield before entering the concrete shield. Consideration of a graph of the 

attenuation of fission neutrons through iron slabs and water^ page 61 of The 

Reactor Shielding Manual, shows that the eight feet of barytes concrete needed 

for secondary ganaaa shielding will reduce the fast neutron dose to an imper­

ceptible level. The use of data referring to water instead of concrete Is 

valid and conservative since their respective fast relaxation lengths are 10 

and 8 centimeters. 

la the gamma heating analysis, a figure of S = 9.47 x 10 Mev/cm sec for 

the gamma energy source density as a result of fission and fission product 

gananas was calculated. Although this is about 30 times the activity found in 

the thermal shield, its dose contribution at the shield face will be roughly 
-3 

10 less because it has to traverse the 6.75-ltt. Iron thermal shield. There-

fores the dominant radiation source Is from secondary ganroas, and any shield 

capable of reducing them to tolerance will certainly attenuate radiation fr\ 

the other two sources to negligible proportions. 

Another area of the reactor that should be examined for high radiation 

levels is the sub-pile room. Again the flux from secondary gammas in the iron, 

thermal shield was determined by a formula from The Reactor Shielding Manual; 
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At a point six feet above the floor in the room under a shutdown reactotj the 

dose from the two adjacent reactors was less than 1/10 of tolerance. 

Because of the high power level of this reactor and also because of Ita 

"high leakage" geometry, a considerable thickness of heavy density concrete is 

required to attenuate the radiation to safe levels. In facts this thickness 

may be as great as eight feet at the core mldplane. Howeverj after considering 

the methods and generalizations used in calculating this shielding, It seems 

likely that a more refined study would result in substantial reductions. 

The secondary gammas In the steel thermal shield were found to be the 

chief source of radiation at the shield face. Rather than to assume that 

1.5 of the 2,5 fission, neutrons are absorbed uniformly In this steel, the 

neutron fluxes could be determined In that region and -the actual activation 

distribution found. Also, a savings could be effected by shaping the shield 

carefully and by incorporating standard concrete in many regions. This could 

be accomplished by a large scale Isodose mapping of the reactor shield. 



XII. PROCESS SYSTEMS 

A. COOLING SYSTEMS 

The total thermal power developed by the seven reactors is as follows: 

Water Loops 

4 in. Test Section 

3 in. Test Section 

Gas or Liquid Metal Loops 

3-7 in. Test Sections 

5 in. Test Section 

3 in. Test Section 

Total 

184 m 

205 

684 

228 

228 

1529 m 

The dissipation of this large amount of waste heat constitutes a con­

siderable undertaking. Indeed the amount of waste heat will have a signifi­

cant influence on choice of the geographical location of the plantj and the 

consequent availability and quality of cooling water will influence selec­

tion of the type of waste heat dump system to be useds Cooling towers^ 

spray pond, circulated river water^ or air-cooled exchangers. Forced drafts 

cooling towers were selected as being probably the most suitable for aver­

age locations. This selection prevents the waste heat problem froa having 

the undue influence on plant location that the use of circulated river 

water might. Once the plant location is selected an economic study can 

determine which type of heat dump system should be employed. 

Even with atmospheric evaporative cooling towers there exists a sig­

nificant need for make-up water. For design purposes the heat removal 

system load rating was assumed to be 110% of the above power for the seven 

reactors. The make-up water to compensate for the evaporative cooling loss^ 

entralnment loss, and blowdown of concentrated solids for this heat load 

was estimated to be of the order of 20s000$000 gallons per day. This make­

up water can be supplied either by a riverj a lake^ or suitable wells. 

Forced-draft cooling towers if close-packed would occupy an area of 

less than four acres. %>timum placement to take advantage of wind direction 
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and prevent water-saturated effluent air from being drawn into adjacent 

towers would require considerably more area. The secondary cooling system 

requires circulating pump stations and make-up water treatment facilities 

as well as the make-up water supply system. 

The primary cooling system consists of circulating pumps, heat 

exchangersj and piping. Materials for this system will be austenltlc 

stainless steels or aluminum to ensure system integrity and to minimize 

purification problems. The main reactor coolant heat exchangers will have 

stainless steel tubes and channels and carbon steel shells. The higher 

power reactors will require approximately 35^000 square feet of heat transfer 

surface per reactor. This probably will require two or more exchanger units 

per reactor. Primary coolant flow will be about 16jOOO gallons per minute 

for each of the liquid metal and gas experimental loops and amounts for the 

water experimental loops will be correspondingly smaller. 

Relatively small heat removal systems must be provided for each of the 

two heavy-water reflectors. The thermal shield cooling can employ secondary 

cooling water. 

PURIFICATION SYSTEMS 

The water treatment plant is equipped with the necessary supply pumps, 

screens, storage tankSj softening equipments acid and caustic tanks for pH 

controls iTiixed bed daminerali^ers aiid make-up pumps. A chlorination system 

is included for treatment of domestic water. The system design must neces­

sarily depend upon the water available at the selected site. 

The reactor primary coolant purification system includes filtersj 

demlneralizers, heat exchangers, flow and tenyerature controlss and instru­

mentation. 

The reactor control system includes equipment for both injecting and 

removing boron from the D O used in the reflector. The boron is removed 

by means of a deminerallzer. 

WASTE DISPOSAL 

Radioactive waste water is demineralized and discharged into a cool­

ing water discharge system or reused in plant systems when determined to 



be within safe limits. Concentrated wastes including filter material and 

demlnerallzing chemicals are stored in underground tanks until radiation 

has decayed or until waste can be removed from the site for ultimate dis­

posal . 

Facilities are provided for disposing of radioactive sodiwn and other 

materials that may be used in the various test loops. 

AUXILIARY SYSTEMS 

The process systems also include a pressurizing and surge system for 

the primary loop, a water charging systems a pressure relief system^ and 

an emergency shutdown cooling system. Other systems are A noncondensable 

gas removal system, a building emergency ventilation systeWt ®wd con^ressed 

air systems for instruments and general plant uae. 



XIII. RESEARCH AND DEVELOPMENT PROGRAM 

ITEMS FOR THE PROGRAM 

The research and development program shall include analyses and 

experimentation necessary to establish the materials, componentSj and 

systems characteristics for the detailed reactor design. 

Specific examples of the research and development related to the AETl 

are the followingj 

1. Fuel Elements 

a. Fabrication 

Plate-type fuel elements have been widely used in research and 

test reactors. However, several unique features of the AETR 

element will require developmental effort. In particulars the 

closer spacing of fuel plates and the varying width of plates in 

the same element constitute departures from currently employed 

designs. Also, the necessity for fuel element structural stability 

at elevated temperatures (500 F max) and high coolant velocity 

(25 ft/sec max) represents a considerably more severe requirement 

than has been employed in past reactors using aluminum plate-type 

fuel elements. The purpose of this phase of the program is to develop 

a dependable fuel element using economical fabrication and inspec­

tion procedures. 

Choice of materials for the AETR core is severely restricted by 

nuclear requirements. Aluminum alloys have been specified for fuel 

elements and pressure vessels chiefly on this basis. However^ the 

use of aluminum alloys imposes limitations upon the engineering 

design of the AETR. Materials limitations employed in this study 

are based largely upon previous experience in MTR and ETR design 

and operation, as well as upon the best available experimental data. 

An important aim of the research and development program is to 

verify and possibly modify the materials limitations currently 

imposed upon the AETR design. Considerable work is already in 



progress in many important areas of aluminum technology^ The 

amount of effort required on this aspect of the AETR reaearcii and 

development program will depend to a large extent upon the rate at 

which applicable information is forthcoming from these other 

investigations. 

Current technology should be applicable to AETl fuel eleaent 

fabrication with the possibility that the following Items will 

require special consideration: 

(1) The development of fuel element assembly techniques by 

brazing, welding, or mechanical means to meet the MTl 

service conditions. In the pastj n© brazed fuel 

assemblies have been employed under as severe operating 

conditions. Developmental work may be necessary to 

produce a corrosion resistant and structurally satis­

factory brazing alloy. AlternativeSs such as spotwelding 

or mechanically joining (for example, roll swaging) will 

require investigation 

(2) Fabrication to close tolerances. This is especially 

important in the narrow channels between fuel plates 

(3) Inspection methods must be reviewed and laethods chosen 

that are highly dependable for checking dlraensional 

tolerances, cladding flaw detection, and exraiinatlon ©I 

joint soundness. An extension of current inspection 

methods may be necessary on a production basis to ensure 

maximum quality of the large quantity of fuel eleaents to 

be produced for the AETE. 

Corrosion of Cladding Material 

Investigation of the effect of water purity ©n the corrosion 

of aluminum alloy X800i at the operating conditions will be 

required. In particular, the effect of hydrogen and aluBilnum ion 

content of the water is not completely known. It is possible that 

corrosion rate can be reduced by not degassing the water or by not 



removing all of the aluminum ions or by both« The aluminum ion and 

hydrogen buildups can be calculated and corrosion tests carried out 

at different values so that optimum water purity conditions can be 

selected. Allowance must be made for the hydrogen formed by 

radiolytic decomposition of the water. The pH will be maintained 

in the 5.5 to 6 range, as low as is practical with stainless steel 

in the system. Tests will be carried out in a dynamic loop. 

It should be noted that fairly short term tests (about one ttonth) 

will suffice for fuel element design. There is no interest in long 

term properties of cladding material for AETR application. 

c. Performance and Operational Limitations 

In order to demonstrate the adequacy of the fuel element design, 

full-size elements will be tested in an out-of-plle loop under AETl 

operating conditions of flow, temperature, pH and water purity. 

Tests will be run on elements that are at the limit of allowable 

dimensional tolerance to produce the severest possible conditions. 

Besides the mechanical design information obtained from this test, 

the corrosion resistance of the element under dynamic conditions 

also will be studied. In particular, the effect of water velocltle® 

above the current design limit will be investigated. From a 

corrosion standpoint, a test under radiation should not be necessary. 

However, several full-size prototype elements will be placed in the 

ETR for final verification of the out-of-pile experiments. 

Pressure Vessel and Loop Materials 

a. Radiation Damage 

There are very few data on the long term radiation stability 

of materials. The flux in the AETR is appreciably greater than 

that of any reactor yet constructed. After a relatively short 

period of reactor operation, exposure levels of the structural 

materials will reach values beyond those encountered in current 

reactors or in most radiation damage investigations. 

Some long term tests have been run in the MIR and, more 



recently, materials for ETR loops have been tested. These 

irradiations are still in progress, and much of the information 

developed will be of interest to the AETl design. However» some 

effort will be required to evaluate the importance of radiafclon 

damage to structural material under AETl conditions. Long tera 

tests on 6061 aluminum and 2014 aluminum will probably be required. 

Tensile and impact specimens would be inserted in the ETl for a 

period of over a year to determine the effect of high exposure 

levels on strength and ductility. No evidence exists which would 

indicate that aluminum should suffer a large degree of damage, even 

after an extended period of time under irradiation. However, 

verification of this conclusion is required. 

Test specimens would be included in the AETl in positions of 

maximum flux. These would be removed and tested periodically. 

Besides indicating the condition of the reactor vessel, valuable 

radiation damage information would be obtained from such tests. 

Fabrication 

Some difficulty is visualized in connection with producing 

acceptable weldments and welded joints in the thick sections 

required. Melding procedures incorporating filler rods of adequate 

corrosion resistance must be developed. 

From a corrosion standpoint, use of type 2014 aluminum in contact 

with process water in the pressurized water loops is somewhat 

questionable. As an alternative, the fabrication ©£ alunitmim-cla4 

2014 tubes will be investigated. If thickness requirements for 

these tubes can be relaxed, type 6061 can be substituted with 

fewer problems. If it is necessary to use 2014, extensive corrosion 

tests under operating conditions must be carried out. 

Special liner materials will be necessary for high temperature 

gas and liquid metal loops, giving rise to many fabrication probleaa. 

Since exact experimental requirements are not known at this tine, 

no estimate is m-'de of possible research and development effort. 
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Such activity would be more appropriately carried out in connection 

with the design of the particular in-pile experiment. 

Heat Transfer and Fluid Flow Systems 

The objectives of the heat transfer and fluid flow research and 

development program are: 

To verify the analytic prediction of the thermal and hydrodynamic 

performance of an AETR fuel assembly, and, 

To observe fuel element structural stability. 

To carry out this part of the program experimental fuel elements 

will be constructed with thermocouples attached at various places on 

and within the cladding so as to evaluate thermal conductivity. The 

specimens will be subjected to in-pile testing and will later be 

examined for irradiation damage. 

Out-of-pile tests will be conducted using a pressurised loop and 

simulated fuel elements, the latter to be of a geometrical configuration 

and size similar to the elements. The loop will have a recirculating 

pump and piping, a control valve, pressurizing heating coils, and a 

flanged removable test section. Instrumentation will consist of thermo­

couples, recorders, pressure indicators and flow indicator-recorders. 

Structural stability of various fuel element configuration will be 

observed and the mechanical design of the elements modified as found 

necessary. 

The adequacy of the fuel element design will be demonstrated by 

these in-pile and out-of-pile tests. 

Reactor System Kinetics 

The AETR concept differs significantly from conventional heterogeneous 

reactor designs in that control is accomplished by changing the reflector 

characteristics and by regulating type control rods. For this reason 

it is important to determine the response of the reactor system to 

changes in temperature, pressure,and flow rate. 

In this part of the research and development program, the reactor 

control system stability and scram response time of the reactor system 



will be demonstrated. Over-all reactor control and self-regulating 

characteristics will be investigated on a reactor simulator. Quanti­

tative comparisons of the influence on stability of Important destga 

variations will be made, and the minimum dynamic performance required 

©f various system components will be specified. The time required to 

drop the reflector level for scram, and the rate at which boron 

concentration In the outer reflector region can be changed^will be 

demonstrated by a mock-up of the reflector control systems» The mock-

ups will consist of the necessary control annull, control valveS| 

pipings instrumentation, pumps, and deminerallzer systea. 

Critical components of the control systems must be developed and 

tested for operating integrity and reliability. These components will 

include pumps, regulating rods and drive mechanism, valves and 

concentration controls. 

It is also necessary to demonstrate the stability of the boratei 

DjO solution under Intense radiation. This requires irradiation of 

samples In a high flux test reactor. Other conditions that «ay affect 

the berated 0,0 solution stability, such as temperature^ pH^ and 

corrosion products must be investigated. 

Instrtanentation and Special Components 

The principal objective of this part of the research &ni developoeat 

program is to investigate and experimentally demonstrate satisfactory 

performance characteristics of those portions of the AETl system that 

cannot be reliably subjected to analysis. Some of the areas of Investi­

gation would be Instrumentation, thermal stresses in the pressure vessel^ 

core structure, and test sections. The feasibility of keeping the test 

loop thimble liner at essentially zero pressure differential will he 

demonstrated. A mock-up of the pressure balance chamber ©r gas 

pressurlzer will be necessary. 

Because of the high burnup rate of the fuel elements in the AETl, 

it is mandatory that fuel be replaceable in the most expeditious maimer. 

A development effort will be made for fuel handling and shipping 
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equipment. This equipment will include special tools for manual lifting 

of spent fuel elements from the core region and for insertion of new 

ones. Storage racks will be developed for safe handling and storage 

of fuel within the canal. In the event of fuel element warpage or 

rupture, special tools will be needed to correct and repair the 

damage from a safe distance. 

Also included in the program will be the development of handling 

and storage procedures. 

6, Test Loops and Associated Equipment 

Very little is known of the nature of the actual tests to be 

performed by the AETR. Therefore, no attempt has been made to describe 

a research and development program for the test loops other than that 

described above for the test loop thimble liner. The operating temper­

atures and conditions specified for these loops do indicate that a 

research and development program will be necessary for the test loops 

and other testing equipment and instrumentation. In the case of high-

temperature circulation of liquid metal% an extensive development 

program would be required. No known installation, experimental or 

otherwise, has performed such circulation at the higher temperature 

specified. 

ESTIMATED COST AND TIME REQUIRED 

The total estimated cost of the research and development program out­

lined above Is $2,376,000 (See Table X). This figure does not Include 

any post-critical research or development work^nor does It reflect any 

expenses for a critical assembly or an experimental core. 

The estimated cost appears to be very modest, but It might well be so 

for several reasons. Although the AETR fuel elements are unique In design, 

they still represent flat plate fuel elements on which considerable manu­

facturing and operating experience has been accumulated. Other features of 

the plant also are pushing the limits of known technology, but by and large 

have been proved. 

The temperature, pressure, and velocity conditions of the auxiliary 



systems are all within the range of "off the shelf" equlpaieiit and should 

require virtually no research or development. 

It should be again pointed out that this program and cost estinate 

does not allow any expenses for development of the reactor test loops aed 

associated equipment nor for development of special equlffflent for handling 

test specimens. 

Wien the exact nature of the tests have been determined, It is recoBt--

raended that a detailed Research and Development progrem be outlined. Only 

after a detailed program Including consideration of the tests to be performed^ 

tha site selected, and the element of time has been ©utlinsd, can an aacurate 

estimate of the cost be made. 

It is estimated that the time for completion of the Research and 

Development program would be in the neighborhood ©f 30 inoBths. This, of 

course, would depend largely upon the urgency of the plant constructiott 

schedule. A considerable proportion of the program could be done con­

currently with the design and construction of the plant. 

TABLE X 

R & D COST ESTIMATE 

FUEL ELEMENT DEVELOPMNT 

1. Fabrication 

Tooling, Jigs and Fixtures 

Materials (including U metal conversion cost) 

Engineering - 30 Ml 

Technician - 60 Itl 

Subtotal 

2. Corrosion Experiments 

Engineering - 24 MM 

Dynantc Autoclave and Accessories 

$ 20,000 

10,000 

60,000 

_20,wo 

$180,000 

$48,000 

30,000 
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Technician » 30 MM 

Subtotal 

3. Metallurgical Performance and Operational Llmitatloiis 

Materials and Supplies - out-of-plle tests 

Loop design and construction 

Prototype fuel elements irradiation (incl. facility charges) 

Engineering - 20 MM 

Technician ~ 24 MM 

Subtotal 

PRESSURE VESSEL AND LOOP MATERIALS DEVELOPMEIT 

1. Radiation Damage - Static In-plle Capsule Tests 

Engineering ™ 20 MI 

Technician - 20 M 

Irradiation and Hot Cell Charges 

2. Fabrication 

Materials and supplies 

Engineering - 12 MM 

Technician - 12 MM 

e. HEM TRANSFER AND FLUID FLOW 

1. Temperature Distribution 

Materials and supplies 

$.«i000. 

$123,000 

$ 5,000 

200,000 

35,000 

40,000 

$316,000 

Subtotal 

Subtotal 

Total 

$ 40,000 

30,000 

100,000 

$170,000 

$ 10,000 

24,000 

18,000 

$52,000 

$841,000 

$20,000 
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Engineering 12 MM ^ 24^000 

Technician 24 m 36,000 

Subtotal $ 80,000 

2. Determine Hydrodjmamlc Characteristics 

Materialss supplies, loop operation $ 50,000 

Engineering 10 MM 20,000 

Technician 10 MM 13.000 

Subtotal $ 85,000 

3. Verify Thermal Performance 

Materials and supplies $ 35g000 

Engineer tog 20 M 40,000 

Technician 20 MM 30^000 

Stibtotal $l05s000 

4. Observe Fuel Element Stability 

Fabrication ©f dtsiwiy elements $ 10,000 

Materials and auppllest loop operation 60^000 

Engineering 24 MM 48,000 

Technician 24 M 36»000 

Subtotal $154,000 

D. BACTOl SYSTEM KIMETICS 

1. leactor Control 

Control mock-up design and construction incl. 

experimental mechanical rod drive $13S,©00 

Engineering 12 Ml 24,000 

m 



tf 

Technician 20 MM 

2# Performance and Operational Limitations 

Materials and supplies 

Engineering 24 MM 

Technician 20 MM 

3. General Reflector Systems Development 

Equipment and Facilities 

Engineering 24 MM 

Technician 24 VM 

Subtotal 

Subtotal 

Subtotal 

$ 30.000 

$189,000 

$ 20,000 

48,000 

30.000 

$ 98,000 

$ 100,000 

48,000 

30,000 

$178,000 

4. Determine Stability of Borated B„0 Under Irradiation 

and Other Operating Conditions 

Irradiation Facility charge $ 35,000 

Materials and supplies 20,000 

Engineering 12 M. 48,000 

Technician 10 M 30.000 

Subtotal $133,000 

E. INSTRUMEMTATION AND SPECIAL COMPONENTS 

1. Instruaaentat ion 

Materials and supplies $ 50,000 

Engineering 12 MM 24,000 

Technician 24 MM 36,000 

Sttbtotal $110,000 
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2. Thermal Stress Analysis 

Material and supplies 

Engineering 10 It! 

Technician 20 MM 

3. Fttel Handling Equipment 

Materials and supplies 

Engineering 12 Ml 

Technician 10 IM 

. HiAfY CONCRETE SHIELDIIG 

Materials and supplies 

Engineering 6 MM 

Technician 6 IM 

. PACIUTY EXPEISE 

l. lent 30 months Q $3500 

Utilities 30 months @ $1000 

$ 25,IK» 

20,000 

Subtotal $ ?5,§tO 

100,000 

4S*000 

Subtotal $163,000 

$ 10,000 

12,000 

Subtotal $ 30,000 

$105,000 

30,000 

Subtotal $135,000 

GRAND TOTAL $2,376,000 



XIV. AETR COST ESTIMATE 

A cost estimate covering design, construction and annual operating expenses 

is presented in Table XI. The estimate is based on the preliminary conceptual 

design of the reactor facility described in this report. 

The design cost includes design effort for the complete facility. Design 

effort on the experimental specimen and the auxiliary, experimental process 

equipment is not included because the exact nature of the experiments are not 

known. Also, field engineering, liaison effort, and inspection during fabrica­

tion and construction are not included. 

The cost estimate for construction is broken down into 16 items covering 

equipment, systems or services. Comments are made on several of the listed 

items. Items not listed and not estimated are discussed. 

The reactor vessels include the installed cost of the seven vessels with 

the associated tubes for experimental specimen. Primary heat removal systems 

contain stainless steel piping, circulating pumps, and heat exchangers with 

stainless steel tubes. Main coolant heat exchangers will be large as some 

35,000 square feet of heat transfer surface is required per reactor. Heat 

removal for two reflector systems per reactor is provided. 

Instrumentation includes reactor building area monitors as well as reactor 

instrumentation. Experimental loop instrumentation is not included. Control 

systems cover regulating rods and drive mechanisms, pure reflector level controls, 

and poisoned reflector concentration control. Reactor auxiliary equipment 

includes purification, gas handling, pressure balance chamber equipment, tanks 

and other miscellaneous reactor equipment. 

The secondary water system will contain the ultimate heat dump for all of 

the reactor facility. As the seven reactors have an accumulated thermal power 

rating of 1530 MM, the waste heat dump system is necessarily large. This 

necessity undoubtedly will be a significant factor on the geographical location 

of such a reactor facility. For cost estimating purposes the design heat removal 

load is taken at 110% of the above power rating of the reactors, After briefly 

considering how the heat load affects the plant location and how the location 

affects the selection of the type of heat removal system, the necessity of using 



atmospheric evaporative type cooling towers is assumed. Makeup water can be 

supplied either by a river, a lake, or from wells. Although dependent on factors 

other than heat load, the makeup flow to the cooling towers is estimated to be 

in the order of 20,000,000 gallons per dayi hence, the source Bust be a good one. 

Forced draft cooling towers themselves can be placed in an area ©f less than 

four acres. A suitable arrangement would probably require more room. Installed 

cooling towers, pump stations, piping, makeup water supply, and makeup water 

treatment system are included in the cost estimate. 

Shielding cost for the facility appears low, especially for seven fairly 

high-power reactors. However, the reactors utilize mutual shielding to a con­

siderable degree. The reactor design with a heavy water reflector and a thick 

steel thermal-neutron shield surrounding the reflector provides an inexpensive 

type shield for the high-flux central experiment. Philosophy adopted for the 

design allows access to reactor process and experimental equipment after the 

reactor is shut down but with adjacent reactors operating. Heavy concrete Is 

used for the biological shield near the reactor. An ordinary concrete shield 

is used below and above the heavy concrete as well as for equipment shielding. 

With such factors as location, nature and details of experimental require­

ments, and experiment coolant unknown, the proper evaluation of the need for 

containment is difficult. The purpose of the facility is for high performance 

testing, in fact, testing some specimens to failure. The unknown eoolatits, 

especially liquid metals or liquid fuels, probably contain more radioactivity 

than reactor cooling water. Further, the liquid metals probably have exothermic 

chemical reactions with water. Hence a containment vessel is assumed necessary. 

The design of the vessel ts influenced more by plant layout and other require­

ments than by the volume of released fluids. The large volume of reactor cooling 

water Is below atmospheric boiling temperature| hence, released energy of signi­

ficant amounts must come from failure of the high pressure experimental loops ©r 

from exothermic chemical reactions. It is interesting t© note that & contaiwaent 

vessel replaces a reactor building and may not be much more expensive than a 

so-called gas-tight building. Certain problems are conaBon to each, such as the 

need for foundations, ventilation, insulation, personnel locks, and fuel transfer 

locks. 
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Experimental facilities are intended to include laboratories, hot cells, 

manipulators 5 and other laboratory equipment needed to carry on the huge 

experimental program. The estimate covers only the support facility external 

to the reactor building. It is conceivable that the actual cost for this item 

is considerably more than the figure listed. Experimental loop equipment and 

instrumentation are not included in the item. 

Waste and sewage disposal covers gaseous, liquid and solid disposal. The 

gas disposal system includes retention tanks, blowers, and a stack. Liquid 

disposal includes retention tanks and basins, and processing equipment. Solid 

disposal will involve volume reduction and burial or storage. Electrical 

services provide a substation, in-plant distribution, and a small amount of 

emergency power. No transmission lines are included. The latter is a signifi­

cant location-sensitive cost as the design power requirement is in the order of 

40,000 to 50,000 kilowatts. Only a small amount of power is assumed for the 

experimental loops; bulk of the power goes to the primary and secondary reactor 

cooling systems. 

Spent fuel storage and handling provides in-plant storage and transfer 

facilities including shielding. No shipping facilities, such as shipping coffins 

and a railway spur, are provided for in the estimate. 

The requirements for buildings for reactor control areas, offices, shops 

and miscellaneous purposes are not well defined. Likewise ventilation or air 

conditioning requirements, primarily for the containment vessel, and the 

location-dependent site preparation effort are not defined. It is felt that 

the cost figures for these three items are good representative figures. 

The contingencies for the construction cost of the facility were taken as 

25% of the estimate. This high figure is appropriate for the preliminary status 

of the conceptual design, the large number of unknowns, and uninvestigated areas. 

It should be noted that the construction costs do not include items for the 

experimental loop equipment and instrumentation nor for the cost of supplying 

fabricated fuel elements. Experimental loop equipment may vary considerably. 

For example, the cost difference between a closed-cycle recirculated gas loop 

and an open-cycle, once-through gas loop may be rather large. At high pressures 



the open-cycle loop would require a costly compressor and heating installation. 

The closed-cycle loop would require a gas circulator. Experimental loop instru­

mentation would be largely dependent on the nature and objectives of the experi­

ment. 

The reactor installation annual operating costs have been estimated in part. 

Costs are included for the operating crew's salaries, the cost of power, and an 

item covering supplies, maintenance, and other indirect costs. The cost of 

power covers mostly the power for the primary and secondary cooling systems. 

The power is assumed to cost one cent per kilowatt hour. The operating factor 

or load factor is taken to be 80%. 

No costs are estimated for fabrication of fuel elements, uranium inventory 

charges, value of uranium burnup, or chemical reprocessing of spent fuel. A 

very rough figure for fuel burnup only at a rated total power of 1530 VM and 

801 operating factor was calculated to be more than $9,000,000 per year. This 

indicates the total cost of fuel is a significant factor in the total operating 

costs. No costs for heavy water inventory charges or heavy water loss charges 

are included. 
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TABLE XI 

AETR COST ESTIMATE 

Design $ 4,800,000 

Construction 

1. Reactor Vessels (fuel excl.) 4,600,000 

2. Primary heat removal systems 7,700,000 

3. Instrumentation 1,900,000 

4. Control systems 1,400,000 

5. Reactor Auxiliary equip. 3,500,000 

6. Secondary water system 8,300,000 

1. Shielding 1,100,000 

8. Gontaimnent vessel, crane, foundation 2,600,000 

9. Experimental facilities (external to reactor) 4,000,000 

10. Primary water treatment and emergency cooling 2,500,000 

11. Waste and Sewage Disposal (gas and liquid) 2,500,000 

12. Electrical services (incl. substation, 2,500,000 
emergency power) 

13. Spent fuel storage and handling facilities 1,100,000 

14. Buildings (control, offices, shops, 3,000,000 
miscellaneous) 

15. Ventilation and air conditioning 1,000,000 

16. Site preparation 1,000,000 

Subtotal % 51,100,000 

Gontingencies 8,500,000 

Total, Construction % 59,600,000 



C. operation (excl. fuel, D„0 costs) 

1. Salaries 

2. Power 

3. Supplies, maint. etc. 

Total Cost per year 

$ 1,500,000 

2,500,000 

1,000.000 

$ 5,000,000 
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APPENDII A 

PHYSICS METHOD AND CONSTANTS 

A. INTRODUCTION 

The purpose of this appendix is to present in detail the method used 

in the calculations of criticality and flux. Many of the results obtained 

for the constants will be useful in research reactor applications other 

than AETR, and so they are presented here with that more general purpose 

in mind. 

This appendix consists of the following parts: Description of Method, 

Comparison with Experiment (Method), Comparison With Experiment (Results), 

Choice of Number of Groups, The Few Group Constants. 

B. DESCRIPTION OF METHOD 

The procedure of calculation used was essentially that developed in 

this Division's report "Reactor Physics of H„0-Moderated Power Reactors".— 

It was desired to use a many-group model for two reasons: (1) The core 

of the AETR is so thin that neutrons that are born within it will migrate 

in and out of the core many times before reaching thermal; thus, most of 

the neutrons that are absorbed in the core as thermal neutrons will have 

a life history that is not characteristic either of the core or of the 

reflectors; It might be expected that in this situation a multigroup 

approach would be needed for high accuracy; (2) Single region multigroup 

calculations give rise to results from which few-group constants can be 

conveniently and accurately determined, these few-group constants then 

being used in multiregion_, few-group calculations. 

The 22 group calculation incorporates the three methods of neutron 

slowing down: Inelastic scattering, Selengut-Goertzel for moderation 

by hydrogen, and Fermi aging for non-hydrogen elastic degradation. The 

neutron conservation equation that is solved is thus: 

—I. W. Richardson, J. W. Webster, at al, "Reactor Physics of H 0-Moderated 
Power Reactors", ASAE-S-7 (February 1, 1958). 
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(3) 
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or, more approximately, Just 

q(u,^ » |Zg(usr)^(usr) (5) 
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where 

DCWi'^ « diffusion coefficient at lethargy u and point r 

4(n^'r) « flwK per unit lethargy at point r' 

2 (us^ * macroscopic absorption'cross section at lethargy u and point r* 

T, (u^v) = inelastic scattering macroscopic cross section 

f(«) » fission spectrum 

Ŝ Ctts?) » macroscopic fission cross section 

8(«'-«) « inelastic scattering spectrum 

T|(«jr) = slowing down density due to hydrogen 

qCug"?) ^ slowing down density due to elements other than hydrogen 

IL - macroscopic hydrogen scattering cross section 

2L =5 macroscopic scattering cross section of elements other 

than hydrogen 



I = a-v leg o£ energy less per collision 

A+1 

The lethargy scale is divided into 22 intervals, including thermal^ in the nu­

merical solution of this set of equations. The group structure is shown in 

table A-I, This group structute was chosen in the work of ASAE-S-7s and the 

same structure *as used here so as to utilize some of the cross section aver­

aging results already at hand. 

The few-groap model can be expressed in the forms 

^h^^ h - ^ \ ^ i ™ î£i % / i = o 

"»2 V ^ ^2 + \ ^ 2 -Pl^d^ ^1 = ° ^̂ > 

n ^ a a n-1 

n 

where 

4. - total flux in group i 
D, = average diffusion coefficient for neutrons in the t th group 

di = the probability per cm of neutron travel that a neutron will 

be either absorbed or will drop in energy to the next lowest 

group i„e» group 1 + 1 (the subscript 'd' is intended to sug­

gest the word 'disappearance'), 

p, = probability of escaping absorption in group i 

The last or ntn group is the thermal neutrons. The constantSj z, , of the 

few group equations for the core of the reactor can be evaluated from a know­

ledge of the 4(n} as obtained in the many group model for the equivalent bare 

reactor as follows: 

2 where u , and n, ate the lethargy limits of group 1. The 1 in this equation 

is the buckling of the eqmivalent bare reactor. Equation (8) says, of course. 
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TABLE A-I 

GROUP STRUCTURE FOR THE 22-GROUP CALCULATION 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Energy Range 

5-10 Mev 

3-5 

2-3 

1-2 

,8-1 

,6-.8 

,3-<,6 

.3-.09 

.01-,09 

6 kev -,01 Mev 

3-6 kev 

.418-3 

5 ev -o418 kev 

2-5 ev 

1-2 

,4-1 

,2-<.4 

.08-.2 

.06-.08 

,04-,06 

,03-.04 

(Maxwel1-Boltzmai 
around kT) 

Lethargy Range 

0-.693 

.693-1.203 

1.203-1,609 

1.609-2.302 

2,302-2,526 

2,526-2.815 

2.815-3.506 

3,506-4.701 

4.701-6.908 

6.908-7,415 

7.415-8.111 

8.111-10,0088 

10.0088-14.509 

14.509-15.425 

15-425-16.119 

16.119-17.034 

17.034-17.728 

17.728-18.643 

18.643-18.933 

18.933-19.336 

19,336-19.624 

(Ifaxwe 11-Bo 11 zmann 
around In 10''/kT) 

Lethargy Width 

.69 

.51 

.41 

.69 

.23 

.29 

.69 

1.19 

2.21 

.51 

.69 

1.97 

4.42 

.92 

,69 

.92 

.70 

.91 

.29 

.41 

.28 

1.0 (for 
computational 
purposes) 

Comments 

Fast Fission 
Range 

U-238 Resolved 
Resonance 
Region 

Thermal Group 



that the flux in a gtoup ciultirlied by the disappearance cross section must equal 

the total absorption rate in thai grcap plus absorption in lower groups plus the 

leakage in lower groups. 

The p, can then be ê ;aloat;ed froni 

K L^^ f ^ 4 iu) d u = y"* J Ê  (u) + 
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D = -,=-^^i-»_ . (11) 

* rf (u) d u 
1-1 

In any region of the reactor other than the core, the 4 (̂ ) Is computed 

for use in this formula assuming the region to be infinite In extent and taking 
2 B as zero in Equation (8). 

The constants in the thermal group are evaluated similarly from knowledge 

or assumptions regarding the spectrum of thermal neutrons. 

By comparing the k ^^ and thermal flux distribution obtained from calcu­

lation with the corresponding results of a three group calculation^ the three 

group constants being obtained from the 22 group as described above, it was 

shown that a three group procedure would be adequate for the parameter optimi­

zation studies. This comparison will be described in detail in a later section 

of this appendix. 

C. COMPAIISOM WITH EXPERIMENT (METHOD) 

If the set of equations^ (7), are only two in number and the constants are 

evaluated as above, ther, a useful check of the slowing down cross sections against 

experimental data can be made. The procedure concerns the age, T, and is as 

follows: The Equations (7) are wrlttens 



""f^ ^f "*• d̂ *̂£ ~ ''̂f ̂ s ^ ^^ ^t^ " ° ^̂ ^̂  
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2 2 2 Suppose the reactor is ari-'-eĝ ciidl asd he.s bi.ckling B , Then y 4r: - ~B 4^ 

and it can be seen in Equation C.12) that the total loss of fast neutrons is 

given by 

^'r^^^t + d̂ f̂ ^̂ *̂  

t 

On the other band cte x&te of neurroa becoming thermal is the last term in 

(13) or 
P^d. ̂ f ^̂ ^̂  

From (14) and ii,15) i ihe »»ccDab"lit7 of any neutron becoming a thermal neutron, 

rather than leaking cr being absorbed as a fast neutron is 

P \ 

or 

D^B^ + 2^^ 

»f 2 
B + 1 

(16) 

(17) 

2 
In age theory, che corresponding expression Is given by pe ^18) 

where T is evaluated by the foTtnola 

T = TCOJ'J^J^) -I x(o,tt) f (u) d u 

where T (o,ii) -I ~.-~^ d .j acd i (K) is the fission spectrum. 
In 

SelengHt-Goertzel tfceory for hydrogen moderation the corresponding express­

ion can be forced Into the fcf̂ m, (IS), Lf T is calculated with the encluslon 

of a very iisportant firs* - flight term. The formula is 



Jo s„ Jo s„ H ^° \ 
In either case these formulas for T together with the form^ (18), are correct 

2 
only in the limit as B—-••0 and for the case of no above-thermal absorption, 

2 
Now, for small B , the form, (18), can be written as 

1 + T B^ 
(19) 

Furthermore, in age theory it can be shown that T is 1/6 of the second moment 

of the slowing down density from a point source. 
2 

Thus, it has been shown, by a comparison of (17) and (19) that if B is 

small and if the above thermal absorption is small then 

T = f- (20) 

^f 
2 where T Is the classic 1/6 of second moment. If these conditions, i.e., B 

small and above-thermal absorption small, do not hold, then one can still write 

T = ̂  (21) 

\ 

but T is now a fictitious age not equal to the classic quantity. It Is obtained 

by using the 22 group results, Equations (8), (11), and (21). 

Experimental data are available for 1/6 the second moment in various media 

of interest for the AETR, e.g., D O , A1-H_0, and Zr-H.O. These media satisfy 

the condition of small above-thermal absorption. By applying the 22 group model 

and Equations (8), (11), and (20)to an Infinite region, when the second condition 

is satisfied, the age so obtained should equal the experimental value. Judicious 

adjustments in above-thermal cross sections associated with neutron slowing 

down can be made until the equality is obtained. These adjusted cross sections 

are then to be used In the design calculations. 

D. COMPARISON WITH EXPERIMENT (RESULTS) 

As was mentioned in Section B, in determining the Z, and D_ from Equations 

(8) and (11), and hence implicitly the T, it is more accurate to use the $(u) 

determined for the equivalent bare reactor based on the material buckling than 

to consider the core region to be infinite in extent. (This applies also to 

A-7 



the three group model.) However, for each change that is made to the composition 

of the core in the parameter survey, the material buckling is changed and therefor'' 

the above-thermal constants must be redetermined. It is more economical to 

use the infinite region constants if possible. It is therefore of interest to 

investigate, in addition to the agreement of infinite region ages with experi­

mental values, the divergence of finite core ages from infinte core ages. The 

results of these two investigations will be given in this Section. 

The age in D O (0.167o H„0) was calculated by the method described to be 

T (D2O) = 124, 

The experimental value quoted in the Reactor Physics Handbook is T (D„0) = 125. 

The agreement was therefore considered excellent and the slowing down cross 

sections for D O were considered excellent. 

Ages for A1-H„0 mixtures were then calculated for various metal to H.O 

volume ratios. The medium was taken to be infinite and no fuel was present In 

the aluminum. The results are shown in Figure 30. The results shown there 

were arrived at with inelastic scattering for oxygen included but not for alumi­

num. (When inelastic scattering for aluminum was included, the calculated ages 

seemed unreasonably low at high A1/H„0 ratios in the light of previous results 

in the literature and so it was arbitrarily omitted.) The agreement with the 

experiment done in 1949 at A1/H„0 =0.5 was excellent. Agreement is not very 

good with the point at A1/H„0 = 1 from Mon P-219 quoted in the Reactor Physics 

Handbook. It lies somewhat above our calculated value. However, the Handbook 

lists this point as being dependent on theory and since it was done at such 

an early date, 1946, it didn't seem reasonable to take this point too seriously. 

Considering the excellent agreement at A1/H„0 = 0,5, our curve shown in Figure 

30 should be sufficiently accurate at all A1/H„0 ratios for the present purposes. 

A good experimental measurement at A1/H_0 = 1 would be a useful part of a 

continued AETR development program. 

An investigation was then made of the effect on age of having 257o U-235 by 

weight in the meat of the fuel plates. Ages were evaluated using the multi-

group, Equations (8), (11), and (21) for both infinite and finite core. Table 

A-II presents these results and compares them with the ages for infinite 

medium with no fuel present. It should be mentioned again that the ages for 

absorbing and/or finite systems are fictitious, effective ages. 
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TABLE A-II 

AGES IN Al-H 0 MIXTURES 

Finite Reactor 
Infinite System Corresponding To 

Infinite System With 25% U-235 Material Buckling 
M/W Ratio Without Fuel In Fuel Plate Meat of 25% Fuel Case 

0.5 51.3 49,2 

1.0 71.8 63.8 78.6 

If Equation (8) is examined it will be seen that the fictitious ages in 

the second column of the Table are lower than the corresponding entries of 

the first column because the integrated fast flux is lower per ncatron born 

when above-thermal absorption is present (as well as because uranium provides 

some inelastic degradation). This makes E, higher and T lower. The entry 

in the last column is higher because the neutrons which leak as above-thermal 

neutrons are now absent from the right side of Equation (8) and this makes 

Z, lower and T higher. 

It is seen that the finite-medium age is significantly different from the 

infinite-medium age and really should be used to obtain accurage results for 

AETR. To save time and expense in the parameter studies, however, the infinite 

medium ages were used. 

The ages in Zr-H„0 mixtures were then calculated. Figure 31 shows these 

results. The calculated results agree very well with the experimental point 

at Z---H„0 = 0.25, They do not agree very well with the point at Zr-H 0 = 1.0 

given on p. 74 of Vol. V, Geneva documents, which is stated to be based on 

"reactor analysis". As in the Al-H„0 mixtures there seems to be a need for a 

good set of experimental measurements of age for high Zr-H„0 ratios, 

E. CHOICE OF NUMBER OF GROUPS 

With the 22 group procedure which has just been described available to 

determine good constants for a few-group model and the accuracy of the cross 

sections known from the correlation of experiment with certain of the two group 

constants as discussed, then the next step is to decide how many groups are 

necessary for reasonable accuracy in this reactor type. It is desirable to 

keep the number of groups in the few-group model as small as possible, since 

this model is used in the parameter survey --an extensive set of calculations. 
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It was decided to try three groups, with the top group extending from 

u = 0 to u = 10,08, which embraces the first 12 groups of the multigroup. A 

somewhat idealized AETR was calculated by 22 group and then by three group. 

The reactor had a central H»0 region, 16.83 cm in radius, an annular core of 

M/W =1,0 with 257o weight percent uranium in the fuel plate meat extending 

from 16.83 cm radius to 21.27 cm, and a D.O reflector outside the core extending 

to 43.81 cm. Figure 32 shows the comparison of thermal flux distribution, 

22 group vs three group, this being the property of greatest interest in this 

reactor. It is seen that the three group flux in the test section lies 

slightly (207o) above the 22 group flux but sufficiently close to justify use 

of only three groups in the parameter studies. In a final analysis of the 

AETR, more groups should probably be used. 

The k ^^ for the three group calculation was about 4% higher than the 

22 group result. This is believed to be directly a result of using the infinite 

region age in the core instead of an age based on the material buckling as was 

explained earlier, (This, incidentally, is believed by us to be part of the 

reason that MTR critical mass predictions were too low.) For this reason also 

it is recommended that more groups be used in a final analysis of an AETR 

design. 

F. THE THREE GROUP CONSTANTS 

With the three group model chosen and evaluated, it remained only to 

generate the three group constants for the parameter survey. These are plotted 

as curves of a particular constant vs metal-to-water ratio for the metal-water 

mixtures and are presented in table form for the single material regions. 

Table A-IIIshows these results for the single materials and Figures 33 

through 69b for the mixtures. These results should be useful for reactor cal­

culations other than AETR. 
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Fe 

1.15 

0.352 

0.304 

0.00190 

0.00987 

0.165 

0.00190 

0.000095 

TABLE A 

THREE GROUP 

Na 

4.00 

4.25 

3.30 

0.00126 

0.000927 

0.0128 

0.00126 

0.000238 

-III 

CONSTANTS 

Al 

3.55 

3.69 

3.52 

0.00103 

0.000757 

0.0138 

0.00103 

0.000457 

D̂ O 

1.38 

1.22 

0.8 

0.0213 

0.0207 

0.000027 

0.0215 

0.0207 

' 

Ĥ O 

1.87 

0.559 

0,16 

0.0647 

0.165 

0.0196 

0.0640 

0.163 
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APPEMDIX B 

DERIVATION OF THERMAL PERFORMANCE RELATIONSHIPS 

The fuel plate surface temperature at any point along the coolant channel 

may be described in the conventional fashion by applying the following tempera­

ture difference relationship (see Table B-I for nomenclature). 

3̂<-> " hn = h<-> " \ « ] ̂  h^^^ " ̂in] <1> 
The correlations available permit the evaluation of the bracketed quantities 

since 

and 

]-

^^film <2) 

^ m « " ̂ m h b̂ulk ' ^bulk <3) 

In the customary fashion the "hot spot factors" are applied to ̂ T^., and 

the hot channel factors are applied to AT, ,, . Substituting yields 

T (x) ~ T. « F.., » AT.,, + F, ,. • AT, ,. (4) 
s xn film film bulk bulk ^ 

By the definition of h 

q" = h AT^^^^ (5) 

Longitudinal heat conduction within the fuel plates and coolant stream is 

less than .5X of maximum surface heat flux. Consequently!, longitudinal conduction 

is neglected, and the surface heat flux at any point ia proportional to the rate 

of heat generation of that point. The flux may be represented by the assumed co­

sine distribution 

q"(x) » q"^_ cos g (6) 

(2) 
h is assumed to be given by the modified Colburn equation^ 

where the subscripts f, refers to the socalled film temperature which is defined 

for this equation as 
T (x) + T„(K) 

Tf (x) - -^ 2 ®̂̂  



Solving equation (7) for h yields 

.023 p •* Cp -̂  k •' .8 

^f eq 

where the coefficient on the right is a function of the film temperature only 

.023p/^ Cp/2 k/^ /p°^ C'^ k*̂ ' 
_ J ^f f = .023(- E_ _ | 5 b (10) 

Sub stituting h and q" In equation (5) and solving for AT^. ̂^ yields 
ill 

q" cos S 
^T = ™_S2i___2a ,j^j^«-
^•^film „.8 ^ ^ 

eq 

The bulk temperature rise, AT, ,. , is found by relating the heat capacity 

of the flowing fluid and the integral of the heat flux over the fuel surface area 

from the coolant inlet to a point in question. Considering a heat balance over 

a differential length of the fuel plate surface 

q"(x) W A X = mCp ^Jx -!-Ax) - T^(x)] (12) 

The mass flow rate of coolant 
Wt 

m = pv . - ^ (13) 

and the metal volume to water volume ratio, 

R = E S E = !E (14) 
*̂=w t 
W M 

Substituting and rearranging 

pWt C rT^(x + Ax) - T (x)| 

2R Ax 

In the limit equation (15) becomes 

(15) 

dT (x) nr. nf X 2Rq" 

dx pC Vt pC Vt "̂ "̂  2a ^̂ ^̂  
•̂  P P P P 



Integrating from - •j to x 

2Rq" 

m^''^ in pC Yt 
*̂  P P 

2Rq" , ,_ * „ max 2a 
^bulk ̂  \^^> ^ ̂ in = ̂ ^TT-

^ p p 

Combining equations (4), (11) and (18) 

q" cos ^ 

\<->-^in-^film' " % ^ ^bulk 

eq 

^ max 2a . jtx , . KL I ,, „̂  _ ™ ™ , ™^ |̂ ,,„ ™ ., ,̂ „ _ J (19) 

It is convenient to express q" in terms of the longitudinal average power 

density, p, and the metal-to-water ratio, R 

J- q"(x)Wdx f 2 
'^ 2q" 
^ ^ max (F^ V U L „ A - At I- J J. '* 

cos ^ dx (20) 

WL \R "Jp --J 

2q" — max 2a o„,-„ itL z,,^ 

Rearranging /•- \ _ 
« t L( ^ + l) p 

q.. , -J .\^ , , , / , , (22) 
"^'^ 8a s in 5 i 

4a 

and subs t i tu t ing in equation (19) y ie lds , af ter s implif icat ion 

K L p t f f + l i r D_„°^¥*^ cos •— 
^ jfL 'film 

i sin 7™ L 
T (̂) . T,„ - ^Z^^.^1 F,„^ -^^t^v ^ + F. "̂ ^̂  
s'' '̂  in a„ ^ «L film b bulkitpC t 

8Va sin ̂  L P P 

(s>.n'^^*.tnf^j (23) 

r 1-3 



Performance Is limited by the maximum surface temperature; it Is convenient 

to find the average power density, p, associated with this maximum performance 

condition by finding the position (value of x) at which T (x) Is maximum. This 
s 

may be done by setting 

d1̂ s<̂ > 
dx « 0 

and solving for x. Note that since b represents a combination of the coolant 

physical properties, it Is a function of x. It is convenient, however, to 

treat b as a constant in the differentiation and subsequently to adjust the 

position of maximum surface temperature by an iterative procedure. 

Neglecting the hot channel and hot spot factors and differentiating 

equation (23) with respect to x, setting the derivative equal to zero and 

solving for tan y-

tan 
3tX 

2a 
4aRb 

3t pC t D ^'^V' 
^ p p eq 

(24) 

The Implied value of x corresponds to the position at which the surface 

temperature Is maximum provided the appropriate value for b is used. 

Substituting the sine and cosine terms implied by equation (24) in (23), 

x is eliminated and T becomes the singular allowable surface temperature 

parameter. 

8Va (T T. ) Bln^ 
in'̂  4a 

.4„.4, 
•bulk 

UaW 
film eg P P 

^(4aRb)2 + (npCptpD^q-^V-^)^ ^/(4aRb)^ + (^pCptpD^^'^V^) 

F. ,, 4aR . 

bulk . nL 
4. — _ _ __ gm __ 
Jt pC t 4a 

P P 

(25) 

Equation (25) was coded for the IBM 650 computer; the relationship between 

b and coolant temperature was made available to the computer so that the proper 

value of b could be found for each set of independent parameters used. The 

program was stopped when the value of p changed less than .5% in two successive 

iterations. 
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w 
Symbol 

T 

T . 
out 

T m 

T s 

^f 

in: 

AT. 

film 

bulk 

film 

bulk 

II 

max 

eq 

TABLE B-1 • 

HEAT TRANSFER NOMENCLATURE 

Definition 

Reactor inlet coolant temperature 

Reactor outlet coolant temperature 

Mixed mean coolant temperature 

Heat transfer surface temperature 

Local surface and mixed-mean temperature 
arithmetic average 

Surface to mixed-mean temperature difference 

Local coolant to Inlet coolant temperature 
difference 

Longitudinal distance from canteif ©f;core 

Length (or height) -of'core 

Reactor reflector savings 

Half height of mathematical core 

Hot spot factor 

Hot channel factor 

Local heat flux 

Maximum heat flux 

Volume heat source 

Heat transfer coefficient 

Equivalent diameter of coolant channel 

Thickness of coolant channel (plate spacing) 

Thickness of fuel plate 

Units 

ft 

ft 

ft 

ft 

BTU 
2 

hr ft 
BTU 

hr ft^ 

BTO 

hr ft^ 

BTU 

hr ft^ ̂ F 

ft 

ft 

ft 
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R 

W 

W 

b 

t 

Ratio of metal volume to water volume 

Average coolant velocity 

Mass flow rate of coolant 

Longitudinal average power density 

Width of fuel plate and coolant channel 

Coolant physical property 

Density 

Heat capacity 

Thermal conductivity 

fiscosity 

ft 
hr 

lb 
hr 

BIU 

hr ft' 

ft 

BTU 
, .2^^2,6 o_, hr ft F 

l b 

fft^ 

BTU 

ib-^F 

BTU 

hr ft °W: 

• lbs 

^ 

ft hr 
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APPENDIX C 

mTERIALS CONSIDERATIONS 

The high power density necessary for the operation of this reactor requires 

that high temperatures and large flow velocities be employed. However^ as 

mentioned in the introduction, aluminum is the most desirable material for 

most applications. This necessitates a complete survey of the use of alumi­

num alloys in high temperature water to determine applicability In this system. 
1 2* 

Much of the corrosion data given here can be found in two suamary reports.-^— 

The effect of radiation on materials of construction is considered also because 

of the high exposure level to which structural materials will be subjected in ' 

AETR service. 

A. THE CORROSION OF NORMAL ALUMINUM ALLOYS IN HIGH TB»EEATU1E WATOR 

Below 200 C aluminum has a low corrosion rate in neutral or slightly 

acidic high purity water. Type 1100 (conmercially pure) aluminum has a cor­

rosion rate of about lo3 mils per year in distilled water at 200 C compared 

with 0.05 mils per year at 125 C» If the ̂ «ter is pure^ this will be unifora 

corrosion^ but impurities such as chloride ions tend to cause pitting. The 

water conditions^ especially pH, have a great effect on corrosion rate. There* 

is a minimum pH for optimum corrosion resistance decreasing from pH 6.5 t© 

pH 2 as the temperature increases from 50 C to 315 C. Flow velocity has a 

large effect on corrosion at high pH and much less in acidic solution.— 

Corrosion tests have been nade on some coraoercial aluminum allays, Groot 
4 

and Peekema— tested many alloys in Hanford 200 E area water (processed river 

water). Most alloys had approximately the same corrosion rate, only the 2024 

being significantly poorer, Strom and Boyer- tested 2024^ 6061, 5052, Alclad 

2024, and Alclad 7075 in distilled water at 350°F and 480°F, The Alclad 2024 ' 

had the best corrosion resistance, 5052 had the worst. The rate for the 

better alloys was less than 0,3 mils per year at 350 F. Huddle and Wilkens— 

found that conmiercially pure aluminum (99.OX Al) has much better corrosion 
References are listed at the end of this Appendix. 
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resistance than high purity metal (99^8% Al), the high purity material failing 

by intergranular corrosion at 125 C in less than 100 hours. 

Below 200 C the corrosion Is regular, showing a parabolic rate.—''— A 

protective film, mainly Boehmtte (A1„0„«H„0) Is formed on the aluminum and 

regulates the corrosion rate. There Is some disagreement as to the exact 

makeup and function of the oxide. 

Above about 200 G a different corrosion mechanism is important. After a 

period of uniform corrosion many aluminum alloys fail catastrophically by 

intergranular attack. The time before this occurs decreases with increasing 

temperature, and also depends on the alloy. High purity material is very 

subject to attacks There is a difference of opinion as to the effect of cold 
8 

work. Draley— found that cold worked material corroded more readily than as 

cast samples, but LaVigne— found that cold working to 607o improved the 

resistance to intergranular attack. 

Draley, among others, postulates that atomic hydrogen formation at the 

metal-oxide interface causes blisters, which then break exposing fresh alumi-
8 10 

num surface.—^— Analysis of the surface of intergranularly corroded 1100 

aluminum reveals a large amount of hydrogen which is not present in aluminum 

exposed to the same conditions but not subject to Intergranular corrosion.— 
12 

Dillon, Wilson, and Troutner— tested many alloys for resistance to 

intergranular corrosion at 250 C to 350 C. Most commercial alloys not con­

taining significant amounts of nickel or copper failed in six weeks at 250 C. 

Of the conmon alloys, 2017, 2024, 6053, 6061, 7075, and 4043 lasted the full 

period. At 350 C only a few alloys resisted attack for six weeks: M-388, 

2018, 4032, 112, A-132, 142, 333. These aluminum alloys all contained either 

nickel or copper together with minor amounts of other elements. No detailed 

corrosion measurements were made. 

By coupling the aluminum to stainless steel or zirconium, the beginning 

of blister corrosion can be retarded. Since these other materials are 

cathodic to aluminum, this is an example of anodic protection. Intergranular 

corrosion was also prevented by making the sample anodic with an external 

voltage source. 
8 

Draley has suggested three methods of retarding intergranular corrosion:— 



(1) Prepare aluminum without voids or dislocations and the atomic 

hydrogen will, first, have a low diffusion rate and, second, will not 

be able to accumulate and form blisters 

(2) Provide cathodes, preferably of low hydrogen overvoltage, for the 

corrosion reaction, liberating hydrogen in a condition (molecular) 

or at a point where It is not possible for it to diffuse into the 

aluminum metal 

(3) Supply an additive to the aluminum metal which makes It impervious 

to the diffusion of atomic hydrogen. 

Method one is not practical for general use. However, Draley found that • 

as-cast material has greater resistance to intergranular attack than cold-

worked. He postulated that LaVigne's different results were caused by surface 

grain orientation and compacting,— The third method, solid solution alloying, 

has so far been unsuccessful. . . . 

tethod two does help to retard catastrophic attack. Samples were nickel 

plated to provide cathodic layer and the aluminum did resist intergranular 

corrosion. However, there are many practical objections to using a mechanical 

coating on the metal, especially under radiation. Alloying to provide a 

cathodic second phase has proven to be the best scheme. These results will be 

discussed in detail later in this section. 

Huddle and Wilkens— provided a more general explanation of aluminum 

corrosion. They explained It on the basis of failure of the oxide film. 

Five mechanisms of failure were given: 

(1) If the pH of the water is outside a relatively narrow range 

(e.g. 4-9 at 25°C) the film is soluble 

(2) If the temperature is such that continued film growth takes place, 

a stage will be reached where unless the film is relatively plastic 

and can accommodate the stress due to volume changes, failure will 

occur by cracking or flaking 

(3) Application of anodic or cathodic potentials nay affect breakdown 

either by influencing the solution (e.g, change of pH adjacent to 

the surface) or by modifying the process of film growth 

(4) Hydrogen originating from the water may diffuse through the film 

to react with underlying metal In such a way as to cause failure 
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(5) The metallurgical character of the grain boundary - lack of registry 

between crystal lattices, increase of solute concentration in the 

disarray metal a or actual precipitation - may lead to Intergranular 

attack. 

These Investigators pointed out that the pH of the solution is not neces­

sarily the pH next to the corroding surface. Therefore, method one Is difficult 

to evaluate in detail. Their conclusions as to the best methods of protection 

were that alloying with nickel, iron, and silicon should help by providing cath­

odes throughout the material, 

There is general agreement that alloying Is the best solution and that the 

resistance to disintegration improves with the amount, the dispersion and the 

ability of the second phase to act as cathodes-—"'— Huddle and Wilkens— sum­

marized the properties of the most desirable alloying element: 

(1) Low solid solubility at working temperature 

(2) Formation of a phase from which H„ is readily liberated, thereby 

preventing gas absorption 

(3) Uniform distribution of this cathodic phase as small particles 

Many elements have been tested, but nickel is the only one that fulfills 

all the objectives. The results of many alloying studies have led to the de­

velopment of a standard alloy for use in high temperature water. It Is known 

as M-388 (or X°8001), and the conmercial composition limits are: 0.45-Q.70 iron, 

0.9-1.3 nickel, 0.17 max. silicon, 0.15 max. copper, 0.008 max. lithium, 0.03 

max. cadmiumj 0,001 max. borong 0.05 max. each and 0.15 max total of other ele-

ments, remainder aluminum. 

A ntimber of promising aluminum alloys are currently under development. 

For exanple^ M-400 (IX Fe^ IX Ni) under some conditions exhibits better corro­

sion resistance than M-388. Other alloys under test offer greater strength at 

high temperatures and might be available for future use. 

It should be pointed out that alloying retards intergranular corrosion, 

but it has little effect on the general corrosion rate of the aluminum. There­

fore, the corrosion rate is expected to rise with Increasing temperature, and 

to be approximately the same for different alloys in the absence of intergranu­

lar corrosion. 



THE PROPERTIES OF X8001 (M-388) 

1. Corrosion Pesistance 

Corrosion tests on aluminum are difficult to control5 especially 

when chey are made at high temperatuie and flow rates. Therefore, 

there &re many discrepancies among measurements from different lab* 

oratorieso This makes it necessary in most high temperature applica­

tions to test the aluminum under operating conditions before actual 

use. 

Some of the most important variables that affect the corrosion 

rate aret 

a» Water purity 

b. pH 

c. Temperature 

d. Flow velocity 

e. Hydrogen concentration in water 

f. Rigidity of sample 

g. Duration of test 

h. Surface condition of sample 

1. Metallurgical condition of sample 

j. Irradiation conditions 

(1) The water purity has a large effect on corrosion rate. In 

low purity water, such as at Hanfordj, corrosion will be fairly 

rapid, even at low temperatures. There is also apt to be pitting, 

especially when chloride ion is present,. However, chromate ion 

tends to protect the metal from pitting, but increases the corro-
2 

sion rate at elevated temperature — For reactor service it is 

advisable to have a conductivity of about 2 micromhos. Unless 

stated otherwise, the tests reported here were all performed in 

high purity water. 

Many inhibitors have been tried with aluminunij but there is 

only oneg phosphoric acid, that is effective. When the pH is 

reduced to about 4 with phosphoric acid, the corrosion rate de™ 

creases greatly. The reduction In pH Is one reason, but much of 

the rate decrease is due to beneficial effects on the oxide film 

by the phosphate ion. Troutner— analyzed the film formed at 
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195 C in water with 5 ppm of phosphate ions added. The corrosion 

product was augelite^ a basic aluminum phosphate, Al.PO,(OH)^ or 
15 / 4 J 

2A1„0„P»0^ " 3H„, Cohen— found a mixture of alumina, Boehmite, 

and augelite under similar conditions. The use of phosphate in­

hibitors in a reactor would be somewhat questionable since stain-' 

less steel in the system might be attacked. There is also evi­

dence of some decomposition of the phosphate under Irradiation, 

and the water decomposition rate also increases. 

The amount of corrosion product In the water seems to have 

an effect. In general, the larger the metal- area to water ratio 

and presumably the higher the aluminate ion concentration, the 

smaller the corrosion rate. Hanford results show that a nine­

fold increase in the metal area to water ratio results in 1/3 

the corrosion rate,— but results of other Investigations do not 

show this great a change, Hanford is carrying out some experi­

ments with aluminum oxide solubility in order to formulate a re­

lationship between aluminate ion concentration and corrosion 

rate.— 

(2) As in low temperature aluminum corrosion, pH is an important 

variable. The pH of minimum corrosion decreases with temperature 

for X80O1 as it does for 1100, being 4.9 at 205°C and lower than 

3.1 at 300 C — In corrosion testing, there is the problem of 

measuring the pH at operating temperature, the value often chang­

ing as the temperature is raised. In reactor operation, the pH 

will generally be chosen as 5.5 to 6, or as low as possible with­

out seriously affecting the corrosion rate of stainless steel in 

the system. In Figures 70 and 71, corrosion rates of X8001 vs. 

flow velocity are plotted for two different pH ranges at two 

temperatures. 

(3) The corrosion rate increases rapidly with temperature, Lob-
19 

singer and Atwood— found that the rate under given conditions 

followed an Arrhenlus plot between 130®C and 240°C, When the 

logarithm of the corrosion rate was plotted against the recipro­

cal of the absolute temperature, a straight line resulted. 



Dillon- measured an activation energy of 12,2 Kcal/mole. How­

ever ̂  the scatter in the measured points was appreciable. Huddle 

and Wilkens- reported on aci*-ivation energy of 10 to 15 Kcal/mole 

for 99,OX aluminum> 

The coirosion rate of X8001 has been found to be slightly 
11 12 

lower than the rate in water at the same te^erature,—*— 

(4) As seen from Figures 70 and 713 corrosion rate is quite de­

pendent on flow velocity. No information is available on the 

affect of velocities over 25 ft/sec at a pH of less than 7. 

Above 18 ft/sec there is much scaSter In the results which leads 

to the belief that some other variables were not under control. 

One of these is probably the rigidity of the san^le and its effect 

on oxide cracking. The data plotted in Figures 70 and 71 were 

compiled from results reported by many people. The points shown 

with dotted circles represent tests that were either not com­

pletely under control, or involved another variable, 
21 

Honeycutt— found no erosion of aluminum at low teoperatures 
22 

up to at least 100 ft/sec. However9 Irenz— found that there 

was erosion of the oxide film at 20 ft/sec at 260 C, The ad­

herence and stability of the oxide is definitely a major problem 

in high temperature aluminum corrosion. More investigation is 

necessary before using aluminum at velocities greater than about 

25 ft/sec, 

(5) Hydrogen seems to have a beneficial effect on alioBinum cor­

rosion ratesp but the results are not always reproducible. Medln 
13 

and Clarlr— found that degassed samples have two to four times 

greater corrosion rates than samples with H„ added or natural B« 
2 

buildup. Similar results have been obtained at Argonne— but they 
23 

are not always reproducible when H„ ia added,— More work must 

be done on the effect of hydrogen concentration on corrosion rate. 

(6) The rigidity of the sample is very important at high flow 

velocities. Since aluminum is protected by an oxide layer, this 

layer must remain intact or corrosion will increase greatly. In 
22 

higher velocity tests^ Krenz—• obtained corrosion rates ranging 

from 0,020 to 0,360 ln,/yr at 20 ft/sec and 260°C depending on 
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the rigidity of tt.e saaf)!©. HaEford ex.p.erience also points up 

the importance ci spec 1,-BJ?.I:> rigidity. 

When che sample beads or vittafcesp «he o.cide tends to flake 

off and fresh alssBiffiem surface is exposed to IAE water. There-

forCg the mechanifca..! .tesigS', of an al'iatrrum ftrscciire is quite 

ra^iortant. Since She. stf-fngfa of 1,8001 is quite low at elevated 

tejiperatareSa iiej'..iiBUfm te.af,,e,i.>:»iiaTe und il^m velocity aiight be 

limited by the .allowable stress Ie¥eis tather than by corrosion 

rate, 

(7) The duration of fAe sest is iapoftsttl: s.:-,.ne.e. there is initial 

rapid corrosioi? wiLtle tl;** fila is forifsed. After this stage cor­

rosion w&j follow elthe,r a ptraboile or liaeaj'.' curve. The data 

?.t often not accurate eti^ngh. £0 distiitguisii between the two types 
22 

Krenz— foend a cGr;.stAfit rate afcer inifiisl co-irrosion̂  but 

Dillorr- found & parabolic relationship for a, period of time. 

After about two mont'ss at 363 C., or three months at 300 C, the 

rate incre,ased and becanie constant. Similar data have been ob» 
20 

talned by Cohen-r- If paiabGlic depemdeDX'e C & E be extended over 

a longer timeg total COXTSSIOE should be reduced. This change 

in rate effett can he used as a, check on the effectiveness of 

various alloy coBpositions, 

(8) Surface condition effeccs have n,ot been explored to a 

great extent. It appears,, however, that the corrosion rate 

is not greatly geKSit:l¥e to norstta.! variations in sui-faee quality. 

(9) The torffosiea :''s^te of J8001 'tias been found to be lelatively 

='3 
Insensitive te •;'te asnoant of tole work,-- Fine, grained samples 

are more resiscarit "o blistering than coarse grained samples.-

Discrlbutlon, of the second phase is imporcants, sma,ll evenly dis­

tributed particles being aecessax'j for corrosion, resistance,— 

(10) Radiation, seeras to have little effect on the corrosion rate, 
22 24 

although, s s'iigEt decrease in the ra,ie M s been, observed,-—'— 

Howevetj there have been very few vai.id irr'pile, tests,, and opera" 

ting experience wii',i be requii'ed before definite conclusions are 

reached. 



Mechanical Properties 

¥ery little information has been published concerning the mech" 

25 
anical properties of X8001, Bata obtained from Alcoa— giving prop­
erties of a typical lot of X8001 are given in Table XVI. lo creep 
data could be found. 

TABLE XVI 

TEHSILE FROPERTIES OF M-388 (X8001) 

(AFTER 100 HOURS AT TEMPERATUIE) 

(Op) 

Room 

300 

400 

500 

600 

Tensile Strength 
(PSI) 

20,000 

15,300 

11,700 

7^300 

3,300 

Yield Strength 
(PSI) 

17,800 

14^000 

10,100 

6,200 

2,600 

Elongation in 40 
m 

23,2 

30.0 

31.5 

34.0 

66.0 

C, lABIATION DAMAGE TO STRUCTURAL MATERIALS 

Little work has been done at the high fltixes generated In the AET1# In a 

year of full power operations the inner pressure vessel will receive about 2.2 
22 2 

K 10 n/cm total irradiation, a dosage that has been reached in only a few 

long term tests to dateo 
26 

Bartz"™ carried out tensile tests on 1100 aluminum and 347 stainless steel 
22 

which had received dosages up to 2.5 x 10 neutrons (> 100 ev) in the 1^. In 

both cases there was a rapid initial increase in yield strength, tensile strength^ 
22 

and hardness and a decrease in elongation up to about 10 for aluminum and 2 
21 

X 10 for stainless. Beyond that point there were only minor changes up to the 

maximum irradiations reported. For 1100 altmiiniaia, the yield strength rose from 

18,400 psi to 26j500 psi, while the hardness rose from 8.4 R^ to 42.3 R^. How-

ever^ there was only a. small decrease in elongation. The yield strength of 

type 347 stainless steel rose from 61j200 psi to 100,000 psi, and the hardness 

increased from 14,4 1 to 21,8 R » coupled with a reduction in elongatloa from 

63 to 44X. The results are reproduced in Figures 72 and 73. 
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27 Steele and Wallace— tested various aluminum alloys that had received 

1.26 X 10 n/cm at 150 F. The relative decrease in ductility was much less 

than the increase in yield or tensile strength. For the same amount of increase 

in yield strength, ductility is less affected by neutron exposure than by strain 

hardening. 

Currently, a number of potential loop materials are being tested at the 
28 

MTR, Robinson— found that for most of the materials tested, the yield strength 
20 2 

was still increasing at fast neutron dosages of about 10 n/cm . However, the 

strength of some materials went through a maximum. In general, the yield strength 

increased from 1 1/2 to 2 1/2 times its initial value, although there was still 

reasonable elongation. The materials covered in this study are: 16-1 Groloy, 

Hastelloy-Xj Inconel 702, Inconel-X (single aged and double aged), K-monel, and 

410 stainless steel. Additional materials now being tested include AM-350, 

414 stainless steel and 17-4 pH stainless steel. 

^ 
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Figure 70 — Corrosion of X8O01 {M-388| Aluminum at 250 C 
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Figure 71 — Corrosion of X8001 (M-388) Aluminum at 300®C 
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