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TORY II-A 

A Nuclear Ramjet Test Reactor 

Edited by 

James W. Hadley 

Lawrence Radiation Laboratory, Universi ty of California 

L ive rmore , California 

ABSTRACT 

The first tes t r eac to r in the Pluto prograna, leading to development of 

a nuclear ramjet engine, is called Tory II-A. While it is not an actual p r o t o ­

type engine, this r eac to r embodies a core design which is considered feasible 

for an engine, and operat ion of the r eac to r will provide a tes t of that core 

type as well as m o r e general ized values in r eac to r design and tes t ing. 

The design of Tory II-A is essent ia l ly complete at the t ime of writ ing, 

and construct ion of the r eac to r and of its tes t facility is in p r o g r e s s . Test 

operat ion of the r eac to r is scheduled to s t a r t la te in I960 at the Atomic Energy 

Commiission's Nevada Test Site. 

Operation of the Tory II-A core at a total power of 160 megawat ts , with 

800 pounds of air per second pass ing through the core and enaerging at a t e m ­

pe ra tu re of 2000 °F, is the cent ra l objective of the tes t p r o g r a m . All other 

reac tor and facility components exist to support operat ion of the core , and 

p re l imina ry steps in the tes t p r o g r a m itself will be d i rec ted p r ima r i l y toward 

ensuring attainment of full-power operation and collection of meaningful data 

on core behavior during that operation. 

The core , 3 feet in d iameter and 4 - l / 2 feet long, will be composed of 

bundled ce ramic tubes whose cent ra l holes will provide continuous air pa s sages 

from end to end of the r eac to r . These tubes are to be composed of a homo­

geneous mix ture of UO^ fuel and BeO modera to r , compacted and s in tered to 

achieve high s t rength and density. 
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Surrounding the core will be a thick graphite reflector containing move­

able boron- loaded nuclear control e lements . The ent i re r eac to r , together 

with control ac tua tors , a duct to br ing coolant a i r up to and away from the 

core , and other auxi l ia r ies , will be mounted on a railToad flatcar for conven­

ient t ranspor ta t ion between a s semb ly -d i s a s sembly shops and the tes t point. 

A group of s teel tanks will s to re 100,000 pounds of a i r , enough to cool 

the r eac to r at full power for at leas t a minute, with sufficient r e s e r v e for 

s ta r tup and shutdown p h a s e s . In addition, blowers will furnish a continutjus 

supply of a i r at a much lower ra te for low-power operation and for p ro t r ac ted 

cooling after a full-power run. 

Operation of the r eac to r will be control led from a building about two 

mi les distant from the tes t 'point . In addition to information on inlet a i r con­

ditions and on neutron flux level which will be n e c e s s a r y for r eac to r control , 

very extensive data on a i r and s t ruc tu re t e m p e r a t u r e s throughout the r eac to r , 

on a i r p r e s s u r e distr ibution, and on s t r a in and vibration in the r eac to r will be 

t r ansmi t t ed to the control building for display and record ing . 

A heavily shielded d i sassembly building, fitted with remote-handl ing 

equipment, will provide for inspection and repa i r during the course of tes t 

opera t ions , as well as dismantling of the r eac to r after completion of t e s t s , 

to pe rmi t thorough examination of components . 
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TORY II-A 

A Nuclear Ramjet Test Reactor 

Edited by 

James W. Hadley 

Lawrence Radiation Laboratory, Universi ty of California 

L ive rmore , California 

1. PURPOSE OF THE TORY II-A EXPERIMENT 

The Tory II-A reac tor descr ibed in this repor t is to be the first of a 

s e r i e s of exper imental r eac to r s leading to the development of a nuclear r a m ­

jet engine. It will be a smal l , a i r -cooled, high power-dens i ty reac to r ope ra ­

ting at very high t e m p e r a t u r e . 

Design of the r eac to r is now nearing completion. F i r s t h i g h - t e m p e r a ­

ture operation is scheduled for late i960 at the Nevada Test Site of the Atomic 

Energy Commiss ion. 

The Pluto p rog ram, devoted to development of a nuc lea r -powered r a m ­

jet engine, r equ i res development of a r eac to r having decidedly unconventional 

qual i t ies . This reac to r , to be used as a heat source in the ramjet engine, 

must be run at exceptionally high power while its s ize and m a s s a r e kept to a 

min imum. Half of the volume of the reac tor must be devoted to open coolant 

flow a r e a . Tempera tu re of the r eac to r core ma te r i a l must approach 2500 °F, 

well above the t e m p e r a t u r e s at which most conventional s t ruc tu ra l m a t e r i a l s 

lose thei r s t rength. F u r t h e r m o r e , this r eac to r must withstand the th rus t of 

a la rge air p r e s s u r e drop a c r o s s its length, and the additional loads due to the 

accejerat ion of maneuver ing . It mus t stand up under seve re t he rma l s t r e s s 

caused by large changes in core t e m p e r a t u r e . Ext remely high radiat ion flux 

levels p resen t severe problems in heat removal as well as in avoidance of 

radiation damage to many components of the r eac to r and its control sys tem. 

Although it is intended to be the forerunner of such a nuclear ramjet 

r eac to r , Tory II-A does not at tempt to mee t all these r equ i r emen t s , but in­

stead at tempts to s idestep as many as possible without avoiding the main p r o b ­

lem of producing a core s t ruc tura l design at leas t approaching satisfaction of 

the ramjet needs . The Tory II-A p r o g r a m is regarded as a mechanical and 

chemical engineering tes t of a likely core design. The core is designed to 

r e semble the core of a feasible ramjet r eac to r in m a t e r i a l s , s t ruc tu re , power 
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density, t e m p e r a t u r e , and air-f low p r o p e r t i e s . Other features of the r eac to r 

have been chosen to support this bas ic a im. Development of m o r e rugged sup­

port s t r u c t u r e s , of re f lec tors having minimum size and weight, and of com­

patible smal l control e lements will come la te r in the s e r i e s of Pluto r e a c t o r s . 

The three pr incipal ways, then, in which Tory II-A differs from a fly-

able ramjet r eac to r a r e these : 

a. To avoid excess drag and weight, a flying ramjet engine will have a 

ref lector of min imal th ickness . Tory II-A, on the other hand, will be provided 

with a very thick graphite ref lec tor . Movement of abso rbe r vanes within this 

ref lector will provide nnore than ample control for all r eac to r opera t ions . 

b . The engine ref lector may not provide sufficient incrennental r eac t i v ­

ity to cover all operat ing conditions of the engine. Consequently, at leas t 

some of the engine control elennents may have to be located within the high 

t e m p e r a t u r e r eac to r co re . Tory II-A will not contain any control e lements 

in its co re . 

c. Tory II-A will not be designed for the s t r e s s e s to be expected in 

ramjet maneuver ing, but only for those resul t ing in p r e s s u r e drop in the cool­

ing air and from the r e a c t o r ' s own weight. An effort will be made to ensure 

that vibration loads do not damage the reac to r , although information on this 

problem is st i l l m e a g e r and is looked for as one of the benefits of actual Tory 

II-A operating exper ience . 

For a m o r e extensive discuss ion of the a ims of the Pluto p r o g r a m and 

of the general r equ i remen t s for the engine, the r eade r is r e f e r r ed to UCRL 
1 2 repor t s dealing m o r e specifically with those top ics . ' 

It should be noted that the exper ience and information gained with the 

operation of Tory II-A will be of benefit not only to the Pluto p r o g r a m but a lso 

in its application to the m o r e general field of h igh - t empera tu re power r e a c t o r s . 
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2. GENERAL DESCRIPTION 

Before going into a detailed descript ion of the Tory II-A reac to r , with 

a d iscuss ion of the analysis upon which i ts design is based, we will undertake 

a brief but general descr ipt ive chapter . Each topic is taken up in much great 

e r detail in the chapters that follow. 

2. 1 Reactor 

The Tory II-A p r o g r a m is strongly centered upon operation of the co re . 

Everything else is designed to a s s i s t or make possible this operat ion. 

The core is cyl indrical in form, about 45 inches long, and 32 inches in 

d i ame te r . It consis ts of a very la rge number of small thin-walled beryl l ia 

tubes, supported in the openings of a honeycomb-like grid of bery l l ia l inks . 

The links a r e joined by meta l tie rods which pass completely through the core 

from end to end and support the axial th rus t of a i r p r e s s u r e on the co re . All 
235 of the smal l bery l l ia tubes which contain U fuel, a re lined up end- to-end 

to provide continuous flow passages down the length of the r eac to r . Air flow­

ing through these passages rece ives heat d i rect ly from the fueled tube wa l l s . 

Each opening of the honeycomb link s t ruc tu re is capped at the r e a r of the r e ­

actor by a base plate supported on the six surrounding tension rods . These 

base plates in turn support the ma t r ix of fuel tubes within each honeycomb 

section. At the front, or inlet, end of the reac tor , about six inches of core 

will be left unfueled to provide a neutron reflector; an appreciable saving in 

fuel at the cost of only a slight i nc rease in core power density can be effected 

by this ref lector . 

About half of the total volume of the core is void space . 

A 1-1/2-in. -thick meta l g a m m a - r a y shield, perfora ted by holes for the 

a i r s t r eam, is placed di rect ly in front of the inlet end of the co re . 

The core is supported throughout its length by the tension rods . The 

ups t ream ends of the rods a re supported by a grid mounted on the a i r duct. 

The load at the downstream end is c a r r i ed to a meta l sleeve or shroud which 

ent i rely surrounds the co re . This shroud, in turn, is ent i rely supported, 

can t i l ever -wise , frona the air duct at the ups t ream end of the co re . The 

shroud, which is provided with internal a i r -cool ing pas sages , s e rves also as 

a heat shield to isolate the high t empe ra tu r e core from the a i r duct. 

The section of a i r duct pass ing through the reac to r is composed of l / 2 -

in. -thick aluminum alloy and is water jacketed. 
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The main ref lector for Tory II-A is annular in form and is composed of 

a layer of graphite about 2 ft thick supported outside the a i r duct. It extends 

the full length of the co re . 

Eight graphite cyl inders within the ref lector , each 20 inches in d iameter , 

a r e free to rota te on axes para l le l to the axis of the r eac to r . A 90" sec tor of 

each rotating cylinder is provided, near its outside surface, with a layer of 

boron. The eight cyl inders rotate in unison and regulate the effective neutronic 

thickness of the ref lector , providing react ivi ty regulation for g ross control of 

the r eac to r . 

Four absorbing rods spaced symmet r i ca l ly around the ref lector nea r its 

inner surface slide in and out length-wise through the whole ref lec tor . These 

four rods a r e identical in construct ion and interchangeable , although normal ly 

one will be used for fine control of react ivi ty and the other th ree held with­

drawn, with two to be inse r ted in case of sudden need for rapid dec rea se in 

react iv i ty . 

The eight rotating vanes a re driven by individual hydraulic ac tua tors 

which will respond alike to a single e lec t r i ca l s ignal . The four sliding rods 

will be driven by individual hydraul ic cy l inders . 

2. 2 Air Duct 

Ups t ream from the r eac to r , a i r p a s s e s through a diffuser section, con­

sis t ing f irs t of a constr ic t ion, then an expanding section containing a gr id . This 

section is designed only to satisfy the r equ i rement s of Tory II-A as a tes t r e ­

ac tor , and is not intended to r ep re sen t a likely ramjet inlet configuration. 

Air leaving the r eac to r pa s se s through another nozzle which is d i rec ted 

upward, at a 30° angle to the hor izontal . The throat of this nozzle , at which 

the a i r r eaches Mach 1, holds des i r ed a i r p r e s s u r e against the exit face of the 

r eac to r . In producing a supersonic exhaust jet, the exhaust nozzle a lso se rves 

the purpose of helping effluent a i r to reach a considerable height, so that noxious 

exhaust m a t e r i a l s will not be deposited on the ground behind the r eac to r . 

2. 3 Test Faci l i t ies 

The reac to r together with the inlet a i r duct and exhaust nozzle is to be 

mounted on a ra i l road flat car , with such auxi l iary equipment as cooling water 

ducts and the hydraul ic control actuator sys t em. Figure 2-1 shows the a r r a n g e ­

ment of the tes t vehicle . 

The complete tes t ca r and r eac to r will roll on t r acks up to the face of a 

t es t bunker containing a i r controls and racks of ampl i f ie rs , r e l ays , and recordin 
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i n s t rumen t s . Posit ioning of the ca r at the bunker face will be done by remote 

control . 

The bunker, en tered through a 500-ft-long ea r th -cove red tunnel, will 

provide access to the a i r supply sys tem and to e lectronic racks between r e ­

actor runs . No one will remain in the bunker during actual operat ion of the 

r eac to r or of the a i r supply. 

Control of the r eac to r sys tem during a run will be accomplished ^rom 

a building located about two mi les from the tes t bunker . Recording and d i s ­

play of all quantities of p r i m a r y impor tance will also be at the control bui ld­

ing. 

Air for full power r eac to r runs will be supplied from a blowdown s y s ­

tem consist ing of a set of la rge steel tubes, s tor ing sufficient a i r at 4000 ps i 

for a run of about two minutes duration at full ra ted r eac to r power. When the 

r eac to r is opera ted below about 10% of full power, cooling a i r may be supplied 

for an indefinite per iod by a set of l a rge b lowers . 

Before it en te r s the reac to r , a i r will be passed through a s to red -ene rgy 

hea te r consist ing of a bank of heavy steel tubes suspended in a cell , p rehea ted 

by an oi l - f i red furnace. This steel will supply heat to the incoming a i r to 

r a i s e it to a t e m p e r a t u r e of 1063 °F at the r eac to r inlet, corresponding to the 

r am air t empe ra tu r e at the inlet of a ramjet engine flying at Mach 3. 0 at 1000 

ft al t i tude. 

For inspection or d i sas sembly after a s e r i e s of runs the r eac to r car will 

be moved to a building about two mi les from the tes t point. Fac i l i t ies will be 

provided in this heavily shielded building for complete d i sassembly and pack­

aging of r eac to r components as well as inspection of the r eac to r . A bay at the 

side of the d i sassembly building will provide space for initial a s sembly of the 

r eac to r and c a r . 

The r eac to r ca r will be moved between the d i sassembly building and 

tes t point by an e lec t r i c mine locomotive controlled remote ly from the r e ­

ac tor control building. 

2 .4 Operation 

Tory II-A is scheduled for f irs t c r i t i ca l operation in Nevada in l a t e - I960 . 

A tes t p r o g r a m last ing about five months will then be c a r r i e d out, hopefully 

pass ing through achievement of a number of l imi ted exper imenta l objectives to 

final t es t s of operat ion at full ra ted power and t e m p e r a t u r e . At the end of this 

per iod the first core will be removed for thorough examination and a second 
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core substi tuted for continuation of the tes t p r o g r a m . Since fabrication of 

the second core will have to s ta r t before initiation of the f irs t t e s t s , it will 

not be poss ible to use f i r s t - co re tes t r esu l t s to any great degree to improve 

the design of the second co re . However, some improvements in concept 

gained during design and construction of the first core should be available for 

inclusion in the second. 

There a r e many questions about r eac to r behavior that can be answered 

at very low power and t empera tu re and which must be answered before oper ­

ation at higher power and t empera tu re points is r i sked. The reac tor tes t 

p r o g r a m will be laid out so that by any t ime during the p r o g r a m a maximum 

of information with a minimuna of r i sk of r eac to r loss will have been achieved 

Power , t empe ra tu re , and a i r flow will thus be held below fixed l imi ts at any 

t ime . As the exper imenta l p r o g r a m p r o g r e s s e s , these l imi ts will be ra i sed 

until finally the design-point values a re reached. 

The principal objectives of the Tory II-A exper imental p r o g r a m fall 

under a few main headings: f irst will be a study of the s t ruc tu ra l behavior 

of a core design showing pronaise for ramjet engine application; the second 

will be a study of the ae ro - the rmodynamic behavior of the core-a i r heat ex­

change sys tem; a thi rd c lass of information to be obtained falls under the 

heading of r eac to r neutronic behavior; and finally, valuable exper ience will 

be gained in the operation of a tes t r e ac to r . Aside from information c l a s s i ­

fiable under any one of these subjects , it is of course of the g rea tes t in te res t , 

and only possible with an actual reac tor , to study the r eac to r sys tem as a 

whole with interact ions among all of the separa te sys tems of in te res t . 

Actual operation of Tory II-A will take place during a long s e r i e s of 

runs of varying individual durat ion. The r eac to r power, t e m p e r a t u r e and 

air flow p r o g r a m for each run will be fixed for the run, with a set of specific 

objectives and l imitat ions kept in mind. Enough inst rumentat ion and r e c o r d ­

ing equipment will be provided that infornaation will be available, after each 

run, on the behavior of all important p a r t s of the r eac to r . Information of 

p r i m a r y importance will be displayed in the control room for observat ion 

during the run and naore will be recorded t h e r e . In addition, a considerable 

amount of additional information will be recorded on char t s in the tes t bunker 

for l a t e r re fe rence . Thus, an immediate evaluation of r eac to r behavior d u r ­

ing a run will be available to the opera to r s , while m o r e extensive data will be 

available for detailed analysis l a te r if it is deemed of in te res t . 
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3. STRUCTURE OF CORE 

3. 1 General Fea tu re s of Core Design 

The core is the element of cent ra l inaportance in the Tory II-A reac to r , 

containing those m a t e r i a l and s t ruc tu ra l features whose testing is the main 

purpose of the Tory II-A exper iment . The design features embodied in this 

co re a r e those which, at the tinae of its inception, seenaed mos t p romis ing 

for ea r ly use in a nuclear ramjet engine. This core , however, is not specif­

ically a model of an engine core ; its s ize is smal l , it is not designed for a c ­

ce lera t ion loads, and no attention has been paid to the l ikely need for nuclear 

control elenaents within the co re . In addition, the thick Tory II-A ref lector 

produces a s teeper neutron flux gradient in the outer core regions than would 

probably be p resen t in an actual engine. 

The core is cha rac t e r i zed by some basic features which distinguish it 

from other possibly feasible des igns . These a r e summar ized in the following 

p a r a g r a p h s . 

F i r s t , the core mus t function as a power genera tor and heat exchanger . 

Various means of coupling the power-genera t ing regions to the a i r s t r e a m 

a re poss ib le ; the one chosen here consis ts in making the core of a ce ramic 

m a t e r i a l , solid homogeneously naixed oxides of uranium and beryl l ium, p e r ­

forated by snaooth s t ra ight holes extending through the ent i re length of the 

co re . The uranium fuel naaterial is d is t r ibuted in such a way that every hole 

rece ives an equal amount of power and impar t s an equal a i r t e m p e r a t u r e in­

c r e a s e to i ts sha re of the a i r s t reana. 

Many la rge t e m p e r a t u r e differences will exist in the core during ope ra ­

tion; to nainimize the danger of breakage through thernaal s t r e s s e s , the core 

is divided into a very l a rge number of smal l p ieces in the form of tube sect ions 

which fit c losely together . 

To provide uniform load distr ibut ion, and to prevent dislocat ions and 

d isplacements frona spreading through this la rge bundle of l i t t le tubes, it is 

provided with an in terna l skeleton of unfueled beryl l ium oxide l inks, (usually 

called "dogbones, " in reference to the i r shape) pinned together at the i r i n t e r ­

sections by naetal tie rods extending from end to end of the c o r e . 

The gravitat ional weight of the core r e s t s upon the in ternal l inks, which 

a re supported by the t ie r o d s . The thrus t of a i r p r e s s u r e drop in the core is 

c a r r i e d through its body to the downstreana end and caught by the t ie rods . 
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This ent i re core and t ie rod assembly is supported at i ts ends within a cy l indr i ­

cal meta l can (shroud), at tached at the relat ively cool ups t ream end to the main 

a i r duct. 

This mechanical sys tem is descr ibed in more detail in the following s e c ­

t ions, and is i l lus t ra ted by severa l figures showing different aspects of the 

co re . Figure 3-1 is a schemat ic d iagram indicating the mode of support of 

the pr incipal loads. F igure 3-2 shows some fuel tubes and model s t ruc tu ra l 

links (not beryl l ia ) . F igure 3-3 shows a detailed c ros s - sec t iona l view through 

the reac to r , and Fig . 3-4 is an a r t i s t ' s view of the core , showing more c lear ly 

how the fuel tubes and s t ruc tu ra l l inks a r e assembled . 

3. 2 Descr ipt ion of Mechanical System 

The Tory II-A core has roughly the form of a right c i r cu la r cylinder 

whose axis is hor izontal . The p r i m a r y mechanical load imposed on it a r i s e s 

from the loss in p r e s s u r e exper ienced by cooling a i r in pass ing through the 

r eac to r . This p r e s s u r e drop load is about 130,000 lb at design conditions of 

t empera tu re , p r e s s u r e , and power level . The overal l mechanical r e q u i r e -

naents of the core a re thus cha rac te r i zed by a need to r e s i s t a substant ial non-

synametr ical load in the horizontal plane. 

This axial load is c a r r i e d to ground by the core support s t ruc tu re , a 

hexagonal grid attached to the forward vesse l adapter . The core support 

s t ruc tu re is placed at the inlet end of the reac tor so that i ts t e m p e r a t u r e may 

be kept within the useful range of available h igh- t empera tu re a l loys. 

Attaching the core to the support s t ruc tu re , and extending through the 

core , a re 72 tension tubes (also r e f e r r ed to as t ie rods) . These naembers 

se rve to t ransfe r the axial load from the core to the core support s t r uc tu r e . 

They a r e made of a high-nickel alloy and a r e internal ly cooled by the same 

a i r flow that supplies the r eac to r . 

The downstream end of each tension rod is fitted with a flange. Together 

these flanges engage 37 base pla tes which r e s t r a i n the fuel e lements axially 

and are perforated to pass the r eac to r cooling a i r . The base pla tes a re made 

of a coated molybdenum alloy. 

Within the active port ion of the core all pa r t s except the tension rods a re 

made of beryl l ium oxide. The basic increment of construction is a hexagonal 

module approximately 5 inches ac ros s flats, extending the length of the core , 

with the tension rods located at its c o r n e r s . The module is formed by s t r u c ­

tu ra l links (dogbones) of beryl l ium oxide which connect the tension rods . The 
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volume within the module is filled with fuel e lements of a s in tered BeO-UO 

compact . These a re hexagonal tubes about 4 inches in length, 0.30 inch ac ros s 

flats, with a cen t ra l hole of 0.22 inch diameter . Their ex te r io r form allows 

stacking to fill the module, with the holes forming continuous a i r flow passages 

through the r e a c t o r . The fuel e lements a re s taggered in thei r axial location, 

forming an in ter laced a r rangement to min imize misal ignment of holes . A 

m o r e detailed discuss ion of the fuel e lements and other ce ramic pa r t s may be 

found in Section 9. 

The horizontal position of the core makes it n e c e s s a r y to provide support 

against dead loads t r a n s v e r s e to the air flow axis . This is accomplished 

through the combined action of the tension rods and a sheet me ta l shroud which 

fits inside the core p r e s s u r e vesse l and encloses the core except at the ends . 

The shroud is composed of two concentr ic cyl inders connected by a 

cor rugated cylinder between them. The three pa r t s a re assembled by spot 

welding at the c r e s t s of the corrugat ion, in o rder that shear ing s t r e s s e s may 

be t r ansmi t t ed from one cylinder to the other . The corrugat ions a re aligned 

axially to provide cooling a i r pas sages for the shroud. The ups t ream end of 

the shroud is at tached by means of machine sc rews to the c i r cu la r outer r im 

of the core support s t r u c t u r e . Its downstream end is unsupported, so that 

the shroud becomes a cant i lever beam. Attached in this way the shroud has 

sufficient r igidity to support a la rge propor t ion of the core weight. The base 

p la tes , which fit inside the exit end of the shroud, a re therefore supported by 

the shroud, through an a r rangement of h igh - t empera tu re spr ings which a c ­

commodate differential expansion and hold the base pla tes in contact with each 

other . The base plates serve to support the ends of the tension rods , which 

become sinnply-supported beams car ry ing the core weight. 

The inlet face of the core is closed with perfora ted plates of a high-

tungsten alloy, near ly identical in shape to the base p la tes . These plates 

pe r fo rm the dual function of res t ra in ing fuel-element movement (beyond an 

allowance for differential t he rmal expansion) and protect ing the core support 

s t ruc tu re from excess ive heating by absorpt ion of gamma energy from the 

co re . This gamma shield is also effective in protect ing some components 

external to the core , such as control components, from excess ive heating 

and radiat ion damage. 

At the inlet end of the core , between the gamma shield and the support 

s t ruc tu re , a r e 72 light pre load spr ings (beileville type); one assembly on each 
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tension rod. These springs se rve to hold the core connponents in the proper 

position axially while permi t t ing differential expansion between tension rods 

and beryl l ium oxide p a r t s . They bea r on the s t ruc tu ra l links r a the r than the 

fuel e lements . Space is permi t ted both axially and radial ly for differences 

in expansion between fuel elements and s t ruc tu ra l l inks. Although these pa r t s 

a r e made of the same ma te r i a l , the i r t empe ra tu r e s will in general be dif­

ferent . 

In the initial design a 4- in . length of removable space r s is left between 

the pre load springs and the ganama shield. The purpose of the space r s is to 

allow some adjustment of the active core length after assembly , if the initial 

c r i t ica l experiment shows that m o r e or l ess length is requi red to achieve the 

p roper neutronic configuration. 

The foregoing descr ipt ion has said little about a i r flow through the r e ­

ac tor . Flow through the fuel e lements , of course , consti tutes the major p o r ­

tion of the throughput, but flow is also permi t ted through the tension tubes and 

the shroud, to cool these components . The shroud cooling a i r emerges at a 

t empera tu re low enough to provide cooling for the base-p la te retaining spr ings 

as well . 

Two annuli a r e left through which no flow is des i red : between the core 

p roper and the inner surface of the shroud, and between the shroud and the 

core p r e s s u r e vesse l . The la t ter space is sealed at the inlet end by a lip of 

the shroud which engages a meta l l ic ring at the flanged joint between the core 

vesse l and the forward vesse l adapter . This is not a posit ive seal b u t m e r e l y 

provides a high-impedance flow path. The purpose of this seal is to conserve 

air and to prevent scrubbing of the aluminunn core vesse l with h i g h - t e m p e r a ­

ture a i r . It has the incidental effect of creat ing a substantial p r e s s u r e dif­

ferential a c r o s s the outer cylinder of the shroud, because the p r e s s u r e out­

side the shroud is essent ia l ly core exit s tat ic p r e s s u r e . 

The annulus between the core and the shroud requ i res a different t r e a t ­

ment . Obviously a seal at e i ther the entrance or the exit would induce a 

burs t ing or crushing force on the core comparable in magnitude to that c r e ­

ated in the shroud by the seal on the outer annulus. Such a force is not t o l ­

erable in the beryl l ia . Ideally the p r e s s u r e in this annulus should match that 

in the in te r s t i ces between outer fuel e lements at the same axial station. To 

approach this condition the annulus is divided into short sections by c i r c u m ­

ferential metal l ic sea l s , or wipers . These a re thin metal s t r ips which a re 

attached to the shroud and contact the core , thus to a la rge degree isolating 
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the spaces between them. The p r e s s u r e in these spaces is then controlled by 

the leakage from the core itself. If the leakage path ac ros s the seals is small 

compared with the leakage paths between the many smal l p ieces compris ing 

the core , the p r e s s u r e s would be expected to equalize r a the r c losely. 

3. 3 St ructura l Analysis 

A tenet of the Tory II-A design is that forces a r i s ing from the weight of 

bery l l i a in a module a r e isolated within that module and a r e not t ransrni t ted 

l a te ra l ly throughout the co re . This is accomplished by allowing the p rope r 

c lea rance between the s t ruc tu ra l links and the tension rods . The weight of 

bery l l ia in one module is low enough that the s t r e s s it produces in the s u r ­

rounding links is very low compared with the the rma l s t r e s s they a r e likely 

to susta in (see Section 9). 

The beryl l ia s t ruc tu ra l links a re sized to pe rmi t unres t ra ined expansion 

and to avoid t r ans fe r r ing loads between modules . The exact fuel-element 

dinaensions a r e de termined, with due rega rd to fabrication to l e rances , to 

a s s u r e that the fit within the module is as snug as possible without loading 

the surrounding links through differential t he rma l expansion. 

The tension tubes in Tory II-A a re subjected both to tension (from p r e s ­

sure drop loads) and to bending (from the weight of beryl l ia ) . The m a t e r i a l 

selected is Hastel loy R-235, having the advantages of high s trength and high 

elast ic modulus at elevated t e m p e r a t u r e . The controlling factor in the i r de ­

sign is deflection in bending, which mus t be no m o r e than 3/16 inch. A s imple 

tubular shape is used, with 7 /8 inch outside d iameter and 0.090 inch wall 

th ickness . 

The tubes a r e expected to reach a maximum t empera tu re about 1250 "F , 

if a i r flow through them is unres t r i c t ed . However, it nn.ay be n e c e s s a r y to 

l imit the cooling a i r and force the tension tube t empe ra tu r e up in o rde r to 

pro tec t the bery l l ia s t ruc tu ra l links from excess ive the rma l s t r e s s . This 

interact ion is being investigated exper imenta l ly . 

The core support s t ruc tu re is a hexagonal grid 6-3 /4 inches deep, welded 

within a c i r cu la r outer r ing. The outer ring c a r r i e s six support fittings which 

mate with clevis a t tachments on the forward vesse l adapter to form the only 

mechanica l connection between the reac to r core and its a i r duct. The 72 t en ­

sion tubes extend through sleeves in the support s t ruc tu re and t r ansmi t both 

axial and radia l force components to it. The shroud is attached to the outer 

ring of the support s t ruc tu re and t r a n s m i t s a bending moment . 
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The core support s t ruc tu re is fabricated of N-155, a weldable alloy with 

adequate mechanical p roper t i e s at the operating t e m p e r a t u r e . Radiation hea t ­

ing will r a i se its t empera tu re above the inlet a i r t empera tu re of 1063 "F but 

it is not expected to exceed 1250 "F at any point, for the design operat ing 

conditions. 

Design of the core support s t ruc tu re has been checked by tes t s at room 

t empera tu re on a geometr ica l ly s imi l a r s t ruc tu re made of low-carbon s tee l . 

The controlling feature in design is deflection ra ther than s t r e s s , because 

this s t ruc ture ^nd its at tachment fittings es tabl ish the alignment of the core 

within the duct. 

3. 4 Fuel Loading 

The bery l l ia tubes in the f irs t six inches of core length behind the in le t -

end gamma shield, and those in the final two inches at the exit end, will not 

contain any uranium fuel. These regions thus constitute neutronic r e f l ec to r s . 

The fuel loading in the remainder of the core tubes will be dis t r ibuted 

in such a way that the power density will be approximately uniform at any axial 

station, and the total power supplied to the full length of each a i r passage will 

be constant over the core to ± 2 - 1 / 2 % . The core neutron-flux distr ibution has 

per turba t ions due to the control e lements in the ref lector , and to the lumped 

modera to r and poison ma te r i a l at l ink-t ie rod in te rsec t ions , super imposed 

upon a s trong radial variat ion; the fuel distr ibution var ies inverse ly as the 

flux, giving flat power. F igure 3-5 maps one quadrant of the core , showing 

the loading c lass into which each fuel element fal ls . In the regions of rapidly 

varying loading, individual tubes a r e m a r k e d with thei r c lass number; e l s e ­

where , general a r e a s a re designated by c lass number . The four core quad­

rants a re m i r r o r images in loading pat tern; hence only one quadrant is mapped 

in this f igure. Table 3-1 l i s ts the fuel concentration for each of the loading 

c lasses and gives the total number of tube posit ions falling into each c l a s s . 

The fuel concentration is l i s ted as weight percent of oral loy oxide in the tube 

m a t e r i a l . 



Note; The fuel looding distribution 
in the upper core holf is a mirror 
image of that in the lower holf; 
similarly the left and right 
sides are mirror images. 

Fig. 3-5. Fuel loading distr ibution. 
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T a b l e 3 - 1 . F u e l tube load ing d i s t r i b u t i o n . 

Load ing 
c l a s s 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18* 

% UO^ 

4 . 7 0 

4 . 9 3 

5 . 2 8 

5 . 4 1 

5 . 6 8 

5 . 9 5 

6 . 2 5 

6 . 5 2 

6 .87 

7 . 16 

7 . 4 9 

7 . 8 8 

8. 27 

8 .70 

9. 12 

9 . 5 3 

10 .00 

0 

N u m b e r of tube 
in c l a s s 

60 

40 

40 

102 

120 

128 

124 

423 

480 

624 

604 

702 

548 

7 14 

1074 

1492 

1348 

72 

The e l e m e n t s of c l a s s 18 a r e unfueled and h a v e no c e n t r a l h o l e . 

To ta l fuel l oad ing : 65.0 kg UO2, con ta in ing 57.2 kg o r a l l o y . 
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4 . R E F L E C T O R , V E H I C L E , AND AUXILIARIES 

4 . 1 R e a c t o r C o m p o n e n t s 

4 . 1. 1 R e f l e c t o r and C o n t r o l E l e m e n t s 

The p o s i t i o n of t h e r e f l e c t o r on the r e a c t o r i s i n d i c a t e d in F i g . 2 -1 

wh ich shows the g e n e r a l a r r a n g e m e n t of the t e s t c a r . The s t r u c t u r e of the 

r e f l e c t o r is shown in g r e a t e r de t a i l in F i g . 4 - 1 . 

E ight i d e n t i c a l s e c t i o n s fit t o g e t h e r to f o r m an a n n u l a r r e f l e c t o r , c o a x ­

ia l wi th the c o r e and c o v e r i n g i t s full l eng th . The r e f l e c t o r i s a s s e m b l e d in 

two h a l v e s , sp l i t t i ng v e r t i c a l l y a long the r e a c t o r c e n t e r l i n e . E a c h half i s 

m o u n t e d on a c a r r i a g e , m o v a b l e on the c a r by a s c r e w - j a c k m e c h a n i s i n , p e r ­

m i t t i n g s e p a r a t e r e m o v a l of e i t h e r r e f l e c t o r hal f o r of the c o r e - a i r duct s e c ­

t ion a l o n e . 

The r e f l e c t o r i s c o m p o s e d of g r a p h i t e h a v i n g the fol lowing a v e r a g e 

p r o p e r t i e s : 

D e n s i t y 1.82 g / c m 

W a t e r a b s o r p t i o n 2. 2 wt % 

W a t e r t r a n m i s s i o n at 40 p s i , 

3 / 4 - i n . - t h i c k s a m p l e 0 . 0 1 g a l / m i n ft 

T h e r m a l n e u t r o n m a c r o s c o p i c 
-3 -1 

a b s o r p t i o n c r o s s s e c t i o n 2. 0 X 10 c m 

The c y l i n d r i c a l c e n t e r s e c t i o n s of the e ight r e f l e c t o r s e g m e n t s r o t a t e 

on a x e s p a r a l l e l to the c o r e a x i s . T h e s e r o t a t i n g c y l i n d e r s ( " v a n e s " ) a r e 

p r o v i d e d wi th 90° edge s e c t o r s con t a in ing b o r o n - l o a d e d s t a i n l e s s s t e e l t u b e s . 

Ro ta t ion of the v a n e s m o v e s the b o r o n t o w a r d o r away f r o m the r e a c t o r c o r e , 

giving l a r g e c h a n g e s in r e a c t i v i t y for r e a c t o r c o n t r o l . 

Add i t iona l c o n t r o l i s p r o v i d e d by four s l id ing b o r o n - s t e e l r o d s p l a c e d 

s y m m e t r i c a l l y a r o u n d the i n n e r p o r t i o n of the r e f l e c t o r . T h e s e r o d s nnove 

t h r o u g h a 4 0 - i n c h s t r o k e p a r a l l e l to the r e a c t o r a x i s . 

E a c h of the twe lve c o n t r o l e l e m e n t s i s m o v e d by a s e p a r a t e h y d r a u l i c 

a c t u a t o r , a l though n o r m a l l y the e ight vanes a r e e l e c t r i c a l l y ganged and m o v e 

in u n i s o n . 

Cool ing w a t e r wi l l be in d i r e c t con tac t wi th the r e f l e c t o r g r a p h i t e , so 

t ha t the g r a p h i t e is e x p e c t e d to r e m a i n w a t e r - s a t u r a t e d at a l l t i m e s a f t e r 

i n i t i a l f i l l ing of the coo l ing s y s t e m . L o s s of w a t e r by p e r c o l a t i o n t h r o u g h the 

g r a p h i t e wil l be n e g l i g i b l e , h o w e v e r . 



POISON RODS 

DRIVE SHAFT 
FOR CONTROL 
CYLINDER 

FRONT SUPPORT 
STRUCTURE 

TIE ROD 
(TYR) 

GAMMA 

INLET REFLECTOR 

GRAPHITE REFLECTOR 

CORE VESSEL 

BASE PLATE 

EXIT REFLECTOR 
I 

GO 

I 

CORE 

VERNIER 
CONTROL ROD GRAPHITE REFLECTOR 

SECTION A - A 

Fig. 4 - 1 . Reactor c ro s s sect ion. 
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Total heat deposition in the ref lector will be 3.8 Mw, of which 3.2 Mw 

will be deposited in the graphite , about 0.5 Mw in the vane poison tubes, and 

0.1 Mw in the sliding control rods . 

Heat t r ans fe r ra tes will be low, general ly in the region of 100 to 400 

watts pe r square inch. The peak heat load in the reflector will be about 100 

watts per cubic inch. Peak t empera tu re in the graphite will be held below 

200' 'F. 

The main cooling circui t for the ref lector and control vanes will provide 

a flow oi 800 ga l /min with a t empera tu re r i se of 34°F. A separa te c i rcui t 

will provide 15 ga l /min to each of the sliding rods , with a 19 °F t e m p e r a t u r e 

r i s e . 

Continuous ci rculat ion of this water will also provide protect ion against 

ref lector damage through freezing of the wet graphite during r eac to r shut­

down in cold weather . 

4. 1. 2 Core Vessel 

The core vesse l ( p r e s su re shell) , shown in Fig. 4-2 , is that pa r t of the 

a i r duct which contains the co re . This vesse l is mounted inside the ref lector , 

but has no d i rec t mechanical connection to the ref lector . A gap of design 

thickness l / 4 inch at ambient t empe ra tu r e is maintained between these com­

ponents, to allow the rma l expansion of the core vesse l and to isolate the r e ­

flector and control assembly from possible vibrat ions generated in the air 

duct sys t em. 

The p r e s s u r e vesse l will be fabricated of 6 0 6 1 - T 6 aluminum, with a 

total weight of 600 pounds. It is designed for an operating p r e s s u r e of 225 

ps i with a meta l t empe ra tu r e of 250 °F . It is expected that a s t r e s s safety 

factor of 2.5 will be rea l ized in the design. 

A cooling water flow of 300 ga l /min removes the total heat load of 2.0 

Mw, la rgely produced by neutron and gamma radiat ion. Thermal radiat ion 

and heat conduction from the air within the shell contribute only about 0.02 Mw. 

4. 2 Air Duct Sections 

Structure of the inlet and exit duct sections may be seen in Fig . 4 -2 . 

The inlet (diffuser) section is bas ical ly a convergent-divergent nozzle 

designed to del iver Mach 0.1 a i r to the core with a reasonably flat velocity 

prof i le . An aerodynamic grid (with 25% open area) is incorpora ted into the 

diffuser cone to ensure that no separat ion of a i r flow from the diffuser wall 

will occur (see Section 5. 3). 
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Fig. 4 -2 . Air duct. 
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The exit nozzle function of converting in ternal energy to d i rec ted velocity 

in the emergent a i r s t r e a m will not be needed for thrus t development on Tory 

II-A; however, a high velocity exhaust s t r e a m is of value in car ry ing radioactive 

m a t e r i a l entrapped in the exhaust awa^y from the imimediate a r ea of the r eac to r . 

For this reason, a divergent exit section is used, together with a turning s e c ­

tion in the exit duct which r a i s e s the exhaust s t r e a m to an angle of 30° above 

the hor izonta l . Aside from fulfilling this function, a choked exit nozzle is 

needed to produce ramjet engine-l ike conditions of a i r flow in the r e a c t o r . 

Specifically, by ra is ing the r eac to r exit stagnation p r e s s u r e to a uniform value 

over the r e a r face of the reac tor , the nozzle a s s i s t s great ly in providing uni­

form a i r flow throughout the r eac to r co re . 

It should be noted that the exhaust turning section is provided with a 

por t for a television camera , to provide a view of the exit end of the core 

during runs . 

A removable plate on the inlet section provides inspection access to the 

core support s t r u c t u r e . 

The ent i re a i r duct is supported on mounts forward and aft of the reac to r , 

as shown in the overal l ca r view. F ig . 2 - 1 . The r e a r mount is fixed to the car , 

while the forward mount is free to slide with the rma l expansion. 

4. 3 Cooling Water System 

The cooling sys tem is designed to accomplish two jobs. It will handle 

a high heat ra te for short per iods and low heat ra tes for long pe r iods . These 

have been es t imated , respect ive ly , at 15 Mw for 90 seconds and 1.5 Mw con­

tinuously. The higher heat r a t e s a re handled by utilizing a pumping capabili ty 

of 2000 gpm at 90 psig and the t he rma l capacity of a 50,000-gal s torage tank. 

For the lower power runs , water coolers a r e used to keep t e m p e r a t u r e s down. 

Tanks, valves, and pumps are a r ranged so that the water sys tem can acconnmo-

date any sequence of operat ion within the a i r supply capabil i ty. 

The cooling water is brought to and from the tes t vehicle by 8-in, pipes 

which a re coupled to the bunker . The flow is divided among severa l c i rcu i t s 

on the ca r . 

Valves and f lowmeters a re provided on the car so that the flow balance 

can be adjusted between runs . 

Emergency cooling water is provided by a 20-psig, 500-gpm pump which 

is run from a separa te power source and cuts in when p r e s s u r e is lost on the 

normal sys tem. 
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The water sys tem also contains a deionizer to inaintain a res i s t iv i ty 

of 10 ohm cm. 

In addition, a flow of 3 l b / s e c of a i r will be taken from the bunker and 

di rected over the tes t c a r . This se rves to remove heat from components 

which do not requi re water cooling and also se rves to reduce migra t ion of 

dir t into the equipment. 

4. 4 Air Supply System 

The air supply sys tem is designed to del iver about 1000 pounds of a i r 

per second, with 350 psia p r e s s u r e and 1100°F t empera tu re at the r eac to r 

inlet face. 

The possibi l i ty of providing a continuous high-capabil i ty a i r supply was 

investigated and found to be imprac t ica l under the existing budget and t ime 

schedule. It was decided instead to use a s t o r e d - a i r sys tem which would 

pe rmi t runs of minimum useful duration. The systena selected will s tore 

120,000 lb of a i r at 3600 psia , permi t t ing runs of about 100 seconds at full 

flow ra te , with enough res idual a i r for af ter-cooling. In addition, blowers 

will be provided for continuous air supply at low reac to r power l eve l s . The 

sys tem also contains a hea ter , and valving and instrumentat ion sufficient to 

pe rmi t considerable versa t i l i ty . F igure 4-3 is a schemat ic d iagram of the 

air supply sys tem. 

The following rules were used as a bas is for the a i r supply design. 

1. Ful l -power runs shall be spaced at leas t 48 hours apar t . 

2. All equipnaent requir ing frequent se rv ice and inspection shall be 

located ei ther in a shielded position, or at least 500 feet away from the tes t 

point. 

3. The sys tem shall be operated, during runs , from a remote point 

(the control building is about 2 mi les away). 

4. Operation of the sys tem during charging of the a i r tanks and s tored 

energy hea ter shall be from the c o m p r e s s o r house, about 2500 feet from the 

tes t point. 

5. The t empera tu re of a i r del ivered to the reac tor face shall be e s sen 

tially stable for at leas t 20 seconds during a full power run. 

6. Flow shall be calculable to 1% accuracy at any of six specified flow 

ra tes and shall be displayed in the control room within 5% accuracy over the 

ent i re range from 0 to full flow ra te . 
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7. 25 pounds per second of air at 5 psig p r e s s u r e shall be available 

continuously for indefinite pe r iods . 

8. Automatic control shall be provided for the a i r supply. 

Several pa r t s of the a i r supply sys tem war ran t separa te considerat ion: 

Compresso r 

Two 450-hp c o m p r e s s o r s , each capable of delivering 1 lb of a i r pe r 

second at 4000 psi maximum p r e s s u r e , a re instal led in the c o m p r e s s o r house . 

Ei ther c o m p r e s s o r can charge the air tanks in 33 hours , and this tinne can be 

cut in half using both units together . The air is dried before s torage , in o rde r 
_5 

to prevent rust in the s torage tanks, to a water content of 10 lb of water pe r 

lb of a i r . The a i r is fi l tered before it enters the c o m p r e s s o r s . The use of 

two c o m p r e s s o r s is intended to el iminate tes t cancellation because of failure 

of a single unit. The c o m p r e s s o r s will be shut down during a tes t run. 

Heater 

For bringing reac tor inlet a i r to the requi red t empera tu re , a s to red -

energy hea te r will be used. Before each run, air heated by an oil furnace will 

be c i rcula ted through an assembly of heavy steel plates by an auxi l iary duct 

sys tem. This steel heat s torage unit, which has no di rect contact with com­

bustion products , will be brought to a t empe ra tu r e of 1200°F in a t ime of 80 

hours s tar t ing at ambient t empe ra tu r e or 40 hours s tar t ing immediate ly after 

a run. During ei ther a s t o r e d - a i r run or a run using a i r from the b lowers , the 

tes t a i r supply can be di rec ted par t ly through the steel hea ter plates and par t ly 

through a by-pass duct so that del ivery a i r t empera tu re can be control led. The 

furnace and secondary heating loop are shut off during a tes t run. 

Continuous Blowers 

For continuous runs , two 400-hp blower units, del ivering together 25 

pounds of a i r per second at a p r e s s u r e of 5 psig, a re provided. These blowers 

pick up air from inside the test bunker, which in turn is supplied by fi l tered 

a i r from blowers in the tunnel head house. These la t ter blowers send thei r 

d ischarge down the tunnel toward the tes t bunker, maintaining a p r e s s u r e slight 

ly above a tmospher ic in the bunker . 

Power l imitat ions at the si te make it n e c e s s a r y to phase the operation of 

some of the la rge e lec t r ica l units. For example, it is possible to run e i ther 

two b lowers , or two c o m p r e s s o r s , or one blower and one compres so r at the 

same t ime, but not two blowers and a c o m p r e s s o r . 
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Piping and Valving 

The ent i re sys tem downstream from the main air control valves is de ­

signed for a p r e s s u r e of 600 psi , except for those a r ea s which a re isolated 

for lower p r e s s u r e operation, such as the blowers and the furnace a r e a . Blow-

off por t s a re provided to protec t the sys tem from o v e r - p r e s s u r e . 

Basical ly the piping and valving sys tem can be descr ibed as follows: 

There a r e two lines which leave the inlet header . One has a 24-inch 

d iamete r and the other var ies from 6 to 12 inches in d iamete r . The opera tor 

has the option of routing the a i r through ei ther l ine. The f irst valve in each 

line is the shutoff valve. These valves opera te through a complete cycle in 

60 seconds and a r e located in a chamber outside the bunker a rea to reduce 

personnel h a z a r d s . The next valves a r e the main control valves (6 in. and 

24 in. ), used for actual flow control . These valves operate through a full 

cycle in 2 seconds and have essent ia l ly a l inear r esponse . Bleed valves a re 

located between the shutoff and control valves to prevent p r e s s u r e buildup due to 

leakage of the main valves . 

Next in line a re the venturi tubes used to m e a s u r e a i r flow. The des i r e 

to m e a s u r e flow to high accuracy over a wide range led to selection of the two-

pipe sys t em. Downstream, the main a i r pipes join and the a i r can then be 

valved through or around the hea te r to control t e m p e r a t u r e . Finally, the flow 

is again combined and d i rec ted to the r eac to r . 

The continuous blower sys tem supplies fi l tered but undried a i r at about 

r70°F and feeds into the 24-in. h igh -p re s su re line ups t ream from the flow-

measur ing ventur i . The blower air flow will be mieasured at this ventur i . 

Piping is insulated where required to reduce heating in the bunker. 

Flow Measurement 

Flow will be de te rmined by t r a n s d u c e r s selected to give maximum a c ­

curacy at six operating points with flow ra tes between 3 and 87 0 l b / s e c . 

These a r e l is ted in Table 7 - 3 . In addition, the data will be displayed as m a s s 

flow to 5% accuracy in the control room. 

Automatic Control 

The opera tor will have the option of automatic a i r control, providing 

p r e - p r o g r a m m e d a i r flow and utilizing feedback from the m a s s flow m e t e r . 

The sys tem is designed so that the opera tor can t r i m the a i r flow as requ i red 

during the automatic p r o g r a m . This also pe rmi t s opera tor control under 

emergency conditions. 
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Emergency Control 

Two conditions mus t be avoided: f irst , loss of a i r flow, which would 

pe rmi t the reac tor to overheat; and second, too much a i r , result ing in a 

des t ruct ive fast quench to the co re . 

The combination of shutoff and control valves will provide maximum 

safety under emergency conditions. It is planned that separa te e lec t r ica l 

power will be provided to the shutoff and control valves. In case of main 

power failure, regulation will be retained on the control valves . In the case 

of control valve fai lure, the inoperative valve will lock in place and the shutoff 

valves can be used to bring the reac tor off the line in a per iod of minu tes . 
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ANALYSIS 

5. 1 Reactor Dimensions 

Dimensions and composition of the r eac to r a re l is ted below, in a form 

useful for neutronic and ae ro - the rmodynamic ana lys is . No at tempt is made 

he re to descr ibe detailed mechanical design. 

A. CORE 

Moderator ma te r i a l . . . . 

Equivalent c i r cu la r radius 

Length . . . . . . 

Volume . . . . . . 

Total core frontal a r e a 

Frac t ional Fronta l Area Displacements : 

Fuel tube BeO . . . . 

S t ructural BeO . . . . 

Total BeO 

Tension tubes with 
cooling passages 

Propel lant flow 

Incidental void 

Be 

16. 

44 . 

2 1 . 

. 839. 

0.397 

0.111 

O 

35 in. 

50 in. 

62 ft^ 

5 m. 

0,508 

0,051 

0.379 

0.062 

Fuel tubes (with holes) 

Number of fuel tubes . . . . 

Fuel element average (dimensional) porosi ty 

BeO density . . . . . 

Mass of BeO in core . . . . 

Heat t r ans fe r passage d iameter 

Fuel e lement outside flat to flat dimension 

Fuel element wall thickness 
,,235 
U m a s s . . . . . 
Fuel e lements : Atom rat io, modera tor / fue l 

Average 
Fuel mass / fue l element m a s s 

Average 

B. SHROUD AND AIR SEAL REGION 

Mater ia l . . . . . . 
Equivalent thickness of ma te r i a l at 

full density (p = 8.22) 

1.000 

0.802 

8635 

0.488 

2.9 g /cm^ 

1990 lb 

0.214-0.219 in. 

0.294-0.296 in. 

0.039 in. 

71 kg 
103.7-187.0; 
113.7 

0.0605-0.1040; 
0.0916 

Hastelloy 

0.085 in. 
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Equ iva l en t i n s i d e r a d i u s of s e a l r e g i o n 

E q u i v a l e n t o u t s i d e r a d i u s of s e a l r e g i o n 

E q u i v a l e n t o u t s i d e r a d i u s of s h r o u d r e g i o n 

Outs ide r a d i u s of gap b e t w e e n s h r o u d and 
c o r e v e s s e l . . . . . 

M a x i m u m m a t e r i a l t e m p e r a t u r e 

Leng th . . . . . . 

M a s s . . . . . . 

16.350 in . 

17.050 in . 

17.375 in . 

17.875 in . 

1 2 0 0 ° F 

66 in . 

220 lb 

The above t ab le a s s u m e s the fol lowing: 

1) 0.010 in . of w i p e r s e a l i nc luded in s e a l r e g i o n ; 

2) 0.250 in . cool ing a i r p a s s a g e in s h r o u d . 

CORE V E S S E L 

M a t e r i a l . . . . . 

T h i c k n e s s of s t r u c t u r a l s h e l l 

E q u i v a l e n t t h i c k n e s s of cool ing j a c k e t 

Cool ing j a c k e t w a t e r gap 

Ins ide r a d i u s . . . . 

M a x i m u m t e m p e r a t u r e 

T h i c k n e s s of a i r gap b e t w e e n p r e s s u r e 
v e s s e l and r e f l e c t o r 

A l u m i n u m , t ype 6 0 6 1 - T 6 

0.515 in . 

0.140 in . 

0.125 in. 

17.875 in. 

2 0 0 - 2 5 0 ° F 

0.235 in. 

SIDE R E F L E C T O R ( inc lud ing c o n t r o l c y l i n d e r s , l e s s s u p p o r t s t u r c t u r e ) 

M a t e r i a l . . . . . 

T h i c k n e s s . . . . 

Ou t s ide r a d i u s . . . . 

Ins ide r a d i u s . . . . 

Length ( o v e r a l l ) 

C r o s s - s e c t i o n a l n o n - g r a p h i t e f r a c t i o n 

W a t e r . . . . 

A i r gaps . . . . 

A l u m i n u m 

A b s o r b e r (bo ron s t ee l ) 

V e r n i e r rod r e g i o n 

M a t e r i a l d e n s i t y : 

G r a p h i t e . . . . 

A b s o r b e r . . . . 

G r a p h i t e 

22.6 in . 

41 .5 in , 

18,875 in . 

65.5 in . 

0 .0608 t o t a l 

0,0294 

0,0025 

0.0077 

0.0143 

0.0069 

1.85 g/cm-^ 

7.90 g / c m ^ 
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Weight (approximate total) . . . . 18,800 lb 

Maximum t empera tu re . . . . 200°F 

Cooling . . . . . . . Water 

E. END REFLECTORS 

Mater ia l and s t ruc ture identical with core , but without fuel. 

Inlet ref lector thickness . . . . 6 in. 

Exit ref lector thickness . . . . 2 in. 

F . METALLIC END PLATES 

1. Inlet gamma shield: 

Mater ia l . . . 0 .95 W, 0. 033 Ni, 0.017 Cu 
Thickness . . . . . 1. 5 in. 

Density . . . . . . 18.0 g/cm 

2. Exit base pla te : 

Mater ia l . . . . 0.995 Mo, 0.005 Ti 
Thickness . . . . . 1 . 0 in. 

Poros i ty and hole s izes identical with co re . 

5. 2 Neutronics 

5. 2. 1 Calculational Methods 

Analysis of the neutronic cha rac t e r i s t i c s of the r eac to r depends la rgely 

on the use of h igh-speed digital compute r s . Input p a r a m e t e r s , such as c r o s s 

sections and t r ans fe r coefficients, a r e taken from the best available expe r i ­

menta l and theore t ica l data on cha rac t e r i s t i c s of the nuclei involved. As a 

check on the validity of the r e su l t s , a la rge number of simple exper imenta l 

c r i t ica l a s sembl ie s have been run, together with corresponding calcula t ions . 

Correspondence between actual and calculated resu l t s has been quite good, 

and efforts a r e continuing to improve it further . 

Two computing machine codes a r e in use for neutron diffusion ca lcu la-
3 

t ions . The most frequently used of these , called Zoom, is a o n e - s p a c e -
dimension code, handling spher ica l , cyl indrical , or s lab geometry with up to 
th i r ty space zones . As many as eighteen energy groups may be used, with 
t rans fe r from any group to any other group. 
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The second code, Angle, desc r ibes two space dimensions and up to 

eighteen energy groups . The vers ion in use he re pe rmi t s a choice of any 

th ree kinds of t r ans fe r from a group to the three groups immediate ly above 

and the three immediately below it (e . g. , up one, down one, down two; or 

down one, down two, down th ree ; e tc . ). 

Angle can descr ibe ei ther slab or cylindrical geometry, with space 

zones a r ranged in a 40 X 50 rectangular a r r a y . The cylinder normal ly d e ­

scr ibed is s t r ic t ly two-dimensional , with no azimuthal var ia t ions ; thus it can­

not take account of the control absorber e lements in the Tory II-A ref lector 

in a rea l i s t i c way. However, it is possible to descr ibe an end-on view of the 

reac tor with Angle's slab mode, and introduce an art i f icial absorption c ro s s 

section throughout the r eac to r to r ep resen t endwise leakage (axial buckling). 

Control element effects have been studied in this way. 

Reactor configurations actually t r ea ted by the codes a r e l imited to those 

that can be outlined on the rec tangular a r r a y of space zones descr ibed by each 

code. Thus, any curved boundaries mus t be r ep resen ted approximately by a 

s e r i e s of s t ra ight - l ine segments . Region boundaries a r e chosen to p r e s e r v e 

actual m a t e r i a l quantities and approximate locat ions. 

Since the numiber of available space zones is l imited, no at tempt is 

made in coded prob lems to r ep resen t fine goemetr ica l details of the r eac to r . 

Instead, a number of different m a t e r i a l s , existing side by side in l aye r s in 

the rea l r eac to r , a re general ly lumped together into single zones specified 

as containing a mix ture of m a t e r i a l s . Here again, ca re is taken to ensure 

that the total amount of each component m a t e r i a l is conserved, and that it is 

placed in approximately its co r r ec t posit ion. 

Void spaces cannot be handled as such by the codes, so they are r e p r e ­

sented by wider bands of ma te r i a l of lowered density, giving an equivalent 

local void fraction. An additional hand-calcula ted cor rec t ion is applied to the 

react ivi ty to provide for neutron loss by d i rec t s t reaming from la rge voids. 

To take advantage of the symmet ry p rope r t i e s of the two-dimensional 

codes, the four ref lec tor quadrants a re r ep resen ted as m i r r o r images , which 

is rea l i s t i c when the eight main control e lements a re turned full in or full out, 

and leads only to a slight e r r o r when the controls a re in an in te rmedia te 

posit ion. 

Figure 5-1 shows a typical r eac to r end view as seen by a code. 
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OUTER LINK CIRCLE 
VOID REGION 

SHROUD, VOID REGION 

Fig. 5 - 1 . Reactor c ro s s section as desc r ibed by neutronics code. 
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Conf igura t ion and m a t e r i a l c o n c e n t r a t i o n s a r e spec i f i ed as inpu ts to the 

c o d e s ; k ,^ and n e u t r o n flux d i s t r i b u t i o n s a r e r e c e i v e d as output . 

To obta in the m o s t r e l i a b l e r e s u l t s , e i g h t e e n e n e r g y g r o u p s a r e u sed . 

But s i n c e the runn ing t i m e for a p r o b l e m , and h e n c e the n u m b e r of p r o b l e m s 

tha t can be run , depends v e r y s t r o n g l y on the n u m b e r of e n e r g y g r o u p s used , 

it is d e s i r a b l e to cut down th i s n u m b e r w h e n e v e r p o s s i b l e . Sets of f o u r - g r o u p 

c o n s t a n t s and t e n - g r o u p c o n s t a n t s have been c o m p i l e d and used for m a n y p r o b ­

l e m s . The g e n e r a l p r i n c i p l e fol lowed is to c a l c u l a t e r e a c t i v i t y and flux d i s t r i ­

bu t ions for a p a r t i c u l a r con f igu ra t ion with e i g h t e e n - g r o u p c o n s t a n t s , and then 

to d e t e r m i n e the ef fects of s l igh t p e r t u r b a t i o n s in g e o m e t r y o r m a t e r i a l c o n ­

c e n t r a t i o n s us ing fewer g r o u p s . 

C r o s s Sec t ions 

The a v e r a g e c r o s s s e c t i o n O. for the i t h e n e r g y g roup is def ined a s 

I 
E. 

1 

a. 

0(E) (j)(E) dE 

^ i - 1 
i E:^ 

1 i (t)(E) dE 

^ 1 - 1 

w h e r e o(E) and 4)(E) a r e the c r o s s s e c t i o n and the n e u t r o n flux a s funct ions of 

e n e r g y , and E. . and E. a r e the l o w e r and uppe r e n e r g y bounds of the ij;h 

g r o u p . Th is n e c e s s a r i l y a s s u m e s tha t the n e u t r o n flux d i s t r i b u t i o n (t)(E) is 

known, w h e r e a s g e n e r a l l y it is not known. In i t i a l s e t s of a v e r a g e c r o s s s e c t i o n s 

have been c o m p u t e d on t h e b a s i s of r e a s o n a b l e a s s u m p t i o n s for flux d i s t r i b u t i o n , 

and then u sed to c a l c u l a t e flux d i s t r i b u t i o n s which in t u r n can be u s e d to i m p r o v e 

the c r o s s - s e c t i o n v a l u e s . 

The hand l ing of two p a r t i c u l a r t y p e s of c r o s s s e c t i o n m a y be no ted : 

1. T r a n s p o r t C r o s s Sec t ion 

To t a k e in to c o n s i d e r a t i o n the ef fec ts of a b s o r p t i o n and a n i s o t r o p i c s c a t -

t e r i n g , the t r a n s p o r t c r o s s s e c t i o n h a s b e e n c a l c u l a t e d f r o m the r e l a t i o n s h i p 

D e r i v e d s i m i l a r l y to an e x p r e s s i o n g iven in G l a s s t o n e and Edlund , The 
E l e m e n t s of N u c l e a r R e a c t o r T h e o r y , 1954 ed i t ion , p . 396 . We b e l i e v e t h e i r 
equa t ion 14. 35 . 3 to be in e r r o r . 
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^tr ~ T~0 ' 
a 

where K is de termined by the express ion 

s^ , a+K l + ( 3 ^ a ^ a ] I o ) / K ^ 

2K "-^ 1 + ( 3 ^ a a ] I o ) / K ^ 

and a, CT, and O a r e , respect ively, the total , sca t te r ing , and absorption s a 
c ro s s sections and ptQ is the average of the cosine of the sca t te r ing angle in 

the labora tory sys tem. 

2. (n, 2n) Cross Sections 

To desc r ibe p roper ly the (n, 2n) react ion p r o c e s s , the absorpt ion c ro s s 

section entering the calculations (not that used to calculate <J^ above) has ° t r 
been taken as equal to the (n, y) react ion c ros s section minus the (n, 2n) r e ­

action c ro s s sect ion. This allows it to be a c ro s s section for the production 

of a new neutron, while sti l l conserving the original neutron. In addition, a 

posit ive c ros s section twice as la rge as the (n, 2n) c ros s section has been 

added to the sca t te r ing c ro s s section to allow both neutrons resul t ing from 

the (n, 2n) react ion to be downgraded in energy. The t rans fe r coefficients 

have also been adjusted to desc r ibe the interact ion, as will be seen below. 

Fiss ion Spectrum 

Only one fission spec t rum can be used in the eighteen group codes for 
235 which these numbers were devised. Therefore , the U fission spec t rum 

238 has been integrated for each group and any U fissions a r e of necess i ty 
235 assumed to yield a U fission spec t rum proper ly normal ized to the higher 

238 incident neutron energy. For U concentrat ions equal to that in oralloy, 

this assumption introduces an e r r o r in the mult ipl icat ion factor of l e ss than 
_5 

10 for the rmal r e a c t o r s . The fission spec t rum was normal ized to give a 

value of the average number of neutrons per t he rma l fission, v^, , equal to 

2.486. This cor responds to 2.47 ± 0.03 prompt neutrons and 0.0158 ± 0.0005 

delayed neutrons per t he rma l fission, given in Reactor Physics Constants, 

ANL,-5800, as the "bes t" values . 

Transfer Coefficients 

The energy t r ans fe r coefficients have been calculated with the same 

assumpt ions for neutron flux energy distr ibution as were used in the c ro s s 
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section calculat ions. In addition, they have been cor rec ted for anisotropic 

sca t te r ing and (in the case of beryll ium) for energy losses due to the (n, 2n) 

react ion: 

1. Anisotropic Scattering 

The anisotropic sca t te r ing cor rec t ion is a reduction of the t r ans fe r 

coefficient by the rat io of the actual average logar i thmic energy decrement 

to that calculated for i sot ropic sca t te r ing . The actual average decrement 
5 

was computed from data on angular sca t ter ing d is t r ibut ions . 

2. (n, 2n) Reaction 

In beryl l ium a further cor rec t ion has been made to account for the 

energy losses in the (n, 2n) react ion. Rosen and Stewart have m e a s u r e d the 

combined energy spec t rum of the two neutrons resul t ing from (n, 2n) react ions 

in beryl l ium produced by incident 14-Mev neut rons . Assuming the same gen­

e ra l shape of the spec t rum to hold for lower incident neutron energ ies , (n, 2n) 

react ion t ransfe r coefficients were calculated. These were combined with 

the anisotropic sca t te r ing t rans fe r coefficients to give a group t r ans fe r coef­

ficient defined by 

j _ s'^i s n, 2n'^i n, 2n 

^i ^ OJ + 2 , OJ 
s n, 2n 

where u. is the t rans fe r coefficient for t rans i t ion from the jth to the i th 

energy group. 

Values in Current Use 

These numbers a r e not yet wholly sat isfactory, and improvements a re 

continuously being made . Among cor rec t ions now under study a r e the effect 

of c rys ta l and molecular binding on sca t te r ing in the t h e r m a l groups , and 

improved t rea tment of uranium absorption in the resonance region. 

As an example of neutronic p a r a m e t e r s cur rent ly in use and giving good 

agreement with exper imenta l c r i t ica l a s sembl i e s , values applying to the mos t 

important reac to r m a t e r i a l s a r e given in Tables 5-1 through 5-5 . The quan­

t i t ies f., not previously defined, desc r ibe the fission spec t rum, determining 

the distr ibution of fission neutrons among the groups i. All values re fer to 

m a t e r i a l s at normal room t e m p e r a t u r e . Table 5-1 also l i s ts the values of 

E. . 
1 
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Table 5 - 1 . Group energies and neutronic p a r a m e t e r s for U 235 

tr h i-1 M-; i + 1 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

1.255 

1.275 

1.206 

1.480 

2.34 

3.26 

3.99 

5.9 

10.5 

18.8 

39.4 

48.9 

44.7 

28.5 

82.9 

191 

337 

660 

0.060 

0.096 

0.179 

0.315 

0.584 

1.06 

1.68 

2.83 

5.25 

9.24 

17.8 

19.9 

13.3 

6.7 

17.0 

42.4 

62.3 

119 

2.299 

3.304 

4.567 

7.956 

10.7 

11.0 

12.0 

14.3 

17.2 

21.0 

29.2 

33.1 

29.4 

22.3 

42.7 

85.1 

139.8 

264.5 

6.222 

5.734 

6.001 

8.814 

10.08 

10.16 

10.83 

12.27 

13.4 

14.0 

14.0 

14.0 

13.8 

13.2 

12.5 

11.0 

9,5 

8.2 

0.4665 

1.2510 

0.5919 

0.1437 

0.0265 

0.0052 

0.0010 

0.0002 

0 

\ f 

0.00160 0 

0.00316 1 
0.00473 

0.00604 

0.00729 

t 
0.03637 > 

0.05462 

10.0 Mev 

3.3 

1.00 

333 kev 

100 

33 

10.0 

3.3 

1.00 

333 ev 

100 

33 

10.0 

3.3 

1.00 

0.33 

0.10 

0.033 
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Table 5-2. Neutronic p a r a m e t e r s for U 
238 

i 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

F ^ 

0.65 

0.35 

0 

p 

a a 

0.02 

0.06 

0.15 

0.22 

0 . 4 

0 . 6 

0 . 8 

0 . 8 

1.7 

15.44 

49 .626 

54.72 

117.18 

1.7 

2 . 3 

2 . 2 

2 . 5 

2.75 

t r ^ 

1.99 

3.15 

5.62 

9.20 

13 

14 

14 

14 

14.3 

15.6 

23.9 

25.2 

45 .8 

10.3 

10.5 

10.4 

10.5 

10.6 

a 
s 

7 . 0 

6 .6 

8 .5 

11 

13 

14 

14 

14 

14 

12 

10 

} f 

f. 
1 

k 

U s e 

s a m e 

f i s s i o n 

s p e c t r u m 

a s 

^ 2 3 5 

' 

i 
^^i-1 

0.00160 

0.00316 

0.00473 

0 .00604 

0.00729 

< r 
0.03637 

^ - r l 

0 

f 

0.05462 
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T a b l e 5 - 3 . N e u t r o n i c p a r a m e t e r s for b e r y l l i u m 

i 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

a 
a 

-0 .474 

-0 .002 

0 

^ ' 

0.001 

0 .001 

0 .002 

0.004 

0.007 

0.0 13 

t r ^ 

1.165 

1.928 

3.646 

4.510 

5.46 

5.56 

} 
' 

5.56 

5.57 

5.f J67 

a 
s 

2.593 

2.427 

3.938 

4.871 

5.90 

6.00 

1 ' 

6.00 

6.( n i 

i i 
l^i-1 ^^i- 2 

0 .2994 0.2429 

0.1384 0 

0.1643 

0.1643 

0.1682 

1 ' 

0 .1778 

^ ' 

^\ + l 

0 

1 
0.2700 
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Table 5-4, Neutronic p a r a m e t e r s for oxygen 

i 
a 

18 0. 

17 0 

16 1 
15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 y 
J. 

^ t r ^ 

01 0.67 

1.68 

4 .51 

3.46 

3.35 

3.35 

3.35 

3.40 

3.55 

3.62 

\ t 
3.77 

r A nt. 
T t . ^^ >/ 

a 
s 

1.45 

2.30 

5.01 

3.64 

3.50 

3.50 

3.50 

3.55 

3.70 

3.78 

^ r 
3.93 

A 7C\ 
^ t . 1^ \^ 

i 

0.0417 

0.0750 

0.0938 

0.0990 

0.0999 

1 r 
0.1356 

f^i + 1 

0 

+ 
n 7(\kr\ 
W « fcd \ / vv V 
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Table 5-5. Neutronic p a r a m e t e r s for carbon 

t r a a 
1 

M-4 -1 ^^i+l 

18 

17 

16 

15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

' 

0.001 

0.001 

0.002 

0.003 

n nn c 
u . \/ V J 

1.29 

1.97 

3.07 

3.95 

4.25 

4.34 

4,39 

1 ' 
4.39 

4.44 

4.49 

4.53 

/I -J /I 
1 . j - x 

1.49 

2.09 

3.25 

4.18 

4.50 

4.60 

4,65 

1 r 
4.65 

4.70 

4.75 

4.80 

A An 
1 . V^ V 

0.2645 0 

0.1548 

0,1272 

0,1284 

0,1317 

\ f 

0 

\ F 

0.0001 

0.0002 

0.0003 

0,0005 

0,0009 

0.0016 

0.0028 

0,0049 

0,1556 1 0.0088 

0.2 JA-? n n 1 A Q 
J \j ^ \j ^\j J-»-» / 

Absorption c ros s section for carbon contains 13 pa r t s per 
mill ion boron impuri ty . 
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5. 2. 2 Cri t ical Assembl ies 

Many cr i t ica l assembly exper iments have been made at L ive rmore to 

t es t the validity of resu l t s from the mult igroup calculat ions . These a s s e m ­

blies have been kept as s imple as possible in o rder to pe rmi t d i rec t c o m p a r ­

ison with calculated resu l t s —that i s , no geometr ies have been used which 

cannot exactly be descr ibed by the neutronic codes . Small cor rec t ions were 

made for the p resence of control-vane s lots , supporting s t ruc tu re , and in-

homogeneity of fuel loading. 

A number of assembl ies were designed to provide exper imenta l data 

over a fairly wide range of fuel loading densi t ies and degrees of reflection, 

as t e s t s of the general validity of the calculat ions. Others were designed 

to have a close neutronic resemblance to Tory II-A, e i ther in pa r t or as a 

whole. 

Table 5-6 l is ts some graphi te-mode ra ted a s sembl i e s , unreflected and 

reflected by graphite or be ry l l ium. The reflected a s sembl ie s had geometr ies 

shown in the following sketches , with c r i t i ca l height H m e a s u r e d as shown: 

Two sides reflected Four sides reflected 

The calculated value of k ., is given in the table for each assembly , show-
eff '^ 

ing the degree of success of the calculation. The t rue value of k , , for each 

assembly is of course exactly 1.0, 

Table 5-7 p re sen t s a l is t of unreflected and reflected BeO —moderated 

c r i t i ca l assembl ies which have been run, again with a calculated value of 
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Table 5-6. Graphite c r i t i ca l a s sembl i e s . 

Expt. Mole rat io , Core base Cr i t ica l height. Reflector Calculated 
No. C/U^-^^ s ize , inches inches thickness keff 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

301 

603 

1, 206 

2, 355 

10,500 

1, 210 

1, 210 

2, 360 

2, 360 

2, 360 

42.50 
X 42.50 

48. 50 
X 48.50 

48. 50 
X 48.50 

48. 50 
X 48.50 

60.50 
X 60.50 

48.50 
X 36. 50 

36.50 
X 36.50 

48.50 
X 36.50 

48.50 
X 36. 50 

36.50 
X 36.50 

44 .4 

37.6 

40 .3 

44.7 

51.2 

40.7 

41.3 

45. 1 

38.4 

34.5 

None 

None 

None 

None 

None 

6.0 in. C on 
two sides 

6.0 in. C on 
four sides 

3.0 in. Be on 
two sides 

6.0 in. Be on 
two sides 

6.0 in. Be on 
four sides 

1.034 

1. 027 

1, 023 

1.009 

0.993 

1.006 

0.995 

0.993 

0.994 

0.989 

Notes: 
1. Assembly base is square in all cases except No. 8, where base 

is 48. 5 X 42. 5 in. 
3 3 

2. Graphite density is 1.64 g /cm , beryl l ium density is 1.84 g /cm 
3. The fuel used is 93% U^^^ and 7% U^^^. 



Table 5-7. BeO cr i t i ca l a s sembl ie s 

Expt. 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

16 

Mole rat io 
BeO/U^^^ 

245 
490 
982 

1860 
3800 

243 
246 
246 
246 
490 
246 
246 
246 
246 
246 

246 

Core base 
s ize , 

inches 

24X24 
24X24 
24X24 
24X24 
36X36 
24X18.1 
24X24 
24X24 
24X24 
24X 19.4 
24X24 
24X24 
24X24 
24X24 
24X24 

24X24 

Cri t ical 
height, 
inches 

20.4 
21.8 
24.2 
31.0 
21.3 
24.0 
14.2 
14.3 
15.8 
24.0 
14.2 
14.7 
15.5 
17.2 
18.8 

15.2 

Graphite 
reflector 
thickness 

None 
None 
None 
None 
None 

8.5 
18 
12 

6 
6 
6 

12 
12 
12 
12 

12 

Extra ma te r i a l 

Composition 

None 
None 
Nane 
None 
None 
None 
None 
None 
None 
None 
CnHzn 
Aluminum 
Alunninum 
Cadmium 

[Boral : 
82.5% Al, 

l l7 .5% B 

Density, 
g /cm^ 

0.94 
2.70 
2.70 
8.64 
'2.53 

< 
U.53 

Thickness, 
inch 

0.25 
0.25 
0.75 
0.032 
0.25 

0.25'^ 

Calculated 
keff 

1.003 
1.002 
0.999 
1.013 
0.996 
0.991 
1.002 
0.999 
1.002 
1.002 
0.991 
0.996 
0.995 
1.012 
1.003 

1.007 

Notes: 

^ T h e fuel is oralloy, 93% U^^^ and 7% U^^^. 

BeO density is Z.84 g /cm , graphite 1.70 g /cm , 

In assembly No. 16, the bora l sheets were placed inside the ref lec tors , removed by 6 
inches from the fueled co re . 
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k ££ for each. Here the ref lec tors were always graphite , and in some cases 

thin l ayers of other m a t e r i a l s were placed between the core and re f l ec to r s . 

The reflected assembl ies were a r ranged thus: 

Graphite 
ref lec tors 

Fueled BeO core 

Ext ra m a t e r i a l 

Reflected BeO assembl ie s of Table 5-7 

Some further BeO cr i t ica l a s sembl ies were run with ref lec tors on four 

s ides , and with various m a t e r i a l s placed between the core and re f lec to rs , or 

inside the re f l ec to rs . The s t ruc tu re of these assembl ies is shown in Fig. 5-2, 

with calculated values of k r̂ indicated for each. 
eii 

The assenablies of this la t te r group are intended m o r e specifically than 

the o thers to tes t the ability of the calculations to handle neutronic sys tems 

s imi la r to Tory II-A. In addition to the calculation of overa l l react ivi ty , the 

t r ea tmen t of differential effects due to addition of s t ruc tu ra l m a t e r i a l s is 

t es ted . 

This s e r i e s of room t empera tu re c r i t i ca l exper iments is being contin­

ued. In addition, the effect of elevated t e m p e r a t u r e on react ivi ty is being 

investigated with a s e r i e s of experinaents conducted in a la rge oven. This 

exper imenta l c r i t i ca l facility, cal led Hot Box, is located at the Nevada Test 

Site (see Section 8). 

Inspection of the l is ted values of calculated k , , shows genera l a g r e e ­

ment , within 1%, with the t rue value in all cases except for the heavily fueled 

b a r e graphite a s s e m b l i e s . The changes made from one assembly to another 

within the s e r i e s cor respond to changes in k „ considerably g rea t e r than 1%, 

as may be demons t ra ted by noting the var ia t ions in c r i t ica l height and bear ing 

Hot Box, an e l eva ted- t empera tu re cr i t ica l facility, is descr ibed by H. L. 
Reynolds and C. E. Walter in repor t UCRL-5483 (see ref. 22). 
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I. 

6RAPHIT 

BeO + U 

Hc= 16.3" 

k = 1.002 

^ 24"—1 9' 

X. j He =17.8" 
J k = 0.994" 

r̂  
^ " x I 2 " B 0 R A L 

STRIPS 
i POLYETHYLENE 
ON FOUR SIDES 
OF CORE 

He =17.0 

k =0.998 I - 6 ' 

h-3" 

•^"BORAL LAYER ^^ POLYETHYLENE 

^ " x | 2 " B 0 R A L -

^ AIR GAP BETWEEN 
CORE AND 
REFLECTOR 

BORAL STRIPS 

A. URANIUM FUEL IS 9 4 % U ^ ^ ' 

B. MOLECULAR RATIO B e 0 / U = 2 4 7 
IN CORE, WITH 0 . 0 0 8 " U FOILS 
SPACED I " APART. 

-3 
C. DENSITIES'-

GRAPHITE 1.70 g e m 

BeO 2.86 g-cm'^ 
MUL-8150 

Fig. 5-2. Reflected BeO cr i t i ca l a s sembl ie s (plan views). 
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in m i n d tha t 1 inch in c r i t i c a l he igh t is w o r t h about 1% Ak ^, for the g r a p h i t e 

a s s e m b l i e s , about 2% for the B e O a s s e m b l i e s of Tab le 5 -7 , and about 4 - l / 2 % 

for the BeO a s s e m b l i e s of F i g . 5 - 2 . 

It is felt tha t t h e s e r e s u l t s i n d i c a t e a c a p a b i l i t y of c a l c u l a t i n g the r e ­

a c t i v i t y of s t r u c t u r e s s i m i l a r to the T o r y I I -A r e a c t o r wi th an a c c u r a c y of 

about 0.01 a b s o l u t e . S ince ( s e e Sec t ion 3) the r e a c t o r c o r e l eng th wi l l be 

a d j u s t a b l e to a d e g r e e suff ic ient to p r o v i d e a r e a c t i v i t y a d j u s t m e n t of ± 0 .025 

a f t e r the c o r e h a s b e e n a s s e m b l e d and t e s t e d for c r i t i c a l i t y , and s i n c e a l a r g e 

s u r p l u s r e a c t i v i t y swing is a v a i l a b l e in the c o n t r o l v a n e s , th i s s t a t e of the 

c a l c u l a t i o n a l a r t shou ld p r o v e s a t i s f a c t o r y . The p o s s i b i l i t y tha t t h i s good 

a g r e e m e n t i s f o r t u i t ous is not o v e r l o o k e d , h o w e v e r , p a r t i c u l a r l y in view of 

the a n o m a l o u s b a r e g r a p h i t e r e s u l t s . C o n s e q u e n t l y an i n t e n s i v e c r i t i c a l 

m e a s u r e m e n t s p r o g r a m i s b e i n g con t inued , c o n c u r r e n t l y wi th t h e s tudy of 

i m p r o v e d c a l c u l a t i o n a l m e t h o d s . 

The d e s c r i p t i o n of the c r i t i c a l e x p e r i m e n t s g iven above h a s n e c e s s a r i l y 

s a c r i f i c e d c o m p l e t e n e s s for the s a k e of b r e v i t y . D e t a i l e d d e s c r i p t i o n s of the 
7 

g r a p h i t e e x p e r i n a e n t s h a v e b e e n p u b l i s h e d e l s e w h e r e . 

5. 2. 3 R e a c t o r C h a r a c t e r i s t i c s 

The n e u t r o n i c c h a r a c t e r i s t i c s of T o r y I I -A a r e p r e s e n t e d in t h e fol lowing 

s e c t i o n s . A d e s c r i p t i o n of p r o p e r t i e s p e r t a i n i n g to the s t a n d a r d r e a c t o r d e s i g n 

i s g iven f i r s t ; t h i s is fo l lowed by a l i s t of t h e ef fec ts of v a r i o u s c h a n g e s in 

d i m e n s i o n o r c o m p o s i t i o n which m i g h t c o m e about t h r o u g h d e s i g n c h a n g e s o r 

t h r o u g h a l t e r a t i o n s c a u s e d by o p e r a t i o n of t h e r e a c t o r . 

P ronap t L i f e t i m e 

The p r o m p t l i f e t i m e i s a quan t i ty equa l to t h e a v e r a g e l i f e t i m e , s i n c e 

b i r t h , of t h o s e n e u t r o n s j u s t u n d e r g o i n g c a p t u r e in fuel n u c l e i . If a l l n e u t r o n s 

in t h e r e a c t o r c a m e f r o m p r o m p t e m i s s i o n in the f i s s ion p r o c e s s , the p r o m p t 

l i f e t i m e would be i d e n t i c a l wi th the a v e r a g e g e n e r a t i o n t i m e of n e u t r o n s , and 

would d e t e r m i n e the r a t e of g rowth o r d e c a y of n e u t r o n popu la t ion , for a g iven 

m u l t i p l i c a t i o n f a c t o r , a c c o r d i n g to the f o r m u l a s 

^ -̂  J t / T 
T = 5- and n = nge , 

ex 

w h e r e n - the n e u t r o n flux d e n s i t y , 

no = a c o n s t a n t , 
k - h r, — I t he e x c e s s m u l t i p l i c a t i o n f a c t o r , ex eff ^ 

i = the p r o m p t l i f e t i m e . 
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Since i is to be used in the analysis of r eac to r kinet ics , it was thought 

best to de termine it through the relat ions given above ra the r than through 

d i rec t averaging of neutron l i fe t imes . Accordingly, an eighteen-group ca l ­

culation was set up on Zoom to r ep resen t the r eac to r (with no delayed neutrons) 

in a state of exponentially increas ing neutron flux. This was done by in t ro ­

duction of an art if icial absorption c ros s section (macroscopic) 

a^i = V^ 

into each of the groups i = 1, . . . 18, where v. is the neutron velocity in 

group i, and T is an a r b i t r a r y t ime selected m o r e or l ess at random: say 

1 second. The reac to r configuration was adjusted to give k ^̂  = 1. Next, 

the absorption c ro s s section was removed, and the resul t ing inc rease in 

multiplication factor, Ak rr, was noted. The prompt lifetime was then ob­

tained from the relat ion 

i = T Ak^ff . 

Values obtained at ambient t e m p e r a t u r e and at maximuna average core 

t e m p e r a t u r e were 

i = 4.8 X 10 '^ at 300°K, and 4.5 XlO"^ at 1350°K. 

Tempera tu re Coefficient of Reactivity 

The react ivi ty p (equal to k ,̂  — l / k rr) changes with co re t e m p e r a t u r e 

because of the rmal expansion of the core , change of effective c ro s s sections 

with neutron t e m p e r a t u r e , and change of cooling air density in the co re . The 

la t t e r effect depends on power level and air flow ra te as well as core t e m ­

pe ra tu r e , and so cannot be stated as a s imple number . Information on the 

react iv i ty contribution of a i r in the core is given separa te ly l a t e r in this 

sect ion. 

Reactivity has been computed for a number of different core t e m p e r a ­

tu res (assuming constant t empe ra tu r e throughout the core) and con t ro l -e lement 

posi t ions, completely neglecting the effect of a i r in the co re . Detailed r e ­

sults a r e given la ter , in Fig. 5-19; they show that the ra te of change of r e ­

activity with t empera tu re var ies only slightly for different r eac to r conditions 

and has an average value of 

^ = 1 .9X10-^ "K-^ . 
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Neutron Economy 

A knowledge of the ult imate fate of the neutrons produced in the r eac to r 

is important in understanding its operat ion and the effect of various changes 

in geomet ry or composit ion. An audit is given in Table 5-8, showing the 

number of neut rons , pe r fission event, going into each of the main c l a s se s 

of neutron use or l o s s . End leakage neutron energies have been separa ted 

into fast and slow groups with a boundary at 10 kev, corresponding to the 

neutron energy below which 95% of fission react ions take p lace . This table 

re fe r s to the hot, c r i t ica l r eac to r . 

Table 5-8 . Reactor neutron economy 

Neutrons pe r fission 

To new fissions 

Radiative capture in core 

in shroud 

in core vesse l 

in ref lector 
in single, ha l f - inser ted 
vern ie r control rod 

in eight control vanes 

Total radiat ive capture 

Reflector side leakage 

Fas t neutron leakage fronm 

front of core 

r e a r of core 

front of ref lector 

r e a r of reflector 

Slow neutron leakage from 

front of core 

r e a r of core 

front of reflector 

r e a r of ref lector 

Total leakage 

1.00 

0.32 

0.08 

0.05 

0.17 

0.02 

0.49 

0.04 

0.01 

0.05 

0.02 

0.06 

0.01 

0.05 

0.03 

0. 08 

1.13 

0.35 

Total neutrons per fission: 2.48 
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Delayed Neutron Value 

The relat ion between react ivi ty and reac tor per iod is usually given in 

t e r m s of the well-known inhour formula, 

Y,P, 
P = Tk eff L TTYT • 

where \ . and p. a re the decay constant and fractional yield of neutrons in the 

ith group, respect ive ly . The fractional yields used in this formula a r e m u l t i ­

plied by cor rec t ibn factors Y- to account for the fact that delayed neutrons a r e 

m o r e effective than prompt neut rons , being born at lower energies and thus 

subject to sma l l e r leakage probabil i ty . The cor rec t ion factor Y- for a p a r t i c ­

ular delayed neutron group, in the Tory II-A reac to r , is readi ly computed as 

the ra t io in k ££ brought about in a mult igroup calculation by causing all the 

neutrons to be born at the delayed group mean energy E. r a the r than in the 

usual fission spec t rum. The following table gives values of Y- calculated in 
235 ^ 

this way for U , together with other p a r a m e t e r s taken from a recent c o m ­

pilation of the Reactor Physics Constants Center at the Argonne National 

Labora tory . 
\. P. 

1 

2 

3 

4 

5 

6 

0.0124 

0.0305 

0. I l l 

0 . 3 0 1 

1. 13 

3.00 

0.00021 

0.00140 

0.00126 

0.00252 

0.00073 

0.00027 

250 kev 

460 

405 

450 

420 

1. 14 

1. 11* 

A common group energy of 440 kev was assumed for groups 2-6 in cal­
culating Y--

Photoneutrons 

Since Tory II-A contains a very large amount of beryl l ium, the effect on 
9 8 

the neutron economy of the Be (Y,n)Be react ion must be considered. Rough 

calculat ions, outlined in the following pa rag raphs , indicate that the total contri 

bution of the photoneutrons amounts to about 0.14% in k £,. 
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The accuracy of this value is too low to justify making an effectiveness 

cor rec t ion , as was .done above for the delayed neutrons from fission. No 

explicit cor rec t ion has yet been made in our mult igroup calculation input p a ­

r a m e t e r s to account for photoneutrons; the i r react ivi ty contribution is smal l , 

and m o r e o v e r the i r effect is taken ca re of by ensuring that resu l t s of the ca l ­

culations fit rea l c r i t i ca l assembly m e a s u r e m e n t s . 

Most of these neutrons a r e born very soon after the fission event that 

led to thei r parent gamma; it is believed that the effect on r eac to r kinetics 

will be negligible. Fu r the r calculations will be made to check this point. 

The contribution of photoneutrons to the mult ipl icat ion factor was e s t i -
9 8 

mated in this way: The threshold for the Be (Y, n)Be react ion is 1.67 Mev; 
the c ro s s section value for this react ion reaches 1.0 mb at E about 1.7 Mev, 

Y 
drops at higher energ ies , and then r i s e s to 1. 6 mb at about 10 Mev. 

During operation, the m o r e energet ic gammas , such as prompt gammas , 

capture gammas , and some of the f iss ion-product gammas can make photo­

neu t rons . Since, on collision, a gamma above 1.7 Mev loses at leas t half of 

its energy, it has only one chance to make a photoneutron. Since around 5 

Mev of energy pe r fission r e s ides in gamnaas above 2 Mev, the re a re at most 

th ree gammas per fission energet ical ly capable of making photoneutrons. Now 

in the Tory II-A core , in BeO of molecu la r weight 25 and average density about 

1. 5 g / cm , 

S ( Y , n) = ft|- X 0.6) X (1.0 X 10"^ barns) = 3 . 6 x i 0 " ^ c m " ^ 

and the total Y removal c r o s s section is 

S = 1.5 X (o.022 SH1_) = 0.033 cm"^ . 

9 -3 

Therefore , the probabil i ty of Be (YI ri) is ~ 1.2 X 10 for a pa r t i cu la r gamma, 

and since we have about 3 gammas per fission capable of making photoneutrons, 

and we make 2.5 neutrons pe r fission, we have increased the neutron yield by 

' ^ ';\^ ' ' ' ' - 0 . 0 0 1 4 . 
2 . b 

If P = 0.0064, this is $0.22. 

Neutrons from the (n, 2n) Reaction 

The (n, 2n) react ion is handled in a s t ra ightforward way in the mu l t i -

group calculations through introduction of appropr ia te input p a r a m e t e r s , as 
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discussed in Section 5. 2. 1. A contribution of 0.12 in k , , is made by (n, 2n) 

neut rons . 

Flux and Power Distribution 

Various aspects of the Tory II-A spatial flux distr ibution a r e shown in 

a s e r i e s of figures on the next pages . The quantity plotted here is actually 

a weighted average flux value, de termined by taking the rat io of power density 

to fuel concentrat ion at a given point. For consistency and convenience, this 

quantity is used for those regions which will contain no fuel in the actual r e ­

actor , as well as for the fueled regions; in unfueled regions, it re fers to the 

power density which would be generated in a very smal l sample of fuel m a t e ­

r ia l placed t he r e . 

For s implici ty in calculat ions, the r eac to r is often t r ea ted by replacing 

the rea l ref lector , with its sys tem of neut ron-absorbing control e lements , by 

a honaogeneous cyl indrical ref lector of equivalent thickness (with respec t to 

cr i t ica l i ty) . It is believed that many valid resu l t s can be obtained in spite of 

this simplification, as , for instance, general flux configuration in the core . 

Figure 5-3 shows axial plots of neutron flux calculated under this model , 

taken at var ious radi i . The variat ion of axial shape with radial position should 

be noted; it is evident that radia l var iat ion in fuel loading will not alone be able 

to produce an identical power profile along all air flow p a s s a g e s . Achievement 

of a nea r - idea l power profile in all flow passages of a Tory II-A-l ike core 

would requi re fuel-loading variat ion throughout the core , in all th ree d imen­

s ions . The Tory II-A loading, however, is specified by a single r - 0 map, 

invariant along the length of the co re . 

F igure 5-4 shows the flux distr ibution in a c ross section perpendicular 

to the reac tor axis , with the rea l ref lector , and the ro ta ry control cyl inders 

in c r i t ica l position for the core at 1350 °K. The sliding control rod for the 

quadrant shown is not inser ted . 

F igure 5-5 shows a s imi la r flux contour map with a control rod fully 

inse r ted . In the operating condition, th ree rods will be fully withdrawn and 

one rod inser ted to half the core length, so that the flux dis tr ibut ion in three 

quadrants will be as shown in Fig. 5-4, and in the fourth quadrant as in Fig . 

5-4 near the exit end and as in Fig. 5-5 near the inlet end. Both of these 

figures neglect the effect of detailed core s t ruc tu re on the flux dis t r ibut ion. 

F igure 5-6 shows a typical radial flux profile, at the s tandard condi­

tions of full operating t empera tu re (1350°K), a i r at a tmospher ic p r e s s u r e in 
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t h e c o r e , and the r e f l e c t o r g r a p h i t e s a t u r a t e d wi th w a t e r (2 we igh t p e r c e n t ) . 

The effect of a change in t e m p e r a t u r e is shown in a s e c o n d c u r v e , r e p r e s e n t i n g 

a co ld ( 3 0 0 " ' K ) , c r i t i c a l r e a c t o r . 

The l o c a l effect on flux d i s t r i b u t i o n of s t r u c t u r a l e l e m e n t s in the c o r e i s 

shown in F i g s . 5-7 and 5-8 a, b . F i g u r e 5-8 shows flux p r o f i l e s a long the p a t h s 

i n d i c a t e d by do t t ed l i n e s in F i g . 5 - 7 . The s ing l e m o d u l e shown in F i g . 5-7 is 

p a r t of an inf ini te r e p e a t i n g a r r a y of s i m i l a r m o d u l e s , so tha t no o v e r a l l c u r ­

v a t u r e in flux r e s u l t i n g f r o m b o u n d a r i e s , a s in the r e a l c o r e , is p r e s e n t . The 

l o c a l flux d i s t o r t i o n shown in t h e s e f i g u r e s shou ld be app l i ed as a c o r r e c t i o n to 

the o v e r a l l flux d i s t r i b u t i o n in the c o r e , shown in p r e v i o u s f i g u r e s . 

The c o r e fuel load ing v a r i e s only wi th r a d i u s and a z i m u t h , in a p a t t e r n 

which is c o n s t a n t a long the c o r e l e n g t h . Th i s p a t t e r n , shown in F i g . 5 -9 , was 

c h o s e n so tha t the t o t a l p o w e r d e l i v e r e d to any flow p a s s a g e d i f fe r s by no m o r e 

t h a n about 5% f r o m tha t d e l i v e r e d to any o t h e r . The a c t u a l d i s t r i b u t i o n of 

d i s c r e t e f u e l - e l e m e n t l o a d i n g s , a p p r o x i m a t i n g t h i s i d e a l p a t t e r n , i s shown in 

F i g . 3 - 5 . Seven teen d i f fe ren t fuel c o n c e n t r a t i o n s a r e n e c e s s a r y to a c h i e v e 

t h i s r e s u l t ; T a b l e 3-5 shows the c o n c e n t r a t i o n s used , and the n u m b e r s of t u b e s 

in e a c h g r a d e . 

In d e t e r m i n i n g a fuel d i s t r i b u t i o n to p r o d u c e a flat p o w e r d i s t r i b u t i o n , 

it i s of c o u r s e n e c e s s a r y to t a k e in to accoun t the change in flux d i s t r i b u t i o n 

p r o d u c e d by v a r i a t i o n s in load ing d i s t r i b u t i o n . F o r t u n a t e l y , t h i s i n t e r a c t i o n 

is not s t r o n g ; F i g . 5-10 c o m p a r e s t y p i c a l r a d i a l flux p r o f i l e s for the a c t u a l 

fuel load ing and for a c o r e wi th u n i f o r m l o a d i n g . 

F i g u r e 5-11 shows l o g a r i t h m i c e n e r g y s p e c t r a / - ; - ^ T̂-V VS E ) of the 
^ ^ ^^ ^ i d i o g j p ( E ) ; 

n e u t r o n flux at v a r i o u s po in t s in the r e a c t o r c o r e and r e f l e c t o r . The n u m e r i c a l 

v a l u e s a r e n o r m a l i z e d to a r e a c t o r p o w e r l e v e l of 100 Mw. 

F i g u r e 5-12 shows the e n e r g y d i s t r i b u t i o n of n e u t r o n s c a u s i n g f i s s i on 

e v e n t s in the r e a c t o r . It m a y be s e e n tha t a v e r y s m a l l p o r t i o n of the f i s s i o n s 

a r e b r o u g h t about by t h e r m a l n e u t r o n s ; the t e m p e r a t u r e coeff ic ient of r e a c t i v ­

i ty cou ld be m u c h l a r g e r if a g r e a t e r p r o p o r t i o n of f i s s i o n s took p l a c e at t h e r m a l 

e n e r g y . 

N e u t r o n e n e r g y s p e c t r a at the e x t e r n a l s u r f a c e s of the r e a c t o r a r e d i s ­

c u s s e d in Sec t ion 5 . 4 . 4 and p r e s e n t e d g r a p h i c a l l y in F i g s . 5-49 t h r o u g h 5 - 5 1 . 
R e a c t i v i t y 

The effect of v a r i o u s c o n t r o l p o s i t i o n s and r e a c t o r t e m p e r a t u r e s on the 

r e a c t i v i t y , p , i s shown t h r o u g h v a r i o u s f a m i l i e s of c u r v e s . C r i t i c a l 
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Fig. 5-9. Ideal fuel loading zone boundar ies . 
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configurations may be identified as lines of zero react ivi ty . Indicated t e m ­

pe ra tu re s a re average core t e m p e r a t u r e s , obtained using the square of the 

flux density as a weighting function. The assumptions a re made that all eight 

control cylinders always move in unison, and that only one vern ie r rod en te r s 

the reflector at a given t ime . Unless otherwise stated, air in the core is at 

a tmospher ic p r e s s u r e . 

Reactivity as a function of control cylinder angle and core t empe ra tu r e 

is shown in Fig. 5-13, for the vern ie r rod in its centered posit ion. 

Figure 5-14 shows, for severa l fixed cr i t ica l cylinder angles, the v a r i ­

ation of p with vern ier rod posit ion. 

The effect on react ivi ty of varying air density in the core flow passages 

is shown by comparing the react ivi ty contribution of this a i r under th ree 

s tandard conditions: At normal t empe ra tu r e and p r e s s u r e , Ap is —0.0002; at 

peak t empe ra tu r e and flow ra te (see design operating conditions in Section 5.1) 

Ap is —0.0009; and for the reac tor and air at ambient t empera tu re , with the 

same full a i r flow ra te , Ap is —0.0036. 

Off-Design Situations 

Both for design use and for anticipating the effect of changes which may 

occur during operation of the reac to r , it is n e c e s s a r y to know the effect on 

react ivi ty and flux distr ibution of var ious changes in r eac to r dimensions or 

composit ion. 

To achieve general usefulness, such a study has been made in t e r m s of 

smal l changes in single p a r a m e t e r s . As long as the changes remain smal l , 

it is a reasonable approximation to say that the effects brought about a re ad­

ditive, and l inear ly proport ional to the p a r a m e t e r changes causing them. 

When looking for the effect of some design change on radial flux d i s t r i ­

bution in the core , two things must be considered. One is the di rect effect of 

the change; the second is the effect of the change in c r i t i ca l m a s s n e c e s s a r y 

to accommodate the design change. It has been found in all cases studied that 

the second effect is l a rge r than the first by at least a factor of 2 and in mos t 

cases masks the effect of the original design change completely. F igure 5-15 

is an example of the effect of a change of fuel loading, due to design change, 

on the flux distr ibut ion. The changes from Core 1 to Core 2 were an inc rease 

in total void fraction of the core by ~ 1.4% (of the core volume) and a dec rease 

in core length of ~6%. It was n e c e s s a r y to inc rease fuel density by 50% to 
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maintain cr i t ica l i ty . The two curves a r e normal ized to constant total power 

on an a r b i t r a r y sca le . The change shown in this figure should be taken as 

represen ta t ive of that due to a 50% fuel loading change to accommodate any 

other design var ia t ions . Flux changes due to different loading changes will 

maintain a s imi la r radial variation, with annplitude in proport ion to the fuel 

change. 

In each case to follow, a specified variat ion has been applied to a c r i t i ca l 

r e a c t o r . The effects a re shown in t e r m s of react ivi ty vs control vane angle. 

Dotted curves in each figure show the corresponding quantit ies for the unper ­

turbed r eac to r . For each change considered, the fuel concentration has been 

adjusted by an amount sufficient to keep the hot, clean reac tor c r i t i ca l at a 

vane angle of 54°. 

For the s tandard Tory II-A reac to r in a clean, hot c r i t i ca l condition an 

inc rease of 0.010 in react iv i ty is produced by a 9.4% increase in total fuel 

loading. Here and in the following l is t , % fuel change means 100 t imes the 

fractional change in total fuel content of the r eac to r . 

Changes in absorption c ros s sections a re defined in t e r m s of the thernaal 

value, but were actually made in the same ra t io in all energy groups, of cou r se . 

F igures p resen ted a r e l is ted below, with the changes to which they refer : 

5-16 Core Void Frac t ion . Average void space inc reased uniformly 

throughout core by 1% of core volume, at expense of fuel e lement ma te r i a l ; 

fuel inc reased 14%. 

5-17 Reflector Water . Water concentrat ion inc reased uniformly through-

out ref lector graphite by 0.04 g / cm ; fuel loading dec reased 5.6%. 

5-18 Reflector Poison. Macroscopic t he rma l absorption c ro s s section 
_4 _ 1 

increased uniformly throughout ref lector graphite by 5 X 10 cm ; fuel load­
ing inc reased 4.2%. 

5-19 Reflector Density. Density of ref lector graphite inc reased uniformly 
—5 

by 0.10 g / cm , with no change in absorption c ro s s section; fuel loading de ­

c reased 5.7%. 

5-20 P r e s s u r e Vessel Water Jacket . Thickness of cooling water layer at 

p r e s s u r e vesse l inc reased by 0.25 inch; fuel dec reased 12.2%. 

5-21 Shroud and P r e s s u r e Vesse l . Absorption c r o s s section ra i sed by 

amount sufficient to add 0.01 the rmal absorption mean free path to effective 

thickness of meta l at co re - r e f l ec to r boundary; fuel increased 3.0%. 
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5-22 Control Vane Poison. Concentration of poison in rotating control 

vanes halved; fuel dec rea sed 11.7%. 

For each of the react ivi ty curves given above, the vern ier control rod 

was taken to be in i ts centered posit ion. 

Two other s imi l a r changes have been studied, but "result in too smal l a 

variat ion in the react iv i ty curve to be visible in a figure. These a r e : 

a) Core Poison. The macroscop ic t he rma l absorption c ros s section 

in the' core was uniformly inc reased by 1 X 10 cm , necess i ta t ing a 5.2% 

inc rease in fuel loading. 

b) Fuel Loading Distr ibution. The fuel loading dis tr ibut ion was made 

uniform throughout the core instead of being shaped for flat radial power; 

the total fuel loading was correspondingly dec reased by 6. 6%. 

5. 3 Air Flow and Thermodynamics 

5. 3. 2 Detailed Calculations for Tory II-A 

After determinat ion of the regions of in te res t in flow passage s ize , flow 

ra te , inlet and exit t e m p e r a t u r e s , p r e s s u r e s and Mach numbers , and core 

power density, a great deal of analysis becomes n e c e s s a r y to es tabl ish de ­

tai led operating cha rac t e r i s t i c s of the r e a c t o r . A number of problem a r ea s 

will be d i scussed below, with mention of the calculational methods used and 

with a discussion of resu l t s obtained. 

Steady-State Flow in Simple Pas sages 

The F loss code (mentioned ea r l i e r ) calculates s ingle- tube, s t eady-s ta te , 

forced-convection heat t r ans fe r , heat conduction in the wall m a t e r i a l , p r e s s u r e 
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drop, and velocity change in gas flow at twenty axial stations from local heat 

t r ans fe r coefficients [Eq. (1)] and friction factors [Eq. (3)] , with use of the 

exact momentum equation for gas flow [Eq. (4) ] . The a i r t empera tu re profile, 

fuel e lement wall t e m p e r a t u r e axial profi le, in ternal t empera tu re profi le, and 

p r e s s u r e profile including end ref lector sections a re found with this code (see 

F igs . 5-25 and 5-26). 

Any cooling passage that may be t r ea ted as a single c i rcu la r tube to a 

f irst approximation is investigated with this code: the t i e - r o d s , the cooling 

annulus in the shroud, and the var ious shaped incidental voids formed by the 

hexagonal surface of the fuel e lements and the adjacent s t ruc tu ra l m e m b e r s . 

Flow ra te s and axial t e m p e r a t u r e profi les a r e obtained (see Table 5-13) con­

sis tent with the core p r e s s u r e drop and the local g a m m a - r a y heating. 

With the assunaption that the overal l behavior of the core is cha rac t e r i ze 

by the behavior of an average fuel element, a thermodynamic per formance 

m a p for Tory II-A was calculated with the F loss code, giving the dependence 

of flow ra te and exit gas t empera tu re on reac to r power and inlet stagnation 

p r e s s u r e . A range of power from full to 2% of full power, and p r e s s u r e from 

357 ps ia down to min imum nozzle-choking p r e s s u r e for inlet gas t e m p e r a t u r e s 

of 80°F, 710°F, and 1063''F a r e considered. The resu l t s a r e shown in F i g s . 

5-27, 5-28, and 5-29. 

Variat ion of Radial Tempera tu re Profi le 

Calculation was made with the F lash Univac code of the s teady-s ta te 

axial wall t empera tu re distr ibution and air flow in each of ten para l le l fuel 

e lements , d i s s imi l a r only in power and axial power distr ibution, fed by a 

common inlet plenum, and emptying into a common exit chamber t e rmina ted 

by a subsonic -supersonic nozzle . The wall t empe ra tu r e at ten axial s tat ions 

was calculated from local heat t r ans fe r coefficients [Eq. (1)] and the p r e s s u r e 

drop from inlet to exit was calculated by the approximate in tegral of the exact 

momentum equation [Eq. (5 ) ] . Since Tory II-A exper iences a change in the 

shape of the radia l neutron flux distr ibution with t e m p e r a t u r e , var ia t ion of 

the fuel loading radial ly can a s s u r e a flat radia l power dis tr ibut ion at only 

one average core t e m p e r a t u r e (Fig. 5-30); this code is n e c e s s a r y to calculate 

the deviation from a flat radia l t e m p e r a t u r e distr ibution at core t e m p e r a t u r e s 

and operating conditions other than those of the design operating point. 
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Table 5-13 

Operation of var ious Tory II-A flow passages under conditions at full t empera tu re 

(T ' = 2250°F in fuel tubes), and full inlet p r e s s u r e (p° = 357 psia) 
max 

I '̂  I I 

Power /Each Flow/Each Total flow 2 '^max x* i x ^ rr ^• 
' • liio.^ j ^ y^ effective 

0̂ t T * 
2 '^max 

Passage Number (kw) ( lb/sec) ( lb /sec) (°F) (°F) ^ 2 ^ 1 ^"(Im^ 

Fuel element 8623 

T ie - rod (and eye) 7 2 

Shroud 1 

Tr iangles 1400 

Total other 
incidental voids ~20 ~ 1700 

18.23 

47 

900 

1.3 

0.0715 

1.15 

70 

0.015 

616 

83 

70 

16 

1935 

1210 

1100 

1950 

2250 

1570 

1160 

2060 

0.50 

0.70 

0.60 

0.30 

0.24 

0.40 

0.40 

0.14 

0.2165 

0.695 

0.500 

0.080 

Total, average 163 Mw 850 1782 

T«/ is wall t e m p e r a t u r e , 
^ m a x 

T° is exit a i r t e m p e r a t u r e . 
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D e t a i l e d c a l c u l a t i o n a l r e s u l t s a r e not yet a v a i l a b l e for the p r e s e n t r e ­

a c t o r d e s i g n ; h o w e v e r , i t s b e h a v i o r i s we l l u n d e r s t o o d f r o m the fol lowing 

d a t a : An e a r l y ( s i n c e s u p e r s e d e d ) con f igu ra t i on for T o r y I I -A, when l o a d e d 

to give a flat r a d i a l p o w e r d i s t r i b u t i o n at full t e m p e r a t u r e in n e u t r o n i c c a l ­

c u l a t i o n s , showed a 30% p e a k - t o - p e a k dev i a t i on f r o m flat p o w e r at r o o m t e m ­

p e r a t u r e . A s e r i e s of F l a s h code c a l c u l a t i o n s for t h i s c o n f i g u r a t i o n at m a n y 

d i f fe ren t o p e r a t i n g cond i t i ons for both 80 and 1063°F in l e t a i r t e m p e r a t u r e , 

giving c o m p l e t e c o r e t e m p e r a t u r e m a p s , i n d i c a t e t ha t any o p e r a t i n g cond i t ion 

which l e a d s to an a v e r a g e c o r e t e m p e r a t u r e m i d w a y b e t w e e n the in le t gas 

t e m p e r a t u r e and the d e s i g n o p e r a t i n g t e m p e r a t u r e g ives a w o r s t r a d i a l t e m ­

p e r a t u r e d i s p a r i t y , wi th l i t t l e d e p e n d e n c e on the v a l u e s of p o w e r and flow r a t e . 

The m a x i m u m r a d i a l t e m p e r a t u r e d i f f e r e n c e o b t a i n a b l e at any a x i a l s t a t i on 

was about 7 0 ° F for 1 0 6 3 ° F in le t gas t e m p e r a t u r e and about 3 0 0 ° F for 8 0 ° F 

in le t g a s . The p r e s e n t T o r y I I -A r o o m t e m p e r a t u r e r a d i a l p o w e r d i s t r i b u t i o n 

h a s b e e n g r e a t l y r e d u c e d in i t s d e v i a t i o n f r o m f l a t n e s s ; T h e f o r m e r 30% d e ­

v ia t ion h a s b e e n r e d u c e d to 9%, and t h e d i s s i r n i l a r i t y of the c e n t e r and edge 

ax i a l p o w e r d i s t r i b u t i o n s h a p e s h a s d e c r e a s e d . The w o r s t r a d i a l t e m p e r a t u r e 

d i s p a r i t y i s c o n s e q u e n t l y e s t i m a t e d at l e s s t han 1 0 0 ° F . No F l a s h t e m p e r a t u r e 

m a p c a l c u l a t i o n s h a v e b e e n m a d e for the u p - t o - d a t e d e s i g n , but the F l o s s code , 

w i th the a p p r o x i m a t i o n tha t t h e c o r e ex i t Mach n u m b e r i s equa l to 0 .5 , i n d e ­

penden t of t e m p e r a t u r e , w a s u s e d to c a l c u l a t e the c o r e t e m p e r a t u r e m a p for 

only the two o p e r a t i n g t e m p e r a t u r e s m i d w a y b e t w e e n the two in le t g a s t e m ­

p e r a t u r e s and t h e c o r e d e s i g n t e m p e r a t u r e . The r a d i a l t e m p e r a t u r e d i s p a r i t i e s 

found in t h i s way a r e i n d e e d l e s s t h a n 1 0 0 ° F , b e i n g 20° F for 1 0 6 3 ° F in l e t gas 

and g C F for 8 0 ° F in le t g a s . 

T e m p e r a t u r e D i s t r i b u t i o n Within F u e l E l e m e n t s 

A s t e a d y - s t a t e r e l a x a t i o n - m e t h o d c a l c u l a t i o n of the d e t a i l e d t e m p e r a t u r e 

d i s t r i b u t i o n wi th in the f u e l - e l e m e n t w a l l s w a s m a d e , wi th the r e s u l t s shown in 

F i g . 5 - 3 1 . 

To a id in t h e r m a l s t r e s s c a l c u l a t i o n s , a c o m p a r i s o n w a s m a d e wi th the 

t e m p e r a t u r e d i s t r i b u t i o n r e s u l t i n g f r o m the s impl i fy ing a s s u m p t i o n tha t t he 

o u t e r fuel e l e m e n t b o u n d a r y i s a c i r c u l a r c y l i n d e r e n c l o s i n g t h e s a m e c r o s s -

s e c t i o n a l a r e a as the a c t u a l h e x a g o n . As m i g h t be e x p e c t e d , the r a d i a l t e m ­

p e r a t u r e d i f f e r ence b e t w e e n the i n s i d e s u r f a c e and t h e c o r n e r s of t h e h e x a g o n 

is h i g h e r t han tha t in the a p p r o x i m a t i n g a n n u l a r c y l i n d e r , but it e x c e e d s the 
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a n n u l a r c y l i n d e r d i f f e r e n c e by l e s s t han 20%. E s t i m a t e s of t h e r e s u l t i n g 

t h e r m a l s t r e s s e s fail to show any s ign i f i can t d i f f e r e n c e (5%) b e t w e e n the two 

c o n f i g u r a t i o n s . A m o r e d e t a i l e d d i s c u s s i o n h a s b e e n g iven in a s e p a r a t e 

r e p o r t . 

T r a n s i e n t Cond i t ions 

A Univac code ( T r i d e ) h a s b e e n s e t up for the c a l c u l a t i o n of t r a n s i e n t 

t e m p e r a t u r e cond i t ions in a s i n g l e h e a t - t r a n s f e r tube ex t end ing the l eng th of 

the r e a c t o r . Th i s code c a l c u l a t e s gas t e m p e r a t u r e and i n t e r n a l fue l -e lennen t 

t e m p e r a t u r e d i s t r i b u t i o n at e a c h of a n u m b e r of s t a t i o n s a long the l eng th of 

the t u b e . 

The c a l c u l a t i o n i s b a s e d on l o c a l h e a t - t r a n s f e r coe f f i c i en t s and s t e a d y -

s t a t e o n e - z o n e h y d r o d y n a m i c s [Eq . ( 5 ) ] , wi th f ixed exi t Mach n u m b e r and 

p r o g r a m m e d in le t s t a g n a t i o n p r e s s u r e and t e m p e r a t u r e . Thus for v a r i o u s 

t y p e s of s t a r t u p and shu tdown p r o g r a m s , for p o w e r s u r g e s , and for sudden 

c h a n g e s in the in le t gas t e m p e r a t u r e , t he t i m e - d e p e n d e n t t e m p e r a t u r e d i s t r i ­

bu t ion wi th in and a long the wal l of a c h a r a c t e r i s t i c fuel e l e m e n t m a y be c a l ­

c u l a t e d . T h e r m a l s t r e s s e s r e s u l t i n g f r o m t h e r a d i a l t e m p e r a t u r e d i s t r i b u t i o n 

in the wa l l for d r a s t i c t e m p e r a t u r e c h a n g e s m a y then be e v a l u a t e d . 

Some spec i f i c p r o b l e m s wh ich h a v e b e e n s t u d i e d a r e t h e fo l lowing: 

Startup— 

1. sudden a p p l i c a t i o n of full p o w e r and a i r flow, 

2. l i n e a r r a m p i n c r e a s e of flow r a t e wi th e x p o n e n t i a l r i s e in p o w e r , 

3 . s udden a p p l i c a t i o n of t en t i m e s full p o w e r wi th n e g l i g i b l e flow r a t e ; 

Shutdown— 

4 . i n s t a n t a n e o u s r e d u c t i o n of p o w e r to z e r o wi th full con t inu ing flow 
r a t e ; 

G e n e r a l opera t ion— 

5. i n s t a n t a n e o u s , and 

6. l i n e a r r a m p c h a n g e s in i n l e t a i r t e m p e r a t u r e . 

The p a r a m e t e r s u s e d for t h e s e c a l c u l a t i o n s , s o m e w h a t d i f fe ren t f r o m 

c u r r e n t v a l u e s , w e r e : 

T° = 1 0 6 3 ° F a = 0.115 in . 

M = 0.75 Po = 27.9 kw p e r tube 

L = 39 in. p° = 357 p s i a 
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The instantaneous application of full power and flow ra te i s , of course , 

more dras t ic than the ramp s tar tup, but still r e su l t s in a quite gradual buildup 

of wall t empera tu re and t empera tu re gradient very near ly reaching s teady-

state values in about 15 seconds (Fig. 5-32). 

Sudden application of ten t imes full power for essent ia l ly ze ro flow r e ­

sults in a very rapid change in core t empera tu re , reaching full design t e m ­

p e r a t u r e in a smal l pa r t of a second (Fig. 5-33), but with a maximum t e m ­

pe ra tu re difference within the wall l e ss than one-fifth that for s t eady-s ta te 

full power and t empe ra tu r e (Fig. 5-34). 

For instantaneous power shutdown with constant inlet gas t empe ra tu r e 

and p r e s s u r e , the t empe ra tu r e and wall t empera tu re difference drop exponen­

tially, with the wall t empera tu re difference dropping to one-tenth of that at 

s teady-s ta te full power and t empera tu re in about 5 seconds (F igs . 5-34 and 5-35) 

A sudden change in inlet gas t empe ra tu r e from 1060 °F to room t e m ­

p e r a t u r e develops la rge wall tennperature differences (near those for s teady-

state full power and t empera tu re ) and, hence, high the rma l s t r e s s e s at the 

inlet end of a hot flow passage for a few tenths of a second after the change. 

Lengthening the t ime for the change to about 3 seconds is requ i red before the 

peak t rans ien t the rmal s t r e s s is cut in half. No other hazardous t rans ien t 

situation is found. 

Structural Links and Adjacent Fuel Elements 

Calculations (Triangle code) were made of the s teady-s ta te t e m p e r a t u r e 

coupling between the core s t ruc tu ra l links and adjacent fuel e l ements . This 

coupling, pr incipal ly involving the rmal radiat ion and convective heat t r ans fe r 

through air in the t r iangular passages between fuel e lements and l inks, as 

well as gamnaa heat deposition in the l inks, was studied for var ious powers , 

flow ra t e s , and re la t ive gamnna-ray heating r a t e s . 

Investigation of the t empera tu re of the s t ruc tura l links is requ i red to 

de te rmine the effect of differential t he rma l expansion on the fit of fue l -e le ­

ment bundles within the i r surrounding l inks, as well as the load-ca r ry ing 

capacity of the l inks . Results indicate that convective coupling is so tight due 

to the high hea t - t r ans fe r coefficient and low flow in the t r iangular passage that 

radiat ive t rans fe r is re la t ively negligible, with the g rea tes t s teady-s ta te s e p ­

arat ion in t empera tu re between the links and the adjacent fuel e lements being 

less than 150 °F . These fuel e lements , however, a re reduced in t empera tu re 
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below unperturbed fuel e lements by about 200 ' 'F . F igures 5-36 and 5-37 show 

link, fuel-element and a i r t e m p e r a t u r e s for full power blowdown operat ion 

(157 Mw, 805 lb / sec ) and for operation with air supplied by the blowers (7. 1 

Mw, 28.4 l b / s e c ) . 

A pseudo- t ime-dependent calculation, accounting for t he rma l capacity 

of the links absorbing par t of the gamma heat, gave an estinnate of the expected 

t empe ra tu r e lag of the links in s ta r tup . For s tar tup steady power levels of 

about 7 Mw, with blowers supplying 28 l b / s e c of a i r , a nnaxinnum s t ruc tu ra l 

link t empe ra tu r e lag of ISO'F is obtained with a ramp inc rease to full t e m ­

pe ra tu r e in 15 minu tes . 

Design Operating Charac te r i s t i c s 

A s u m m a r y of the design cha rac t e r i s t i c s of Tory II-A, with respec t to 

i ts pe r formance as a hea t - t r ans f e r device, is given in Table 5-13. 

Table 5-13. Reactor operating cha rac t e r i s t i c s 

Power density 

Averaged over total core volunne . 

Averaged over tube and hole volume 

Total power 

Power pe r flow tube 

Peak core t empera tu re 

Tube wall t empe ra tu r e (max) 

Inlet a i r total t e m p e r a t u r e 

Discharge a i r total t empera tu re (from fuel tubes) 

Total p r e s s u r e 

Inlet . . . . 

Discharge (after expansion loss) 

Air flow ra te 

Fueled tubes 

T ie - rod cooling 

Shroud annulus 

Gaps next to links 

Total 

Air flow ra te per tube 

Tube inlet Mach No. 

Tube exit Mach No. 

7.28 Mw/ft 

9.39 Mw/ft^ 

157 Mw 

18.23 kw 

2305°F 

2250' 'F 

1063''F 

1936''F 

357 ps ia 

235 psia 

618 l b / s e c 

97 l b / s e c 

65 l b / s e c 

25 l b / s e c 

805 l b / s e c 

32.4 g / s e c 

0.244 

0.500 
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The following analysis given in Section 5. 3. 3 was developed by The Marquardt 
Corporation. 

5. 3. 3 Inlet Diffuser Operation 

It is des i rab le to have a choked nozzle-diffuser systenn ups t ream fronn 

the Tory II-A test r eac to r for severa l r e a sons . The p r i m a r y purpose is to 

separa te the r eac to r fronn the a i r supply in such a manner that fluctuations 

in r eac to r operating conditions (power level, p r e s s u r e drop, e tc . ) cannot be 

felt by the a i r supply sys t em. Consequently, a steady flow rate can be m a i n ­

tained which depends only on ups t ream regulator and hea te r cont ro l s . This 

separat ion can be accomplished by maintaining a sonic section (choked nozzle) 

between the a i r supply and the reactor . F u r t h e r m o r e , a diffuser sys tem as 

descr ibed here in will give r i s e to shock-induced turbulence represen ta t ive of 

the flow in an actual ramjet application. A choked nozzle also provides an 

accura te method of measur ing the systenn flow r a t e . 

To give background information for choice of the Tory II-A diffuser 

design, a d iscuss ion is given here of th ree a l te rna te designs, with reasons 

for select ion of the th i rd as most suitable for our use . 

Diffuser Operating Range and Design Cr i t e r i a 

The diffuser mus t operate sat isfactor i ly over a ra ther la rge range of 

r eac to r conditions, nannely: 

Reactor inlet stagnation p r e s s u r e 0-360 psia 

Reactor inlet stagnation t empe ra tu r e 70°F-1070°F 

Reactor stagnation t empera tu re ra t io 
(exit/ inlet) 1 to 2 

Given a set of these three p a r a m e t e r s , the reac tor thermodynamic c h a r a c t e r ­

is t ics a re completely determined, provided the exhaust nozzle is choked. The 

only r eac to r p a r a m e t e r s , however, that affect the diffuser design (other than 

scaling effect) a r e r eac to r p r e s s u r e ra t io and t empe ra tu r e ra t io ( these ra t ios 

refer to the rat io of stagnation conditions a c r o s s the r eac to r ) . That this is 

the case can be seen by re fe r r ing to the calculations p resen ted herewi th . As 

a bas i s for d iscuss ion of the different diffuser sys tems , the following a s s u m p ­

tion is made: The reac to r p r e s s u r e ra t io is considered to be independent of 

the flow rate and t empera tu re ra t io and is taken to be the design point value of 

0.657 (this includes reac tor exit l o s se s ) . Over a la rge range of flow ra te s and 

t empera tu re ra t ios this ra t io is very near ly constant, and hence the assumption 

is justified for any qualitative d iscuss ion. In the quantitive analysis of the last 

sys tem considered, this assumption is not made . It is the requ i red t empe ra tu r e 
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r a t i o r a n g e a lone , t hen , t ha t d i c t a t e s the d i f fuser d e s i g n , excep t for a s c a l i n g 

f a c t o r . As for s c a l i n g , a l l d i f fuser c r i t i c a l d innens ions can be s c a l e d d i r e c t l y 

f r o m the e x h a u s t n o z z l e s i z e , which i s 323.6 in. . A f u r t h e r r e q u i r e m e n t is 

t ha t the d i f fuse r s y s t e m exi t Mach n u m b e r be a p p r o x i m a t e l y 0.10 at the T o r y 

I I -A d e s i g n poin t cond i t i ons ( t e m p e r a t u r e r a t i o = 1.45). 

F o r s y s t e m s c o n s i d e r e d h e r e i n , t h e r e wi l l of c o u r s e be s o m e flow r a t e 

be low •which the e n t i r e s y s t e m (d i f fuser , r e a c t o r , e x h a u s t nozz l e ) wi l l flow 

s u b s o n i c a l l y . Th i s condi t ion wi l l o c c u r at v e r y low flow r a t e s and high t e m ­

p e r a t u r e r a t i o s , h e n c e it shou ld p o s e no s e r i o u s p r o b l e m . 

Qua l i t a t i ve D i s c u s s i o n of S y s t e m s C o n s i d e r e d 

1. S i n g l e - T h r o a t Dif fuser 

The f i r s t con f igu ra t i on tha t c o m e s to m i n d tha t m i g h t s a t i s f y the r e -

q u i r e n n e n t s , i s s i m p l y a c o n v e r g i n g - d i v e r g i n g n o z z l e u p s t r e a m f r o m the r e ­

a c t o r as shown s c h e m a t i c a l l y b e l o w . Such a s y s t e m is imnned ia t e ly t h r o w n 

Shock 

-j-0 

out on the fol lowing g r o u n d s . If the n o z z l e is to r e m a i n choked unde r a swing 

in r e a c t o r t e n n p e r a t u r e r a t i o f r o m 1 to 2, a s t r o n g s h o c k m u s t e x i s t in the 

d i f fuse r at the l o w e r t e m p e r a t u r e r a t i o . T h i s can be s e e n as fo l lows . C o n s i d e r 

the t h r o a t j u s t choked at the nnax imum t e m p e r a t u r e r a t i o ( d i v e r g i n g p o r t i o n 

e n t i r e l y s u b s o n i c ) . The flow r a t e i s f ixed by the u p s t r e a m t e m p e r a t u r e and 

p r e s s u r e . Now le t the r e a c t o r t e m p e r a t u r e r a t i o be r e d u c e d ; the b a c k p r e s ­

s u r e (P° ) on the d i f fuse r wi l l then d r o p ( s ince a l o w e r p r e s s u r e is now r e ­

q u i r e d to push the c o l d e r a i r t h r o u g h the e x h a u s t n o z z l e ) . In o r d e r for the 

d i f fuser to c o m p e n s a t e for t h i s l o w e r b a c k p r e s s u r e , a n o r m a l s h o c k m u s t 

f o r m of such a s t r e n g t h tha t the s t a g n a t i o n p r e s s u r e d r o p a c r o s s it is equa l 

to t h e d i f f e r ence b e t w e e n the in le t and b a c k p r e s s u r e s (P° — P° ) . If the t e m ­

p e r a t u r e r a t i o is r e d u c e d to 1, the s t a g n a t i o n p r e s s u r e r a t i o a c r o s s the s h o c k 

is a p p r o x i m a t e l y l / \ /2 . But we canno t p e r m i t , in th i s con f igu ra t i on , any 

s h o c k s excep t n e a r l y i s e n t r o p i c ones b e c a u s e of the d a n g e r of l a r g e s c a l e 

s h o c k - i n d u c e d s e p a r a t i o n . T h i s could s t a r v e a p o r t i o n of the c o r e a s i n d i c a t e d 
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s c h e m a t i c a l l y by the d a s h e d l ine in the f i g u r e . The b a s i c c r i t e r i a g o v e r n i n g 

p o s s i b l e s e p a r a t i o n is t ha t the s t a t i c p r e s s u r e r a t i o a c r o s s a n o r m a l s h o c k 

shou ld not e x c e e d 2. T h i s c o r r e s p o n d s to a s t a g n a t i o n p r e s s u r e r a t i o of 0.97 

and a shock Mach n u m b e r of 1.36. On the b a s i s of t h i s l inni ta t ion, a d i f fuse r 

of t h i s type would only o p e r a t e s a t i s f a c t o r i l y o v e r a t e m p e r a t u r e r a t i o v a r i ­

a t ion s u c h tha t 

( T e m p e r a t u r e r a t io ) = 1.06 ( T e m p e r a t u r e r a t io ) 

•̂  m a x ^ m m 

In s e l e c t i n g a s a t i s f a c t o r y sys tenn we m u s t m e e t two b a s i c r e q u i r e m e n t s o v e r 

a r e a c t o r t e m p e r a t u r e r a t i o r a n g e 1 to 2: 

1) u p s t r e a m t h r o a t m u s t renna in choked , 
2) no p o s s i b i l i t y can e x i s t of s t a r v i n g a p o r t i o n of t h e c o r e due to 

l a r g e s c a l e s h o c k - i n d u c e d s e p a r a t i o n . 

2. D o u b l e - T h r o a t Di f fuser 

The following d o u b l e - c h o k e d d i f fuser a l lows s a t i s f a c t o r y o p e r a t i o n o v e r 

a c o n s i d e r a b l y l a r g e r t e m p e r a t u r e r a t i o r a n g e than the s ing le c o n v e r g i n g -

d i v e r g i n g n o z z l e d i s c u s s e d a b o v e . Th i s is a c c o m p l i s h e d by a l lowing a c o n ­

s i d e r a b l y s t r o n g e r s h o c k to e x i s t b e t w e e n t h r o a t s No. 1 and No. 2 than in t h e 

p r e v i o u s e x a m p l e . If th i s shock i n d u c e s s e p a r a t i o n the flow wi l l be r e a t t a c h e d 

by the c o n v e r g i n g p o r t i o n of n o z z l e No. 2 and by the choking effect of t h r o a t 

No. 2. A s h o c k s t r e n g t h c o r r e s p o n d i n g to a s t a g n a t i o n p r e s s u r e r a t i o of 0.90 

i s c o n s i d e r e d to be the l i m i t i n g s t r e n g t h b e f o r e s e p a r a t i o n p o s e s a s e r i o u s 

p r o b l e m . The s y s t e m is d e s i g n e d such tha t the s h o c k d o w n s t r e a m of t h r o a t 

No. 2 is aga in l i m i t e d to a s t a g n a t i o n p r e s s u r e r a t i o of 0.97 (Mach n u m b e r of 

1.36). 

The d i f fuser w o r k s as fo l lows . At n n a x i m u m t e n n p e r a t u r e r a t i o (high 

d i f fuser b a c k p r e s s u r e ) t h r o a t No. 2 is unchoked and t h r o a t No. 1 is j u s t b a r e l y 

choked . The flow t h r o u g h the e n t i r e d i f fuser s y s t e m is s u b s o n i c excep t for 

the son ic condi t ion at t h r o a t No . 1. Now, a s the t e m p e r a t u r e r a t i o is r e d u c e d 

(back p r e s s u r e d e c r e a s e s ) a shock f o r m s in d i f fuse r No . 1 to a c c o m m o d a t e 
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t h i s l o w e r p r e s s u r e . The flow r e m a i n s e n t i r e l y s u b s o n i c d o w n s t r e a m f r o m 

th i s s h o c k unti l the t e m p e r a t u r e r a t i o h a s r e d u c e d to a poin t w h e r e the s h o c k 

r e a c h e s i t s m a x i n n u m s t r e n g t h ( m a x i m u m a r e a p o s i t i o n b e t w e e n the two t h r o a t s ) . 

At t h i s condi t ion , t h r o a t No . 2 i s s i z e d such tha t it i s j u s t b a r e l y choked . As 

the t e m p e r a t u r e r a t i o i s r e d u c e d f u r t h e r a s e c o n d s h o c k f o r m s in d i f fuse r No. 2 . 

When the t e m p e r a t u r e r a t i o r e a c h e s i t s min innum a c c e p t a b l e va lue , t he s e c o n d 

s h o c k i s s t i l l n e a r l y i s e n t r o p i c ( p r e s s u r e r a t i o == 0.97) and it wi l l not i nduce 

s e p a r a t i o n . R e i t e r a t i n g , the c o m b i n a t i o n of two t h r o a t s is for the p u r p o s e of 

con ta in ing a s t r o n g s h o c k and t h e r e b y avoid ing any s e p a r a t i o n p r o b l e m s , whi le 

at t he s a m e t i m e , a lways m a i n t a i n i n g t h r o a t No. 1 choked . A d e s i g n of t h i s 

n a t u r e wi l l a l low a swing in t e m p e r a t u r e r a t i o such tha t 

( T e m p e r a t u r e r a t io ) ~ 1.32 ( T e m p e r a t u r e r a t io ) 

'^ ' m a x '^ r n m 

Al though th i s i s c o n s i d e r a b l y g r e a t e r r a n g e than for the s ing l e c o n v e r g i n g -

d i v e r g i n g d i f fuse r , it i s s t i l l fa r be low the spec i f i ed r e q u r e n n e n t s . 
3 . A e r o d y n a m i c G r i d Dif fuser 

A n o t h e r s y s t e m which h a s b e e n p r o p o s e d i s s inn i la r to t h e above s y s t e m , 

in t ha t it a l s o i s a d o u b l e - t h r o a t c o n f i g u r a t i o n . Th i s type h a s b e e n s e l e c t e d 

for the T o r y I I -A d i f fu se r . In t h i s c a s e , t he s e c o n d c o n v e r g i n g - d i v e r g i n g n o z ­

z le h a s b e e n r e p l a c e d by an " a e r o d y n a m i c g r i d " which c o n s i s t s of m a n y s m a l l 

C -D n o z z l e s in p a r a l l e l as i n d i c a t e d in the ske t ch b e l o w . S t rong s h o c k s a r e 

a l l owed to e x i s t in t h e s e s m a l l n o z z l e s , a s no l a r g e - s c a l e s h o c k - i n d u c e d s e p ­

a r a t i o n can r e s u l t . The g r i d wi l l funct ion to b r e a k up t h e s h o c k - i n d u c e d s e p -

G r i d 

a r a t i o n in to m u l t i p l e c e l l s . The r e s u l t i n g flow wi l l h a v e a f a i r l y h igh t u r b u ­

l e n c e l e v e l but l a r g e s c a l e s e p a r a t i o n wi l l be avo ided . Th i s g r i d i s s i z e d 

s u c h tha t it wi l l r e m a i n choked o v e r the e n t i r e t e m p e r a t u r e r a t i o r a n g e . The 

u p s t r e a m C - D n o z z l e a c t s as a conven ien t m e t h o d of feed ing the g r i d n o z z l e s . 

T h r o a t No. 1 is s i z e d such as to g ive r i s e to a w e a k s h o c k b e t w e e n the t h r o a t 

and t h e g r i d . T h i s i s t o i n s u r e choking of t h e t h r o a t s i n c e flow r a t e n n e a s u r e -

m e n t s wi l l be m a d e on the b a s i s of t h i s u p s t r e a m t h r o a t a r e a . Again c o n s i d e r 

t h i s s y s t e m wi th the t e m p e r a t u r e r a t i o at i t s m a x i m u n n v a l u e . The n o z z l e 



- 128 -

throat will be choked, a weak shock (p re s su re ra t io = 0.97) will exist between 

the throat and grid, and the grid will be just choked with all subsonic flow 

downstream of the grid t h roa t s . As the tennperature ra t io is dec reased (back 

p r e s s u r e decreases ) a normal shock appears in the diverging port ion of the 

grid. This shock reaches a maximum strength (p r e s su re ra t io = l/\l2.) when 

the t empera tu re ra t io = 1. It should be noted that in both the double-throat 

sys tems discussed, the p r ice paid for sat isfactory operation over a la rge r e ­

actor t empera tu re ra t io range is substant ial p r e s s u r e loss in the diffuser. 

However, with a high p r e s s u r e blowdown sys tem, this will not substantial ly 

cut the available a i r supply. 

A brief analysis is given below of the grid sys tem under development 

to meet the Tory II-A r equ i r emen t s . F igure 5-38 indicates the various nnodes 

of operation of the diffuser sys tem. Regions of reac to r t e m p e r a t u r e ra t io 

and flow ra te a re shown for upstreann throat choked and unchoked, grid choked 

and unchoked, and exhaust nozzle choked and unchoked. These regions a r e 

indicated for two inlet t e m p e r a t u r e s , 530°R and 1530°R. 

Aerodynamic Grid Diffuser Analysis 

A. Station locat ions: 

© 

Shock a 

© © @ 
B. The two basic equations: 

1) Continuity equation: 

pO 
w 
A N T T " 

f(M.Y) . 

® 

where P = stagnation p r e s s u r e 

T° = stagnation t empera tu re 

W/A = flow ra te per unit a r e a 

f = s tandard tabulated function of Mach number and 
specific heat ra t io . 
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2) To ta l p r e s s u r e r a t i o a c r o s s a nornnal shock : 

- ^ = g(M, Y) , 
^B 

w h e r e A = r e f e r s to r e g i o n d o w n s t r e a m fronn shock 

B = r e f e r s to r e g i o n u p s t r e a m f r o m s h o c k 

g = is the s t a n d a r d t a b u l a t e d function of 
u p s t r e a m Mach n u m b e r . 

Da ta and a s s u m p t i o n s : 

Di f fuser : 

A-, = u p s t r e a m t h r o a t a r e a = 118.4 in . 

A„ = g r i d t h r o a t a r e a - 125.5 in . 
3 

'4 

E x h a u s t n o z z l e 

A. = g r i d ex i t a r e a - 457.0 in . 
2 

Ac = d i f fuser exi t a r e a = 974.0 in . 

2 
A/ = e x h a u s t n o z z l e t h r o a t a r e a = 323.6 in. . 

R e a c t o r : 

The fol lowing r e a c t o r d a t a w a s u s e d in t h i s a n a l y s i s . 

1) Ind iv idua l flow p a s s a g e p r e s s u r e r a t i o , a s a 
funct ion of t e m p e r a t u r e r a t i o , exi t Mach 
n u m b e r , flow r a t e , and exi t t e m p e r a t u r e . 

2) R e a c t o r exi t p r e s s u r e l o s s , as a funct ion of 
exi t Mach n u m b e r . 

3) P r o p o r t i o n of t o t a l flow b y p a s s e d for coo l ing , 
as a funct ion of f u e l - e l e m e n t t e m p e r a t u r e r a t i o . 

4) O v e r a l l r e a c t o r t e m p e r a t u r e r a t i o , as a funct ion 
of f u e l - e l e m e n t t e m p e r a t u r e r a t i o . 

A s s u m p t i o n s : 

1) F r i c t i o n l o s s e s in duc t ing . 

a) 3% p r e s s u r e l o s s b e t w e e n u p s t r e a m 
t h r o a t and g r i d . 

b) 5% p r e s s u r e l o s s b e t w e e n g r i d and r e a c t o r . 

2) Specif ic hea t r a t i o . 

a) Y - 1-28 d o w n s t r e a m f rom r e a c t o r 

b) Y = 1.40 e l s e w h e r e . 



- 131 -

O p e r a t i n g c h a r a c t e r i s t i c s : 

1) Exi t n o z z l e to t a l p r e s s u r e to d i f fuser in le t t o t a l p r e s s u r e r a t i o , as 

a function of r e a c t o r t e m p e r a t u r e r a t i o , for the c a s e w h e r e both the 

e x h a u s t n o z z l e and u p s t r e a m di f fuser t h r o a t a r e choked: 

F r o m con t inu i ty , 

^ f ( M - l , Y = l-4) = —H_2. f ( M = l , Y = l - 2 8 ) 

•pO A / T " 

6 _ 2 / 6 f (M=l , Y-1-4) 
pO A^ , / ^0 f(M = l, Y = 1.28) 

F r o m gas t a b l e s , 

f (M=l , Y"l-4) 
f (M=l , 

F r o m given d a t a 

^ 2 

^ 6 

T h u s , 

^ \ 

^°z 

V=1.28) 

9 

118.4 
232.6 

0.377 

- J. . w J 

- 0.366 . 

h 
\^z 

F o r the c a s e T 9 = T^, the spec i f i c h e a t r a t i o s wi l l be t a k e n as the 

s a m e ; hence , for T ^ / T ° = 1, 

—B. = 0.366 . 
po 

2) L i m i t i n g c a s e for which t h e u p s t r e a m t h r o a t is choked and no s h o c k s 

e x i s t ( i . e . , g r i d unchoked ) . 

•DO OO pO DO -pO 
^ 6 ^ 6 ^ 5 ^ 4 ^ 3 

Then 

pO pO pO pO pO 
2 ^ 5 4 3 2 

pO pO pO 

— ^ ^ — ^ X 0.95 X 1.00 X 0.97 = 0.921 — 
pO pO pO 

2 5 5 
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Thus 
•pO pO pO 

6 _ 0.921 ^ , 2.44 - 6 . 

Let 

f O 0 . 3 7 7 0 0 
5 ^ 5 5 

rpO 

= T ( reac tor t empera tu re rat io) , 
rpO ^ 

5 

^6 
P ( reac tor p r e s s u r e ratio) . p o 

Then the condition for the ups t ream throat to be choked i s : 

"" < 2.44 . 
P 

r 
For values of this p a r a m e t e r > 2.44, the continuity equation requ i res 

that M2< 1. 

3) Lirniting case for which the grid is just choked (i. e. , no shock in 

grid): 

Since the grid is choked, the ups t ream throat must also be choked, 

since it has a sma l l e r a rea than the grid throat . 

Then, 

Thus 

0.943 

Now since a friction loss of 3% was assumed, a shock with p r e s s u r e 

rat io - 0.97 (M = 1.35) must be p re sen t . Such a shock is within the 

design requirennents and will not induce separat ion. 

^ 2 

po 

pO 
2 

^ ° z = ^ 3 

^ 2 

* 3 

P»3 • 

118 
125 

4 
.5 

Again, 
pO pO pO pO 

_A_ . —L . -JL . -1. ^ 0.377 ^|T 
pO pO pO pO ^ 

5 4 3 2 
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T h u s , 

- — X 0.95 X 1.00 X 0.943 - 0.377 N / T . 
pO r 

Hence, 

—w— <̂  2.37 is the linniting condition, 
r 

4) Limiting flow ra te at which the exhaust nozzle becomes unchoked: 

F r o m the data available on subsonic diffusers, it appears that the 

exhaust nozzle (a rea ra t io = 2.97) will remain choked down to a p ­

proximate ly 15 ps ia for ambient p r e s s u r e equal to 12.6 ps ia . Hence 

the l imiting flow ra te , for a choked exhaust nozzle, is given by 

pO ^ 

w = — ^ — i f(M=l, Y=1.28) , 

^ 1 r 

where P 9 = 15 ps ia . 

Using r eac to r flow calculat ions from the F loss code, these th ree 

l imiting cases have been investigated for inlet t e m p e r a t u r e s of 

530''R and 1530°R. The re su l t s appear in Fig . 5-38. 

Mach number at the diffuser exit for the design point conditions (T = 1.45, 

p 
r 

= 0.657): 

A po A po 
^ ^ f ( M j - 2 2 

f(M3) A^ po po 

f(M=l) -^5 pO pO 

f(M3) 
//i;r- i\ - 0.176 . 

f (M=l) , 

118.4 
. 9 ^ 4 - 0 ^ 0 . 3 7 7 . / r X s 

(0.657) , 

F r o m gas c h a r t s 

Mg = 0 .103 . 

T h i s va lue i s c o n s i s t e n t wi th the d e s i g n r e q u i r e m e n t s , 

Di f fuser p r e s s u r e r e c o v e r y : 
pO pO pO ^JY' 

Let P , = — ^ = —H. . _ i - = 0.377 - r ^ , 
d po^ po po^ 
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or tor T = 1 , making the inlet and exit specific heat ra t ios identical, 

- 0-366 
d P • 

r 
The reac to r p r e s s u r e ra t io P is a function of the r eac to r t e m -

^ r 

p e r a t u r e ra t io , exit Mach number (which is fixed at 0.50 when the 

exhaust nozzle is choked), flow ra te , and exit t e m p e r a t u r e , P 

var ies approxinnately over a range from 0.55 to 0.66. 

At the design point T = 1.45, P^ = 0.657, pO = 357 ps ia . 

Hence 

P j = 0.689 at design point. 

Thus 
P° = 0.689 X 357 = 517 ps ia . 

The minimum P , occurs at T = 1 and at high flow r a t e s . At 100% d r ° 
design point flow ra te and T = 1, P = 0.65; thus 

Required gr id exit a r ea : 

The p r e s s u r e ra t io ac ros s the grid shock is given by 

n 
Pl 

n 
P5 

or for T 

Pi 
P? 

pO /pO 

( p o / p O ) (pO/pO) (pO/pO) 

0.377 r _ 0 4M 
0 .95X0.^43 P^ ""-^^^ 

= 1 

0.408 

P r • 

^ ^ 

P 
r 

pO/P° will be a minimum (maximum shock strength) when \lT~/P is 

a minimunn. This occurs at T = 1 and at high flow r a t e s . Hence the 

calculation will be made for design point flow and T = 1 . For this 

case , P a 0.65. r 
Then, 

0.408 
• Q T ^ 

= 0.628. 
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F r o m gas t a b l e s , 

M^ = 2.20 and A ^ / A ^ = 2 . 0 0 , 
5 5' 3 

w h e r e A- is the a r e a at which the shock o c c u r s ; thus 

A^ = 2.00 X 125.5 = 251.0 in.^ . 

H e n c e A- < A and the d e s i g n m e e t s the n e c e s s a r y r e q u i r e m e n t s . 

H. Di f fuser g e o m e t r y : 

The d i f fuse r is d e s i g n e d a c c o r d i n g to the following a c c e p t e d r u l e s : 

1) Subson ic d i f fuse r h a l f - a n g l e : 7° 

2) S u p e r s o n i c d i f f u s e r h a l f - a n g l e 

3) C o n v e r g i n g p o r t i o n h a l f - a n g l e 

4) T h r o a t r a d i u s of c u r v a t u r e 

5 . 4 R a d i a t i o n E f f e c t s 

15° 

4 5 ° ( m a x ) 

60% t h r o a t d i a m ( m i n ) 

T h i s s e c t i o n w i l l p r e s e n t e s t i m a t e d l e v e l s of g a m m a a n d n e u t r o n r a d i ­

a t i o n i n a n d a r o u n d t h e r e a c t o r , w i t h d i s c u s s i o n of t h e e f f e c t s of t h i s r a d i a t i o n 

w i t h r e s p e c t t o h e a t i n g , a c t i v a t i o n of m a t e r i a l s , a n d s t r u c t u r a l d a m a g e . M o s t 

of t h e e s t i m a t i o n of r a d i a t i o n f l u x e s i s o n a n a p p r o x i m a t e b a s i s , a n d t h e a p ­

p r o a c h u s e d v a r i e s a c c o r d i n g t o p a r t i c u l a r a p p l i c a t i o n s . F o r t h i s r e a s o n , a n d 

b e c a u s e t h e m a t e r i a l p r e s e n t e d h e r e w a s t a k e n f ronn s e v e r a l d i f f e r e n t w o r k i n g 

p a p e r s , s o m e r e p e t i t i o n o r s l i g h t d i f f e r e n c e s in c a l c u l a t e d l e v e l s m a y b e 

n o t i c e d . 

W h e r e u n c e r t a i n t y e x i s t s a s t o t h e e x a c t r a d i a t i o n l e v e l e x i s t i n g i n a 

r e g i o n , o r w i t h r e s p e c t t o t h e e f f e c t s of t h a t r a d i a t i o n , c o n s e r v a t i v e a s s u m p ­

t i o n s h a v e b e e n m a d e t o e n s u r e t h a t h e a t i n g a n d d a m a g e l e v e l s w i l l b e w i t h i n 

s a f e l i m i t s . 

5 . 4 . 1 R a d i a t i o n L e v e l s E x t e r n a l t o t h e R e a c t o r 

G a m m a F l u x 

L e a k a g e of g a m m a s f r o m a m e d i u m o c c u r s f r o m t h a t m a t e r i a l w h i c h i s 

w i t h i n a f e w a t t e n u a t i o n m e a n - f r e e - p a t h s of t h e s u r f a c e . G a m m a s o r i g i n a t i n g 

f a r t h e r a w a y a r e h e a v i l y a t t e n u a t e d a n d s o c o n t r i b u t e v e r y l i t t l e t o t h e e s c a p i n g 

c u r r e n t . If w h a t i s of i n t e r e s t i s t h e e s c a p i n g e n e r g y i n m a t t e r s of g a m m a 

h e a t i n g , t h e n t h e e n e r g y a t t e n u a t i o n l e n g t h , \ , i s t h e p e r t i n e n t q u a n t i t y . 
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The g a m m a r a d i a t i o n l e v e l s have b e e n e s t i m a t e d by a s i m p l i f i e d m o d e l 

in which a c o n s t a n t a t t enua t i on length is a s s u m e d for the r e a c t o r c o r e . T h i s 

l eng th , \ , i s found f rom the e n e r g y a b s o r p t i o n coeff ic ient a v e r a g e d o v e r 

the f i s s ion g a m m a s p e c t r u m . F o r t u n a t e l y , X. v a r i e s only s l i gh t ly o v e r the 

f i s s ion s p e c t r u m so tha t one can i g n o r e the d e t a i l s of the s p e c t r u m when i n ­

q u i r i n g into the h e a t i n g of e x t e r n a l o b j e c t s . 

Since X (= l/p)jL ) i s found to be 10,9 i n c h e s in BeO of a v e r a g e c o r e 

d e n s i t y , 1.5 g / c c , and th i s l eng th is s m a l l c o m p a r e d to t h e c o r e d i m e n s i o n s , 

g a m m a l e a k a g e h a s b e e n c o m p u t e d on the b a s i s of a m o d e l which a s s u m e s a 

s e m i - i n f i n i t e m e d i u m bounded by a p l a n e ; the l e a k a g e f r o m t h i s p l a n e p e r 

unit a r e a be ing s i m p l y 
-fjL p r 

F = \ N(?) e ^ dV cos 9 
4iTr i 

w h e r e r i s the d i s t a n c e f r o m dV to t h e unit a r e a t h r o u g h which F l e a k s , 

N(r) is the r a t e of g a m m a p r o d u c t i o n p e r unit volunne at r in t h e mediunn , 

and cos 9 a c c o u n t s ' f o r the fact t ha t dV s e e s only the p r o j e c t i o n of the unit 

a r e a on the p l a n e s u r f a c e . The i n t e g r a l is p e r f o r m e d o v e r the s e m i - i n f i n i t e 

m e d i u m . In the event tha t N(r) is c o n s t a n t , one finds F = N/4p |a wh ich is 

r e c o g n i z e d a s L a n n b e r t ' s Law. 

It can a l s o be shown e a s i l y t ha t if N(r) i s not c o n s t a n t , but h a s the f o r m 

No + ax , w h e r e a is the g r a d i e n t of N and x is n n e a s u r e d f r o m t h e p l a n e 

s u r f a c e , t hen 

F - ' 
4p^^ 

1VT , 2 a 

No + 3Pl^e 

T h i s f o r m h a s m e a n i n g in the c a s e of T o r y I I -A at both the f ront and b a c k 

ends of the a c t i v e c o r e , a s the p o w e r l e v e l i s not ax i a l l y c o n s t a n t bu t h a s an 

a p p r e c i a b l e g r a d i e n t , wi th the p o w e r l e v e l d r o p p i n g to about 0 . 7 P at t h e f ron t 

end of the ac t i ve c o r e and 0 . 4 P a t t he r e a r end . As a l w a y s , one m u s t e x e r c i s e 

cau t ion in the u s e of such a p p r o x i m a t i o n s , check ing t h e i r r e s u l t s for p l a u s i ­

b i l i ty ; it is e a s y to o v e r e s t i m a t e e s c a p i n g r a d i a t i o n f l u x e s . 

The r a d i a t i o n f r o m the f ront face wi l l be c o n s i d e r e d f i r s t . If t h e r e 

w e r e no i n t e r v e n i n g n n a t e r i a l b e t w e e n the a c t i v e c o r e and the e x t e r n a l ob jec t 

to be h e a t e d , t he r a d i a t i o n would l e a v e wi th a cos d a n g u l a r d i s t r i b u t i o n , 

w h e r e 9 i s m e a s u r e d wi th r e s p e c t to the c o r e a x i s . H o w e v e r , a 6 - i nch BeO 
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r e f l e c t o r and 4 - i n c h s t e e l ' g a m m a s h i e l d , both of h a l f - d e n s i t y , a r e p r e s e n t 

d i r e c t l y a g a i n s t the c o r e end . T h e s e s e r v e to a t t e n u a t e g a m m a r a y s wh ich 

p a s s t h r o u g h n o r m a l l y by 0.5 m e a n f r ee pa th and 0.9 m e a n f r ee pa th , r e s p e c ­

t i v e l y . H o w e v e r , t h o s e gamnnas tha t e n t e r at skew a n g l e s wi l l be a t t e n u a t e d 
2 

even m o r e . The m o d i f i e d a n g u l a r d i s t r i b u t i o n c l o s e l y r e s e m b l e s a cos 9 

d i s t r i b u t i o n . 

If a t h in s h e e t of m a t e r i a l of t h i c k n e s s dx i s v e r y c l o s e to the o u t e r 

s u r f a c e of the gannma sh i e ld , it i s i m p o r t a n t to r e c o g n i z e tha t the s h e e t wi l l 

be h e a t e d by m o r e than F ' dx/X. , w h e r e F ' i s the c u r r e n t fa l l ing on the s h e e t . 

The e n h a n c e m e n t i s due to the fact t h a t g a m m a s which l e a v e the s h i e l d at 

a n g l e s o t h e r t han 0 = 0 t r a v e l a d i s t a n c e d x / c o s 9 t h r o u g h the s h e e t . If t he 

a n g u l a r d i s t r i b u t i o n v a r i e s as cos 9, t he h e a t i n g is e n h a n c e d by a f ac to r of 

2. If the d i s t r i b u t i o n v a r i e s as cos 9, the h e a t i n g i s e n h a n c e d by a f a c t o r of 

1.5. In fact , e n h a n c e m e n t f ac to r i s (n + l ) / n for c o s 9. By t h e s a m e token , 

one m u s t r e c o g n i z e tha t the BeO end r e f l e c t o r and s t e e l g a m m a s h i e l d wi l l 

r e m o v e nnore e n e r g y than the 1.4 m e a n f r e e p a t h s i m p l y . 

When p r o p e r a t t en t i on i s g iven to the m a n n e r in w h i c h the r e f l e c t o r and 

g a m m a s h i e l d r e m o v e e n e r g y , it i s found tha t for the c u r r e n t T o r y I I -A d e s i g n 
17 

( to ta l p o w e r of 160 Mw), 3.3 X 10 M e v / s e c l e a v e s t h e f ront face of t h e r e -
13 2 

a c t o r in gamnna e n e r g y . The m a x i m u m c u r r e n t i s 6.7 X 10 M e v / c m s e c . 
17 

F o r d i s t a n c e s g r e a t e r t han a few feet f r o m the face , the c u r r e n t i s 1,6 X 10 
2 2 

cos 0 / R , w h e r e R is in c m u n i t s . T h i s l a t t e r va lue does not i nc lude the 

effect of the a i r p i p e , which h a s s t e e l w a l l s 3 / 4 in . t h i c k . 

The r e a r face wi l l h a v e a l e s s t h i c k r e f l e c t o r : 2 i n c h e s of unfueled B e O 

p l u s a 1-inch m o l y b d e n u m p l a t e , e a c h of h a l f - d e n s i t y . The l e a k a g e f r o m the 

s ide r e f l e c t o r , on the o t h e r hand , wi l l be v e r y s t r o n g l y a t t e n u a t e d by the 

g r a p h i t e as we l l a s the p r e s s u r e s h e l l . 

The r e s u l t s a r e s u m m a r i z e d in T a b l e 5 - 1 4 , The quan t i ty R r e f e r s 

to the d i s t a n c e f r o m t h e r a d i a t i n g s u r f a c e in q u e s t i o n , and i s in c e n t i m e t e r 

u n i t s . The l i s t e d v a l u e s do not t a k e in to a c c o u n t the s t e e l a i r p ipe which i s 

3 / 4 in . t h i c k (p|jL = 0.24 cnn = 0 .6 l in . ) . 

As i n d i c a t e d in Sec t ion 5 .1 , the g a m m a s h i e l d h a s b e e n c h a n g e d to 1-1/2 
i n c h e s of t u n g s t e n . The a n a l y s i s g iven h e r e is not m a t e r i a l l y a f fec ted . 
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Table 5-14. Gamma leakage cur ren t s 

Source 
Total energy 
(Mev/sec) 

Max cur ren t 
(Mev/cm^ sec) 

Current at distance R 
(Mev/cm2 sec) 

Fron t 
Rear 

Side 

3.3 X 10 
1.0 X 10 

0.7 X 10 

17 

18 

17 

6.7 X 10 

2.0 X 10 

0.3 X 10 

13 

14 

13 

1.6 X lO^'^cos^e/R^ 

3.2 X 10^"^ cos ~6/K^ 

5X I O ^ V R ^ 

To i l lus t ra te the use of these values, let us consider gamma heating of 

the front support s t r uc tu r e . Explicit considerat ion of the gamma spec t rum is 

unnecessary . Although the spec t rum is important in the ma t t e r of i n -co re 

heating, the spec t rum of the gammas enaerging from the front end is suffi­

ciently s imi la r to that of a fission spec t rum to allow the use of a constant p. . 
_ 1 ® 

At 1.0 Mev, p)ji = 0.207 cm . At 3.0 Mev, the minimum of 0.174 c m ' 

is found, and at 10.0 Mev, the value is 0.196 cm . A conservat ive value of 

0.2 cm gives a power density of: 

6.7 X lO^Y ^>^^ \ X 1.5 X 0.2 (cm--^) X 4.54 X lO '^^ _ M w / f r ' 

1 

^cm sec , Mev /cm sec 

- 0.09 Mw/ft' 

The support s t ruc tu re is sufficiently thick that a careful considerat ion 

of self-shielding effects would justify lowering this value sl ightly. 

Neutron Flux 

Neutron leakage cu r ren t s from Tory II-A were computed by mult igroup 

diffusion calculations such as Angle (a two-dimensional code which allows the 

inclusion of end re f lec tors ) . Eighteen neutron groups were employed, as 

explained in Section 5. 2. 

Although a diffusion calculation does not include t r anspor t effects such 

as leakage of undegraded fission neutrons from the core , it would be unlikely 

that the la t te r effect is impor tant . If it were , the diffusion code would give 

poor agreemeij.t with cr i t ica l assembly exper iments , which is not the case . 

An es t imate of loss of undegraded neutrons can easi ly be made if one employs 
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a " r e m o v a l " c r o s s s e c t i o n which i s the t o t a l fas t n e u t r o n c r o s s s e c t i o n . If 

th i s is done , it is found tha t t o t a l n e u t r o n l e a k a g e f r o m the f ront end is af­

fec ted by 1 p e r c e n t and tha t f r om the r e a r by 1.5 p e r c e n t . 

F i g u r e s 5 -39 , 5 -40 , and 5-41 show t h e a v e r a g e e m e r g e n t n e u t r o n c u r ­

r e n t s , a s funct ions of e n e r g y , f r o m v a r i o u s e x t e r n a l s u r f a c e s of the r e a c t o r . 

The n e u t r o n c u r r e n t s f r o m the ends of the c o r e a r e l i s t e d in T a b l e 5 -15 , as 

t hey fall into the four h i g h e s t e n e r g y i n t e r v a l s c o n s i d e r e d . 

T a b l e 5 - 1 5 . F a s t n e u t r o n c u r r e n t s f r o m c o r e at 100-Mw p o w e r 

E n e r g y g roup F r o n t face''~ R e a r f a c e ' 
(Mev) ( n e u t s / c m ^ sec) ( n e u t s / c m ' ^ sec) 

3 . 1 6 - 1 0 . 0 4 . 7 X 1 0 ^ ^ 7 . 2 X 1 0 ^ ^ 

1 . 0 0 - 3 . 1 6 6 . 0 X 1 0 ^ ^ 9 . 3 X 1 0 ^ ^ 

0 . 3 1 6 - 1.00 2 . 5 X 1 0 ^ ^ 4 . 7 X 1 0 ^ ^ 

0 . 1 0 - . 3 1 6 2 . 6 X 1 0 ^ ^ 3 . 8 X 1 0 ^ ^ 

* 4 2 
The f ront and r e a r f aces both h a v e a r e a s equa l to 2.21 X 10 c m . 

A r e a s o n a b l e g u e s s for the a n g u l a r d i s t r i b u t i o n of the e m e r g e n t n e u t r o n s 

f r o m the f ront and r e a r f ace s would .be cos d. A c c u r a t e d e t e r m i n a t i o n of the 

d i s t r i b u t i o n is diff icult ; a p r o c e d u r e such a s the Monte C a r l o m e t h o d would 

supp ly s u c h i n f o r m a t i o n . 

Hea t i ng by n e u t r o n s can be a c c o m p l i s h e d in s e v e r a l w a y s . F a s t n e u ­

t r o n s can l o s e e n e r g y t h r o u g h e l a s t i c c o l l i s i o n s . I n e l a s t i c s c a t t e r i n g l e a v e s 

the i n i t i a l l y s t a t i o n a r y n u c l e u s in an e x c i t e d s t a t e , and a g a m m a r a y i s p r o ­

duced a s the n u c l e u s r e t u r n s to i t s g r o u n d s t a t e . T h e r e m a y a l s o b e r e a c t i o n s 

s u c h as (n, p) and (n, a) r e a c t i o n s w h e r e the r e c o i l e n e r g i e s a r e d e p o s i t e d in 

the h e a t e d m a t e r i a l . T h e r m a l n e u t r o n s , a l though p o s s e s s i n g v e r y l i t t l e k ine t i c 

e n e r g y , can be a b s o r b e d in m a n y m a t e r i a l s wi th the r e s u l t tha t h igh e n e r g y 

ganamas a r e e m i t t e d . All of t h e s e e n e r g y s o u r c e s m u s t be e x a m i n e d c l o s e l y 

to p e r m i t an a c c u r a t e d e t e r m i n a t i o n of h e a t i n g . 

5. 4 . 2 H e a t i n g by E x t e r n a l F l u x e s 

To i l l u s t r a t e the d e t e r m i n a t i o n of e x t e r n a l r a d i a t i o n h e a t i n g , a s p e c i f i c 

c a s e wi l l be c o n s i d e r e d , tha t of the f ront s u p p o r t s t r u c t u r e . To avo id c o m p l i ­

ca t ion , a s w a s done above , t h e ef fec ts of s e l f - s h i e l d i n g in a t h i c k s t r u c t u r e 
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wi l l be i g n o r e d . The r e s u l t i n g e r r o r wi l l be f a i r l y s m a l l , g iving h e a t i n g v a l u e s 

s l i gh t l y l a r g e r than the t r u e c a s e . 

C o n s i d e r a th in s h e e t of s t a i n l e s s s t e e l at the front face of the r e a c t o r . 

It w a s shown b e f o r e tha t t h e p o w e r d e n s i t y due to g a m m a s in s u c h a s h e e t i s 

0.09 Mw/f t ; it r e m a i n s to d e t e r m i n e the n e u t r o n e f f ec t s . 

F o r the m a i n c o n s t i t u e n t s of s t a i n l e s s s t e e l ( i . e . , F e , C r , and Ni) , 
-24 2 -24 2 

O ~ 2 X 10 c m and a. , ~ 1 X 10 c m . The g a m m a s r e l e a s e d h a v e s c a t . m e l . ° 

e n e r g i e s of about 1 Mev; E (Fe) = 0.85 Mev whi le E (Cr ) = 1.44 Mev . Since 

the n e u t r o n l o s e s about 0.036 of i t s e n e r g y upon e l a s t i c co l l i s i on , and s i n c e 

the e n e r g y of fas t n e u t r o n s i s about 1.0 X 10 M e v / c m s e c , it fol lows tha t 

if the fas t n e u t r o n s a l l i m p i n g e n o r m a l to the th in s h e e t (which i s n o r m a l to the 

c o r e a x i s ) , the h e a t i n g wi l l be 0.0027 Mw/f t . Since the e m e r g e n t n e u t r o n s 

l e a v e with a ( r a o r e - o r - l e s s ) cos 0 d i s t r i b u t i o n , the va lue is doub led to give 

0 .0054 Mw/ft•^. 

In t h e c a s e of i n e l a s t i c n e u t r o n e f fec t s , one finds an a p p r o x i m a t e c u r r e n t 
13 / 2 

of 3.2 X 10 n e u t r o n s / c m s e c . Since e a c h i n e l a s t i c c o l l i s i o n r e l e a s e s a p -

p rox inna t e ly 1.0 Mev, and s i n c e the g a m m a h a s an a p p r o x i m a t e e n e r g y a t t e n ­

ua t ion l eng th in f u l l - d e n s i t y s t e e l of about 4.2 c m , the h e a t i n g f r o m i n e l a s t i c 

s c a t t e r i n g is 0 .0061 Mw/f t . Th i s va lue i s b a s e d on a cos 9 d i s t r i b u t i o n for 

e n t e r i n g n e u t r o n s , and no g a m m a s h i e l d effect . 

The t h e r m a l n e u t r o n s , on the o t h e r hand , have the c a p a b i l i t y of c o n t r i ­

bu t ing a p p r e c i a b l y to the h e a t i n g t h r o u g h c a p t u r e g a m m a p r o d u c t i o n . T h e s e 

g a m m a s , a r i s i n g f r o m t h e (n, Y) p r o c e s s , c a r r y about 8 Mev p e r c a p t u r e . F o r 

t ype 304 s t a i n l e s s s t e e l , t h e a b s o r p t i o n m e a n f r e e p a t h for t h e r m a l n e u t r o n s 

i s 3.9 c m for f u l l - d e n s i t y m a t e r i a l ; a l s o the ganamas r e l e a s e d wi l l h a v e a 

p r o b a b i l i t y d x / \ , w h e r e \ is about 4 .2 cna, of b e i n g a b s o r b e d in a s h e e t of 

t h i c k n e s s dx. The a v e r a g e t h e r m a l n e u t r o n c u r r e n t o v e r the e n t i r e f ront face 
12 2 

i s 8.6 X 10 n e u t r o n s / c m s e c . Al though the t h e r m a l c u r r e n t wi l l be m u c h 

l o w e r on the ax i s if b o r o n s t e e l i s u s e d as a g a m m a sh ie ld , t he va lue above 

wi l l be u s e d s i n c e s o m e n e u t r o n s f r o m the f ront face of the s ide r e f l e c t o r wi l l 

p a s s t h r o u g h the h e a t e d m a t e r i a l ( s u c h as the s u p p o r t s t r u c t u r e ) . T h e r e f o r e , 

t h i s va lue of c u r r e n t is a c o n s e r v a t i v e e s t i m a t e . The r e s u l t a n t h e a t i n g , a s -

s u m i n g a cos 9 a n g u l a r d i s t r i b u t i o n for the t h e r m a l s , i s 0.039 Mw/f t . 

The p r e v i o u s effect c a m e f r o m d i r e c t ac t ion of the t h e r m a l n e u t r o n s . 

T h e r e i s a l s o a c o n t r i b u t i o n to h e a t i n g f r o m t h e c a p t u r e g a m m a s m a d e in m a t e ­

r i a l s s u r r o u n d i n g the s u p p o r t s t r u c t u r e . If t h e s e n a a t e r i a l s , such as the a i r 
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pipe, a r e sufficiently thick, they can account for an appreciable secondary 

ganama flux. If, on the other hand, they are severa l inches thick, t he rma l 

neutron absorption may reduce the di rect capture ganama source . 

A conservat ive es t imate of the heating due to capture gammas from the 

s teel a i r pipe and s imi la r s t ruc tu res gave a power deposition ra te in the sup-

port s t ruc tu re of 0.04 Mw/ft , which is about as large as that frona the d i rec t 

action of the rma l s on the support s t r uc tu r e . 
56 56 

Reactions such as Fe (n, p)Mn contribute a negligible amount to the 
-3 

heating. Therefore , the total is 0.17 Mw/ft for full-density s ta inless s t e e l , 
3 3 

where 0.09 Mw/ft comes from ganama heating and 0.08 Mw/ft comes from 
the rma l neutron effects. 
5. 4. 3 Nuclear Heating Within the Reactor 

During operation of the Tory II-A reac tor , many components of the 

active core as well as r eac to r components in close proximity to the core will 

be subjected to nuclear heating which far exceeds thernaal heating due to 

conduction, convection and radiat ion. Knowledge of the extent of this heating 

is n e c e s s a r y for design purposes , where questions of differential expansion, 

coolant flow r a t e s , and other engineering problems a r i s e . 

An exact appr iasa l of nuclear heating is difficult to make because of 

uncer ta int ies in the gamma energy spec t rum, and the conaplex geometry of 

the core assembly . Evaluation of nuclear heating has therefore been based 

on approximations and models which tend to give as rea l i s t i c an es t imate as 

is poss ib le . This section desc r ibes the models adopted and the methods used 

in the evaluation of nuclear heating of Tory II-A reac to r components . 

Internal Core Heating 

The conaponents of the core naost susceptible to nuclear heating a r e the 

t ie rods . The major source of heating of the tie rods is recognized to be 
235 heating by ganamas resul t ing from U fission. The method employed in this 

evaluation t r ea t ed an infinite uniforna medium containing a homogeneous naix-

ture of BeO, U and tie rod meta l in a ra t io equal to that in which these com­

ponents occur in the Tory II-A co re . 

The gamma rays a r e allowed to in terac t with the m a t e r i a l s in accord 

with branching ra t ios de te rmined from the abundances and c ro s s sections of 

the various ma te r i a l s p resen t . Compton and photoelectr ic in teract ions were 



- 145 -

a l l o w e d . An e n e r g y t r a n s f e r m a t r i x d e s c r i b i n g the Compton s c a t t e r i n g p r o c e s s 

as a function of e n e r g y w a s d e v e l o p e d and e m p l o y e d . The g a m m a h e a t i n g of a 

p a r t i c u l a r m a t e r i a l was found by t a l l y ing the c o n t r i b u t i o n s f r o m p h o t o e l e c t r i c 

as we l l a s Compton h e a t i n g for tha t p a r t i c u l a r m a t e r i a l . The gamnaa s p e c t r u m 

e m p l o y e d w a s t h a t of p r o m p t f i s s i o n g a m m a s , and i t w a s c o n s i d e r e d to h a v e 

12 M e v / f i s s i o n . 

It was shown tha t , for the c o n s e r v a t i v e m o d e l e m p l o y e d , t h e t i e r o d s 

w e r e h e a t e d to a p o w e r d e n s i t y of 6.3 Mw/f t for a c o r e p o w e r d e n s i t y of 10 

Mw/f t , the u n c e r t a i n t y in the f o r m e r n u m b e r be ing ± 10%. The BeO to u r a ­

n i u m r a t i o c o n s i d e r e d w a s 2 0 0 : 1 , wh ich r e p r e s e n t e d t h e l o w e s t e x p e c t e d l o a d ­

ing in the c o r e . 

A r e f i n e m e n t of the above c a l c u l a t i o n c o n s i s t e d in the c o n s i d e r a t i o n of 

t h e s h i e l d i n g effect on the t i e r o d s by the u r a n i u m in the fueled c o r e . It was 

found tha t the l o w - e n e r g y g a m m a s w e r e l i m i t e d in t h e i r ab i l i t y to diffuse and 

m a n y w e r e p r e v e n t e d f r o m r e a c h i n g the r o d s . Inc lus ion of t h i s effect r e d u c e d 
-3 

t he t i e r o d p o w e r d e n s i t y to 5.1 Mw/f t , A conven t iona l c o m p u t a t i o n of Compton 

h e a t i n g would h a v e g iven 3.9 Mw/f t . 

T h e s e c a l c u l a t i o n s i n d i c a t e tha t i n c r e a s e d a m o u n t s of u r a n i u m in the 

h o m o g e n e o u s m i x t u r e t e n d to d e c r e a s e the a m o u n t of h e a t d e p o s i t e d in t h e 

r o d s . A l s o , in the a c t u a l r e a c t o r c o r e , s e l f - s h i e l d i n g r e d u c e s the t i e r o d 

h e a t i n g . T h u s , s i n c e the a c t u a l m o d e r a t o r to fuel r a t i o is e x p e c t e d to be s m a l l ­

e r t han t h e one c o n s i d e r e d h e r e , t h e h e a t i n g e v a l u a t e d h e r e can c e r t a i n l y b e 

c o n s i d e r e d as an u p p e r l i m i t . 

Hea t ing E x t e r n a l to the C o r e 

While r e a c t o r c o m p o n e n t s in the i m m e d i a t e p r o x i m i t y of the ac t i ve c o r e 

wi l l u n d e r g o n u c l e a r h e a t i n g to a s m a l l e r ex ten t t han any i n t e r n a l c o m p o n e n t s , 

the n u c l e a r h e a t i n g effect in t h e s e c o m p o n e n t s is e x p e c t e d to be naore i m p o r t a n t 

t han t h e r m a l h e a t i n g by at l e a s t a f ac to r of 10. 

Al though h e a t i n g of h i g h - Z m a t e r i a l s i s due m a i n l y to g a m m a s , the 

p r e s e n c e of l o w - Z m a t e r i a l s such as a l u m i n u m and w a t e r in the r e g i o n c o n ­

s i d e r e d h a s w a r r a n t e d t h e c o n s i d e r a t i o n of h e a t i n g by n e u t r o n s and by o t h e r 

p r o c e s s e s ; in s o m e c a s e s t h e s e h e a t i n g c o n t r i b u t i o n s h a v e b e e n found to be 

m o r e i m p o r t a n t t han t h e effect of g a m m a s . C a l c u l a t i o n s of h e a t i n g at the 

p e r i p h e r y of the a c t i v e c o r e h a v e b e e n done by c o n s i d e r i n g a s e m i - i n f i n i t e 

m e d i u m , the h e a t i n g effect be ing e v a l u a t e d at the b o u n d a r y of the med iuna . 
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The g a m m a s a r e a s s u m e d to e m e r g e f r o m the ac t ive c o r e r a d i a l l y wi th an 

e n e r g y d i s t r i b u t i o n s i m i l a r to the p r o m p t f i s s ion g a m m a s p e c t r u m ( s e e 

F i g u r e 5 -42) . The g a m m a e n e r g y e s c a p i n g f rom the c o r e can be e v a l u a t e d 

in a c o n s e r v a t i v e way by m e a n s of L a m b e r t ' s Law, wh ich i m p l i e s an a p p r o x i ­

m a t e e s c a p e t h i c k n e s s X.p/4 for gamnaas of spec i f i c e n e r g y E, w h e r e X.̂ , i s 

the e n e r g y a b s o r p t i o n m e a n f r ee p a t h in the c o r e m a t e r i a l . T h i s m o d e l does 

not t ake into a c c o u n t g a m m a s tha t a r e r e f l e c t e d b a c k into the conaponent in 

q u e s t i o n a f t e r hav ing d e p o s i t e d s o m e e n e r g y on t h e i r way out . H o w e v e r , 

t h e s e b a c k - s c a t t e r e d g a m m a s c o n t r i b u t e only s l igh t ly to the n u c l e a r h e a t i n g . 

G a m m a h e a t i n g h a s b e e n c a l c u l a t e d by c o n s i d e r i n g a t o t a l g a m m a p o w e r 

of 15 M e v / f i s s i o n in the r e a c t o r c o r e ; a p p r o x i n a a t e l y 7.8 M e v / f i s s i o n a r e a t ­

t r i b u t e d to p r o m p t g a m m a s , wi th a s p e c t r u m r e l a t i v e l y wel l e s t a b l i s h e d ( F i g . 

5-42) , wh i l e the r e m a i n i n g 7.2 M e v / f i s s i o n r e p r e s e n t s g a n a m a s p r o d u c e d in 

n e u t r o n c a p t u r e , i n e l a s t i c s c a t t e r i n g of fas t n e u t r o n s , and f i s s i on p r o d u c t 

d e c a y . The d e l a y e d f i s s i on p r o d u c t g a m m a s a p p r o a c h a s a t u r a t i o n va lue of 

~ 6 M e v / f i s s i o n e x p o n e n t i a l l y , r e a c h i n g 80% of t h i s va lue a f t e r one h o u r of 

o p e r a t i o n . T h u s , c a l c u l a t i o n s b a s e d on a t o t a l of 15 M e v / f i s s i o n of g a m m a 

p o w e r r e l e a s e d shou ld c e r t a i n l y l e a d to a c o n s e r v a t i v e e s t i m a t e . The t o t a l 

15 M e v / f i s s i o n w e r e t hen d i s t r i b u t e d a m o n g g a m m a e n e r g y g r o u p s at 0.2 Mev, 

1 Mev, and 6 Mev, a c c o r d i n g to the r a t i o s given by the p r o m p t f i s s i o n g a m m a 

s p e c t r u n a . 

By us ing t h i s naodel , t he h e a t i n g by g a m m a s can be c o m p u t e d for any 

m a t e r i a l by: 

( F . X A. ) 

w h e r e F. i s the r a t i o of g a m m a e n e r g y in an e n e r g y g r o u p to the t o t a l f i s s i o n 

e n e r g y , c o n s i d e r e d h e r e to be 190 Mev; A. the f r ac t i on ^ /X. w h e r e >».T-/4 

is i n t r o d u c e d by v i r t u e of L a m b e r t ' s Law and X.. i s the e n e r g y a b s o r p t i o n 

m e a n f ree pa th in the m a t e r i a l u n d e r c o n s i d e r a t i o n ; and P is the r e a c t o r p o w e r 

d e n s i t y . The f ac to r of 2 is i n t r o d u c e d to accoun t for the fact t ha t the a n g u l a r 

d i s t r i b u t i o n of enai t ted g a m m a s v a r i e s as cos 9. 

The fol lowing a r e c o m p u t e d v a l u e s for the g a m m a h e a t i n g of c o m p o n e n t s 

in t h e inac t ive p a r t of the r e a c t o r . Note tha t t h e s e r e s u l t s do not t ake self -

s h i e l d i n g o r a t t e n u a t i o n in to c o n s i d e r a t i o n ; the m a t e r i a l s c o n s i d e r e d a p p e a r in 

t h i c k n e s s e s s m a l l enough to omi t t h i s effect wi thout g r o s s o v e r e s t i m a t e . The 
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core power density is taken to be 10 Mw/ft" 

Al (core vessel) . . . . 

Hastelloy (shroud) 

Graphite (side reflector) 

HpO . . . . . 

0.66 Mw/ft" 

1.64 Mw/ft" 

0.53 Mw/ft" 

0.26 Mw/ft" 

In addition to gamma heating, the effect of neutron heating has been 

evaluated. Also, the gamma heating is enhanced slightly because of other, 

secondary, p r o c e s s e s . 

Heating due to moderat ion of fast neutrons can be calculated by cona-

par ing the heating by neutrons of a known ma te r i a l , such as the core e lements , 

with the m a t e r i a l of in te res t . Considering 5 Mev of fast neutrons produced 
•3 

per fission, and a core power density of 10 Mw/ft , the following values have 
3 3 

been obtained: aluminum 0.028 Mw/ft , graphite 0.094 Mw/ft , and water 
•3 

0.46 Mw/ft . These were assunaed to be at the co re ' s radial sur face . 
27 The gamma heating of aluminum is enhanced by products of the Al (n, y) 

28 
react ion; Al has a half life of 2 minutes and r e l ea se s one 1.8-Mev ganama 
and an average beta energy of 2.8 Mev. The effect of this p roces s contr ibutes 

0.082 Mw/ft to the heating of the core vesse l . 

The gamma flux in the vicinity of the alunainuna p r e s s u r e vesse l is en­

hanced due to neutron capture so as to inc rease the heating by gamnaas of 

other conaponents in this region. The enhancement factor over the existent 

gamma flux was found to be 11%. This effect inc reased the heating of the con-
•3 

s idered components by the following anaounts: aluminum 0.078 Mw/ft , g raph­

ite 0.063 Mw/ft^ and water 0.031 Mw/ft^. 

In sunamary, a table of specific power in the most important r eac to r 

conaponents is given below, for a core power density of 10 Mw/ft ; nei ther 

self-shielding nor attenuation has been considered. As a ma t t e r of in te res t , 

the heat deposition due to gamma heating alone is given in p a r e n t h e s e s . 

Radiation Power Deposition 

Tie rods (part ly shielded by U) 

Hastelloy shroud 

Aluminum core vesse l 

Graphite side reflector 

Water coolant 

(5.10) 5.10 Mw/ft" 

(1.64) 1.64 Mw/ft-

(0.66) 0.85 Mw/ft-

(0.53) 0.69 Mw/ft-

(0.26) 0.75 Mw/ft-
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5. 4 . 4 Ac t iva t i on of M a t e r i a l s 

In the c o u r s e of o p e r a t i o n of T o r y I I -A, c o m p o n e n t s of the r e a c t o r as 

w e l l a s m a t e r i a l s in i t s v i c in i ty wi l l b e i r r a d i a t e d by a r e l a t i v e l y h igh n e u ­

t r o n f lux. The fol lowing d i s c u s s i o n s u m m a r i z e s the m e t h o d of a p p r o a c h and 

the f indings of a naore d e t a i l e d t r e a t m e n t of t h e p r o b l e m . 

In o r d e r to c a l c u l a t e the d e g r e e of a c t i v a t i o n and the p o s s i b l e r a d i a t i o n 

h a z a r d s r e s u l t i n g t h e r e f r o m , two m e t h o d s have b e e n u s e d in ou r e v a l u a t i o n . 

The f i r s t w a s b a s e d on c a l c u l a t i o n s f rom f i r s t p r i n c i p l e s us ing the a v a i l a b l e 

a c t i v a t i o n c r o s s s e c t i o n and the e s t i m a t e d chena ica l c o m p o s i t i o n s of the v a r ­

ious n a a t e r i a l s inc lud ing t r a c e e l e m e n t s ; a c t i v a t i o n by t h e r m a l (n, y r e a c t i o n s ) 

as we l l a s fas t (n, p and n, a) n e u t r o n s h a v e b e e n t a k e n in to a c c o u n t . The s e c ­

ond naethod w a s b a s e d on e x p e r i m e n t a l l y m e a s u r e d d e c a y c u r v e s of a c t i v a t e d 
15 m a t e r i a l s ; the d a t a u s e d w e r e o b t a i n e d by C D . Bopp at the ORNL g r a p h i t e 

r e a c t o r . B e c a u s e u n c e r t a i n t i e s e x i s t in the p a r a m e t e r s n e c e s s a r y for the 

a n a l y t i c a l eva lua t i on of ac t i v i t y , the e x p e r i m e n t a l d a t a w a s u s e d w h e r e v e r 

p o s s i b l e . 

C a l c u l a t i o n s 

The ac t i v i t y of i r r a d i a t e d m a t e r i a l s can be e v a l u a t e d by m e a n s of the 

fol lowing a n a l y t i c a l e x p r e s s i o n 

A = k ( l - e ) e ' ^ 

w h e r e A i s the a c t i v i t y , k the r a t e of p r o d u c t i o n of the c o n s i d e r e d r a d i o ­

n u c l i d e d u r i n g o p e r a t i o n , and the e x p o n e n t i a l t e r m s i n t r o d u c e the fana i l ia r 

bu i ldup and d e c a y m e c h a n i s m s w h e r e tg is t he t i m e of o p e r a t i o n and T i s 

t i m e a f t e r shu tdown . The a c t i v a t i o n c r o s s s e c t i o n s for t h e r m a l and fas t n e u ­

t r o n s u s e d in the a n a l y t i c a l e v a l u a t i o n of k w e r e ob t a ined frona s t a n d a r d c o m -
1 A 17 

p i l a t i o n s . ' The c r o s s s e c t i o n s for fas t n e u t r o n r e a c t i o n s w e r e a v e r a g e d 

o v e r the p e r t i n e n t p a r t of the s p e c t r u m if a v e r a g e v a l u e s w e r e not g iven . 

The m a t h e m a t i c a l b a s i s u sed in c a l c u l a t i n g a c t i v i t i e s f r o m C D . B o p p ' s 

d a t a is e s s e n t i a l l y the s a m e a s the one ou t l ined above , the e x c e p t i o n be ing 

t h a t t he l i s t e d m a c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n s w e r e d e t e r m i n e d e x p e r i ­

m e n t a l l y and m e a s u r e d by the ex ten t of i n d u c e d ac t i v i t y in an i r r a d i a t e d s a n a p l e . 

While s o m e of the u n c e r t a i n t i e s of the a n a l y t i c a l naethod w e r e t h e r e b y e l i m i n a t e d , 

t h e e x a c t n e u t r o n s p e c t r u m in the ORNL g r a p h i t e r e a c t o r w a s not spec i f i ed , and 

it w a s diff icult to d e t e r m i n e the f r a c t i o n of a c t i v i t y i n d u c e d by fas t and s low 
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neutron i r radia t ion respect ive ly . Inasmuch as the neutron spec t rum from 

Tory II-A is weighted m o r e heavily at the fast end than is the spec t rum in a 

thernaal graphite reac tor , it is es t imated that activation by (n, p) and (n, a) 

react ions is likely to give a somewhat l a rge r contribution than Bopp's data 

would indicate. Despite these differences, good agreement was found between 

analytically and experimental ly deternained activit ies in most c a s e s . It was 

felt that any existing d iscrepancies should not change the final values beyond 

the l imits of the overal l es t imated e r r o r . 

Since the expected core lifetinae is assumed to be 5 months, it is an t ic i ­

pated that most s t ruc tu ra l and supporting components of Tory II-A will be 

subjected to radiation for an equivalent length of t ime . The total energy out­

put during this five-naonth operat ion cycle is a s sumed to be 9 X 10 w a t t - s e c . 

However, it is expected that most of the energy will be r e l eased during the 

las t month of-the cycle . Therefore , to give a represen ta t ive es t imate of the 

degree of activation of naaterials around the reac to r core , the following model 

has been adopted in our calculat ions . The reac tor opera tes continuously for 
5 

a per iod of one month at an average power of 3 X 10 wat ts , following which 

the reac to r is run full power at 160 Mw for 3 minu tes . The total activity is 

then the sum of two contr ibutions: a long, low-level accumulation plus a 

s h o r t - t e r m accumulation produced during the last high-power run. 

Results 

Calculations of induced activit ies have been made for pure meta l s as 

well as for engineering m a t e r i a l s . Of in te res t to us a r e m a t e r i a l s used 

extensively in the r eac to r vicinity. These a re s ta in less s teel AM 355, a lu­

minum 6061 and naore general ly other iron alloys and concre te . Alunainuna 

and concrete have been found to behave s imi la r ly , the activity decreas ing 

approxinaately by a factor of 10 every 2 days during the first 2 weeks after 

shutdown, followed by a more gradual dec rea se thereaf te r . Stainless steel 

and other ferrous m a t e r i a l act ivi t ies have been found to drop some th ree 

decades within the f irs t day or two after shutdown and to assume a very g rad­

ual decay thereaf ter ; flattening out of the decay curve at t imes of 2 days after 

i r radia t ion is due mainly to the long half l ives of some iron isotopes and 

other minor conaponents such as Co, Cr, Ni and Mo. 

The distr ibution in energy of neutron cu r ren t s leaving the physical 

boundaries of the r eac to r has been calculated with the aid of the IBM 704 

Angle Code and is p resen ted in F igs . 5-39 through 5-41 . Hence, the neutron 
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c u r r e n t l e v e l s o u t s i d e t h e r e a c t o r c a n b e e v a l u a t e d ( s e e S e c t i o n 5 . 4 . 1) . An 

o r d e r of n a a g n i t u d e a p p r o x i m a t i o n of t h e n e u t r o n f lux l e v e l s d u r i n g o p e r a t i o n 

i n d i c a t e s t h a t : 

A . I n s i d e t h e r e a c t o r : 

~ 6 ? 
<b 1 - <i>r ^ ^ 10 n e u t r o n s / c m s e c p e r w a t t , 

^ s l o w ^ f a s t ' -̂  

B . O u t s i d e t h e r e a c t o r : 

n\ A • n T̂  1 ^ T ~ T ~ i n 5 n e u t r o n s 
1) A x i a l l y , R = 1 m e t e r : J , = J r ^ = 10 ^ p e r w a t t 

•' s l o w f a s t 2 ^ 
c m s e c 

~ 4 
R = 4 m e t e r s : J , = J^ .= 10 ,, ,, 

s l o w f a s t " " 
~ 3 

R - 10 m e t e r s : J , = J r . = 10 ,, ,, 
s l o w f a s t " " 

2) R a d i a l l y , R = 1 m e t e r : J^^^^ = 10 " " 

J , = 1 0 ^ " " 
s l o w 

T h e p o t e n t i a l h a z a r d f r o m a c t i v a t e d c o m p o n e n t s h a s b e e n e s t i m a t e d b y 

c o n s i d e r i n g t h e m a s n o n - s e l f - a b s o r b i n g i s o t r o p i c p o i n t s o u r c e s . T h e s e 

u p p e r - l i n a i t c a l c u l a t i o n s p e r m i t a n e v a l u a t i o n of e x p e c t e d d o s e - r a t e s i n a n 

e x p e d i e n t a n d c o n s e r v a t i v e f a s h i o n . W i t h o u t g o i n g t h r o u g h t h e c a l c u l a t i o n s 

f o r a l l t h e c o m p o n e n t s , t h e e x p e c t e d d o s e - r a t e s f r o m a f ew t y p i c a l o n e s c a n 

b e e v a l u a t e d a p p r o x i m a t e l y . 

T h e a c t i v i t y of s o m e of t h e m o r e i m p o r t a n t c o n a p o n e n t s t w o d a y s a f t e r 

s h u t d o w n i s p r e s e n t e d b e l o w : 

1) A l u m i n u m c o r e v e s s e l — w e i g h t 135 l b . 
6 ? 

itr . = <t> 1 = 1 0 n e u t r o n s / c m s e c p e r w a t t 
^ f a s t ^ s l o w ' ^ 

•7 

A = 1.3 X 10 M e v / s e c p e r g r a m . 

D o s e - r a t e a t 1 m e t e r : 2 5 . 4 r / h r . 

2) A l u m i n u m c a r c o v e r — w e i g h t 500 l b . 
, ^ 5 , 2 

J , = 1 0 n e u t r o n s / c m s e c p e r w a t t 
s l o w ' ^ 

A = 1.3 X 10 M e v / s e c p e r g r a m 

D o s e - r a t e a t 1 m e t e r : 9 . 4 r / h r . 

3) S t e e l n o z z l e - w e i g h t 1000 l b . 

J^ , = J , = 1 0 n e u t r o n s / c m s e c p e r w a t t 
f a s t s l o w 

5 
A = 9 . 6 X 10 M e v / s e c p e r g r a m 

D o s e - r a t e a t 1 m e t e r : 14 r / h r . 
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It m u s t be r e m e m b e r e d tha t t h e s e a c t i v i t i e s a r e the r e s u l t of an i r r a d i a t i o n 

p e r i o d equ iva l en t to a 5 -mon th o p e r a t i o n cyc le of T o r y I I -A . Since ac t i v i t y 

at t i m e T is a function of the i n t e g r a t e d p o w e r of the r e a c t o r up to t inae T, 

an e s t inaa te of the h a z a r d f r o m a c t i v a t e d c o m p o n e n t s at any t i m e d u r i n g the 

o p e r a t i o n c y c l e can be m a d e by r e f e r r i n g to Sec t ion 10. 2, which ou t l i ne s the 

o p e r a t i n g p r o g r a m of T o r y I I -A . One finds tha t at the end of four m o n t h s the 

h a z a r d frona a c t i v a t e d c o m p o n e n t s is 10 of tha t c a l c u l a t e d above , at the end 

of the t h i r d m o n t h it is 10 of the c a l c u l a t e d m a x i m u m , and it i s r e l a t i v e l y 

ins ign i f i can t d u r i n g the f i r s t two m o n t h s of o p e r a t i o n . 

F i g u r e 5-43 g ives the spec i f i c a c t i v i t y of two a l loys as a function of t i m e 

a f t e r shutdown, for s p e c i m e n s l o c a t e d at a poin t r e c e i v i n g unit n e u t r o n flux 

p e r wat t of r e a c t o r p o w e r and e x p o s e d d u r i n g the full 5 - m o n t h o p e r a t i n g cyc le 

of the r e a c t o r . 

A m o r e exac t eva lua t i on of induced a c t i v i t i e s and d o s e - r a t e s is at t h i s 

point i m p r a c t i c a l . The u n c e r t a i n t i e s e x i s t e n t in the p a r a m e t e r s n e c e s s a r y 

for an exac t eva lua t i on have w a r r a n t e d c a l c u l a t i o n s b a s e d on upper l i m i t e s t i ­

m a t e s in o r d e r to a p p r a i s e the s e r i o u s n e s s of the p r o b l e m . G e n e r a l l y s p e a k ­

ing, the ac t i v i t y of i r r a d i a t e d s t r u c t u r a l and s u p p o r t i n g c o m p o n e n t s is m u c h 

l e s s s ign i f ican t than the ac t i v i t y of the c o r e i t se l f . 

5. 4 . 5 Rad ia t ion D a m a g e to R e a c t o r Conaponents 

The m a j o r effect of r a d i a t i o n on s t r u c t u r a l n a a t e r i a l s is c o n t r i b u t e d by 

fast n e u t r o n s ; t h i s effect is a t t r i b u t e d to r e a r r a n g e m e n t s of a t o m s wi th in the 

s t r u c t u r e of the c r y s t a l . Rad ia t ion d a m a g e is t hus dependen t on t h e i n t e g r a t e d 

fast n e u t r o n flux i n t e r c e p t e d by the m a t e r i a l unde r c o n s i d e r a t i o n . F o r T o r y 

I I -A, we can obta in an upper l i m i t for i n t e g r a t e d f luxes at v a r i o u s po in t s by 

a s s u m i n g tha t d u r i n g one c o r e l i f e t i m e the r e a c t o r wi l l be o p e r a t e d with a 

t o t a l output of 250 M w - h r . The a p p r o x i m a t e f lux l e v e l s a r e t a b u l a t e d in 

T a b l e 5 - l 6 . 

E x p e r i m e n t a l e v i d e n c e to da te i n d i c a t e s t ha t m e t a l p a r t s a r e not l i ke ly to 
19 

be d a m a g e d by n u c l e a r r a d i a t i o n ; i n t e g r a t e d d o s e s in e x c e s s of about 10 
2 

n e u t r o n s / c n a naust be r e a l i z e d b e f o r e any change in the m e t a l p r o p e r t i e s can 

be o b s e r v e d , and c u r r e n t o b s e r v a t i o n s i n d i c a t e t h a t , i n g e n e r a l , p r o p e r t i e s 

such as y ie ld s t r e n g t h , t e n s i l e s t r e n g t h , and h a r d n e s s i n c r e a s e whi le c r e e p 

r a t e and fa t igue s t r e n g t h a r e not m u c h a f fec ted . BeO and g r a p h i t e a l s o r e m a i n 

unaffec ted frona the r a d i a t i o n l e v e l s e x p e c t e d in T o r y I I - A . L i t t l e o r no 
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Fig. 5-43. Radioactivity of an alunainuna and a s ta in less s teel alloy as 
a function of t ime after shutdown. 



T a b l e 5 - 1 6 . Radia t ion l e v e l s and d a m a g e t h r e s h o l d s 

M a t e r i a l Region 

I n t e g r a t e d flux ( n e u t s / c m ) 

F a s t Slow T h r e s h o l d 
dose 

C o m m e n t s Ref. 

S tee l 

A l u m i n u m 

H a s t e l l o y 

Molybdenum 

V a r i o u s s t r u c t u r e s 
n e a r the c o r e 

P r e s s u r e v e s s e l 

Shroud 

T i e r o d s 

2X 10 

Boron s t e e l Con t ro l v a n e s 

B e O - U O -

BeO 

G r a p h i t e 

H^O 

N e u t r o n s h i e l d 

F u e l e d c o r e 
m a t e r i a l 

C o r e m a t e r i a l 

Side r e f l e c t o r 

17 

18 

2 X 10 
17 

> 1 0 19 

5 X 10 

6 X 10 

17 

17 
3 X 10 

5 X 10 

9 X 1 0 ^ ^ < 6 X 1 0 ^ ^ 

> 1 0 

> 1 0 

> 10 

19 

19 

20 

2 X 1 0 ^ ^ < 5 X 1 0 ^ ^ 

3 X 1 0 
16 

2 X 1 0 
17 

9 X 1 0 ^ ^ < 6 X 1 0 ^ ^ 

9 

T 8 17 >20 
9 X 10 < 6 X 10 >7 X 10 

18 17 19 
2 X 10 < 6 X 10^ - 1 0 ^ 

18 17 
R e f l e c t o r c o o l a n t < 2 X 10 < 5 X 10 

N o d a m a g e p r o b l e m i n T o r y I I - A 1 

II II II II II X 

II II II II II X 

Inaprovenaent of c e r t a i n p h y s i c a l 1 
p r o p e r t i e s noted 

No d a m a g e p r o b l e m in T o r y I I -A 2 
( s e e text) 

No d a m a g e p r o b l e m in T o r y I I -A 2 
( see text) 

Slight i n c r e a s e in c r u s h i n g 1 
s t r e n g t h and t h e r m a l r e s i s t a n c e 
at 7 X lO^*^ n e u t s / c m ^ 

C r y s t a l s t r u c t u r e b r e a k s down 1 
f r o m 10^1 n e u t s / c m ' ^ 

~ 2 m o l e s of hyd rogen f o r m e d 3 
d u r i n g 1 0 0 - s e c run 

The n u m b e r s in t h i s colunan r e f e r to s o u r c e s g iven be low at the end of th i s s ec t i on (Sec . 5 . 4 . 5). 



- 155 -

exper imenta l data a re available on radiation effects on urania- loaded BeO, or 

boron a l loys . Both acquire imperfect ions in thei r c rys ta l la t t ice owing to 

uranium fission or breakup of the boron nucleus upon capture of a neutron, 

and thus may suffer considerable modification of p roper t i e s as s t ruc tu ra l m a ­

t e r i a l s . Neither is expected to undergo damage to a ser ious extent in the l i fe­

t ime of Tory II-A, however. 

Under the influence of radiation, water is decomposed chenaically to 

produce approximately one hydrogen molecule per 100 ev of mixed radiation 

absorbed; in Tory II-A this r ep re sen t s about 50 l i t e r s of hydrogen (~2 naoles) 

formed during a 100-second run. While the problem of excess hydrogen p r o ­

duction exists where a la rge quantity of water is used as coolant and where 

the water is c i rcula ted in a closed sealed loop, conditions in the Tory II-A 

reac to r a re such as to render this problem negligible. 

Organic m a t e r i a l s a re not allowed in the r eac to r because of prohibit ive 

radiation levels (see i tems 3 and 4, two pa ragraphs below); pe rmis s ib l e neu­

t ron doses a re lower for organics than for s t ruc tu ra l m a t e r i a l s , and, in ad­

dition, gamma radiation plays an important pa r t in danaage to organic m a t e ­

r i a l s . 

The es t imated radiation damage thresholds for Tory II-A components 

together with the integrated neutron flux doses at appropr ia te points a r e sum­

m a r i z e d in Table 5-16. It may be seen that expected radiation levels a re 

safely below the threshold values . 

Information on radiation damage was der ived from the following sources : 

1. Battel le Memoria l Institute repor t s — "The Effect of Nuclear 

Radiation on: 

Electronic Components and Sys t ems" — REIC-2; 

Ceranaic M a t e r i a l s " — REIC-2-C; 

E las tomer ic and P las t ic M a t e r i a l s " — REIC-3; 

Lubricants and Hydraulic F lu ids" — REIC-4; 

Structural Meta l s" - R E I C - 5 . 

2. J. J. Harwood, The Effects of Radiation on Mater ia l s (Rheinhold 

Pub. C o r p . , 1958). 

3. B. T. P r i c e , Radiation Shielding (Pergamon P r e s s , 1957). 

Some additional information on radiation damage to BeO is now available — 
see ref. 2 (UCRL-5515) Chapter VII. 
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4 . G e n e r a l E l e c t r i c Co. A i r c r a f t N u c l e a r P r o p u l s i o n Dept . , r e p o r t 

No. A P E X - 3 5 7 , " E s t i m a t e d Rad ia t ion Stabi l i ty of A i r c r a f t C o m p o n e n t s . " 

5. 4 . 6 Rad ia t i on Effec ts on Con t ro l S y s t e m 

The p a r t s of the c o n t r o l a c t u a t o r s y s t e m which wi l l be e x p o s e d to the 

h i g h e s t r a d i a t i o n l e v e l a r e the vane a c t u a t o r s , l o c a t e d about 5 feet f r o m the 

in le t end of the r e a c t o r . T h e s e h y d r a u l i c a c t u a t o r s , e ight in nunaber , e n c i r c l e 

the r e a c t o r in le t a i r duc t . Not only can the c o m p o n e n t s be h e a t e d by ganamas 

and n e u t r o n s , but a l s o the h y d r a u l i c fluid and the s e a l s can suffer d i r e c t r a d i ­

a t ion d a m a g e if t he l e v e l s a r e suf f ic ien t ly h igh . It is m o r e naeaningful , t h e r e -
3 

fo re , to so lve for the n u m b e r of r a d s p e r g r a m p e r s e c o n d t h a n Mw/f t , s i n c e 

the f o r m e r unit a l lows an e s t i m a t e of the t e m p e r a t u r e r i s e d u r i n g a run a s we l l 

a s a l lowing a d i r e c t c o m p a r i s o n to be m a d e with known r a d i a t i o n t o l e r a n c e 

l e v e l s . 

The gamnaa r a d i a t i o n f r o m the c o r e i s a t t e n u a t e d by the f ront s u p p o r t 

s t r u c t u r e , the a i r duct wa l l , and a s p e c i a l 4 - i n c h s h i e l d i m m e d i a t e l y in f ront 

of the a c t u a t o r s . T h e s e a t t e n u a t e to the ex ten t of four m e a n f r ee p a t h s . The 

c o n t r o l s y s t e m g a m m a s h i e l d r e c e i v e s about 200 r a d / s e c , o r 5 X 10 c a l / g 

s e c . The t e m p e r a t u r e r i s e t h e r e f r o m g a m m a s i s , t h e r e f o r e , i n s i g n i f i c a n t . 

Beyond the sh i e ld , the p r i n a a r y g a m m a i n t e n s i t y i s 1.2 X 10 M e v / c m s e c . 

In a m a t e r i a l wi th unit d e n s i t y and a c o m p o s i t i o n l ike C¥L, t h e e n e r g y a t t e n ­

uat ion l eng th i s about 30 c m ; the d o s e r a t e i s , t h e r e f o r e , 65 r a d s / s e c , o r 2.3 

X 10 r a d s / h r . Since a T o r y I I -A c o r e i s e x p e c t e d to have an o p e r a t i n g l i f e ­

t i m e of about one h o u r at full p o w e r , the l a t t e r quan t i ty i s an i n d i c a t i o n of 

the t o t a l g a m m a dose r e c e i v e d . 

Convent iona l s e a l s such as t h o s e m a d e of r u b b e r h a v e a g a m m a d a m a g e 
6 8 

t h r e s h o l d of 2 X 10 r a d s , whi le h y d r a u l i c f luids have a l i m i t of m o r e l ike 10 
18 19 

r a d s ; ' t h e r e f o r e , p r i m a r y g a m m a s a r e not l i ke ly to c a u s e t r o u b l e in the 

c o n t r o l s y s t e m . It is now n e c e s s a r y to a p p r a i s e the ef fec ts of fas t and t h e r ­

m a l n e u t r o n s . 

F a s t n e u t r o n s can r e l e a s e c o n s i d e r a b l e e n e r g y in h y d r o g e n o u s n a a t e ­

r i a l s . A co l l i s i on of a fas t n e u t r o n wi th a p r o t o n r e d u c e s the n e u t r o n e n e r g y 

to one -ha l f of i t s i n i t i a l e n e r g y on the a v e r a g e . If the s u p p o r t s t r u c t u r e and 

a i r p ipe did not i n t e r f e r e wi th the fas t n e u t r o n flux, i t s i n t e n s i t y at the c o n t r o l 
13 2 

sys t ena sh i e ld would be 1.1 X 10 M e v / c m s e c . F o r t u n a t e l y , s i n c e the s c a t ­

t e r i n g m e a n f ree p a t h in s t e e l i s about 6 cna, it is r e a s o n a b l e to e x p e c t t ha t 

any p o r t i o n of the c o n t r o l s y s t e m can " s e e " only o n e - h a l f of the f ront face of 
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t h e s ide r e f l e c t o r ; f u r t h e r n a o r e , only o n e - t h i r d of the fas t n e u t r o n c u r r e n t 

which l e a v e s the front end d e p a r t s f r om the f ront face of the s ide r e f l e c t o r . 
12 2 

T h e r e f o r e , the i n t e n s i t y i s r e d u c e d to 1.8 X 10 M e v / c m s e c . The c o n t r o l 

sys tena g a m m a s h i e l d is e x p e c t e d to r e d u c e t h i s by a n o t h e r f ac to r of 2 t h r o u g h 

b a c k s c a t t e r i n g ; e n e r g y d e g r a d a t i o n in t h e s h i e l d shou ld be i n s i g n i f i c a n t . 
11 2 

T h e r e f o r e , 9 X 1 0 M e v / c m s e c fal ls on the s e a l s and h y d r a u l i c fluid. The 

e n e r g y d e g r a d a t i o n l eng th in the l a t t e r m a t e r i a l s (p j r 1.0) is about 10 c m . 

Th is i m p l i e s a d o s e r a t e of 5 X 10 r a d s / h r , wh ich i n d i c a t e s tha t conven t iona l 

s e a l s cannot be t o l e r a t e d . H y d r a u l i c f luids m a y be e m p l o y e d , but it wi l l be 

n e c e s s a r y to c h e c k the condi t ion of t h e s e f luids o c c a s i o n a l l y du r ing the o p e r ­

a t ing p r o g r a m to e n s u r e s a t i s f a c t o r y o p e r a t i o n . 

T h e r m a l n e u t r o n s c o n t r i b u t e to the g a m m a r a d i a t i o n d a m a g e of f luids 

and s e a l s by d i r e c t c a p t u r e ganama p r o d u c t i o n in the fluid and in the c o n t r o l 

sys tena s h i e l d . The l a t t e r effect i s a c t u a l l y m o r e i m p o r t a n t , p a r t l y b e c a u s e 

the gamnaas f r o m i r o n a r e m u c h m o r e e n e r g e t i c than t h o s e m a d e f rom n e u ­

t r o n c a p t u r e by p r o t o n s . Hea t ing by e x t e r n a l l y m a d e c a p t u r e g a m m a s in CH-, 
6 

(p = 1) a m o u n t s to 1.2 X 10 r a d s / h r ; d i r e c t a c t i on of t h e r m a l s c o n t r i b u t e s 

4 X 10 r a d s / h r . The s u m is the t h r e s h o l d d o s e for conven t iona l ( e . g . , r u b ­

b e r ) s e a l s . T h e r e f o r e , one is ob l iged to avo id the u s e of r u b b e r s e a l s b e ­

c a u s e of t h e r n a a l s as we l l a s fas t n e u t r o n s . It is e a s y to s h i e l d for t h e r m a l s , 

but the fas t n e u t r o n s a r e v e r y difficult to e l ina ina te if s p a c e is at a prena iuna . 

It is s e e n tha t for h y d r o g e n o u s m a t e r i a l s ( such as CH^, p — 1.0), the 

p r i n a a r y ganama e n e r g y d e p o s i t i o n r a t e in the a r e a of the c o n t r o l sys tena is 
5 6 

2.3 X 10 r a d s / h r ; t he fas t n e u t r o n s c o n t r i b u t e 5 X 10 r a d s / h r . T h e r n a a l s 

a c c o u n t for 1.6 X 10 r a d s / h r t h r o u g h c a p t u r e in the m a t e r i a l i t se l f and c a p ­

t u r e gamnaas f r o m the adjoining s t e e l s h i e l d . The s u m is 6.8 X 10 r a d s / h r . 
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6. CONTROL SYSTEM 

6. 1 Introduction 

The Tory II-A control systena, descr ibed in this chapter , was designed 

to meet sonae unusual problems in reac tor control . 

A des i re existed to gain experience with the sor t of fas t - responding s y s ­

tena which will be required for engine control . The combination of very fast 

actuator motion with the la rge amounts of react ivi ty available in the reac tor 

control elements could c rea te great potential hazard to the r eac to r . 

In addition, emergency control or shutdown procedures a re complicated 

by a need to avoid the rmal s t r e s s e s involved in an immediate complete shut­

down, so that the usual s c r a m provisions must be avoided except as an ul t i -

naate r e s o r t under exceptional conditions. Trans ients at high power levels 

must occur only in a controlled manner , subject to p rese lec ted l imi ta t ions . 

Because of the l imited air supply, high power runs can last only for a 

minute ' s duration or so; whatever exper iments a re des i red must be c a r r i e d 

out in this short per iod. Thus, there is little opportunity for reflection or 

choice by the opera tor during a high power run, and a high penalty for m i s t a k e s . 

For this reason, as well as the need for immediate and accura te response to 

accident conditions, control of the reac tor must be highly automatic . This 

provision has been extended even to very low power levels , so that the reac tor 

may be brought up many decades in power under completely automatic control . 

Finally, a need for exceptionally high rel iabi l i ty of all components is 

felt, because of the difficulty of making r e p a i r s . Direct access to the r eac to r 

for pa r t s replacement or r epa i r at the test point will not be possible , because 

of high radioactivity levels as well as the need for special ized heavy tools . 

Consequently, each repa i r will involve disconnection of the r eac to r and re turn 

to the d isassembly building, with considerable loss of t ime . 

The Tory II-A control sys tem has been designed to provide safe, stable, 

re l iable control of the Tory II-A reac to r at all power leve ls . It must be cap­

able of performing all s teady-s ta te and t rans ien t studies which a re anticipated, 

but, in general , has l i t t le application to a flight-type control sys t em. Wher­

ever possible , proven methods and s t a t e -o f - the -a r t ha rdware have been used. 

6. 2 Systena Charac te r i s t i c s and General Requirements 

The var iables which must be controlled or held within l imits on the Tory 

II-A reac to r a re the reac tor power level, the period, and the core and air 
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t e m p e r a t u r e s . The Tory II-A control sys tem naaintains control of the r eac to r 

through control of the r eac to r power level, per iod (during t rans ien ts ) , and a i r 

flow r a t e . The tenapera tures a r e thus dependent var iab les , and can be con­

t ro l led only indirect ly . Direct t empera tu re control is ruled out for the p resen t 

by the lack of s t ra ightforward, rel iable methods of t empera tu re measu remen t , 

especia l ly in the highest operating ranges of power and tenapera ture . 

Requirenaents which the control sys tem mus t fulfill a re as follows: 

1. Tempera tu re Requirenaents. The control sys tem mus t : 

(a) Take the core t empe ra tu r e frona ambient to naaxinaum design 

t empera tu re in a quas i - l inear fashion in approximately 5 minu tes . 

(b) Produce a 5% change in core t empera tu re in 5 seconds. 

(c) Hold the core t empera tu re constant to within 1% of the des i red 

value. 

2. Power Requi rements . The control sys tem mus t : 

(a) Take reac to r frona 0.01 watts to 10 kw in 10 nainutes (under 

naanual control) . 

(b) Take reac to r from 10 kw to 10 Mw in 1 minute (under manual 

or automatic control) . 

(c) Take r eac to r from 10 Mw to 160 Mw in approxinaately 15 seconds 

(under autonaatic control) . 

(d) Take the r eac to r from 160 Mw to 10 Mw in 15 seconds (under 

automatic control) . 

3. Pe r iod Requi rements . It is des i rab le that the r eac to r posit ive 

per iod be kept above some mininaum value during t r a n s i e n t s . It is expected 

that the naininauna posit ive per iod to le ra ted during Tory II-A operation will be 

of the o rde r of 2-5 seconds . 

4. Flow Rate Requ i rements . The a i r supply autonaatic control sys tem 

mus t be capable of scheduling the a i r flow ra te through the reac to r such that 

the t empera tu re requirenaents given above can be rea l ized when the power is 

var ied in the naanner indicated. 

There a re four bas ic modes of power control : Manual, automatic, 

fast rese t , and s c r a m . Control with these four naodes, which will be defined 

la te r , r ep re sen t s a systenas method of maintaining safe, s table, re l iable 

control of the reac tor through control of two prinaary r eac to r pa ranae te r s : 

power level and per iod. The salient features of the sys tem which employs these 

four naodes a r e : 
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1. Control of the reac tor power level and period by means of conven­

tional feedback control methods during autonaatic control . Closed-loop position 

control of the control e lements during naanual control . 

2. Restr ic t ion of the amount of fast positive react ivi ty available in the 

systena, to provide safe control . 

3. Provis ion of sufficient fast negative react ivi ty to allow recovery from 

all foreseeable accident s i tuat ions. This fast negative react ivi ty is used in a 

controlled manner in the fast r e se t mode so as to avoid the rmal shocks at high 

power levels . 

4. Use of a number of control e lements , individually actuated, thus 

providing additional rel iabi l i ty. Reactor operation could be continued in spite 

of malfunctions in seve ra l individual cont ro l -e lement-ac tuat ion subsys tems . 

5. Provis ion of an independent s c r a m - o v e r r i d e actuation sys tem. This 

sys tem allows fast s c r a m from a s tored source of energy as a last r e s o r t fol­

lowing loss of all other control . In addition, the sys tem provides a hydraulic 

overr ide method of actuating any par t icu la r control element in the event of a 

malfunction in the servo systena which normal ly actuates that elenaent. This 

helps rel ieve the i r repa i rab i l i ty situation. 

The control sys tem uses twelve control elenaents: eight identical control 

cyl inders and four identical control rods . Briefly, the control e lements are 

used as follows: 

1. The eight shim cylinders (also re fe r red to as vanes) compensate 

for reac to r t empera tu re changes, and for slow changes in fuel elenaent com­

position. They also provide negative react ivi ty for shutdown. 

2. One of the control rods is used as a vern ier rod, providing pr inaary 

fast react ivi ty adjustment to control power level . 

3. Two of the control rods a re used as safety rods , providing additional 

negative react ivi ty in the fast r e se t naode. 

4. One rod can be used as an osci l la tor rod or as a spare vern ie r or 

safety rod. When serving as an osci l la tor rod, it will be used to: 

(a) Measure the frequency response of the r eac to r . 

(b) Produce react ivi ty per turbat ions to check the control sys tem 

perfornaance. 

(c) Determine the worth of the shim cyl inders . 

In addition to the functions outlined above, all twelve control elements 

a re used in the s c r a m mode to shut down the reac tor in case of an actual or 
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p o t e n t i a l a c c i d e n t . 

Only r a d i a t i o n - r e s i s t a n t m a t e r i a l s wi l l be u s e d on c o m p o n e n t s l o c a t e d 

n e a r the r e a c t o r . No o r g a n i c n a a t e r i a l s a r e to be u sed for s e a l s , p a c k i n g , 

e t c . in the r e g i o n 5 to 10 ft f r o m the in le t end of the r e a c t o r , s i n c e the i n t e ­

g r a t e d r a d i a t i o n flux t h e r e wi l l e x c e e d t h e i r t o l e r a n c e . 

6. 3 D e s c r i p t i o n of C o n t r o l S y s t e m 

The r e q u i r e m e n t s s t a t e d in the s e c t i o n s above have b e e n naet in the s y s ­

tena which h a s b e e n d e s i g n e d . A d e s c r i p t i v e accoun t of t h i s s y s t e m is g iven 

in the p r e s e n t s e c t i o n ; a m o r e d e t a i l e d a n a l y s i s of s y s t e m o p e r a t i o n is given 

in Sec t ion 6 . 4 . F o r a c o m p l e t e a n a l y s i s f r om the v iewpoint of s e r v o s y s t e m 
20 

t h e o r y , the r e a d e r i s r e f e r r e d to a s e p a r a t e r e p o r t . 

6. 3 . 1 N u c l e a r C o n t r o l E l e m e n t s 

M e c h a n i c a l d e t a i l s of the c o n t r o l e l enaen t s w e r e p r e s e n t e d in Sec t ion 

4 . 1. 1, and a n a l y s i s of t h e i r n e u t r o n i c b e h a v i o r in Sec t ion 5. 2. 3 . A b r i e f 

r e v i e w of sonae of t h e i r c h a r a c t e r i s t i c s , wi th p a r t i c u l a r a t t e n t i o n to t h e i r 

p r o p e r t i e s as c o n t r o l sys t ena e l e m e n t s , w i l l be useful h e r e . 

It wi l l be r e c a l l e d tha t T o r y I I -A h a s two t y p e s of c o n t r o l e l e m e n t s , 

known as r o d s and c y l i n d e r s (or v a n e s ) . All a r e c o n t a i n e d in the r a d i a l g r a p h ­

i te r e f l e c t o r . The e ight c y l i n d e r s a r e p l a c e d s y m m e t r i c a l l y a r o u n d the r e ­

f l e c to r so tha t t h e y occupy m o s t of i t s v o l u m e . E a c h r o t a t e s on an ax i s p a r a l ­

l e l to the p r i n c i p a l r e a c t o r a x i s , and thus sh i f t s n e u t r o n - a b s o r b i n g n a a t e r i a l 

t o w a r d or away f rom the r e a c t o r c o r e . The four r o d s s l i d e l e n g t h w i s e t h r o u g h 

the r e f l e c t o r , in to and out of c h a n n e l s p l a c e d v e r y n e a r t h e c o r e , s p a c e d 

even ly a r o u n d the r e f l e c t o r . The r a t e at which naotion of e a c h e lenaent b r i n g s 

about change in r e a c t i v i t y d e p e n d s on the p o s i t i o n of t h a t e l e m e n t a s we l l as 

the p o s i t i o n of a l l o t h e r e l e n a e n t s , so tha t hav ing a c c u r a t e knowledge of the 

r e a c t i v i t y due to the c o n t r o l e l e m e n t s r e q u i r e s e x a c t s p e c i f i c a t i o n of the p o s i ­

t ion of e a c h of the 12 e l e m e n t s . F i g u r e 6-1 shows the o v e r a l l con f igu ra t i on of 

the r e a c t o r and e l enaen t s of the c o n t r o l s y s t e m . 

T a b l e 6 -1 s u m m a r i z e s the n a e c h a n i c a l and n e u t r o n i c c h a r a c t e r i s t i c s of 

the c o n t r o l e l e n a e n t s . Sec t ion 5 . 2 . 3 naay be c o n s u l t e d for a d e t a i l e d d i s c u s ­

s ion of the r e a c t i v i t y w o r t h of the c o n t r o l e l e m e n t s , a s a funct ion of t h e i r 

p o s i t i o n s . 
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Table 6 - 1 . Cha rac t e r i s t i c s of control e lements 

Charac te r i s t i c Type: Rotating cylinder 
(Vane) 

Sliding rod 

Function 

Number 

Dimensions 

Inert ia 

Travel 

Mater ia l 

Reactivity worth 

Speed of response 

Large , slow react ivi ty 

adjustments 

8 

22 in. d iameter 

49 in. length 

180 lb-in.-sec^ 

0" to 180' 

2% boron steel 

0.12 absolute 

(all eight together) 

Normal r a t e : 

1-5 r a d / m i n 

Fas t r e se t r a t e : 

0.55 r a d / s e c 

Scram ra te : 

3 r a d / s e c 

Power control , 

fast r e se t , 

ca l ibrat ion. 

4 

1/4 in. thickness 

4 in. width 

40 in. length 

45 lb 

40 in. 

2% boron steel 

0.0013 to 0.0060 abs 

(each rod). 

180 in. / s e c 

6. 3. 2 Control Actuation System 

1. Actuation Subsystems 

In Section 6. 2, it was pointed out that the re a re four bas ic modes of 

power level control . In o rde r to provide these four modes of control , there 

a r e two independent subsys tems which can actuate each control e lement . 

These subsys tems a re defined and descr ibed as follows: 

(a) Servo control actuation subsys tem. This subsys tem is a con­

ventional e lec t ro -hydrau l ic position se rvo which is shown schemat ica l ly in 

Fig . 6-2. It provides actuation of the control e lement in the automatic , m a n ­

ual, and fast r e se t modes . During automatic control it functions as a closed 
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inner loop of the overal l control sys tem; in manual control and fast r e se t the 

position of the control element is di rect ly control led. 

(b) Sc r am-ove r r i de actuation subsys tem. This subsys tem which also 

employs e lec t ro-hydrau l ic actuation uses the same actuator , but opera tes in­

dependently of the servo actuation subsys tem and is capable of overr iding it, if 

both a re attennpting to actuate the control element at once. It provides actuation 

of the control element in the scrann mode and is designed " fa i l - safe" such that, 

in the event of complete e lec t r i ca l or hydraul ic power fai lure, each element is 

driven to the "full in" position by pneumat ic-hydraul ic accumula tors located 

immedia te ly adjacent to each ac tua tor . In addition to the s c r a m function, this 

actuation subsys tem is capable of over r ide positioning of a control element 

when the over r ide method of actuation is se lected for a pa r t i cu la r control e l e ­

ment . This can be done from the control point during reac to r operation and 

all control elements can be control led individually in this manner . vVhen the 

over r ide method of actuation has been selected the re a r e th ree functions which 

can be pe r fo rmed: (1) In slow, (2) Out slow, (3) Hold. The "In slow" and "Out 

slow" ra tes a re de termined by the setting of a flow l imi te r 'vhich is set at a s ­

sembly t ime and cannot be changed from the control point. These ra tes will 

be very low in o rde r to maintain r eac to r safety. With these th ree functions, 

one can deactivate any control element in any des i red in te rmedia te position in 

case of malfunction of the servo actuation subsys tem. In addition, if des i red , 

one can "manual ly" move the deactivated m e m b e r and, in the case of a control 

vane, it could be made to follow the other control vanes (such as during a 

t r ans ien t ) . It is expected that over r ide control of any control element will be 

a "flight engineer" type operat ion and will not be pe r fo rmed by the r eac to r 

opera tor . 

2. Actuators 

The power conversion elenaents of the control sys tem a re the fluid 

t rans fe r valves and the hydraul ic ac tua to r s . The actuators a r e mechanical ly 

connected to the control e lements as indicated in Fig. 6 - 1 . 

The control rods a r e driven by hydraulic cyl inders having a total s t roke 

of 40 inches with approximately 2 inches at each end devoted to hydraul ic buf­

fing. These ac tuators have an effective a r e a of 0.425 in. which gives a m a x i ­

mum force output of 127 5 lb in a 3000-psi sys t em. This impar t s a l inear a c ­

celera t ion of approximately 913 f t / sec to the 1.4-slug m a s s of the moving 

port ion of the assembly . With the blade fully withdrawn, the overal l length 
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of the control rod case and actuator is approximately 20 ft. 

The vanes a re driven by ro ta ry-vane type hydraulic actuators with 180° 

of t rave l between nnechanical s tops . Internal hydraulic buffing is provided at 

the l imit s tops . These ac tua tors develop a stall torque of approximately 10,000 

Ib-in. with a 3000-psi p r e s s u r e differential a c r o s s the moving vane. This 

stall torque will impar t a rotat ional accelera t ion of approximately 55. 5 r ad / sec 
2 

to the 180 Ib-in.-sec iner t ia of the control vane. This resu l t s in a maximum 

per iphera l accelera t ion of approximately 51 f t / sec (1.58 g ' s ) . 

Both the l inear and ro ta ry type actuators a r e fabricated ent i rely of r a d i ­

ation res i s t an t m a t e r i a l s . Conventional e l a s tomer ic sea ls have been replaced 

with seals using ei ther a l l -meta l , carbon, or graphi ted-asbes tos m a t e r i a l s . 

In other respec t s they are conventional components designed for s implici ty 

and a maximum in re l iabi l i ty . 

3. Fluid Control Valves 

(a) Servo Valves 

The servo control actuation subsys tems employ two-s tage , four-way, 

e lec t ro-hydraul ic , l inear , flow control se rvo valves . The servo valves driving 

the control rods a re sized so that they have a flow capacity sufficient to p r o ­

vide sa tura ted rod velocity of not less than 15 f t / s ec . This allows a full s t roke 

rod t r a v e r s e in approximately 0.23 second. The servo valves driving the vane 

ac tua tors a r e s imi la r , but a re sized to provide the very slow vane speeds r e ­

quired. All se rvo valves a re fabricated of r ad ia t ion- res i s t an t nnaterials and 

contain no organic s e a l s . 

(b) Solenoid Valves 

Figure 6-3 shows schemat ical ly the e lec t ro-hydraul ic c i rcu i t ry of 

each control element actuation sys tem with a solenoid char t showing e n e r ­

gized and de-energ ized solenoids for the various control functions. This s c h e ­

mat ic applies to both the control rod and the control vane sys t ems ; the only 

differences in the two a re the motion of the actuator and the maximum flows 

requi red . 

The solenoid valves shown in Fig . 6-3 a re specified for 3000-psi 

se rv ice with ac or dc solenoids; they a re to be fabricated of m a t e r i a l s which 

posses s adequate radiation r e s i s t ance . Valve A is a double solenoid 3-pos i ­

tion valve to be mounted between the servo valve and the ac tua tor . Valve B 
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is a 4-way, 2-position spring offset valve and valve C is a normal ly open 

shut-off type. 

4. Power Supply 

Hydraulic power will be supplied to the sys tem by a positive d i sp lace­

ment pump capable of delivering 10 gallons per minute at 3000 ps i when driven 

by a 20 hp, 3-phase e lec t r ic motor . The pump unit will also include a sys tem 

p r e s s u r e relief valve, 25-gallon tank, re turn check valve, hydraulic accumu­

lator , heat exchanger, oil t empera tu re control valve, s t r a ine r (air and oil), 

fluid-level indicator, fluid t empera tu re t r ansducer , and a 5-micron full-flow 

hydraulic oil filter with integral p r e s s u r e relief. 

P r e s s u r e and re turn lines will extend from the power supply unit to 

distribution headers and on to individual control assembly connection s ta t ions . 

The ent i re pump unit will be located at a sufficient distance fronn the 

active core to allow the use of s tandard nnaterials without danger of radiation 

damage. 

5. Scram Energy Source 

An individual pneumat ic-hydraul ic accumulator is located at each con­

t ro l actuator to se rve as an emergency source of hydraulic power. The con­

t ro l rod accumulators will also supply t rans ient , high power demands for 

rapid positioning of the vern ie r and safety rods . For a given gas p recha rge 

p r e s s u r e , all accumulators will be continuously charged to full fluid capacity 

by the pump. Return flow in the p r e s s u r e lines is prevented by check valves 

at each control assennbly as well as the pump unit. 

6. Posit ion Transducers 

Each cont ro l - rod actuator uses a l inear differential t r ans fo rmer for 

position feedback and indication. This t r ansducer is excited by a 5-kc s inus ­

oidal input voltage and produces a secondary voltage proport ional to the axial 

displacement of a moveable probe which is at tached to the rod of the l i nea r -

type actuator . This voltage is demodulated by a phase-sens i t ive demodulator 

to provide the dc voltage for position feedback and indication. The total non-

l inear i ty of the t r ansducer -demodula to r combination is l e ss than ±0.5%, and 

the resolution is ^ 0 . 1 % . The unit is both t empera tu re and radiation insensi t ive 

High t empera tu re dc potent iometers will be used for position feedback 

and indication on each control vane; they contain all r ad ia t ion- res i s t an t 
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m a t e r i a l s . The nonlineari ty of these t r ansduce r s is below 0.3% and they 

p o s s e s s a resolution capability of 0.17%. 

7. Installation 

The eight vane actuation assembl ies a re to be mounted on 45° annular 

segments of 1-inch-thick steel p la te . These a r e to be fastened to the 3-inch-

thick shield as shown in Fig. 6-4. The ro t a ry actuator shaft coupling extends 

through the shield and connects with the 5-foot vane shaft extension. This 

shaft extension is essent ia l ly a pipe size to minimize mechanica l compliance, 

with coupling a r r angemen t s at e i ther end to allow for shaft misa l ignment . 

In the event of component malfunction, the complete mounting plate can 

be removed to i location where remote manipula tor facili t ies a r e available 

for further d i sassembly and checkout before the unit is put back into s e r v i c e . 

The same "modular" approach is to be applied to the control rod actua­

tion a s s e m b l i e s . F igure 6-5 shows the manner in which the actuator is cou­

pled to the control b lade. 

6. 3. 3 Control Modes 

This section desc r ibes the manner in which the reac to r power level is 

controlled using the four bas ic control nnodes. It p re sen t s a functional d e s c r i p ­

tion of how the reac to r control sys tem is switched from one mode to another . 

The four bas ic modes of power level control of the Tory II-A reac to r 

a r e (1) Manual, (2) Automatic, (3) Fas t reset^and (4) Scram. During nornaal 

control the control sys tem is in one of the f irs t two modes (whichever one has 

been selected); the control sys tem is placed in one of the l a t t e r two modes only 

when an accident or potential accident has been detected. 

Control in each of these four modes is briefly descr ibed below. 

1. Control in the Manual Mode 

Here , control of the reac tor power level and per iod is maintained by the 

reac tor opera tor who p r o g r a m s rod and vane position demands . The rod pos i ­

tion demand is normal ly p r o g r a m m e d by means of a potent iometer on the m a n ­

ual control panel, but can also be p rog rammed by means of a function genera tor 

input voltage. The la t te r might be used where it is des i red to move the rod in 

some p r e s e t manner as a function of t i m e . A combination of the two inputs can 

also be used. The vane posit ion demand can be p r o g r a m m e d only with the m a n ­

ual vane demand potent iometer . The rod and vanes a re actuated by thei r closed 
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loop se rvo subsys tems which utilize position feedback. The vanes a re e l ec ­

t r ica l ly ganged by means of a common position demand voltage. The control 

sys tem is stable in the nnanual mode because of the negative t empera tu re 

coefficient of react ivi ty . 

The react ivi ty ra tes which are possible while in the manual mode a r e 

those that cor respond to the flow-limited saturat ion veloci t ies . For the rod 

the saturat ion velocity of 15 f t / sec gives a react ivi ty ra te of approximately 

0.03 abs r e a c t . / s e c . Fo r the vanes, the sa tura t ion velocity of 0.5 r a d / s e c 

gives a react ivi ty ra te of approximately 0.016 abs r e a c t . / s e c . Rates of change 

of position demand voltage obtainable by the opera tor will be l imited far below 

these maximum values . The rod, however, can be p rog rammed to give the 

maximum ra te when the function genera tor is used to provide the position 

demand voltage. 

2. Control in the Automatic Mode 

Control of the power level and per iod is maintained using the automatic 

control sys tem which will be descr ibed in the next sect ion. The opera tor can 

use e i ther log power detection (for mul t i -decade automatic control) or l inear 

power detection for fine control over 1 - 2 decades . In e i ther case , the oper ­

ator p r o g r a m s the demand power level by positioning a potent iometer on the 

automatic control panel, or by means of a function genera tor input voltage. 

The la t te r is used to p r o g r a m the power on a p r e s e t t ime schedule. Again, a 

combination of the two inputs can be used which allows manual " t r imming" of 

the p r e s e t p rog ram during the course of a run. 

The posit ive per iod demand is a lso p rog rammed by the opera tor by means 

of a potent iometer on the automatic control panel . Normally, this will be set 

p r io r to the run and will r emain fixed during any pa r t i cu la r t rans ien t situation. 

3. Control in the Fas t Reset Mode 

When the control sys tem is placed in the fast r e se t mode, control of the 

r eac to r is again maintained through control of the position of the rods and 

vanes . Control in this mode is analogous to that in the manual mode, except 

that (1) the two safety rods a re inse r ted in para l le l with the vern ie r rod and 

all t h ree control rod servo subsys tems rece ive a position demand voltage which 

cor responds to the FULL IN position, (2) the control vanes a r e rotated toward 

the FULL IN position by inser t ion of a la rge negative voltage at the input to the 

in tegra tor which produces the vane position demand voltage. Thus in the fast 
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r e s e t mode, all control e lements a re inse r ted into the reac to r very rapidly. 

All th ree rods a re in se r t ed at the i r max imum controlled ra te , which is the 

flow-limited saturat ion velocity. For all th ree rods , the saturat ion velocity 

is 15 f t / sec , which gives a react iv i ty ra te of approximately 0.06 abs r e a c t . / s e c 

(all th ree ) . During fast r e se t the vanes a re inse r ted at an angular velocity of 

approximately 0.5 r a d / s e c which gives a react iv i ty ra te of 0.016 abs r e a c t . / s e c 

The total negative react ivi ty ra te poss ible in the fast r e se t nnode as a function 

of t ime is shown in F ig . 6-6, where it has been assumed that the r eac to r was 

operating at equi l ibr ium at full power (rod at center , vanes at 1 radian) when 

the reac tor was placed in the fast r e se t mode . Also shown is a plot of total 

react ivi ty inse r t ed as a function of t ime . 

The control sys tem is placed in the fast r e se t mode: 

(a) if the i nve r se -pe r iod exceeds its p r e s e t maximum limit (period 

set point); and 

(b) if the power level exceeds i ts p r e s e t maximum limit (power set 

point). 

The control sys tem will r emain in the fast r ese t mode only when one or 

both set points a r e exceeded. When both power and inve r se -pe r iod a r e below 

the i r set points, the control sys tem will be re turned to the automatic or m a n ­

ual mode depending upon which has been se lec ted . Thus, the r e se t action is 

nonlocking. When the control sys tem has been re turned to the normal control 

naode, the safety rods a re withdrawn from the reac to r at a very slow ra te by 

means of a m e m o r y amplif ier and in tegra to r . The la t t e r is an e lec t ronic 

device for memor iz ing the safety rod posit ion voltage at the end of the fast 

r e s e t action and integrat ing from this init ial condition up to the + 10-volt level . 

Since the output of this in tegra tor is the posit ion demand voltage into the safety 

rods during normal control , the rods a r e withdrawn by this action. (+10 volts 

cor responds to the FULL OUT rod posi t ion) . The safety rods a re withdrawn 

at a velocity of approximately 20 in. /nain which produces a posit ive react ivi ty 

ra te of 0.01 abs reac t , / m i n . This is l e ss than a thi rd of the ra te at which the 

vanes can introduce negative react ivi ty when moving 1 r ad /min , so it is easi ly 

compensated for. 

4. Control in the Scram Mode 

Here , the ve rn ie r rod, two safety rods , osc i l la tor rod, and eight vanes 

a r e inse r ted completely into the r eac to r at the i r maximum r a t e s . Hydraulic 
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power for this actuation comes from the s c r a m accumulator through solenoid-

type s c r a m valves which have a response t ime of 0.05 second. In the s c r a m 

mode all rods can be inser ted at a velocity >15 f t / sec ; the vanes a re inser ted 

at a ra te of approximately 3 r a d i a n s / s e c . Figure 6-7 shows a plot of the r e ­

activity ra te and total react ivi ty as a function of t ime following the initiation 

of a s c r a m action. 

The s c r a m mode is intended to be used only as a s imple, foolproof, 

posit ive shutdown method; it will come into pLay only to prevent a reac tor 

excursion if no other mode is operat ive . 

5. Mode to Mode Transi t ion 

Automatic to Manual Operation: 

The control sys tem is taken from the automatic to the manual mode in 

two dist inct s t eps . Interlocks insure that the t ransi t ion is made in the p r e ­

scr ibed manner . The steps a re as follows: 

(1) The vanes a re first placed on manual control . Before this can be 

done, the vane position demand voltage, Vp., mus t be set equal to the voltage 

V proport ional to actual vane position (see Fig . 6-2). When the vanes a re 

switched from automatic to manual control , the rod is still maintaining power 

level in the automatic mode, so it is able to take any "bumps ." 

(2) The rod is placed on manual control . Before this can be done, the 

rod position demand voltage, V .̂, nnust be set equal to the voltage V p ropo r ­

tional to actual rod posit ion. 

Manual to Automatic Operation: 

The control sys tem can be taken from the manual to the automatic mode 

by simply depress ing the designated button on the automatic control panel . It 

is important , however, to set the power level demand to the des i red value 

before switching to automatic control . If no power jog is des i red , the power 

level e r r o r m e t e r should first be zeroed. 

Linear to Log Power Operation: 

Linear to log power operation can be effected by sinnply p re s s ing the 

designated button on the autonnatic control panel . It is important that the log 

power e r r o r m e t e r be zeroed before switching if a power jog is to be avoided. 

Log to l inear power operation is c a r r i ed out s imi lar ly ; he re , the l inear power 

e r r o r m e t e r should be zeroed. F igure 6-8 shows an operat ional d iagram of 

the ent i re power, period control sys tem in schemat ic form. 
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6. 3 . 4 Des ign of the A u t o m a t i c Con t ro l S y s t e m 

Th i s s e c t i o n d e s c r i b e s the s y s t e m which p r o v i d e s a u t o m a t i c r e g u l a t i o n 

of the p o w e r l e v e l and p e r i o d . The m e t h o d of c o n t r o l i s c h a r a c t e r i z e d by the 

fo l lowing: 

(1) C l o s e d - l o o p c o n t r o l of r e a c t o r p o w e r l e v e l at e q u i l i b r i u m o r d u r i n g 

n e g a t i v e p o w e r l e v e l e x c u r s i o n s . 

(2) C l o s e d - l o o p c o n t r o l of r e a c t o r p e r i o d d u r i n g a l l p o s i t i v e p o w e r l e v e l 

e x c u r s i o n s . 

(3) C l o s e d - l o o p c o n t r o l of p o w e r l e v e l and p e r i o d o v e r a nunaber of 

d e c a d e s us ing log n - p e r i o d a m p l i f i e r d e t e c t i o n c i r c u i t r y o r a l t e r n a t e m i c r o -

m i c r o - a m m e t e r - d e t e c t i o n c i r c u i t r y for f ine r c o n t r o l of r e a c t o r p o w e r l e v e l ; 

s w i t c h i n g is r e q u i r e d to u s e the l a t t e r type of d e t e c t i o n o v e r m o r e t h a n 1 o r 

2 d e c a d e s . 

(4) Use of fas t v e r n i e r r o d s y s t e m and s low s h i m vane s y s t e m in a 

p a r a l l e l m a n n e r such tha t l o s s of one s y s t e m ( o r p a r t of it) does not c a u s e 

l o s s of o t h e r . The r o d and vane s y s t e m s h a v e b e e n d e s i g n e d such tha t e i t h e r 

one o r both a r e c a p a b l e of m a i n t a i n i n g s t a b l e c o n t r o l of t h e r e a c t o r p o w e r 

l e v e l and p e r i o d . T h u s l o s s of r o d does not p r o d u c e i n s t a b i l i t y , n o r does l o s s 

of v a n e s . 

F i g u r e 6-9 s h o w s in s i m p l i f i e d b l o c k d i a g r a m f o r m the s y s t e m conf ig ­

u r a t i o n which i s ennployed to give th i s a u t o m a t i c c o n t r o l , w h e r e 

T = c o r e t e m p e r a t u r e 

P = p o w e r l e v e l of r e a c t o r 

W = flow r a t e t h r o u g h r e a c t o r 

T . = a i r t e m p e r a t u r e at i n l e t to r e a c t o r 

T' = mc d i c a t e d p e r i o d w h e r e i = i [ ( l + 0 . 0 1 s ) ( 1 + 0 . I s ) ] 

T = a c t u a l r e a c t o r p e r i o d 

T^ = d e m a n d p e r i o d 

6k . = t o t a l e x c e s s r e a c t i v i t y i n s e r t e d by c o n t r o l s y s t e m 

6kp = e x c e s s r e a c t i v i t y i n s e r t e d by v e r n i e r r o d 

5 k ^ = e x c e s s r e a c t i v i t y i n s e r t e d by s h i m v a n e s 

V p = vo l t age p r o p o r t i o n a l to p o w e r (o r flux) l e v e l 

V p = vo l t age p r o p o r t i o n a l to d e m a n d p o w e r l e v e l 

€ p = s i g n a l p r o p o r t i o n a l to p o w e r l e v e l e r r o r 

€ = s i g n a l p r o p o r t i o n a l to i n v e r s e p e r i o d e r r o r 

Vpj = r e f e r e n c e vo l t age at input to d i f f e r en t i a l r e l a y 
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Shown within the dotted block is the "dual-mode control ler ," a s imple 

logic circui t which se rves the function of putting the control 'system in the 

power level or per iod control mode in the manner des i red . The dual-mode 

control ler opera tes as follows: 

(1) If €p < Vp, the differential re lay is switched to the K' position, and 

the control sys tem maintains control of the reac tor power level . If V„ is 

some a rb i t r a r i l y smal l voltage then this condition cor responds to equi l ibr ium 

€_ = (Vp — Vp) = 0J or negative power excursions €p = (Vp — Vp) < Oj . 

(2) If €p >V-D, the differential re lay is switched to the K position (as 

shown in Fig. 6-9) and the control sys tem maintains control of the r eac to r 

per iod. The s tatement €„ -*V„ corresponds to the condition (Vp — Vp) >Vt3>0, 

hence period control is maintained during posit ive changes in power level . 

It is seen that the power level and per iod sys tems share all control com­

ponents except detection c i rcui t s and e r r o r signal ampl i f ie rs . Despite the num­

ber of common components, the re a re significant differences in these two systenns, 

hence, the design of each will be considered separa te ly . Response requ i rements 

a re given below; sys tem analysis is p resen ted in Section 6 .4 . 2. 

1. Power Control System 

The general requi rements on the automatic power control sys tem a re 

included in the requ i rements given in Section 6. 2. In addition to these , it is 

requi red that the automatic power control sys tem 

(1) possess an adequate marg in of re la t ive stabili ty over the power range 
_5 

10 Po ^ P :̂  10 Po , where PQ denotes full design power level . It is requ i red 

that the sys tem be stable with the rod loop alone and with the vane loop alone, 

as well as the normal situation where they a re used together . 

(2) show less than 5% overshoot to smal l step function inputs . (Note 

that this would apply only to negative power excurs ions , s ince the r eac to r is 

on per iod control during controlled posit ive power excurs ions . ) 

(3) possess a frequency response of approximately 10 cps for smal l signal 

inputs . 

2. Per iod Control System 

The requi rements that a re placed on the per iod automatic control sys tem 

a re as follows: 

(1) It should be capable of providing stable control of per iod over the 

power range 10 PQ :̂  P < 10 P Q , with per iod variable from 1 to 20 seconds . 
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(2) It is des i rab le that the per iod control sys tem show less than 10% 

overshoot to a step demand input and have a s teady-s ta te e r r o r which is less 

than 5% of the demand quantity 1 0 / T „ . Speed of response is re lat ively unim­

portant . The normal input to this sys tem is a step function. 

(3) It is requi red that this sys tem share the control components used for 

the automatic power control sys tem. 

6. 3. 5 Air Control 

At the t ime of writ ing, there is still insufficient quantitative knowledge 

concerning the a i r flow control sys tem to include it in the sys tem study. How­

ever , by design, the frequency response of the a i r flow automatic control s y s ­

tem will be set about a decade below that of the power control sys tem, so as 

to el iminate any interact ions between the two s y s t e m s . Because of th is , the 

a i r flow can be regarded as constant over the t ime per iod of fast power t r a n ­

sients as has been assumed in the synthesis of the power, per iod control s y s ­

t em. 

6. 3. 6 Reactor Operation 

This section desc r ibes typical r eac to r operation as r ega rds the power 

control sys tem. It gives only a general outline of how the control sys tem is 

used. 

During a typical full power run, the r eac to r will be made c r i t i ca l and 

taken up to 10 kw under manual control . The la t te r operat ion will be done in 

approximately 10 minu tes . At this point, the control sys tem will be switched 

to the automatic mode using log power detection. After the core has reached 

50% of the maximum design t e m p e r a t u r e , the power level will be programmied 

from 10 kw up to 10 Mw, this operat ion taking 1 minute or m o r e . The ope r ­

ator can p r o g r a m this t rans ien t using e i ther the power level demand potent i ­

ometer or a p r e - p r o g r a m m e d function genera tor input. The core t e m p e r a ­

tu re reaches its full design value in the 10-Mw power level range . After it 

reaches equil ibrium, the power level is p r o g r a m m e d from 10 Mw to full de­

sign power in approximately 15 seconds using log power detection. The flow 

ra te is p r o g r a m m e d concurrent ly so as to hold core t empe ra tu r e approxi ­

mately constant. After a short per iod at full power and full t e m p e r a t u r e , 

the power level is r e tu rned to 10 Mw in approximately 15 seconds, the flow 

ra te being reduced s imul taneously . F r o m this point the r eac to r can be shut 

down, if des i red , in the inverse o r d e r . 
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There a r e many other operations preceding the full power run descr ibed 

above which place other requ i rements on the control sys t em. For instance, 

the r eac to r will probably be taken as high as 10 Mw using the manual control 

sys tem in o rder to check reac to r p a r a m e t e r s , behavior , and t rans fe r func­

tions before taking it through this level on automatic control . In the manual 

mode, the control sys tem is stable so long as the r eac to r has a negative t e m ­

pe ra tu re coefficient of react ivi ty, r ega rd le s s of the r eac to r t r ans fe r function. 

In the automatic mode, however, to have sys tem stabili ty it is requi red that 

the r eac to r behavior fall within cer ta in predictable bounds. In e i ther case , 

the fast r e se t action provides an additional safety factor. 

Control in the automatic mode using l inear power detection is also quite 

useful during cer ta in opera t ions . When it is des i red that the reac tor power 

level be held accura te ly at some level for long per iods of t ime in o rde r to 

ca l ibra te or make m e a s u r e m e n t s , l inear detection is ideal, since then the 

sys tem is much m o r e sensi t ive to power var iat ions than with log power de ­

tection. The power level can be p r o g r a m m e d over a range of 1 to 2 decades 

without switching, when using l inear detection, so the ins t rument range is 

sufficient for many exper iments . One drawback of operation with l inear 

power detection is that only 1 m i c r o - m i c r o - a m m e t e r has been provided for 

control . In case of a detector malfunction, the opera tor is forced to switch 

to log power detection, which can introduce a power jog if the log power 

sys tem does not have the same power demand as the l inear power sys tem. 

No mention has been made , here tofore , of the manner in which the 

osci l la tor rod will be used. The osci l la tor rod will be used to give a m e a s ­

urement of the r eac to r t r ans fe r function when the control sys tem is ope r -
5P ating in the manual mode. Here the rat io rr- (jw) is de termined from m e a s -

A, urements with smal l signal sinusoidal 6k . . 'w'hen the control sys tem is in 

the automatic mode, the osci l la tor rod can introduce 6k dis turbances to tes t 

the sys tem response . It can also be used in the automatic mode to de termine 

the worth of the vanes. 

6 .3 .7 Accident Analysis 

This section descr ibes how the power control sys tem would recover from 

severa l possible nuclear accidents using the fast r ese t mode of control . It 

is significant that the control sys tem is capable of inser t ing m o r e fast negative 

react ivi ty in the fast r e se t mode than in the scrana naode, because of the much 

longer valve response t ime when in the s c r a m mode (the s c r a m solenoid valves 
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have a 50-msec response t ime vs a 3 -msec response t ime for the se rvo 

valves) . More important , however, is the fact that the fast r e se t action a t ­

tempts to mamta in the p r o g r a m m e d power level while the s c r a m action shuts 

down the r eac to r . During a full-power, full- tenaperature run, calculat ions 

indicate that a s c r am- type shutdown would produce the rma l s t r e s s values high 

enough to entail danger of fuel e lement b reakage . For this reason it is not 

cons idered des i rab le to put the control sys tem in the s c r a m mode as a resu l t 

of excess ive power or inverse per iod signals during high power runs ( P > 0 . 1 PQ). 

The fast r e se t mode actually provides m o r e safety. 

In o rde r to i l lus t ra te the functional operat ion of the r eac to r control s y s ­

tem, let us consider its action in two common accident s i tuat ions: (1) The 

c l a s s i ca l s ta r tup accident, from failure of power level detector ; (2) The case 

where the re a re la rge react ivi ty per turba t ions due to loss of a i r or other un­

anticipated c a u s e s . 

1. Fa i lu re of Power Level Detector . Before s tar t ing the run, the 

power level r e v e r s e set point would be set at a power level just above the 

highest anticipated operating level, e . g . , 120% of full power . Similar ly the 

per iod set point is set just above the maximum anticipated i nve r se -pe r iod 

level . With no feedback from the power level detector , assuming automatic 

control , the r eac to r power would go right by the demand power level at the 

demand per iod (since the sys tem would be on per iod control) . Upon reaching 

120% PQ, the control sys tem would be placed in the fast r e s e t mode by the 2 

out of 3 safety coincidence c i rcui t and would remain the re until the level was 

r e se t below 120% PQ , at which t ime it would again be placed in the automatic 

mode . This action would repeat i tself and the reac to r would osci l la te about 

the set point until the opera tor switched another power detector into the con­

t ro l loop. Visual and audio warnings would be given to him until he did so . 

2. Large Per tu rba t ions in Reactivi ty. The control sys tem would act 

quite s imi la r ly when the re a re la rge per turba t ions in react iv i ty . Probably, 

i nve r se -pe r iod would exceed its set point f i rs t and the safety coincidence 

c i rcu i t s would place the control sys tem in the fast r e se t mode . It would r e ­

main the re , until both power level and inverse per iod were below the i r set 

points . At this t ime , the control sys tem would re tu rn to the selected mode. 

If this were the automatic mode, the control sys tem would take the power 

level back to the demanded value. If the control sys tem were operat ing in 

the manual mode, the opera tor would have to take the power back to the d e ­

s i r ed value. 
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Computed behavior of the control sys tem during both of these accident 

situations is p resen ted in F igs . 6-37 and 6-38. 

The accidents that can be averted by use of the fast r e se t mode are 

obviously l imited to those which introduce positive react ivi ty at a ra te com­

parable to or less than the negative rate capabil i t ies of the control system in 

this mode, and which have a total react ivi ty value l ess than that of the control 

e l ements . A "typical" a i r flow accident would introduce 0.002 to 0.004 (abs 

units) posit ive react ivi ty in a per iod of about 1 second. This can easi ly be 

counteracted by the control sys tem in the fast r e se t mode, where the rods 

alone can introduce 0.03 abs r e a c t . / s e c . 

The accident analysis outlined above considers only control of the p r i ­

m a r y control p a r a m e t e r s : power level and per iod. It does not consider s e c ­

ondary p a r a m e t e r s , such as core t empera tu re and a i r flow. It is r ea l i zed 

that a number of secondary p a r a m e t e r s a re most c r i t ica l to safe reac to r 

operat ion and wherever possible the p r i m a r y p a r a m e t e r set points a re placed 

so as to prevent secondary p a r a m e t e r s from getting to dangerous l eve l s . 

At p resen t , analog computer studies a re being made to de termine suitable 

setback p r o g r a m s for the p r i m a r y p a r a m e t e r s which will give safe control 

of the secondary p a r a m e t e r s in the event of some likely accident s i tuat ions. 

6 .4 Servo-System Analysis 

This section p resen t s an analysis of the s e r v o - s y s t e m s involved in the 

Tory II-A control sys tem, together with some calculated predict ion of thei r 

behavior . An account of the servo control sys tems which regulate the pos i ­

tion of individual control e lements is given first ; this is followed by a d i s ­

cussion of the operation of the overal l power and per iod automatic control 

sys tem. 

6 .4 . 1 Design of Servo-Control Actuation Subsystems 

In the manual mode of control , the opera tor maintains the des i red p r o ­

gram on power and per iod by manually setting rod and vane position demands . 

Actuation is accomplished by means of the e lec t ro-hydraul ic servo sub­

sys tems which position the vern ie r rod and the eight e lec t r ica l ly ganged shim 

vanes . In the automatic mode of control , these same posit ion se rvo sub­

sys tems become an inner loop in the overal l control sys tem; however, their 

per formance dic ta tes , m o r e than any other factor, what per formance can be 

real ized with the r eac to r control sys tem. In the fast r e se t mode of control. 
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the control e lements a r e again posit ioned in an open loop manner using the 

posit ion se rvo subsys tems as in the manual mode (here, the maximum con­

t ro l led shutdown ra t e s a re demanded, however) . The s c r a m mode of control 

uses an actuator common to all other naodes, so one mus t consider the s c r a m 

requ i rement s as well as all o thers in selecting the ac tuator . 

Hence, the posit ion servo subsystems mus t be designed to provide c e r ­

tain r equ i rement s of each and all control naodes, if a common actuation sub­

sys tem is to be used. This section outlines the requ i rements which the con­

t ro l rod and vane posit ion servo subsystenas naust fulfill. 

1. Control Rod Servo Subsystem 

System Requirements 

The requ i rements for the control rod servo subsystem, whether used 

as a s imple position feedback sys tem in the manual control and fast r e se t 

mode, or as an inner loop of the overal l r eac to r control sys tem in the auto­

mat i c mode, a re as follows: 

(1) Posi t ion the control rod l inear ly within 3% over the 40 inches of 

t r ave l with less than 0.05% dead zone. 

(2) P o s s e s s a frequency response which is g rea t e r than 20 cps in the 

"smal l s ignal" l inear region of operat ion. 

(3) Show le s s than 12% overshoot to a step displacement input. 

(4) Must be capable of completely inser t ing the rod in approximately 

0.23 seconds in the fast r e se t mode . Hence, it mus t : 

(a) P o s s e s s an orifice l imited saturat ion velocity which is g r ea t e r 

than 15 f t / s ec . 

(b) P o s s e s s an acce lera t ion l imit which is g r ea t e r than 600 f t / sec 

with 3000-psi p r e s s u r e drop a c r o s s the actuator . 

The only s c r a m requi rement imposed on the actuator is the capabili ty 

of complete rod inser t ion in less than 0.3 seconds . Since this requ i rement 

is l e ss s t r ingent than that imposed in (4) above, it will not be cons idered 

fur ther . 

F igure 6-10 shows the control rod servo subsys tem in block d iagram 

forna, indicating the components which a r e to be located on the flat car with 

the r eac to r . The se rvo is a dc sys tem, which uses voltages in the range 0 

to ± 10 V. 
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Figure 6-11 shows a plot of the response of the sys tem, in its l inear 

(smal l -s ignal ) region, to sinusoidal s ignals . The curve was calculated from 

the closed-loop t r ans fe r function. 

The calculated per formance of the servo sys tem corresponds very closely 

to analog computer resu l t s obtained using the same basic sys tem, but with all 

important nonl inear i t ies included. The actual ha rdware is not available for 

compar ison at the t ime of writ ing, but resu l t s obtained in the servo lab using 

s imi la r ha rdware verify qualitatively the validity of the assumptions of l in­

ear i ty bas ic to this synthes is . 

2. Control Vane Servo Subsystem 

System Requirements 

The systena requ i rements for the control vane servo subsystem, whether 

used as a s imple position feedback sys tem in the manual and fast r e se t mode, 

or as an inner loop of the overal l sys tem in the automatic mode, a re as fol­

lows : 

(1) Posi t ion the control vane l inear ly within 0.3% over the 180° range 

with less than 0.1% dead zone. 

(2) P o s s e s s a frequency response which is var iable frona 1-3 cps 

(variable by setting gain). 

(3) Show le s s than 2% overshoot to a step displacement input. 

(4) P o s s e s s an orifice l imited saturat ion velocity g rea te r than 3 " / s e c . 

An additional requ i rement on the actuator is that it be capable of turning the 

vane to the full-in position in 1-4 seconds in the s c r a m mode . 

F igure 6-12 shows a block d iagram of the control vane servo subsystem, 

indicating those components which a re located on the f latcar near the r eac to r . 

As before, a dc sys tem is used with voltages in the range 0 to ± 10 v. 

Actuator posit ion feedback is used ra the r than load position feedback, 

since the radiation level at the vane makes it imprac t ica l to place the t r a n s ­

ducer t h e r e . In the synthesis or analysis of this sys tem, it can be assumed 

without appreciable inaccuracy that the load displacement signal is the quan-

ity fed back. 

F igure 6-13 shows a plot of the calculated smal l signal sinusoidal r e ­

sponse of the sys tem. Again, the calculated per formance of the l inear ized 

se rvo sys tem synthesized above compares very closely to the analog computer 
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r e su l t s obtained using the same basic sys tem, but with all important non-

l inear i t i e s included. In addition, a graphical nonlinear analysis of this s y s ­

tem has shown that l inear methods of analysis a re applicable. 

6 . 4 . 2 Automatic Power and Per iod Control 

As was pointt-d out in Section 6. 3.4, the automatic power and per iod 

control sys tems consis t of the same set of components, with one or two 

except ions. In o rde r to analyze each type of control, however, s epa ra t e 

descr ip t ions a r e given below. 

1. Power Control 

The basic control sys tem configuration which has been selected for power 

control is shown in Fig . 6-14 in l inear ized t r ans fe r function form. 

This sys tem uses the ve rn ie r rod and the shinn vanes in a pa ra l l e l m a n ­

ner where the rod offset posit ion (from center) and the vane ra te a r e d e t e r ­

mined by the voltage V_^. Since the rod sys tem has a frequency response 

approximately ten t imes that of the vane sys tem, this means that the vane ra te 

is approximately proport ional to the rod offset, which is the des i red condition. 

Use of propor t ional plus in tegra l compensation makes the rod-only sys tem 

( i . e . , vanes assumed at a fixed position) at leas t a type 1 sys tem (type 2 

at low power) with a corresponding zero s teady-s ta te e r r o r to a constant pow­

er demand. The vane-only sys tem is a type 2 sys tem at full power (type 3 

at low power) and so has a corresponding zero s teady-s ta te e r r o r to a con­

stant power demand or a ramp- type power dennand in its l inear range . 

As shown in F igs . 6-9 and 6-14, a var iable gain amplif ier has been in­

cluded in the forward loop. The gain of this amplif ier is set by a gain con­

t ro l se rvo such that at equi l ibr ium 

1̂ = V^p-
To prevent in teract ions with the power control sys tem, the frequency response 

of the gain control se rvo has been set about a decade below that of the power 

control sys tem so the gain setting is effectively a constant during the per iod of 

the t rans ien t r e sponse . In addition, interact ion of the two loops is e l iminated 

during posit ive power excurs ions because the reac to r is on per iod control . 

F igures 6-15 and 6-16 show plots of the amplitude and phase angle, r e ­

spectively, of the overal l r eac to r smal l signal t r ans fe r function G' ^(jco) at 
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full t e m p e r a t u r e and at s e v e r a l p o w e r l e v e l s , w h e r e 

^RT^J"^ = p w r ^ J " ^ • 
A 

F o r v a l u e s of p o w e r P ^ 0.01 PQ, G ' —(jco) a p p r o a c h e s G' (jw), the t r a n s f e r 

function of the r e a c t o r a lone wi th no t e m p e r a t u r e ef fect . As P i s i n c r e a s e d , 

the funct ion G' ~(jco) shows i n c r e a s i n g p h a s e l e a d and low f r e q u e n c y a t t e n u a t i o n 

wi th a ne t effect of i m p r o v i n g the r e l a t i v e s t a b i l i t y of the o v e r a l l s y s t e m . 

In F i g s . 6-17 t h r o u g h 6-19 a r e shown the f r e q u e n c y r e s p o n s e p lo t s of 

the p o w e r c o n t r o l s y s t e m when us ing l i n e a r p o w e r d e t e c t i o n . T h e s e p l o t s w e r e 

ob t a ined wi th an IBM 650 c o m p u t e r r o u t i n e d e v e l o p e d h e r e . F i g u r e 6-17 shows 

a " g a i n - p h a s e " p lo t of the o v e r a l l o p e n - l o o p t r a n s f e r funct ion G(jco) = E-(jco) 

at full p o w e r PQ , and at 0.01 P Q . F i g u r e 6-18 shows a " g a i n - p h a s e " p lo t of 

G(ja)) for the " v a n e s - o n l y " and " r o d - o n l y " cond i t ions at P Q and 0.01 P Q . It 

can be s e e n tha t for v a l u e s of co > 2 r a d / s e c , the t r a n s f e r funct ion of the c o m ­

b ina t ion s y s t e m is a p p r o x i m a t e l y t h e s a m e as t ha t of the " r o d - o n l y " s y s t e m . 
6Vp 

F i g u r e 6-19 shows a Bode p lo t of the c l o s e d - l o o p t r a n s f e r funct ion -rrr^— (jto) 6V PD. at PQ and 0.01 PQ . It is found tha t -90° p h a s e shift o c c u r s at CJ = 2tr (9.5) r a d / 

s e c , whi le the gain is down 3db at co = 2-rT (15.3) r a d / s e c . 

In a l l p lo t s shown above , the a i r flow r a t e t h r o u g h the r e a c t o r is a s s u m e d 

c o n s t a n t at tha t va lue which p r o d u c e s full d e s i g n c o r e t e m p e r a t u r e and it is 

a s s u m e d tha t t h e r e i s no i n t e r a c t i o n b e t w e e n the p o w e r and coo lan t l o o p s . Since 

the f r e q u e n c y r e s p o n s e of the coo lan t loop i s m o r e t han a d e c a d e be low tha t of 

t h e p o w e r o r p e r i o d loop, any i n t e r a c t i o n i s n e g l i g i b l e . F u r t h e r , any v a r i ­

a t ions in the coo lan t loop a r e felt only i n d i r e c t l y t h r o u g h the t e m p e r a t u r e coef­

f ic ient of r e a c t i v i t y . In the f r e q u e n c y r a n g e of i n t e r e s t t he p o w e r c o n t r o l s y s ­

t e m is f a i r l y i n s e n s i t i v e to the low f r e q u e n c y f eedback t h r o u g h the t e m p e r a t u r e 

coef f i c ien t , a s c a n b e s e e n by c o m p a r i n g t h e o v e r a l l sys tena t r a n s f e r funct ion 

at low and h igh p o w e r l e v e l s (0 .01 PQ and P Q ) in F i g . 6 - 1 7 . 

An i n t e r e s t i n g s i t ua t i on , a l though one w h i c h is no t e x p e c t e d to o c c u r , i s 

t ha t in wh ich the fuel e l e m e n t s sudden ly b e c o m e v e r y p o r o u s , r e l e a s i n g a l l 

f i s s i on p r o d u c t s to the a i r s t r e a m as soon a s t h e y a r e f o r m e d . In t h i s c a s e , 

the d e l a y e d n e u t r o n g r o u p s which p r o v i d e n o r m a l c o n t r o l of the r e a c t o r a r e 

l o s t ; and t h e r e a c t o r t r a n s f e r funct ion i s r e p r e s e n t e d by G ' (s) = -r^,— wi th 

c o n t r o l of the r e a c t o r c h a n g e d a c c o r d i n g l y . F i g u r e 6-20 shows a " g a i n - p h a s e " 

p lo t of G(jco) = (joi) at Po and 0.01 P Q for the c a s e of no d e l a y e d n e u t r o n 
^P 
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g r o u p s . The s y s t e m i s s t i l l s t a b l e , but the m a r g i n of s t a b i l i t y i s s ign i f i can t ly 

r e d u c e d f r o m the n o r m a l c o n t r o l s i t u a t i o n . The c o n t r o l s y s t e m would be c a p ­

able of r e c o v e r y f r o m t h i s " a c c i d e n t " and would m a i n t a i n d e m a n d p o w e r l eve l 

fol lowing the a c c i d e n t . 

In the above a n a l y s i s , the n e u t r o n t i m e - o f - f l i g h t to the d e t e c t o r h a s b e e n 

a s s u m e d n e g l i g i b l e . F o r a d e t e c t o r a p p r o x i m a t e l y 50 ft f r o m the r e a c t o r the 

n e u t r o n fl ight t i m e is in the r a n g e 2 to 7 m i l l i s e c o n d s , a s s u m i n g tha t the p r o ­

p a g a t i o n ve loc i t y for t h e r m a l n e u t r o n s is 2.2 X 10 c m / s e c . T h i s i n t r o d u c e s 

a t r a n s p o r t ,lag b e t w e e n the r e a c t o r and the d e t e c t o r which m u s t be c o n s i d e r e d 

in the s y s t e m s t a b i l i t y a n a l y s i s . The t r a n s f e r funct ion of t h i s t r a n s p o r t l ag i s 
-TfS -3 

s i m p l y e " "̂  , s o |G(ja)) | = 1 and a r g G(ju>) = — jco T^.. A s s u m i n g T = 5 X 1 0 ' 

s econd , t hen the p h a s e shift p r o d u c e d by the t r a n s p o r t de l ay is tha t shown 

be low 

w a r g G(jcj) 
1 

10 

50 

100 

0.3° 

2.9° 

14.3° 

28 .6° 

F i g u r e 6-21 shows a p lo t of the o v e r a l l o p e n - l o o p t r a n s f e r function 

G ( J Q ) e •'" ^ at Po when the t r a n s p o r t lag i s inc luded , showing for c o m p a r ­

i s o n the t r a n s f e r funct ion G(ja)) wi thout the t r a n s p o r t l a g . The effect of th i s 

l ag i s to r e d u c e s l igh t ly the r e l a t i v e s t a b i l i t y of the s y s t e m . Th i s affect can 

be offset by r e d u c i n g the s y s t e m gain by about 2 db; a s l igh t d e c r e a s e in the 

c l o s e d - l o o p f r e q u e n c y r e s p o n s e r e s u l t s , but t h e r e is l i t t l e o t h e r change in 

the s y s t e m b e h a v i o r . 

The f r e q u e n c y and t i m e d o m a i n c h a r a c t e r i c t i c s of the p o w e r c o n t r o l 

s y s t e m when us ing l o g a r i t h m i c p o w e r d e t e c t i o n a r e shown in F i g s . 6-22 

t h r o u g h 6 - 2 5 . F i g u r e 6 -22 shows a " g a i n - p h a s e " p lo t of G (jco) at Po and 

0.01 P Q . F i g u r e 6-23 shows a " g a i n - p h a s e " p lo t of G,(jcj) for the " v a n e s -

on ly" and " r o d - o n l y " c o n d i t i o n s . F i g u r e 6-24 shows a Bode p lo t of the c l o s e d -
o V p 

loop t r a n s f e r funct ion -rrr— (joj) at Pn and 0.01 P o . The effect of the t r a n s -
- s T t ^ ^ D 

p o r t l ag e ^ on the s y s t e m s t a b i l i t y is shown in F i g . 6 - 2 5 . It c a u s e s a 

s l igh t d e c r e a s e in the r e l a t i v e s t a b i l i t y of the s y s t e m , as in the l i n e a r p o w e r 

d e t e c t i o n s i t u a t i o n . 
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G()»)e-'"^« 

MUL,-8192 

-jwT -3 F i g . 6 - 2 1 . P l o t of G(ja)), G(ja))e t for T^ = 5 X 1 0 " ^ , s e c o n d , P = P 
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Fig. 6-22. Gain-phase plot of G,(jcj) for P = P Q , 0.01 PQ . 
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Fig. 6-23. Gain-phase plot of Gj(ja)) for "vanes-only" and "rod-only", 
with P = Po, 0.01 Po. 
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Fig. 6-24. Closed-loop response of power control sys tem using log power detection for 
P = Po, 0.01 Po . 
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Fig. 6-25. Gain-phase plot of Gi(jw), Gj(j(o)e'J'**^t where T̂ . = 5 x 1 0 ' 
second, P = P Q . 
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The s y n t h e s i z e d p o w e r l e v e l c o n t r o l s y s t e m h a s a z e r o s t e a d y - s t a t e 

e r r o r to a s t ep change in p o w e r d e m a n d ( V p ), but a t full p o w e r h a s a 

f inite s t e a d y - s t a t e e r r o r , e ^ » to a r a m p - t y p e p o w e r d e m a n d when c o n s i d ­

e r i n g the " r o d - o n l y " s y s t e m ( the effect of the vanes is neg l ig ib l e excep t o v e r 

v e r y long p e r i o d s of t i m e ) . With an input v (t) = Rt, it can be shown tha t 

R 
P s s Ko ' 

w h e r e Ko = l i m s G(s) = 622 

s - 0 

.-. e ^ = 0.0016 R = 0.16% R. 
P s s 

T h i s s t e a d y - s t a t e e r r o r a p p l i e s w h e t h e r us ing l i n e a r o r log p o w e r d e t e c t i o n . 

2. P e r i o d Con t ro l S y s t e m 

The d e s i g n of t h i s s y s t e m fol lows in a m a n n e r s i m i l a r to t h a t of the p o w e r 

c o n t r o l s y s t e m . Ac tua l ly , the d e s i g n of both s y s t e m s w a s c a r r i e d out jo in t ly , 

and so m o s t p a r a m e t e r s w e r e d e t e r m i n e d wi th both a p p l i c a t i o n s in m i n d . T h e r e 

a r e only two d i f f e r e n c e s in t h i s s y s t e m f r o m the p o w e r c o n t r o l s y s t e m : 

(1) The a m p l i f i e r gain , K , which ad ju s t s the sys tenn ga in . 
T 

(2) The d e t e c t o r t r a n s f e r funct ion, wh ich c h a n g e s in f o r m when the c o n ­

t r o l l e d v a r i a b l e b e c o m e s i n v e r s e - p e r i o d i n s t e a d of p o w e r . 
1 0 / T ' 

The o v e r a l l o p e n - l o o p t r a n s f e r function G'(j w) = (jw) i s shown in 
^ T 

F i g . 6-26 on a " g a i n - p h a s e " p lo t for p o w e r l e v e l s Po and 0.01 P Q . F i g u r e 6-27 

shows a " g a i n - p h a s e " plot of G'(jw) for the " r o d - o n l y " and " v a n e s - o n l y " c o n d i ­

t ions a t Po and 0.01 P o . It is s e e n tha t for ca > 5.0 r a d / s e c , t he t r a n s f e r 

funct ion of the c o m b i n a t i o n s y s t e m (both rod and vanes inc luded) a p p r o a c h e s 

tha t of the " r o d - o n l y " s y s t e m . F i g u r e 6-28 shows the c l o s e d - l o o p r e s p o n s e 

funct ion yjr4 (jcj) at PQ and 0.01 PQ . The gain of the p e r i o d s y s t e m is down 
1 0 / ' 

3 db at CJ = 2-n-tl2.8) r a d / s e c whi le -90° p h a s e shift o c c u r s at CJ = 2TT(7.8) r a d / s e c . 

F i g u r e 6-29 shows the effect of the t r a n s p o r t l ag on s y s t e m s t a b i l i t y ; a "gain-

p h a s e " p lo t of G'(jcj) e t i s shown at P = PQ . 

When on p e r i o d c o n t r o l , t he " r o d - o n l y " s y s t e m (hence the conabinat ion 

s y s t e m ) exh ib i t s z e r o s t e a d y - s t a t e e r r o r to a s t e p - t y p e input at low p o w e r 

l e v e l s , but at full p o w e r h a s a f inite s t e a d y - s t a t e e r r o r . F o r a s t ep input 

— (t) = R for t ^ 0, the s t e a d y - s t a t e e r r o r is g iven by 
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Fig . 6-26. Gain-phase plot of G'(jcu) for P = PQ , 0.01 PQ . 
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Fig. 6-27. Gain-phase plot of G'(jci)) for "vanes-only" and "rod-only ' 
for P = Po, 0.01 Po. 
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S = 1 +K'o ^ ' ss " 

where 

K'o = l im G'(s) = 65.7 . 
s-*0 

Thus 

€ = 0.015 R = 1.5% R . 
ss 

6 . 4 . 3 Analog Computer Results 

The synthesis of the manual and automatic control sys tem was per formed 

using a combination of frequency domain, t ime domain and analog computer 

me thods . In the synthesis s tage, the analog computer was used p r i m a r i l y to 

s imulate important nonl inear i t ies and to show the t rans ien t behavior of the 

s imulated sys tem to typical inputs and d i s tu rbances . 

The ent i re sys tem has been s imulated on e lec t ronic analog compute r s . 

This simulation includes the following fea tures : 

(1) Reactor singulation using the kinetic equations with 5 delayed neu­

t ron groups and one-zone approximation of the r eac to r the rmodynamics . The 

simulation includes th ree second-order effects which a l ter the r eac to r behav­

io r : 

(a) Heat leakage out of the r eac to r . 

(b) Reactivity changes introduced by the gas coolant. 

(c) Variat ion of the gas friction coefficient. 

(2) Simulation of the control actuation subsys tems including such i m ­

portant nonl inear i t ies as acce lera t ion and velocity sa turat ion and l imited rod 

d isplacement . 

(3) Simulation of the "dua l -mode" cont ro l le r using a differential re lay 

ci rcui t ; s imulation of the gain set se rvo-va r i ab le gain amplif ier combination 

by means of a division c i rcui t with a simple t ime delay network. 

(4) Simulation of all other components using thei r l inear r ep resen ta t ion . 

The analog computer s imulat ion included nei ther the neutron t r anspo r t 

lag nor log power s imulat ion. In the normal control situation, the effect of 

the t r an spo r t lag on sys tem stabili ty was shown to be quite smal l . For that 

r ea son and because of a shor tage of equipment, it has not been included in 

the p r e sen t analog study. The pr incipal change which this lag would introduce 
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into the sys tem t rans ien t behavior would be the inser t ion of a 5-mil l isecond 

delay in the initiation of any cor rec t ive action by the control sys tem following 

a dis turbance or change in the sys tem input. The study of the power control 

sys tem using log power detection will be c a r r i e d out as soon as the log power 

amplif ier beconaes available for inser t ion in the sys tem analog. Use of a func­

tion generator in place of this conaponent has proven unsat isfactory thus far. 

The open and closed-loop t rans fe r functions of the l inear power and 

per iod control sys tem were verified using the sys tem analog with smal l signal 

sinusoidal inputs. The response of the automatic control sys tem to typical 

inputs and dis turbances is shown in the figures which follow. F igure 6-30 

shows the sys tem response to ±10% step changes in the power demand around 

full power with and without the dual-mode contro l ler . It can be seen that the 

dual-mode control ler provides period limiting only when posit ive power excur ­

sions a re p rog rammed . F r o m Fig. 6-30, it is found that the settling t ime of 

the l inear power control sys tem is less than 0.1 second when the input is a 

smal l step change. The sys tem exhibits l e ss than 2% overshoot to a step type 

input and has a zero s teady-s ta te e r r o r . The period control sys tem has a 

settling t ime of about 0.15 second and shows no overshoot to a step input. It 

has a smal l s teady-s ta te e r r o r and displays a small amplitude " ta i l " in its 

t ime response . F igure 6-31 shows the response of the sys tem to step changes 

in demand power level at power levels other than full power. The s teady-s ta te 

reac to r power level is var ied from 50% PQ to 110%. As seen the sys tem r e ­

sponse is independent of power level due to the action of the gain set s e rvo . 

For the cases shown the t ime delay of the gain set servo was set at 1 second. 

Figure 6-32 shows the sys tem response to a ±50% step-type input. Here , the 

sys tem is driven into its nonlinear region as can be seen by examining rod 

position and vane velocity during the t rans ient to the -50% change in demand 

power. The rod is driven full in and the vanes reach a peak velocity of 5 r a d / 

nain. Normally, the reac tor will not be p rog rammed in this manner , but ra ther 

in the naanner shown in Fig. 6-33, which shows the sys tem response to a ±50% 

ramp- type input. Here the slope of the ramp is set low enough that the sys tem 

remains on power control throughout the t r ans ien t . 

Figure 6-34 shows a typical p rog ram which provides a +5% change in 

core t empera tu re in 5 seconds. Flow rate through the reac tor was maintained 

constant at full flow throughout the t rans ien t . As seen, the opera tor mus t 

overshoot the power a few percent if the t empera tu re change is to be effected 
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Fig. 6-30. System response to ±10% step changes in power demand 
at full power with and without dual-mode control . 
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Fig. 6-32. System response to ±50% step changes in power demand. 
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Fig. 6-33. System response to ±50% ramp changes in power demand. 
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in the requi red t ime . If both the flow ra te and power level a re var ied, the re 

a re an infinite number of p rog rams which will produce the requi red t e m p e r -

tu re change. The problem of optimum programming of these two var iables 

will not be considered h e r e . 

F igure 6-35 shows the sys tem response to step 5k dis turbances of ± 10^ 

and ±20^ (where $1.00 = 0.0064 absolute react ivi ty) . F igure 6-36 shows the 

sys tem response to sinusoidal 6k d is turbances which have a peak amplitude of 

10^ . The control sys tem is capable of maintaining power level constant out to 

about 0.5 cps in the face of such a d is turbance . This r ep re sen t s the "wors t " 

type of dis turbance insofar as des i rab le sys tem response is concerned. The 

core t empera tu re , however, is insensi t ive to these "high frequency" v a r i ­

ations in power level . 

The analog computer was applied to the accident analysis of Section 6.3.7, 

giving resu l t s which confirm that the control sys tem will opera te as intended 

in avoiding hazardous s i tuat ions . F igure 6-37 shows the sys tem response fol­

lowing failure of the power level detector during s tar tup of the r eac to r . As 

intended, the power level is caught at the r e v e r s e set point (120% of full power 

in this case) and held close to that value until normal control is r e s t o r e d . 

F igure 6-38 shows the sys tem response to step 6k dis turbances of ± $ 1 . 0 0 . 

As seen, the t empera tu re overshoot from a +$1.00 accident is l e s s than 5°F; 

a lso, t he re is a fair amount of undershoot following the accident . This is due 

to the finite switching t ime of the fast r e s e t c i r cu i t ry . 
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Fig. 6-35. System response to step 6k disturbances of ± 10^ and ±20^ 
(no fast reset action). 
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Fig. 6-37. System response amd recovery in startup accident. 
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7. INSTRUMENTATION 

7. 1 Introduction 

This chapter desc r ibes the sys tem designed to gather data on the ope r ­

ating cha rac t e r i s t i c s of Tory II-A. Included in the ins t rument sys tem a re 

sensing elements and t r a n s d u c e r s on the reac tor , signal t r ansmis s ion equip­

ment , and display or recording equipment. 

The design of the ins t rument sys tem was based, in a general way, upon 

a des i re to answer questions such as the following: 

1. What is the r eac to r neutron flux level, and at what rate is it chang­

ing? This information, which is needed for feedback to the automatic control 

sys tem as well as for analysis of r eac to r behavior, will be supplied by the 

nuclear, ins t rument sys tem. 

2. What is the t empera tu re and p r e s s u r e distr ibution of a i r entering 

and leaving the reac tor core ? Probes in the a i r s t r eam near the core will 

supply this information, n e c e s s a r y for evaluation of the a i r flow and heat 

t ransfe r cha rac t e r i s t i c s of the core as well as for warning of conditions en­

dangering the core during a run. 

3. What is the t empe ra tu r e distr ibution in the core , and how does it 

change with power level and a i r flow r a t e s ? This question is of pa r t i cu la r 

importance during s tar tup and shutdown because of t he rma l s t r e s s p r o b l e m s . 

Core thermocouples se rve to answer this question. 

4. How is the core support s t ruc tu re s t r e s s e d under s tat ic and dynamic 

loads during blowdown ? Strain gauges a re mounted on the tie rods and the 

shroud to answer this question. Only low tenaperature information can be ob­

tained, however, since the s t ra in gauges will become inoperative in the upper 

ranges of planned operating t e m p e r a t u r e . 

5. What a re the vibrational cha rac te r i s t i c s of the r e a c t o r ? Are there 

any resonant tendencies or l a rge-d i sp lacement , low-frequency v ibra t ions? 

Velocity and accelera t ion pickups will be mounted on the core support s t r u c ­

tu re and air duct to answer these quest ions . 

6. Are the operating t empe ra tu r e s (due to gamma heating, for example) 

of auxil iary components excess ive? Thermocouples have been placed in various 

p laces (ref lector , rod and vane drive mechan i sms , wiper sea ls , base plate 

spr ings , for example) to answer this question. 
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7.2 Nuclear Ins t ruments 

Figure 7-1 is a schematic d iagram of the nuclear ins t rument sys tem. 

This System consis ts of two source range, two intermediate range, and four 

power range channels . One in termediate range channel is s p a r e . Seven of 

the eight channels display and record a signal proport ional to the logar i thm 

of the power level (log N); the eighth channel is equipped with l inear level 

display and recording . 

The detector signals pass through preampl i f ie r and log and per iod 

computer stages (or a m i c r o m i c r o a m m e t e r for the l inear channel) before 

t r ansmiss ion to the control building via coaxial cable. Provis ion is made 

for cal ibrat ion "in s e r v i c e " of any one of the source range or in te rmedia te 

range channels . The complete channel, except detector , can be checked by 

inser t ing a cal ibrated signal into the preampl i f ie r . 

In addition to displaying and recording information, the nuclear i n s t ru ­

ment sys tem supplies one power and one per iod signal to the servo control 

sys tem for automatic power level control use . Log N and per iod signals a r e 

also supplied to the fast r e se t c i r cu i t s . 

7. 2. 1 Detectors 

1. Type — The source range and in termedia te range de tec tors a r e BF^ 

counters . Some operating cha rac te r i s t i c s a r e : (a) neutron flux range — 

zero to 2.5 X 10 nv; (b) sensit ivity — 4.5 c o u n t s / n / c m ; (c) output pulse — 
-3 -8 

minimum of 10 volt with inherent r i s e t ime of less than 5 X lO" second. 

Power range detectors a r e compensated ion chamber s . Some ope ra ­

ting cha rac te r i s t i c s a r e : (a) the rmal neutron flux range — 2.5 X 10 to 2.5 X 

10 n / c m / s e c ; (b) neutron sensit ivi ty — 4 X 10 a m p / n / c m - sec ; (c) 
14 

approximate signal e lectrode output impedance — 160 |jL|jif, 10 ohms . 
2. Location — Presen t plans call for mounting the source range de ­

tec tors on a t ramway located about 10 feet from the reac tor center line and 

running para l le l to the reac tor axis . This makes it possible to vary de tec ­

t o r - r e a c t o r separat ion, hence detector sensi t ivi ty. This should ensure that 

overlap of the source and in termediate ranges is adequate. 

The intermediate range and power range detectors a re located in the 

bunker on the air duct center l ine just behind the duct turning section. 

3. Power Level Coverage — The expected power level range coverage 

of the detectors is as follows: 
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Fig. 7 - 1 . Nuclear ins t rument sys tem schemat ic d iagram. 
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Source range — minimum to 2 watts 
4 

In termedia te range —0. 1 to 10 watts 
2 9 

Power range — 10 to 10 wat t s . 

F igure 7-2 shows expected signal s t rengths and t he rma l neutron flux 

levels at detector s tat ions vs r eac to r power level . 

7 . 2 . 2 Transmiss ion , Display, and Recording 

As mentioned above, signals from all eight neutron detectors a r e mod i ­

fied before being t r ansmi t t ed to the control point via d i rec t cable . The B F -

counters feed into p r e a m p l i f i e r s . Three of the compensated ion chamber 

signals a re operated on by log N and per iod computers ; the fourth ( l inear 

channel) feeds a m i c r o m i c r o a m m e t e r . 

Each source range channel is equipped with a sca le r and log count ra te 

m e t e r . One has a log count ra te r eco rde r ; the other sha re s a low-level per iod 

r eco rde r with the in te rmedia te range i n s t rumen t s . 

The in t e rmed ia te - range ins t rument channels each include a s ca l e r and a 

log count ra te m e t e r . A log count ra te r e c o r d e r is shared by these two chan­

nels ; a low level per iod r e c o r d e r is shared by one of them with a source range 

channel . 

As indicated in F igure 7 - 1 , the re a re th ree log N channels and one l inear 

channel in the power range . The per iod and log N signals a re displayed on 

m e t e r s at the control point; one log N and one per iod signal can be recorded 

on s t r ip chart r e c o r d e r s . 

The fourth power range channel feeds a l inear m e t e r and r e c o r d e r . 

This l inear channel opera tes over the full range of compensated ion chamber 

output. A range switch with about twelve steps is provided for changing the 

l inear channel sensi t iv i ty . 

The re la t ion of the nuclear ins t rument sys tem to the control sys tem is 

d iscussed in the next sect ion. 

The r e c o r d e r s will be comparable to the well-known Brown or Leeds 

and Northrup s t r ip char t r e c o r d e r s . Chart speeds a re var iable up to sev­

e ra l inches p e r minute , and full scale pen t r ave l t ime is about 0.4 second. 

Pen t rave l t ime for a step change sma l l e r than full sca le takes a co r re spond­

ingly sma l l e r t i m e . In addition, the channels which a r e being used by the 

control sys tem a re r eco rded on 120-cycle equipment. 
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Fig. 7-2. Detector station neutron flux vs reactor power level. 
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7. 2. 3 Signals Supplied to Control Systenn 

One of the m o r e important functions of the nuclear ins t rument system 

is to supply signals to the control sys tem which are utilized to maintain de ­

s i red power level and to deliver setback signals in the event of an undesirable 

excursion. 

Three compensated ion chambers a re available for supplying log power 

level and per iod information to the control sys tem. Any one of these three 

channels can be chosen for control use by a remote switch located at the con­

t ro l point. The control sys tem requ i res both a power and per iod signal, and 

the se lec tor switching a r rangement is such that the ion chanaber chosen to sup­

ply the log N signal may or may not be the same as that chosen to supply the 

per iod signal . This choice is left to the opera tor . The control sys tem may 

also regulate power according to the l inear signal from the fourth compensated 

ion chamber . A per iod signal would still be taken from one of the log N chan­

ne ls . 

The three log N channels have the additional function of supplying infor­

mation to the fast r e se t sys tem. If any two of the three indicated power levels 

exceed a specified l imit , or if two of the th ree indicated per iod signals fall 

below a fixed limit, fast r e se t action will be init iated to prevent an uncontrolled 

power excurs ion. Section 6 descr ibes the fast r ese t sys tem in detail . 

7. 3 Tempera tu re Ins t ruments 

Since high t empera tu re is one of the m o r e distinguishing cha rac t e r i s t i c s 

of Tory II-A, measu remen t of t e m p e r a t u r e s is a very important pa r t of the 

instrumentat ion p r o g r a m . Core t empera tu re distr ibution is important from 

the standpoint of t empera tu re dependence of ma te r i a l behavior and from t h e r ­

mal s t r e s s considerat ions during the rmal t r ans i en t s . In addition, core t e m ­

pe ra tu re distribution will serve to check the extensive heat t r ans fe r ca lcula­

t ions . The t e m p e r a t u r e s of auxil iary equipment on the tes t car , such as rod-

drive mechan i sms , ref lector , and p r e s s u r e vesse l , must also be known, for 

safety as well as analysis of reac tor operat ion. 

A total of 184 t empera tu re s a re m e a s u r e d on the tes t vehicle. Of these 

92 are located in the core and core support s t r uc tu r e . 

7. 3. 1 Transducer Selection 

Selection of h igh- tempera ture thermocouples will be de termined by the 

resu l t s of a tes t p rog ram to be c a r r i e d out at L ive rmore . Some of the questions 

which this tes t p rog ram should answer a r e : 
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1. How is the res i s t ance of commerc ia l ly available (MgO or Al^O ) 

thermocouple insulation affected by t empe ra tu r e s in the 2000 °F range? 

2. Both shielded twin lead and co-axial thernaocouple wire is avai lable. 

What is the relat ive mechanica l per formance at high t e m p e r a t u r e ? It is p lan­

ned to t e m p e r a t u r e - c y c l e samples with bends of var ious radi i to determine the 

tendency to shor t c i rcui t . 

3. Finally, it is important to determine reproducibi l i ty of thermocouple 

cal ibrat ion. 

Test p r o g r a m resu l t s were not yet available when making the tentative 

choice of thermocouples descr ibed in the following section. 

7. 3. 2 Core Measurements 

Accurate core t e m p e r a t u r e m e a s u r e m e n t s will be the mos t difficult to 

m a k e . "High t e m p e r a t u r e s " he re re fer to t e m p e r a t u r e s in the 1500-2300 "F 

range . This exceeds "high t e m p e r a t u r e " as normal ly encountered in i n s t ru ­

mentat ion by seve ra l hundred d e g r e e s . 

The p r i m a r y t empe ra tu r e e lements will probably be p la t inum-rhodium 

thermocouples , specifically 94 P t - 6 Rh against 70 Pt-30 Rh. The melt ing 

points of these alloys a r e such that they will withstand the expected t e m p e r a ­

tu res with a marg in of safety. Unfortunately, plat inum is a very good gamma-

ray absorber , so wire must be kept smal l to reduce reading e r r o r (maximized 

sur face- to-volume rat io) . Difficulty has been encountered in fabricating sui t ­

ably smal l w i r e . 

Calculations using 0.040 in. o .d . X 0.007 in. wall sheath with 0.010 in. 

d iamete r center lead co-axia l wire indicate e r r o r s of the o rder of 15-20 F . 

Co-axial wire is not p resen t ly considered compatible with the r emainder of 

the sys tem because of ground loop problenas. Use of a double-lead, shield-

sheath couple great ly reduces the noise problems but mus t , of course , be 

l a r g e r . In e i ther case , fabrication difficulties must be overcome. 

Installation 

1. Fuel Elennents 

The core is approximately 3 ft diam X 4 ft long with severa l thousand 

longitudinal a i r pa s sages through it . These air passages a re l e s s than l / 4 

inch in d iameter , and the core is a s sembled from many thousands of snnall 

p ieces of fueled c e r a m i c . Thus, core thermocouples mus t be carefully 
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instal led in the core during the initial core assembly . 

Dummy tubes (same as others except unfueled) will be incorporated in 

the core as thermocouple l ead-wire p a s s a g e s . To c a r r y the leads from the 

dummy tubes to the des i red couple locations, some type of dri l l ing and p o r t ­

ing of fuel e lements must be made . Several techniques have been t r ied , with 

two general methods of dri l l ing invest igated. The first , u l t rasonics , appears 

at this t ime to have an effectiveness decreas ing rapidly with increasing depth 

of cut. F r o m work done on alumina, it appears that this method could be used 

to "clean up, " s traighten, and size the bores of core e lements but would be 

imprac t ica l to use for dri l l ing holes as smal l as 0.040 inch d iamete r . The s e c ­

ond method, diamond dril l ing, has been very effective for every operation t r i ed . 

Holes as smal l as 0.030 in. and as la rge as l / 2 in. diam have been dr i l led in 

beryl l ia at relat ively high ra tes of speed. 

Of the various methods t r i ed for physical placement of the thermocouples 

within the core , the least t roublesome, from the standpoint of fabrication of 

core elements and assembly of the core , is that shown in Fig. 7 - 3 . This me th ­

od r equ i re s , as do all others t r ied , that dril l ing and port ing be done p r i o r to 

assembly . As indicated in the figure, the junction is located in a blind hole 

in the end of a core element, adjacent to the dummy tube. The element i m ­

mediately above is ported to allow an accura te fit. Leads instal led in this 

manner will be sufficiently well clamped by the core elements in which they 

a r e instal led that they will not requ i re bonding to r e s i s t displacement by the 

a i r s t r e a m . It may prove neces sa ry to provide some sor t of clamp at i n t e r ­

vals along the dummy tubes to avoid the possibi l i ty of lead failure due to whip­

ping in the air s t r e a m . 

It has been suggested that a sor t of "semi-bonding" might be acconaplished 

in such a fashion that the danger of failure from the rma l s t r e s s is minimized 

and yet the contact surface between the thermocouples and the ce r amic is m a x ­

imized. This would tend to reduce the e r r o r from gamma heating. 

Two methods appear feasible for th i s . The first is a light shr ink fit — i. e. 

dr i l l the blind hole in the core element slightly unders ize , heat the element, 

inse r t the junction and allow the cerannic to shrink onto the lead by cooling to 

room t e m p e r a t u r e . 

The second approach is to use "liquid pla t inum" (a suspension of finely 

divided meta l in a vehicle normal ly used for ce ramic decoration) in the blind 

hole, inse r t the junction end of the thermocouple lead, and bake. Ei ther method 
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Fig . 7 - 3 . Dummy tube and thermocouple instal lat ion in co re . 
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should resul t in good contact and, since both would be per formed p r i o r to the 

t ime of final core assembly, each would affect final assembly in the same way. 

The best information cur ren t ly available on coefficients of expansion 

indicates that the thermocouple wire coefficient is very near ly equal to that of 

the c e r a m i c . Therefore , a tight fit installation appears feasible. 

2. Dogbones, Outer Links 

Although the foregoing deals with the fuel e lements , the discussion applies 

equally well to the dogbone r ibs , inner dogbone eyes, and outer l inks . These 

a re all basical ly the same ma te r i a l , so although wire routing, wire pa s sages , 

e t c . , may have to be modified to suit the pa r t i cu la r i tem involved, none of 

these instal lat ions rea l ly differ one from another . 

3. Base Pla tes 

Attachment of thermocouples to the coated molybdenum base plates p r e ­

sents a difficult problem which has not yet been solved. Bonding mus t be good, 

but the protect ive coating may not be removed unless it is replaced after the 

couples a re at tached. 

4. Support St ructure , Tie Rods 

The front support s t ruc tu re , shroud, tie rods and wiper sea ls a r e all 

n icke l -chrome alloy. With these m a t e r i a l s welding becomes a feasible method 

of a t tachment . It is conceivable that one of the ce r amic "cemen t s " might also 

be useful for the front support s t ruc tu re instal lat ion. Here the t empera tu re is 

low enough (about 1200''F) that such a cement could reasonably be expected to 

function. It is felt, however, that welding or brazing techniques would be more 

sui table . 

Location 

In general the location of thermocouples in the core is based on a need to 

know the t empera tu re distr ibution of core e lements throughout the core volume. 

Obviously this need mus t be compromised with cost and mechanica l in ter ference 

p r o b l e m s . 

As far as t empe ra tu r e m e a s u r e m e n t s a re concerned the core is a s y m ­

m e t r i c a l in severa l r e s p e c t s . F i r s t , the heat t r ans fe r calculations predic t 

maximum t empera tu r e s in the X / L = 0.7 plane, so core components in this 

plane a r e heavily ins t rumented (see Table 7-1 and F igs . 7-4 and 7-5). Second, 
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Table 7-1 

Longitudinal location of P t - R h / P t - R h core thermocouples 

x / L is fractional core length, m e a s u r e d from 

front face of inlet end ref lec tor . 

Core component on 
which mounted 

Fnt*l (^Ipmpnf^ 

Dogbone r ibs 

Inner dogbone eyes 

Shroud 

Tie rods 

Outer links 

T r a n s v e r s e plane in 
which located 

X / L = 0. 175 

0.320 

0.540 

0.700 

0.910 

0. 175 

0.700 

0.910 

0.700 

0.700 

0.910 

0.700 

0.910 

0. 175 

0.700 

0.910 

Quantity 

5 Active 
5 Spare 

1 Active 
1 Spare 

1 Active 
1 Spare 

23 Active 
23 Spare 

6 Active 
6 Spare 

2 Active 
2 Spare 

8 Active 
8 Spare 

2 Active 
2 Spare 

3 Active 
3 Spare 

2 Active 
2 Spare 

2 Active 
2 Spare 

6 Active 

6 Active 

2 Active 

5 Active 
5 Spare 

2 Active 
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TOP 

MUL-8122 

F i g . 7 - 4 . F u e l e l e m e n t t h e r m o c o u p l e l o c a t i o n in t h e X / L = 0.7 p l a n e . 
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MUL-8123 

Fig. 7 -5 . Dogbone web thermocouple locations in the X / L = 0.7 plane. 
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the vern ie r rod is par t ia l ly inser ted during normal control operation, so there 

is a flux depress ion in its vicinity. Therefore , core elements in the ve rn ie r 

rod a r ea have been given special attention. Third, the bottom outer links a re 

m o r e heavily s t r e s s e d than those at other locations, so more thermocouples 

a r e located on bottom l inks. Fourth, the difference between fueled and non-

fueled core component t empera tu res is g rea t e r in the forward portion than in 

the r e a r portion of the core . This tends to naake the thermocouple population 

g rea te r in the forward par t of the core . 

7. 3. 3 Measurements Exclusive of the Core 

There a r e severa l a r ea s of t empera tu re in teres t other than the core . 

The t empera tu re s of hydraulic actuator equipment, core support s t ruc tu re , 

gamnaa shield, and air s t r eam, for example, a re important . These t e m p e r a ­

ture measuremen t s a re not as unique and difficult as core naeasurements and 

need not be d iscussed in detail . 

As shown in Fig. 7-6, the exit a i r total t empera tu re distr ibution is m e a s ­

ured by 19 P t - R h / P t - R h thermocouples mounted on a horizontal and ver t ica l 

t empera tu re rake at the reac tor r e a r face. In addition, diffuser inlet a i r total 

t empera tu re is measu red . 

Table 7-2 shows the general disposition of all t es t -vehic le t empera tu re 

t r a n s d u c e r s . 

7 . 3 . 4 Transmiss ion and Display 

Figure 7-7 shows the types, number, and use of the data t r ansmis s ion , 

recording, and display channels . All t es t -vehic le thermocouple m e a s u r e ­

ments will be ca r r i ed on channels B, C, and G. 

Slow Response Channel — Channels B and C a r e 86-signal ASCOP data t r a n s ­

miss ion s y s t e m s . In this sys tem each m e a s u r e d variable is sampled ten 

tinnes per sec, amplified, used to modulate a pulsed c a r r i e r , then t r a n s ­

mit ted to the control point via d i rect cable. Frequency response is 1. 5 

cycles per second. 

Each of the two channels of ASCOP equipment is supplied with a 17-inch 

oscil loscope for display of the ent i re 86 var iables per channel. The display 

appears as a s e r i e s of ver t ical lines on the oscil loscope face, the length of 

each line being proport ional to the magnitude of the m e a s u r e d var iab le . Each 

channel is supplied with a magnet ic tape r e c o r d e r which r ecords all 86 v a r i ­

ables being supplied to it. In addition, five selected var iables can be displayed 
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Fig. 7-6 . Schematic d iagram of a i r t empera ture and p r e s s u r e m e a s u r e m e n t s . 
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Table 7-2. Test -vehic le t empera tu re measu remen t locations 

Type of t r ansducer 

High-temperature 
P t - R h / P t - R h 
thermocouples 

P t / P t - R h 
thermocouples 

High- tempera ture 
P t - R h / P t - R h t h e r m o ­
couples 

Chromel-const ant an 
thermocouples 

Chromel-Alumel 
thermocouples 

Contact -making 
t he rmome te r s 

Chromel-constantan 
thermocouples 

Chromel-Alumel 
thermocouples 

Quantity 

60 Active 
56 Spare 

30 Active 
14 Spare 

2 Active 
2 Spare 

2 Active 

19 Active 

24 Active 

14 Active 
6 Spare 

2 Active 

12 Active 

6 Active 
4 Spare -

5 Active 
1 Spare 

Transduce r location 

Ceramic core 
components 

Core support s t ruc tu re , 
shroud, t ie rods , base 
p la tes , wiper sea l s , base 
plate spr ings 

Core gamma shield 

Diffuser inlet a i r 

Tempera tu re rake at 
r eac to r r e a r face 

Control sys tem hydraulic 
r e se rvo i r , control vanes 
and rods 

Core vesse l and water 
sys tem 

Nozzle ( internal and 
external) , nozzle turning 
section, tes t ca r m i s c e l ­
laneous 

on s t r ip chart r e c o r d e r s . Arrangement is such that after a run the magnet ic 

tape recording can be played back and displayed on the osci l loscope at will . 

Fas t Response Channel — System G (Fig. 7-7) consis ts of 56 channels of 120-

cycle response analogue recording equipment comparable to Sanborn or 

Offner type s t r ip chart r e c o r d e r s . 
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Presen t plans call for all thermocouple measu remen t s within the core 

and closely associa ted with the core to be displayed on the ASCOP system, 

and the remainder on sys tem G. However, the a r rangement is such that any 

measu remen t can be displayed on ei ther sys tem by simple wiring changes. 

Common Timing of Recorde r s — All recording channels in Fig. 7-7 a re to be 

tied to a common tinning signal generator which sends out identifiable pulses 

at in tervals of 1 sec, 10 sec , 1 nnin, 10 min, and 1 hour . 

7 .4 Strain and Vibration Measurements 

At high air flow ra tes the core connponents, core support s t ruc tu re and 

a i r ductii>g will be subjected to significant stat ic and dynamic loads . Conse­

quently, s t ra in and vibration t r ansduce r s a re being located at points of p a r ­

t icular in te res t . Measurement techniques a re highly developed for normal 

environments , but difficulties a r e encountered in h igh- t empera tu re appl ica­

tions and high-level radiation fields. 

7 . 4 . 1 Strain Measurements 

Location 

P r e - n u c l e a r - p o w e r s t ra in measu remen t s will be made on two tie rods 

in the upper core region and on six in the lower region. In addition, the 

following shroud measu remen t s a re planned; inside and outside on shroud 

front at (1) two top locations (2) two bottom locations, plus (3) one m e a s u r e ­

ment on each of the s ides . 

T ransduce r s 

P re sen t state of the ar t is such that p r ec i s e (±5%) s t ra in m e a s u r e m e n t s 

can be made up to about 300 "F; ±20% measu remen t s a re possible up to about 

700 °F . Above 700 °F resu l t s a re of questionable value. 

P re sen t plans call for using foil-type gauges cemented to the tes t p iece . 
21 

Published repor t s on the use of such techniques a re avai lable. At each 

measu remen t location a t empera tu re -compensa t ing gauge at right angles to 

the line of s t ra in will be used. 

Display and Recording 

Elec t r ica l s t ra in gauge outputs will be taken to the bunker and amplified. 

Wire t r ansmis s ion will take the signals to the control point for recording on a 

120-cycle, s t r i p - cha r t r e c o r d e r (System G, Fig. 7-7). 
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7. 4. 2 Vibration 

Measurements of vibration on both the core s t ruc tu re and the a i r duct 

will be made during air flow t e s t s , with modera te t empe ra tu r e and li t t le or 

no nuclear power (non-nuclear phases ) . During runs involving high t e m p e r a ­

tu re and power (nuclear phases) , vibration data from the core and its support 

s t ruc tu re s will no longer be available, since the t r ansduce r s cannot operate 

under these conditions. 

Nuclear phase vibration will be m e a s u r e d along the th ree orthogonal 

axes at one location on the inlet duct, on the core vesse l , and on the outlet 

duct. 

Non-nuclear phase vibration will be m e a s u r e d on the core front support 

s t ruc tu re and basepla te , with t r a n s v e r s e vibration m e a s u r e d at the top of the 

center module, ver t ica l vibration at the 2 o'clock position, and longitudinal 

vibration at the 4 o'clock position of the center module. Vibration will also 

be m e a s u r e d on the r e a r of the core shroud in the t r a n s v e r s e and ver t ica l 

d i rec t ions . 

T ransduce r s 

Nuclear phase vibration velocity will be m e a s u r e d external ly at about 

300 °F, with r ad ia t ion- res i s t an t pickups which generate a voltage propor t ional 

to velocity. This output will be e lect ronical ly integrated to give a voltage 

proport ional to displacement and will be w i r e - t r a n s m i t t e d to the control point. 

P renuc lea r internal vibrat ional acce lera t ion will be m e a s u r e d up to 

700 " F by an unbonded s t ra in gauge acce l e rome te r developed for use at this 

t empe ra tu r e without cooling. Output voltage, proport ional to accelera t ion , 

will requi re amplification in the bunker for wire t r ansmis s ion to the control 

point. 

Display and Recording 

Nuc lea r -phase vibrat ion will be displayed on in-l ine m e t e r s ; all v ib ra ­

tion will be recorded on 120-cycle response s t r ip chart r e c o r d e r s (Systenn D, 

Fig . 7-7). 

7. 5 P r e s s u r e Measurements 

Measurements of s tat ic and total a i r p r e s s u r e in the vicinity of the core 

a r e requi red for diagnosis and analysis of r e a c t o r - a i r s t r e a m behavior . In 

addition, the coolant water and control hydraul ic sys tems requi re p r e s s u r e 



- 2 4 2 -

m e a s u r e m e n t s for safety and assurance of p roper operation. 

Location 

Figure 7-6 shows the location and range of cooling a i r total and stat ic 

p r e s s u r e probes which compr i se the bulk of the p r e s s u r e m e a s u r e m e n t s . 

In addition, the cooling water inlet and outlet total p r e s s u r e , the hydraul ic 

pump discharge p r e s s u r e , and the hydraulic sys tem filter p r e s s u r e drop a r e 

measu red . 

T ransduce r s 

The hydraulic sys tem p r e s s u r e s will be sensed by potent iometer - type 

pickups. The remaining t r ansduce r s will probably be unbonded s t ra in gauge 

pickups. These were especial ly developed for the Aircraft Nuclear Power 

P r o g r a m and have been found to operate sat isfactor i ly in r eac to r envi ronments . 

Display and Recording 

The two potent iometer outputs will not requi re amplification and will be 

t r ansmi t t ed by direct wire to display m e t e r s ; no recording is planned. The 

balance of the p r e s s u r e pickup outputs will be t ransmi t ted via the ASCOP 

sys tem, tape recorded, and displayed on a quick-look osci l loscope. 

7. 6 Air Flow Rate 

The measu remen t of total a i r flow rate is n e c e s s a r y not only for analysis 

of reac to r behavior but also to provide a feedback signal for the automatic a i r 

flow control sys tem. 

Flow rate will be m e a s u r e d through p r e s s u r e and t empera tu re data taken 

at Venturis just down s t r e a m from the two main air control valves (see Section 

4. 4). Values of individual p r e s s u r e s and t empe ra tu r e s will be recorded to 1% 

accuracy on s t r ip cha r t s . In addition, an analogue computer will use this data 

to provide the total flow ra t e . Accuracy of the flow ra te measu remen t will not 

be constant over the range of operation conditions; six specific combinations of 

p r e s s u r e and flow rate have been chosen as represent ing des i rab le operating 

points . The flowmetering sys tem will be designed to give 5% accuracy at those 

points, shown in Table 7 - 3 . 

In addition, p r e s s u r e and t empera tu re data measu red in the air duct on 

the tes t vehicle can be used to determine total air flow ra te , at high flow r a t e s . 
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Table 7 - 3 . Standard operating points 

Flowmeter ing Air flow Static p r e s s u r e 
venturi ra te at venturi 

1 870 l b / s e c 360 to 500 ps ia 

1 300 165 

1 90 65 

1 25 18.5 

2 15 40 

2 3 20 

7.7 Control Rod and Vane Posi t ions 

Provis ion is made for indicating and recording rod and vane posit ions 

(Fig. 7-7). All eight vane posit ions a r e indicated on in- l ine m e t e r s and any 

one can be chosen for recording on a Brown s t r ip chart r e c o r d e r . Rod p o s i ­

tion is a lso displayed on in-l ine m e t e r s , and any one may be recorded on 

sys tem G (120-cycle response) . Also by simple wiring changes any vane 

position nciay be recorded on sys tem G. 

7. 8 Exhaust Air Monitor 

A continuous air sample will be pumped from the exit nozzle to shielded 

beta counters in the tes t bunker, providing information on emiss ion of r ad io ­

active fission products fronn the co re . Some fission products may be depos­

ited on the walls of the tube leading from the nozzle to the bunker, causing a 

loss in counting ra te which depends on a i r t empe ra tu r e and flow r a t e . To 

provide an indication of this effect, two counting heads will be used, separa ted 

by a length of tubing equal to that reaching from the nozzle to the bunker . 

Only overal l counting ra te will be measu red , with no at tempt to sor t out indi­

vidual isotopic ac t iv i t ies . 

This sys tem will provide a means of studying the re la t ive impor tance 

of recoi l and diffusion fission product loss from the core fuel e lements , and 

will a lso be of value for personnel safety in giving an ea r ly warning of high 

ra tes of emiss ion of radioact ive m a t e r i a l in the exhaust s t r e a m . 

Outputs of the two counters will be displayed and recorded on sys tem 

G of Fig . 7 -7 . 
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8. TEST FACILITY 

8. 1 Site Descript ion 

8. 1. 1 Location and Size of Area 

The Tory II-A tes t facility, Site 401, is located within the Nevada Test 

Site at Mercury , Nevada. This exper imenta l a rea is si tuated in the Cane 

Spring Valley east of Jackass Fla ts and west of F renchman F la t . 

The Tory II-A activit ies a r e confined to an a r ea of approximately 8 

square mi l e s , within which is also si tuated the Hot Box hot cr i t ica l expe r i -

ment faci l i t ies . Figure 8-1 shows a topographic map of this a r ea . 

8. 1. 2 Relief and Elevations 

The Cane Spring Valley floor is at an elevation of 4000 ft above sea level 

at the lowest point. The border ing mountains r i s e to 5200 ft on the north and 

6000 ft on the south. 

The valley floor is composed of alluvium eroded from the surrounding 

volcanic mountains . The mountains a r e composed of t e r t i a r y volcanics which, 

when faulted, expose l ayers of tuff and da rk -co lo red rhyol i tes . 

8. 1. 3 Drainage 

During heavy rains the water runs off, somet imes as flash floods, into 

impervious playas, from which it d isappears by evaporat ion. 

8. 1. 4 Vegetation 

Mountain a reas a re free of soil , hence of vegetationai growth. The 

valley, however, supports sage brush , s a l t g r a s s , cactus and mesqui te . 

8. 1. 5 Access 

Access to the Pluto area , Site 401, is by a 60-mph highway, known as 

road A, originating at Mercury . The distance from Mercury to Pluto is 28 

m i l e s . 

8. 1. 6 Weather 

A study of typical weather conditions was n e c e s s a r y in o rder to choose 

a si te where operat ions would not be inconvenienced by frequent likelihood of 

*Hot Box is descr ibed by H. L. Reynolds and C. E. Walter in UCRL-5483 
(see ref. 22). 



Fig. 8 -1 . Test Site 401. 
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t r anspor t of radioactive exhaust products to the si te control a r e a or other 

nearby inhabited a r e a s . Effluent activity is not expected to be large enough 

to p resen t any off-site hazards (see Section 11.2. 1), but on-s i te personnel 

a r e not protected by the diffusion and decay attenuation of activity which take 

place over large d is tances , and therefore cannot to le ra te a i r motion from the 

reac to r tes t point towards themse lves . Such a i r motion might necess i t a te 

suspension of tes t operat ions , with possible great loss of t ime . Data such 

as that descr ibed in the following pa rag raphs indicate that the tes t site chosen 

will be as free of this difficulty as any available in the vicinity. 

The U.S . Weather Bureau Research Station at the Nevada Test Site 

mainta ins two recording wind and t empera tu re locations in the 401 a r e a . The 

location designated as T-2 is near the Tory II-A control building and has been 

in operation since March 1, 1956. The location designated as T - I A is nea r 

the tes t bunker and has been in operation since November 13, 1957. The wind-

measur ing equipment is mounted atop 96-ft towers and the information is t e l e ­

m e t e r e d and recorded in a Weather Bureau t r a i l e r . The t empe ra tu r e 5 ft 

above the ground is recorded at T-2 and t empera tu re and re la t ive humidity 

a r e recorded at T - I A . 

Winds 

The general feature of the winds in the 401 a r e a is that southerly winds 

predominate in s u m m e r and nor ther ly winds in winter . East and west winds 

a re of minimum frequency during all s easons . F igures 8-2 through 8-6 

show the seasonal wind roses for T-2 and T - I A . 

The total number of observat ions a re shown in the bottona half of the wind 

rose c i rc le , each observation being an average over the IS-nainute in terval 

before each hour . The percentage of calm is recorded in the top half of the 

c i rc le , while the length and shading of each direct ion a r m (wind from south 

points down) r ep resen t the frequency of occur rence of speeds and direct ion 

over 16 points of the compass : Lengths of the a r m s indicate percentage of 

total t ime in which the wind blew in the given direction; the scale is shown in 

Fig . 8-2. Division of the a r m indicates proport ion of the t ime during which 

the wind speed was between 1 and 10 mph (line segment), between 10 and 20 

mph (white segment) , and g r e a t e r than 20 mph (black segment) . The change 

of wind direct ion and speed from hour to hour in a season is depicted by the 

mean diurnal resul tant hodographs shown in F i g s . 8-7 and 8-8. Each point 
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Fig, 8-2. Key to wind rose figures. 
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Fig. 8-8. Hourly variat ion of wind velocity vector at Tower 2. 
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r ep resen t s the end of a vector s tar t ing at the origin (see Fig. 8-9). The top 

r ight-hand quadrant would consequently r ep resen t a wind blowing from a south 

through west di rect ion. Only th ree seasons a re available for T - IA . How­

ever , the general feature still holds for T-IA, i . e . , southerly winds p redom­

inate during all hours in summer with minimum speeds at about 0600 h and 

nnaximum speeds at about 1600 h. This is in contras t to the s u m m e r winds 

occurr ing in the lower centra l port ion of the flat where light nor ther ly winds 

show up on the hodograph during the ea r ly nnorning hour s . 

Winter winds at T- IA show nor ther ly winds during almost all hours with 

only light southerly winds appearing during the late afternoon (1400 to 1800 h). 

The t e r r a i n at T- IA slopes up towards the northwest and the nighttime down-

slope wind is from the nor thwest . 

The mean diurnal resul tant hodograph for T-2 (Fig. 8-8) shows the same 

features as T - IA during s u m m e r . The winter hodograph for T-2 shows a 

downslope wind direct ion from the north east during the ear ly nnorning hours , 

agreeing with the slope of the valley. 

A computation was made of the wind speed profile between heights of 

10 and 100 feet at T - I A . Using 15-minute average wind speeds taken once an 

hour at these two levels , the average "n" value (Sutton's Stability Index) was 

connputed. For the per iod January to April 1958 the average daytime (0800-

1600) n value was 0.14 and for nighttime (1900-0500), 0.24. These values 

a re slightly lower than s imi l a r computations in the cent ra l port ion of the flat 

and indicate slightly be t ter a tmospher ic diffusion qualities nea r the surface 

in the higher, re la t ively flat port ions of Jackass F l a t s . 

Tempera tu re and Relative Humidity 

Table 8-1 l is ts by months the average t empera tu re , the average m a x ­

imum and minimum t empera tu re , the average daily range of t empera tu re , 

and the absolute highest and lowest t empera tu re s recorded and the year r e ­

corded. The T- IA location has l ess than one year of r ecord while T-2 has 

over two years of r eco rd . The highest and lowest t empe ra tu r e recorded at 

T-2 during the last two years was 104 and 11" F, respect ive ly . 

Table 8-2 l is ts the average re la t ive humidit ies in percent for a year 's 

r ecord at T - IA. The data is p resen ted in a fashion s imi l a r to the t e m p e r a ­

tures in Table 8 - 1 . 
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Fig. 8-9. Key to wind velocity d i ag rams . 



Table 8 - 1 . Jackass Fla ts a r e a t e m p e r a t u r e s (°F) 

Tower lA 
(12/57-8/58) 
Av temperature 
Av maximum 
Av minimum 
Av range 
Highest/year 
Lowest/year 
Tower 2 
(8/56-8/58) 
Av tennperature 
Av maximum 
Av minimum 
Av range 
Highest/year 
Lowest/year 

Tower lA 
(11/57-11/58) 
Av rel. hum. 
Av max rel. hum. 
Av min rel. hum. 
Av range 
Highest/year 
Lowest/year 

Jan. 

44 
54 
35 
19 
63/58 
25/58 

41 
48 
33 
15 
63/58 
11/57 

Feb. 

47 
55 
38 
17 
68/58 
26/58 

46 
56 
37 
19 
70/57 
20/57 

Table 8-2 

Jan. 

31 
44 
18 
26 
86/58 
9/58 

Feb. 

44 
62 
25 
37 
91/58 
12/58 

Mar. 

44 
52 
36 
16 
64/58 
26/58 

45 
55 
35 
19 
68/57 
24/57. 

58 

Apr. 

54 
65 
44 
21 
82/58 
30/58 

53 
65 
42 
24 
84/58 
28/58 

May 

70 
81 
59 
22 
90/58 
46/58 

70 
82 
57 
25 
90/59 
43/58 

'.. Jackass Flats area 

Mar. 

43 
63 
23 
40 
88/58 
12/58 

Apr. 

27 
41 
13 
28 
76/58 
3/58 

May 

20 
30 
9 
21 
74/58 
3/58 

June 

74 
85 
64 
21 
97/58 
53/58 

78 
89 
64 
25 
104/57 
49/58 

July 

81 
92 
70 
22 
102/58 
64/58 

80 
93 
68 
25 
104/58 
59/56 

Aug. 

83 
94 
73 
21 
101/58 
64/58 

80 
92 
68 
24 
102/57 
52/57 

relative humidities (%) 

June 

14 
22 
7 
15 
44/58 
3/58 

July 

14 
20 
8 
12 
48/58 
3/58 

Aug. 

22 
32 
12 
20 
74/58 
4/58 

Sept. 

--
--
--

--
--

75 
86 
61 
25 
99/57 
49/57 

Sept. 

24 
37 
11 
26 
86/58 
4/58 

Oct. 

--
--
--
— 
--
--

55 
66 
45 
21 
80/56 
26/56 

Oct. 

21 
30 
12 
18 
84/58 
4/58 

Nov. 

--
--
--

--
--

44 
55 
35 
21 
72/56 
15/56 

Nov. 

30 
41 
19 
22 
88/58 
10/58 

Dec. 

46 
54 
40 
14 
66/57 
29/57 

42 
53 
32 
21 
67/57 ' 
16/56 [); 

1 

Dec. 

30 
42 
17 
25 
74/57 
3/57 
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Tra jec to r ies 

Surface air t r a j ec to r i e s under conditions when the a i r essent ia l ly flows 

downslope in the 401 a r ea show a flow both eas tward to Frenchman Flat and 

westward to the cent ra l port ion of Jackass F l a t s . This is due to the fact that 

the downslope flow essent ia l ly follows the " w a t e r - c o u r s e " and the 401 a r ea is 

at the c r e s t of a la rge pass between the two flats . T - IA is east of the c r e s t 

while T-2 is west . As indicated previously, the nighttime air flow in winter 

shows the eas tward and westward dra inage . 

The daytime southerly a i r flow at the surface general ly follows a 

s t ra ight - l ine t ra jec tory , tending to flow over topographical obstacles such 

as the hi l ls to the north and east of the 401 a r ea . 

8. 2 Installat ions 

8. 2. 1 Descript ion 

The site has th ree functional a r e a s , namely, control , d i sassembly , and 

tes t ing . The na ture of the activity in these a r e a s r equ i re s the geographical 

separa t ion shown in Fig . 8 -1 , to avoid danger of overexposure of personnel to 

radiat ion. 

Control Area 

This a r e a includes the Control Building, Assembly Building, Emergency 

Shelter, Rad-Safe Check Station and the Hot Cr i t ica l Test Building. 

The Control Building will be used jointly to operate the Hot Box and 

Tory II-A r e a c t o r s . F igure 8-10 shows the in ternal a r r angemen t of this 

building. The a i r supply sys tem, locomotive, t ruck switching and r eac to r 

controls will be operated from the Tory II-A control room. During a full-

scale t es t the only personnel within the Site 401 a r e a will be in the Control 

Building. It is not planned to conduct a Hot Box tes t and a Tory II-A tes t 

concurrent ly . 

The Assembly Building will be used to a s semble and fabricate s u b a s s e m ­

blies and will s e rve as a m a t e r i a l s receiving station and for vault s to rage of 

classif ied and accountable m a t e r i a l s . 

The Emergency Shelter will be used only when, by vir tue of an accident, 

personnel in the Control Building mus t seek she l te r because of intolerable 

radioact ivi ty. Water and food supplies will be s to red for approximately 20 

pe r sons for 24 h o u r s . 
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Fig. 8-10. Control building plan view. 
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Check Station 

This building, placed at the road junction, will provide for controlled 

access and personnel safety act ivi t ies in the tes t and d i sassembly a r e a s . 

This facility includes change rooms , showers , rad-safe clothing, safety equip­

ment, h o t - c a r wash, and hot and cold parking lo ts . 

Test Area 

This a r ea includes the Bunker, Access Tunnel, Head House, a i r s torage 

and hea te r sys tems and a cooling water sys t em. Figure 8-11 shows the gen­

e r a l bunker a r e a . 

The bunker complex consis ts of th ree connected s t r u c t u r e s , namely, the 

Head House, Tunnel, and Test Bunker. The main function of the Head House 

is to provide a she l te red entrance to the bunker . It includes an off-loading 

a r e a and ventilation fans which provide a i r in the bunker for personne l comfort, 

hea t e r furnace combustion, and r eac to r low-power coolant a i r . 

The concrete bunker, shown in Fig . 8-12, contains e lect ronic r e c o r d e r s 

and ampl i f ie rs , remote ly control led valves , and disconnects , r eac to r cooling 

b lowers , hea te r combustion equipment, and r eac to r car alignment appa ra tus . 

Adjacent to the bunker is the a i r s torage bottle farm, s to red energy a i r hea t e r , 

and cooling water t anks . 

The bottle farm consis ts of a s e r i e s of high p r e s s u r e pipes with a capac ­

ity of 120, 000 pounds of a i r , charged by two c o m p r e s s o r s . While a i r charging 

is in p r o g r e s s , heat energy is being s to red in the a i r hea t e r . During an actual 

t es t run the s to red air is split , pa r t going to the hea te r and pa r t going d i rec t ly 

to the a i r -mix ing chamber . Here the a i r s t r e a m s a re regulated and mixed to 

provide the p roper tes t a i r t e m p e r a t u r e and m a s s flow. Section 4.4 gives a 

m o r e detai led account of the air supply sy s t em. 

The cooling water sys tem is a closed c i rcui t with d e - i o n i z e r s , pumps , 

and hot and cold s torage tanks . Its sole purpose is to provide cooling water 

for the r eac to r during tes t r u n s . 

F igure 8-13 shows the tes t vehicle in place at the Test Bunker. 

Disassembly Area 

This a r e a includes the Disassembly Building, r a i l road car wash down, 

t r ack tu rn -a round , and locomotive se rv ice faci l i t ies . 

The building. F ig . 8-14, has two bas ic functions, namely, tes t vehicle 

a s sembly and ca r and core d i sa s sembly . The Cold Assembly Bay provides 
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Fig. 8 -11 . Test point—general a r e a . 
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space for tes t vehicle assembly, locomotive s torage , and locomotive ba t te ry 

charging. In the Hot Bay the major a s sembl ies of the tes t vehicle a re r e ­

moved. Subsequent components a r e then moved to the various hot cells for 

further autopsy or r e p a i r . The remaining a r ea is used for d isassembly , con­

t ro l operat ions , equipment repa i r , and building s e r v i c e s . 

8. Z. 2 Test Facil i ty Data List 

Control Area 

1. Substation power for Site 401: 2. 5 Mw; 69 / l 2 . 5 kv 

2. Water s torage tank capacity: 30,000 gal 
2 

3. Assembly Building a rea : 2880 ft 

4. Cont ro i Building a rea : 2880 ft 

5. Hot Box Building a rea : 3700 ft^ 

6. D i s t a n c e , C o n t r o l to Hot Box: 1200 ft 

7„ Hot Box load c e n t e r p o w e r : lOOU kva 

8. Distance, Control to Disassenably: 3600 ft 

9. Distance, Control to Test Bunker: 8200 ft 

Disassembly Area 
2 

1. Disassembly Building a rea : 15,700 ft 
2o Water tank capacity: 5000 gal 
3. Disassembly Building major equipment includes one 15-ton c rane , 

t h r ee 7 - l / 2 - t o n c r anes , four 3000-lb-capaci ty manipu la to rs , six 
l ead -g l a s s windows 4 ft thick, t h r ee posit ioning tu rn tab les , and 
two m a s t e r - s l a v e manipulators. , 

4. Load center power: 500 kva 

5. Locomotive: 15-ton, s tandard gauge, ba t te ry-powered , 10-channel 
rad io-cont ro l led 

Air Storage System 

1. Compres so r Building a r ea : 3750 ft 

2. Compres so r capacity: 2 each, 750 cfm at 4000 ps i 

3. Air s torage capacity: 120,000 lb 

4. Air hea ter capacity: 900 l b / s e c for 90 sec, 0° to 1050°F 

5. Load center power: 1500 kva 

Tes t Bunker 

1. Bunker a r e a : 4800 ft 

2. Reactor cooling water capacity: 60,000 gal 

3. Bunker equipment includes ventilation fans, r eac to r cooling b lowers , 
hea te r combustion sys tem, e lect ronic r acks , hydraul ic power unit, 
a i r supply piping and controls , te levision c a m e r a s . 
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10. OPERATION AND TEST PROGRAM 

10. 1 Exper imental Objectives 

As nnentioned ea r l i e r , the operation of Tory II-A is intended as a test 

of the behavior of a reac to r core that embodies most of the features essent ia l 

to the core of a nuclear ramjet engine. Only two compromises have been 

made in o rder to simplify the design of the Tory II-A core : no control e l e ­

ments will be placed in the core , and the s t ruc ture will not be designed for 

the l a rge nnaneuvering loads which a flying engine would encounter . In 

addition, a very large graphite side ref lector is being used in Tory II-A. 

This reflector does not resemble any par t of a rea l i s t ic engine, but does p r o ­

vide m o r e than ample nuclear control for reac to r safety, and pe rmi t s the 

somewhat secondary a reas of engine reflector and control design to be s ide­

stepped until experience has been gained with design and construction of the 

first co re . 

Several general values to be provided by the Tory II-A p r o g r a m a re 

quite apparent: F i r s t , it forms a basis for the es tabl ishment of an expe r i ­

mental facility of continuing usefulness to the Pluto p r o g r a m . The expe r i ­

ence and personnel t raining gained during operation of Tory II-A will be e s ­

sential to the design and test ing of succeeding r e a c t o r s . Fu r the r , the Tory 

II-A p rogram is now providing experience in developing means of pa r t s m a n ­

ufacture, in working out acceptance c r i t e r i a and inspection p rocedures , and 

in accomplishing assembly and checkout of components in the field; these a r e a s 

all p resen t problems quite comparable in difficulty to those that must be over ­

come in theoret ica l design and analysis of the r eac to r . 

There i s , moreover , a set of definite exper imental objectives to be 

real ized in the operation of Tory II-A. The test ing of a device as complex as 

this reac to r has not at all the aspect of a proof test , in which the tes t objec­

tives may almost be covered in the question, "Does it work?" Operation of 

Tory II-A and its auxi l iar ies will involve the simultaneous activity of a var ie ty 

of different p r o c e s s e s , each important in its own right as well as in its r e l a ­

tionship to the res t of the sys tem. Important data for evaluation of r eac to r 

operation will be obtained at all levels of power, t empera tu re and a i r flow ra te , 

s tar t ing from the very lowest . The tes t p r o g r a m will thus consist of a long 

sequence of stages leading from room- t empera tu r e operation of a bare ly c r i t ­

ical r eac to r up to the achievement of maximum design conditions. A var ie ty 

of information, nece s sa ry to the study of Tory II-A behavior and to initiation 
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of the d e s i g n of s u c c e s s i v e r e a c t o r s , wi l l be ga ined at each poin t a long the 

way . 

The k inds of i n f o r m a t i o n sought a r e g r o u p e d be low unde r s e v e r a l c l a s s e s . 

A g r e a t dea l of e x p e r i m e n t a l d a t a on t h e s e p r o c e s s e s h a v e a l r e a d y b e e n o r wi l l 

be ob ta ined by l a b o r a t o r y t e s t s of i nd iv idua l p a r t s or m a t e r i a l s ; the full i n f o r ­

m a t i o n d e s i r e d , h o w e v e r , can only be ob t a ined by t e s t i n g of a c t u a l c o m p o n e n t s 

in the r e a c t o r e n v i r o n m e n t , wi th a l l m u t u a l i n t e r a c t i o n s g iven full p l a y . 

1. M a t e r i a l s T e s t s 

T h e r m a l s t r e s s - s t r a i n ; c r e e p r e l i e f o r b r e a k a g e . 

C o r r o s i o n - e r o s i o n of b e r y l l i a and m e t a l p a r t s . 

Rad i a t i on d a m a g e : l o s s of s t r e n g t h , change of h e a t conduc t iv i t y , 
d i m e n s i o n a l c h a n g e s . 

I m p r e g n a t i o n s t a b i l i t y : r e t e n t i o n of u r a n i a in fuel e l e m e n t s . 

F i s s i o n p r o d u c t r e l e a s e into a i r s t r e a m . 

Z. A i r F low and Hea t T r a n s f e r 

E n t h a l p y gain of a i r s t r e a m t h r o u g h r e a c t o r . 
A i r flow d i s t r i b u t i o n a m o n g r e a c t o r t u b e s ; s t a b i l i t y a g a i n s t un ­

b a l a n c e d flow. 

To ta l p r e s s u r e l o s s in i r r e g u l a r p a s s a g e s . 

Hot spo t f o r m a t i o n ; p o s s i b l e o v e r h e a t e d a r e a s in c o r e . 

Hea t l oad in n o n - f u e l e d e l e m e n t s ; e f f e c t i v e n e s s of h e a t r e m o v a l 
p r o v i s i o n s . 

T e m p e r a t u r e d i s t r i b u t i o n t h r o u g h o u t c o r e in s t a r t u p o r shu tdown; 
d i f f e r e n t i a l e x p a n s i o n p r o b l e m s c a u s e d by u n b a l a n c e d h e a t d e p o s i t i o n and 
r e m o v a l . 

Net a x i a l t h r u s t on c o r e . 

3 . N u c l e a r P r o c e s s e s 

C r i t i c a l i t y . 
R e a c t i v i t y va lue of c o n t r o l e l e m e n t s , s ing ly and t o g e t h e r . 

T e m p e r a t u r e coef f ic ien t of r e a c t i v i t y . 

P o w e r d i s t r i b u t i o n ; c o m p a r i s o n wi th d e s i r e d p r o f i l e at d e s i g n t e m ­
p e r a t u r e , and v a r i a t i o n with c o r e t e m p e r a t u r e . 

R e a c t i v i t y i n t e r a c t i o n of c o r e a i r . 

Effect of f i s s i o n - p r o d u c t l o s s on r e a c t i v i t y . 

Effect on p o w e r d i s t r i b u t i o n , and t e m p e r a t u r e d i s t r i b u t i o n , of 
i nd iv idua l c o n t r o l - e l e m e n t m o t i o n . 

Rad i a t i on h e a t d e p o s i t i o n in s t r u c t u r a l m a t e r i a l s . 
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External neutron and gamma radiat ion level and dis t r ibut ion. 

4. Design Feasibi l i ty 

Test of a specific engineering design with respec t to load d i s t r i ­
butions, dimensional to l e rances , stabili ty under par t i a l loss of s t rength or 
breakage of some e lements , ease of handling. 

5. Control and Dynamics 

Feasibi l i ty of control sys tem design; effectiveness of automatic 
level and per iod controls , safety p rov is ions . 

Study of r eac to r - con t ro l sys tem dynamics, with full in teract ion 
among all e lements and p r o c e s s e s . 

10. 2 Test P r o g r a m 

Each run in the Tory II-A tes t p rog ram will be directed toward specific 

objectives, with appropr ia te ly linnited power, tenaperature and air flow levels . 

In general , since r i sk of damage to the r eac to r inc reases as the level of these 

var iables is ra ised , their levels will be kept very low at f i rs t and gradually 

r a i sed during p r o g r e s s of the t e s t s . 

Following such a p r o g r a m will provide an opportunity to gain operating 

experience under relat ively nonhazardous conditions, so that behavior of the 

r eac to r will be fairly well understood by the t ime it is taken into the r i sky 

a r ea of maximum power and t empera tu re runs . It is hoped that possible 

sources of failure may be found and cor rec ted or avoided during ear ly runs , 

when they are least likely to cause a ser ious breakdown. F u r t h e r m o r e , a 

great deal of physics and engineering exper imenta l information can be gath­

e red during the ear ly runs ; this b i rd in the hand may prove to be worth sev­

e ra l in the bush if damage at high t empera tu re causes extensive shutdowns 

l a te r . 

Another strong reason for obtaining as much information as possible 

at very low power levels involves activation of the co re : Operation at levels 

above 10 watts or so will r a i s e the res idual core radioact ivi ty to an extent 

involving difficulty in closely inspecting or working on the core for more than 

a few minutes at a t ime . Eventually remote handling equipment becomes n e c ­

e s sa ry , and any approach to the core is very awkward and t ime-consuming . 

A tentative scheduling of operating conditions during the tes t p r o g r a m 

has been s tar ted , based on the pr inciple of keeping the ra t io of information 

gained to r i sk incur red as high as possible at every s tage. Sources of r i sk 
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of r eac to r shutdown may be l is ted under severa l c l a s se s , the main a rea being 

the following: 

1. High Tempera tu re and Power 

Some components may overheat , owing to unforeseen high heat depos i ­

tion ra tes or failure of cooling prov is ions . Fa i lu re could occur through loss 

of s t rength, or through high s t r e s s e s imposed by t empera tu re differences 

through the co re . In pa r t i cu la r , fuel-elemient breakage may occur due to 

s t r e s s e s imposed by t he rma l gradients in the tube wal l s . 

2. High Air Flow Rate 

St ress on the core tension rods , basep la tes , and front support s t ruc ture , 

as well as on the a i r duct, i nc r ea se s with high flow ra t e . In addition, v ib ra ­

tion s t r e s s e s may be felt at high flows. 

3. Trans ien t s 

High ra tes of inc rease of neutron level occur at high react ivi ty values, 

when slight d is turbances in the r eac to r or control sys tem may be enough to 

take the react iv i ty beyond prompt cr i t ica l , leading to l a rge power and t e m ­

pe ra tu r e excurs ions before setback action can be taken. Even aside from 

this hazard , rapid t rans ien t conditions imply that very lit t le t ime is ava i l ­

able for the opera to rs to notice and co r r ec t dangerous conditions. 

The core is p r i m a r i l y designed for s t eady-s ta te operation, although 

every effort will be made to provide for sa t is factory operat ion in an t ic i ­

pated t rans ien t conditions. The g rea t e r the depar ture from s teady-s ta te 

conditions, the g rea t e r the degree of cooling and dimensional misnaatches 

will be and the g rea t e r the consequent likelihood of failure of some com­

ponent. 

To a s s i s t in es t imat ing the r i sk involved in each tes t phase , and to 

provide a bas i s for specifying l imits of power, period, t e m p e r a t u r e and 

flow ra te for each scheduled run, extensive use is being made of analogue 

computer s imulat ion of the r eac to r , control sys tem, and a i r supply, in 

pa r t or as a whole. Eventually, many pa r t s of the actual r eac to r control 

sys tem will be incorpora ted in the analogue s tudies . 

An operat ion schedule based on the preceding considerat ions is given 

below, with division into phases according to exper imenta l object ives: 
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PHASE 1: Connection and Mechanical Checkout 

1st month, days 1 through 12 

Conditions: Reactor subcr i t ica l . 

Poison rods inser ted in core to pe rmi t any control position 
without c r i t ica l i ty . 

Direct acces s of personnel to car will be poss ib le . 

Objectives: Checkout of control operation; check cooling water , e l e c ­
t r i ca l , hydraul ic sys t ems , low-flow a i r ins t rumentat ion. 

Disconnect and reconnect car at least once. 

PHASE 2: Approach to Cri t ical i ty 

1st naonth, days 13 through 15 

Conditions: Poison rods removed from core . 

Reactor subcr i t ica l or just c r i t ica l at ze ro power. 

Objectives: Gradual removal of safety poison rods from core , with 
continual t e s t s of neutron mult ipl icat ion. 

F i r s t c r i t ica l i ty at NTS. 

PHASE 3: Very Low Power Measurements 

1st month, days 16 through 22 

Conditions: Power 0.01 to 10 watts 

Ambient t empera tu re 

Per iod > 30 sec 

No cooling a i r . 

Manual control 

Running Tinae: Five 1-hour runs, totalling about 10 wat t -hours 

Objectives: Foil activation in r eac to r . 

Measurennent of gamma and neutron flux outside of r eac to r . 

Check rod and vane react ivi ty; period vs control posit ion. 

PHASE 4: Very Low Power, In termediate Tempera tu re 

1st month, days 23 through 30 

Conditions: Like phase 3, but t e m p e r a t u r e s up to 1000 °F; heated by a i r 
s t r e a m . 

Running Time: Five 1-hour runs, totalling about 10 wa t t -hour s . 

Objectives: As in phase 3, with effects of elevated t e m p e r a t u r e . 
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P H A S E 5: N o n - c r i t i c a l S lowdown T e s t s 

2nd m o n t h , days 1 t h r o u g h 10 

C o n d i t i o n s : P o w e r z e r o 

T e m p e r a t u r e 700-800 ° F 

Ai r flow - 9 0 0 l b / s e c 

O b j e c t i v e s : Check m e c h a n i c a l b e h a v i o r of c o r e and duct at h igh a i r 
flow r a t e s ; c h e c k a i r i n s t r u m e n t a t i o n . 

P H A S E 6: L o w - P o w e r M e a s u r e m e n t s 

2nd m o n t h , days 11 t h r o u g h 20 

C o n d i t i o n s : P o w e r < 100 kw 

A m b i e n t t e m p e r a t u r e 

P e r i o d > 30 s e c 

No cool ing a i r . 

Manua l o r a u t o m a t i c c o n t r o l . 

Running T i m e : Ten 1-hour r u n s , t o t a l l i ng about 200 k w - h r 

O b j e c t i v e s : Con t inua t ion of p r e v i o u s m e a s u r e m e n t s . 

D e t e r m i n a t i o n of r e a c t o r t r a n s f e r funct ion for a m b i e n t 
t e m p e r a t u r e , l a r g e p e r i o d s : o s c i l l a t o r , s t ep c h a n g e s in 

^ e f f 
M e a s u r e h e a t d e p o s i t i o n in c o r e , r e f l e c t o r , and o t h e r p a 

P r o b a b l e f i r s t d e t e c t i o n of r e c o i l f i s s i o n - p r o d u c t e s c a p e . 

P H A S E 7: I n t e r m e d i a t e T e m p e r a t u r e , Low P o w e r 

2nd m o n t h , 21s t day t h r o u g h 3 r d m o n t h , 5th day 

C o n d i t i o n s : P o w e r < 100 kw 

T e m p e r a t u r e ^ 1100°F , supp l i ed by hea ted a i r . 

P e r i o d > 30 s e c 

Sufficient a i r to ho ld c o r e t e m p e r a t u r e . 

Running T i m e : Ten 3 0 - m i n u t e r u n s , t o t a l l i ng about 100 k w - h r 
O b j e c t i v e s : M e a s u r e ef fects of e l e v a t e d t e m p e r a t u r e on r e a c t o r 

n e u t r o n i c s . 

PHASE 8: F a s t T r a n s i e n t T e s t s 

3 r d m o n t h , days 6 t h r o u g h 9 

C o n d i t i o n s : P o w e r < 100 kw 

A m b i e n t t e m p e r a t u r e 

P e r i o d s 1 s e c 
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No cooling a i r 

Automatic control 

Running Time: Ten 5-minute runs , totalling about 100 kw-hr 

Objectives: F i r s t checkout on short per iods ; t es t of response to fast 
t r ans ien t s under fairly safe conditions. 

Fu r the r neutronic information; be t ter measu remen t of 
prompt neutron l i fet ime. 

PHASE 9: Reactor Self-Heated 

3rd month, days 10 through 25 

Conditions: Power < 1 Mw 

Air supplied by blower. 

Running Time: Ten 1-hour runs, totalling about 5 Mw-hr 

Objectives: Fu r the r neutronic measu remen t s —transient response , 
react ivi ty, power dis tr ibut ion. 

Investigation of f iss ion-product escape at elevated 
t e m p e r a t u r e . 

Deternnine integri ty of core at high t e m p e r a t u r e . 

PHASE 10; Medium Power, High Tempera tu re 

3rd month, 26th day through 4th month, 25th day 

Conditions: Power ^ 1 5 Mw 

Tempera tu re ^ 2000"F 

Blower cooling 

Running Time: Ten 30-minute runs, totalling about 25 Mw-hr 

Objectives: High- tempera ture neutronics s tudies . 
Study behavior of reac to r and air s t r e a m as a heat ex­
changer sys tem. 

Measure escape of BeO and fission produc ts . 

Determine core integri ty at high t e m p e r a t u r e . 

PHASE 11: Approach to Peak Power at Peak Tempera tu re 

4th month, 26th day through 5th month, 30th day 

Conditions: Power ^ 1 6 0 Mw 

Tempera tu re < 2250°F 

Blowdown cooling air to 800 l b / s e c 
Running Time: Twenty 90-second runs at high power, with forty 30-minute runs 

at about 15 Mw; totalling about 200 Mw-hr 

Objectives: As in phase 9, with additional tes t of core integri ty at 
high power. 
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Figure 10-1 shows approximate upper l imits on power and t e m p e r a ­

tu re during the tes t p rog ram, as well as an estinaate of in tegrated operating 

power at any point in the p rogram, all taken from the schedule above. 

10. 3 Operation of Reactor 

Before a h igh - t empera tu re , high-power run can be s ta r ted , a great deal 

of p repara t ion of the facility will be n e c e s s a r y . When this p r e l im ina ry work, 

such as a i r s torage and hea te r charging, checking of e lec t r i ca l c i r cu i t s , m e ­

chanical connections, and so forth, has been completed, all personnel except 

the operat ing crew and o thers in the control building will be c lea red from the 

tes t s i t e . All operat ions will then be conducted from the control consoles in 

that building. 

Every run will have specifically outlined objectives and l imiting values 

of power, period, t e m p e r a t u r e , and other va r i ab le s . Runs involving any 

rapid changes in power or t empe ra tu r e levels , and probably any runs at high 

values of power or t empera tu re , will p roceed according to a definite schedule, 

often with par t ia l ly or wholly autonaatic p rogramming of impor tant va r i ab l e s . 

10. 3. 1 Control Building 

During reac tor operat ion, personnel will be c leared from all p a r t s of 

the facility except for the control building. The final p re -ope ra t ion check­

out, the tes t run itself, and the init ial shutdown p rocedures will all be con­

ducted from that building. F igure 10-2 shows a d iagram of those sect ions of 

the control building (Bldg. 2101) which will be involved in Tory II-A ope ra ­

tion. Operation of the r eac to r will be c a r r i e d on in the la rge room, labeled 

Reactor Control Room. All controls and data displays n e c e s s a r y for r eac to r 

operat ion during a tes t will be located in this ma in room. All doors will be 

closed during a tes t , with no entry pe rmi t t ed except through an an teroom. 

This anteroom, labeled Operation Center , will contain communication facil­

i t ies and display of data of secondary importance toa tes t run, such as wind 

and weather data, s i te radiation leve ls , general facility condition, and so 

forth. 

F igure 10-2 shows a tentative control room layout. The nuclear con­

t ro l s and the a i r supply controls a re located separa te ly at cent ra l consoles . 

Other racks provide control and naonitoring of secondary s y s t e m s : cooling 

water , hydraulic fluid p r e s s u r e , voltage levels , e tc . Detailed data, other 

than that n e c e s s a r y for the attention of the nuclear and air ope ra to r s , a re 
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displayed at one location. Finally, television moni tors and e lec t r i c locomo­

tive controls a re located in another set of r a c k s . 

The operating consoles will be assenabled in L ive rmore as soon as they 

a re avai lable. Analogue computers connected to the consoles will provide 

sinaulated reac to r and a i r supply response to operation of the controls , p e r ­

mitt ing ea r ly t raining of pe r sonne l . Studies of typical operation sequences 

can be made with this equipnaent in tinae to c o r r e c t faults before actual in­

stal lat ion at Nevada. 

10. 3. 2 Operation Staff 

Chief Exper imente r 

During a tes t run, operation of the r eac to r and facility will be in 

charge of a Chief Exper imente r , specifically designated for that run. He 

will not operate any controls di rect ly , but will give general ized commands 

to individual opera to rs at the a i r supply and nuclear control consoles . Thus 

he will be free to give his attention to the overal l r eac to r condition, to the 

p r o g r e s s of the exper iment , and to general requ i rements for action, r a the r 

than to the specific detai ls of how des i red power and a i r flow conditions a r e 

at tained. 

The Chief Exper imente r will have complete authori ty during a tes t run, 

overr iding possible conflicting opinions by other m e m b e r s of the operat ing 

staff. His attention will be given completely to operat ion of the reac to r , with 

routine control of incidental act ivi t ies being supervised by an Operation Co­

ordinator (see belov^. 

The Chief Expe r imen te r ' s post will be in the a rea of S ta t ion( j^ in the 

Reactor Control Room, Fig. 10-2. Here he will be able to observe all data 

of p r i m a r y importance, and to communicate with the individual r eac to r 

ope ra to r s . 

Operation Coordinator 

Data which is of impor tance during a run, but which will not requi re 

immedia te action at the r eac to r control console, will be gathered in the 

Operation Center at Station (T) of Fig. 10-2. This station will be in charge 

of an Operation Coordinator , whose function will be to re l ieve the Chief 

Exper imente r of all concern with outside act ivi t ies , or with any situation 

not immediate ly affecting the course of the tes t run. He will control the only 

means of conamunication with the Chief Exper imente r , and will use it only to 
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receive information on the p r o g r e s s of the tes t , or to supply information which 

may requi re a change in the course of the t e s t . The decision of what action to 

take in such a case will be made by the Chief Exper imen te r . 

The Operation Coordinator will receive infornaation frona site radiat ion 

de tec tors and frona wind and weather m o n i t o r s . He will naonitor the conditions 

that might influence the t e s t . All outside communicat ions will come to hina, 

and he will be in charge of all incidental site act ivi t ies during the course of a 

tes t run. 

Reactor Opera tors 

Direct control of r eac to r conditions during a tes t will be c a r r i e d on by 

four opera to rs seated at the control console . In addition, two to th ree data 

obse rve r s will be required, to maintain a continuous awareness and evaluation 

of data displayed at the console or its adjoining r a c k s . Opera tor functions will 

be the following: 

a. Nuclear Operator 

Control of nuclear power level through select ion of ope ra ­

tion modes , control element posi t ions , demand leve ls , or 

automatic p r o g r a m s . 

Receives conamands from the Chief Exper imente r , calling 

for achievement of s ta ted power levels or r a t e s of change; has 

responsibi l i ty of ca r ry ing out these ins t ruct ions while insuring 

safe nuclear operat ion. 

Initiates preplanned renaedial action in case of emergency . 

If r eac to r is to be control led to give a specified tenapera­

tu re prograna, this shall be the responsibi l i ty of the Nuclear 

Opera tor . 

b . Nuclear Control Engineer 

Ass is tance in nuclear control operat ion by monitor ing of 

systena condition indica tors , operat ion of manual vane o v e r ­

r ides in case of single vane fa i lures , e t c . No d i rec t control 

of r eac to r power . 

c. Air Flow Operator 

Control of m a s s a i r flow ra te or inlet p r e s s u r e to r e a c t o r . 

d. Air Tenaperature Operator 

Regulation of r eac to r inlet a i r t empe ra tu r e by t r imming 

balance of flow through and around hea t e r . 
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This division of controls provides for essent ia l ly complete control of 

individual var iables by single ope ra to r s , so that a nainimum of in ter ference 

exis ts between the ope ra to r s . Thus the Nuclear Operator has complete con­

t ro l , within linaits, of r eac to r power; his control systena has very fast r e ­

sponse and can immediate ly over r ide any react ivi ty per turbat ions introduced 

by changes in a ir flow. The Nuclear Control Engineer does not regulate a 

prinaary reac tor var iable ; changes in react ivi ty which he may cause a re 

readi ly co r r ec t ed by the Nuclear Opera tor . The Air Flow Operator will have 

sole control of naass flow ra te , with the ability to overcome incidental flow 

variat ions caused by the Air Tempera tu re Operator . The la t ter , finally, has 

the only means of regulating air t e m p e r a t u r e . Reactor core t empera tu re 

regulation is an exception to this pr inc ip le , because of the strong dependence 

of core tenaperature on all of the control va r i ab les . Even he re , however, 

in regulating this quantity there should be l i t t le difficulty with in ter ference 

among the th ree ope ra to r s , since the nuclear sys tem responds much fas ter 

than the a i r controls , and so will predonainate. 

The Chief Exper imente r will always be in charge of r eac to r operation; 

the opera to rs will follow his commands, general ly calling for specified levels 

of power, r eac to r t empera tu re , a i r flow rate or inlet t e m p e r a t u r e . In the 

event of sudden fai lures or other emergency conditions, however, the indi­

vidual opera to rs will be responsib le for initiating remedia l action according 

to p r e a r r a n g e d p lans . These planned emergency responses will be kept as 

sinaple as possible , and in the event that a conflict between a i r and nuclear 

control actions could occur, the pr incipal activity will be assigned to the 

Nuclear Operator . 

Typical enaergency responses init iated by the opera tors will be quite 

s imple; for instance, the Nuclear Operator may find it n e c e s s a r y to switch 

control to a different neutron detector when one behaves e r r a t i ca l ly . 

After taking n e c e s s a r y prompt action to avert inamediate danger, the 

opera tor will repor t status to the Chief Exper imenter , who will evaluate 

the r eac to r position and ass ign new objectives, such as : "Go into shutdown 

p rog ram, " or "Adjust power to hold t e m p e r a t u r e steady at p resen t level." 

The condition to which this descr ipt ion applies is that of a high-power 

tes t run, with the complete control and ins t rumentat ion systenas in use . Not 

all tes t runs will r equ i re full use of these sys t ems , or attendance of a complete 
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operat ing crew, but the same general p rocedures will apply to all r eac to r 

opera t ions . 

As mentioned above, the control console with s imulated reac to r r e ­

sponses will be set up in L i v e r m o r e . The operating p rocedures descr ibed 

h e r e , as well as some possible a l t e rna tes , will be tes ted on that console 

and evaluated for suitabil i ty before the s t a r t of actual operat ion in Nevada. 
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11. HAZARDS OF OPERATION 

11.1 Overall Hazard Aspects 

The Tory II-A design is advanced well beyond the scope of p resen t r e ­

actor experience in the a reas of high t empe ra tu r e s and rapid autonaatic con­

t ro l . Thus its operation will neces sa r i l y involve g rea te r r i sk of accidental 

power excurs ions or other accidents than is the case for conventional r e ­

a c t o r s . In addition, the coolant a i r s t r e a m is to be re leased direct ly to the 

a tmosphere , bear ing with it radioactive fission products and some amount 

of the chemical poison, berylliuna oxide. 

In o rde r to avoid a hazard to the general population, Tory II-A operat ion 

is to be c a r r i e d out at the Nevada Test Site. Careful r eac to r operation and 

control of personnel location will also reduce hazard to on-s i te personnel to 

a negligible level . 

As shown in Section 10, reac to r operation will s t a r t with very low power 

levels , ambient tenapera tures , and low ra tes of change of power level . At 

this stage radiation levels a re low, no a i r flow will pass through the reactor^ 

and no rapid control maneuvers will be at tempted. A very careful p r o g r a m 

of i nc r ea se s of power, tenaperature and control speeds will then lead up, over 

a per iod of severa l months, to operation at maximum design capabi l i t ies . 

This approach is vital, not only to the a s su rance of maximum yield of infor­

mation from the reac to r , but also to the achievement of a minimum haza rd 

condition. The key point is th is : thorough study of r eac to r behavior and 

measu remen t of radiation levels and exhaust contamination, will be c a r r i e d 

out in each phase of operation, before going on to the next. Thus no sudden 

entry into unfamiliar modes of operation will take place; instead, such modes 

will be reached through a gradual approach, with careful study and analysis 

assur ing at all t imes a good understanding of r eac to r behavior and site r a d i ­

ation l eve l s . 

The following sections will d iscuss some specific aspects of possible 

hazards associa ted with operat ion. 

11.2 Radioactive Mater ia ls in Exhaust 

Release of radionuclides in the Tory II-A exhaust should be expected 

during high-power operat ion. Inasmuch as the fuel e lements a re not coated, 

and a r e exposed direct ly to the a i r s t r eam, fission products can enter the 

streana by recoi l , eros ion of the BeO, or diffusion. Activation of the cooling 
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a i r i s found to be an in s ign i f i can t i s s u e . 

The r a d i o a c t i v e h a z a r d due to e s c a p i n g f i s s i on p r o d u c t s h a s b e e n r e ­

v iewed c a r e f u l l y wi th e m p h a s i s p l a c e d on o f f - s i t e r a d i a t i o n l e v e l s . The 

s o u r c e s t r e n g t h was d e t e r m i n e d on the b a s i s of runn ing for 375 M w - h r p e r 

c o r e , and about two c o r e s p e r y e a r , 

A r a d i o n u c l i d e d i s t r i b u t i o n a p p r o p r i a t e to t h e r m a l n e u t r o n f i s s ion w a s 
23 

a s s u m e d ; t h i s is conapa t ib le with a l o s s m e c h a n i s m of p a r t i c l e r e c o i l frona 

the h e a t t r a n s f e r s u r f a c e s in to the cool ing a i r , which is thought to be the m a i n 

c o n t r i b u t o r . The r e c o i l l o s s w a s e s t i m a t e d to be 0 .1 -0 .2% of the f o r m a t i o n 

r a t e . It d e p e n d s on the p o w e r , for at l o w e r p o w e r l e v e l s the cool ing a i r wi l l 

be l e s s d e n s e and so wi l l have a r e d u c e d s topp ing p o w e r . Th i s wil l e n a b l e 

s o m e f i s s i on f r a g m e n t s to c o m p l e t e l y t r a v e r s e the a i r s t r e a m and b e c o m e 

i m b e d d e d in the oppos i t e wa l l of the fuel t u b e . 

L o s s by e r o s i o n at high p o w e r is e x p e c t e d to accoun t for a f r a g m e n t 

l o s s l e s s than 0 .01% of the f o r m a t i o n r a t e . E r o s i o n i s e x p e c t e d to o c c u r f rom 

r e a c t i o n of w a t e r v a p o r in the a i r with B e O . The above va lue i s b a s e d on un-

d r i e d a i r wh ich m a y be u sed for p o w e r l e v e l s be low 20 Mw. h o w e v e r , at high 

p o w e r r u n s , d r i e d a i r wi l l r e d u c e the above va lue by a few o r d e r s of m a g n i t u d e . 

Diffusion l o s s e s a r e s e n s i t i v e to the f u e l - e l e m e n t t e m p e r a t u r e as we l l 

as the d u r a t i o n of a h i g h - p o w e r run . A l so , the m e t h o d of f a b r i c a t i n g the fuel 
24 

e l e m e n t s m a r k e d l y i n f luences the l o s s r a t e . Some e a r l y e x p e r i m e n t a l w o r k 

on u r a n i a - l o a d e d B e O (io e. j 10% by weight) of p o o r u n i f o r m i t y l ed to diffusion 

c o n s t a n t s t ha t would i m p l y diffusion l o s s e s f rom the T o r y ]I^A not in e x c e s s of 

the r e c o i l l o s s e s . I n a s m u c h as the qua l i ty of the l oaded B e O tha t will be used 

in T o r y I I -A i s e x p e c t e d to be fa r s u p e r i o r to that of the s a m p l e s which w e r e 

t e s t e d , it i s r e a s o n a b l e to a n t i c i p a t e that the m a j o r l o s s Tr iechanism wil l be 

p a r t i c l e r e c o i l , and t h i s wi l l a m o u n t to about 0.2% of the f i s s ion - f r a g m e n t 

f o r m a t i o n r a t e . 

Conven t iona l p r o c e d u r e s w e r e e m p l o y e d to d e t e r m i n e the d e g r e e of 
25 

a t m o s p h e r i c d i lu t ion at v a r i o u s d i s t a n c e s f r o m the r e a c t o r . Su t ton ' s f o r ­

m u l a w a s used , wi th c o n s t a n t s r e c o m m e n d e d by the L a s V e g a s R e s e a r c h 

Sta t ion of the U. S. W e a t h e r B u r e a u . The h a z a r d to p e o p l e s e v e r a l m i l e s f rom 

the r e a c t o r w a s d e t e r m i n e d by f i r s t o b s e r v i n g the i so top i c c o m p o s i t i o n of the 

r a d i o a c t i v e c loud at t he po in t m q u e s t i o n , d e c a y and bu i ldup of the r a d i o i s o -
23 

t o p e s w e r e t a k e n in to a c c o u n t . E x p o s u r e t i m e at d i s t a n t po in t s was equa t ed 

to r e a c t o r o p e r a t i n g t i m e . It was then r e l a t i v e l y s t r a i g h t f o r w a r d to c o m p u t e 
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the total dose received per year by various body organs . Figure 11-1 sum­

m a r i z e s the r e su l t s ; it was assunaed, to be very conservat ive , that 1% of the 

fission fragnaents escape from the core . This is a factor of 5 g rea t e r than 

what should be expected. Since the meteorological assumptions a re quite ap-

proxinaate, and since severa l assumptions have been made in the calculation, 

it is reasonable to be conservat ive . 

Figure 11-1 shows that the thyroid received a higher exposure than any 

other organ. However, for a valid compar ison in t e r m s of equivalent body 

damage, one would reduce the exposure ( i . e . , in roentgens p e r year) by about 
26 2.5. In this case, one finds that for dis tances c loser than 11 mi les from the 

reac to r , the total body exposure is cr i t ica l , and at g r ea t e r d is tances , the thy­

roid is the cr i t ica l organ. At 20 mi les , the total body received 0.04 roentgens 

per year which is nauch less than the maximum dose to the popula t ion-a t - la rge 

reconana ended by the National Academy of Sciences. The recommendat ion gave 

an upper l imit of 0.3 roentgens per year . 

Damage to the gas t ro- in tes t ina l t r ac t , bone, kidney, and musc l e s a re 

found to be lower than that to the total body and gonads, and the thyroid gland. 

It is felt, therefore , that high-power operation of Tory II-A at NTS Site 

401 does not constitute a radiation hazard to people beyond the site boundary. 

11.3 Site Radiation Levels 

Radiation levels in a reas to which personnel access is des i red will, of 

course , be m e a s u r e d direct ly to es tabl ish to lerable exposure t inaes. How­

ever , it is well to predic t these values beforehand in the most c r i t ica l loca­

t ions . Two such a reas a re taken up h e r e . 

11 .3 . 1 Radiation Levels in Zero Site Bunker 

The bunker is designed to provide enough radiation shielding so that its 

pr incipal rooms and co r r ido r s may be occupied within a day or so after a full 

power run, with a reac to r which has accumulated severa l hundred megawat t -

hours of integrated power, without removing the reac tor from the tes t point. 

Table 11-1 below shows es t imated radiation levels in severa l specific loca­

t ions, 24 hours after such a run. During the e a r l i e r pa r t s of an operating 

p rogram, with runs at lower power, radiation levels will, of course , be lower, 

permit t ing access at e a r l i e r t imes after shutdown of the r eac to r . 
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6.001 0.01 OJ 1.0 10.0 
ROENTGENS RECEIVED PER CORE 

(ASSUMING 200MWH OPERATION) 

Fig. 11-1 . Radiation dose vs distance from reac to r . 
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Table 11-1 . Es t imated radiat ion levels , 24 hours after a 

full-power run, in roentgens per hour 

1. Inside plenuna chamber (direct beana exposure) 3 X 10 

2. Disconnect room (6 ft below a i r pipe) 5 X 10 
_3 

3. Passageway between disconnect room and e lec t ronics room 4 X 10 
_2 

4. End of access tunnel (in front of maze) 4 X 10 
_3 

5. Elec t ronics roona 5 X 10 

Because of the p re sence of sensi t ive components in the e lec t ronics roona 

radiatioil level in this a r e a has been evaluated during high-power operat ion. 

For a power level of l60 Mw the radiat ion level was found to be 10 r / h r ; for 

a run of 3 minutes the integrated dose is ~50 r . These values a re well below 

the damage threshold of e lec t ronic equipment. 
11 .3 .2 Radiation Dose at Control Point 

During the high-power operat ion of Tory II-A, it may be expected that 

personnel at the control building, which is 9000 ft frona the ze ro s i te , will re -

cieve a radiat ion dose . Both ganamas and fast neutrons a r e capable of t rave l ­

ling over l a rge d i s tances . Thermal neutrons tend to be absorbed by the 
27 28 ground, ' and so naay be neglected in the p resen t calculat ion. 

For es t imat ing the neutron attenuation over la rge d i s tances , it was 

found that age theory was not appropr ia te ; r a the r , a f i r s t -co l l i s ion modifi-
29 cation in which slowing-down occurs after the first collision was seen to 

be in genera l agreenaent with nuclear weapons tes t information and so was 

applied. The integral descr ib ing the slowing-down density, q(r, T) was d e ­

r ived explicit ly and gave: 

- 2 : o ( r - T S o ) 

q(r. T) = ° 
4TTr(r-2TZ;o) 

where SQ = macroscop ic c ross section for the first collision (cm ) 

T = "age" of neutron at energy E; initial energy, EQ . 

-1 -3 
An attenuation length, SQ . of 221 naeters (p . = 1.08 X 10 g/cc) 

a i r 
was found frona compar ison of the above express ion with data from nuclear 

30 28 weapons t e s t s . ' The neutron dose ra te was then de termined by employ­
ing the source s trength l is ted in Section 5 .4 . The anisotropy of emiss ion 

of the source was ignored; in the wors t case , the radiat ion level may be th ree 

t imes higher than the following e s t i m a t e s . 
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7 

A c o n v e r s i o n f a c t o r , P ( u ) , w h i c h r e l a t e s n e u t r o n s / c m s e c to m i l l i -

r e m / h r e n t e r s in to the c a l c u l a t i o n for d o s e (D): 

^u(O) 
D = J d N j , y - i ^ ^ m - r e m / h r . 

N j , u(E) 

w h e r e <t)(u) = q / ^ S . , 

^ = l oga r i t hna i c e n e r g y d e c r e m e n t p e r c o l l i s i o n 

S. = m a c r o s c o p i c c o l l i s i o n c r o s s s e c t i o n ( c m ) 

u = l e t h a r g y 

Np, = n u m b e r of n e u t r o n s wi th s o u r c e e n e r g y E . 

The i n t e g r a t i o n , t h e r e f o r e , i s c a r r i e d out o v e r t h e e n t i r e s p e c t r u n a at 

a d i s t a n c e r . The s e c o n d i n t e g r a t i o n ( i . e . , o v e r N^,) i s r e q u i r e d b e c a u s e 

the n e u t r o n s o u r c e i s not m o n o e n e r g e t i c . 

If S . = So» wh ich i s a qu i te r e a s o n a b l e a s s u m p t i o n , one f inds t h a t for 

r = 9000 ft, the d o s e r a t e frona n e u t r o n s above 0.03 Mev i s 0.5 m i l l i - r e n a 

w h i c h i s qu i te t o l e r a b l e . 

Gamnaas a r e found e x p e r i m e n t a l l y t o h a v e an a t t e n u a t i o n l eng th in a i r 
* 18 / 

of 325 m e t e r s . The t o t a l g a m m a e n e r g y r e l e a s e i s about 1.0 X 10 M e v / 
s e c o n d . If, once aga in , one i g n o r e s n o n - i s o t r o p i c e m i s s i o n , and c o n s i d e r s 

2 2 

a d i s t a n c e frona the z e r o po in t of 9000 ft, a flux of 2.3 X 10 M e v / c m s e c o n d 

i s r e a l i z e d . Since t h i s s p e c t r u m is l i k e l y t o be h a r d e n e d , a c o n v e r s i o n f a c t o r 

of 1.2 X 10 r a d / h r p e r M e v / c m s e c ( i . e . , for 5 Mev g a m m a s ) seenas a p -
-4 

p r o p r i a t e . T h e r e f o r e , the d o s e r a t e i s about 3 X 10 r a d / h r , o r 0 .3 m i l l i -

r a d / h r . T h i s i s s e e n to be i n s ign i f i can t c o m p a r e d to the f a s t - n e u t r o n e f fec t . 

One m a y , t h e r e f o r e , e x p e c t a d o s e r a t e of 20 n a i l l i - r e n a / h r , and a 

t o t a l d o s e of 0.5 m i l l i - r e m , d u r i n g full p o w e r o p e r a t i o n . T h i s i s due p r i ­

m a r i l y to fas t n e u t r o n s . 

1 1 . 4 F a i l u r e of C o n t r o l S y s t e m 

The c o n t r o l s y s t e m is d e s i g n e d to r e s p o n d to any l i k e l y s i t u a t i o n in a way 

s u c h tha t p o w e r and t e m p e r a t u r e e x c u r s i o n s wi l l be p r e v e n t e d . In g e n e r a l , a s 

e x p l a i n e d in Sec t ion 6, p o w e r and t e m p e r a t u r e c o n t r o l wi l l be naa in t a ined in 

sp i t e of the f a i l u r e of any ind iv idua l c o n t r o l c o m p o n e n t s o r the i n t r o d u c t i o n of 

R e f e r e n c e 28 , p . 6 l . 
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unexpected excess react iv i ty . A " s c r a m , " or sudden reduction of power, such 

as conventional r e a c t o r s use to deal with hazardous si tuat ions, will not in gen­

e ra l be to lera ted for Tory II-A, because of the resul t ing the rma l s t r e s s e s in 

the c o r e . Instead, s teps will be taken to mainta in or r e s t o r e a condition of 

zero react ivi ty . 

In spite of the unlikelihood of such an occur rence , it is des i rab le to know 

what to expect if all precaut ions fail and control of the r eac to r is los t . Sev­

e ra l such hypothetical si tuations a re therefore considered h e r e . 

11.4 . 1 Cutoff of Coolant 

Sudden loss of a i r p r e s s u r e during a high-power run, as for instance by 

inlet duct rupture , would resu l t in a posit ive tenaperature excurs ion in the r e ­

actor core if the power were not immedia te ly reduced. The pr incipal effect 

would be frona the sudden cessat ion of heat removal , although the posit ive r e ­

activity increment (Ak » O.OOOV) caused by the reduction in ni trogen density 

in the core would also contr ibute . 

Let us a s sume, then, that the control systena fails conapletely at the sanae 

tinae that such a loss of a i r takes p lace . No further motion of the control e l e ­

ments takes p lace , but negative reac t iv i ty is introduced by the increas ing core 

t e m p e r a t u r e until the power is reduced to a negligible value. The overal l in ­

c r e a s e in core t empe ra tu r e naay be obtained by integrat ing well-known t i m e -

dependent neutronic equations coupled with the proport ional re la t ionship of 

power to ra te of t empera tu re change. 

The resu l t naay be wri t ten as 

Ap 
AT = -^ 

s^/wr 

2 P 0 

^ TT, ap/aT 

c pc '^' 

where AT = core t empe ra tu r e i nc rease 

i * ( l - A p ) + S .p . / \ . 
^ ^g l*^!' 1 

1/2. 

Ap = react ivi ty increment on renaoval of a i r 

9p/9T = t e m p e r a t u r e coefficient of react iv i ty 

PQ = steady power, just before accident 

See for ins tance, Glasstone and Edlund, The Elements of Nuclear Reactor 
Theory, 1954 edition, Chapter 10. 
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<J = average core density 

C = specific heat of core 

I = prompt neutron lifetime 

p. = fractional yield of ith group of delayed neutrons 

X. = decay constant of ith delayed group. 

This and similar analytic expressions are used here as well as an IBM 704 

computer code (Dane) for reactor excursion analysis. 

Substitution of the following numerical values: 

Ap = 0.002 

9p/aT = 2 X 10 "^ per deg K 

Po = 7.5 Mw/ft (core average) 
•3 

a = 1.5 g/cm 

Cp^ = 0.5 cal/g deg K 

i* = 2X lO"'̂  sec 

SS./X. = 0.084 

leads to the result 

A T = 995°K. 

The peak temperature increase, near the center of the core, will be 30% 

higher than this average value, hence 1300°K. Added to an initial peak tem­

perature of 1550"K, this gives a final maximum of 2850°K or 2580°C. The 

melting point of BeO is listed variously from 2440 to 2550 °C, so that some 

melting in the center of the core naight take place in this accident. Certainly 

none of the core would be vaporized, and no explosion would occur, so that 

no hazard to on-site or off-site persons would be present. 

Another interesting result may be noticed in the equation given above. 

If the initial power is very low, PQ = 0, then the final tenaperature reached 

is twice that necessary to compensate for the added reactivity Ap . That is, 

Ap 

^'^ = "• -w^ ' 

This result, of course, applies not only to the air loss accident, but to 

any noncooled excursion starting from low power. 

11.4.2 Slow Addition of Reactivity 

Now another type of control failure will be supposed, in which the vanes 
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all move out together, introducing react ivi ty at a maximum ra te of 0.0025 sec 

Results of a number of calculat ions, s tar t ing under various conditions, have 

shown that the t empera tu re very near ly follows a value giving zero react ivi ty 

for the instantaneous vane posit ion. Thus the t empera tu re r i s e s at a ra te given 

by 

dT dp/dt 2 5 X 1 0 ' ' ^ , o c o ^ -1 
dt 9p/9T 2 x 10"^ 

If this t empera tu re r i se is not stopped very quickly, it would lead to f rac ture 

and melt ing in the core , but it is far too slow to produce any explosive d i s ­

assembly . 

11 .4 .3 Sudden Addition of Reactivity 

The sliding control rods a r e worth up to about $0.60 each in react ivi ty , 

the specific amount depending on the position of the rotating control vanes . If 

the control sys tem were to fail in such a way that the vern ie r rod and both of 

the r e se t rods were withdrawn at thei r naaxinaum ra t e s , react ivi ty could be 

introduced at a ra te of as nauch as 0.06 sec . One might also imagine some 

other means of introducing large amounts of react ivi ty very suddenly, perhaps 

even by del iberate sabotage. Studies have therefore been made of this situation 

Two problems were considered. In one, Ap = $1.00 was added abruptly 

( i . e . . At = 0), while in the other, Ap = $3.00 was added abruptly. The core 

power density was initially 7.5 Mw/ft , and the gas flow corresponded to 

s teady-s ta te operat ion. The tenaperature coefficient of react iv i ty was taken 
_5 , _4 

as —2.0 X 10 /°K, and the prompt lifetime as 1.5 X 10 second; initial 

core t empera tu re was 1505 °K. The Dane 704 code was used, so that all six 

delayed neutron groups were included. A simple equation relat ing the ra te 

of core t empera tu re change to core power and coolant flow allowed the core 

t empera tu re h is tory to be determined. The resu l t s a re shown in Fig. 11-2. 

It is observed that for the problem where Ap = $ 1.00 (i. e. , Ap = 0.0064) 

the t empera tu re r i s e s in a few seconds to the value Ap/(9p/9T) + T Q . That 

i s , there is no overshoot in the t empera tu re h is tory . Such is not the case for 

Ap = $3.00; he re we have a 40% overshoot . The maximum t empera tu re in 

the former problem was 1820°K while in the la t te r problem, T = 2800 °K, 

about equal to the BeO melting point. Since the calculations dealt with core 

average tenaperatures , melting should definitely be expected in the center of 
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Fig, 11-2. Reactor t e m p e r a t u r e excurs ions result ing from sudden introduction of react iv i ty . 
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the core , where the tenaperature r i s e will be 30% above the average . The boi l ­

ing point will st i l l not be attained (~4000"'K) but this accident a lmost approaches 

a situation where some vaporization, and the possibi l i ty of violent d i sassembly , 

would occur . The sudden introduction of naore than $3.00 of react iv i ty is p r a c ­

t ical ly inconceivable, however. 

A thorough analysis of r eac to r excursion hazards would involve cons ide r ­

ation of a variety of possible conditions and occu r rences , and cannot be cona-

'plete until the r eac to r is actually const ructed. The cases d i scussed above 

a re felt to give a c lear indication that a negligible chance of r eac to r explosion 

will be presen t , even if the control sys tem were to fail in a very unlikely 

m a n n e r . 



-293 -

REFERENCES 

Finke, Meuser , Reynolds, and Tyson, "Sea-Level Nuclear Rcimjet P a ­

r a m e t e r Study," UCRL-5397, March 1959. 
2 

Pluto P r o g r a m m a t i c Report I, UCRL-5515, January 1959. 
3 

Stuart , Canfield, Dougherty, and Stone, Zoona, a One-Dimensional , Multi-
group, Neutron Diffusion Theory Reactor Code for the IBM 704, UCRL-5293, 
Novenaber 1958. 

4 
R. Stuart and S. Stone, Angle, A Two-Dimensional , Multigroup, Neutron 

Diffusion Reactor Code for IBM 704, UCRL-50I9 , September 1957, 
5 

D, J. Hughes and R. S. Car te r , Neutron Cross Sections, Angular D i s t r i ­
bution, BNL-400, June 19 56. 

L. Rosen and L. Stewart, Neutron Emiss ion Probabi l i t ies from the In te r ­

action of 14-Mev neutrons with Be, Ta, and Bi, Phys . Rev. 107, 824 (1957). 
7 

H. Reynolds et al . , Cr i t ica l Measu remen t s and Calculations for Enr iched-

uranium Graphi te -modera ted Sys tems, Second United Nations Internat ional 

Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, Pape r No. 

P /2408; this paper is a lso repor t No. UCRL-5175, March 1958. 
g 

Argonne National Labora tory , Reactor Phys ics Constants , ANL-6800, (1958). 
9 

Humble, Lowdermilk, and Desmon, Measurements of Average Hea t -T rans fe r 

and Fr ic t ion Coefficients for Subsonic Flow of Air in Smooth Tubes at High Sur­

face and Fluid T e m p e r a t u r e s , NACA-1020, (1951). 

Durham, Neal, and Newman, LASL Technical Memorandum N-3 (1956). 

A. H. Shapiro, The Dynamics and Thermodynamics of Compress ib le Fluid 

Flow, vol. I, Fluid Mechanics (Ronald P r e s s Co . , New York, 1953) p . 231. 

Appendix I of UCRL-5515 Sup 1 (Appendices I-VI for Pluto Programnaa t ic 

Report I ) , January 1959. 

Pr iva te conamunication. 

14 

R. Meuser and R. Finke, The rma l F r a c t u r e Res is tance of Simulated 

Beryl l ia Fuel Elements for Pluto, UCRL-5381, November 1958. 

15 
C D . Bopp, Gamma Radiation Induced in Engineering Mate r i a l s , ORNL-1371, 

May 1953. 



-294 -

REFERENCES (Contd. ) 

D . J . Hughes and J. A. Harvey, Neutron Cross Sections, BNL-325, July 1955. 

17 
R . J . Howerton, Tabulated Neutron Cross Sections, UCRL-5226 (Pt I (Vols. 

I-III)), May 1958. 

18 

Broadway, Youtz, Zaring, and Palinchak, The Effect of Nuclear Radiation 

on E la s tomer i c and P las t ic Mater ia l s , Battel le Memorial Institute Report No. 

REIC-3 , May 1958. 

19 

S. L. Cos grove, The Effect of Nuclear Radiation on Lubricants and Hydraulic 

Fluids , REIC-4, April 1958. 

20 

R. E. Finnigan, Control Concepts for Nuclear Ramjet Reac tors , UCRL-5465 

(Summary), Feb rua ry 1959. 

21 

Amer ican Society for Testing Mate r ia l s , Symposium on E l e v a t e d - T e m ­

p e r a t u r e Strain Gauges, ASTM Publication No. 30. 

H. LJ. Reynolds and C. E. Walter, Hot Box, A High-Tempera tu re Cr i t ica l 

Faci l i ty , UCRL-5483, March 1959. 

23 
R. C. Bolles and N. E. Ballou, Calculated Activities and Abundances of 

235 
U Fiss ion Produc ts , USNRDL-456, August 1956. 

24 

J. E. Wilson, Diffusion of F iss ion Products from Beryl l ia Fuel Rod Mate­

r ia l , CT-3765, F e b r u a r y 1956. 

25 
Weather Bureau, Washington, D. C. , Meteorology and Atomic Energy, 

AECU-3066, July 1956. 
26 

Br i t i sh Journal of Radiology, Supplement No. 6, 1955, Recommendations 

of the International Commission on Radiological Protec t ion (Revised Dec. 1, 

1954); also NBS Handbook No. 52, March 1953. 

27 

Hurst , Har te r , Hensley, and Mills , Neutron Flux and Tissue Dose Studies 

with F i ss ion Threshold Detec tors , ORNL-1671, March 1954. 

28 
R . I . Schnittke and C. W. Horn, Full Scale Test of Atomic Shell. Phase III. 

Shell Effects and Pe r fo rmance . Operation Up shot-Knothole. September 1954. 
29 

A.M. Weinberg and L. C. Noderer , Theory of Neutron Chain React ions: 
Ex t rac t s from Volume I, Diffusion and Slowing Down of Neutrons : Chapter III. Slowing Down of Neutrons, May 1951, p . III-40. 



-295-

REFERENCES (Contd.) 

30 
W. A. Biggers and F , Waddell, Externa l Neutron Measurements 1946 

k Through 1956. General Report on Weapons T e s t s . WT-9004, March 1957. 

/b< 




