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This is P a r t 2, "St ructure of R e a c t o r , " of the 10-part repor t UCRL-

7036. A l is t of al l 10 p a r t s , including t i t les and major subheadings, appears 

on the opposite page. 
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STRUCTURE OF R E A C T O R -

PART 2 OF THE TORY 11-C PROGRAM 

C. E. Walter 

Lawrence Radiation Labora tory , University of California 

L i v e r m o r e , California 

September 27, 1962 

INTRODUCTION 

The Tory II-C reac to r consis ts of a reflected co re , in ternal s t ruc tu ra l 

components , and a r eac to r duct, The overal l d imensions of the r eac to r a r e 

those of the reac tor duct, which is a flanged cylinder 82" feet long and 4 - 3 / 4 

feet in d i ame te r . Sketches of the r eac to r a r e given in F i g s . 1 and 2. The 

gross r eac to r volume is 150 ft . During peak operat ion an average of 34 
3 MW/ft of power will be t r ans f e r r ed froin the reac to r to the approximately 

one ton of a i r per second passing through it. The volume of uran ium-conta in­

ing BeO is such that the peak power density in a fueled tube is 272"MW/ft . 

About 55% of the g ross r eac to r volume contains hollow hexagonal be ry l ­

l ium-oxide tubes . These compr i se the homogeneously fueled modera to r and 

most of the ref lec tors making up the reflected c o r e . There a r e approximately 

465,000 tubes having an average length of Sg inches , ei ther unfueled or loaded 

to var ious degrees with highly enriched uranium dioxide. The hollow tubes 

a r e c lose-packed to provide a honeycomb pa t te rn of about 26,000 para l le l flow 

channels running the length of the r e a c t o r . Heat re leased in the f ission of 

U 235 is conducted to the channel walls and t r ans f e r r ed by convection into the 

a i r passing through the channels . The rat io of the fueled channel flow a r ea 

to the overal l c ro s s - sec t i ona l a r ea of the r eac to r is 1/3. 

The r eac to r is designed for flight capability at low-al t i tude, hot-day, 

Machf-3 conditions for periods of 3- 10 hour s . It must susta in a th rus t load of 

275,000 pounds due to a i r flow, a i r p r e s s u r e up to 350 psia , l a t e ra l maneuver 

loads as high as 4 g ' s , and a not yet c lear ly defined vibrat ion environment. 

This force pic ture appears in a high te jnpera ture environment where meta l 

t empera tu re s range to 2300 °F and ceram.ic t empe ra tu r e s to 2850 ^F. All cool­

ing is accomplished with r a m a i r , the t empera tu re of which is 1060°F. 

SECRET RESTRICTED DATA 



REACTOR DUCT 

ACTIVE CORE 

TIE ROD ASSYr 

SUPPORT GRID 

AIR FLOW 

BASE BLOCKS 
AFT REFLECTOR 

SIDE REFLECTOR 
--SIDE SUPPORT SPRINGS 

FORWARD REFLECTOR 

NICKEL SHIMS 

-CELL PLATES 
-CONTROL ROD 

MUL-17544A 

F i g . 1. A r t i s t ' s c o n c e p t i o n of T o r y I I -C r e a c t o r i nd i ca t ing m o s t c o m p o n e n t s . 
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See detail A 
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Detai l"A": Standard and control unit cells 

Fig. 2. Schematic c ro s s section (looking downstream) of the reflected core showing unit cel ls and 
control and safety rod locat ions . Except a t the per iphery , a unit cell is associated with each tie rod 
assembly . 
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The forces a r e accommodated and the reflected core integri ty main­

tained by side and axial support sys tems located in a high p r e s s u r e duct. 

The side support sys tem occupies an annulus between the reflected core and 

the duct. It consists of 31 bands of corrugated spr ings which exer t a uniform 

radial compress ive force on the reflected co re . In o rde r to mainta in a stable 

geometry , the i r r egu la r boundary formed by the hexagonal tube columns is 

t ransformed to a regular boundary by the use of thick nickel s h i m s . The 

flexibility of the corrugated springs holds the nickel shims in place and a c ­

commodates the rmal expansion of the reflected co re . T r a n s v e r s e iner t ia 

loads on the reflected core a r e t r ans fe r r ed to the duct by means of 30 support 

r a i l s , bolted to the inside of the duct, which engage "va l leys" of the sp r ings . 

The springs engage fingers in the nickel shims in a s imi la r manne r . 

Axial loads a r e reacted at the front (cooler) end of the duct. Here a 

support grid spans the duct and is pinned to an interrupted ledge on the inside 

of the duct. Over a hundred tie rods attached to the support grid pass through 

the reflected core and at tach to base blocks at its r e a r . A nominal axial com­

press ion is applied to the reflected core at each tie rod location by coil springs 

compressed between the support grid and the front of the reflected co re . 

Thus, the bundle of a lmost one-half mil l ion par t s compris ing the reflected 

core is held in the des i red position and geometry by side spring p r e s s u r e and 

p r e s t r e s s e d "hanger s" or tie rods . Almost all s t ruc tu ra l pa r t s opera te at 

relat ively low t e m p e r a t u r e s , permit t ing the use of supera l loys . The excep­

tions a r e the base blocks at the r e a r of the reflected co re . Their operating 

t empera tu re will be as high as 2300 °F. 

A general appreciat ion of the components and m a t e r i a l s in the r eac to r 

may be gained from the summary in Table I. The components a r e separa te ly 

d iscussed in detail below. 

Reflected Core 

The reflected core is a right c i r cu la r cylinder 63.08 inches long and 

53.42 inches in d i ame te r . It consis ts of the active core and the forward, aft, 

and side ref lec tors as shown in F ig . 3. 

The side reflector is made up of a 2-inch thickness of BeO tubes next 

to the active core and an average thickness of 1 inch of nickel sh ims . 

These nickel shims provide a geometr ica l t rans i t ion between the BeO 

tube a r r a y of the reflected core and the corrugated spring of the side 

support sys tem (see Fig . 12). In addition, it was determined 
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• 
Table I. G e n e r a l s u m m a r y of c o m p o n e n t s and m a t e r i a l s in T o r y I I - C . 

C o m p o n e n t M a t e r i a l s 
Weight 

(lb) (%) 

Ref l ec ted C o r e 

C e r a m i c t u b e s 

Nicke l s h i m s 

Nicke l t u b e s 

B a s e B locks 

Tie Rod A s s e m b l i e s 

T ie r o d s 

R e f l e c t o r i n s e r t s 

Ce l l p l a t e s 

C o m p r e s s i o n s p r i n g s 

Spr ing a d a p t e r s 

Suppor t Gr id 

C o n t r o l Rods 

Side S u p p o r t S y s t e m 

S p r i n g s 

R a i l s and w i p e r s 

R e a c t o r Duc t 

B e O , BeO-OyO^-Y^O - Z r O ^ , 

Ni , C r - M g O , P t - R h 

F-4J 

r R e n e 4 1 , R - 2 3 5 , SS 4 1 0 , 

H a s t e l l o y C , 

i Pt-Ru 

V 

Rene 4 1 , H a s t e l l o y C 

Hafnium 

Rene 4 1 , H a s t e l l o y C 

H a s t e l l o y C 

10,300 56.0 

450 2,0 

700 

1,900 

4.0 

1,000 5.5 

100 0.5 

10.0 

4,000 22.0 

18,4501b 100 % 

Oy is u r a n i u m highly e n r i c h e d (93.5%) with the i so tope U 

Inc ludes about 50 kg of OyO_. 

235 

t h r o u g h e x p e r i m e n t t ha t t h e i r 99 -5% p u r e n i c k e l in th i s l o c a t i o n and a m o u n t 

h a s the s a m e n e u t r o n i c w o r t h as an equ iva l en t v o l u m e of B e O . 
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About 1000 shims a r e assembled to form 1062 axial flow p a s s a g e s , most 

of which a r e 0.130 inch in d i ame te r . BeO tube holes in the side ref lec tor a r e 

0.093 inch in d i ame te r . There a r e 3876 axial flow passages of this d iameter 

in the side ref lec tor . The total flow porosi ty of the nickel ref lector m a t e r i a l 

is 9.9%, and of the BeO side reflector tubes 8,4%. The flow passages in the 

nickel shims lie inside a 52.88-inch c i r c l e . Within this c i rc le the flow po ros ­

ity in the shims is 14.1%. Poros i ty in the side ref lector has been chosen in 

such a way that the t empera tu re is reduced to 1500''F at the nickel-BeO in te r ­

face. 

The r e a c t o r ' s ce ramic tubes have the shape of a regular hexagonal p r i s m 

with an axial c i rcu la r hole as shown in F ig . 4. Fueled tubes and forward r e ­

flector tubes m e a s u r e 0.296 inch, and tie rod guard tubes m e a s u r e 0.295 inch. 

For the purpose of calculating reflected core d iamete r , c ross - f l a t s dimensions 

of the ce ramic tubes a r e assumed to be 0.0004 inch g rea t e r than thei r actual 

measu red ave rage . This neces sa ry "buildup" allowance was de termined ex­

per imenta l ly . 

There a r e about 293,000 fueled and about 16,000 unfueled tubes within the 

active core , where the average power density is about 10 MW/ft . All fueled 

tubes have a flow passage d iameter of 0.227 inch. The spatial dis tr ibut ion of 

fuel loading is shown in Fig . 5. It is intended to provide a flat radia l power 

and t empera tu re dis tr ibut ion and constant power axially over the f i rs t half of 

the active co re . In the la t te r half of the active core the power falls off due to 

constant axial fuel loading. The design peak wall t e inpera ture in the fueled 

tubes is 2500 °F . Tempera tu re excursions to 2850 °F can be to lera ted by s t r u c ­

tura l components under cer ta in conditions. 

Over 80% of the fueled tubes a r e 3.925 inches long. The remainder vary 

in length in order to achieve the proper tube column lengths and to provide a 

s taggered a r rangement between adjacent columns. F igure 6 shows the s tagger 

a r rangement of the tube columns. 

The ce ramic tubes surrounding the tie rods (i, e. , "guard" tubes) a r e 

unfueled and have smal le r holes than the fueled tubes , being 0.130 inch in di ­

ame te r . With this size hole, a reasonably low tie rod t empera tu re is main­

tained without producing an excessively high the rmal gradient in the adjacent 

rings of fueled BeO tubes . The f lat- to-flat dimension is reduced (to 0.295 

inch) to allow the rmal bending of these guard tubes without breaking. 
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The forward ref lector is 9.67 inches thick and consis ts p r imar i ly of 

BeO tubes . Its c ro s s section is the same as that of the active core except ad­

jacent to the tie r o d s . Here meta l inse r t s a r e used to replace the ring of tie 

rod guard tubes . These ref lector inse r t s c rea te an annular space around each 

tie rod which pe rmi t s the tie rod to deflect to accommodate differential expan­

sion between the ce r amic tube a r r a y and the support gr id . The inse r t adjacent 

to the active core face fits closely around the t ie rod to r e s t r i c t a i r flow be­

tween the outside of the tie rod and the surrounding unfueled tubes . 

The planar interface between the forward reflector and the active core 

would permi t shearing displacement were it not for about 1900 nickel tubes 

which act as p ins . The displacement could be l a rge owing to a severe t e m ­

pera tu re difference (600-2000 "F) which exists between the active core and the 

forward ref lector under cer ta in operating conditions. 

The nickel tubes a r e 1 inch long and replace 2' inch of unfueled BeO tubes 

of the forward ref lector and z inch of fueled BeO tubes of the active co re . The 

nickel tubes a r e located in the interface in a regular pat tern to l imit the d i s ­

placement of front ref lector tubes with respec t to corresponding active core 

tubes . No radial force is applied to the 4-inch length of front reflector BeO 

tubes adjacent to the active co re . The corrugated spr ings , although present 

in this region, t ransfe r their load through their corresponding shims to nickel 

shims located fore and aft of this region. Gross displacement at the interface 

4 inches ups t ream of the active core interface is prevented by the tie rod r e ­

flector inse r t s , 

In the aft ref lector a t rans i t ion between the active co re ' s flow channels 

and the l a r g e r holes in the base blocks is requ i red . In genera l , each base block 

hole rece ives the flow from a c lus ter of seven ac t ive -co re flow channels . The 

cent ra l tube in the c lus te r is supported by a platinum cap set into six specia l 

BeO tubes , as shown in Fig . 7, The average thickness of the aft ref lector is 

2,375 inches . However, the length of the aft ref lector in a given c lus te r is 

either 1,875 or 2.875 inches . The two lengths provide a means of r eg i s t ry for 

the flow passages from the active core into the slightly cooler aft re f lec tor . 

As in the case of tube s tagger , p r e s s u r e loss due to offsets in the flow channels 

is ininimized in this manner . An a l te rna te design for the t rans i t ion section in­

volves the use of a one-piece ca r t r idge to replace the six special BeO tubes and 

the platinum cap. These ca r t r idges a r e made of C r - 5 MgO m a t e r i a l . Whether 

they will be used depends on their availabil i ty at the t ime of reac to r a s sembly . 
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F i g . 7. Aft r e f l e c t o r flow t r a n s i t i o n d e t a i l s . 
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The c r i t i ca l s t r e s s in the ce ramic tubes is t h e r m a l . Calculated t he r ­

ma l s t r e s s e s a r e in genera l lower than calculated the rma l s t r e s s e s in the 

Tory 11-A r e a c t o r . Judging from pre l imina ry resu l t s of the Tory II-A ex­

pe r imen t s , the ce ramic tubes that c rack due to the rmal s t r e s s do not affect 

per formance of the r eac to r . 

Base Blocks 

The axial load due to the p r e s s u r e drop force on the reac tor is sustained 

at the aft end by 91 base blocks. These a r e made of F -48 , a columbium base 

alloy, and a r e coated to provide oxidation r e s i s t ance at operating t e m p e r a t u r e s . 

The coating is a two-cycle diffusion coating of sil icon and ch romium-fe r roboron . 

The maximum thickness of the coating is 0.004 inch. Air flow tes t s indicate 

that the operating life of coated base blocks is in excess of 10 hours at 2300°F. 

Base blocks a r e 1.110 inches thick and when assembled form a roughly hexag­

onal a r r a y a c r o s s the aft face of the reflected c o r e . A standard base block, 

shown in F ig . 8, is about 4.8 inches a c r o s s f la ts . 

The maximum calculated mechanical s t r e s s in the base block is 8000 

ps i . The yield s t rength for this ma te r i a l at 2200°F is in excess of 25,000 ps i . 

In the region of the active core the major i ty of base block holes a r e about 

0.6 inch in d iamete r , or l a rge enough to accommodate the flow of seven ac t ive-

core flow channels . This produces some mixing of the a i r and minimizes the 

effect of "hot spots" in the core on local base block t e m p e r a t u r e . The use of 

la rge base block holes also simplifies the ducting of a i r in the flow channels ad­

jacent to the tie rods and great ly reduces problems of aligning holes in the base 

blocks with those in the reflected co re . 

In the 30 base blocks at the per iphery of the reflected co re , there a r e two 

tie rods per base block, one in the active core region and one in the side re f lec­

to r . In the side ref lector region, base block holes a r e 0.136 inch in d i ame te r , 

one per flow channel. The problems encountered in using sinall base block 

holes in the active core region a r e not prominent in the side ref lector region 

due to the sma l l e r flow channel d iameter and lower exit a i r t e m p e r a t u r e . 

Tie Rod Assembl ies 

A total of 121 tie rods t r ansmi t axial loads from the base blocks to the 

support gr id . The t ie rods a r e long hollow tubes , cooled on the inside with 

r am a i r . A standard t ie rod is shown schematical ly in Fig, 9. Both the 
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Fig . 8. Standard base block. 
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Fig . 9. Standard t ie rod assembly . 
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threaded adapter at the front end and the aft flange a r e brazed to the tie rod. 

The assembly is bolted to the front plate of the support grid with a flanged 

nut. The inside diamieter of the threaded adapter is less than the inside d i -

amieter of the tie rod. This is made n e c e s s a r y by the depth of thread required 

and assembly res t r i c t ions on the outside d i ame te r . The d iameter is not suffi­

ciently reduced, however, to choke the flow of r a m a i r . There a r e 103 stand­

ard tie rods having a 0.670-inch outside d iameter and a 0.043-inch wall . The 

length of a tie rod assembly is about 81 inches . There a r e 18 control tie rods 

with a 1.22-inch outside d iameter and a 0.030-inch wall . These pe rmi t i n s e r ­

tion of control rods . 

Roughly two-thirds of all t ie rods a r e made of Rene 41 and one- thi rd of 

Hastelloy R-235. Both ma te r i a l s a r e nickel base al loys; however, Rene 41 

contains much m o r e cobalt (11% vs 1%). The proport ion of tie rods of each 

alloy may be var ied to adjust react ivi ty of the r eac to r during the p re l iminary 

cr i t ica l exper iment . Since these alloys cannot withstand reac tor exit a i r t em­

p e r a t u r e s , a p la t inum-5% ruthenium cup and a s e r i e s of Hastelloy C washers 

a r e used to insulate the aft flange of the t ie r o d s . The maximum t empera tu re 

expected in the tie rod is 1520 °F. The calculated s t r e s s in the tie rod due to 

the average thrus t load is 25,000 ps i . At 1520"F the 10-hour rupture s t r e s s 

for Hastelloy R-235 is 40,000 ps i . Rene 41 is s t ronger . 

It is neces sa ry , in o rder to maintain axial integri ty of the reflected core , 

to provide an axial preload on the reflected c o r e . This is accomplished with 

a cell plate, spacer s leeves , spr ings , and adapters between the support grid 

and the reflected co re , in each t ie rod assembly as shown in F ig . 9. The cell 

plate is 0.375 inch thick and contains holes corresponding to the flow channels 

it cove r s . The plates a r e a r ranged in a hexagonal a r r a y s imi la r to that of the 

base blocks. Upstream of the cell plate the re is a compress ion spring between 

two spring adap te r s , A stack of space r s between the spring and the front plate 

of the support grid completes the assembly . The t ie rod is used to keep the 

components aligned. The preload force which 121 springs exert is about 7200 

pounds. The springs a r e made of Inconel X. The s leeves , adap te r s , and cell 

plates a r e made of s ta in less s tee l . 
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Support Grid 

The support grid t r ans fe r s axial loads to the reac tor duct. It consis ts 

of a r ing, a front plate , and 12 beams as shown in F ig . 10. The beams a r e 

0.5 inch thick, a maximum of 7.75 inches deep, and run horizontally a c r o s s 

the r eac to r duct about 6 inches forward of the reflected co re . The spacing 

of the beams var ies between 3.2 and 4.7 inches . Their ends r e s t in slots in 

the r ing. The ring is about 55 inches in d iameter and has 96 external support 

lugs which r e s t on a s imi la r in ter rupted ledge on the inside of the aft r eac to r 

duct. This method of mounting the support grid is used to provide cooling a i r 

passages in the annulus between the ring and the duct. The grid and duct a r e 

locked in position by 12 radial pins . 

The front plate containing the holes into which the tie rods a r e mounted 

is bolted to the ring and b e a m s . It is 0.75 inch thick and has a flow porosi ty 

of 0.74. The beams and plate a r e made of Rene 41 while the ring is of Haste l ­

loy C. No s t ruc tura l welds a r e employed in the fabrication of the support gr id . 

The maximum s t r e s s , 48,000 psi , occurs in the b e a m s . At the operating 

t empera tu re of 1300°F, the 10-hour rupture s t rength of Rene 41 is over 80,000 

ps i . 

Control Rods 

There a r e 12 shim control rods attached to 4 ac tua to r s , and 2 ve rn ie r 

control rods each connected to its own ac tua tor . The ac tua tors a r e located in 

the forward reac to r duct. All control rods a r e made of hafnium sheet welded 

to form the a s t e r i sk - l i ke c ro s s section shown in Fig . 11. The span of shim 

rods is 1.0 inch; the ve rn ie r rods may be slightly s m a l l e r . The length of the 

control rods is 634 inches , while their length of t rave l is 40 inches . In the 

full out position the tip of the control rod is at the interface between the cell 

plates and the forward ref lec tor . Four additional shim control rods may be 

used by adding an extra rod to each ac tua tor . The control rods t rave l in the 

18 control t ie rods provided for this purpose . 

Side Support System 

A se r i e s of " squa re wave" cor ruga ted ' sp r ings and 30 support ra i l s p r o ­

vide l a t e ra l support to the reflected core in the aft r eac to r duct. A typical 

section is shown in F ig . 12. The sys tem must provide stabili ty of the ce ramic 

tube m a t r i x while allowing the reflected core to function in an environment of 
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vibrat ion, t he rma l expansion, and the l a t e ra l loads induced by mi s s i l e m a ­

neuve r s . 

The spring is made of Rene 41 , 0.150 inch thick. Its c i rcumference 

contains 120 corrugat ions with a pitch of about 1.4 inches . The width of each 

spring is about 2.0 inches . When assembled in the r eac to r , adjacent springs 

a r e in contact with each other . Inert ia loads from the reflected core a r e t r a n s ­

mitted to the spring through the fingers of the nickel shims which fit into the 

spr ing 's cor ruga t ions . These forces a r e t ransmi t ted to the duct through the 

support ra i l s bolted to the inside of the duct. Support ra i l s a r e made of short 

lengths of Rene 41 . 

There a r e 90 wiper ba r s in the spring corrugat ions in t e r spe r sed between 

the support r a i l s . These a r e made of Hastelloy C and se rve both to reduce 

the radiat ion heat load in the duct and to provide flow blockage in the a r ea be­

tween the spring and duct. To further control the cooling a i r flow, Rene 41 

wipe r s , about 0.030 inch thick, a r e placed between the duct and the corrugated 

springs and between the ra i l s or wiper ba r s and the sp r ings . The wipers a r e 

sized to produce a net compress ive force on the reflected core due to the dif­

ference in p r e s s u r e of the air flowing in the reflected core and in the side sup­

port annulus. Thirty of the wiper b a r s , equally spaced, extend to the r e a r 

end of the duct in o rder to provide a mounting for the shroud. 

Reactor Ducts 

Aft Por t ion 

The aft r eac to r duct is made of Hastelloy C, It is 103 inches long and 

has a 57.25-inch outside d i ame te r . Its wall thickness at the reflected core is 

0.438 inch. Ninety-six support lugs which cor respond to external lugs on the 

support grid a r e located around the inside of the duct 13 inches downst ream of 

the duct ' s forward flange. Fif ty-s ix bolts in 60.25-inch bolt c i r c l e s in each 

flange join the aft r eac to r duct to the forward reac to r duct and nozzle . A 

number of pass - th rough glands at each end of the duct provide a means of 

carry ing ins t rumentat ion wiring out of the duct. 

In o rder to keep the aft portion of the r eac to r duct at a suitably low t em­

pe ra tu re , a shroud is instal led between the aft face of the reflected core and 

the nozzle. Inlet a i r , after passing through the side support sys tem, passes 

between the duct and the shroud, thus cooling these components . 
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Forward Por t ion 

The forward reac to r duct is 60 inches long and is made of Hastelloy C 

with flanges the same as those of the aft r eac to r duct. Internally it contains 

mounting and aligning s t ruc tu res for the control sys tem ac tua to r s . Six e lec-

t ropneumatic supply packages , one for each control ac tua tor , a r e mounted ex­

ternal ly on the duct. A reac tor safety mechanism is also instal led in the for­

ward reac to r duct. This sys tem is mechanical ly actuated from outside the 

duct. The safety sys tem permi t s inser t ion of six 0 .4- inch-diameter rods con-
10 taining high density (B ).C into the center ring of r eac to r tie r o d s . The 

safety sys tem is used during checkout operat ion of the control ac tua tors or as 

a secondary shutdown mechanism in the event that one of the control ac tua tors 

fails in the rod withdrawn position. The sys tem may only be used at very low 

reac tor power since the safety rods ser ious ly r e t a r d coolant flow through the 

corresponding tie rods . 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States , nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the information con­
tained in this report, or that the use of any information, apparatus, method, 
or process disclosed in this report may not infringe privately owned rights; or 

B. Assumes any liabili t ies with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method or process dis­
closed in this report. 

As used in the above, "person acting on behalf of the Commission " 
includes any employee or contractor of the commission, or employee of such 
contractor, to the extent that such employee or contractor of the Commission, 
or employee of such contractor prepares, disseminates , or provides access 
to, any information pursuant to his employment or contract with the Commis­
sion, or his employment with such contractor. 




