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HIGH FLUX ISOTOPE REACTOR PRELIMINARY DESIGN STUDY 

SUMMARY 

A comparison of possible types of research reactors for the production of transplutonium 

elements and other isotopes indicates that a flux-trap reactor consisting of a beryllium-reflected, 

light-water-cooled annular fuel region surrounding a light-water island provides the required 

thermal neutron fluxes at minimum cost. The preliminary design of such a reactor has been 

carried out on the basis of a parametric study of the effect of dimensions of the island and fuel 

region, heat removal rates, and fuel loading on the achievable thermal neutron fluxes in the 

island and reflector. The results indicate that a 12- to 14-cm-dia. island provides the maximum 

flux for a given power density. This is In good agreement with the USSR crit ical experiments. 

Heat removal calculations indicate that average power densities up to 3.9 Mw/liter are 

achievable with HjO-cooled, plate-type fuel elements if the system is pressurized to 650 psi 

to prevent surface boil ing. On this basis, 100 Mw of heat can be removed from a 14-cm-ID X 

36-cm-OD X 30.5-cm-long fuel region, resulting in a thermal neutron flux of 3 X 10 in the island 

after insertion of 100 g of Cm or equivalent. The resulting production of Cf amounts to 

65 mg for a 1 /i-year irradiation. Operation of the reactor at the more conservative level of 

67 Mw, providing an irradiation flux of 2 X 10 in the island, w i l l result in the production of 

35 mg of Cf per 18 months from 100 g of Cm . A development program is proposed to answer 

the question of the feasibil i ty of the higher power operation. 

In addition to the central irradiation faci l i ty for heavy-element production, the HFIR contains 

ten hydraulic rabbit tubes passing through the beryllium reflector for isotope production and four 

beam holes for basic research. 

Preliminary estimates indicate that the cost of the faci l i ty , designed for an operating power 

level of 100 Mw, wi l l be approximately $12 mil l ion. 

1. INTRODUCTION 

1.1. His tor icaf Background 

Review of Requirements. - A t a meeting on 

December 6, 1957, attended by various members 

of the staff of the Oak Ridge Nat ional Laboratory, 

the poss ib le need for neutron f luxes an order of 

magnitude higher than present ly ava i lab le , for 

the product ion of t ransplutonium elements and 

other isotopes, improved research in neutron dif­

f rac t ion , cross sect ion measurements, and so l id 

state phys ics , was d iscussed. As a resul t of 

th is meet ing, a series of informal seminars were 

held to d iscuss in more deta i l the need for an 

ultra high f lux research reactor and to review the 

technica l problems associated w i th the design 

and construct ion of such a reactor. Verbatim 

t ranscr ip t ions of these seminars have been issued 

as an ORNL memorandum. The primary con­

c lus ion reached in the d iscuss ions was that the 

most pressing need for high thermal neutron f luxes , 

i .e. , 3 - 5 X 10 neutrons.cm~^>sec~\ ex is ts in 

connect ion w i th the production of t ransplutonic 

elements and other isotopes. 

The status of the t ransplutonic production program 

received i ts f i r s t serious review at a meeting on 

January 17, 1958, sponsored by the A E C D iv i s ion 

of Research and attended by representat ives of 

the various laboratories interested in the program. 

A t th is meeting i t was proposed to carry out two 

di f ferent i r radiat ion programs to meet present and 

ant ic ipated needs for t ransplutonium isotopes. The 

J. A. Lane et al., Ultra High Flux Research Re­
actors, ORNL CF-58-7-117. 

V/ ' j : 



f i r s t of these involves o sequence of two ir­

rad ia t ion, coo l ing , and processing cyc les start ing 

w i th 10 kg of plutonium in July 1959 which w i l l 

resul t in the production of about 1 mg of Cf 

by Ju ly 1964 and 10 mg of Cf^^^ or less by Ju ly 

1967. The second program involves the i r radiat ion 

of 10 g of americium in the MTR to produce 20 fig 

of C f 2 " by 1962 and 200 fig by 1964. After a 

review of these programs by an ad hoc committee 

establ ished to ass is t the D iv i s ion of Research 

w i th the product ion and d is t r ibu t ion of t rans­

plutonium isotopes, the i r radiat ion programs were 

in i t ia ted as proposed. 

Al though the U.S. t ransplutonic production program 

in i t ia ted in 1958 seemed to be adequate to meet 

projected needs, increased interest in the propert ies 

of the heavy elements indicated that an even more 

accelerated production schedule might be adv isab le . 

Since any accelerated schedule would require a new 

isotope product ion reactor providing thermal neutron 

f luxes up to 5 X 1 0 ^ , a meeting was held in 

Washington, D.C., on November 24, 1958, to 

review plans for the construct ion of such a reactor 

and other h igh- f lux research reactors. The resul ts 

of th is meeting are summarized in a letter from 

J . H. Wi l l iams to A. M. Weinberg, dated December 

12, 1958, a copy of which is included in the 

Appendix of th is report. The unanimous rec­

ommendation of those par t ic ipat ing in the meeting 

was that a high f lux isotope reactor be designed 

and constructed at the Oak Ridge Nat ional Labo­

ratory wi th construct ion to start in f i sca l year 

1961. 

Studies of High F lux Research Reactors. -

Numerous studies of high f lux research and test 

reactors have been carr ied out (see Bibl iography) 

wh ich indicate that an annular fuel region w i th 

a central moderating region and a good ref lector 

provides the best geometry for maximiz ing the 

thermal f lux per unit of power. Th is is shown in 

F i g . 1, in which the value of ^ /P is p lot ted 

against P, where 0 ^ ^ ^ is the maximum thermal 

neutron f lux before insert ion of an experiment and 

P is the operat ing power of the reactor in mega­

wat ts . Since the cost of research and test reactors 

is roughly a funct ion of the power leve l , in ternal ly 

moderated reactors also provide maximum thermal 

f luxes for a given cost . Th i s is shown in F i g . 2, 

which p lots the cost and maximum f lux in ex is t ing 

and proposed reactors. Figure 2 a lso shows that 

the cost of engineering test reactors and their 

associated f ac i l i t i e s is considerably greater than 

the cost of basic research and isotope reactors 

wi th more modest experimental f a c i l i t i e s . The 

character is t ics of the reactors shown in F igs . 1 

and 2 are summarized in Table 1. It should be 

pointed out that the maximum thermal neutron 

f luxes referred to are, in some designs, ava i lab le 

over a very l im i ted volume in the reactor. 

1.2. The Need for High Thermal Neutron F luxes 

Heavy Element Product ion. - The production of 

mi l l igram quant i t ies of americ ium, cur ium, berke-

l ium, and cal i forn ium is important for the develop­

ment of separations processes for these elements, 

to study their behavior in ex is t ing processes such 

as Purex, for use as special radiat ion sources, 

and to determine their nuclear, chemica l , and 

b io log ica l propert ies. A t the thermal neutron 

f luxes ava i lab le in ex is t ing reactors, however, 

very long exposure t imes and large amounts of 

s tar t ing material are required. The i r rad iat ion of 

10 kg of P u ^ ^ ' at 1.5 x lO ' ' * neu t rons -cm-^ . sec "^ 

for seven to eight years, for example, resul ts in the 

product ion of only 1 mg of C f " . For tunate ly , 

the product ion of t ransplutonic elements in a re­

actor increases rapidly wi th increases in neutron 

f lux . Th is is d iscussed in the fo l lowing paragraphs. 

The production of t ransplutonic elements through 

successive neutron captures in a reactor proceeds 

according to the fo l low ing react ions: 

P u 2 4 2 + „ > Pu243 _ _ £ _ ^ yi^^243 
5 h r 

Am243 + „ ^ Am244 _ ^ _ ^ Cm244 
26 min 

Cm244 + 5 „ ^ Cm249 —i > Bk^^? 
(min) 

B k 2 4 9 , „ > Bk2S0 _ _ ^ _ ^ Cf250 
3 hr 

Cf250 ^ 2« > Cf2S2 
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Thus, i t is seen that ten successive neutron 

captures are required to produce Cf from Pu . 

Because of t h i s , the initial production rate of 

C f " from plutonium goes up as the tenth power 

of the f lux . Al though th is in i t i a l rate drops be­

cause of burnup of l ighter materials and by the 

approach to equ i l ib r ium of some of the high-cross-

sect ion intermediates, after a year 's i r radiat ion 

the f lux dependence is s t i l l somewhere between 

the second and fourth order. 

S imi la r ly , star t ing wi th Ci , 2 4 4 eight successive 

captures are required to produce Cf , a lso 

making the production rate extremely f lux-de­

pendent. Th is is shown in F igs . 3 and 4 , which 

g ive the product ion of Cf per gram of Pu 

and Cm , respect ive ly , as a funct ion of time 

of exposure and thermal neutron f lux . It is seen 

from these f igures that a six months' i r radiat ion 

of 100 g of Pu242 at 5 X 10^^ f lux w i l l produce 

10 mg of Cf , whereas about one year is re­

quired to produce the same amount at 3 x 10 

f l ux . S imi la r l y , 10 mg of Cf may be produced 

by i r radiat ing 100 g of Crv?-^^ for four months at 

5 X 10^^ or about s ix months at 3 x 1 0 ^ f lux . 

Tab le 1. Charac te r i s t i cs of E x i s t i n g and Proposed Research Reactors 

Reactor Des ignat ion 
Power 

(Mw) 

Cost Maximum Unperturbed 

(m i l l i ons Thermal Neutron F lux 

of do l la rs ) (neut rons 'cm~ " s e c " ) 

c4 /P 
' max 

X 10 13 

ORNL - graphi te 

Brookhaven — graphi te 

Chicago Pi le No. 3 

Kar lsruhe Research Reactor 

Canadian — not. U - D j O 

Canada-India - not. U - D j O 

Canadian - not . U —D^O 

North Caro l ina State — water boi ler 

Armour — water boi ler 

Argonne — heavy water 

Harwe l l Dido 

Mater ia ls Tes t i ng Reactor 

Engineer ing Tes t Reactor 

Advanced Engineer ing Tes t Reactor* 

Mighty Mouse* 

Pennsy lvan ia State Reactor 

Un ivers i t y of Mich igan 

High F lux Un i ve rs i t y Reactor* 

Oak Ridge Research Reactor 

General E lec t r i c T e s t Reactor 

High F lux Isotope Reactor* 

X-10 

BNL 

CP-3 

FR-2 

NRX 

CIR 

NRU 

NCS 

ARR 

CP-5 

DIDO 

MTR 

ETR 

AETR 

MM 

PSR 

UM 

HFUR 

ORR 

GETR 

HFIR 

3.8 

28 

0.3 

12 

30 

40 

200 

0.02 

0.05 

2 

10 

40 

175 

980 

(7 cores) 

250 

0.1 

1 

5 

20 

30 

100 

5.2 

19.7 

2 

5.2 

10 

15 

57 

0.5 

0.7 

3.0 

5.7 

18 

17.2 

32 

60 

0.31 

0.85 

2.6 

4.7 

4 

12 

1.1 X 10'^ 

4 x 10'2 

1x10^2 

3 x lo'^ 

5 x 1 0 ^ 3 

7 x 1 0 ' 3 

3 x 10^" 

8 x 1 0 " 

2 x 10^^ 

3.5 x 10^^ 

1 x 1 0 ^ ^ 

5 x 1 0 ^ ' ' 

7 x 1 0 ' 4 

3.3 X lo ' '^ 

5.5 X 10^^ 

2 X 10'2 

2 x l o ' ^ 

3 x lo '"" 

4 x l O ' " 

5 x 1 0 ^ ^ 

4.3 X 10'^ 

0.03 

0.014 

0.67 

0.25 

0.17 

0.18 

0.15 

4.00 

4.00 

1.75 

1.00 

1.25 

0.40 

2.40 

2.20 

2.00 

2.00 

6.00 

2.00 

1.67 

4.30 

*Des ign data on ly . 
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At 1 X 10 f lux , however, a number of years is 

required to produce this same quant i ty of Cf2^2_ 

The incent ive for achieving f luxes of 3 x l O ' ^ 

(after insert ion of the material to be irradiated) 

is very great; however, gains in production t ime 

tend to d imin ish at f lux leve ls higher than th is 

va lue. 

The poss ib i l i t y of increasing the rate of pro­

duct ion of Cf by start ing wi th a larger amount 

of source material has been examined. Unfor­

tunate ly , the depression of the thermal f lux in 

the experiment increases w i th size of sample. 

Thus there is an optimum sample size to produce 

the maximum amount of Cf in a g iven t ime. 

Calcu la t ions indicate that 100 g of Cm w i l l 

depress the f lux about 40%. If i t is assumed 

that the f lux depression is proport ional to the 

amount of i r radiat ion mater ia l , and that the un­

perturbed f lux in the test hole is 5.0 x 1 0 ^ , the 

optimum quanti ty of Pu or Cm "* that should 

be exposed for production of Cf varies from 

75 to 125 g. Th is is shown in F i g . 5. 

In addi t ion to the production of Cf and other 

t ransplutonic elements, the proposed HFIR can 

be used to produce special isotopes such as 

Pu , which can be used to great advantage 

for certain nuclear research work because of i ts 

long alpha half l i fe and zero sp in . On account 

of the short half l i fe of Pu '̂  , only neg l ig ib le 

quant i t ies of Pu2' ' ' ' can be produced at f luxes 

below l O ' ^ neutrons.cm^^.sec"" , whereas at 

f luxes of 3 - 5 X 10^^ up to 2% of Pu2''2 can be 

transformed. 

The HFIR can also be used to vary the isotopic 

rat ios of certain transuranic elements by burnout 

of h igh-cross-sect ion isotopes. Curium, which 

normally contains up to 95% Cm244, 4% Cm246^ 

and 1% Cm245^ j j g^ example of t h i s . By ir­

radiat ing such a mixture at the avai lab le high 

f lux , i t is possible to obtain curium which is 

largely Cm2'*^ and which contains l i t t l e or no 

Cm244. 

The Product ion of Special Isotopes. - For the 
production of isotopes of l ighter elements, there 
are a number of reasons why thermal neutron 

- - 1 f luxes in the range of 1x10 •" neutrons'Cm~'^.sec' 

are desi rable. These are: 

1. the ab i l i t y to obtain higher spec i f ic ac t i v i t i es 

of short - l ived isotopes, 

2. the speeding-up in the production of long-live<J 

mater ia ls . 

3. the burning-out of undesired atoms in an iso­

topic mixture, 

4. the conservat ion of high-cost target mater ia ls , 

5. the production of carrier-free isotopes, and 

6. the reduct ion in cost of isotopes. 

Speci f ic examples of the use of the HFIR for 

isotopic production are as fo l l ows : 

1. The production of h igh-spec i f i c -ac t i v i t y short­

l i ved isotopes, such as 12.8-hr Cu'^^, 14.2-hr 

G a " , 12.6-hr 1130^ i2 .5.hr K"^^, and 15-hr Na2'*, 

may be improved by up to a factor of 10 by ir­

radiat ing the parent atoms at 10 f lux instead 

of lO^'* flux. 
2. The production of long- l ived isotopes such 

as 7.2-year Ba^^^ and 5.3-year Co^° may be 

speeded up by i r radiat ing at higher f luxes . The 

t ime to reach the maximum ac t i v i t y of Ba , for 

example, is decreased from 19.8 years at 10 

f lux to 6.6 years at 10^^ f lux . A l so , for C o * ° 

the t ime for maximum ac t i v i t y is decreased from 

7.8 years to 1.6 years at these two f lux leve ls . 

3. The HFIR can also be used to burn out 

undesired atoms in an isotopic mixture. For 

example, at 10^^ f lux , 99% of C o ^ ' could be 

burned out of Co* in about f ive years. S imi lar ly , 

E u ^ and Eu could be removed from f i ss ion 

product E u ^ ^ . 

4. Mony isotopes are prepared by i r radiat ing 

i so top ica l l y enriched target mater ia l , such as 

Cr5° to make C r ^ ' . A t 10^^ f luxes , less target 

material would be needed; th is would reduce the 

cost of the product. 

5. The isotope i r radiat ion f ac i l i t i e s in the 

HFIR can also be used to advantage in producing 

carr ier-free isotopes. For example, C a ^ , now 

made by an n,p react ion wi th Sc fo l lowed by 

chemical separat ion, could be made from Ca 

at 10 f lux at considerably lower cost . 

Neutron Beam Research. - Al though the HFIR 

is intended pr imar i ly for isotope product ion, the 

design w i l l incorporate four 4- in.-dia hor izontal 

beam holes for neutron d i f f ract ion experiments 

and cross-sect ion measurements. Est imated thermal 

f luxes at the face of these beam holes are 

3 - 5 x lO^ ' ' w i th the control rods in and 6 - 9 x lO ' ' * 

w i th the control rods out. 

Sol id State Phys ics . - The fast f lux in the 

fuel region of the HFIR w i l l be about 4.7 x 10^^ 

at fu l l -power operat ion. Mater ials can be irradiated 

in th is region to carry out accelerated radiat ion 

damage s tud ies. The ava i lab le f lux w i l l be of 
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part icular interest in determining the effect of 

radiat ion on the mechanical properties of metals 

and ceramics used in power reactors. Studies of 

so l id state react ions and neutron d i f f ract ion ex­

periments w i th metals can also be done ex­

pedi t ious ly in the f ac i l i t i es and f luxes ava i lab le 

in the HFIR. 

Ach ievab le Thermal Neutron F luxes . - It is 

seen from the foregoing that thermal neutron 

f luxes in the range of 2 - 3 x 1 0 ^ are desired 

for the production of heavy elements and 1 x 10 

for the production of other isotopes. In regard 

to the former, operating power levels of 100 Mw 

and maximum power densi t ies up to 7200 k w / l i t e r 

must be achieved to obtain an ef fect ive thermal 

neutron f lux of 3 x 10 in a 100-g sample of 

C m ^ ' * . It is bel ieved that wh i le such condi t ions 

may push the technology of water-cooled reactors 

to their pract ical l im i t , operation of the reactor 

at two-thirds of i ts design power results in qui te 

conservat ive condi t ions. A comparison of the pro­

duct ion of Cf from Cm '̂  at these two levels 

is shown in F i g . 6. 

1.3. Phys ics of F lux-Trap Reactors 

Cr i t i ca l Experiments. - Cr i t i ca l experiments on 

f lux- t rap conf igurat ions have been made at ORNL 

and in the USSR. Although the conf igurat ions 

tested were not ident ica l w i th the proposed design, 

they do indicate the feas ib i l i t y of obtaining very 

high thermal neutron f luxes in f lux- t rap reactors. 

With no regard to power densi ty l im i ta t ions , the 

ORNL resul ts extrapolate to an unperturbed thermal 

neutron f lux of 3.8 x 10^^ at 100 Mw and the 

Russian resul ts to 4.4 x l O ' ^ . 

Some prel iminary c r i t i ca l experiments were made 

in the ORR wi th f lux-trap conf igurat ions. In i t ia l 

resul ts show that a f lux peaking (ratio of maximum 

f lux in trap to average f lux in fue l ) of 4 resul ted 

from loading fuel in the form of a hol low square, 

f i ve elements on a s ide, enclosing a square array 

of nine bery l l ium pieces. F lux measurements 

indicate that the maximum unperturbed thermal 

f lux in the bery l l ium is land would be 3.8 x 10 

when extrapolated to 100-Mw operat ion. Subsequent 

ca lcu la t ions and Russian experiments show that 

the tested conf igurat ion was not optimum. 

A paper on a high f lux research reactor u t i l i z ing 

the f lux- t rap pr inc ip le was presented at Geneva 

F. T. Binford, "F lux Trap T e s t s , " Operations 
Division Quarterly Report, July—September, 2958, ORNL 
CF-58-9-88. 

by Feinberg et al. The paper was pr imar i ly 

devoted to a descr ipt ion and resul ts of c r i t i ca l 

experiments that were required to determine the 

nuclear character is t ics of the engineering design. 

Based on the c r i t i ca l experiments, a maximum 

unperturbed f lux of 2.2 x 1 0 ^ at 50 Mw is claimed 

for the Russian design. 

The Russian experiments were quite extensive 

and included a study of the effect of moderator-

to-uranium ra t io , geometry ( inc luding water is land), 

structural mater ia l , and ref lector materials on 

c r i t i ca l mass, c r i t i ca l volume, and f lux d is t r ibu t ion . 

E f f i c ienc ies of fuel b locks and control rod worth 

at design posi t ions were a lso determined. A 

notable omission in the paper is the determination 

of the temperature coef f ic ient of reac t i v i t y . 

Over a wide range of var iab les , i t was found 

that an H/U2-^5 rat io between 30 and 40 gave a 

minimum c r i t i ca l volume. Structural materials 

tested included aluminum, sta in less s tee l , n i cke l , 

and copper. Each atom of parasi t ic material per 

atom of U resulted in about a 7.5% increase 

in c r i t i ca l volume. Geometry effects studied in­

cluded approximately c i rcular and cruci form fuel 

arrangement, f lux- t rap dimension, and fuel plate 

spacing. Ref lector materials invest igated were 

bery l l ium ox ide, water, graphi te, cast i ron, s tee l , 

natural-uranium—water mixtures, and thorium-water 

mixtures. A bery l l ium oxide ref lector was found 

to reduce the c r i t i ca l volume and mass by more 

than 50% as compared w i th a pure water ref lector . 

Neutron f lux d is t r ibut ions were determined 

throughout the various conf igurat ions by copper 

ac t i va t ion , indium ac t i va t ion , and cadmium rat io 

measurements. For the systems approximating the 

f ina l des ign, trans-cadmium f iss ions were approxi­

mately 50%, which demonstrates that e f f i c ien t 

f lux- t rap reactors are essent ia l l y epi thermal . 

Some comparisons are made w i th ca lcu la t ions 

and experimental resul ts for conf igurat ions con­

ta in ing no f lux trap. It is c laimed that the ca lcu­

lated f lux d is t r ibut ions are sat is factory , al though 

the calculated c r i t i ca l masses are low by 1 to 

33% depending on the part icular cond i t ions. The 

ca lcu la t iona l method used was the P , approxi­

mation w i th 19 energy groups. 

The extensive experimental studies by the 

Russians should be very helpful in planning and 

reducing the number of required c r i t i ca l exper i ­

ments for the ORNL design. 
3 

S. M. Feinberg et al.. An Intermediate Reactor for 
Obtaining High Intensity Neutron Fluxes, Geneva Con­
ference Paper 2142, August 12, 1958. 
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2. DESCRIPTION OF FACILITY 

2 . 1 . General Character is t ics 

The HFIR character is t ics given in Tables 2 and 

3 are based upon the nuclear and heat transfer 

parameter s tud ies. The goal of these s tud ies, 

d iscussed in Sec 1.2, was to obtain a reasonably 

optimum reactor design capable of producing an 

average perturbed f lux of 3 x 1 0 ' ^ thermal neu­

t rons-cm" - s e c " in a 100-g Cm ^^ sample ai a 

power level of 100 Mw. Since the in i t ia l operation 

of the reactor may be at less than design condi­

t i ons , two sets of character is t ics are l is ted in 

Table 2: a set of design values, and a second set 

of poss ib le in i t ia l operating values. 

2.2. Opt imizat ion Studies 

Nuclear Ca lcu la t ions . — The pr inc ip le of the 

f lux trap has been used for th is design study so 

that the high thermal f lux w i l l be obtained in a 

region other than the fuel region. The peaking of 

the thermal f lux in the central moderator region or 

trap and also in the ref lector surrounding the fuel 

annulus results from moderation of the fast leakage 

from the fuel region. Therefore, in order to in­

crease the thermal peaking, the fast leakage from 

the fuel annulus should be increased and optimum 

moderation in the trap and ref lector prov ided. 

Thus, the primary purpose of the nuclear ca lcu­

lat ions was to determine the optimum s ize and 

composit ion of a reactor core cooled by l ight water 

and moderated and ref lected by l igh t water and 

bery l l ium. 

For purposes of invest igat ing the ef fects of 

var ious reactor parameters on the peaking of the 

thermal f lux , two-group and thir ty- three-group 

mul t i region d i f fus ion theories were used. Since 

the optimum core s ize is smal l , requir ing a high 

fuel concentrat ion, an appreciable number of f i s ­

s ions occurs wi th nonthermal neutrons. There­

fore, for the two-group model an averaged fast-

group f i ss ion cross sect ion, based on the U 

resonance in tegra l , was inc luded. A l l the fast 

constants for the two-group ca lcu la t ions were 

averaged, assuming a ]/E neutron f lux energy 

d is t r i bu t ion . The value of the age used in ca lcu­

lat ing the fast removal cross sect ion in the fuel 

region was obtained from empir ical re lat ions based 

on experimental age measurements in water-

aluminum mixtures. The age for water at 80°C 

was considered to be 33 cm . 

The two-group ca lcu la t ions were performed on an 

IBM-704 computer, using WANDA, a one-dimen­

s iona l , muit igroup-mult i region d i f fus ion theory 

code. The thir ty-three-group ca lcu la t ions were 

performed on the same computer, using GNU- I I , a 

s imi lar code that includes the Selengut-Goertze! 

term for neutron slowing-down in hydrogen. Fast 

constants for GNU- I ! were averaged, assuming a 

1/E neutron energy d is t r ibut ion in each group. As 

yet , only one GNU-! i case has been run. It i nd i ­

cates a 10% higher thermal neutron f lux in the 

experiment per un i t reactor power than obtained 

w i th WANDA ca lcu la t ions . 

The basic core geometry invest igated was a 

r ight cy l inder made up of several concentr ic annular 

regions compris ing the f lux trap, fuel region, and 

beryl l ium ref lector , respect ive ly . The f lux trap 

was assumed to contain the material to be i r rad i ­

ated plus a su f f i c ien t amount of aluminum carr ier 

to provide the necessary heat transfer surface 

area, an area adjacent to the central experiment 

conta in ing vary ing amounts of bery l l ium and 

water, and a region of l igh t water located between 

this area and the fuel annulus. A beryl l ium re­

f lector surrounding the fuel annulus contained 5% 

by volume of coo l ing water and enough poison to 

represent experiments in the ref lector . The fuel 

annulus consis ted of fu l l y enriched uranium-

aluminum fuel plates and enough l ight water 

coolant-moderator to provide a metal-to-water 

rat io of 1 . 

A t each end of the cy l indr i ca l core 8 cm of re­

f lector savings were added, as compared w i th 9 cm 

measured in the MTR.^ 

A schematic representat ion of the general reactor 

core and the neutron f lux spat ia l d is t r ibut ions 

therein are shown in F i g . 7. 

Core Phys i cs . — Limitations on Maximum Thermal 

Neutron Flux. — Once a reactor core design has 

been se lected, the maximum atta inable thermal 

neutron f lux is l imi ted by the desired power l eve l , 

the maximum permiss ib le power densi ty , and an 

adequate minimum fuel cyc le t ime, the latter value 

being essent ia l l y a d i rect funct ion of the power 

densi ty . For th is part icular reactor the upper 

l im i t on power was f ixed pr imar i ly on the basis 

of capi ta l cos ts . The maximum permissible power 

densi ty , which u l t imate ly is l imi ted by burnout 

' ' M . L . Batt et al.. Reflector Savings Due to the MTR 
Water Blanket. 100-16075(1953) . 
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considerat ions, was a lso l imi ted by the fuel plate 

surface temperature and therefore the desirable 

system pressure. Thus, par t icu lar ly for cores 

employing subcooled heat transfer, the core design 

must be carefu l ly opt imized from a nuclear stand­

po in t . 

Regardless of the set upper l im i t on reactor 

power l eve l , economy in capi ta l and operat ing 

costs requires that for a given average neutron 

f lux in the experiment the core power should be 

as low as poss ib le . Therefore the quant i ty cfj/P, 

def ined as the volume-averaged thermal f lux in 

the central experiment per uni t of reactor power, 

is of s ign i f i cance and should be maximized by 

the proper choice of region diameters, core length, 

fuel concentrat ion, moderator composi t ion, e tc . 

Table 2. Nuclear and Heat Transfer Characteristics 

Characteristics Design Init ial 
Operation 

Nuclear 

Reactor power, Mw 

Average thermal flux in sample (100 g Cm ), 
—2 —1 neutrons'cm 'sec 

Average thermal flux in sample per unit of power, 
—2 _ ] _ i 

neutrons'cm 'sec "Mw 

Maximum unperturbed thermal flux in island 

Maximum fast flux In fuel region 

Maximum thermal flux at beam holes in outer reflector 

with control rods in 
Maximum unperturbed thermal flux in outer reflector 

Fue I eye le time for k j j = 1.183, days 

Heat removal 

Specific power, Mw per kg of U^'^^ 

Maximum power density, Mw/liter 

Average power density, Mw/liter 

Maximum heat f lux, Btu'hr ' f t 

Average heat f lux, Btu»hr~ •ft"'2 

Burnout heat f lux, Btu«hr~ •ft~2 

Heat transfer surface area, ft 

Ratio of maximum to average power density (total) 

Ratio of maximum to average power density (radial) 

Ratio of maximum to average power density (axial) 

Ratio of maximum to overage power density (uncertainty) 

Engineering hot spot and hot channel factors 

Maximum surface temperature, ° F 

Coolant inlet temperature, °F 

Coolant outlet temperature, °F 

Coolant velocity, fps 

Coolant circulation rate (fue! region), gpm 

Pressure drop across core, psi 

System pressure at pump discharge, psi 

100 

3.Ox 10 15 

13 3.0 X 10 

5.1 X l o ' ^ 

4.7 X 10 

5.0 X 10 

15 

14 

9.5 X 10 

10 

14 

67 
15 2.0 X 10 

3 .0x 10^2 

3.4 X 10'^ 

3.1 X l o ' ^ 

3.3 X 10 '^ 

6.3 X 10 

15 

14 

28,6 

7.2 

3.9 

2.3 X 10^ 

1.26 X 10^ 

5.3 X 

270 

1.84 

1.2 

1.2 

1.28 

1,33 

450 

120 

195 

45 

9400 

84 

650 

10^ 

19.2 

4.8 

2.6 

1.55 X 10^ 

0.84 X 10^ 

5,5 X 10'̂  

270 

1.84 

1.2 

1,2 

1.28 

1,33 

352 

120 

170 

45 

9400 

84 

650 

13 
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The maximum cfi/P obtained in the above manner 

may not, however, be compatible with heat re­

moval requirements in the fuel annulus. As the 

various reactor parameters are var ied, the rat io 

of maximum to average power densi ty or surface 

heat f lux in the fuel region var ies, as we l l as the 

volume of the fuel region. On the other hand, 

once the fue! plate th ickness, coolant channel 

th ickness, maximum surface temperature, coolant 

ve loc i ty , e tc . , are f i xed , the a l lowable maximum 

power density is es tab l ished, independently of 

the nuclear reactor parameters. Therefore, a 

maximum (fi/P is not su f f i c ien t to guarantee a 

desired neutron f lux , since the resul tant necessary 

power density may very wel l exceed the a l lowab le . 

To a l lev ia te the above condi t ion another ra t io , 

(t>/(P/V) , has been defined as the volume-

averaged f lux in the central experiment per un i t 

of maximum power dens i ty . This quant i ty con­

ta ins the radial and ax ia l maximum to average 

power densi t ies and an engineering factor to 

account for var iat ions in heat transfer parameters 

from the nominal va lues. Thus, once the a l lowable 

maximum power densi ty has been estab l ished, 

the nuclear parameters must be adjusted to obtain 

a (ji/iP/V)^ that w i l l produce the desired thermal 

f lux in the experiment. 

Variation of 4>2i'^(^^^'im ^^^^ Reactor Param­

eters. - The values of ^2/^^'^^^OT ^^'^ obtained 

Table 3. General Characteristics 

Core design and size 

Type of core 

Type of fuel elements 

Fuel plate thickness, in. 

Coolant channel thickness, in. 

Metal-to-water ratio in fuel annulus 

Length of active core, cm 

Inside diameter of fuel annulus, cm 

Outside diameter of fuel annulus, cm 

Volume In fuel annulus, liters 

Diameter of central experiment, cm 

Outside diameter of outer reflector, cr 

Core materials 

Fuel 

235 

235 

Fuel loading (for aluminum fuel elements), kg of U 

Fuel loading (for stainless-steel-clad elements), kg of U 

U concentration in fuel annulus (5 adjacent regions across 
o 

width of plate), atoms/cm 

Region 1 

Region 2 

Region 3 

Region 4 

Region 5 

Outer reflector material 

Island moderator-reflector material 

Coolant 

Cylindrical annulus, flux trap 

Aluminum plates or tubes 

0,040 

0,040 

1 

30,5 

14 

36 

26,3 

4 

96 

Enriched uranium (~90%) 

3.5* 

12.2 

19 20.00 X 10 

33,90 X 10^' 

39,44 X 10 

39.80X 1 0 " 

31.26 X l O ' ' 

Beryl l ium+5% HjO 

Light water 

Light water 

"May be 30% low based on USSR data. 
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from 

^ 21 

(P/V), 
'max / ^2F • ^\F 

' 2 , , + S , 

02 , 021 

whe 

^max *^2F ^ / 2 + ('^l F / < ^ 2 F ^ ^ / I 

^av 0 2 P °'f2~^ ^'^]F^^2p'> '^f] 

ax ia l uncer ta in ty 

"7 = volume-averaged thermal f lux in re­

gion 1 (experiment), 

(P/V) = maximum power dens i ty , obtained by 

mu l t ip ly ing the average power densi ty 

by the rad ia l , ax i a l , and "uncer ­

t a i n t y " rat ios of maximum to average 

power dens i t ies , 

' ? ' _ / < ? = rat io of maximum to average power 
m a x a v ^ , 

densi ty or heat f lux , 

(f) 2p ~ average thermal f lux in fue l , 

0 . = average fast f lux in fue l , 

0 2 p , 0 | n = corresponding (same radial posi t ion) 

values of thermal and fast f luxes , 

respec t ive ly , in the fuel which re­

su l t in the largest value of q /q 
'^ ' max •'av 

(they are usual ly at one of the two 

boundaries), 

2 , 2 , S , . = macroscopic thermal and fast f i ss ion 

cross sect ions in fue l , respect ive ly , 

CT,,'"^/] ~ microscopic thermal and fast f i ss ion 

cross sect ions in fue l , respect ive ly , 

/V = U " atom concentrat ion in the fuel 

annulus (assumed homogenized), 

w = energy per f i ss ion , wsec. 

Since the thermal terms in the above expressions 

predominate, the value of (1//V ) ( 0 2 | / 0 2 p ) s b o u l d 

be made as large as poss ib le , and 4'2F^^2F 

should be reduced as close to unity as poss ib le . 

For given values of N and fue! annulus th ick­

ness, 02i/<?^2F ^ ° ^ ° maximum value for an op t i ­

mum value of central reflector-moderator is land 

rad ius. Too large an is land provides excess ive 

neutron absorpt ion, wh i le too small an is land 

does not provide adequate moderat ion. Increasing 

the fuel concentrat ion increases (fi^,/<p^ , s ince 

the fast neutron leakage from the fuel region in­

creases. However, for a given fuel annulus th ick­

ness there is an optimum island radius that re­

sul ts in a minimum fuel concentrat ion for a given 

value of k ,,. The con f l i c t i ng trends suggested 

that a maximum value of 02 i / ( P / l ^ ) might occur 

for an optimum island radius and f ixed values of 

fuel annulus th ickness and k ,,. Figure 8 shows 

th is to be the case, the optimum island radius 

being about 7 cm and essent ia l l y independent of 

the fuel annulus th ickness for the cases ind ica ted. 

The curves also indicate that increasing the fuel 

annulus th ickness increases (^^./{P/V) . 

Figure 9 shows that q /q a lso has a maxi-
^ ' m a x 'aV 

mum value for an is land radius of about 7 cm. 
The large value of « /q , calculated for un i -

= ^ max ^ay' 

form fuel d is t r ibu t ion in the fuel annulus, irtdicated 

some advantage could be gained by reducing the 

value to nearly 1. Since one conception of the 

fuel annulus design included essent ia l l y radial 

fuel p lates, i t was postulated that radial varia­

t ions in fuel concentrat ions be made so as to 

f la t ten the radial power densi ty d is t r ibu t ion . The 

lower curve in F i g . 9 indicates that q. /q 
^ •'max ^aV 

can be reduced s ign i f i can t l y by using f ive d i s t i nc t 

fuel regions in the fuel annulus. 

To cope wi th the problem of excessive absorption 

in a large H j O is land, invest igat ions were made 

rep lac ing a central portion of the H j O is land w i th 

bery l l ium. Typ ica l resul ts are shown in F i g . 10, 

ind icat ing that over a certain range of is land 

rad i i there is an optimum combination of bery l l ium 

and water that w i l l produce a maximum value of 

0 2 j / ( P / V ) for a given fuel annulus th ickness. 

For smal l is land rad i i no bery l l ium is required, 

and for large is lands a l l beryl l ium is required. 

[The cores used in F igs . 8, 9, 11, and 12 include 

no beryl l ium in the is land. Optimum bery l l ium-

water is lands would make the right-hand port ion of 

the curves in F igs . 8 and 12 considerably f la t ter , 

but for an island radius of 7 cm there would be 

essent ia l l y no change in 0 2 j / ( P / V ) . ] 

Another possib le method of increasing the aver­

age thermal f lux per uni t of power in the central 

experiment is i l lus t ra ted in F i g . 11. The curves 

indicate that for a given core s ize and weight of 

material to be i r rad iated, there is an optimum 
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radius of the experimental region which w i l l pro­

duce a maximum average f lux . For an experiment 

conta in ing 100 g of Cm , about 20% increase in 

f lux can be achieved by increasing the radius of 

the experimental region from 2 to 6 cm. 

The maximum values of <f>2]'^^ °" '^ 9^21^^^^^^ 

do not necessar i ly occur wi th cores having the 

same island radius, as shown in F i g . 8. However, 

i f constant power curves are superimposed on the 

(^2i/{P/V) curves, as shown in F i g . 12, the 

optimum radi i for maximum (f)^,/{P/V) and ^ , , / P 

and minimum fuel concentrat ion are very nearly 

the same, being about 6 cm. 

For the " o p t i m u m " HFIR design included in 

th is report, on inside radius of 7 cm was tenta­

t i ve ly selected for the fuel annulus because i t 

provided more experimental space in the is land 

and al lowed a thinner fuel annulus for the same 

fuel volume. As seen in F i g . 12 there is l i t t l e 

di f ference in f lux for the 6- and 7-cm is lands. 

Heat Transfer in Core. — From the standpoint 

of heat transfer the maximum atta inable thermal 

f lux is l imited by the permissib le maximum power 

densi ty or, more spec i f i ca l l y , the heat f lux in the 

fuel annulus. Before actual burnout tests are 

conducted on HFIR-type fuel plate assembl ies, 

the rat io between burnout heat f lux and maximum 

design heat f lux (as defined in th is report) is 

f ixed on the basis of the accuracy wi th which the 

burnout heat f lux can be ca lcu la ted. However, 

the rat io of design thermal neutron f lux to burnout 

thermal neutron f lux con be increased as the un­

certainty factor in the ca lcu la t ion of the heat 

transfer coef f ic ient for subcooled forced convec­

t ion is decreased. 

The correlat ion of heat transfer coef f ic ient 

selected for the fuel plates was that recent ly pro­

posed by Levy et al,,^ which is based on data for 

water f lowing ver t ica l ly in thin rectangular chan­

nels (100-mil gap) at high ve loc i ty (up to 50 f t / sec ) 

and nonboi l ing heat f luxes up to 1 x 10 

Btu«hr~" ' f t " . The heat transfer coef f ic ients ob­

tained were considerably smaller than those pre­

d ic ted by the standard Sieder-Tate, D i t tus-Boel ter , 

or Colburn equat ions; they may be represented for 

the present region of interest (and approximately 

for 15,000 < Npj^ < 200,000) by 

(N^^), = 0.09 {N^f,-''' (NpX' ' Wl^s)'-'' • 

vhere 

' N u -hd/k, 

^ Re ='^P^A' 

subscr ipt b denotes evaluat ion at bulk water tem­

perature, and subscr ip t s denotes evaluat ion at 

surface temperature. 

As compared wi th the test sect ions used by 

Levy , the coolant gap of the present design is 

only 0.4 as large, and the channel aspect rat io is 

e ight fo ld larger. Nevertheless, the above equation 

represents the best approximation ava i lab le for the 

present ly contemplated HFIR design cond i t ions . 

A t a Reynolds number of about 70,000 the Levy 

equation y ie lds a f i lm coef f ic ient about 25% less 

than the Sieder-Tate equation and an even greater 

percentage less than the Colburn and modif ied 

Colburn equat ions. 

For a given heat f lux the power densi ty is in­

creased by decreasing the thickness of the fuel 

plate and coolant channel . A l so , h is increased by 

decreasing the coolant channel th ickness. There­

fore the two dimensions were made as small as 

was considered pract ica l from the standpoint of 

fabr icat ion, strength, and dimensional s tab i l i t y . 

The coolant ve loc i ty between the plates was then 

made as high as appeared reasonable. 

Us ing fuel plates and coolant channels as th in 

as those considered for th is reactor, one must be 

very caut ious in se lect ing appropriate values for 

hot spot and hot channel factors. For the ca lcu­

lat ions presented in this report i t was assumed 

that the hot channel and hot spot factors were 

equal . The value used was est imated by modi fy ing 

hot spot and hot channel factors obtained for the 

ETR. * The fract ion of the convent ional hot spot 

and hot channel factors that ref lects the uncer­

ta inty associated wi th the determination of the 

over-a l l maximum to average power densi ty was 

factored out so that 

3X ia I uncerta inty 

S. Levy, R. A. Fuller, and R. 0 , Niemi, Heat Trans­
fer to Water in Thin Rectangular Channels, Am. Soc. 
Mech. Engrs . , Paper No. 58-A-127 (1958). ' v . A, Walker, IDO-16461. 
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where the radial and ax ia l terms were determined 

from the ca lcu la ted spat ia l f i ss ion d is t r ibu t ion in 

the fuel reg ion. The remaining f ract ion of the 

convent ional hot spot and hot channel factors 

was considered to be the rat io of maximum to 

nominal A T ' s for the f i lm and coolant in the 

hot test channel . Thus, (P/V) , obtained in the 

above manner, is the value that should be used in 

es tab l i sh ing the burnout margin. 

The resul ts of the heat transfer study indicate 

that for a coolant ve loc i ty of 45 f t / sec , fuel p la te 

and coolant channel th icknesses of 0.040 i n . 

each, act ive core length 12 i n , , in let temperature 

120°F, and maximum surface temperature 450°F , 

i t is poss ib le to achieve a maximum power densi ty 

of 7.2 M w / l i t e r . The equivalent heat f lux is 

2.3 X 10^ B tu-hr " ' f t " , and the corresponding 

burnout heat f lux is est imated to be about 

5.3 X 10*̂  B t u . h r ~ ^ f t ~ 2 , 

The McGi l l -S ibb i t t , ' ' Buchberg,® and Jens and 

L o t t e s * correlat ions were used to predict burnout 

heat f lux ai reactor mid-plane and ex i t for both 

67- and 100-Mw operat ion. Extensions of burnout 

heat f lux to the present length-to-equivalent-

diameter rat ios of 75 and 150 were made, where 

necessary, by the approximate rule that doubl ing 

L/D reduces {q/A),,the burnout heat f lux , by 15%, 

Results for both burnout heat f lux and burnout 

power densi ty are tabulated below. 

67 Mw 100 Mw 

( ? / A ) ^ at ou t le t end , B t u . h r ~ l f t ~ ^ 4 .62x10* 4.37x10*^ 

{ P / K ) j at out le t end , M w / l i t e r 14.4 13.6 

(q/A)^ at mid-p lane, B tu .h r~ ' ^ f t~2 5.45x10'^ 5.29x10'^ 

( P / K ) ^ at mid-p lane, M w / l l t e r 16.9 16.4 

The values given represent the ar i thmetic aver­

age of the three predict ions for each cose. The 

maximum rat io of maximum predicted burnout heat 

f lux to minimum predicted burnout f lux for any 

case l is ted was 1.26. In a l l ca lcu la t ions , in le t 

' H . L . McGill and W. L. Sibbitt, ANL-4603 (1951) and 
ANL-4915 (1952). 

o 

H. Buchberg et al., Heat Transfer and F lu id Me­
chan ics i ns t i t u te Repr in ts , p 1 7 7 - 9 1 , 1951 . 

' W . H . J e n s and P. A . L o t t e s , ANL-4627 (1951). 

P. G r i f f i t h , M I T , Cambr idge, Mass . , pr ivate communi­
c a t i o n , Sept. 1957. 
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bulk temperature and pressure (above the top of 

the core fuel region) were taken as ] 2 0 ° F and 

665 ps ia , respect ive ly . Since burnout heat f lux 

data usual ly vary by about ±35% from the best 

mean cor re la t ion , the maximum design heat f lux 

should be no greater than two-thirds of the pre­

d ic ted burnout va lue. 

Since the maximum expected heat f luxes dur ing 

67- and 100-Mw operation are 1,55 x 10'̂  and 

2.32 X 10^ B t u ' h r ~ ' . f t ~ ^ respect ive ly , the rat ios 

of burnout heat f lux ( two-thirds of the minimum 

values from the table) to maximum local operat ing 

heat f lux are as fo l l ows : 

Power (Mw) ^ ' " " ' ' ' ° ^ ' ' ' 

At L At L / 2 

67 3.2 2,13 

100 2.0 1.38 

Since the burnout values used are minima above 

which a l l data should f a l l , and since the maximum 

operat ing value includes a l l nuclear and engineer­

ing hot channel and hot spot factors, the rat ios 

above represent addi t ional safety margin beyond 

any foreseen steady-state cont ingency. However, 

s ince there is essent ia l l y no operat ing experience 

for such high f luxes i t is poss ib le that the above 

values of heat f lux are beyond pract ical l im i ts 

for subcooled systems. For th is reason coo l ing 

systems employing other types of fuel elements 

ore being considered for achiev ing the necessary 

high power dens i t ies . 

2.3. Reactor Core 

Genera! Descr ip t ion . - The reactor core and 

pressure vessel are shown in F igs . 13 and 14, 

The core cons is ts of a central 14-cm-dia l ight 

water i s land, an 11-cm-thick fuel annulus, and a 

30-cm-thick bery l l ium ref lector. 

As is shown in F i g . 14, coo l ing water enters 

the lower sect ion of the reactor pressure vessel 

at a point just above the lower support p la te . A 

baff le formed by the lower support p late and the 

outer shim guide cy l inder d i rects the f low upward 

through the ref lector and thermal shie ld assem­

b l i es . The f low continues downward through the 
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fuel annulus, shim plate region, and f lux trap 

is land to the discharge at the bottom of the pres­

sure vesse l . 

Fuel -Ref lector Assembly. - The act ive la t t i ce 

as presently conceived consists of curved plate-

type fuel elements arranged in an annular r ing 

about the f lux trap. The total length of each fuel 

assembly is 2 f t plus lower end boxes which serve 

to locate and hold the indiv idual fuel elements in 

the fuel element support gr id . The fuel element 

support gr id, held in place by the lower support 

p late, serves as a locat ing device and support for 

both the fuel elements and the irradiat ion spec i ­

mens. These w i l l be af f ixed at their lower end to 

an or i f ice p la te . This or i f ice plate w i l l f i t into 

the central conical section of the fuel element 

support plate and w i l l control the f low of coo l ing 

water both through the i r radiat ion sample and 

through the remainder of the f lux trap. 

Immediately adjacent to the outside of the fuel 

annulus is a 1-in,-thick annulus contain ing the 

shim p lates. The inner shim plate guide is formed 

by the fuel array and the cyl inder connect ing the 

fuel element support grid and the lower support 

p late. The outer shim plate guide consists of a 

cy l inder , permanently aff ixed to the lower support 

p late, and extending up to the top of the ref lector 

assembly. 

The ref lector support grid serves to locate the 

indiv idual pieces of beryl l ium comprising the re­

f lector assembly. Included in - the ref lector are 

nine 3-in.-dia control rod holes, ten 2- in.-dia 

ver t ica l i r radiat ion holes, four 4- in.-dia hor izontal 

beam holes spaced on 40° in terva ls , and suf f i c ien t 

coolant channels to ensure adequate coo l ing of 

the ref lector. Provis ion w i l l be made for f i l l i n g 

any unused experimental holes wi th bery l l ium, 

ei ther by insert ing special plugs or by replacing 

ind iv idual ref lector un i ts . 

Water f low passages and iron thermal sh ie ld ing 

are provided at the periphery of the beryl l ium re­

f lector . The thermal sh ie ld w i l l consist of two or 

three steel cy l inders , 2 to 4 in . in total th ickness. 

These w i l l be located and supported by the re­

f lector support g r id . The water annul i w i l l provide 

coo l ing for the thermal sh ie ld ing and the pressure 

vessel wal l and w i l l serve as the flow path for 

most of the cool ing water. These annul i w i l l be 

or i f iced to ensure adequate coolant f low through 

the ref lector assembly wh i le maintaining as low 

a pressure drop as poss ib le across i t . Calcu-
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lo t ions indicate that a pressure drop of less 

than 10 psi across the ref lector w i l l provide ade­

quate cool ing of the bery l l ium. Adequate hold-

down devices w i l l be provided for the bery l l ium 

ref lector pieces as required. 

Pressure Vesse l . - The HFIR pressure vesse l , 

shown in F i g . 14, w i l l be fabricated of s ta in less 

steel or s ta in less-c lad pressure vessel steel and 

designed for a pressure of 700 p s i . As shown in 

the f igure, the flanged e l l i p t i ca l head !S pene­

trated by the nine control rod assembl ies, which 

are ind iv idua l ly f langed to the top head, and is 

provided w i th a 21- in , quick-opening hatch to 

a l low convenient access to the fuel elements and 

central i r radiat ion fac i l i t y during shutdown. 

Control Mechanisms. — This reactor has been 

provided wi th two types of contro ls : (1) nine rods 

located in the beryl l ium ref lector for f ine control 

and safety purposes and (2) three shim plates 

located immediately outboard of the fuel annulus 

for control of the large excess 8k required in the 

clean condi t ion to obtain reasonably long fuel 

cyc les . The control rods are packaged uni ts , 

each one being ind iv idua l ly flanged to, and re­

movable through, the top head of the reactor pres­

sure vesse l . The shim plates, cons is t ing of 

annular segments, are actuated by drive mecha­

nisms located wi th in the top sect ion of the reactor 

pressure vesse l . The un i ts , inc luding the shim 

plates, are removable through the hatch in the 

top head of the reactor tank. The top portion of 

the shim plates w i l l contain boron or cadmium, 

and the lower sect ion w i l l be of bery l l ium. Pre­

l iminary invest igat ions show that i t may be pos­

s ib le to use boron in the upper sect ion wi th the 

concentrat ion adjusted so that the boron w i l l be 

burned out during operat ion, and to some extent 

act as a burnable poison. This idea w i l l be in ­

vest igated further during detai led design. 

2.4, Reactor Structure and Shielding 

The reactor un i t is located in the center of a 

hexagonal pool of demineral ized water approxi­

mately 20 ft across f la ts and 35 f t deep, as shown 

in F igs . 15 and 16, A 10-ft-square service pool 

of the same depth, adjacent to the reactor poo l , 

provides for the storage of fuel elements, too ls , 

reactor components, etc. An 8-ft-wide canal 15 f t 

deep provides addi t ional storage space for reactor 

operat ions and transfer access to the hot ce l l area 

in the adjacent bu i ld ing . The service pool and 
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canal are separated from the main reactor pool by 

gate sect ions which provide for better control of 

water pur i ty and contaminat ion and which enable 

the pools to be independently drained. A meta l l i c 

l iner w i l l probably be used to prevent leakage 

through the concrete pool wa l l s and to ass i s t in 

the maintenance of high-pur i ty water. B io log ica l 

sh ie ld ing above the core is provided by the depth 

of pool water. Shielding at the beam hole f loor 

level is provided by the water in the pool and the 

concrete st ructure. The length of the beam holes 

from the core to the face of the shie ld is not con­

sidered to be of prime importance in th is f ac i l i t y , 

s ince the beams must be h igh ly co l l imated; there­

fore no ef for t has been made to minimize the d is ­

tance between sh ie ld face and reactor core. More 

detai led d iscuss ions w i th experimenters may 

indicate an advantage accruing from shorter beam 

tubes, and this w i l l be more carefu l ly considered 

later. Thermal sh ie ld ing w i l l be used between 

the reactor and the ins ide surfaces of the pool as 

necessary to prevent excess ive temperature 

gradients in the concrete sh ie ld . 

The water sh ie ld ing arrangement a l lows for 

f l e x i b i l i t y in the ins ta l la t ion , operat ion, and 

serv ic ing of the reactor un i t . Necessary sh ie ld ing 

for transfer of fuel e lements, reactor components, 

e tc . , from the pressure vessel to the storage pools 

is provided by the depth of water above the top 

of the pressure vesse l . Normal serv ic ing of the 

reactor, such as the replacement of control rod 

dr ive units or hydraul ic rabbi t tubes, would be 

accompl ished by lowering the water level to the 

grat ing at the top of the pressure vesse l . 

The main coolant l ine connect ions to the re­

actor vessel pass through the so l id wa l l port ions 

of the serv ice pool , continue through the serv ice 

pool , and then extend underground in a stra ight 

l ine to the pipe trench area of the process water 

bu i ld ing . Permanent access in the form of a 

shie lded pipe tunnel would be maintained for 

repair or replacement of these and other pipe l i nes , 

2,5. Experimental Fac i l i t i es 

In view of the fact that th is reactor is pr imar i ly 

a f ac i l i t y for heavy element product ion, the central 

f lux- t rap region is considered to be the major 

experimental f a c i l i t y . In addi t ion to the central 

f ac i l i t y , however, space in the ref lector w i l l be 

useful for the i r radiat ion of small capsules and 

samples at re la t i ve ly high thermal neutron f luxes . 

The four small-diameter beam tubes terminat ing in 

the outer ref lector region also provide re la t i ve ly 

high beam in tens i t ies for basic research inves t i ­

gations requir ing col l imated beams. It is bel ieved 

that these secondary fac i l i t i es w i l l increase the 

over-a l l u t i l i t y of the reactor wi thout ser ious ly 

compromising the primary object ive and wi thout 

unduly increasing i ts cost . 

In the present concept, the sample conf igurat ion 

for the central f ac i l i t y is that of a cy l inder wi th 

proper coolant channels and metal-to-water rat ios 

to achieve the maximum f lux averaged over i ts 

volume. Since the sample conf igurat ion to accom­

p l ish th is w i l l vary with the part icular type of 

sample, i ts s ize , and the absorption and f iss ion 

cross sec t ions , more deta i led studies w i l l be 

carr ied out to determine the exact arrangement of 

the mater ials in the island to maximize the i r radi -

t ion level and the production rate of heavy ele­

ments. Insert ion and removal of the sample w i l l 

be accompl ished during shutdown by u t i l i z i n g the 

sh ie ld ing provided by the water in the poo l . 

Present ind icat ions are that the samples w i l l 

general ly be in the reactor for long-term i r radia­

t i on , that i s , a year or more. It w i l l be poss ib le , 

however, to remove the sample eas i ly and transfer 

i t to the hot ce l l area for inspect ion for poss ib le 

corros ion, eros ion, or other damage at much 

shorter in terva ls . 

Ten i r radiat ion f ac i l i t i es are presently proposed 

in the outer ref lector region. These fac i l i t i es are 

ver t ica l cy l indr i ca l holes penetrat ing the outer 

bery l l ium ref lector, each having a nominal diam­

eter of 1 / , i n . The present concept is to equip 

each of the holes wi th a re-entrant-tube hydraul ic 

rabbi t ins ta l la t ion which w i l l a l low for the in ­

sert ion and removal of samples during operat ion. 

The hydraul ic rabbi t tubes pass through the cover 

plate or side wa l l s of the reactor vessel near the 

top and extend along the wa l l s of the canal su f f i ­

c ien t ly below water level to provide the necessary 

sh ie ld ing . Terminal stat ions are located in the 

two isotope handl ing ce l l s , where loading and 

unloading operations can be done remotely. As 

the deta i led design of the fac i l i t y proceeds, i t is 

ant ic ipated that addi t ional capsule and sample 

i r radiat ion f ac i l i t i es w i l l be located in regions 

farther removed from the core. Provis ion w i l l be 

made for inser t ing and removing holders in these 

locat ions wi th specia l tools in a manner s imi lar 
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to that employed for handl ing fuel elements and 

the central i r radiat ion samples. 

The four beam holes are arranged as shown in 

F i g . 17. The present concept is to have aluminum 

beam tube l iners which extend from flanged faces 

at the inside surface of the cubic les to a region 

separated from the fuel by about 6 in . of bery l l ium 

ref lector . Outer sleeves of s ta in less steel which 

extend from nozzles on the pressure vessel to 

f langes in the cubic les a l low for replacement of 

the aluminum beam tube l iners . The beam tubes 

are to be located on the horizontal center- l ine 

plane of the reactor core and w i l l be 42 in , above 

f loor l eve l . The reactor sh ie ld w i l l be arranged 

so that each beam hole emerges perpendicular to 

a sh ie ld face about 13 f t wide, thus provid ing 

adequate space for experimental equipment and 

sh ie ld ing , A minimum of 25 ft w i l l be provided 

between the face of the bio logical sh ie ld and the 

bu i ld ing w a l l . The beam hole shown to be pointed 

west may be extended beyond the bu i ld ing wa l l 

for several hundred feet wi thout seriously af fect ­

ing ex is t ing Laboratory ins ta l la t ions . 

The floor area w i l l be designed for .except ional ly 

heavy f loor loadings, as found necessary in 

previous beam hole experimental equipment de­

s ign . Since the f ac i l i t y is located on a h i l l s i d e , 

the beam hole f loor level is also at grade leve l , 

al though i t is 28 ft below the operating floor l eve l . 

2.6. Primary Cool ing System 

The HFIR has a primary and a secondary cool ing 

water system. Heat in the primary system is 

transferred to the secondary cool ing water in 

a bank of intermediate heat exchangers. Th is 

heat is removed from the secondary system in 

cool ing towers. The two systems are shown in 

the process cool ing f low diagram. F i g . 18. The 

pert inent design data are given in Table 4. 

General Descr ip t ion , - In the primary cool ing 

system, approximately 10,000 gpm of H j O are 

c i rcu la ted at a system pressure of 650 psig to 

permit operat ion at the design power of 100 Mw. 

As shown in F i g . 18, the major components are 

the c i rcu la t ing pumps and intermediate beat ex­

changers. A decay vessel is located between 

the reactor and the heat exchangers. Pressur i -

zat ion of the system is obtained by one of two 

high-pressure feed pumps, the other being an 

aux i l i a ry . Th is provides makeup for leakage, 

seal purging, and the continuous letdown for 

water t reatment. The makeup enters the primary 

loop at the c i rcu la t ing pump suct ion , where the 

loop pressure is about 520 psig during operat ion. 

A f lywheel on both feed pumps serves to even 

out pressure and f low var iat ions due to power 

f l uc tua t ion . 

A tank is provided for storage of treated water 

and demineral ized makeup. From this tank, water 

is pumped into the loop by the high-pressure 

feed pump. A recyc le l ine and pump from the 

makeup tank to the in let to the water treatment 

sect ion provide a means for independent water 

treatment during reactor shutdown. A l l components 

in contact w i th the primary water are fabr icated 

from sta in less s tee l . 

Fuel Region Coo l ing , - The 650-psig in let 

pressure given in Tab le 4 is based on the use 

of an addi t ional safety factor of 30°F added on 

to the maximum fuel element surface temperature 

to prevent bo i l i ng . Th is maximum surface tem­

perature, 450°F, includes a l l engineering and 

nuclear hot spot factors. A heat transfer correla­

t ion of the Sieder-Tate type which has been modi­

f ied by General E lec t r ic on the basis of data for 

plate geometry was used for these ca lcu la t ions . 

More deta i ls of th is correlat ion and the method 

of ca lcu la t ing the core heat transfer have been 

given in Sec 2.2. 

For pressure drop ca lcu la t ions , i t was assumed 

that the fuel plates are extended ve r t i ca l l y upward 

4 in . beyond the beginning of the fuel-bearing 

por t ion. The extension w i l l provide boundary 

layer development and s tab i l i za t ion . The para l le l 

f la t -p la te f r ic t ion- factor correlat ion of Ro th fus ' ^ 

was used in evaluat ing f r i c t iona l pressure drop, 

and a 60-;xin. plate surface roughness was 

assumed. Including end losses of 1.5 ve loc i t y 

heads (maximum) and the effect of heat transfer 

on v i scos i t y var ia t ion , the over-al l AP is 83.5 psi 

for the fo l low ing case: 

Radius of f lux t rap , cm 7 

Th i ckness of fue l reg ion , cm 11 

Metal - to-water ra t io 1 

V e l o c i t y , fps 45 
o 

In le t water temperature, F 120 

R. R. Rothfus et al., A.l.Ch.E. Journal, p 208 -12 , 
June 1957. 
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Tab le 4. H F I R Coo l ing System Des ign Data 

Parameter Pr imary System Secondary System 

Reactor power, Mw 

Flow rate ( to ta l ) , gpm 

Design pressure, psig 

Operat ing pressure, ps ig 

Pumping power, hp 

Reactor 

In le t temperature, F 

Ex i t temperature, F 

Pressure drop, psi 

F low rate ( fuel reg ion) , gpm 

Ve loc i t y ( fuel region) , fps 

Decay vessel 

Type 

Holdup t ime, sec 

Dimensions 

Heat exchangers 

Type 

Number 

Coolant f l ow 

Coolant loca t ion 

Pressure drop, ft of water 

Inlet temperature, F 

Ex i t temperature, F 

Area, f t ^ 

Over -a l l heat t ransfer coe f f i c i en t , 

B t u - h r - ' . f t - 2 . ( ° F ) - ' 

Shell d iameter , i n . 42 

Over-a l l length , ft 16 

Tube s ize \ i n . OD X 0.028 In . wa l l (22 BWG), 12 f t long 

Number of tubes per she l l 2000 

C i r cu la t i ng pumps 

Type Cent r i fuga l Cent r i fuga l 

Number ( i nc lud ing 1 aux i l i a r y ) 3 3 

Capac i ty , gpm 5000 8000 

Head, ft of water 300 130 

Power ra t i ng , hp 450 350 

Emergency and shutdown pumps 

Type Cent r i fuga l Cent r i fuga l 

Number ( i nc lud ing 1 aux i l i a r y ) 2 2 

Capac i t y , gpm 2000 3000 

Head, f t of water 50 30 

Power ra t i ng , hp 40 40 

100 

10,000 

700 

650 

900 

120 

195 

84 

9400 

45 

Unbaf f led pipe 

48 

36 in. ID by 150 ft 1. 

Tube side 

13 

195 

120 

23,600 

425 

Shell 

6 

\ '" 

sng 

and fu 

ser ies 

tbe 

through 

16,000 

100 

60 

700 

two un i ts 

Shell s ide 

40 

90 

140 

, 1 ? ) 



Table 4 (continued) 

Parameter Primary System Secondary System 

Pressurizing and feed pumps 

Type 

Number (including 1 auxiliary) 

Capacity, gpm 

Head, ft of water 

Power rating, hp 

Cooling tower 

Type 

Number 

Inlet temperature, F 

Exit temperature, °F 

Fan power (total), hp 

Face area, ft 

Dimensions (over-all) 

Per cent year-round operation 

Primary piping 

Size 

Pressure drop, ft per 100 ft 

Materiel of construction 

Centrifugol 

2 

200 

1200 

80 

20 in., sched 40 

10 

Stainless steel 

Forced draft 

1 (4 cells) 

140 

90 

300 

6300 

65 ft X 97 ft X30 ft high 

100 

24 in., sched 10 

10 

Carbon steel 

For the same f lux trap radius but wi th a 12-cm fuel 

annulus, the over-al l AP is 84 p s i . 

F lux-Trap Region Coo l ing . — The cy l indr i ca l 

sample region, 4 cm in diameter by 30 cm long, 

was assumed to have a metal-to-water rat io of 

1.0 and a heat d iss ipat ion of 50 kw. Calcu la t ions 

for the case where water f lows downward under 

the inf luence of fuel region AP (84 ps i ) through 

a s ingle concentr ic hole of 1.12-in. diameter 

ind icate a ve loc i ty of 89 fps , corresponding to 

a f low rate of 273 gpm, a heat transfer coef f ic ient 

of -^14,000, a ( A / ) f j | „ of 44°F, and an inner 

surface temperature of 169°F. For uniform volume 

heat generation in the annular sample volume and 

a thermal conduct iv i ty of 100 B tu .h r~^ . f t~ ' - ( °F ) '~ \ 

the temperature drop across the cy l inder wa l l 

would be only 52°F w i th no external coo l ing . 

The maximum cyl inder temperature would , there­

fore, be 221°F. 

The sample cyl inder is obviously overcooled 

for th is case of uncontrol led downward f low. 

In prac t ice , a pipe attached to the base of the 

sample-region hole could be sized so as to re­

s t r ic t the f low to any value desired for a part icular 

sample. 

Ref lector Coo l ing . - The reactor in le t water 

f lows up through and around the outside of the 

bery l l ium ref lector , w i th the bulk of the f low in 

the outs ide annulus, resul t ing in a pressure drop 

through the bery l l ium less than 10 p s i . No di f­

f i cu l t y is expected in cool ing the bery l l ium wi th 

the spec i f ied pressure drop and coolant volume. 

Pre l iminary ca lcu la t ions show that for a power 

densi ty of 50 w / c c , a coolant channel diameter 

of / i n . , and an annular geometry, the maximum 

bery l l ium temperature w i l l be less than 200°F. 

Decay Tank . — A decay vesse l is located after 

the reactor. The 36- in. - lD x 150-ft unbaff led unit 

has a capaci ty of 8000 ga l . Th is provides a 

holdup t ime of 48 sec, for the decay of the N^"^. 

Intermediate Heat Exchangers. - Three sets of 

heat exchangers are connected in para l le l . Each 

set cons is ts of two exchangers in series f low. 

The primary coolant f lows through the tubes. 

Secondary water enters the shel l side of the 

exchangers at 90°F and leaves at 140°F. The 

mean temperature di f ference is 36.4°F, the over­

a l l coef f ic ient is 425 Biu-hr^-H-^-i°F)-\ and 

the total heat transfer area is 23,600 f t ^ . The 

design of the heat exchangers has been based 
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on commercia l ly avai lab le s izes . With a 42 - in . 

she l l , over-a l l lengths ore 16 f t . Tube sizes 

are \ in . OD by 0.028 in . wa l l (22 BWG), 12 ft 

long. 

Circulating Pumps. - Two 5000-gpm, 450-hp 

c i rcu la t ing pumps provide the coolant f low at 

design power w i th an ava i lab le pressure drop 

of 300 ft of water. An aux i l ia ry 5000-gpm, 300-ft, 

450-hp pump is connected in para l le l w i th the 

f i r s t two. Th is a l lows the reactor to operate 

at design condi t ions when one pump is down 

for maintenance. Two 2000-gpm, 50-f t , 40-hp 

aux i l ia ry standby pumps are provided for emergency 

and shutdown coo l ing . 

2.7. Secondary Cooling Systems 

Water at essent ia l l y atomspheric pressure is 

used as the coolant in the secondary system. 

To ta l required f low at reactor design power is 

16,000 gpm. The basic components of the system 

cons is t of the intermediate heat exchangers, a 

forced-draft cool ing tower, and the c i rcu la t ing 

pumps, w i th a bypass on the pumps. Makeup to 

the system is put into the basin of the cool ing 

tower. Chemical water treatment is done by the 

addi t ion of the chemicals at the cool ing tower. 

The basic material of construct ion is carbon s tee l . 

Two 8000-gpm, 130-ft, 350-hp pumps provide 

the required coolant f low rate of 16,000 gpm. 

An addi t ional pump is ins ta l led as an aux i l i a ry . 

Shutdown and emergency cool ing is provided by 

two (one standby) 3000-gpm, 30-f t , 40-hp pumps 

which are powered by both aux i l ia ry (d iesel) 

and e lec t r i ca l power. 

F low is then through the shel l side of the 

intermediate heat exchangers, w i th paral le l f low 

through three sets of two connected in ser ies. 

Each heat exchanger pair acts e f fec t ive ly as a 

four-tube-pass, two-shel l -pass uni t . No extra 

heat exchanger capac i ty for aux i l i a ry purposes 

has been provided, as re la t i ve ly maintenance-free 

operation is expected. The temperature r ise 

through the uni ts is 50°F, that i s , from 90 to 

140°F, w i th a 40-ft pressure drop. 

The coolant approaches the forced-draft cool ing 

tower at 140°F and discharges at ' ^90°F . The 

ins ta l led capaci ty of the cool ing towers is such 

that year-round operation w i l l be poss ib le . No 

extra capaci ty has been provided for operation 

at greater design power or for maintenance 

aux i l i a ry . The cool ing tower is 65 f t x 97 f t x 30 f t 

high w i th 6300 f t of face area. Makeup require­

ments are 1000 gpm, and the to ta l fan horsepower 

is 300. 

Emergency Cooling. — Aux i l i a r y pumps have 

been provided for emergency reactor cool ing in 

both the primary and secondary systems in the 

event of e lec t r i ca l power loss. These w i l l be 

powered by both aux i l ia ry power (d iesel) and 

e lec t r ica l power, the e lec t r i ca l power being used 

for normal shutdown coo l ing . It is expected that 

w i th f lywheels attached to the c i rcu la t ing pumps, 

su f f i c ien t f low w i l l be maintained, in the event 

of a power loss, wh i le the aux i l ia ry pumps are 

brought on I ine. 

No prov is ion for aux i l ia ry power of the pres­

sur iz ing pumps has been made, though w i th 

f lywheels attached to the pumps it is expected 

that the required pressur izat ion w i l l be maintained 

unt i l the reactor power has been reduced to a 

level at which the danger of bo i l ing in the fuel 

region is min imized. 

Poss ib le means of emergency cool ing in the 

event of a rupture in the primary system are: 

1. a spray system insta l led in the reactor tank, 

2. loops in the reactor coolant in let and ex i t 

l ines which maintain the reactor f looded w i th 

water, and which require vents in both l ines 

to break any siphon ef fect , and 

3. a drain l ine and reactor tank valve which make 

i t poss ib le to drain the pool water through the 

reactor fuel region. 

2.8. Buildings 

Reactor Building. - The reactor bu i ld ing con­

s is ts of the reactor, storage and transfer pools , 

and the volume enclosed by the structure above 

the 50 X 75 ft reactor operating f loor; the height 

is determined by the minimum 35-ft crane hook 

clearance necessary to a l low for ease in handl ing 

mater ials located on or near the bottom of the 

poo ls . The degree of containment necessary to 

assure against poss ib le accidents has not been 

evaluated at th is t ime and cannot be unt i l a 

deta i led invest igat ion is made. However, the 

proposed arrangement, based on ORR-type con­

tainment, can be eas i l y modif ied to provide 

complete containment at a minimum cost . No 

di rect access is provided from the reactor room 

to the adjacent control room, of f ice w ing , beam 

hole experimental areas, or the adjo in ing hot 

ce l l and isotope handl ing bu i ld ing . Truck access 
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is provided from a roadway area to the north. 

A water barrier is used in the canal entrance to 

the hot ce l l bui ld ing to prevent air c i rcu la t ion 

and provide some degree of i so la t ion ; th is degree 

of iso la t ion can eas i ly be changed as more de­

ta i led cr i ter ia are estab l ished. Floor loading 

design w i l l be based on necessary requirements 

for handl ing and storage of shielded carriers and 

other operations equipment. 

A minimum of f loor space for the operating 

staff and control room is located at the same 

elevat ion as the main reactor f loor level and 

d i rec t ly over the beam hole experimental areas. 

Access to the of f ices and control room is ava i l ­

able through the corridor wi thout entry to the 

reactor bu i ld ing . A common emergency ex i t is 

provided for the control room and the rear of the 

hot ce l l bu i ld ing. 

Process Water Bu i ld ing . - Figure 19 is a hor i ­

zontal sect ion through the shielded ce l l area 

of the process water bu i ld ing, showing an arrange­

ment of the major pieces of equipment for the 

reactor and pool cool ing and demineral iz ing 

systems. The f loors of the ce l ls are at grade 

leve l , wi th access being provided by the removal 

of shielded block wa l l s , of fset personnel entrances, 

or roof s labs, depending upon service and in­

spect ion requirements. A 10-ft-wide shielded 

pipe gal lery common to al l ce l ls at th is e levat ion 

provides for interconnect ions, va lv ing , and in­

strumentat ion. An underground tunnel , poss ib ly 

w i th permanent access, connects th is pipe gal lery 

w i th the reactor bu i ld ing. 

The f loor above the process water equipment 

ce l l s is used for the e lec t r ica l d is t r ibu t ion center, 

pump star ters, air condi t ioning equipment, secondary 

cool ing system chemical treatment equipment, etc. 

The control center for the process water system, 

providing for manual operation of valves and 

equipment which are infrequently used, is in 

th is area. It is planned that those operations 

which are v i t a l and necessary in rout ine operation 

of the system w i l l be control led from a small 

graphic panel in the reactor control room in 

order to more e f f i c ien t l y integrate the over-al l 

operat ion of the f ac i l i t y . 

The bui ld ing structure above this f loor is of 

inexpensive const ruct ion, providing only weather 

protect ion. Prov is ion w i l l be made for crane 

service in those areas where ce l l roof slab or 

heavy equipment handling is necessary. 

Hot Cell Building. - The hot ce i l bu i ld ing , 

although sharing a common wal l wi th the reactor 

bu i ld ing for economy in construct ion, is considered 

a separate and d is t inc t iso lat ion area. Its 60 x 75 

f t f loor area is regarded as the minimum required 

for the ins ta l la t ion of two special purpose isotope 

handl ing ce l l s and one general purpose c e l l . 

These ce l l s w i l l be designed pr imar i ly to ease 

the problems of loading and unloading radioact ive 

samples. The hydraul ic rabbit tubes w i l l terminate 

in the two isotope handl ing ce l l s , thereby making 

i t re la t ive ly easy to load samples into transfer 

casks to be token to other f ac i l i t i e s for processing. 

It is planned to incorporate a decontamination and 

ce l l serv ic ing area wi th in shie ld ing in order to 

minimize the spread of any radioact ive contami­

nation that might resul t from sample fa i lu res . 

Deta i ls of ce l l arrangement cannot be presented 

wi thout addi t ional study, although i t is general ly 

agreed that ex is t ing laboratory designs modif ied 

to incorporate pool transfer features are adequate. 

The bui ld ing construct ion w i l l be simpler in 

design than that of the reactor bu i ld ing; i t is 

probable, however, that some form of ac t i v i t y 

confinement features w i l l be incorporated. 

Truck and personnel access w i l l be provided 

at grade leve l , as in the reactor bu i ld ing . An 

overhead crone w i l l be provided for handl ing the 

hot cel l sh ie ld ing and for transfer casks. 

2.9. Facil i ty Location and Arrangement 

The proposed locat ion for th is reactor f ac i l i t y 

is shown in F ig . 20, which is a plant layout 

drawing of the Oak Ridge Nat ional Laboratory. 

The indicated s i te and the area to the west of i t 

have been reserved as a reactor area in the plant 

planning program for several years. There are 

several other poss ib le locat ions for the reactor, 

and these w i l l be carefu l ly evaluated before a 

f inal decis ion is made; the proposed s i te , however, 

appears to be the best choice at present. 

The Laboratory center is sh i f t ing to the east 

as far as general o f f ice and laboratory space are 

concerned, and the 4500 area, as indicated on th is 

p lan, is the admin is t ra t ive, o f f i ce , and laboratory 

area. Contracts have been let for approximately 

$10 mi l l ion to provide addi t ional o f f ice and labo­

ratory space in the 4500 area. The s i te se lec t ion , 

therefore, is consistent wi th the over-al l plan to 

separate operat ions involv ing the handl ing of large 
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quant i t ies of radioact ive mater ials from the normal 

o f f ice and laboratory funct ions. 

In th is proposed locat ion the land slopes down 

from H i l l t op C i r c l e toward Central Avenue, and 

therefore the locat ion is advantageous for a 

bu i ld ing to which grade access is desirable from 

several leve ls . In add i t ion, the area selected is 

convenient ly located wi th respect to services such 

as waste d isposa l , power, and water. The short 

d istance (approximately 150 yards) from other 

reactor ins ta l la t ions w i l l a l low the Operations 

D iv i s ion to u t i l i ze their operating personnel and 

equipment more e f f i c ien t l y , thereby reducing the 

operat ing costs to a minimum. 

It is planned to convert an ex is t ing cafeter ia , 

Bu i ld ing 2010, to provide space for o f f ices and 

laborator ies needed by the Operat ions D i v i s i on . 

Thus a minimum of such space w i l l be needed in 

the new f a c i l i t y ; th is is considered h ighly de­

s i rable from the standpoint of control of poss ib le 

contaminat ion. 

In cons ider ing the many poss ib i l i t i es for arrange­

ment of the f ac i l i t y , the conclusion has been 

reached, on the basis of the operating experience 

of the Reactor Operations D iv is ion and the Isotope 

D i v i s i on , that contamination can and w i l l occur 

as a resul t of handl ing mater ials in and around 

reactors. Th is has led to the arrangement shown 

in F i g . 2 1 , in which the reactor bu i ld ing, the beam 

hole bu i ld ing, the hot ce l l and isotope handl ing 

bu i ld ing, the o f f ice and control room space, and 

the process water bui ld ing w i l l be separate areas 

in so far as th is is p rac t i ca l . Each of these areas 

w i l l be a separate enclosure w i th respect to 

ven t i l a t ion , truck access, and personnel access, 

and each w i l l be designed to provide the degree 

of containment judged to be adequate for the 

part icular operations that w i l l be carried on in 

that area. Th is pr inc ip le of iso la t ion has been 

successfu l ly used in the Isotope D iv is ion for years 

and has been proved to be a sound approach. 

3. REQUIRED RESEARCH AND DEVELOPMENT 

3 . 1 . C r i t i ca l Experiments 

Cr i t i ca l experiments wi th f lux- t rap geometries 

are being planned as part of a program of general 

research and development for ul t ra high f lux 

reactors . Arrangements appl icable to the design of 

the HFIR w i l l be invest igated in th is program along 

w i th other systems, providing data necessary for 

f i na l opt imizat ion of the HFIR core . The ef fect of 

vary ing the geometry of the sample exposed in the 

central i r radiat ion f a c i l i t y on the achievable 

thermal f lux w i l l be of part icular interest in these 

s tud ies . Temperature coef f ic ients of reac t i v i t y 

w i l l a lso be determined as a basis for spec i fy ing 

control system requirements. 

In the experimental program as now planned, 

h ighly enriched U in so lu t ion w i l l be contained 

in on annulus formed by two concentr ic cy l i nd r i ca l 

t anks . Water and other mater ia ls , such as neutron 

absorbers or bery l l ium, w i l l be placed in the inner 

tank, and the ent ire assembly surrounded by a 

good ref lector of bery l l ium, D . O , or graph i te . 

Each assembly w i l l be mode c r i t i ca l by vary ing the 

concentrat ion of the U^'^^ in the fuel reg ion. Fo i l s 

w i l l be irradiated in the various regions to de­

termine the neutron f lux d i s t r i bu t ion . 

In addi t ion to the c r i t i ca l experiments required to 

provide data necessary for the conceptual design of 

the HF IR , a c r i t i ca l assembly s imulat ing or dup l i ­

cat ing the f ina l design w i l l probably a l so be 

required because of the unique arrangement and 

performance character is t ics of the reactor . 

3.2. Fuel Element Development 

The development of fuel elements capable of 

operating at maximum power dens i t ies up to 

7500 kw / l i t e r and overage power dens i t ies up to 

4000 k w / l i t e r is desirable in order to achieve the 

maximum thermal neutron f lux at minimum tota l 

power levels in the H F I R . A t th is t ime, one type 

of fuel element shows promise for achieving such 

performance. This fuel element u t i l i zes 30- to 

50-mil plates spaced 30 to 50 mi ls opart, su i tab ly 

curved to permit complete f i l l i n g of the annular 

fuel reg ion . Both d ispers ion and al loy fuels w i l l 

be considered for the fuel-bearing port ion of the 

p la tes, w i th either aluminum or s ta in less steel 

c ladd ing . For highest performance, moreover, 

a method of vary ing the U concentrat ion across 

the width of the plate to f la t ten the radial power 

d is t r ibu t ion must a lso be developed. 
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A research and development program to investi­
gate the general field of high-power-density fuel 
elements has been proposed. The results of this 
program wi l l for the most part be specifically 
applicable to the design of HFIR fuel elements. 

3.3. Engineering Experiments 

Hydraulic Tests. — The two-pass flow of coolant 
water presently planned should involve few 
problems of flow distribution between various 
regions of the reactor. During the first pass, all 
the primary water flows vertically upward through 
core components having relatively small heat 
generation rates — the thermal shield and be­
ryllium reflector. These regions wi l l be over-
cooled, and the margin for error in flow distr i­
bution wi l l be large. Following coolant reversal 
at the top of the core, the total flow wi l l pass 
vertically downward through the fuel annulus, 
sample cylinder, water island, and shim plates. 
The planned flow rate is sufficient to ensure a 
45-fps velocity in the fuel region and more than 
adequate cooling for the sample and island (based 
on 50-kw heat generation in the sample). 

Because of the large power density and heat flux 
necessary in the fuel annulus, it is felt that studies 
of flow distribution between individual channels 
and across the fuel annulus radius are necessary. 
Any observed flow maldistribution would be 
intimately related to the engineering hot channel 
factor, taken as 1.7 in the present design. This 
factor may have to be modified according to the 
results of the studies of flow gap variation and 
flow distribution. Since the axial and radial 
variations of heat generation rate are everywhere 
the same for the symmetrical fuel annulus (within a 
tolerance established by variation in fuel loading), 
and since the pressure drop across the fuel region 
is relatively large, good flow distribution is ex­
pected. 

To ensure a stable and hydrodynamically es­
tablished boundary layer at the tops of the heated 
portions of the fuel plates, it is desirable to extend 
the plates (without fuel) approximately 4 in . A 
simple flow test would indicate the adequacy of 
such a plate extension. 

The only uncertainty with respect to fuel region 
pumping power which should be investigated is the 
effect of relative roughness on pressure drop. 
As was pointed out by Lancet in a recent paper,'^ 
channels of very small equivalent diameter wi l l act 
like rough channels unless special care is taken to 
ensure a smooth surface. Lancet's results show a 
132% increase in friction factor above smooth-
surface data for a channel for which a 3% increase 
would be predicted from standard correlations. 
This very large discrepancy dictates caution in 
accepting Lancet's data, but a possible problem 
area is indicated. 

Fuel Element Behavior. - The mechanical 
stability of the fuel plates under the influence of 
impact head, frictional pressure drop, and possible 
flow-induced lateral vibration should be determined 
by experiment. 

Heat Transfer Measurements. — To duplicate 
the large heat fluxes necessary in the fuel region, 
it would be necessary to conduct tests under high 
pressure to prevent local boiling. The basis of 
selection of the equation for heat transfer coef­
ficient has already been discussed; it is felt that 
this relation is adequate for the present reactor 
design and that only spot checks on a small arid 
simple model are required. The possible surface 
roughness effect mentioned above would increase 
the heat transfer coefficients above those used 
(but the increase in friction factor would be larger). 

Should aluminum be further considered as a 
cladding material, short-time tests of electrically 
heated fuel plates operating under design heat flux 
and coolant velocity would yield valuable data 
relative to surface corrosion-erosion and possibly 
needed fuel plate fouling coefficients. 

The heat transfer tests should be terminated by 
burnout studies to indicate the seriousness of 
such a failure and to establish a more accurately 
known level of burnout power density. 

3,4, Instrumentation and Control System 

The main instrumentation problems appear ai this 
time to be those concerned with providing as­
surance that adequate cooling is present for the 
reactor core and experimental faci l i t ies. This 
concern is a natural consequence of the fact that 

R. T . Lance t , A m . Soc, Mech. Engrs . , Paper No. 
58-A-122 (1958). 
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the heat transfer rate has been pushed very high in 

order to minimize the reactor power level needed 

to achieve the desired f l u x . It is not ant ic ipated 

that a great deal of development work w i l l be 

required for instrumentation of th is type; the 

project w i l l require, however, a considerable 

amount of careful engineering of the ins t ru­

mentation for process water con t ro l . 

Nuclear instrumentation does not appear to 

require an effort much greater than that normally 

expended on a reactor of the MTR-ORR type. 

It is however, considered h igh ly desirable to 

invest igate the appl icat ion of modern techniques 

in e lec t ron ics , such as so l id state devices 

( t ransistors) , in order to reduce maintenance 

problems and to give added assurance against 

unnecessary shutdowns. 

An addi t ional compl icat ion brought on by the 

extremely high power densi t ies and the small s ize 

of the reactor core is the problem of control rod 

loca t ion . Th is problem resolves i tse l f into one of 

obtain ing suf f ic ient control of k in the machine and 

at the same time not unduly perturbing the f lux 

d is t r ibu t ion in the fuel reg ion. The approach to 

th is problem is to locate a number of control rods 

in the primary ref lector c lose enough to the core to 

exercise suf f ic ient control during normal operation 

at power and yet far enough removed so that the 

power d is t r ibut ion in the core is not ser ious ly 

changed as a funct ion of rod pos i t i on . In order to 

obtain a greater control of k to provide for a 

reasonable safety margin, addi t ional control rods 

w i l l be located very c lose to the fuel region, as 

previously mentioned. 

Nuclear ca lcu la t ions for cer ta in core conf igu­

rat ions have shown the poss ib i l i t y of a pos i t ive 

temperature coef f ic ient of reac t iv i t y associated 

Table 5. Design and Construction Schedule 

Description 

Facility design criteria 

Reactor component design 

Facil i ty design 

Construction and installation 

Init ial testing and operation 

By 

ORNL 

ORNL 

Architect-engineer 

Contract 

ORNL 

Start 

July 1959 

August 1960 

August 1960 

April 1961 

October 1963 

Completion 

July 1960 

August 1961 

March 1961 

October 1963 

May 1964 

w i th the temperature of the water cool ing the fuel 

e lements. A t the present t ime there is not a great 

deal of information avai lab le on th is matter; how­

ever, every effort w i l l be expended to invest igate 

th is in greater d e t a i l , in the form of both ca lcu ­

lat ions and c r i t i ca l exper iments. If the coef f i c ien t 

for rapid increases in temperature is not negat ive, 

i t may be necessary to take an ent i re ly new 

approach on the control system, and this would 

require an extensive effort in terms of research and 

development. 

4. CONSTRUCTION SCHEDULE AND COST 

ESTIMATE 

4 . 1 , Schedule 

Present information from the AEC indicates that 

design and construct ion funds cannot be made 

ava i lab le before Ju ly 1, 1960. The schedule g iven 

in Tab le 5 is based on the premise that funds 

w i l l be made ava i lab le for conceptual design 

studies and for research and development work 

on Ju ly 1, 1959. Design c r i te r ia , therefore, 

should be in good order by Ju ly 1, 1960, and i t 

should be possib le to retain an archi tect-engineer 

immediately upon ava i l ab i l i t y of funds for th is 

purpose. 

If i t is decided that i t is necessary to complete 

the project in a shorter period of t ime than the 

schedule ind icates, i t w i l l be necessary to change 

the proposed method of handl ing th is project . 

One method which has been successfu l ly used 

for handl ing a project of th is type in order to 

achieve faster complet ion is to retain a combined 

archi tect-engineer and construct ion contractor on a 

cost-p lus- f ixed- fee contract . A contract of the 

cost-p lus- f ixed- fee type would probably resul t in 
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some increase in cost , which would have to be 

balanced against the advantages of earl ier com­

p le t ion . 

4.2. Cost Est imate 

The tota l cost of the H F I R , inc lud ing the reactor 

bu i ld ing and support ing f a c i l i t i e s , is est imated at 

th is t ime to be $12 m i l l i o n . The est imates given 

in Tab le 6 are based on construct ion costs at 

Oak Ridge and are extrapolated from experience in 

bu i ld ing the 20-Mw Oak Ridge Research Reactor. 

Table 6. Cost Estimate 

Item Contract ORNL Total 

A. Engineering, des ign, and inspection 

(12% of construction costs) 

B. Construction costs 

1. Land and land rights 

2. Improvements to land 

3. Building 

a) Structure 

b) Services 

4. Other structures 

a) Structure 

b) Services 

c) Equipment 

5. Uti l i t ies 

6. Equipment and installation 

7. Removal costs less salvage 

C. Contingency (10% of A through B) 

D. Total 

$ 745,000 $ 425,000 $ 1,170,000 

100,000 

900,000 

700,000 

100,000 

80,000 

1,000,000 

1,000,000 

4,275,000 

900,000 

$9,800,000 

25,000 

500,000 

50,000 

1,000,000 

200,000 

$2,200,000 

125,000 

900,000 

700,000 

1 00,000 

80,000 

1,500,000 

1,050,000 

5,275,000 

1,100,000 

512,000,000 
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APPENDIX 

Le t te r from J . H. Wi l l iams to A. M. Weinberg, December 12, 1958, Summarizing 

Resul ts of High Flux Research Reactor Meeting 

1 would l i ke to thank you for your par t ic ipat ion in the November 24 meeting in Washington on high 

f lux research reactors. Your advice and suggestions w i l l be of great help to us in our high f lux research 

program planning, 

I was espec ia l ly pleased that a l l of the recommendations and conclus ions expressed at the meeting 

received the unanimous support of the par t ic ipants . 

It is my understanding that agreement was reached on the fo l lowing points : 

1. Flux regions. Plans should be made for construct ion of reactors in the 3—5 x 10 

f lux region. While for certain uses, f luxes in the 10 range are very desi rable, current 

technology is only adequate for construct ion of reactors in the 3—5 x 10 f lux region. 

Development of concepts for high f luxes should be cont inued w i th support from the D i v i ­

sion of Reactor Development, 

2. Types of reactors. Emphasis should be given to reactors designed to be most 

sui table for speci f ic research areas rather than to a reactor which would attempt to 

sat is fy al l needs. There are needs for: (a) A high f lux ( f lux- t rap t ype , 3 - 5 x 10^^ 

n/cm sec) reactor for isotope product ion, of primary interest to the chemistry program; 

th is reactor can be designed now and is est imated to cost approximately $10 m i l l i on , 

(b) A larger reactor providing adequate volume for numerous beam holes for phys ics ex­

per iments; th is reactor ( f lux of the order of 3—5 x 10 ) is est imated by A N L to cost 

approximately $30 -$35 m i l l i on , and w i l l require some (year or more) further development. 

3. Plans, (a) Isotope producer — It was unanimously agreed that an isotope producer 

reactor be designed and constructed at ORNL. Th is decis ion on locat ion was based on 

(1) ava i l ab i l i t y of fuel reprocessing f a c i l i t i e s , (2) ava i l ab i l i t y of f ac i l i t i es for processing 

and d is t r ibu t ing the products of the i r radiat ion, (3) the recogni t ion that ORNL is a nat ional 

center for isotope research and development, and (4) interest in the laboratory in con­

struct ing the reactor. Th i s reactor would serve as the f i rs t AEC-wide high-f lux f ac i l i t y 

and be operated in conjunct ion wi th the national heavy element production program. In 

ant ic ipat ion of the inc lus ion of a construct ion request for th is reactor in the FY 1961 

budget, a meeting w i l l be held in two or three months in order to d iscuss in further deta i l 

the design, f a c i l i t i e s , and use of the reactor, (b) Physics reactor — Argonne w i l l explore 

wi th the D iv is ion of Reactor Development support for design and development of the 

mult i -purpose reactor (type (b) of paragraph 2). Af ter the development period, A N L may 

submit a proposal to the D iv i s ion of Research. It should be noted that the A N L develop­

ment studies w i l l also be of use in the subsequent development of a 10 f lux "bar re l of 

neu t rons . " 

Thank you again for your interest and cooperat ion. 1 would be pleased to receive any further 

comments or recommendations you may care to make. 
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