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DESIGN STUDY OF A NUCLEAR POWER PLANT FOR 
100-KW ELECTRIC AND 400-KW HEAT CAPACITY 

by 

M. Treshow, A. R, Snider, and D, H. Shaftman 

ABSTRACT 

Aconcept ional design study has been made of a low-
power "package" r eac to r plant for the product ionof 100 kw 
of e lec t r i ca l power and 400 kw of heat /at remote Arct ic in- | 

j stallationsTl """"' --— -" ' 

The power plant s t eam genera tor is proposed to be 
an unmanned, he terogeneous , boil ing-type reac to r capable 
of continuous operat ion for extended pe r iods . The design is 
based on data der ived from exper iments with boiling-type 
r e a c t o r s conducted by Argonne at the Reactor Test ing Sta­
tion, Arco , Idaho. 

I. INTRODUCTION 

The Army Reac to r s Branch has been appr i sed of a requi rement for 
nuclear power plant systemg capable of producing 100 kw of net e lec t r ica l 
power and 400 kw of heatjat r emote Arc t ic installationsIj It was requested 
that a study be made at Argonne to de te rmine the type of heterogeneous , 
bo i l ing - reac to r plant mos t feasible for this application. 

The specification that "the power plant be capable of unmanned opera­
tion for as extended a per iod as can be achieved" was considered to be of 
major impor tance throughout this study. Therefore , the bas ic design p r i n c i ­
ple was for s implici ty of equipment and operat ion to ensure dependability 
and inherent safety of the unmanned plant . 

The operat ing c h a r a c t e r i s t i c s of a heterogeneous boiling r eac to r 
a r e being de te rmined by the BORAX Exper iments at Arco, Idaho.(1) The in ­
format ion der ived f rom these exper iments was used as a bas i s for the de ­
sign p re sen ted in th is r e p o r t . 

•'' *̂  -: ^ f^i 
4 «..' • - / ^j • 
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II. SUMMARY AND CONCLUSIONS 

The unmanned nuclear power plant, as proposed in this repor t , 
should be capable of unattended operat ion for one to th ree ye a r s after initial 
s t a r tup . The duration of operat ion is dependent mainly upon meta l lurg ica l 
co r ros ion p rob l ems and the degree of react iv i ty control effected by the 
automatic control sy s t em. 

The development and improvement of fuel al loys and s t ruc tu ra l 
m a t e r i a l s to naeet such bas ic r equ i r emen t s as co r ros ion r e s i s t ance , a d e ­
quate s t rength , and dimensional stabili ty has been the subject of e v e r -
continuing, concer ted r e s e a r c h . The advancements in fuel element technology 
which have evolved p e r m i t an opt imist ic predic t ion of a core lifetime of 
approximately th ree y e a r s . 

Al ternate methods of react ivi ty control have a lso been invest igated. 
Phys ics calculat ions indicate that complete removal of the top fluid r e f l e c ­
tor i s worth approximately 3% k in the operat ing r eac to r ; therefore , up to 
this much control i s made available by varying the level of the fluid above 
the r eac to r c o r e . In the unmanned r eac to r , the fluid level could be va r i ed î / 
by automat ic control of the r eac to r feedwater . Snrh ^ r^^pt-rol jnethod is ẑ A 

hs^^^ used in pr inc ip le for the horizontal boiling reac tor Iproposed in ANL-5327,14< 
' v ^ Another method which, according to phys ics e s t ima t e s , could prociuce a 3% 

var ia t ion in k is the automatic var ia t ion of the water level in a ver t ica l , an ­
nular tank which fo rms p a r t of the ref lec tor and which is immediate ly ad ­
jacent to the c o r e . A control sys t em worth 3 to 4% k is thought to be 
adequate for 3 y e a r s of operat ion of a r eac to r which has burnable poison, 
e.g., B"*̂ ", in the fuel p la tes and shim rods for the init ial s t a r tup . 

There a r e essent ia l ly two fac tors which will tend to d is turb the 
ba lance . The f i r s t is the sho r t - r ange influence of a var iab le e lec t r i c load 
on the sys tem; this would be effected by r eac to r power var ia t ion f rom 120% 
of normal load as an upper l imit to 75% of the no rma l load as a lower l imi t . 
This r eac to r power var ia t ion cor responds to about l / 2 % react iv i ty , A second 
and m o r e impor tan t factor is the long- range influence of react ivi ty changes 
due to fuel burnup. This influence i s , to a l a rge degree , l imited by the addi ­
tion of burnable poison to the fuel; the max imum react ivi ty change i s e s t i ­
mated to be of the o rde r of 3% k during a t h r e e - y e a r operat ing cycle . Such 
a change, if left unchecked, could produce g rea t chajiges in the s team p r o d u c ­
tion amounting to s eve ra l hundred p e r cent of no rmal load which could not be 
pe rmi t t ed outside of a brief per iod of emergency . 

F o r these r e a s o n s , xinattended r e a c t o r operat ion will r equ i re au to ­
mat ic means of control to supplement the control effected by the burnable 
poison alone. 

,^ r.j ~~ O • n ••• • ••• • •• •• • • • ••• • 
• • • • • • • • • • • • • • • 
• • • • • • ••• • • • • ••* • • • •• •• • * ••• • ••• • 
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It is the purpose of the p r e sen t design to provide such automatic 
means outside of the r eac to r by utilizing simple inherent quali t ies of the 
r eac to r and s team cycle, r a the r than by relying upon automatic movement 
of control rods or of any other moving p a r t s within the reac to r p r o p e r . 
Such means have been found in the feedwater control sys tems which will 
be desc r ibed in this r epo r t . A control capacity of at l eas t 3% reactivi ty 
has been es t imated to be avai lable . 

It is significant to note that if, for some reason, the automatic con­
t ro l sys tem should fail to regulate the s team output in accordance with the 
var ia t ion of react iv i ty , the resul t ing inc rease of s team production and 
s t eam voids in the r eac to r core will mainta in cr i t ica l i ty . Excess s team 
not used in the turbine vdll be by-passed to the condenser . At no t ime 
during the operat ing cycle will the r eac to r have to be completely shut down 
because of t empora ry cessa t ion of power r equ i r emen t s . 

The turbine will opera te with 295-psia , dry, sa tura ted s team at the 
throt t le and with a tmospher ic exhaust p r e s s u r e . Two advantages a re gained 
by exhausting to a tmospher ic p r e s s u r e : (1) a vacuum sys tem with i ts a s ­
sociated seal p rob lem is avoided, and (2) the condenser coolant will have a 
sufficiently high t empe ra tu r e to be uti l ized direct ly in the space-heat ing 
sys t em. 

A dry- type , fluid cooler will provide the condenser with coolant. 
This feature is added to improve the versa t i l i ty of the power plant at s i tes 
which a r e devoid of na tura l coolant water r e s e r v o i r s . 

In o rde r to avoid expensive t ranspor ta t ion of shielding ma te r i a l s an 
extensive use of the local soil or gravel ma te r i a l is proposed as the main 
ingredient in the biological shielding. 

The r eac to r will be refueled at in tervals of one to three y e a r s . The 
"used" core will be handled and shipped in a lead "coffin" as one complete 
unit . The coffin unit complies with all weight and size r equ i r emen t s . 

a r e : 

The m o r e impor tan t design fea tures which evolved from this study 

1. The plant is designed for totally unmanned operat ion. 
2 . No extensive development p r o g r a m is requi red before the 

const ruct ion of the prototype can begin. 
3 . The re is siraplicity of ins t rumenta t ion . 
4 . The r e a c t o r tank p r e s s u r e and t empera tu re a r e low. 
5. The re is no heat exchanger . 
6 . The re a r e no s c r a m c i rcu i t s owing to the inherent reac to r 

safety agains t power excur s ions . 
7. The re is no p r e s s u r i z e r or h i g h - p r e s s u r e piping. 

• • • • • • • • • • • • • • • • • • • 

• • • • • • • • • • • • • • • 
• • • • ••• • • • • • • • ••• • ••• • • •• « • • • • ••• 
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The pumping capacity requ i red is low. 
The heat flux and the neutron flux a r e low. 
The fuel e lements a r e of a luminum-nickel alloy, which re su l t s 
in inexpensive fabr ica t ion . 
T h e r e a r e no moving control rods requi red during unmanned 
opera t ion. 
The condenser coolant supplies the heat to the space-heat ing 
s y s t e m . 
There is no water "make -up" s y s t e m . 
The plant is not dependent upon natural coolant water r e s e r v o i r s . 
The s implici ty of the refueling p rocedure is rea l ized by removing 
the core a s a unit . 
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III. POWER PLANT DESIGN CHARACTERISTICS AND LOGISTICS 

F igure 1 is the au tho r s ' conception of the r eac to r power plant instal­
lat ion. The components and operating c ha ra c t e r i s t i c s of the plant sys tem 
a r e given in the following tabulation. 

A. Reactor 

1. Pe r fo rmance 

Power Level, mw 1.5 

Av. Power Density ( re fe r r ing to water volume), 
kw/ l i t e r 14 

Steam P r e s s u r e , p s i a 300 

Steam T e m p e r a t u r e , F 417 

Steam Product ion (normal) , I b /h r 5,030 

Water Recircula t ion Rate, lb / lb 90-120 

Av. Density Reduction Due to Boiling, % 8 - 1 2 

2 . Core 

Over -a l l Length, in. 23 

Over -a l l Width, in. 24 

Active Height, in. 23-5 /8 

Fuel E lements (Borax-type with a luminum-
nickel alloy) 

Geometry, in . 3 x 3-1/4 

Number of E lements 45 

Number of Fuel P la t e s p e r Element 12 

Total Thickness of P l a t e s , in. (0.030-in. 
"meat ," 0.020-Al-Ni clad) 0.070 

Water Channel Gap, in . 0.20 

Heat Transfe r Area , sq ft 470 

Fuel p e r Element (one-year r eac to r ) , 
gm U^̂ ^ 191 

Av. Heat Flux, Btu/ (hr ) (sq ft) 11,000 

Av. Thermal Neutron Flxix in Fuel 
P l a t e s , n/(cm^) (sec) - 7 x 1 0 ^ ^ 

t t.} o P13 
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Cold M e t a l - t o - W a t e r V o l u m e Ra t io 
( to ta l core ) 0.55 

T o t a l U^^^ F u e l Con ten t ( o n e - y e a r r e ­
a c t o r ) , kg 8.6 

kgff, Cold, V i r g i n R e a c t o r (no x e n o n o r 
samar ix im) ~1.10 

kgff, O p e r a t i n g V i r g i n R e a c t o r (no s t e a m 
v o i d s ; e q u i l i b r i u m xenon and s a m a r i u m ) —1.03 

P r e s s u r e V e s s e l 

M a t e r i a l 

T a n k ID, ft 

O v e r - a l l He igh t , ft 

Wal l T h i c k n e s s , i n . 

Type 304 s t a i n l e s s s t e e l 

4.0 

1 1 - 1 / 2 

3 /4 

I n s u l a t i o n ( M a g n e s i a o r F i b e r g l a s s ) 
T h i c k n e s s , i n . 

4 . C o n t r o l Rods ( F o r s t a r t u p only) 

C o m p o s i t i o n C a d m i u m , c l ad wi th alximinuna-
n i c k e l a l l oy 

G e o m e t r y 

B l a d e s a r r a n g e d in 4 c u r t a i n s . 

B l a d e c r o s s s e c t i o n : 4 - 1 / 2 i n . wide x l / 8 i n . t h i ck 

N u m b e r 16 

B, Turbine Building 

Butler Type Construct ion 

Dimensions , ft 

Door Size, ft 

Reinforced Concrete F loor Slab Thickness , in. 

C. Turbine Generator 

Steam Flow, Ib /h r 

Plant E lec t r i ca l Operating Fac to r , % 

Generator Output (Power Fac to r = 0.8), kw 

18 X 24 X 30 

8 X 11 

5 

4,930 

75 

150 

* • • • • • • • • • • i ? ^ 
, , « • ••• • • • • • • 
• • • • • • • • • • • • • , « • • • • « • • • •• •• • • • ••• 
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Auxil iary E lec t r i ca l Power , kw 

Throt t le P r e s s u r e , p s i a 

Exhaust P r e s s u r e , p s i a 

33 

295 

14.7 

D. Condenser 

E . 

Type 

Tube Mater ia l 

Shell Mate r ia l 

Tube Size 

Surface Area , sq ft 

Heat Capacity, mw 

Operat ing P r e s s u r e , p s i a 

Design P r e s s u r e , p s i a 

Oxygen Removal, c c / l i t e r 

Guaranteed 

Expected 

Coolant, wt-% 

Flow, gpm 

Inlet T e m p e r a t u r e , 

Outlet Tempera tu re 

F l a sh Point, F 

F i r e Point, F 

F reez ing Point, F 

6063 

Shell and Tube 

T831 Aluminum Alloy 

ASTM-A285 

3 / 4 

60% ethylene 

F 

, F 

Sp. Heat at 158F, Btu/(lb) (F) 

P u m p s 

1. Condenser Feedwate r Pump 

Standby Capacity, % 

Stages 

Flow, gpm 

Total Head, ft 

Up and Down Thrus t , lb 

in . ID X 

glycol, ' 

s ta in less 

10 ft long 

350 

2.0 

14.7 

50.0 

0.03 

0,01 

40% water 

245 

140 

180 

240 

245 

-58 

0.824 

100 

6 

20 

950 

660 

OK; 
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Net Posi t ive Suction Head, ft 4 

Pump Speed, rpm 3,500 

Efficiency, % 31 

Pump Brake Horsepower (per pump) 14.5 

Dr ive r , hp 15 

Dr iver E l e c . Requi rements : 220-440, 3-phase 
60-cycle 

2. Coolant Circulat ing Pump 

Standby Capacity, % 100 

Flow, gpm 300 

Total Head, ft 40 

Pump Brake Horsepower (per pump) 7.5 

Dr iver Power , hp 10.0 

Net Posi t ive Suction Head, ft 10 

Pump Speed, rpm 1,750 

Motor Power Requi rements : 440, 3-phase, 
60-cycle 

F . Dry -Type Fluid Cooler 

Design Ambient Air T e m p e r a t u r e , F 90 

Elevat ion Above Sea Level 0 

Heat Load, B tu /h r 5,000,000 

Coolant (by weight) 60% ethylene glycol, 40% water 

Flow Required, gpm 

T e m p e r a t u r e to Cooler , F 

T e m p e r a t u r e f rom Cooler, F 

P r e s s u r e Drop through Cooler, ps i 

F a n s pe r Cooler 

F a n s 

Std. Air Del ivered pe r Fan, cfm 

Required Power p e r Fan, hp 

Type of Fan 

245 

180 

140 

1.0 

2 

63,750 

8.5 

Adjustable Pi tch 

• . . . . a • • • . . • • * • • • • • 

• • • • • • • • • * ! . : : . . . . . , . . . . . • • • • • 
. . a a . . . • • • • • • 
. . , t t • • • • • • • • a a . ( • a . . • • . • • • • • • • • • 
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Motor Furn ished , hp 10.0 

Blade Diamete r , in. 108 

Controls 

Automatic Shutter Controls 

Adjustable Pi tch Fan Blades 

G. Heating System 

Heat Required, kw 400 

Plant Heat Operating Fac to r , % 50 

T e m p e r a t u r e of Heating Fluid, F 180 

H. Construct ion Schedule 

The construct ion t ime of the prototype plant should not exceed 
two months f rom date of del ivery of equipment at the r eac to r s i te . Indus­
t r i a l e s t ima tes on del ivery dates indicate that under normal conditions all 
of the power plant equipment would be available for e rec t ion within 10 months 
after the lett ing of the final cont rac t . On- the-s i t e e rec t ion t ime for future 
plants should not exceed one and one-half months . 

The plant is designed for a min imum of construct ion at the s i te . 
All of the power plant components will be a s sembled for shipment in pack­
ages 7.5 ft high X 9 ft wide x 20 ft long, not exceeding 10 short tons . The 
tu rb ine -genera to r set will be shipped as a unit. The r eac to r will, l ikewise, 
be shipped fully a s sembled , 

I. Es t imated Weight of Reactor Plant 

The following table is a summary of the weights of the plant 
equipment which mus t be t r anspo r t ed to the r eac to r power plant s i t e . It 
should be noted that the ove r -a l l , e r ec ted s ize of the building and Dry-Type 
Fluid Cooler is of no consequence since they a r e both d i sassembled and 
shipped as a packaged uni t s . Only the s i zes of the l a r g e r components a r e 
l i s ted . The r e a c t o r shielding and the plant foundation pad a r e excluded, as 
these m a t e r i a l s a r e assumed to be available local ly. The total plant equip­
ment weighs approximately 89 tons . 

Weight, 
Reactor Pounds 

Reactor Vesse l 8,500 

P r e s s u r e Vessel Lid 1,500 

Core Latt ice S t ruc tu re 300 

!-• 4 O «J oiy 
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Reactor 

Control Rods 

Control Rod Drive System 

Feedwater Spray System 

Reactor Vessel Insulation 

Steam Separa to r s 

Fue l Elements 

Reactor Ins t ruments 

Fue l Element Boxes 

Miscel laneous 

Weight, 
Pounds 

150 

350 

100 

500 

800 

500 

500 

50 

750 

14,000 

Power and Heating Component 

Turbine Generator Set 
(4-1 /2 ft X 4 - 1 / 2 ft X 12-1/2 ft) 

Deaera t ing Condenser 
(4 ft X 6 ft X 13 ft) 

Pumps 

Condenser Feedwater 

Coolant Circulat ing 

Dry Type Fluid Cooler 

Valves 

Piping 

Ethylene Glycol Coolant 

Glycol Expansion Tank 

Glycol Storage Tank 
(4 ft dia X 4 ft high) 

Steam Ejector 

Ins t rumentat ion 

16,000 

4,000 

3,300 

1,400 

17,400 

2,400 

2,600 

7,200 

60 

1,000 

60 

500 

55,920 

JK) r>t 
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Water Purif icat ion 

Ion Exchange Unit and Resins 

F i l t e r and F i l t e r Unit 

Cooler 

Coxinter Flow Type 

One P a s s Type 

Storage Tank 
(7 ft dia X 7 ft high) 

700 

110 

110 

60 

2,000 

Core Handling Fac i l i t i e s 

Coffin 

Unloading Tools 

Coffin Pi t Cylinder 

Building 

Cement & Reinforcement for 
F loor Slab 

Miscel laneous 

r20 

7-1/2 Ton (overhead) Crane 

10-Ton Crane 

Building Crane S t ruc ture 

A - F r a m e Crane S t ruc ture 

Plant Foundation Vents 

I -Beams for Foundations 

Steam Line Culvert 

P r e s s u r e Vessel Shield Cylinder 

Control Cave 

Cave Shielding Wall 

Miscel laneous 

Total Weight of Plant Equipment 

• • ^ a * • • • • • • • • • • • • > • « « 
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18,400 

500 

2,000 

Weight, 
Pounds 

13,000 

4,500 

1,000 

4,000 

10,000 

15,000 

500 

2,000 

4,000 

8,000 

2,200 

2,980 

20,900 

12,800 

8,000 

o r 

64,200 

178,000 pounds 

89 tons 



IV. DESCRIPTION OF THE REACTOR AND THE REACTOR FACILITIES 

The r eac to r , shown in F igs . 2 and 3 is s imi la r to the BORAX R e ­
ac to r s . The r e a c t o r core is assembled from BORAX-type fuel e lements 
and is located in a ver t ica l p r e s s u r e vesse l . 

A. Reac tor Core 

The core cons is t s of 45 BORAX-type fuel a s sembl i e s (Fig. 4). 
Each assembly contains 12 fuel p la tes (0.03 in. "meat , " 0.020 in, clad) with 
a coolant channel gap of 0.20 in. between pla tes . Each element is expected 
to contain 191 gm of U^ ,̂ which is equivalent to 18% by weight or about 
2-1/4% by volume. 

The fuel e lements a r e s imi la r to those which have been tested 
in the BORAX reac to r . The exper iments have indicated the need for g r e a t ­
er r igidi ty and mechanical s trength. A new type of element i s being f ab r i ­
cated for future application in BORAX. If the elements pe r fo rm sa t i s fac­
tor i ly , the core shown in Fig . 4 will be modified accordingly. It should be 
noted that the meta l lu rg ica l r equ i r emen t s for the unmanned reac tor core 
a r e l e s s seve re than specified for the BORAX r e a c t o r s ; the power density 
and heat flux is lower by a factor of 2 or 3. 

Recent co r ro s ion t e s t s at Argonne '20; have shown that smal l 
addit ions of nickel have substantial ly improved the cor ros ion r e s i s t ance of 
aluminum. There fore , it is considered that all of the aluminum in the core 
be alloyed with about 1/2 to I - I / 2 wt-% nickel. (Physics calculat ions a r e 
based on the use of l /2% nickel by volume, which is approximately l - l / 2 % 
by weight.) 

The core is mounted pernnanently on a lead plate which is cast 
in the bottona of an a luminum lifting shroud. The cyl indrical sidewalls of 
the shroud extend up to the top level of the core . Relatively pure lead is 
used to avoid induced radiat ion. The lead plate a lso forms the bottom closure 
of the coffin into which the spent core is removed for t ranspor ta t ion to the 
fuel r e - p r o c e s s i n g plant. 

Subcooled feedwater c i r cu la t e s down between the lifting shroud 
and the vesse l wall and up (by na tu ra l convection) through s ta in less s teel 
tubes which per fora te the lead mounting plate. The flow continues upward 
through the core and d i scha rges into the bulk of the circulat ing fluid. 

B. P r e s s u r e Vessel 

The ves se l i s designed for a p r e s s u r e of 400 psi , in accordance 
with the ASME Code for Unfired P r e s s u r e Vesse l s (1952). The shell nnaterial 
is Type 304 s ta in less s tee l plate 3/4 in. thick. 

PI • • • • • • • • • • • • • • • • • 
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The vesse l i s I I - I / 2 ft high with an inside d iamete r of 4 ft, ^ ^ 
The top end of the shell i s equipped with a s teel flange ( 5 - l / 2 in. thick) ^ ^ 
to accommodate a bolted s teel cover plate. The interfaces of the cover 
plate and flange a r e lined with Type 304 s ta in less steel to prevent c o r ­
ros ion and sealed with a F lex i - t a l l i c or equivalent type gasket . 

The inlet and outlet openings for the w^ater and s team con­
nections a r e located at or near the p r e s s u r e vesse l head. The steann 
s e p a r a t o r s a r e welded to the cover plate in such a manner that they will 
be removed together with the cover. 

The "Mult idome" type mois tu re separa to r cons is t s of 15 snnall 
s ta in less s teel "Cyclone" cyl inders mounted on a s team manifold which i s 
bolted to the unders ide of the cover plate . The s t ruc tu re a lso contains 
rad ia l " spokes" which support the cen t ra l guide bear ing for the control a s ­
sembly. 

Two feedwater spray r ings a r e used to control the degree of p r e ­
heating or subcooling of the r eac to r inlet coolant water . The r ings a r e sup­
ported by s ta in less steel legs connected to the cover plate . The r ings a r e 
connected to two feedwater inlets dr i l led into the edge of the cover plate b e ­
tween adjacent head bolt holes . The s ta in less s teel legs a lso support the 
control a s sembly guide bear ing . 

A layer of magnes ia or g lass fiber insulation is used to l imit 
the p r e s s u r e vesse l heat loss to 1 0 kw of equivalent heat. 

The vesse l i s suspended (by the c losure flange) inside a cyl in­
d r i ca l s teel s t ruc tu re which fo rms a pa r t of the p r i m a r y shielding. This 
method of support, along with the absence of any piping far below the flange, 
allows the p r e s s u r e vesse l to expand and contract freely. 

The steel cyl inder cons is t s of two ha l f -shee ts bolted together 
(at the site). The assenabled cyl inder , in turn, i s bolted to s t ruc tu ra l s tee l 
beams placed in the foundation bed or s lab. Shielding soil or grave l m a ­
t e r i a l i s piled up against the outer surface of the cylinder. 

If a grave l foundation bed is used over the " P e r m a f r o s t " s u r ­
face, a number of 12-in. cor rugated vent pipes a r e placed at the bottom 
level of the gravel to prevent thawing of the subsoil . The cooling effect of 
these ducts can be enhanced by connecting six of them to the annular a i r 
space between the r e a c t o r vesse l and the cyl indrical shield. The upper 
end of the shield cylinder will have vent openings so that a "chimney effect" 
i s provided due to heating of the a i r in the r eac to r pit. 

^' "• : • r> o O 



C. Reactor Control and Instrumentat ion 

As mentioned previously, the plant i s designed for unmanned 
operat ion and r equ i r e s a min imum of del icate nnechanisms. It is intended 
to avoid any automatic moving devices in connection with the reac tor 
p roper , pa r t i cu la r ly inside or through the wall of the p r e s s u r e vesse l . 

The control rods a r e only intended to be used for the initial 
s ta r tup of the r eac to r . Actually, they can be used as shinn rods if at any 
t ime it i s des i rab le to change or r e -ad jus t the normal power level. 

F igure 2 shows the control blades in their "in" position. The 
ver t i ca l dr ive spindle, the bevel gear dr ive and the horizontal drive shaft 
a r e a lso shown. The dr ive shaft i s located in a tubular housing which ex­
tends up through the p r e s s u r e vesse l cover . The opening in the cover 
plate and in the dr ive shaft housing is sealed with p re s su re - t i gh t packing. 

The control b lades p roper a r e nnade of cadmium with a c lad­
ding of a luminum-nickel alloy. The cadmium s t r ips a r e 2 ft long. The 
cas ings extend at both ends to r each a total length of about 3 ft. When the 
controls a r e al l the way out the iner t ends of the blades sti l l project at 
leas t 8 in. into the control blade channels in the core . 

While the ver t i ca l position of the dr ive spindle i s maintained 
by means of a th rus t bear ing in the bevel gear box, the spindle i s guided 
in a chrome-coa ted bushing or bear ing located about 2 ft above the top end 
of the control assembly . The bear ing is mounted in the center of a "spider" 
connecting the ver t i ca l legs of the s t ruc tu re which extends down from the 
p r e s s u r e vesse l cover plate . 

The spindle is 2 in. in d iamete r and is equipped with a coarse 
square thread. The control a s sembly top f rame has a tubular extension 
with an inside thread 6 in. long. In i ts bottom position the tubular extension 
is held f i rmly against the lower surface of the guide bear ing. 

It i s impor tant that the control blades be prevented from rat t l ing 
or vibrat ing against the wal ls of the core channel. 

The r igidi ty of the top of the control blades is a s su red by mount­
ing of all the b lades to a common assembly f rame. The guide bearing, which 
is pa r t i cu la r ly effective when the control blades a r e in the "a l l out" position, 
s teadies the upper end of the control assembly . 

The control b lades should be rol led to a slightly curved c r o s s 
section so that a slight p r e s s u r e will be exerted by the blades on both 
wal ls of the control blade channels to prevent the lower end of the control 
b lades f rom vibrat ing. Since the control assembly is to be moved only two 



or t h r e e t i m e s during the core l ifet ime, no surface galling problems a r e 
anticipated. In the no rma l operat ing position (all out) only the a luminum-
nickel control blade extensions will be in contact with channel wal ls , which 
a r e a l so of alunninum-nickel ma te r i a l . The r eac to r will be instal led with 
the control rods fully in the core . The rods a r e designed to be near ly out 
of the co re at the end of the s ta r tup period; they will r emain in this position 
until the co re is ready to be exchanged. 

If the operat ing cycle i s to las t over severa l y e a r s , it is felt 
that the rods may be of benefit for an occasional readjus tment of the r eac to r 
power level. The control rods may be positioned, e i ther manually (from 
control core) or by a motor (turbine building). The dr ive sys tem will be d e ­
signed so that under no c i r cums tances will an opera tor be able to remove 
the rods at a r a t e fast enough to place the r eac to r on a dangerously short 
period. 

The maintenance of react iv i ty during operat ion i s accomplished 
by means of automatic feedwater control . The operat ion of this sys tem is 
descr ibed in detai l in Chapter VI. 

The n e c e s s a r y ins t rumenta t ion and mechan i sms for r eac to r 
s ta r tup a r e housed in a control cave which is located in the gravel shielding 
10 ft fronn the r eac to r shield cyl inder . The gravel shielding between the 
cave and the cylinder i s augmented by Boral and meta l shielding. The ins t ru 
mentat ion and mechan i sms include; 

1. The hand-opera ted dr ive gear for the shim control rod a s ­
sembly a s well a s the control rod dr ive motor used for 
positioning the control rods f rom the turbine building. 

2. The n e c e s s a r y ion and fission chambers , (The ins t ruments 
connected to the c h a m b e r s may be instal led in the turbine 
building or they may be por table ins t ruments brought by 
the special personnel servicing the plant during the s t a r t ­
up and per iodic prevent ive maintenance inspection.) 

3. A control rod posit ion indicator which a lso can be read in 
the turbine building. 

4. A r e a c t o r water level indicator , 

5. Por tab le " su rvey m e t e r s " to monitor the radia t ion in ­
tensi ty. Similar m e t e r s will a l so be located in the turbine 
building. 

A c c e s s to the control cave i s permi t ted at al l t imes during r e ­
ac tor operat ion. 

C "' 'A 
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D, Shielding 

The basic shield design pr inciple to follow when considering a 
remote ly located nuclear power plant i s to provide safety fronn radiat ion 
with a m a t e r i a l which will r equ i re a min imum of t ranspor ta t ion weight and 
bulk. Therefore , a concre te - type shield is not feasible. The more des i rable 
m a t e r i a l s appear to be ei ther a meta l and water shield or a gravel shield 
built f rom suitable m a t e r i a l s available near the r eac to r site. Fo r the p u r ­
pose of this r epor t , the grave l - type shield was selected. It is to be r e c o g ­
nized that the final ana lys i s of the shield design will be based on the conditions 
at the individual s i t es . 

Order of magnitude shielding calculat ions indicate that the r e ­
quired radiat ion levels (0.3 r e m / w e e k , assuming a 24-hour day at the plant) 
could be maintained with the use of a 11-1/2 ft thick ordinary concrete 
( l50 Ib /cu ft) shield placed around the r eac to r p r e s s u r e vesse l . The concrete 
can be rep laced by d i r t or grave l in th icknesses varying inversely a s their 
density or by lead in the ra t io of 9s 1 (up to 4 in. lead). This i s due to the 
fact that, in genera l , a concre te shield is determined by gannma-ray at tenu­
ation. The same reasoning indicates that 2 -1 /2 in. of steel or 1-1/2 in. of 
lead is equivalent to 13-1/2 in. ( l . l ft) of concre te . The gravel shield m a ­
te r i a l used in this design i s a s sumed to have a density of 120 I b / c u ft. The 
personnel outside the exclusion a r e a a r e then shielded by 2-1 /2 in. of steel 
and 1 3 ft of gravel . 

2 -1 /2 in. s teel 

13 ft of gravel 

1.1 ft of concrete 

10.4 ft of concrete 

11.5 ft of concrete 

As seen f rom F igs . 5 and 6 the re is a min imum of 13 ft of gravel at an e l e ­
vation of 14 ft above the ground level. Above the 14-ft level, advantage i s 
taken of the exclusion a r e a in reducing the radiat ion to tolerance levels . At 
leas t a 2 5-ft exclusion rad ius i s requ i red . 

The top of the r eac to r i s shielded by 7-1/2 in. of i ron (equal to 
3.3 ft of concrete) and 4.5 in. of lead (-^3.3 ft of concrete) . The exclusion 
rad ius i s approximately 50 ft of a i r and is equivalent to approximately 
1-1/2 ft of concre te . It i s es t imated that the lack of 3.4 ft of concrete on 
the top shield plus the fact that the capture g a m m a - r a y source has been 
changed will not c rea te a radiat ion hazard outside of the exclusion a rea . 

The shielding between the control cave and reac tor shield cy l ­
inder i s composed of 2 -1 /2 in. s teel ( l . l ft concrete) , 10 ft of d i r t (8 ft of 
concre te) , and ei ther an 8-in. s teel or a 5-in, lead shielding wall (3.7 ft 
concre te) with additional Boral p la tes . The chamber thimbles a r e provided 
with 15-in, thick lead plugs to prevent radiat ion s t reaming through the tubes 
and into the control cave. 

• ••• • • • •• • • • • • • • • • « • • 
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Shielding r e q u i r e m e n t s for the r eac to r after shutdown a r e p r e ­
sented in t e r m s of exclusion d is tance and cooling t ime in Fig. 7. Fo r e x ­
ample , after one-day shutdown and at a dis tance of 40 ft fronn the ba re 
r eac to r core , the radia t ion level i s 300 r / h r . It i s es t imated that even after 
100 days cooling the radiat ion level would be 600 m r / h r at a dis tance of 
200 ft. The amount of shielding to be provided by the coffin may be d e t e r ­
mined from Fig , 7 and a knowledge that the radiat ion will be reduced by a 
factor of 10 by 2 in. of lead. The induced activity due to the s teel r eac to r 
vesse l lid will be a factor of 10* l e s s than the co re activity; therefore , it 
does not p re sen t a hazard during the fuel reloading procedure . 

It i s a s sumed that the fuel reloading will commence 8 h r s after 
shutdown and that the r eac to r vesse l has been filled with water to the s team 
exit pipe height. It i s a lso a s sumed that each member of the refueling crew 
may be subject to not m o r e theui 100 m r / d a y for 3 days. 

The unbolting and c lear ing of the top end of the r eac to r p r e s s u r e 
vesse l should not take nnore than 45 min. The shielding provided during shut 
down mainta ins a 50 m r / h r level for th is operat ion. 

The coffin (7 in. thick lead) i s so designed a s to at tenuate the 
150 r / h r core activi ty to 50 m r / h r at a 60-ft d is tance f rom the coffin s u r ­
face (8 h r s after r eac to r shutdown). The coffin will be moved by the o v e r ­
head c r ane to the coffin s torage pit will al l operating personnel outside the 
exclusion fence. The actual t r ans fe r of the coffin from the r eac to r pit to the 
s torage pit should not take m o r e than 5 min. However, the men could be ex­
posed for 3 h r s with the coffin in the a i r and not exceed 150 m r / h r in that 
t ime . 

Fifty days after shutdown the activity at 20 ft f rom the coffin i s 
50 m r / h r . This would allow a pilot seated 20 ft f rom the coffin to fly for a 
per iod of 6 h r s and not exceed 300 m r / w e e k to lerance level. Approximately 
3 h r s flying t ime i s requ i red to t ransfe r the coffin to the nea re s t ra i lhead 
(750 mi , ) . There fore , the same pilot could make two 3-hr t r ip s a week or 
one 6-hr t r ip per week. 
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V. DESCRIPTION OF POWER PLANT 

A. Building Fac i l i t i e s 

F i g u r e s 8, 9, and 10 show the floor plan view, the elevation 
view, and the c r o s s - s e c t i o n a l view of the power plant layout. 

The power plant i s housed in a But ler- type steel building 
insulated for a minus 60-degree Fahrenhe i t t empera tu re and provided with 
one 8 ft by 11 ft a c c e s s door and one s ta t ionary ventilator. The building is 
re inforced to withstand 100-knot wind gusts and to provide support for an 
overhead crane . The floor i s a re inforced concrete slab (30-ft long, 24-ft 
wide, and 5-in. thick). 

A moto r -d r iven , overhead c rane ( 7 - l / 2 ton) t r a v e r s e s the power 
plant building. The plant layout allows any single piece of equipment except 
the condenser to be removed or positioned in the building with the a s s i s t ance 
of the c r ane . The condenser i s located above the turbine to provide the r e ­
quired net posit ive suction head ( N P S H ) for the feedwater pump and is located 
in a position with r e spec t to the width of the building to allow for tube r epa i r 
without moving the condenser . 

B. Turb ine -Genera to r Set 

The turbine i s a 150-kw, 5000-rpm, non-condensing, s ingle-s tage , 
s t eam turbine . The re i s provided a 187.5-kva, 150-kw, at 80% power factor, 
t h r e e - p h a s e , 60-cycle , 440-volt , 1200-rpm al ternat ing cur ren t genera tor 
with d i rec t ly connected 125-volt exci ter . A double helical , single-reduction 
gear is provided to reduce the turbine speed of 5000 rpm to the genera tor 
speed at 1200 rpm. Flexible couplings a r e used for connecting the turbine 
to the gear and the gear to the genera to r . 

The tu rbo-genera to r i s mounted as a complete unit on a s t ruc tura l 
s teel basepla te . The tu rbo-genera to r i s provided with a constant speed oil r e ­
lay governor , emergency over speed governor , t r ip and throt t le valve, motor 
and hand-opera ted synchronizing devices , vibrat ing-type tachometer , com­
plete oil lubr icat ion sys tem gauges and gauge board, 4-in. s team inlet open­
ing, and an 8-in. side exhaust opening. 

A basic design pr inciple for the s team cycle equipment is that 
t he re will be essent ia l ly no leakage f rom the system. The turbine sea ls a r e 
designed so a s to allow any leakage to be recovered by a suction recovery 
sys tem. A s ingle-s tage turbine was selected to simplify the turbine seal 
problem. The tu rb ine -genera to r i s designed for one-year unattended operation. 

The turbine impel le r is made of a 13% chrome- low-carbon steel . 
The c o r r o s i o n - e r o s i o n p rope r t i e s of this meta l a r e compatible with the use 
of s t a in less s teel throughout the steann cycle system. 

' 1 " r\ ry i-r 
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C. Recovery System 

A s t eam- je t a i r e jector i s connected to the s t eam line to provide 
a 2-in. HgO suction to the turbine and condenser feedwater pump sea l s . The 
r e s idue picked up in the recovery sy s t em is deposited in the condenser where 
any entrapped a i r i s removed from the recovered s team. 

D. Condenser 

The condenser i s a fou r -pas s shell and tube-type unit designed 
to absorb 2.0 mw of heat . It i s s t ruc tura l ly designed for 50 psia s t eam 
p r e s s u r e and will opera te at a tmospher i c p r e s s u r e . The coolant i s pumped 
through a luminum tubes (3/4 in, by 10 ft long). Aluminunn was selected as 
the tube m a t e r i a l instead of Admira l ty Metal to el iminate copper f rom the 
s team sys tem. The condenser i s equipped with a deaera t ing outlet section 
to control the oxygen in the condensate to a value not in excess of 
0.03 cc Og/l i ter ; a value a s low as 0.01 cc Oz/ l i ter can be expected. 

An a i r - r e l i e f valve has been placed on the condenser to allow 
the per iodic escape of the gases that a r e removed from the condensate to 
the a tmosphe re with only a min imum loss of water . 

A safety relief valve set at 40 psia i s a lso located on the con­
dense r to pro tec t the equipment f rom excess ive p r e s s u r e in the event of an 
emergency. 

E. Dry-Type Fluid Cooler 

The condenser coolant, bear ing lubricat ion coolant, and the r e ­
ac tor cleanup sys tem coolant will be supplied by a d ry- type f luid-cooler 
unit. The coolant has been designed to r emove 5,000,000 Btu /hr of heat 
with 90F a i r from a 60% ethylene glycol-water solution. Two hundred and 
forty-five gallons per minute (245 gpm) of the "ant i f reeze" solution will 
flow through the cooler and the condenser . The ant i f reeze will be cooled 
f rom 180F to 140F. 

The cooler has a ver t i ca l a i r d i scharge to prevent c ross -wind 
in te r fe rence and blanketed core sur faces . The two fans a r e mounted b e ­
neath the coil sect ions on separa te t r ipods for v ibra t ion-f ree operat ion. The 
cooler i s provided with inter locking, heavy-gauge, fabricated s tee l blade 
shu t t e r s which a r e automatical ly adjusted by a t e m p e r a t u r e control ler to 
mee t load r e q u i r e m e n t s . Adjustable pitch blades a r e a l so util ized to au to ­
mat ica l ly control the coolant exit t e m p e r a t u r e . As the coolant exit tennpera-
tu re d e c r e a s e s , the pitch on the fan blades adjust to a new position. When 
the adjustable pitch fan b lades can no longer control the exit t e m p e r a t u r e , 
the shu t t e r s commence to c lose . The fan-dr ive moto r s a r e protec ted from 
the weather by meta l enc losures and provide the requ i red 8.5 hp for each 
fan. 



F . Cooling Medium 

The ant i f reeze coolant (60% ethylene glycol-40% water ) is used 
to pro tec t the dry- type fluid cooler , the coolant piping, coolant pumps, and 
the condenser tubes f rom "freezing up" in the event of an accidental shut­
down of the r eac to r . 

Instead of having a sharp freezing point, the ant ifreeze becomes 
a slush due to the formation of ice c ry s t a l s at -58F; and a s the t empera tu re 
d e c r e a s e s , the solution beconnes m o r e viscous and eventually fails to flow. 
There fo re , no damage to the coolant equipment is expected at a -60F t e m ­
p e r a t u r e . 

No s torage or handling prob lem is anticipated since the f ire 
point of the solution is above the boiling point of water . 

Coupled samples of a luminum and steel were tested in pure 
ethylene glycol by the Dow Chemica l Company. The repor ted weight change 
r a t e of the a luminum was 0,0096 mg/(cm^)(day). This is a re la t ively low 
cor ros ion r a t e and provides an indication that no se r ious cor ros ion problem 
will a r i s e f rom the use of the ant i f reeze solution in an aluminum tube con­
dense r . A basic solution should be maintained by the addition of a smal l 
quantity of borax to the ant i f reeze before r eac to r s tar tup. An anti-foaming 
agent and an a n t i - c r e e p agent will be added in very smal l quantit ies to m a i n ­
tain favorable h e a t - t r a n s e r p rope r t i e s and to a s s i s t with the sealing of the 
coolant systenn, 

G, Pumps 

One hundred per cent standby capacity is provided for the con­
densate feedwater pump and for the coolant circulat ing pump. 

The feedwater pumps a r e provided with s ta in less s teel impe l l e r s . 
The standby capacity i s automatical ly controlled by a level indicator located 
in the condenser hot well. 

The coolant c irculat ing pump standby capacity i s automatical ly 
control led by a t empe ra tu r e control on the "dry-coo le r" exit l ine. 

H. Ion Exchangers 

Two mixed-bed- type ion exchangers a r e provided for the s tar tup 
water purification systenn and for the r eac to r cleanup system. A quali ty-
control ins t rument i s provided. All piping in the reac tor instal lat ion is 
s ta in less s teel . 
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The recomnnended strong cation r e s in may be HCR (Dow) or 
IR-120 (Rohm and Haas) in the ( H ) ac id -genera ted fornn, having not l e s s than 
40,000 equivalent g r a m s of CaCOs (2 g m - e q / l i t e r ) total t i t ra ted ion exchange 
capac i ty /cu ft of r e s in . 

The recommended bas ic anion r e s in may be SBR (Dowex-l) or 
I R H - 4 0 6 (Rohm and Haas) in the (OH-Fil l base) caust ic generated f rom 
having not l e s s than 14,000 equivalent granns a s CaCOs (l g m - e q / l i t e r ) 
total t i t ra ted ion exchange capac i ty /cu ft of r e s in . 

The recommended ra t io of anion to cation r e s in is 2 to 1, Each 
r e s in should be sufficiently r insed (by the supplier) with dist i l led water to 
remove any existing quantity of generant . 

I. Storage Tanks 

One 1000-gallon s ta in less s teel tank is provided for s torage of 
the dist i l led water to be used in filling the r e a c t o r upon s ta r tup and after 
emergency shutdowns. This tank a lso provides water for the 500-gallon 
s t a in less s tee l ant i f reeze mixing and s torage tank. 

J. Feedwa te r -Con t ro l System 

The p r e - h e a t feedwater -cont ro l sy s t em in shown in F ig . 11. The 
components of the sys tem a r e : 

1. A turbine t r i p and throt t le valve which m e t e r s the amount of 
s t eam requi red by the turbine to mee t the e lec t r ic load d e ­
mands , 

2. A p r e s s u r e - o p e r a t e d , regulat ing valve which mainta ins the 
p r e s s u r e in the s t eam line to a predeternnined value by b y ­
pass ing the steann produced by the r eac to r in excess of that 
requi red by the turbine, 

3. A th ree -way p r e s s u r e regula ted feedwater valve which con­
t r o l s the per cent sa tura ted or the per cent subcooled con­
dition of the feedwater re turn ing fronn the condenser hot well 
to the r eac to r , 

4. An or i f ice- type flow ncieter which controls the position of the 
th ree -way feedwater regulat ing valve. The orifice i s d e ­
signed to produce a sufficient p r e s s u r e signal when 100 lb of 
s t eam per hour i s flowing through the b y - p a s s line to c o m ­
mence the positioning of the feedwater regulat ing valve. The 
100-lb of steann per hour flow was selected a s the minimum 
flow consis tent with good orif ice design p rac t i ce . 
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F i g u r e 11a shows a feedwater -cont ro l systenn which opera tes 
on the pr inciple of varying the level of the top ref lector fluid. The water 
level i s var ied to maintain cr i t ica l i ty in spite of var iable s team dennand or, 
m o r e important ly, the l ong - t e rm react iv i ty changes caused by the differential 
burnup of fuel and boron. 

It i s expected that 3% k can be controlled in this manner . In­
dicat ions a r e that this will be sufficient control capacity to effectively 
match r e a c t o r power with turbine s t eam demands over a t h r ee -yea r ope ra ­
ting per iod without necess i t ia t ing the by -pass of excessive amounts of s team 
to the condenser . 

The itenns requi red for this type of operat ion a re : 

1. A turbine t r i p and throt t le valve which nneters the amount 
of s t eam requi red by the turbine to meet the e lec t r ic load 
dennand s, 

2. A s team p r e s s u r e - o p e r a t e d regulating valve (Fig. 11a) 
which will b y - p a s s feedwater from the feedwater pump to 
the condenser hot well. 

3. A condenser hot well with sufficient water capacity to: 
( l ) compensate for sys t em leakage and (2) provide s torage 
for the feedwater which the top ref lector control sys t em 
does not r e t u r n d i rec t ly to the r eac to r . 

K. Instrumentat ion 

The s implici ty and the inherent self-regulat ing cha rac t e r i s t i c s 
of the r e a c t o r design has effected a substant ial reduction in e laborate and 
del icate nuclear ins t rumenta t ion . 

The tu rb ine -gene ra to r ins t rumenta t ion has been descr ibed 
previously . P r e s s u r e and t e m p e r a t u r e gauges will be located at points in 
the s t eam-cyc le sys t em to r eg i s t e r per t inent operating data. 

An e lec t r i ca l power nneter i s requi red for the r eac to r s tar tup 
and for the r eac to r rod cal ibrat ion. 

A wa te r - l eve l indicator i s located in the condenser hot well to 
provide the n e c e s s a r y automatic cont ro ls for the standby condensate feed-
water pump. 

A t e m p e r a t u r e cont ro l le r i s requi red to provide the neces sa ry 
automatic control for the standby coolant circulat ing punnp. 
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If it should prove to be des i r ab le to provide a simple sys tem of 
monitor ing the r eac to r power f rom a cen t ra l control station, it i s expected 
that such a sys tem could be easi ly and inexpensively designed. 

L. Space Heating System 

The 400-kw space heating sys tem i s operated with 180F, an t i ­
f reeze solution supplied fronn the condenser coolant exit. 

It i s rea l ized that the "Dry-Coole r" could be dispensed with if 
sufficient quanti t ies of water for condenser coolant a r e available at a r e ­
actor s i te . In this case the cooling water will be punnped through the con­
dense r and the space heating sys tem when requi red , and re tu rned to the 
r e s e r v o i r . 
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VI, PLANT OPERATION 

The flow d iag ram for the combined power and heating plant is p r e ­
sented in Fig . 11. 

The unmanned package r eac to r power plant will allow the maxinnunn 
specified e lec t r i ca l overload conditions to be nnet at any t ime during the 
operat ing cycle. Unmanned r eac to r operat ion will impose a slight lowering 
of the ove r - a l l plant efficiency since t h e r e will be per iods of low power d e ­
mand when the reac to r will produce steann in excess of the turbine demands. 
A careful investigation of the o v e r - a l l plant operating cha rac t e r i s t i c s shows 
that when operat ing at a 75% e lec t r i ca l load factor, there will be no substantial 
financial penalty for the per iodical wasting of smal l quantit ies of s team. 

Fuel e lement meta l lu rg ica l considera t ions indicate that a r eac to r 
cleanup sys tem, a s provided, i s des i rab le to maintain water conditions in 
the r eac to r co re which a r e favorable to longer fuel element l ifetime. The 
" r e a c t o r cleanup" sys tem purges 2 gpm of the water from the top of the r e ­
ac tor co re through an ion exchanger and r e t u r n s the purged water back to 
the s t eam cycle. Coole r s a r e located between the reac tor and the ion ex­
changer to pro tec t the ion exchange r e s i n s from h igh- t empera tu re water . 

F o r economy r e a s o n s the major i ty of the heat loss from the reac to r 
to the "cleanup" sys tem water i s r ecove red in a feedwater, counterflow-type, 
hea te r . Sufficient heat i s then extracted by a coolant supplied from a sepa ­
ra te loop in the Dry Cooler to nnaintain a tennperature of the water reaching 
the ion exchanger of not g r e a t e r than lOOF. As can be seen from the flow 
d iagram, the r e a c t o r cleanup sys tem can be completely isolated to facilitate 
prevent ive maintenance without in terrupt ing the reac tor operat ion by "by­
pass ing" the feedwater hea te r . 

The condenser feedwater pump i s used to initially fill the sys tem with 
the water f rom the water s torage tank. After the water level in the reac tor 
p r e s s u r e vesse l has reached the des i red height, the water i s continuously 
c i rcula ted through the r eac to r cleanup sys t em until the des i red puri ty i s ob­
tained. Although the r eac to r cleanup sys tem can be used as a purif ier for 
the r eac to r wa te r , every effort should be made to obtain pure water in the 
s to rage tank before introducing the water into the reac to r systenn. During 
" r eac to r s ta r tup" and for the f i r s t week of operation, the condenser feedwater 
is r e tu rned to the r eac to r through the fi l ter provided. However, since the 
fi l ter has a re la t ively poor efficiency after only a few operating days and 
since the construct ion res idue would be largely c leared from the sys tem during 
the f i r s t few days of operat ion, the fi l ter i s isolated from the main s team cycle 
during the unmanned port ion of the operating cycle. 

The sys tem has been designed so a s to allow the very minimum of 
leakage (less than l / 2 lb of water per day). The leakage requi rement i s 
thought to be r ea l i s t i c s ince, after s ta r tup , there a r e only th ree operating 
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valves , and a l l t h r e e operat ing valves , the condensate feedwater pump and 
the turbine sea l s , a r e provided with a sinnple but effective suct ion-type r e ­
covery systenn. An additional safety marg in against leakage is provided 
over that of a s tandard seal - type valve by utilizing bel lows-type sea l s on 
al l of the isolat ion valves. The major quantity of mois tu re that could 
escape from the systenn with the r e l e a s e of entrapped gases in the condenser 
i s salvaged by an a i r - r e l e a s e valve. 

The r e a c t o r power plant sys tem, therefore , r e q u i r e s nei ther an 
e labora te make-up water systenn, nor the nornnal abundant cooling water 
supply. 

The following genera l d i scuss ion is presented to indicate in a qual i ­
tat ive manner how an unmanned r eac to r plant of the type presen ted in this 
r epor t will opera te . The quantitative values a r e indicative only and the 
p r e c i s e pe r fo rmance c h a r a c t e r i s t i c s must , of course , be proven by actual 
exper imenta t ion with a prototype of the proposed reac to r . 

A. Reac tor Startup and Operation 

Connplete advantage of the inherent safet ies of boiling r e a c t o r s 
is taken throughout the ins t rumenta t ion progrann to reduce the r equ i r emen t s 
for del icate in s t rumen t s to a minimum. The r eac to r does not r equ i re any 
scrann-type control rod c i r cu i t s . Reactor s t a r t - up safety is a s s u r e d simply 
by designing the control rod dr ive sys tem in such a way that under no c i r -
cunnstances could the control rods be withdrawn from the r eac to r core at a 
r a t e which would place the r eac to r on an excess ively shor t period. 

The re will be provided, for s t a r t - up purposes , a "conventional" 
fission chamber c i rcu i t and compensated ion chamber c i rcui t to provide a 
count r a t e record ing and a flux period and power level indication. In the 
prototype plant a s t a r t - u p neutron source will be built into the r e a c t o r core . 
The r equ i r emen t for a s t a r t - u p source in future plants modeled f rom the 
prototype r eac to r might be el iminated when exper imentat ion indicates to 
what degree the future plants will r eac t in the same manner a s the prototype. 

The counting chamber tubes extend from the control cave to the 
r eac to r p r e s s u r e vesse l . The chamber c i rcu i t instrunnents a r e located in 
the control cave. The chamber s will be nornaally removed from the chamber 
tubes during the unmanned operating cycle and mus t be checked before usage 
to i n su re operabil i ty. 

The count ra te r e c o r d e r and the flux power level and per iod indi ­
cator can be located in the turbine building along with the control dr ive 
motor switch and control rod position indicator . 

The init ial fuel loading method for this prototype r e a c t o r i s e s ­
sentially not different f rom those of any "new r eac to r " (such as the APPR- l ) . 
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The exper ience gained from the prototype plant will be used in building cores 
for r e a c t o r s modeled f rom the prototype and the lengthy initial fuel loading 
p rocedure used on "new" r e a c t o r s will have been eliminated. 

The s t a r t - u p p rocedure is basical ly to fill the r eac to r with 
water , purify the water and connmence the withdrawal of the control rod c u r ­
tain until the r eac to r has reached cr i t ica l i ty . The control rods will have to 
be adjusted to mainta in c r i t i ca l i ty until maxinnum xenon has built up in the 
r eac to r . The control rods then a r e set for a specified reac tor power level 
with the feedwater being re tu rned to the r eac to r core 100% subcooled. At 
this point the r e a c t o r can be left to unmanned operation. 

The inherent c h a r a c t e r i s t i c s of a heterogeneous- type, boiling 
r eac to r will pe rmi t a l imited degree of var ia t ion in the r eac to r react ivi ty 
without movement of the r e a c t o r control rods by controlling the degree of 
feedwater r e t u r n preheat ing. The abili ty of the "feedwater control" to vary 
the r eac to r power level i s d i scussed in Appendix A. As d i scussed in Ap­
pendix B, the c h a r a c t e r i s t i c s of a burnable poison fuel depict a change in 
the r eac to r reac t iv i ty over the r e a c t o r operating cycle due to the combined 
effect of differential burnup of the boron and the fuel and to the buildup of 
xenon, s amar ium, and other f ission products (see Fig, 15). With the knowl­
edge of this burnup react ivi ty change, knowing the amount of available feed-
water preheat ing, and knowing the percentage change of react iv i ty neces sa ry 
to obtain a specified r eac to r power level (Fig. 14), the available range of the 
r eac to r power level during the operating cycle between no preheating and 
maximunn preheat ing can be found as shown in Fig. 16. 

The turbine s team requirennents (Fig. 19) to produce a specified 
e lec t r i ca l load is de te rmined f r o m the turbine performance cha rac t e r i s t i c s . 
The r eac to r power level to effect a specified s team production is shown in 
Fig, 18, 

With re fe rence to the flow diagrann (Fig. l l ) , the feedwater can 
be re tu rned to the r eac to r through ei ther the upper sa tura ted re tu rn line or 
the lower subcooled r e t u r n l ine. The t e r m saturated signifies that the feed-
water i s preheated by condensing the s t eam in the r eac to r p r e s s u r e vesse l 
before it en t e r s the core . If al l of the feedwater were re turned through the 
sa tura ted line, the r eac to r would be operat ing with the feedwater "100% 
sa tura ted ," The feedwater r e tu rned di rect ly to the r eac to r modera tor is 
essent ia l ly in the same heated condition as the water in the condenser hot 
well . When the feedwater is re tu rned ent i rely through the subcooled line 
the r eac to r would be operat ing with the feedwater "100% subcooled." 

As can be seen f rom Fig. 16, the reac tor power level can be 
var ied, any given day, about 0.8 nnw by changing the feedwater f rom 100% 
sa tura ted to 100% subcooled. 
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With the knowledge of the r eac to r power level at any given t ime 
(Fig. 16) and the amount of s t eam produced for a given r eac to r power level 
(Fig. 18), the r eac to r s t eam production can be found at any given t ime for 
ei ther 100% satura t ion or 100% subcooled feedwater r e tu rn (Fig. 17). 

F r o m the previously nnentioned turbine per formance curve, 
the amount of steann requi red to produce a specified amount of useful e l e c ­
t r i ca l power can be plotted as shown in F ig . 17. 

If t he re were no regulat ing controls on the r eac to r to nnatch 
the r eac to r power with the e lec t r i ca l load demand, the r eac to r control rods 
would have to be set so that the r eac to r would be capable of meeting the 
maximum load r equ i r emen t s at any given t ime . The s team produced by the 
r eac to r , and not needed by the turbine, would be by-passed into the con­
denser a s waste heat. This type of operat ion is econonnically unat t rac t ive . 
Therefore , a method of regulating the r eac to r power level is required . 

The moving, regulating control rod is the comnnonly used and 
proven method of controll ing the r eac to r power level to the des i red value. 
As previously indicated, the heterogeneous boiling r e a c t o r power level can 
be var ied within specified linnits by re turn ing the feedwater to the r eac to r 
core in varying deg rees of prehea t . The feedwater control sys t em is 
a t t rac t ive for an unnnanned r eac to r plant due to i ts re la t ive simplici ty and 
avoidance of moving p a r t s in the r eac to r and due to i ts re l iabi l i ty and ease 
of maintenance. 

The functional components of the feedwater control sys t em a r e 
a s t eann-p res su re regulat ing control valve, an or i f ice- type f lowmeter, a 
th ree -way , p r e s s u r e - o p e r a t e d , feedwater regulating valve, a sa tura ted feed-
water r e t u r n line, and a subcooled feedwater r e tu rn line. A genera l sequence 
of the equipment and i t s operat ion follows: 

The turbine t r i p and throt t le valve m e t e r s to the turbine the r e ­
quired annount of s team. A d e c r e a s e in the turbine s t eam demand will in 
effect c r ea t e a r i s e in the s t eam line p r e s s u r e . The s t eam p r e s s u r e r e g u ­
lating valve s ense s the p r e s s u r e r i s e and b y - p a s s e s s t eam direct ly into the 
condenser in o rde r to nnaintain the de s i r ed s team p r e s s u r e . When the 
quantity of by-passed s t eam exceeds 100 Ib /hr , the feedwater regulat ing 
valve commences operat ion and allows a port ion of the feedwater to r e tu rn 
through the sa tura ted feedwater pipe which will lower the r eac to r power 
level. The r e a c t o r power level will fall until not nnore than 100 lb of s t eam 
is being by-passed into the condenser . 

If the turbine s t eam requ i r emen t i n c r e a s e s , the s t eam line p r e s ­
su re falls and the s t eam b y - p a s s valve s t a r t s to c lose . The d e c r e a s e in the 
quantity of by-passed s t eam effects a reposi t ioning of the feedwater valve 
toward the 100% subcooled region and the r eac to r power r i s e s until the i n ­
c r e a s e d s t eam demand i s satisfied and the re i s once again 100 lb of steann 
per hour being by-passed into the condenser . 
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A study of the r eac to r power level and steann production during 
the operating cycle (Fig. 17) r evea l s that at s ta r tup the r eac to r control rods 
nnust be set so that 2 mw of r e a c t o r heat is being produced with the 100% 
subcooled feedwater or 1.2 mw at 100% saturated. This initial setting of 
the control rods will allow^ the r eac to r to produce at any t ime during the 
operat ing cycle, upon demand, sufficient s t eam to meet the turbine demands 
for the maximum overload conditions. 

The nnanner of operat ion of the unmanned reac tor will probably 
bes t be clarif ied by t rac ing a possible daily operating cycle. Assume that 
the r eac to r has been in continuous operat ion for five months and that the 
operat ing load is var ied fronn 75 kw to 125 kw to 50 kw and back to 75 kw 
during a 24-hour period. P e r h a p s it would be well to ennphasize the fact 
that the e lec t r i ca l power r equ i r emen t s re fer to a net e lec t r ica l output and 
that the g ro s s e lec t r i ca l output can be found by adding the essent ia l ly con­
stant auxi l iary load of 33 kw. 

On the pa r t i cu la r day under considerat ion, the feedwater con­
t ro l has the abili ty to vary the r e a c t o r power level from 1.3 mw to 2.1 mw 
(Fig. 16). At the s t a r t of the above-mentioned cycle the feedwater is being 
re turned 96% sa tura ted to nnaintain the des i red net e lec t r i ca l load of 75 kw. 
With the demand inc reased to 125 kw, the feedwater control valve adjusts to 
the 38% saturated posit ion and the r eac to r power r i s e s to a corresponding 
1,83 mw. When the overload is removed and only 50 kw elect r ic i ty is needed, 
the feedwater control valve adjusts until it r eaches the 100% saturat ion point 
and the r eac to r power level has dec reased to 1.3 mw. Since only 1,2 mw of 
r eac to r heat would be sufficient to produce the des i red 50 kw, the reac tor is 
producing 300 lb of steann per hour m o r e than the turbine r equ i r e s . This 
s t eam is by-passed d i rec t ly into the condenser by the s team line by-pass 
valve. With the i nc r ea se in e lec t r ica l demand to 75 kw, the s t eam by-pass 
valve c loses until the by -passed s t eam reaches the value 100 lb of s team 
per hour. At th is point the feedwater control valve begins to adjust to a 
value which will allow the turbine load requ i rement s to be met and also p r o ­
vide the 100 Ib /h r s t eam b y - p a s s . The feedwater has now been adjusted 
back to the or iginal 96% feedwater sa tura t ion point. 

It should be apparen t that if the turbine genera tor load r e q u i r e ­
men t s a r e lower than what can be handled by the feedwater control system, 
the only effect on the power plant i s the lowering of the plant-operat ing 
efficiency. 

B. Reac tor Shutdown 

It i s intended to shut down the r eac to r by re turning the control 
rods to the fully-in position. 

If for Sonne r eason it i s des i r ab le , the r eac to r can be shut down 
by discontinuing the feedwater flow to the r eac to r . 



C. Heat Balance 

Net Electr ica l Load 

Steam Rates, IbAw 

Steam Ib/hr 

Heat Absorbed, 

Btu/hr. 

Turbine 

By-pass 

Total 

Turbine 

Condenser 

Pressure Vessel 

Piping 

Clean-up Cooler 

TOi'AL 

Reactor Heat, Btu/hr 

Electr ic Power Net 

CXitput, kw Gross 

Space Heating, kw 

Dry-cooler 

Btu/hr X 10"* 

0 

93.5 

3090 

100 

3190 

670,000 

2,512,000 

34.140 

34,140 

9 

3,34 

9,000 

9,280 

3,349,280 

0 

33 

0 

2.611 

400 

1.245 

1/2 

48 

3980 

100 

4080 

867.000 

3,222,000 

34,140 

34,140 

99.000 

4,256.280 

4,256,280 

50 

83 

0 

3.321 

400 

1.955 

3/4 

39.5 

4720 

100 

4820 

932.000 

3.462.000 

34.140 

34,140 

99,000 

4,561.280 

4.561.280 

75 

108 

0 

3.561 

400 

2.195 

Full 

37.1 

4930 

100 

5030 

1.070,000 

3.982,000 

34.140 

34,140 

99.000 

5,219.280 

5.219,280 

100 

133 

0 

4.081 

400 

2.715 

1-1/4 

37.5 

5930 

100 

6030 

1.290,000 

4,802.000 

34,140 

34,140 

99,000 

6,259,280 

6,259,280 

125 

158. 

0 

4.901 

400 

3.635 
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VII, REACTOR SAFETY 

A. Operat ional Safety 

All conventional power-producing plants have a cer ta in engineer­
ing probabili ty of an occur rence of a mechanica l or e lec t r i ca l failure which 
ul t imately c r e a t e s an unscheduled plant shutdown. The same probability of 
fai lure exis ts in any r eac to r power-producing plant. There is , however, the 
possibi l i ty that such a fai lure nnight r e su l t in nnore extensive loss of plant 
equipment and injury to personnel . This difference is mainly due to the 
radiat ion haza rds which a r e assoc ia ted with the reac tor plant. The p r imary 
considerat ion of r eac to r safety i s , therefore , not one of the tennporary in te r ­
ruption of power but one of protect ing human lives and the power plant equip­
ment . 

In an unnnanned type of operat ion it is necessa ry to have the 100% 
Diesel standby capacity to automatical ly supply the power requ i rements in the 
event of fai lure of any of the main r eac to r components, A signal relayed to a 
cen t ra l s tat ion would notify a maintenance crew that the reac tor plant needs 
attention. 

In making an appra i sa l of the possible reac tor equipment fai lures, 
"unlikely" incidents, such as a pipe breaking, have not been considered. This 
apparent ly hasty asstinnption is very rea l i s t i c considering that the operating 
steann t e m p e r a t u r e is only 417F and that the operating p r e s s u r e is 300 psia . 
The s team sys tem is also protected by p r e s s u r e relief valves located on the 
condenser and on the s team line leading from the reac tor to the turbine. 

The investigation of the r eac to r power systenn revea l s two p r o m i ­
nent poss ibi l i t ies for an equipment fa i lure: (1) pump fai lure, and (2) malfunc­
tion of the p r e s s u r e relief valves or a p re s su re - r egu la t ing valve, 

1. Pump Fa i lu re 

The fai lure of ei ther the condensate feedwater pump or the 
coolant c irculat ing pump at any one t ime or a t the same t ime will ul t imately 
have the same effect on the r eac to r . To allow for the possibility of a pump 
fai lure, 100% standby capacity, automatical ly controlled, has been provided. 
The probabili ty of two pumps failing in any one given operating cycle is con­
s idered to be remote ; there fore , the following discussion applies only in the 
event of fai lure of both pumps. 

At this t ime , it would be well to emphasize an inherent op­
erat ing cha rac t e r i s t i c of an heterogeneous- type boiling reac to r which has 
been affirmed by a Borax- I I exper iment . If the water level in the r e a c t o r 
fal ls , the r eac to r power level drops and ul t imately "shuts down" completely 
when the reac tor water level falls below the top of the core.^ The "shutting-
down" effect is thought to be due to a joint contribution of the loss of the top 
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ref lector and the loss of na tura l c i rculat ion through the r eac to r co re which 
effects an inc rease in the s team void. Both effects can essent ia l ly be ca t e ­
gorized as an inc rease in neutron leakage fronn the core . 

Consider f i r s t that the coolant c i rculat ing pump and its 
standby both fail. The punnp fai lure will lead to a s team buildup in the con­
denser with a corresponding r i s e in t e m p e r a t u r e and p r e s s u r e . The exhaust 
p r e s s u r e relief valve will per iodical ly open in o rde r to control the condenser 
p r e s s u r e at the 40 psia max imum value. The water level in the p r e s s u r e 
v e s s e l drops due to the loss of water fronn the sys tem. When a sufficient 
quantity of s team has been lost from the sys tem the water level falls below 
the top of the core and the reac to r is shutdown with a new equil ibrium p r e s ­
sure at 40 psia throughout the s team cycle sys tem. The s team cycle p r e s s u r e 
will gradually fall to atnnospheric p r e s s u r e in tinne as the decay heat after 
shutdown d e c r e a s e s and is diss ipated as a heat loss through the r eac to r p r e s ­
sure v e s s e l and as steann evaporated from the co re . 

Secondly, if the condensate feedwater pump and i ts standby 
both fail, the r eac to r water level innmediately falls and the water level in the 
hotwel l r i s e s . The reac to r co re level has been reached and the reac tor is 
finally shutdown. The loss of the r eac to r power drops the s team production 
and p r e s s u r e to a point where the turbine genera tor can no longer handle the 
e lec t r ic load and the coolant pumps fail to opera te . The sequence of events 
which follow a r e now the same as when the coolant circulat ing punnps fail. 

After the r eac to r has shut itself down, the problem is to p r e ­
vent the core from nnelting by removing the shutdown heat genera ted by the 
core . F i g u r e 20 shows the shutdown heat generat ion for an i r rad ia ted U^̂ ^ 
core.v^-'^/ During the twenty hours innnnediately following the r eac to r shut­
down the decay heat is lost from the reac to r core by evaporating s team from 
the co re and by heat being diss ipated through the reac to r p r e s s u r e ve s se l . 
This p r e s s u r e v e s s e l is insulated so as to allow approximately 10 kw of heat 
loss through the p r e s s u r e v e s s e l with a tennperature drop of 200F through the 
p r e s s u r e ves se l walls and insulation. F igure 20 shows that, after 20 hr , al l 
of the heat generat ion in the core will be lost through the p r e s s u r e v e s s e l wall 
and no nnore water will be evaporated from the co re . A nnathematical in tegra ­
tion of Fig . 20 shows that up to the 20-hr equi l ibr ium point 269 lb of s t eam 
were evaporated fronn the co re . This is equivalent to 4.55 cu ft of water , or 
a lowering of the water level 4.55 in. below the top level of the co re . 

To provide a conservat ive bas i s on which to deternnine the 
exposed fuel e lement t e m p e r a t u r e it was a s sumed that the water level had 
fallen 8 in. below the top of the core , and that the ent i re 10/3 kw heat gene r ­
ated in the upper l / 3 of the co re mus t be t r a n s f e r r e d by pure conduction from 
the top of the reac tor co re through only the alunninum fuel elennents into the 
water covering the lower 2 /3 of the r eac to r co re . A tennperature r i s e of 93F 
was calculated using these assumpt ions . The nnaximum fuel elennent t e m p e r ­
a ture under these conditions appea r s to be 363F which is well below the mel t in 
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point of s tandard aluminum, commonly stated to be 1220F, Therefore , the 
core will not mel t and no auxi l iary provisions to protect the reac tor core 
a r e n e c e s s a r y . The ent i re r eac to r plant will "look after itself" in the un­
likely event that both the operat ing and the standby pump fail in either the 
s team cycle sys tem or the coolant cycle sys tem. 

2, Valve F a i l u r e 

The possibil i ty of a valve fai lure to c rea t e a hazardous r e ­
ac tor incident appears very rennote. The rel iabil i ty of p r e s s u r e - r e l i e f valves 
has been well substant iated by industr ia l exper ience . However, as an added 
precaut ionary nneasure against valve fai lure, blowout disks could be used in 
the final design of the p r e s s u r e vesse l and the condenser . 

Should the 3-way, p r e s su re -ope ra t ed , feedwater-regulat ing 
valve fail to opera te , the r eac to r power plant will continue to operate normally 
but l e ss efficiently. 

Should the p r e s s u r e - o p e r a t e d , s team by-pass valve fail to 
open, the s team p r e s s u r e will build up in the reac tor to 400 psia at which t ime 
the safety valve r e l e a s e s the s team to the a tmosphere and the core water level 
is lowered. The "blowdown" p rocess will continue until the reac tor has shut 
itself down. 

B. Personne l Safety 

The health physics safeguard r equ i remen t s necessa ry to protect 
hiiman life from injury is prevalent in any type of reac tor operation. The 
r eac to r is located in a fenced-off exclusion a r ea and housed in an ear th- type 
biological shield. The r e a c t o r shielding requ i rement s have been discussed 
in Section IV, There a r e , however, cer ta in radioact ive radiat ion health hazards 
in sma l l heterogeneous boiling r e a c t o r s which must be considered (see Appen­
dix C). It should be noted that these haza rds do not direct ly influence the norma 
operating schedule of an unnnanned-type power plant. 

The radioact ive radiat ion that is associa ted with this r eac to r s y s ­
tenn can be considered in th ree separa te s tages because of the differences in 
intensity and differences in the decay r a t e s of the various activated isotopes: 

(1) N^6 and N^^ activity from i r radia ted H2O; a6 (n ,p ) N^̂  and 
0^7 (n,p) N " 

(2) Activation of co r ro s ion -e ros ion products 

(3) Release of f ission products fronn defective fuel e lements . 
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During nornnal operat ion the act ivated isotopes that will genera te the g rea tes t 
amount of radiat ion will beN^^, which decays and r e l e a s e s a 7-mev gamma 
with the short half-life of 7.35 seconds, and N " , which r e l e a s e s a l - m e v neu­
tron with a shor te r half-life of 4.14 seconds . The calculat ions indicate that 
none of the water or s team piping will r equ i re shielding to protect personnel 
from these par t icu lar rad ia t ions , although a distance of two feet should be 
maintained from al l s team pipes by personnel exposed for seve ra l hou r s . 
The hot well and the ion exchangers will radia te a much g rea te r amount than 
the s team pipes because of the g rea t e r quantity of water contained, and a d i s ­
tance of ten feet should be safe for long exposures . Fo r short per iods of t ime, 
nnen can approach these conta iners for any n e c e s s a r y inspections or servicing", 
however, radiat ion m e a s u r e m e n t s should be made at each location. 

It should be noticed that the water which leaves the hot well has 
a l ready decayed for seve ra l minutes and prac t ica l ly no N^̂  activity rennains. 

The evaluation of the c o r r o s i o n - e r o s i o n activity can be obtained 
by direct ly applying the r e s u l t s of a study for the BER cooling wate r . This 
study s ta tes that apparent ly no shielding is nece s sa ry for the crud activity in 
the cooling water if the crud does not get an opportunity to cycle through the 
reac to r m o r e than once and if the entra inment factor is a s sumed to be 10"' 
or l e s s . The activity due to a tota l accunnulation of crud at some point is 
t r ea ted as though it is a point source and converted to nnr /h r at 3 ft. Although 
these conditions a r e not a l together r e a l i s t i c , they provide a means of indicat­
ing the maximum value of activity that may collect . The activity thus calcu­
lated amounts to 0,2 nn r /h r , which would indicate that there is no problem in 
shielding the accvimulated crud. 

The amount of f iss ion products that may be r e l eased to the water 
sys tem by fa i lure of the fuel e lements is a m a t t e r of s ta t i s t ica l probabil i ty 
that can only be de te rmined by actual long- te rm exper ience . Recent exper i ­
men t s in the co r ros ion p rope r t i e s of a new a luminum-nickel alloy by Argonne 
National Labora tory indicate that a favorable fuel element l ifetime under the 
present r eac to r design conditions can be expected. The amount of f ission 
products generated is roughly 1 g ram per megawatt day of operat ion. Any 
at tempt to deternnine the amount r e l eased to the water sys tem by the rup tu r ­
ing of a fuel e lement would be very a r b i t r a r y . Rather a safe approach in the 
final design of the plant layout would be to include two or m o r e ion exchange 
tanks in pa ra l l e l and located in isolated pits or cel ls to allow a l t e rna te use 
and recharg ing . Exper ience has indicated that ion exchange r e s i n s a r e very 
effectivefor cleanup of dissolved or colloidal f ission products , and that the 
use of "loaded" r e s i n s nnay be the nnost efficient way of handling and disposing 
of act ive pa r t i c l e s . Should a fuel elennent break up into l a rge r than colloidal 
pa r t i c l e s , the par t i c les would possibly be lodged in the f i l ters or in the bottom 
of the r eac to r ves se l . In this event, the m o s t se r ious health haza rd would be 
from contamination during the t imes of maintenance of these var ious pieces 
of equipment. Again the ion exchangers would tend to clean up the sys tem with 
the passing of operating t i m e . 

Voo (:.i2 • • • » • •* • • • * • • • • • • 
• • • * • • • • « • • * • • • 



43 

C. Precaut ions Against "F reeze -up" 

A prelinninary survey of the possible damage due to freezing of 
the r eac to r components during an unattended and unscheduled shutdown in­
dicates that no extensive permanent damage will occur. In connection with the 
freezing problem it should be noted that: 

1. Any dis tor t ion of the used reac tor core in the coffin s torage 
pit is of no consequence in that it will never be re turned to the r eac to r . 

2. The r eac to r p r e s s u r e v e s s e l is designed to withstand any 
s t r e s s e s that may resu l t fronn freezing. 

3. No ice should fornn in c lose contact with the fuel p la tes , 
i .e . , the water in the r eac to r core channels will not f reeze . 

4. Ethylene glycol is used as the condenser coolant and in the 
space heating sys tem as a precaut ion against freezing. 

5. The turbine is , to a degree , protected since the s team con­
densate would f reeze in the low point of the s team system which is the steann 
line preceding the turb ine , 

6. The extrenne freezing conditions for the reac tor plant will 
not occur unless the 100% standby Diese l -genera tor fails to function properly. 

» •*• * 
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VIII. REACTOR REFUELING 

The exchange of the fuel and the reac tor co re is to be made once a 
year , although future cons idera t ions may ul t imately inc rease the reloading 
cycle to two or even th ree y e a r s . The instal lat ion power r equ i remen t s during 
the refueling shutdown will be supplied by the Diesel standby unit. The r e ­
fueling shutdown is the ideal t ime for performing a routine check of the power 
plant equipment. The t ime requ i red for the refueling operat ion should not ex­
ceed twenty-four hours when done by a t ra ined "refueling crew," but the actual 
refueling shutdown tinne will be governed by the equipment r e p a i r s requi red . 

The main fea tures of the refueling equipment and the refueling p r o ­
cedure a r e safety, s implici ty, and rel iabi l i ty . The core will be completely 
enclosed and removed from the reac to r p r e s s u r e vesse l in a coffin with the 
a s s i s t ance of a mo to r -d r iven , overhead c r ane . The radioact ive coffin and 
core will be s tored in a pit twelve feet from the r eac to r ve s se l pending t r a n s ­
portat ion to a fuel r e - p r o c e s s i n g plant. The t ranspor ta t ion s ize and weight 
l imitat ions a r e me t . 

A, Equipment 

The only special tool r equ i red for the refueling procedure is a 
s imple socket wrench located on the end of a 9-foot aluminum handle. This 
tool is used to tighten the coffin pickup head safety bol ts . An a i r - o p e r a t e d 
innpact wrench is r ecommended to expedite the rennoval of the p r e s s u r e ves se l 
lid bol ts . 

The schemat ic view of the coffin bottom, the coffin, the coffin-
lifting r ing, and the coffin-pickup head a r e shown in Fig. 21 . The coffin-
lifting ring and the coffin bottom a r e located in the r eac to r p r e s s u r e ves se l , 
as shown in Fig . 2. The coffin pit is located in the biological shield (Fig. 5), 

B, P rocedu re 

The refueling operat ion begins >vhen the r eac to r has been shut 
down and the water level in the r eac to r p r e s s u r e v e s s e l has been ra i sed to 
the s team pipe exit level. The water depth between the core and the top of 
the r eac to r p r e s s u r e v e s s e l and a 4 - l / 2 - i n c h thick lead shielding plate lo­
cated on top of the r eac to r p r e s s u r e v e s s e l lid provides sufficient biological 
shielding at the top of the r e a c t o r to allow the "refueling crew" to work for 
two hours without exceeding to l e rance . Two hours is thought to be nnore than 
adequate t ime to remove the protect ive cover plate and the control rod drive 
t ransnnission, and unscrew the control rod dr ive shaft and p r e s s u r e v e s s e l 
stud bolts and disconnect the feedwater p ipes . 

The m o t o r - d r i v e n c rane is f i r s t used to rennove the coffin-pit 
cover and is then fastened to the p r e s s u r e v e s s e l lid. The c rane lifts the 
p r e s s u r e ves se l lid, the feedwater r e t u r n pipes, and the control rod dr ive 

r' 
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shaft~clear of the r eac to r p r e s s u r e v e s s e l and locates these units on the edge 
of the shielding deck away from the "clean" equipment. The top of the reac tor 
ve s se l is now clear and ready to rece ive the coffin. The crane is used to posi­
tion the coffin in the p r e s s u r e ves se l (Fig. 21). No personnel should approach 
the r eac to r beyond the bottom of the biological shield fronn the t ime the p r e s ­
sure ves se l lid has been rennoved to the t ime when the coffin has been positioned 
over the co re . When the coffin is in place in the reac tor p r e s s u r e vesse l , two 
m e m b e r s of the refueling crew position the coffin pickup head so that it g rasps 
under the edge of the coffin-lifting r ing. The "pickup head" and the "lifting r ing" 
have projecting edges which will be placed c lear of each other when the coffin 
is being placed in the r eac to r tank. The projectings will g rasp under each 
other when the pickup head is turned a cer ta in angle. 

Three posit ions a r e shown in Fig. 21a: f i rs t , the pickup head just 
lowered to its place below the lifting r ing. The next position shows the pickup 
head being rotated by m e a n s of a portable tool which consis ts of a pinion with 
a long shaft and handle which can be turned fronn a position above the tank. 
The pinion is supported in a bushing located in the coffin top and it engages a 
gear r ing cut in the inside opening in the pickup head as shown in the plan 
view. The pickup head is guided during the rotat ions because its d iameter 
fits with a reasonable c l ea rance inside the diameter of the cyl indrical "coffin-
lifting r ing" which will be cen te red by means of a few lugs inside the p r e s s u r e 
vesse l . The thi rd view shows the pickup head f i rmly locked in position. The 
coffin-pickup head safety bolts a r e then tightened, press ing the bottonn section 
against the cylinder to a s s u r e that the coffin will not d i sassemble or leak 
during the core remova l operat ion. The coffin is then ra i sed clear of the 
p r e s s u r e ves se l , nnoved to the coffin pit, and lowered into the pit. The coffin 
pit lid is then positioned. The t ransfe r of the coffin from the reac to r to the 
coffin pit should not take nnore than five minutes ; however, the coffin shielding 
will allow personnel to stay at a distance of 60 ft from the coffin for a period 
of 3 h r . After a 50-day cooling period, the coffin can be approached up to the 
distance of 20 ft for a period of 6 h r . The coffin could then be moved by plane 
to a distance not to exceed 6 hours flying t ime , provided the pilot is 20 ft away 
from the side of the coffin. Should a longer flying t ime be des i rab le , a one-
inch thick lead shield placed between the pilot and the coffin would allow an 
18-hour exposure . 

The new core and coffin bottom a r e placed in the reac tor after the 
water has been removed from the reac to r ve s se l and a new "Flexi- ta l l ic" 
gasket is instal led. The p r e s s u r e v e s s e l lid, feedwater r e tu rn pipes, and 
control rod dr ive shaft a r e rep laced as a unit. The reac to r is again ready for 
s ta r tup after the p r e s s u r e head bolts , control rod transnnission, and the p r o ­
tect ive cover plates have been replaced. 
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IX. PLANT COST ESTIMATE 

The following cost es t imate is based on seve ra l a r b i t r a r y a s s u m p ­
t ions . The actual cost will depend on the c i r cums tances and policies which 
may vary in individual c a s e s . 

1. Development Work 

The r eac to r instal lat ion as p resen ted in this r epor t uti l ized the 
exper ience gained from the operat ing reac to r of the sanne type, BORAX, and 
is designed to avail itself for immediate prototype construct ion. 

The power-plant faci l i t ies a r e connprised of "off-the-shelf" i tems 
and the plant costs a r e based on indust r ia l quotations on equipment suitable 
for doing the requi red job. Based on the above, no developnnent costs a r e 
included. 

2. Plant Location 

The plant is designed for a min imum of construct ion work at an 
Arct ic s i te . Components will be assennbled for shipping in packages not to 
exceed 10 shor t tons and 7,5 ft high x 9 ft wide x 20 ft long. 

The erec t ion cost includes the shipping of 50 tons of construct ion 
equipment (bul ldozers , t r u c k s , power shovels , etc.) to the s i te but does not 
include the cost of the construct ion equipment. 

The re is no allowance made for the cost of the building s i te . 

3. Instrunnentation 

It is expected that the r eac to r is inherent ly safe against power 
su rges , excess ive s team p r e s s u r e , pump fa i lu res , and that the s team sys tem 
is substantial ly se l f - regula t ing . The regulating control systenn in the fornn of 
feedwater control and the forementioned c i r cums tances simplify the reac to r 
and help to lower the expenditure for e laborate and delicate instrunnentation. 

4. Operating Data 

Net e lec t r ic power output, kw 

Available energy for heating sys tem, kw 

Reactor power, kŵ  

Fue l burnup per mwd, gm 

Plant operat ing fac tors , % 

E l e c t r i c a l 

Heating 50 
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100 

400 

1,500 

1.25 

75 



5, Net Power Product ion 

100 kw at 75% operat ing r a t e , av kw 75 

Net e lec t r i ca l power output /year , kwhr 657,000 

Fuel Burnup 

Reactor power to produce 75 kw net 
e lec t r ic power, mw 1.3 

F i ss ion power produced in one year 
at 75% operat ing ra t e (1.3 mw x 365), 
m w d / y r 475 

Fuel consumption (475 x 1.25), g m / y r 594 

7. Credi t for Heating System 

Heating plant average output 
(50% X 400), kw 200 

Useful heat output per year , kwhr 1,750,000 or 
6 x 1 0 9 Btu /yr 

(This heat might have been produced by 3.4 x 10 lb of fuel oil 
at 17,500 Btu/ lb useful heat value in the boi ler . Assuming the cost of oil is 
20 cents per gal, or 2.6 cents per lb ($8.40 per b a r r e l at 42 gal), the cost 
for an equivalent amount of heat would be $8,850.) 

8 Investment and Capital Charges 

The plant investment includes building and all power and heat 
producing equipment. It does not include the cost of the switchgear or any 
e lec t r i ca l equipment beyond the genera tor output t e rmina l s . It does not in­
clude pipe lines and r ad i a to r s for the buildings which use the produced heat 
or power. The plant investment is charged at 7% per year . 

9. Reactor Power Plant Cost Es t ima te 

Reactor Components 

Reactor Vesse l ( l ) $6,000 

P r e s s u r e Vesse l Lid ( l ) 1,000 

Core Lat t ice St ructure ( l) 3,000* 

Control Rods (16) 300* 

Control Rod Drive System 1,600 

*Total core cost = $13,470 (excluding U"5) 
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Reactor Connponents (Contd.) 

Feedwater Spray System 500 

Reactor Vesse l Insulation 1,500 

Steam Separa tors 1,000 

Fuel Element Fabr ica t ion 9,720* 

Reactor Ins t ruments 5,000 

Fue l Element Boxes 450* 

Miscel laneous , 937 

Power and Heating Component 

Turbine Generator Set $20,000 

Deaerat ing Condenser 4,000 

Pumps 

Condenser Feedwater (2) 4,000 

Coolant Circulat ing (2) 760 

Dry Type Fluid Cooler ( l ) 10,000 

Steam B y - P a s s Valve ( l ) 1.000 

Feedwater Regulating Valve ( l ) 1,000 

P r e s s u r e Relief Valves (2) 400 

Miscel laneous Valves (30) 1,550 

Piping (Stainless Steel) 3,018 

Ethylene Glycol Coolant 865 

Glycol Expansion Tank (1) 500 

Glycol Storage Tank ( l ) 2,000 

Steam Ejector ( l ) 200 

Inst rumentat ion 5,000 

$31,007 

$54,293 

*Total co re cost = $13,470 (excluding U^'^) 
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Water Purif icat ion System 

Ion Exchange Unit (2) 

Ion Exchange Res ins 

F i l t e r and F i l t e r Unit ( l ) 

Coolers 

Counter -Flow Type ( l ) 

One P a s s - T y p e ( l ) 

Storage Tank - 1000 gal ( l) 

Core Handling and Replacement Equipment 

Coffin (1) 

Unloading Tools 

Coffin-Pit Cylinder (1) 

$2,000 

872 

200 

125 

100 

4,000 

9,000 

500 

2,000 

$7,297 

$11,500 

Miscel laneous Charges 

Building (includes door, insulation, 
and building vents) 

Building Crane (7-1/2 ton), motor 
dr iven (l) 

A - F r a m e Crane (10 ton), motor 
dr iven (l) 

Building Crane Structure 

A - F r a m e Crane Structure 

Plant Foundation Vents 

Building-Foundation Pad (gravel) 

I -Beams for Foundation 

Steam Line Duct 

Shield Cylinder 

Control Cave 

Control Cave Fac i l i t i es 

Total Miscel laneous Charges 

$4,053 

5,000 

4,000 

1,000 

2,000 

2,000 

1,800 

1,200 

250 

2,000 

1,000 

3,600 

$ 27,903 

• • • • • • • •• • i O O •A3 
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6V 

V 

Total Miscel laneous Charges 

Total Equipment Costs 

Shield (Dirt and Grave l at $ 3 / c u yd) 

Transpor ta t ion Cost 

Total Mate r i a l s Cost 

Erec t ion Cost 

Sub-Total 

Contingencies (15%) 

Con t r ac to r ' s Fee (20%) 

Total Plant Investment 

10. Yearly Costs (One-Year Reac to r ) 
————^̂ — .. ^ _ ^ ^ 

Capital Charges 
7% of capital investment 

Operat ing and Maintenance- Cost 

Manpow^er 

Mater ia l s 

Total Operat ing Cost 

Fue l Charges 

Core 

V? 

^ 

Fuel (8,600 gm at $ l 6 / g m ) 

Total Fue l C h a r g e ^ 

Total Yearly Costs 

Chargeable to Heating System 

(1,750,000 kwhr at 5 m i l l s / k w h r ) 

Chargeable to E l ec t r i ca l Power 

Cost of E lec t r i c Power (657,000 kwhr) 

Cost of Heat 

$ 27,903 

132,000 

7,000 

30,000 

169,000 

130,000 

299,000 

44,850 

59,800 

$403,650 

$ 28,256 

$ 10,000 

10,000 

20,000 

8,750 

190,576 

$0.29/kwhr 

5 m i l l s / k w h r 

The above e s t ima te is based on the specif icat ion' that "recovery 
of fuel from spent e lements is uneconomical" and that the r eac to r co re is 
rep laced after one year of operat ion without c red i t for the unused fuel. 

i 'O'O V'oO • • • • • • • • • • • • • • • 
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11. Al ternate Cost Es t ima te 

The following year ly cost es t imate for the "one-year" reac to r 
is perhaps nnore r ea l i s t i c . The changes a re : ( l ) the fuel remaining after 
each year of operat ion will be r e p r o c e s s e d and recovered at $4 per gram, 
and (2) the credi t for space heat is es t imated on the basis of an equivalent 
cost of oil at $42 per b a r r e l del ivered to the Arc t i c . This corresponds to 
25 m i l l s / k w h r of heat . 

Capital Charges 

7% of capi tal investment 

Operating and Maintenance Cost 

Fuel Charges 

Core 

Fuel Burnup (594 gm at $16/^ 

Fuel Reprocess ing (7,006 gm at $4/gna) 

'o ta l Fue l Charges 

Total Yearly Cost 

Chargeable to Heat 

(1,750 kwhr at 25 mi l l s / kwhr ) 

Chargeable to E lec t r i c Power 

Cost of E lec t r i c Power (657,000 kwhr) 

$28,256 

20,000 

$13,470 

9,504 

28,024 

50,998 

99,254 

43,750 

55,504 

84.5 mi l l s /kwhr 

J' "^^^ 

\ 

\ 
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X. THREE-YEAR REACTOR COST ESTIMATE 

The following cost e s t imate is based on the assumption that the r e ­
actor is so designed and opera ted that the core will need to be exchanged 
only after th ree y e a r s of operat ion. 

Phys ics calculat ions have indicated that the " th ree -yea r r e a c t o r " 
will r equ i r e a fuel charge of 10.1 kg U^'^, With a burnup of 594 g m / y e a r , 
8,318 gm of used fuel will be r e p r o c e s s e d after each t h r e e - y e a r period. 
Credit for heat used in the space heating sys tem is again taken to be 
25 m i l l s / k w h r . 

Yearly Costs 

Capital Charges 

7% of capi ta l investment $28,256 

Operation and Maintenance Cost 

Manpower $10,000 

Mate r i a l s 10,000 

\ 

) 

Total Operating Cost 20,000 

Fuel Charges 

Core ($13,470/3) $ 4,490 

Fuel Burnup (594 g m / y r atf 

Fuel Reprocess ing (8318 g n i \ t $ 4 / g m ) / 3 

Total Fue l Charges 

Total Yearly Costs 

Chargeable to Heating System 

Chargeable to E l e c t r i c a l Power $29,590 

Cost of Heat 25 mi l l s / kwhr 

Cost of E l ec t r i c a l Power (657,000 kwhr) 45 m i l l s / k w h r 

A compar ison of the cost es t imate of e l ec t r i ca l power based on the 
r ea l i s t i c one-year r e a c t o r with the t h r e e - y e a r r eac to r indicates a savings 
of 39.5 m i l l s / k w h r . 

4 O O L <-"<-



XI. COST O F ADDITIONAL P L A N T S 

T h e c o s t of t h e p r o t o t y p e p lan t e r e c t e d in t h e A r c t i c i s e x p e c t e d to 
be $ 4 0 3 , 6 5 0 (299,000 + 15% c o n t i n g e n c i e s + 20% c o n t r a c t o r ' s f ee ) . 

T h e p r i c e p e r i n s t a l l a t i o n for 1121 a d d i t i o n a l p l an t s wi l l be effected in 
t h e fo l lowing m a n n e r . I-—/«^ 

1. The $169,000 total m a t e r i a l s cost will be essent ia l ly unaffected. 
The nnass production discounts will not substantial ly change the discounts 
a l ready quoted on the stock i t ems fronn which the plant is assembled . 

2. The $130,000 construct ion and erect ion cost will be reduced by 
$50,000 since the same construct ion crew can build two plants during the 
construct ion season. This figure will vary according to the individual 
circunnstances a r i s ing from the si te location, mi l i t a ry part icipation, and 
civilian part icipat ion; no a t tempt will be made to es t imate these conditions, 

3. The 20% con t r ac to r ' s fee will , by i ts na ture , r emain fixed un­
less the additional plants a r e supervised and constructed ent irely from 
mi l i t a ry personnel . The re is again no bas is for a sound es t imate change. 

4. The 15% for contingencies is essent ia l ly an overes t imate on the 
prototype plant which theore t ica l ly could be removed if the es t imate on the 
prototype plant is reasonably accu ra t e . 

The cost of future instal la t ions would therefore be (as seen from the 
prototype cost es t imate) : 

Equipment Cost $169,000 

Erec t ion Cost 80,000 

$249,000 

Con t r ac to r ' s F e e (20%) 49,800 

Total Plant Investment $298,800 

This reduct ion in total plant investment will reduce the cost of 
e l ec t r i c power to 34 m i l l s / k w h r as based on the a l te rna te " th ree -yea r" 
cost est inaate. 
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APPENDIX A 

BOILING HEAT TRANSFER CHARACTERISTICS 

The amount of heat energy which is t r ans fe r r ed to the boiling water 
can be r e f e r r ed to a s average heat flux, Btu/ (sq ft)(hr), or in t e r m s of 
power densi ty , kw per l i t e r of channel volume. The f i r s t m e a s u r e , 
11,000 Btu/ (sq ft)(hr), indicates a v e r y high degree of safety against bu rn ­
out of fuel e l ement s ; the o the r , 14 kw/ l i t e r , indicates that the contenaplated 
s t e a m production ra t e i s quite modera t e compared with r a t e s achieved by 
opera t ion of the BORAX r e a c t o r . 

Inasmuch as the control of the r eac to r is inherently associa ted with 
the s t e a m voids in the r e a c t o r co re , it is impor tan t to predict this average 
mode ra to r densi ty loss for different operating conditions. The degree of 
accuracy of such calculat ions is obviously l imited, but the assumption is 
that the re la t ive values can be es t imated sufficiently well to allow r e a s o n ­
able predic t ions when operat ing conditions a r e va r ied ; for ins tance , f rom 
one power r a t e to another or f rom subcooled to preheated feedwater. 

The exper imenta l evidence which tends to substant iate the es t imates 
is provided by a s e r i e s of mock-up t e s t s conducted at Argonne with e l e c t r i ­
cally heated e lements where s t e a m voids were measured by attenuation of 
gamma r a y s . 

The genera l pr inciple of the two-phase fluid-flow calculat ions for 
s t eady-s t a t e conditions is that the dr ive p r e s s u r e must be equal to the 
fr ict ion l o s s e s plus acce le ra t ion l o s s e s in the flow channels . In case of 
na tura l convection the dr ive p r e s s u r e is equal to the average density loss 
in the fuel channels due to boiling mult ipl ied by the channel height. The 
fr ic t ion loss i s es t imated on the bas i s of the average liquid water velocity 
in the channel . The coefficient of friction is re la ted to the hydraulic rad ius , 
v i scos i ty , and Reynolds Number . The acce lera t ion loss i s based on the 
max imum kinetic energy attained by the water at the channel exi ts , assuming 
that this energy is not r ecovered . 

The following nomencla ture and equations were used to de te rmine 
the mode ra to r density and i ts var ia t ion in relat ion to circulat ing flow ra t e , 
s t e a m p r e s s u r e , subcooling, and sl ip ra t io : 

Gg Flow ra te of s t e a m , l b / s e c 

G ^ Flow ra te of liquid, l b / s e c 

Gi Total flow r a t e , l b / s e c 

Y Steam quali ty, Gg/Gt 

X Reci rcula t ion fac tor , (G^/Gg) , lb l iquid/ lb s t eam at channel 
d i scha rge point 

'":"7 •; '''^K 



X^ Recircula t ion factor at in te rmi t ten t point of channel 

p Steam p r e s s u r e , psia 

vs Steam veloci ty, fps 

v ^ Liquid w a t e r veloci ty , fps 

r Slip ra t io , Vg /v^ 

A Channel flow a r e a , sq ft 

Density of two-phase fluid, Ib /cu ft 

Steam densi ty a t existing condit ions, Ib/cu ft 

Saturated liquid density at existing condit ions, Ib /cu ft 

P 

Ps 

P w 
P]3 A v e r a g e f luid d e n s i t y in bo i l i ng s e c t i o n of c h a n n e l , I b / c u ft 

p^ A v e r a g e d e n s i t y of a l l f luid in bo th s u b c o o l e d and bo i l i ng 

c h a n n e l s e c t i o n s , I b / c u ft 

V Spec i f i c v o l u m e ( s a m e s u b s c r i p t s a s a b o v e ) , cu f t / l b 

R y S t e a m v o i d r a t i o , s t e a m flow a r e a / t o t a l c h a n n e l flow a r e a 

P P o w e r g e n e r a t e d in c h a n n e l , B t u / s e c 

L o r L^ L e n g t h of c h a n n e l , ft 

L^ L e n g t h of s u b c o o l e d c h a n n e l s e c t i o n , ft 

LXJ L e n g t h of ne t bo i l i ng c h a n n e l s e c t i o n , ft 

i L e n g t h of c h a n n e l f r o m poin t of i n i t i a l bo i l ing to i n t e r m i t t e n t 
po in t , ft 

e H e a t t r a n s f e r r e d p e r l i n e a r foot of c h a n n e l , B t u / f t ( th i s v a l u e 

i s a s s u m e d c o n s t a n t o v e r w h o l e l eng th) 

H E n t h a l p y of s t e a m , B t u / l b 

A H H e a t of v a p o r i z a t i o n f o r w a t e r , B t u / l b 

h E n t h a l p y of l i qu id , B t u / l b 

hg]^ E n t h a l p y of s a t u r a t e d l i qu id , B t u / l b 

hQ E n t h a l p y of t o t a l l iqu id e n t e r i n g c h a n n e l , B t u / l b 

Ah Subcool ing of l iquid^ (hg^-hg) , B t u / l b 

m R a t i o - ( p ^ - r p s ) / r p g 

m * Rat ios m ^ r p / ( p - p ) 

5G 
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Two phase flow ve loc i t i e s ; 

Vg = (Vg + Xr V^) Gg/A 

Vw = v g / r 

Exit fluid densi ty; 

P = (1 + Xr)/(Vg + Xr V^) 

Exit s t e a m void: 

R.r = 
w 

^V = (1 + X r ) P g / p , 

Average fluid densi ty in net boiling section; 

in* Y ^°8 (1 + m Y) - b - ' " 

where 
Y = l / ( l + X) = s t e a m quality 

Ratio of subcooled dis tance to total channel length; 

L J / L ^ = Ah/(Ah + YAH) 

The above equations w e r e based on the approximation that the heat 
generat ion would be constant at al l points of the channels . 

Genera l s t eam data used in p resen t project ; 

300 psia Steam p r e s s u r e 

Saturat ion t e m p e r a t u r e 

Enthalpy 

Heat of vapor iza t ion , AH 

Steam densi ty 

Density of sa tu ra t ed water 

Velocity sl ip ra t io in channels (r) 2.5 

m (Ratio as defined above) 31.5 

m* (Ratio as defined above) 31.1 

41 7F 

1203 Btu/lb 

810 Btu/lb 

0.65 Ib /cu ft 

53 Ib/cu ft 

• ••• • • • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ••• • • • • • • • • • • • • • • • • • • • • ••• • ••• • • •• •• • • • ••• 
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The curve presented in F ig . 12 shows the re la t ion between the r e ­
c i rcula t ion factor X and the ave rage density loss of the modera to r inside 
the co re calculated f rom the above equation for ~p^ applied to the present 
s t eam cons tan ts . 

Other constants used in the following es t ima tes a r e ; 

Total channel c r o s s sect ion, A 

Equivalent flow channel d i a m e t e r , Dg 

Fuel channel length, L 

Fluid v iscos i ty , jJ. 

Reynolds Number for an ave rage velocity 
of 2 fps (Rg = De v p / u ) 

The coefficient of fr ict ion for rough surfaces and for a Reynolds 
Number of 42,000 i s 0.006.v-^'' Due to the sur face boiling, the coefficient 
was mult ipl ied by 1.5; the re fore , the average coefficient of friction i s 
a s s u m e d to be f = 0.009. In the p resen t c a s e , the frict ion loss through 
the c o r e becomes ; 

AF = (2fvVgDe) ( L ) ( p ^ ) = 1.8 (v)^ Ib / sq ft 

The acce le ra t ion loss i s based on the equation; 

Apa = 

where v i s the wa te r veloci ty averaged between point of inlet and exit 
and v ^ is the exit velocity of the wate r . The factor 1.5 was a r b i t r a r i l y 
introduced to take c a r e of inefficiency l o s s e s in connection with the flow. 

The dr ive p r e s s u r e (or syphon dr ive p r e s s u r e ) i s es t imated as 

D = ( Ap^) (total core height) 

= (2.33) (Apt) Ib / sq ft. 

The co re height includes the 4 - in . extensions of the f rame beyond 
the fuel p la tes . 

A calculation of flow conditions for five different operation c a s e s 
i s shown in Table I. In each case an equi l ibr ium has been found where 
the total flow p r e s s u r e loss equals the syphon dr ive p r e s s u r e . 

1.95 sq ft 

0.033 ft (water gap 
= 0.2 in.) 

2.0 ft 

0.31 lb/(ft)(hr) 

42,000 

(l.5)(vw)'^ 
2g 

(Pw) = 1.24 (vw)^ Ib / sq ft 

i^iJ 



59 

Case No. 1 i s the no rma l r e a c t o r power level of 1.5 nnw obtained 
with the feedwater enter ing the c o r e channels preheated to the full s a t u r a ­
tion t e m p e r a t u r e . This means that the feedwater is introduced in the s team 
dome where it i s heated by the condensation of about 20% of the s t eam from 
the co re . The total s t eam flow at the co re exit will therefore be 6,250 Ib /h r 
while the net s t e a m production to the steana pipe is 5000 Ib /h r . 

It i s found that the ave rage modera to r density loss in the core will be 
11-1/2% of the sa tura ted water densi ty. The net e lec t r ic power output is lOOkw. 

Case No. 2 deals with the same power level but re fe rs to the condi­
tions where al l the feedwater is re tu rned to the down-going water cu r r en t 
which will be subcooled accordingly. The net boiling will occur only after the 
up-going wate r has rece ived about 20% of the reac tor energy, which is the 
ra t io of feedwater preheat to the total preheat plus vaporizat ion heat . The r e ­
c i rcula ted wate r h a s , of c o u r s e , a l r eady reached i ts sa turat ion heat before 
enter ing the downcomer a r e a . Since no s t eam is condensed in the s t eam 
dome, no excess s t eam i s produced in the co re . Therefore , all of the s t eam 
produced in the core will leave through the s t eam pipe. 

In this case the total a v e r a g e mode ra to r density loss will be only 
8.6% of liquid water densi ty. 

Case No. 3 i s again operat ion with subcooled feedwater while the 
power level i s increased to 1.8 mw, corresponding to a net e lec t r i c ou t ­
put of 125 kw. A density loss of 9.5% is found in this case . 

In Case No. 4 , the power level is inc reased to 2.0 mw in connection 
with subcooled feedwater operat ion. The density loss i s now 10.2%. 

Case No. 5 was studied in o rde r to find the power level if the Case 
No. 4 operat ion were to be changed to fully preheated feedwater. The 
equi l ibr ium condition is found at 1.2 mw, which would produce a net e lec t r ic 
power of 49 kw. Since the react iv i ty is left unchanged, the average s t eam 
void or densi ty loss is the s ame as in Case No. 4 . 

The react ivi ty l o s s e s resul t ing f rom the respect ive total average 
density l o s s e s due to s t eam voids a r e obtained di rect ly by compar ison of the 
total density l o s s e s with the reac t iv i ty curve on F ig . 13. 

F ina l ly , the r e su l t s f rom Table I a r e plotted in F ig . 14. Two se t s of 
cu rves a r e shown. One set shows the relat ion between the r eac to r power 
and the modera tor densi ty l o s s e s due to boiling in case of subcooled or sa tu­
ra ted (preheated) feedwater . The other set of curves shows the co r r e spond­
ing react ivi ty var ia t ions f rom a z e r o point which was chosen to be where the 
r eac to r produces 2 naw of power with fully subcooled operation. This is the 
s ame point a t which 1.2 mw of r e a c t o r heat can be produced with fully sa tu ­
ra ted feedwater . 

" • T r - A rc^i 
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Table I 

CASE STUDIES OF BOILING HEAT TRANSFER CHARACTERISTICS 

Net Electrical Load, kw 

Reactor Load, mw 

Net Steam Produced, Ib/hr 

Feedwater Condition 

Steam from Core, Ib/hr 

G 
from Core, lb/(sec)(ft*) 

Av Density Loss in Core 

(/^t). lb/ft' 

(^t/^w)' « 

Av Density Loss in Boiling Zone 

(/\5̂ ). lb/ft' 

Av Density in Boiling Zone 
(p^), lb/ft' 

Circulation Factor (CS^Gg), 

Total Flow Rate through Core 
(Gt/A), lb/(sec)(ft«) 

Inlet Water Velocity, fps 

Exit Steam Velocity, fps 

Exit Water Velocity, fps 

Av Water Velocity in Core, fps 

Core Friction Loss (Af), psf 

Acceleration Loss (^g), psf 

Total Pressure Loss (Ap), psf 

Syphon Drive Pressure (D), psf 

Reactivity Above Normal 
Operation (l.S mw sat.) 

Reactivity above zero if 
^ = 0 for 2-mw subcooled 
operation. 

Non-
Boiling 
(417F) 

0 

0 

0 

0 

0 

0 

3.0 

2.6 

Case 
1 

100 

1.5 

5000 

sat. -

6250 

0.89 

6.1 
11.5 

6.1 

46.9 

104 

93.5 

1.76 

5.7 

2.3 

2.03 

7.4 

6.6 

14.0 

14.2 

0 

-0.4 

Case 

2 

100 

1.5 

5000 

5000 

0.715 

4.55 

8.6 

5.7 

47.3 

113 

81 

1.53 

4.95 

2.0 

1.76 

5.6 

4.9 

10.5 

10.6 

0.82 

0.42 

Case 

3 

125 

1.8 

6000 

eiiV\/*<\^1 orl , 

6000 

0.86 

5.0 
9.5 

6.3 

46.7 

99 

86 

1.62 

5.3 

2.12 

1.86 

6.2 

5.6 

11.8 

11.7 

0.59 

0.19 

Case 

4 

125+ 

2.0 

6600 

6600 

0.95 

5.4 
10.2 

6.75 

46.25 

91 

87.5 

1.65 

5.55 

2.22 

1.93 

6.7 

6.1 

12.8 

12.6 

0.40 

0 

Case 

5 

49 

1.2 

4000 

• sat. 

5000 

0.715 

5.4 
10.2 

5.4 

47.6 

125 

90 

1.7 

5.4 

2.16 

1.93 

6.7 

5.8 

12.5 

12.6 

0.40 

0 



APPENDIX B 

REACTOR PHYSICS ANALYSIS 

INTRODUCTION 

The bas ic concept underlying the physics approach to the r eac to r 
design may be stated concisely. It is the idea of countering the negative 
reac t iv i ty coefficient of fuel consumption with the positive coefficient i n ­
he ren t in the burnup of pa ra s i t i c a b s o r b e r s of sufficiently high microscopic 
absorpt ion c r o s s section. 

To some extent the concept is common to severa l r e a c t o r s that have 
been proposed; for example: A P P R ( 4 ) u t i l izes B*" a s an adjunct of control 
by absorbing tubes . Likewise, in the Horizontal Package Reactor proposal 
( H P R ) , ( 2 / B*° was suggested as a means of reducing the over -a l l control r e ­
qu i remen t s to a level easi ly at tainable by conventional absorbing blades . In 
the p r e sen t design it i s proposed to use one or more burnable poisons to 
control al l but a re la t ive ly smal l f ract ion of the react ivi ty loss engendered 
by depletion of the fuel m a s s during r eac to r operation. In fact, when B*" 
or Hg " (e.g., Hg^" in a na tura l mix tu re of isotopes) i s used, the react ivi ty 
gain in burnup of that pa ras i t i c a b s o r b e r more than compensates the loss of 
fuel until much of the pa ra s i t e has been consumed. At this t ime the slope of 
the reac t iv i ty v e r s u s t ime curve changes sign and react ivi ty drops . 

The smal l net var ia t ion in react iv i ty i s to be compensated mechan i ­
cally, for example: by regulat ing the degree of preheating of the fluid e n t e r ­
ing the core (hereaf ter r e f e r r ed to a s "feedwater control") or by regulating 
the level of the top ref lec tor fluid ("top ref lec tor control") , or by a com­
bination of these two schemes . 

The goal of the ear ly physics effort was the design of a r eac to r which 
would opera te continuously for an in tegra l number of ye a r s at one hundred 
per cent of ra ted power. Prov is ion was to be made for twenty-five per cent 
m o r e e l ec t r i ca l po\ver, a t any t ime , for an aggregate five per cent of the core 
life. Severa l burnable poisons including Li* , H g ' " and B ' ° , acting separa te ly 
or in combination, w e r e examined. Because of i ts re la t ively low the rma l 
neutron absorpt ion c r o s s section, when associa ted with m e r c u r y or with 
boron, Li is useful in reducing the react iv i ty var ia t ion over the operating 
cycle. The pr ice to be paid, a sharply increased fuel m a s s requi rement , 
a r i s e s from the very na tu re of this utility, for a large fraction of the original 
l i thium is p re sen t at the end of the co re cycle. A s imi la r difficulty i s en­
countered when nnercury alone is used, though to a smal ler degree . F u r t h e r ­
m o r e , the re may be meta l lu rg ica l p rob lems associa ted with the d ispers ion 
of sufficient m e r c u r y in the fuel alloy, or with i ts alloying with the fuel and 
a luminum s t ruc tu ra l ma te r i a l . These a r e problems of degree ra the r than 
of kind, for with p resen t ly available techniques it may be possible to alloy 
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as much a s four pe r cent by weight of m e r c u r y in the naeat of the fuel p la te . 
For the co re s t ruc tu re designed perhaps six per cent would be requ i red for 
two yea r s of full power operat ion. 

Of c o u r s e , if the total fuel burnup could be reduced by relaxing the 
requirennent of continuous full-power operat ion, the co re life would be p r o ­
longed with a re la t ively smal l effect on the react ivi ty var ia t ion. (One dif­
ference a r i s e s from the interplay of burnup with the slow buildup of s a m a r i u m 
at the beginning of the cycle.) However, the reduction in fuel burnup is not 
di rect ly propor t ional to the reduction in average load power, s ince the a u x ­
il iary equipment power r equ i r emen t is fixed. 

As mentioned above, the idea of continuous full power operat ion was 
suggested ear ly in the study by its re la t ive s implici ty. It appea r s poss ible , 
however, to incorpora te a t l eas t a pa r t i a l adjustment of co re power to the 
power demand; this modification is d iscussed in the body of the repor t . 

FEEDWATER CONTROL 

A substant ia l p a r t of the study p r o g r a m has been devoted to inves ­
tigating the feasibil i ty of regulating automatical ly this net var ia t ion by feed-
water control alone, for al l but a very smal l fraction of the operating cycle . 
(Once the r eac to r is brought up to power with the equi l ibr ium level of xenon 
it would opera te unmanned.) 

It is es t imated that the react iv i ty var ia t ion control lable by feedwater 
preheat ing is 0.8%, possibly m o r e . 

With the l imitat ion of 0.8%, the r e su l t of theore t ica l investigation is 
that it appears feasible to cons t ruc t a r eac to r which will opera te continuously 
for at leas t one year at ful l -rated power ( l . 5 mw) plus the specified overload. 
This r eac to r u t i l izes B ' ° as a burnable poison in the fuel naeat. (There is 
no difficulty anticipated in alloying the required m a s s of this isotope with 
the other const i tuents of the mea t , even for a t h r e e - y e a r reac tor . ) 

The theory impl ies a sufficiently la rge naargin of cont ro l so that 
re la t ively la rge deviations from the calculated graph of react iv i ty v e r s u s 
t ime would s t i l l p e r m i t the s ta tement of feasibil i ty for a one-yea r r eac to r . 
Since the worth of the feedwater control is not affected strongly by the fuel 
m a s s p resen t , whereas the longer the life of the r e a c t o r at ra ted power the 
l a r g e r the react iv i ty var ia t ion, this cont ro l nnargin is considerably reduced 
for the case of longer operat ion. Thus, though the theory impl ies the p o s ­
sibility of such full power operat ion for two y e a r s , using B^°, this should be 
considered only a marg ina l possibi l i ty , a t p resen t . 

It may be poss ible to control a r eac to r over a two-year operating 
cycle by feedwater preheat ing alone, when using Hg^'' as the burnable poison. 

The Per tu rba t ion Method used to calculate the t ime-dependent 
r 

t o o C ^->'2 .*: ••: : ••: : ••. •*. .•, : .•. ••: .•: 
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react iv i ty effects in the one-yea r r eac to r may be seen (Fig. 26) to be r e a ­
sonably accu ra t e . Its extension to a two-year r eac to r , though probably less 
accu ra t e , indicates that , with the proper blending of Hg and fuel in the 
co re , continuous full power operat ion for two yea r s or more may be within 
the range of feedwater control (Fig. 25). ( A S mentioned previously, there 
is a p r i ce - perhaps two to th ree k i lograms more fuel than in the case of 
B^". Also, the re may be me ta l lu rg ica l obstacles.) 

(Details of the s inar - Pe r tu rba t ion Method, and of m o r e near ly ac­

cura te methods a r e presen ted la ter in the Appendix, under "Time-Dependent 
Reactivity Variat ion.") 

OTHER TYPES OF AUTOMATIC CONTROL 

It may be possible to control a two-year r eac to r by feedwater p r e ­
heating. And perhaps feedwater control is_ worth more than 0.8% in react ivi ty . 
However, a t l ea s t two a l te rna te nnethods of automatic control , each worth 
three per cent or m o r e , appear worthy of investigation to replace or to sup ­
plement feedwater control for unmanned operat ion. 

Calculations of reac t iv i ty var ia t ion for t h r e e - y e a r s operation a t full 
power indicate that it may be poss ible to build a t h r e e - y e a r reac tor , using 
B ' ° as a burnable poison, with a net react iv i ty variat ion of perhaps three 
per cent (Fig. 28) - hence the in te res t in an automatic control sys tem worth 
th ree to four pe r cent . 

A. Top-Reflector Control 

One scheme is that of varying the height of the ref lector fluid 
d i rec t ly above the r eac to r co re . This method has a l ready been examined 
for a s imi la r reactor;^^) for the p r e s e n t reac to r it is est imated that a 
th ree per cent reduction in react iv i ty would r e su l t from the conaplete r e ­
moval of the top ref lec tor , that i s , from the reduction of the fluid level to 
the top of the fuel e lements p rope r . At p re sen t there is insufficient ex ­
pe r imen ta l indication of r eac to r stabili ty under such operation to pe rmi t 
a f i rm claim of feasibil i ty. An encouraging resu l t from BORAX, at NRTS 
in Idaho, is that in an exper iment where the feedwater was shut off the 
r eac to r continued to produce s team until the water level dropped approxi ­
mate ly to the top of the fuel e l emen t s . The t ransi t ion from the operating 
condition was smooth. 

B . Side-Reflector Control 

A second possibi l i ty is that of varying the water level in an 
annular tank adjacent to the co re and in the ref lector . It is est imated that 
a t l eas t t h ree pe r cent in reac t iv i ty is inherent in a gap thickness of four 
inches for the type of r eac to r visual ized h e r e . It is believed that this method 

t ^'- o ^^n 1 
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also m e r i t s a m o r e detai led examination. The wa te r - l eve l control appears 
to be adequate for the purpose of controll ing the net react ivi ty var iat ion 
although the "downcomer" volume requ i rement and r e a c t o r tank d iameter 
a l so l imit the s ize of the gap and therefore i ts effectiveness. 

MATHEMATICAL MODEL 

The major aspec t of physics ana lys is for this r eac to r is the d e t e r ­
mination of the functional connection between react iv i ty var ia t ion and the 
t ime- in teg ra ted r e a c t o r heat output. The the rmal neutron flux spec t rum is 
of p r i m a r y impor tance ; ep i thermal events a r e believed to be of second o rde r 
impor tance for th is p rob lem in this r e ac to r . 

The heterogeneous boiling r eac to r with c i rcula t ion by natura l con­
vection is highly nonuniform. A detai led analys is of react iv i ty var ia t ion 
with burnup in such a r e a c t o r would depend on a knowledge of the pa t tern 
of steann void formation in the co re ; to date t he re i s l i t t le exper imenta l 
information of this type. Of course , the void pa t tern influences and is in ­
fluenced by the spat ial var ia t ion and energy spec t rum of the neutron flux, 
and therefore a l so changes with burnup. 

The p r o g r a m of design for this package r eac to r did not provide suf­
ficient t ime to a t tempt such a complex ana lys i s . Therefore , the physics 
ana lys is was simplified in s eve ra l ways. Fo r the calculat ion of react ivi ty 
var ia t ion and of fuel requirennents , two-group diffusion theory was used. 
The sca t te r ing and slowing dow^n p a r a m e t e r s in both groups were ca lcu­
lated for the core homogenized by volume averaging the conaponents. The 
vo lume-average s t eam void in the core fluid was de termined by a heat 
t r ans fe r and flow r a t e ana lys i s . Allowance was made for fuel self-shielding 
in computing the effective absorpt ion in the t h e r m a l group. 

In the operat ing r e a c t o r the ver t i ca l var ia t ion of t h e r m a l neutron 
flux is assoc ia ted with the ver t i ca l d is t r ibut ion of s t eam voids. F o r the 
Horizontal Package Reactor , a brief UNIVAC study indicated that the v e r ­
t ical accumulat ion of s t eam in fuel channels leads to a shift in the position 
of the peak flux f rom ver t i ca l center (as in a ver t ica l ly uniform core) t o ­
ward the region of higher fluid density. A reasonable extrapolat ion f rom 
this r e su l t for a s imi l a r r eac to r leads to the conclusion that the sma l l e r 
is the degree of preheat ing of the inlet feedwater , the m o r e pronounced is 
this shift in th is r e ac to r . Consequently, the max imum burnup r a t e of fuel 
and of pa ra s i t i c a b s o r b e r occu r s off ve r t i ca l center , and i t s location va r i e s 
with t ime as the s t rong neutron a b s o r b e r s a r e depleted during operat ion. 

Analogously, in the horizontal plane the re is a tendency toward f la t ­
tening of the t h e r m a l neutron flux, s ince the region of g rea t e s t heat production 
ra t e is the region of g r ea t e s t reduct ion in fluid density. 
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I t is b e l i e v e d t h a t t h e s e d e v i a t i o n s f r o m the flux p a t t e r n c a l c u l a t e d 
for the h o m o g e n i z e d c o r e do no t l ead to l a r g e e r r o r s in the homogen i zed 
c o r e a n a l y s i s of r e a c t i v i t y v a r i a t i o n . They w e r e no t t aken into a c c o u n t in 
the p r e s e n t a n a l y s i s . 

The t w o - g r o u p diffusion t h e o r y r e s u l t s a r e be l i eved to be highly i n ­
d i c a t i v e of the n a t u r e of the r e a c t i v i t y v a r i a t i o n . P r o b a b l y , though not c e r ­
t a in ly (in v i e w of the l a c k of e x p e r i n n e n t a l knowledge of s t e a m f o r m a t i o n in 
the fuel c h a n n e l s ) , m o r e a c c u r a t e q u a n t i t a t i v e r e s u l t s could be ob ta ined f r o m 
the a p p l i c a t i o n of m u l t i g r o u p s lowing down m o d e l s ( e . g . , G o e r t z e l - Se lengut ) 
to the c a l c u l a t i o n of fuel r e q u i r e m e n t and of r e a c t i v i t y v a r i a t i o n . Such s t u d i e s 
a r e l a r g e c o n s u m e r s of t i m e , even on s u c h fas t m a c h i n e s a s the UNIVAC, 
e s p e c i a l l y if the s u b t l e t i e s of t w o - d i m e n s i o n a l a n a l y s i s a r e c o n s i d e r e d . The 
f ina l w o r d , of c o u r s e , would c o m e f r o m o p e r a t i o n of a p r o t o t y p e r e a c t o r . 

The t w o - g r o u p diffusion t h e o r y e q u a t i o n s u s e d a r e the c u s t o m a r y 
o n e s . (They w e r e p r e s e n t e d , in the f o r m u s e d in th i s a n a l y s i s , in the P h y s i c s 
A p p e n d i x of the s t u d y on the H o r i z o n t a l P a c k a g e Reac tor ,v2) F o r c o n v e n i e n c e , 
t h a t p a r t of the append ix is r e p r o d u c e d be low, wi th the t y p o g r a p h i c a l e r r o r s 
c o r r e c t e d . ) 

DsV20g - 2 a g 0 s + - ^ 0 f = 0 , (2) 

w h e r e 

0f = e p i t h e r m a l , o r f a s t n e u t r o n flux ( n e u t r o n c m / c m sec) 

0s = t h e r m a l n e u t r o n flux ( n e u t r o n c m / c m sec) 

Df = f a s t diffusion coe f f i c i en t (cm) 

Dg = t h e r m a l diffusion c o e f f i c i e n t (cm) 

T = t w o - g r o u p a g e of f a s t n e u t r o n s (cm^) 

^ u e l ^ f u e l 
koQ = = s — = inf ini te m u l t i p l i c a t i o n c o n s t a n t (p£ = 1) 

^ s ( a v e r a g e n u m b e r of f i s s i on n e u t r o n s p r o d u c e d 
p e r t h e r m a l n e u t r o n a b s o r b e d in an inf ini te 
m e d i u m ) 

Z^ = a v e r a g e t h e r m a l 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 of the 
fuel (U^'^) in the r e g i o n (p robab i l i t y of a b s o r p t i o n in fuel 

p e r cna of t r a v e l of t h e r m a l 
neu t ron) 

^••G5 

• • • • 



2ĝ  = total average the rma l macroscop ic absorpt ion c r o s s section 
in the region (probability of absorption per 

cm of t rave l of t he rma l neu­
tron) 

rfxiel _ ave rage nunnber of f ission neutrons produced per t he rma l 
neutron absorpt ion in fuel. 

The coupled differential equations were solved by assuming that both the 
t h e r m a l and fast neutron fluxes satisfied the wave equation 

V20 + B ^ 0 = 0 . (3) 

The actual r eac to r core is nei ther sphere nor rec tangular p a r a l l e l ­
opiped nor r ight c i r c u l a r cyl inder . However, it is not far fronn any one of 
these g e o m e t r i e s ; for var ious a spec t s of the physics ana lyses the choice of 
geomet ry was de termined by its convenience for the calculat ion. For e x ­
ample , the ana lyses of t ime-dependent react iv i ty var ia t ion were based on 
a spher ica l c o r e ; the worth of the annular gap control method was es t imated 
for a r ight c i r cu l a r cyl inder; and the worth of the absorbing "cur t a ins" was 
calculated for an appropr ia te rec tangula r paral le lopiped, as were the c r i t i ca l 
fuel m a s s and the reac t iv i ty inaplicit in the s t eam void. The advantage of the 
sphe r i ca l model is that the fluxes a r e assumed to be functions of only one 
var iab le . This model suffers from the disadvantage that the operating core 
is not symnaetr ic ; the lack of s y m m e t r y applies to the cyl indr ical model , 
as well , although to a l e s s e r extent. The usual assumpt ion naade for the 
other two mode l s , however, is that the flux may be wri t ten a s a sum of 
products of functions of a single var iab le : 

^ ( r , z) = R(r) Z(z) 

and V'(x, y. z) = X(x) Y(y) z(z) . 

In fact, the i tera t ion p rocedure foUowed^^' yields the fluxes as single 
products 

0f(r. z) = Ri(r) Zi(z) 

0 s ( r . z) = R2(r) Z2(z) 

and 

0f(x, y, z) = X3(x) Y3(y) Z3(z) 

0s(x. y, z) = X4(x) Y4(y) Z4(z) 
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That is , the fluxes were determined by a sequence of one-dimensional c a l ­
culat ions; at each step in the sequence the reac tor core was assumed to be 
unreflected in the other d i rec t ions( these core dimensions being augmented 
by the es t imated ref lec tor savings) and the ref lector savings was determined 
for the remain ing di rec t ion. The method was used only to determine fuel 
r equ i r emen t s and the react ivi ty worth of the various control schemes , where 
no s e r ious e r r o r s r e su l t . The unpleasant a l ternat ive to these approximations 
is to solve the wave equation in two or th ree d imensions , a formidable task 
even for the high-speed computing machines available today. 

CONTROL REQUIREMENTS: STARTUP AND SHUTDOWN 

Assuming cr i t ica l i ty for the virgin r eac to r at operating t empera tu re , 
with 11.5% volume-average s t eam void in the core fluid, and with equil ibrium 
xenon and s a m a r i u m presen t , the cold vi rgin reac tor without fission products 
would be approximate ly 9 to 10% supe rc r i t i c a l (for one-year to t h r ee -yea r 
r e a c t o r s ) . 

In the co re design d iscussed in the other chapters of this repor t , s ix ­
teen (curved) blade a b s o r b e r s (clad boron or cadmium alloys) a r e included, 
dis tr ibuted in four pa ra l l e l ve r t i ca l sec t ions . The actual total spread of the 
blades is only two- th i rds of the full sect ion width. These sections were c a l ­
culated as four solid cur ta ins of ze ro th ickness t r anspa ren t to fast neutrons 
and black to t h e r m a l neu t rons . The logari thmic der ivat ive boundary condition 

0 s _ ^ 1 
0s O.YIX^^ 

was applied to the the rma l neutron flux 0s at the cu r t a ins , where \t is the 
total mean free path, in c en t ime t e r s , for the rmal neutrons in the core ; the 
choice of "+" or " - " was made so that the flux always decreased as a curtain 
was approached. The r e su l t of this calculation was that the difference in 
react iv i ty between full removal and full inser t ion of these four cur ta ins is 

Ak „ ^., 
-T-~ - 0 .22 

k 

in the cold vi rgin one-year r e ac to r . Allowing a l ibera l reduction for the fact 
that the blades do not consti tute four solid cur ta ins it is reasonable to expect 
adequate control of the cold virgin r e a c t o r . 

In an e a r l i e r design of this r e a c t o r there was no provision for con­
t ro l b lades . Control was to be obtained by the ve r t i ca l motion of a cent ra l 
bundle of fuel a s s e m b l i e s , the gap to be filled by fluid. Questions a rose as 
to what would happen, at var ious levels of fuel removal , if a sudden reac tor 
power excurs ion were to blow^ some of this fluid out of the water hole; that 
i s , since a l a rge p a r t of the control inherent to this scheme a r i s e s from the 



slowing down and absorpt ion of neutrons in the water hole, could such a d i s ­
p lacement of fluid lead to a posit ive react iv i ty coefficient? This react iv i ty 
gain would be compensated at l eas t par t ia l ly by the s imultaneous ejection 
of fluid from the cen t r a l fuel bundle itself. It is not known, however, whether 
the net change in reac t iv i ty would always be negative. Since such control 
would be needed only at s ta r tup and (possibly) at shutdown in this design, 
the ac tual r equ i r emen t s a r e probably l ess s t r ingent than for the prototype 
r eac to r where pe rsonne l t raining (and probably additional experiments) 
would be involved. If t ime pernaitted, it would be advantageous to t es t such 
fuel motion in the prototype r e a c t o r ; one advantage of this control method 
is that, once the r eac to r has been p roper ly s ta r ted , the fuel bundle would 
be in the core , leaving a min imum of water holes in the co re and thereby 
reducing fuel r e q u i r e m e n t s . 

It was es t imated that for a c o r e with forty-five fuel a s sembl i e s of 
the type discussed in this r epo r t the r emova l of a cen t r a l fuel bundle of 
nine to th i r teen a s s e m b l i e s would provide quite adequate control of the cold 
r e a c t o r . It would not be n e c e s s a r y to move a t h i r t een -as sembly bundle e n ­
t i re ly away from the remaining fuel a s s e m b l i e s . 

If such a control method were adopted it would be advisable to include 
a provis ion for ex t ra absorpt ion, e.g., the injection of a soluble poison in 
the fluid, a t the t ime of co re r ep lacement . In o rder to reduce the s ize of 
the coffin it would be preferab le a t th is t ime to have the c e n t r a l fuel bundle 
in line with the remaining fuel assenabl ies . 

METHODS OF CONTROLLING THE TIME - DEPENDENT REACTIVITY 
VARIATION 

In this sect ion a r e presented ana lyses of the th ree schemes descr ibed 
previously for control l ing the net reac t iv i ty variat ion inherent to the use of 
burnable poisons in the fuel mea t . 

A. Feedwater Control 

To de te rmine the react iv i ty control afforded by the spec t rum 
of preheat ing of the inlet feedwater , from saturat ion to 100% subcooling, 
an ana lys is was naade of the re la t ionship between Ak/k and the vo lume-
average s t eam void in the co re fluid. The calculat ion of ref lector savings 
v e r s u s s t eam void was made for a homogenized cyl indr ica l co re (of c i r cu la r 
hor izontal c r o s s section) completely surrounded by sa tura ted fluid. B e ­
cause of the low density of the fluid above the c o r e , and on the bas i s of 
UNIVAC re su l t s for the Horizontal Package Reactor , approximate ly 1.5 c e n ­
t i m e t e r s was subtracted frona the total ve r t i ca l ref lec tor savings for the 
operating r e a c t o r ( l l . 5 % s t eam void). For other pe rcen tages of s t eam void 
the total ve r t i ca l ref lec tor savings was reduced by an amount propor t ional 
to the s t eam void. The resul t ing curve of Ak/k v e r s u s s t eam void is p resen ted 

O c cy 
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as F ig . 13. It is es t imated that full power corresponds to 11.5% void with 
sa tura ted entering feedwater . This power is maintained by valving to not 
m o r e than 8.5% s t eam void in the co re fluid with 100% subcooled feedwater. 
F r o m Fig. 13 we then may obtain the r e su l t that feedwater regulation is 
worth approximate ly 0.8% in reac t iv i ty . 

( A S indicated in HPR it is believed that react ivi ty calculations 
based on volume average void a r e good approximations to react ivi ty ca lcu la ­
tions based on spat ial ly dis tr ibuted voids - at least for the virgin reac tor , 
where the effective dis t r ibut ion of the s t rong abso rbe r s is essent ia l ly uniform.) 

It is not expected that Ak/k (feedwater) would vary great ly over 
an operating cycle of one or two y e a r s . 

B. Varying the Level of the Top-Reflector Fluid 

The Ak/k a t t r ibutable to the top ref lector may be deternained 
eas i ly by calculat ing the total geomet r ic buckling, B^, for the situation where 
t he re is no top re f lec tor ; from this the re is obtained 

and 

keffective = (̂  ^ l^^B^){i + TB^) 

Ak keff - 1 

k ~ keff 

(4) 

(5) 

Having assumed a total ve r t i ca l reflector savings 1,5 cen t imete r s 
sma l l e r than that obtained for the operat ing core completely reflected by 
sa tura ted fluid, the top ref lec tor was es t imated to be worth approxinaately 
9.2 cen t ime te r s for the operating r e a c t o r with 11.5% void, and the removal 
of this top ref lec tor is es t imated to reduce the react ivi ty by 3%. It is e x ­
pected that this is an unde res t ima te of worth, for the accompanying change 
in s t eam void distr ibution probably inc reases this worth. 

C. Varying the Level of Fluid in an Annular Tank in the Reflector 

As mentioned e a r l i e r , the d iamete r of the r eac to r tank mus t 
conform to the ten- ton unit load l imitat ion. There m u s t a lso be adequate 
volume avai lable for c i rcula t ion of fluid. As a r esu l t this annular tank 
cannot be m o r e than four to six inches thick ( O D ) in the p re sen t design. 
However, it is es t imated that such a gap would be worth at leas t 3% in r e ­
activi ty for the operat ing r e a c t o r . 

The model selected for this calculation was a r ight c i rcu la r 
cyl inder with height augmented by the (operating) ref lector savings and 
with a four- inch thick annular a i r gap adjacent to the co re . The remaining 
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ref lector consis ted of a s ix- inch thick annulus of sa tura ted fluid (including 
an es t imated one- inch thickness for the s tee l wall of the tanlO. Because of 
the a i r gap the continuity conditions usually applied to the fluxes and c u r ­
ren ts a t the interface of core and ref lector mus t be modified. Ignoring 
s t r eaming effects, the boundary conditions on the fast and slow neutron 
c u r r e n t s were modified to continuity of the functions: rad ius t imes c u r r e n t . 
If the a i r gap may be considered a s the linaiting condition of m a t e r i a l d i lu­
tion, and if the solutions of the wave equation 

V20 + 6^0 = 0 

a r e applied to the dilute m a t e r i a l , the limiting conditions of constant fast 
and slow flux in the gap a r e implied, i.e , the fluxes a r e continuous a c r o s s 
the gap. 

It is believed that an unde res t ima te of the gap worth is obtained 
in this ana lys i s . 

FUEL (U"5) MASS REQUIREMENTS 

In this sect ion, ana lyses of fuel requirenaents for "one" and t h r e e -
year r e a c t o r s a r e presented together with sonae d i scuss ion of the uncer ta in t ies 
in the c r i t i ca l p a r a m e t e r s . Details of the fuel burnup a r e not included; they 
a r e to be found in the section entitled "Time-Dependent Reactivity Varia t ion." 

A. "One"—Year Reactor 

The homogeneous virgin r e a c t o r at operat ing tenaperature ( 4 1 7 F ) , 

with an 11.5% volunae-average s t eam void in the co re fluid, and with equi l ib-
riuna xenon and s a m a r i u m , is es t imated to r equ i re 5.11 k i lograms of U ^ 
for c r i t i ca l i ty . (This is based on a total co re volume of 1.9556 x 10^ cm , 
including the volunae of the control sections.) However, no allowance is in ­
cluded for the self-shielding of the fuel, for burnup of fuel during operat ion, 
for control of the fission produc t buildup (other than xenon and sanaarium), 
for the possibly higher effective neutron " t e m p e r a t u r e " in the r e a c t o r , or 
for conapensation of the burnable poison {B^°) remaining in the r eac to r at 
the end of the opera t ional cycle. Approxinaately 50% of the initial B^" is 
p re sen t at that t ime because of its l ow/0g( t )d t exposure . Table II l i s t s 
the es t imated fuel m a s s additions requ i red to control these deviations from 
the homogeneous v i rg in operating c o r e . 
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TABLE II 

" O N E " - Y E A R REACTOR: FUEL REQUIREMENTS 

Honaogeneous vi rgin reac tor 

Self-shielding of U"^ 

Fue l burnup 

F i s s ion products 

rcorresponding to 
I 1.25 ye a r s 
I of operation 

5.107 kg U"5 

0.175 kg U^'^ 

0.881 kg U"5 

0.312 kg U 
235 

235 

B^° remaining at end of cycle ( Per tu rba t ion Method] 1.65 kg U 

(Possibly) higher effective neutron " t e m p e r a t u r e " 

Es t imated total 
,10 B at beginning of cycle 

Facto r~ l .05 

8.6 kg U"^ 

9.13 granas 

SELF-SHIELDING OF U"^ 

Since the U^'^ is dis t r ibuted in a heterogeneous or "lumped" fashion 
in the c o r e , in thin plates (0.03-in. fuel meat , 0.02-in. clad on each side) 
with a 0.20-in. channel spacing, the re is some self-shielding. A factor of 
approximate ly 1.06 was applied to the t he rma l macroscopic absorption c r o s s 
section of the co re fluid because of this effect. This factor is based on a 
conabined diffusion t h e o r y - t r a n s p o r t theory modelv"/ for an infinite latt ice 
of a l ternat ing infinite s labs of fuel and of naoderator fluid. The diffusion 
theory a spec t is that the t he rma l flux in the fluid was assumed to satisfy 
the one-group diffusion equation: 

DoV20„ - 2 , ;0s + S = 0 (6) 

where S is the source of t he rma l neut rons from slowing down of fast neu­
t rons ; S is assunaed to be constant in the mode ra to r . The t r anspor t theory 
aspec t is that the flux in the fuel, 0s(y). was deternained by the integral 
condition:^ •/ 

0s (y) = dx E i d x - yl) i - ^ «3W + ^ (7) 

where 

1 , in fuel 

i(x) = ^ S ^ flu id 

fluid 
s 

, in fluid 

2 t 
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and 

Q(x) = 
0 , in fuel 

2 , in fluid 

d is tances a r e measu red in units of total mean free path, and Ei(u) is the e x -

ponential in tegral Ei(u) = / dz . (Since it has been assumed that 
z 

'u Q ( X ) = 0 in the fuel s lab, the normal iza t ion of S may be chosen so that 
Q ( X ) = 2 in the fluid.) The c r o s s sect ions used in this problem were e s ­
sential ly those for an averaged operat ing virgin one-yea r r e ac to r . It is 
expected that for the longer lived r e a c t o r s a somewhat l a rge r factor should 
be applied to the fluid thernaal neutron absorpt ion c r o s s sect ion, although 
in the p r e sen t ana lys is this same factor was used for a l l r e a c t o r s considered, 

FUEL BURNUP 

It has been assumed that the fuel burnup is de termined by the number 
of y e a r s of continuous operat ion at full ra ted power, which cor responds to 
1.5 mw produced by fissions in the c o r e . Added to this is 0.05 naw for the 
occasional e l ec t r i c a l overload requ i red . Assuming 200 mev per fission, 
one nawd r equ i r e s the fissioning of 1.0535 granas of U^^ .̂ If a l l the f issions 

^U235 
s occur red the rma l ly , and if the assunaption is made t h a t _ ĵg = 1,183, one 

^t ••s 

mwd would r e q u i r e the burnup of 1.2463 g r a m s of U 235 

An es t ima te was made of the fraction of total f issions occur r ing 
epithernaally. The ep i thermal flux, V'epi* was assumed to be given by 

where q(E) is the slowing down density and ^ is the average logari thmic 
energy decrement ; the t h e r m a l neutron flux 0 S ( E ) was assumed to be d i s ­
tr ibuted as a (nornaalized) Maxwellian 

0 S ( E ) dE = - ^ ^ e x p [ - E / k T ] dE 

with naode kT = 0.042 ev corresponding to the modera to r t e m p e r a t u r e of the 
operat ing c o r e . The denominator , ^2g(E) E, in(8) was approximated by 
2g (core; E)E^impl ic i t h e r e i s the assunaption that the energy EQ l ies above 
the f i r s t v ibra t ional level («=0.2 ev) of a proton in a water naolecule and, as 
a r e su l t , ep i the rmal sca t te r ing is by unbound pro tons , and ^ = 1. Scat ter ing 

4 u J C'^2 



by other m a t e r i a l s was ignored. The energy, EQ, a t the point of intersect ion 
was deternained by the condition that 0S(EO) = •^gpj(Eo); then q(Eo)~ ^ a g ' *^^ 
effective total macroscop ic absorpt ion c r o s s section for t he rma l neutrons 
in the homogenized core (where 2 ^ is the average with r e spec t to the 
Maxwellian dis t r ibut ion) . The total number of ep i thermal f issions was 
conaputed and the epithernaal fission contribution was est imated to be eight 
per cent of the total f iss ions. On the bas i s of the infornaation in BNL-250, \° / 
it a p p e a r s that the ra t io of fission events to absorption events in the fuel 
is l a rge r in the ep i the rmal region than in the the rma l region. Thus, the 
actual fuel burnup ra t e is somewhat lower than 1.2463 g r a m s per mwd. 
However, the assumpt ion of 200 naev per fission may be somewhat opt imist ic , 
and the r a t e of 1.2463 gm/mwd seems to be a reasonable compronaise. 

Of cou r se , a s d iscussed previously , it may be possible to operate at 
a sma l l e r average power, thus prolonging the co re life. The 1.25 ye a r s of 
continuous operat ion may then mean approximately 1.5 y e a r s at slightly r e ­
duced power. 

FISSION PRODUCTS 

In view of the continuing con t roversy about the effective neutron a b ­
sorption c r o s s section of fission products in thernaal r e a c t o r s it was decided 
to adopt what is considered to be a conservat ive es t ima te : l inear buildup of 
fission product absorpt ion at the r a t e of 80 barns per fission. 

BURNABLE POISON REMAINING AT END OF OPERATIONAL CYCLE 

Tables II and III l i s t the fuel m a s s requ i rements for the B^° r e m a i n ­
ing at the end of the cycle for the "one"-year and t h r e e - y e a r r e a c t o r s , r e ­
spectively. An interes t ing observat ion is that the t h r e e - y e a r reac to r 
r equ i r emen t is sma l l e r (in this approximation) than for the "one"-year . 
The explanation s e e m s to be s imple : 50% of the B*° burns out in "one"-year 
whereas perhaps only 30% remains after three y e a r s . At the same t ime 
only 50% m o r e B*° is requi red for the virgin t h r e e - y e a r r eac to r ; thus, perhaps 
fewer g r a m s of B^° renaain after th ree y e a r s than after one yea r . As a r e ­
sult, l ess than two ext ra k i lograms of fuel suffices to extend the reac tor 
co re life to th ree y e a r s . 

XENON AND SAMARIUM 

Because of the low power density in the r eac to r the average t he rma l 
neutron flux in the fuel is low, of the o rde r of 6 x 10*^ neutron cm/cm^ sec 
in the virgin one-yea r r eac to r . Therefore the equil ibrium concentrat ion of 
Xe^^^ is low, and a l so the re is an insignificant difference between the equi l ib­
r ium concentra t ion and the maximum level attained after complete shutdown. 
It was assumed that the total f ission yield of xenon is 0.067, of which 0.003 
is d i r ec t . The react ivi ty effect of the equi l ibr ium xenon and sanaarium is 
Ak/k ~ -0.025; Ak/k ~ -0.027 for the maximum level of xenon and s a m a r i u m 
attained after complete instantaneous shutdown of the virgin one-year r eac to r . 

« a .J J ^ .J 
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This max imum occurs four to five hours after the shutdown. Analogous r e ­
sul ts for the t h r e e - y e a r r eac to r a r e ve ry c lose to these r e s u l t s . In the 

yXe + S m 
p r e s e n t analysis it was assumed that the ^statistical; ratio—^t^^^ was 

0.0 37 for all r e a c t o r c o r e s d i scussed . This ra t io was calculated for a 

"cut-off" t h e r m a l flux var ia t ion in a ba re equivalent sphe re , the cu t ­

off being made at the boundary corresponding to the co re volume p rope r . 

Applying two-group per turbat ion theory: 

Ak / .,., . , , X 0.067 Vcore 
—j—^.equilibrium Xe) = -

^s(r) oi 
Xe 

-, Xe u. / \ „Xe _X + 0svr) g a g . 
0 s ( r )0 ! ( r ) r2d r 

1.183 „235 

/ co t e 

(9) 

TT235 r . 

-n" / ^ 0 s ( r ) 0 f (r) r M r 

where the fluxes have been normal ized to give the c o r r e c t power in the core 
itself, and 0s ( r ) , 0£ (r) a r e respec t ive ly the adjoint t h e r m a l and adjoint fast 
neutron fluxes of the two-group per turbat ion theory. Then 

^ l ^ , . *f*(o) U"5Ak 

o r 

^rTz^^^l^ilibrl^irn) = ^TT" 'H -j—(equilibrium Xe) (lO) 
^ s 0s (o) ^ 

^ C e 2 Ai. 
— T j ^ (equilibrium) = - -f^las [} + L,^B^ -j—(equilibrium Xe) . ( l l ) 

vSm 
To this was added _-TZ35 lequilibriumy = 0.011. 

^a as 

EFFECTIVE NEUTRON "TEMPERATURE" 

The t h e r m a l neutron flux spec t rum has been approximated as a 
Maxwellian dis t r ibut ion: 

'/'s(E) dE = J ^ exp [ - E / k T ] dE (12) 

i aO Lid 
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with nnode kT corresponding to the bulk fluid t empera tu re in the co re . It is 
quite likely that the actual spec t rum deviates significantly fronn this model 
in such a r eac to r . At tempts have been made to calculate this deviation for 
t he rma l r e a c t o r s modera ted by light wa te r . .In pa r t i cu la r , re ference nnay 
be made to the work of Wigner and Wilkins^ ' and to the naodifications of 
this paper by Avery and Krasner .vlO.l Ij it appears , then, that it is a r e a ­
sonable approxinnation to t r e a t the flux spectrunn as a Maxwellian d i s t r ibu ­
tion but with a mode, kT, somewhat higher than that for the bulk fluid. It 
is believed that the method of Avery and Krasne r leads, in genera l , to an 
overes t ima te of the adjusted kT for such r e a c t o r s ; an interpolation of their 
r e su l t s impl ies that the factor kT (neutron) /kT ( m o d e r a t o r ) - 1.4 for the 
operating virgin one-year r eac to r . Applying the higher kT in two-group 
calculat ions, and assuming that the ref lector savings is unchanged, it is 
es t imated that the U"^ r equ i r emen t would be increased by approximately 
5%. (The fission product absorpt ion c r o s s section was assunned to be in­
dependent of the effective neutron t empera tu r e . A slight reduction of this 
5% addition would r e su l t if the fission products were all l / v absorbers . ) 

FLUX PEAKING IN CONTROL SECTION CHANNELS 

If the s ta r tup and shutdown control is provided by control blades , 
in the operating r eac to r these blades a r e out of the core and their volume 
is replaced by fluid. There is cer ta in ly an accompanying local augmenta­
tion of the t h e r m a l neutron flux and therefore an increased loss of thernnal 
neutrons by absorpt ion in the fluid and adjacent s t ruc tu re nnaterial . This 
is believed to be a smal l effect and it was considered as being compensated 
by the other , pe s s imi s t i c , assumpt ions concerning fuel r equ i remen t s . 

COMPUTATION OF TWO-GROUP PARAMETERS: T, Df. Dg 

The two-group age, T, of fast neutrons was determined for the a lumi­
num-fluid m o d e r a t o r s in t e r m s of a vo lume-average mix ture of metal and 
water . A graph of T v e r s u s the volume ra t io of cold water to alunninum was 
constructed from a composi te of r e su l t s which appeared in ear ly Monsanto 
reports . \12)1 3,14j The ages for the var ious conditions of t empera tu re and 
s team void were calculated with an inverse second power void cor rec t ion: 

/ . i/u X ri -JN "^(metal/HzO of density l) 
n m e t a l / h o t fluid) = 1 '•—'• m- .• \z 

U - c o r e void fraction; 
The ages used in the ana lyses of this r epor t very closely correspond, 

as well, to the ages calculated in this s ame fashion but depending on the curve 
of the age de termined (essentially) experimentallyvl 5; for var ious a luminum-
water nnixtures. 
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Some work has been done on the calculat ion of l ight-water nnoderated 
r e a c t o r s by other methods (e.g. , Goertzel-Selengut and BTHZ (at K A P L ) and 
the age of light water has been investigated for finite r e a c t o r s . The KAPL 
resul tsvlO' l^ / indicate that the age for light water may be sma l l e r than that 
obtained to date by the analysis of exper imenta l data. Shaftman has been able 
to match the exper imenta l ly determined c r i t i ca l m a s s requirennents for s e v ­
e r a l ORNL reac to r s ,^1° ' whose c o r e s consisted of solutions of U^^* sal ts in 
cold (light) water and which were (light) water ref lected. In these (unpublished) 
ana lyses , two-group diffusion theory was used, and the requi red two-group 
age of the water in the co re ranged between 29.5 cm^ and 30,2 cm^. Of cou r se , 
it is quite an extrapolat ion to the age for hot mix tures of water and aluminum, 
but at leas t the re is a possibi l i ty indicated that the exper imenta l ages a r e 
l a rge r than the appropr ia te two-group age in the finite r e ac to r . However, 
even if the p roper age should be snaaller for this r eason , the heterogeneous 
s t ruc tu re of the co re implies the possibi l i ty of a slight i nc rease in the ef­
fective age. As a r e su l t the choice of age is not c lea r and the p r e sen t s e l e c ­
tion appea r s to be as reasonable as any. 

(For the ana lyses of the ORNL liquid c r i t i c a l s , the value of Df = 1.143 
was used for cold water.) The fast diffusion coefficient, Df, for a luminum-
water mix tu res was calculated from a curve based on a composi te of r e su l t s 
from the Monsanto r e p o r t s given as r e fe rences for the age, T. The computa­
tion of Df for the homogenized hot co re s is analogous to the computation of 
T except that an inverse f i r s t power void co r rec t ion is made . 

To de te rmine the the rma l diffusion coefficient, Dgi in the co re , the 

basic values of 2^^*^ (0.025 ev) = 2.0988, zf'^ (0.025 ev) = 0.084, and 
t rg trg 

2 (0.025 ev) = 1.55 were selected for room t empe ra tu r e conditions. The 

t r an spo r t c r o s s sect ions of a luminum and nickel >were assumed to be invariant 
under t e m p e r a t u r e change but, for wate r , the formula 

S « ^ V ) = E«^° (0.025 ev) ° " ' " ' 
*"•= *'= o " ( 0 . 0 2 5 e v ) 

s 

was adopted, in addition to the usual density cor rec t ion . 

There have been a t tempts to adduce co r rec t ions of [l -jLi(kT)] to 
de te rmine 

Ef^°(kT) =i"2°(kT) [1 -]l(kT)] , 
t r g s 

since the re is an effect of chemica l binding of the hydrogen and oxygen in 
the water molecules at these low ( thermal) ene rg ie s . Also, the uncer ta in ty 
in the effective kT influence Dg; in fact, the cor rec t ion to Dg because of a 

• ", . • r-t '•«• i'-
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kt (neutron)/kT (modera tor ) factor equal to 1.4 is considerably l a rge r than 
the Radkowsky cor rec t ions . (1 9/ In any event this does not appear to lead 
to se r ious u n d e r - e s t i m a t e s of the fuel r equ i remen t s . 

Table III 

THREE-YEAR REACTOR: FUEL REQUIREMENTS 

Homogeneous virgin r eac to r (including equil ibrium Xe 5.107 kg U^̂  
and Sm) 

Self-shielding of U"^ 0.175 kg U"^ 

Fue l burnup 2.12 kg U"^ 

F i s s ion Produc t s 0.75 kg U"^ 

B^° remaining a t end of cycle ( - Per tu rba t ion Method) 1.43 kg U^'^ 
r 

(possibly) higher effective neutron " t empera tu re" factor 1.055 

Es t imated total 10.1 kg U"^ 

B^° at beginning of cycle 13.03 gm 

The t ime- independent two-group paranneters a r e presented in 
Table IV. 

STABILITY; VOID COEFFICIENT; REACTOR SIZE 

The choice of nneta l - to-water ra t io in the core was governed by the 
c r i t e r ion that a t operat ing t e m p e r a t u r e s there should be no possibil i ty of a 
posit ive react ivi ty void coefficient. The choice of forty-five a s sembl ie s was 
made to keep the reac t iv i ty implici t to the operating s team void, 
Ak/k (operating —»-no s team) , a t approximately three per cent. These choices , 
and the operat ing t empe ra tu r e (41 7 F ) and p r e s s u r e (300 psi) , place the r e ­
actor in a favorable position with r ega rd to stability of operat ion, in view 
of the stable operat ion of recen t BORAX r e a c t o r s with s imi la r core c h a r ­
a c t e r i s t i c s . 

It may be poss ible to reduce the volume fraction of aluminum in the 
co re and s t i l l to achieve a negative react iv i ty void coefficient. The reduced 
m e t a l - t o - w a t e r ra t io would lead to a sma l l e r Ak/k in operating s team void 
and to a somewhat sma l l e r fuel m a s s requi rement . (However, one advantage 
in the l a rge r m a s s is that the burnup of fuel has a sma l l e r react ivi ty effect.) 
Or the r eac to r core s ize may be reduced, as well, which would r a i se the 
Ak/k in s t eam back to the p r e sen t es t imated value of approximately three 
per cent for a l l the r e a c t o r s under considerat ion. 

I '7 f rv t-^ '-^ 
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Table IV 

TIME-INDEPENDENT TWO-GROUP PARAMETERS 

(Nickel content in a l l aluminunn is l / 2 % by volume) 

Aluminum 
Volume fraction 

Hfi (density 1) 

Volume fraction 

Dg (cm) 

Df (cm) 

T (cm^) 

U"5 , 
°3Ls (barns) 

< • ( - ) 

. * ' (b) 

_Xe ,^. 
Oas (b) 

Reflector savings (cm) 

Total buckling B ^ c m - ^ 

Region net void (%) 

Cold Core 
(68F; kT 

Core 

0.356 

0.644 

0.2408 

1.225 

56 

598 

3536 

0.22 

4 . 5 

— 

8.05 

0.005502 

0 

= 0.025 ev) 

Reflector 

0 

1 

0.1588 

1.143 

33 

- -

--

--

--

- -

- -

— 

0 

Hot Core ( 

417F; 300 
kT = 0.042 

Core 

0.356 

0.547 

0.3201 

1.375 

73.8 

448 

2744 

— 

— 

2.60 X 10* 

9.66 

0.004970 

9.7 

no s team) 

psi 
ev 

Reflector 

0 

0.849 

0.2127 

1.346 

45.7 

- -

--

— 

- -

--

— 

--

15.1 

Operating Core (11,5% 

average s team void in 
fluid) 417F; 300 psi 
kT = 0.042 ev 

Core 

0.356 

0.484 

0.3603 

1.490 

90 

4 4 8 

- -

- -

— 

2.60 X 10* 

10.78 

0.004751 

16.0 

Reflector 

0 

0.849 

0.2127 

1.346 

45 7 

--

--

— 

--

— 

— 

--

15.1 

u" = 2.09 ^s 1.183 

» o O 
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TIME-DEPENDENT REACTIVITY VARIATION 

A. Introduction 

In this sect ion a r e presented detai ls of the combined reactivity 
effects of the fuel burnup, the formation of fission products , and the burnup 
of pa ras i t i c a b s o r b e r s d i spersed in the fuel mea t for severa l r e a c to r s , in­
cluding the "one" -yea r and t h r e e - y e a r r e a c t o r s descr ibed in the previous 
sect ion. 

Severa l possible burnable poisons were considered: B^°, Hg^'', 
and Li . There has been some meta l lu rg ica l investigation of alloys of U^'^, 
B^", and aluminum, and no difficulty is anticipated for the smal l B^° weight 
fractions requi red in these r e a c t o r s . The mercu ry isotope is present ly 
quite expensive and is very difficult to obtain in la rger than, pe rhaps , one-
ha l f -g ram quant i t ies , which would be completely inadequate for these r e ­
a c t o r s . Even if the isotope were available in sufficiently large quantities 
and at a great ly reduced cost , it is not ce r ta in that the p resen t technology 
could (relatively) simply incorpora te it in the fuel meat . Finally, although 
Hg*" does appear to "flatten" the react iv i ty curve of burnup, an increased 
fuel m a s s is r equ i red . 

When assoc ia ted with B^°or Hg^'', Li^can be used to reduce further 
the react iv i ty var ia t ion during reac to r operat ion. However, Li has such a 
low absorpt ion c r o s s section that a t the end of a t h r ee -yea r cycle approximately 
75% would r ema in . Therefore a substant ia l increase in virgin fuel m a s s would 
be required - m o r e than use of Li w a r r a n t s , in the opinion of the wr i t e r , un­
l e s s there should be an urgent need for a sl ight reduction in react ivi ty v a r i a ­
tion for lack of adequate automatic control . 

B. Pe r tu rba t ion Methods 

Usually, initial and t e rmina l react ivi ty conditions a r e se t and 
an a t tempt is made to obtain that uniform combination of fuel m a s s and 
poison m a s s which sat isf ies these condit ions. If a single burnable poison 
is used, one condition deternmines the ra t io of macroscopic absorption 
c r o s s sect ions of the poison and fuel; the other condition then fixes the a b ­
solute m a s s e s of these two m a t e r i a l s . In genera l , it is a very difficult 
p rob lem to analyze the complicated interact ion effects of the burnup, of 
the flux per turba t ion caused by the control schenne (e.g., motion of absorbing 
blades , regulat ion of feedwater preheat ing , var iat ion of top-ref lector level) 
which deals with the net react ivi ty var ia t ion , and of the t ime-dependent 
behavior of fission product poisoning. The method suggested he re is to 
calculate the r e a l and adjoint neutron fluxes of the two-group diffusion theory 
in a model of the operating virgin r e a c t o r and then to apply the two-group 
per turba t ion theory. 
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1. - Perturbation Method 
r 

For the sake of simplicity, a bare-equivalent sphere of 
radius R was selected as the model of the (almost spherical) reactor. The 
sphere was chosen so that its geometric buckling was equal to the total 
buckling of the reflected, homogenized, operating virgin, forty-five assembly 
reactor without control sections. A concentric subsphere was selected of 
radius TQ equal to the total radius minus the operating reflector savings 
calculated for the homogenized reactor; this was labeled the "core." In 
such a model all the real and adjoint neutron fluxes are proportional to the 
function sin ar /r , vvhere a = 7T/R, and it is easy to apply the perturbation 
theory to the analysis of reactivity effects of burnup in the core itself. (The 
flux in the core is then the so-called "cut-off" sinar/r.) For convenience 
of calculation the real thermal neutron flux was normalized to give the cor­
rect power in the core for some estimated fuel mass. It was then assumed 
that this flux shape persisted for the life of the core, and, in fact, the actual 
burnup calculations were made with the assumption that the magnitude of the 
flux also was time-independent. (The latter assumption is solely for sim­
plification of the calculation procedure. Having determined the fuel mass 
requirement, it is very easy to adjust the time scale to conform to actual 
power requirements. For this reason the so-called "one"-year reactor 
actually lasts for another quarter-year, since the "one"-year designation 
applies to the model reactor with a 20% smaller fuel mass.) Having esti­
mated the fraction of fuel and of burnable poison remaining at position r 
in the reactor after one-quarter year of "exponential burnup" in this flux, it 
is easy to square these fractions and thus to obtain the fractions remaining 
at position r after one-half year of exposure, and so on. Applying the statistical 
analysis of the perturbation theory to these results, only a few simple algebraic 
operations are required to determine the uniformly distributed virgin masses 
of fuel and burnable poison which meet the pre-set reactivity conditions. The 
method is easily generalized to more than one type of fuel and to more than 
one burnable poison. Of course, in general, uniqueness of the solutions re­
quires as many reactivity conditions as there are nmaterials which burn up 
or are produced as a result of burnup. For the present analysis it was as­
sumed that the fission product absorption was directly proportional to the 
total number of fissions, and a cross section of 80 barns per fission was 
applied; hence, the fission products did not constitute "additional materials 
in this analysis, and only two conditions were necessary for the case of only 
one fuel (u"^) and only one burnable poison. It was also assumed that 

Eĝ  (equilibrium) 

_ U"5 
2 

was not altered during operation. 
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F o r this spher ica l model the perturbat ion analysis leads 
to the formula (with B^° as the single burnable poison): 

A k / n 
j ^ ( - f y e a r s ) = 

sin a r dr 

S ^ (r,o) 
—^ 
- U^" r ^ Z ( r , o ) 

/ ^ - B ' " , s inarN 
1 - e x p ( ^ - n t o a ^ ^ ^ - T ~ ~ > s i n a r d r 

, ., _ U " * ^ s i n a r N ' 
1 - e x p ( - nto a A j 

H i 3) 
s i n ' a r dr 

with 

F = ^ 
,U 

.* / >. / -Xe + Sm - U " 5 _ f . p . 
235 0^ Vo) /2a^ Sf aa^ 

0* (o) _ U 235 • Tj235 y 2 3 5 

£ 

where a = 80 x lO"^"* cm is the fission product absorption c r o s s section, 
a.g 

io = 0,7884 X 10 seconds (=0.25 yea r s ) , 0s\^) ~ -^ ^s the power-

0 ; ( r ) w 
normal ized t h e r m a l neutron flux, in the virgin core and —— 

2 T J 2 
0 ( r ) 1 + L-'B 

is constant in the bare (equivalent) sphere . 
110 

The "remainder fraction,"Rj (r, —) ,of B^" after n quarter-

y e a r s of exposure is given by: 

B'°/ n 
^1 v^»P - exp l -n toQ A 

_ B 10 
s inar 

,10 , ^ _ B " , s inar 
exp I - to a A 

n 

(14) 

r235 

is defined: 

T T £ J 3 _ 

Simi lar ly , the " remainder fraction," Rj (r,—), of U^'^ 

„U"^/ n. / ^ _U"5 ^ s inar 
Ri (^'4) = exp f -n ib a^ A ^ ^ — 

(15) 

• ••• • » • •• •• • • • • • • « 
• • • • • • • • • • • • • • • 

• • • • ••• • • • • • • 
• « • i ''J *.̂  C S l 
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Using equations (l4) and ( l5) , equation (l3) may be replaced 
by the nnore compact equation: 

Ak 
k 

( - iyears) = 
2J5 P'^C x n%tr dr 

sin'ar dr 

* / = X e + Sm ?:U"'_f.p.N 
* . / ^ a . ^f. <'a: 

n - - •TOT 
2 . a . 

1̂1 - R, (r, -) sin ar dr 

J 

(16) 

If, as in the p r e s e n t ana lyses , keff (o) = c (constant) is 
des i red , the re la t ionship 

keff(o) = (j ^ L2 (O)B2) ( I + TB') 

implies the l inear relat ion 

- U 235 
(O) = 

[' DsB2 +Z — mod. 
* < 

10 
(o) 

keff Q 
7]U235 

1 + TB^ 
— Xe + Sm/ X 
Z ,_ (o) 

1 + 
su 

235 
(o) 

(17) 

_gio _u^'* 
The second linkage of 2 (o) and 2 (o) is obtained by sett ing 

Ak / N \ , X ' ' s '^s 
(-—years 1 = d Vconstant; a t the des i red N q u a r t e r s . 

Then—j-(-J years ) may be determined for j = 1,2,3, , 
N- I to yield the curve of react iv i ty v e r s u s t ime of operat ion. (Of course , 
as mentioned e a r l i e r , "N q u a r t e r s " may actually cor respond to a different 
t ime because of the assumption of the constant flux of preass igned n o r ­
malization.) 

It is emphasized that the "per turbat ion method" is only an 
approximation to the actual si tuation. F u r t h e r m o r e , the assumpt ion of a 

cut-off t h e r m a l neutron flux in the co re ignores the flux peaking near 

the co re - r e f l e c to r interface and therefore appears to lead to an u n d e r e s t i ­
ma te of a b s o r b e r burnout near that in terface. As a r e su l t , the maximum 
react ivi ty gain during burnup is underes t imated . The "per turbat ion-burnout" 

P K9 



83 

r e a c t i v i t y c u r v e is r e l a t i v e l y c l o s e to the r e s u l t s of a m u l t i - r e g i o n t w o -

g r o u p t h e o r y AVIDAC c a l c u l a t i o n for a ' ' o n e " - y e a r r e a c t o r (F ig . 26). 

H o w e v e r , an AVIDAC c a l c u l a t i o n of a t h r e e - y e a r r e a c t o r y i e lded a r e ­

ac t i v i t y c u r v e which w a s no t w e l l a p p r o x i m a t e d by the - P e r t u r b a t i o n 
r 

Method ( F i g . 28). (Note : In the f i g u r e s , the t e r m " p e r t u r b a t i o n . - b u r n o u t " 
d e n o t e s the a p p r o x i m a t i o n nnethod d e s c r i b e d above. ) 

2. V i r g i n F l u x - P e r t u r b a t i o n Method 

F o r s p h e r i c a l g e o m e t r y , the c o r r e c t t w o - g r o u p p e r t u r b a ­
t ion t h e o r y for Ak /k i s : 

k ( T ^ " " ) = J<l>* (r, VIRGIN) *s (i'.4-j r' dr 

j [ ' - ^ " " V ^ f l l **(r, VIRGIN)*, (r,^)r^ir 
core L J 

(18) 

w h e r e 

0 ( r , V I R G I N ) is the ad jo in t f a s t n e u t r o n flux in the r e f l ec t ed 
o p e r a t i n g v i r g i n c o r e , 

0 ( r , V I R G I N ) is the ad jo in t t h e r m a l n e u t r o n flux in the r e f l ec t ed 
o p e r a t i n g v i r g i n c o r e , 

0 g ( r , —) is the r e a l , p o w e r - n o r m a l i z e d , t h e r m a l n e u t r o n flux in 
the r e f l e c t e d o p e r a t i n g c o r e a f t e r n / 4 y e a r s of o p e r a t i o n . 

a = 
r] U I I T 

_ X e + S m 
Z 

a c 
1 + - 7 ^ 

(-f) <r̂ ^ 
235 

TTf.JP T T 2 3 5 T T 2 3 5 

Z ( r , V I R G I N ) a Z 
•^s ^ s 

—B °̂ 
1 2a (r, V I R G I N ) 

^ ~ ZaT235 TT235 
"^^ 2 " ( r , VIRGIN) 

U 235 

R (r , —) = exp 
ro.7884 X lO'n _U235 

0s(r, t) a dt 
^s 

n > 0 (1'9) 

http://TTf.JP
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B 10 
„±3 / n\ 
R U , 7; = exp - / 

0.7884 X lO'n 
_ B 10 

0 c ( r , t ) a dt , n ^ 0 (20) 

s in r 
In the Per tu rba t ion Method the following substitutions 

were made in equation ( l8) : 

r ep lace with 

0*(r, V I R G I N ) 

0* (r, VIRGIN) 

0s ( r , - | ) [equation (is)] 

and 

0s{r,t) [equations (l9). (ZO)] 

V Xe + Sm / ns 

T T Z 3 5 

2 " (r . VIRGIN) 
^s 

~ (.4) 
0*(o. VIRGIN) . s s inar 

0*{o, VIRGIN) ^ 

0s (r, V I R G I N ) 

/ ^as* ^™ (VIRGIN equi l ibr lum)\ 

0.037 - a v e r a g e 235 1 
y 2 ^ (r . VIRGIN) y 

and the t ime sca le was adjusted subsequently to correspond to the actual 
burnup after *'n/4 y e a r s . " 

The Virgin F lux-Pe r tu rba t ion Method cons is t s of the fol­
lowing table of substi tut ions (in equations ( l8) , ( l9) , (20)): 

rep lace with 

* s ( r ' f ) [equation (l8)] 

- X e + Sm / n,. 
2as ( - .7) 

Tj235 

E (r, VIRGIN) 
^s 

0s(r, V I R G I N ) (power-normalized) 

0.037 

T ^ ' ' ' 
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and r e p l a c e e q u a t i o n s ( l 9 ) , (20) by the r e c u r s i o n f o r m u l a s : 

1. n = 0 
TT235 

R 
U 235 

7 ^-^\ \T> —T-; e x p 
= 1 TT235 

- ' ^ s ( r . - 7 ^ ) a X 0 . 7 8 8 4 x 1 0 ' 
4 ag 

. n>0 

(190 

g l O j^ 

2̂ ( r , T ) = • 

1, n = 0 

R? 
10 n - K ( r , — - ) exp -M n 1 —B^° 

r , —r) o X 0.7884 x lO ' 
4 ag 

, n>0 

(20-) 

w h e r e 0 g ( r , - - ) h a s b e e n n o r m a l i z e d to g ive the c o r r e c t p o w e r in the c o r e 

whi le nnain ta in ing t h e s h a p e of 

^ s ^ r . o ) E ? s ( r . VIRGIN) . 

the p o w e r - n o r n n a l i z e d t h e r m a l n e u t r o n flux in the v i r g i n o p e r a t i n g c o r e . 

The V i r g i n F l u x - P e r t u r b a t i o n Method w a s app l ied to the 
a n a l y s i s of r e a c t i v i t y v a r i a t i o n in the " o n e " - y e a r r e a c t o r ; the r e s u l t s a r e 
p r e s e n t e d in F i g . 26 . It a p p e a r s to be a n i m p r o v e m e n t o v e r the 

'- - P e r t u r b a t i o n M e t h o d . (The a p p l i c a t i o n of th i s m e t h o d of a n a l y s i s 

to the t h r e e - y e a r r e a c t o r h a s no t y e t b e e n c o m p l e t e d . ) 

A s m e n t i o n e d p r e v i o u s l y , the p e r t u r b a t i o n - b u r n o u t m e t h o d s 
y ie ld r e s u l t s w h i c h a r e in good a g r e e m e n t wi th t h o s e ob ta ined on the AVIDAC 
for the " o n e " - y e a r r e a c t o r . H o w e v e r , the AVIDAC " o n e " - y e a r p r o b l e m did 
no t inc lude t h e de l ayed effect of s a m a r i u m . F i g u r e 24 p r e s e n t s r e s u l t s of the 

s inr^ r 
a p p l i c a t i o n of the - P e r t u r b a t i o n Method to " o n e " - y e a r r e a c t o r s w h e r e i n 

r 
the d e l a y e d ef fec t h a s b e e n c o n s i d e r e d . The r e a c t i v i t y v a r i a t i o n m a y be o b ­
s e r v e d to be conf ined wi th in n a r r o w l i m i t s . 

C. R e a c t i v i t y E f fec t s of Bu i ldup of Xenon and S a m a r i u m to E q u i l i b ­
r i u m C o n c e n t r a t i o n s 

A s a c o m p r o m i s e b e t w e e n r e d u c i n g fuel m a s s and r e d u c i n g r e ­
a c t i v i t y v a r i a t i o n i t is u s u a l l y c o n s i d e r e d d e s i r a b l e to have kgff = 1 a t bo th 
e n d s of the o p e r a t i n g c y c l e . H o w e v e r , b e c a u s e of the low t h e r m a l n e u t r o n 
flux in the fuel , the s a m a r i u m bu i ld s up v e r y s lowly , and th i s t i m e - d e p e n d e n t 
r e a c t i v i t y ef fect m u s t be t a k e n into a c c o u n t in the a n a l y s i s of n e t r e a c t i v i t y 
v a r i a t i o n . In F i g . 23 the A k / k i n h e r e n t to the bui ldup of xenon and s a m a r i u m 

^)0 
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in the "one"-year r eac to r is p resen ted , based on a slightly sma l l e r equi l ib­
r ium value than the r e s u l t of a s ta t i s t ica l , or per turbat ion, ana lys i s ; the 

buildups were calculated for a vo lume-average flux of 6.1 x 10^^ 5 
Ak '^"^ ^^^ 

in the fuel whereas the equilibrium—j— (Xe + Snn) = -0.025 was computed for 
the spatially varying the rma l neutron flux. However, the equi l ibr ium 
-J— (Sm) = -0.0075 is c o r r e c t for this r e a c t o r , since the equi l ibr ium con­
centra t ion of s a m a r i u m is (essentially) independent of the flux level. The 
condition kgff(o) = -0.0075 was selected in every case but for the a l ready 
initiated AVIDAC calculation of the one"-year r eac to r , for in the p e r t u r b a ­
tion ana lyses it was assumed that equi l ibr ium concentra t ions of xenon and 

^4' 
/XN\ 

s a m a r i u m were p r e sen t in al l t imes ; the t e rmina l condition kgffv—j = 0 was 
retained. 

In calculating the buildup of xenon and s a m a r i u m to equil ibrium levels 
it was assumed that the the rmal flux is a step-function of t ime - - ze ro up 

to t ime z e r o , and 6.1 x 10^^ 5 for t = 0. The resul t ing equations a r e : 
cm sec 

^Xe, .^ ^U"5 
s K:it)\ A k / V A k / . ., . ,,. \ °̂ s 

— [Xe; t) - — Uqui l ibr ium Xe; = 235 - 1 + L 'B 2xi2 (21) 

and 

s?;(t) 

a s 

0.067 s as 
1-183 xXe.,0^aJe 

1 - e x p ( - ^ ^ X - + 03 0^^^ t ) (22) 

Xe 0„cr-
0.064 ^ ^s 
1.183 . X e ^ TTT^^e ^I 

exp ( - ,Xe —-Xe 
^ + *s^as 

tj- exp (-X t) 

and 

A k Ak 
, (Sm; t) — r - (equil ibrium Sm) = 

* 0 6 

(t) 

as 

r. 8G 

0.013 
1.183 xPrn -*s^a 

Sm 
X P m 

V S m —TTZ35 

1 

s 

exp -*s^as *_ -<^sir-P 

(23) 

x P - t (24) 



Figure 23 is based on these equations, with the p a r a m e t e r s : 

X^e ^ 2.09 X l O ' V s e c 

X^ = 2.87 X l O - y s e c 

^ P m ^ 4 J 0 X l O - y s e c 

0sC7 = 1.586 X 10"^ abso rp t i ons / s ec 
^s 

0sCr = 3.633 x 10" ' abso rp t ions / sec 
^s 

Of c o u r s e , the actual buildup of s amar ium depends on the flux. Hence, 
it is different for the longer lived r e a c t o r s , where the fuel m a s s is l a rge r . 
This was not considered in the p r e s e n t ana lyses , (The l a rge r is the virgin 
fuel m a s s the s m a l l e r is the average flux and the slower is the buildup to 
equi l ibr ium samar ium. ) 

D. Machine ( A V I D A C ) Analysis of Reactivity Variat ion in Reflected 
Spher ica l Reac to r s 

An AVIDAC code is avai lable for two-group diffusion theory c a l ­
culat ions of mu l t i - r eg ion , spher ical ly symmet r i c r e a c t o r s . Therefore, it was 
poss ible to invest igate in m o r e detai l the react ivi ty var ia t ion and the variat ion 
of the the rma l neutron flux during r eac to r operation. 

The AVIDAC-burnout method consis ts of the following: 

(1) On the AVIDAC, compute the the rmal neutron flux shape 
(/)s(r, l) for the vi rgin r eac to r (assumed to be a reflected 
sphere) and de te rmine Ak/k; 

(2) Normal ize this flux (getting ^g ( r , l)) so as to provide the 
des i red fission r a t e in the core ; 

^ 2 3 5 

(3) Compute the " remainder f rac t ions ," R3 (r , tj) and 
glO 

R3 (r , tj), of the fuel and burnable poison (e.g. , B^") at 
r ad ia l posit ion r after exposure to flux 0g (r , l) for t ime 
ti - - "exponential burnup" in constant flux; 

(4) Volume-average the r ema inde r fractions within each core 
region of the AVIDAC part i t ion of the r eac to r core ; from 
the U^'^ burnout fraction up to t ime t i , the fission product 
buildup in each core region is computed; 



(5) Assign the new dis t r ibut ions of U"^, B*°, and fission products 
in the co re reg ions , in t e r m s of the volume-averaged r e -
nnainder f ract ions . 

At this point a second AVIDAC connputation is made for the fluxes 
and the Ak/k of the r eac to r , and s teps (2) through (5) a r e repeated; — and so 
on. 

The c r i t e r i on for te rminat ing the i terat ion p r o c e s s of the AVIDAC 
is the reproduct ion of the integrated fission source in each core region to 
within a specified e r r o r , i .e . , reproduct ion of the Ak/k to within a specified 
e r r o r . At the p r e s e n t t ime , s teps (2) through (4) a r e per formed by hand; if 
many such burnup p rob lems should be des i red it would be poss ible , and p r e ­
fe rab le , to incorpora te additional machine rout ines . It is not n e c e s s a r y to 
begin with a uniform distr ibut ion of m a t e r i a l s in the r eac to r ; this spher ica l 
model r e q u i r e s uniformity only within each (spherically) annular region. 

The computations for the r ema inde r fractions may be sunamarized 
by the following r ecu r s ion formula: (o ^ r ^ ^core^ 

r 
R3^(r.k) = J 

1, k = 1 

M 
R3 (r , k - l ) exp _ M - 0 s ( r , k - l ) o tk_i k ^ 2 , (25) 

where 

0s (r,j) is the t h e r m a l neutron flux computed by the AVIDAC for the 
j - t h p rob lem, normal ized to yield the c o r r e c t fission r a t e in the c o r e ; 

M r e p r e s e n t s the m a t e r i a l in question (e.g. , U^̂ ^ or B^°) ; 

—M 
a is the t h e r m a l microscopic absorpt ion c r o s s sect ion of m a t e r i a l 

M; and t̂  is the durat ion, in seconds , of the j - t h burnout interval (j ^ l ) . 

Denoting the v i rg in density (atoms/cm^) of m a t e r i a l M in co re 
region i by N*^ ( i , l ) , the vo lume-averaged remainder fraction in region 
i for the k- th AVIDAC prob lem is given by: 

N^^(i.k) 3 
N M ( ^ . l ) = r j - r | _ ^ region .g 

' 0 . j = 0 

r^ R ^ (r,k) dr (26) 

where r- = -
outer radius region of -2, j = ^> 0. 

Of c o u r s e , equations (25) and (26) a r e applied only when m a t e r i a l 
M is p r e sen t in the region. 

088 
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In accordance with the assumpt ion that the fission product a b ­
sorption c r o s s section is d i rec t ly propor t ional to the number of f issions. 

;^f-P-
r235 

2^-^-(i .k) = - ^ N ^ ' (^,1) 
1.183 

.U 235 

, N " (i.k) 
i - TT235 

N ^ (^.1) 
(27) 

The "AVIDAC-burnout" method was applied to two r eac to r s (four 
co re reg ions , two ref lector regions in each case) : 

I . "One" -Year Reactor ( l . 5 mw) (Figs . 26, 27) 

Ak 
(o) = 0 , with equi l ibr ium Xe and Sm. 

2 ^ ( i . l ) = 0.045662 
^s 

_ T j l O 

2 U,l) = 0.006270 

U = 1,2.3.4) 

{£ = 1,2,3,4) 

(The virgin fuel m a s s in this spher ica l ftnodel is 7.08 kg, uncorrected for 
possibly higher neutron kT.) 

2. Th ree -Yea r Reactor ( l . 55 mw) (Figs . 28, 29) 

(—(O) = -0.0075, with equi l ibr ium Xe and Smj 

_ T T 2 3 5 

Z ( i , l ) = 0.057130 U = 1,2,3.4) 
^s 

_-plO 
2 (^,l) = 0.011800 

^s 
ii = 1.2.3,4) 

(The virgin fuel m a s s in this sphe r i ca l model is 8,86 kg, uncorrected for 
possibly higher kT.) 

The resul t ing react iv i ty cu rves a r e expected to be qualitatively 
c o r r e c t ; because of the incorect assunnptions of spher ica l synnmetry and of 

T̂  ^ , - m o d e r a t o r ., . , .-, , ^ 
the co re p a r a m e t e r s Df, T, Dg, and Z , it is not possible to a s c r i b e 

a g 
quanti tat ive exac tnes s . However, t he re is a l ibera l marg in of control s t i l l 
avai lable for the feedwater control of the "one"-year r eac to r . For the longer 
lived r e a c t o r , it s e e m s probable that an additional automatic control worth 
three per cent or m o r e would suffice. 

* ••• • • • •• • • • • • • • • • • • • 
• • • • • • • • • • • • • • « • • 
* • • • ••• • • • • • • • • * • • • • • • • « • • • • • • • • . • • • • 

i - ' O 
o, .o r 
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It should be noted that the volume of the co re in this spher ica l 
nnodel is approximately ten per cent l e s s than the volume of the r eac to r co re 
containing the four control sec t ions . 

NOTE: Equations (l3) and (l8) yield the change in Ak/k from 
the " e x c e s s " reac t iv i ty , [Ak/k] (o), for the virgin r eac to r , 
a s suming constant equi l ibr ium levels for xenon and 
s a m a r i u m . The [Ak/k] (n/r years ) so computed were 
adjusted, to obtain [Ak/k] (n/4 years) for the r eac to r , 
by subtract ing [AV'k] (o); these r e su l t s a r e presented in 
the f igures . 

E . Reactivi ty Varia t ion for Burnup in Volume-Average Flux 

A third method for es t imat ing react ivi ty var ia t ion is to burn up 
the fuel and poison exponentially in a (spatially) constant flux which is a d ­
justed per iodica l ly so as to approximate the increased flux r equ i remen t a s 
fuel is depleted. Knowing the co re volume, the power r equ i remen t , and the 
spat ia l ly constant fuel densi ty in the v i rg in r eac to r , a vo lume-ave rage flux, 
0 S ( V I R G I N ) , may be o b t a ^ e d . 

The r ema inde r fraction of m a t e r i a l M after t ime t j , R ^ ( t i ) , is 

R^( t i ) = exp 
M 

- 0s(VIRGIN) a ti (28) 

In genera l , the following r ecu r s ion formula is obtained: 

fl. k = 0 
R^( tk ) 

R ^ ( t k . i ) exp - 0 s ( t k . i ) a f (tk - tk_i) , k > 0 (29) 

where 

0S(VIRGIN) 
*«^V= RM(tj) ' J ^ O 

Assuming that the total buckling, B^, is constant , the react iv i ty 
may be obtained (e .g. , using U^^^ and B^°) a s : 

Ak , s keff(tk) - keff(VIRGIN) 

where 

^««^*k^ = (l + L^(tk) B^) (l + TB^) ' 

f A' r^ "v- ro 
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and 

U 235 rrU 235 

kjtk] =-
n C (t.) 

1 + -:r::m 
,U' 

(tk) 

„ U " ^ ' \ -mod _B^"/ V - i ,p . / \ 
S Uk) + 2 + 2 (tk) + 2 ^ (tk) 

(30) 

with the c r o s s sect ions de termined in the obvious manner . 

Table V l i s t s the "one" -yea r r eac to r U"^ and B^° remainder 
fractions computed by volume-averaging the AVIDAC regional remainder 
f rac t ions , and a l so as calculated by exponential burnup in the periodically 
adjusted vo lume-average flux. Although the corresponding fractions a r e 
near ly identical , the spat ial var ia t ion of the remainder fractions apparently 
yields a significant difference in the corresponding curves of react ivi ty 
var ia t ion . 

• J , j O (J 



Table V 

VOLUME-AVERAGE REMAINDER FRACTIONS OF B ô AND U '̂ 
FOR THE "ONE"-YEAR REACTOR 

Boronio 

Time 
(year) 

0 

0.25 

0.50 

0.75 

1,00 

AVIDAC 

1 

0.8641 

0.7446 

0.6399 

0,5477 

Burnup by Volume-Average Flux 

1 

0.8628 

0.7418 

0.6353 

0.5420 

Uranium^^^ 

0 

0.25 

0.50 

0.75 

1.00 

1 

0.9764 

0.9528 

0.9292 

0.9054 

1 

0.9762 

0.9524 

0.9286 

0.9048 

Difference 

0 

0.0013 

0.0028 

0.0046 

0.0057 

0 

0.0002 

0.0004 

0.0006 

0.0006 
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APPENDIX C 

RADIOACTIVE RADIATION HEALTH HAZARDS 

STATEMENT OF THE PROBLEM 

Determine the radioact ive radiat ion health hazards associated with 
the operat ion, routine serv ic ing , and periodic core replacement or main te ­
nance of this r e a c t o r sys t em. 

SUMMARY AND CONCLUSIONS 

The radioact ive radia t ions that a r e associa ted with this reac to r s y s ­
t e m can be cons idered in th ree separa te s tages because of the differences in 
intensity and differences in decay r a t e s of the var ious activated i so topes . 
These s tages a r e : 

1. N'^ and N " activity f rom i r r ad ia t ed H2O. 

2. Activation of c o r r o s i o n - e r o s i o n products . 

3 . Release of fission products from defective fuel e lements . 

During normal operat ion the activated isotopes that will generate 
the g rea te s t amount of radiat ion will be the O^̂  (n,p) N^^ that r e l ea se s a 
7 -mev gamma but with the shor t half-life of 7.35 seconds, and the O^̂  (n,p) 
N^' that r e l e a s e s a 1-mev neutron with a shor te r half-life of 4.14 seconds. 
The calculat ions indicate that none of the water or s team piping will requi re 
shielding to p ro tec t pe rsonne l f rom these pa r t i cu la r radia t ions , although a 
distance of two feet should be naaintained from all pipes for personnel ex­
posed for s eve ra l h o u r s . However, this can best be determined by radiation 
measurennents taken during the t imes of exposure . The hot well and the ion 
exchangers will rad ia te a much g r e a t e r amount than the pipes because of 
the g r e a t e r quantity of water contained, and a distance of 10 ft should be safe 
for long exposu res . F o r shor t per iods of t ime , men can approach these con­
t a ine r s for any n e c e s s a r y inspections or servic ing; however, radiation m e a s ­
u r e m e n t s should be made at each location. 

When consider ing s ta tes (2) and (3), in which normal co r ros ion -
eros ion products f rom the m a t e r i a l s of construct ion of th is sys t em a re i r ­
radiated and collected in the ion exchangers or in places of low velocity 
such as the hot wel ls , plus the collect ion of fission products from the failure 
of fuel e l emen t s , some sor t of t empora ry shielding or remote approach 
should be made available for these collection points . 

The evaluation of the c o r r o s i o n - e r o s i o n activity for the BER Cooling 
Water by Grotenhuis of ANL can be applied d i rec t ly to th is r eac to r because 
of thei r s imi la r i ty and is summar ized as follows: 

t <J o 093 
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" F r o m this study it appea r s that no shielding is n e c e s s a r y for the 
crud activity in the cooling water under the specified condit ions. It may be 
well to point out the conditions which may chajige, or be too r e s t r i c t i ve : 

a. The by-pass fi l ter is assunned to be 100% effective. 

b . The crud does not get an opportunity to cycle through the 
r e a c t o r m o r e than once. 

c . The entra inment factor i s assumed to be 10"^ or l e s s . 

"The activity due to a total accumulation of crud at some point in the 
sys t em may be t r ea ted as though it were a point source and converted to 
m r / h r at 3 ft. Although this is not r e a l i s t i c , it i s a quantitative way of in ­
dicating the max imum value of the activity that may col lec t . The activity 
thus calcula ted amounts to 0.2 m r / h r which would indicate that the re is no 
prob lem in shielding the accumulated crud, again, subject to the conditions 
l is ted previous ly ." 

The BER sys tem is about 12 t i m e s l a r g e r than that of the APPR^ ' 
(Army Package Power Reactor) in both heat power and in H2O flow, and the 
above quotation covering the c o r r o s i o n - e r o s i o n products for the BER should 
be a good indication that based on the same sys tem conditions of ion exchange 
effectiveness, this r e a c t o r will contain very l i t t le radiat ion from these p rod­
uc t s . 

The amount of fission products that may be re leased to the water 
sys t em by fai lure of fuel e lements is more a ma t te r of probabil i ty that can 
only be de te rmined by actual exper ience . The amount of fission products 
genera ted by fission is roughly one g r a m per megawatt day of operat ion, but 
any at tempt to de te rmine the amount re leased to the water sys t em would be 
very a r b i t r a r y . Ra ther , a safe approach in the design of the plant layout 
would be to include two or m o r e ion exchange tanks in pa ra l l e l and located 
in isolated pi ts or ce l l s to allow a l t e rna te use and recharg ing . 

Discuss ions with Dr . H. G. Swope of the ANL Waste Disposal Faci l i ty 
indicates that ion exchange r e s i n s a r e very effective for cleanup of dissolved 
or colloidal f ission products and that the "loaded" r e s i n s may be the most 
efficient way of handling and disposing of hot waste m a t e r i a l s . Should a fuel 
e lement b r eak up into l a r g e r than colloidal p a r t i c l e s , the par t i c les would 
possibly be lodged in the f i l t e r s , in the bottom of the hot well, in the bottom 
of the reac tor ves se l , o r in the r e c e s s e s of the turbine cas ing . In this event, 
the mos t se r ious health hazard would be f rom contamination during the t imes 
of maintenance of these var ious p ieces of equipment. 

4 o o 
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CALCULATIONS 

Amount of H2O in the System (Use 4,500 lb) 

3. 

4. 

1, Reactor Tank 

2. 10" Steam Line x 10' 

4" Steam Line x 50' 

1-1/2" H2O Line x 120' 

5, 2" H2O Line x 10' 

6, Steam in Reactor Tank 

7, Condenser and Turbine 

8, Hot well 

9, Ion Exchangers 

10. Heat Exchangers 

3,990. lb 

0,024 

2.8 

88.3 

13.1 

32.6 

1.5 

120. 

63,2 

16 

A. N^^ Activation in Cooling Water 

A = No a^ 0HP 
-Xt 1 - e r 

1 - e-^tb 

A, d i s in t eg ra t ions / sec lb H2O leaving reac to r core 

No, susceptible a toms O^^lb H2O = 1 ,52 x 10^^ a toms / lb 

a , exper imenta l c r o s s section of O 
for fission neutrons = 3 .8 x 10"^' cm^ 

0 j | p , f ission neutrons calculated from 
heat power 

P , heat power 

A., decay constant for N^^ 

V, neutron velocity assumed to 
fit 0HP 

t_, t ime of i r rad ia t ion in co re 

= 6.54 X 1 0 " n/(cm2) (sec) 

= 1500 kw 

= 0.0944/sec 

= 1 c m / s e c 

= 0,8 sec 

t | j , t ime of rec i rcu la t ion in blanket - 9,6 sec 

t-., t ime of complete cycle =360 sec 

M ** 
* 'J <J .OQ 
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Note that the 0 H P ^^ a calculated average neutron fission flux based 

upon the accepted constants of 3,1 x 10^^ = 1 kw and 2,5 neut rons 
sec 

per f ission. This will not ag ree with the fast or t h e r m a l flux determined by 
the co re physics calculat ion, but i s n e c e s s a r y to proper ly match the most 
recen t exper imenta l values of c r o s s sect ions for the activation of both O 
and O^' which have a high threshold energy for act ivat ion, 

_ 3,1 X 10^^ f iss ions 1500 kw sec 2.5 neutrons 
^ ^ ~ kw sec 1,78 x 10^ cm^ fissions 01 

X 

A = No Og, 0 

1 c m velocity 
sec 

1 - e-^*r 

1 - e-^^h 

= 1.52 X 1 0 " X 3,8 X 10"^' X 6,54 x 10 n 1 - e -0.075 

1 - e-«.9 

= 4.45 X 10^ d is in tegra t ions / ( sec) ( lb of H2O) of 6.6 average 
mev 7 . 

Since this activity decays very rapidly, let us use a length of s t eam pipe 
(leaving the r eac to r ) that will contain one pound of H2O. 

L, length = specific v o l / a r e a of s t eam pipe 

= 1.54 TT^ X lb 0.087 ft^ 

= 17,7 feet 

A p re l imina ry calculat ion based on the assumpt ion that the ent i re pound 
was concentra ted at a point indicated a safe d is tance of 2 ft for 0,060 r / 8 - h r 
exposure . Then using the cha r t by Stephenson,(^^) where a flux of lO' photons / 
cm^ sec of 6 .6-mev gamma for an 8-hr exposure is p e r m i s s i b l e within AEC 
Health Standard, the reduction factor by which the activity must be dec reased 

, , 4,45 X 10^ d i s / l b sec 
to a r r i v e at a safe value = , „^ ,,—7 4 , 

10 d i s / c m sec 
Assuming a spher ica l dis t r ibut ion of photons and relying ent i rely upon the 
inve r se square of d is tance for reduct ion of intensi ty, the safe distajice 

W4,45 X 10^ _ .^ 
^ = / 1 n3 ^ C " ! AV 2 f t 

y 10^ X 47r 
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B, N '̂'' Activation in APPR Cooling Water 

The N^' activity is calculated in the same manner as for the N^^ 
except with different values as follows: 

No, suscept ible a toms 0 " / l b H2O = 5,94 x 10^^ a toms / lb 

a , exper imenta l c r o s s section of 
O^' for f ission neutrons 

X, for Ni'̂  

= 7,8 X 10-^* cm^ 

= 0,167 sec"^ 

A = No a^ 0HP 
1 e r 

- e-^tb 1 

= 5,94 X 1 0 " X 7.8 X 10-2* ^ ^ 5 4 ^ ^QU (Q-^^^) 

= 4,66 X 10^ d i s / l b sec of 1-mev neut rons . 

The allowable dose r a t e of 0.060 r e m / 8 hr is produced by 
60 n/(cm2)(sec) of 1-mev energy. There fore , the safe dis tance i s : 

, / 4 . 6 6 x 10^ , , ., 
" = ^ 60X47T ^ " ^ - ^ I f t 

C, N^^ and N " ACtivity in La rge Containers (Fig, 22) 

Since the hot well is the l a rges t single container of H2O outside 
the r e a c t o r ve s se l , the integrated gamma and neutron doses from the ent i re 
conta iner a r e calculated as follows: 

^ T = ^ E X [ 1 - exp (-Xm/f) ] ^ E T 

A-j, in tegrated isotope radiat ion, d i s in tegra t ions / sec 

AT£, specific activity enter ing tank = 3,65 x 10^ d i s / l b sec 

f, flow r a t e = 1.39 lb / sec 

X, decay constant for N^^ = 0.0944/sec 

m, total weight of H2O in tank = 120 lb 

t, t ime from reac to r to tank = 2,03 sec 

• • • • • • • • • • 
r\ t\ f-'ir 
^ J i 
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A^ = AO e 

= 4,55 X lO^x e-o-^" 

= 3.65 X 10'' d i s / l b sec 

A T = A E — [ 1 - exp (-A.m/f) ] 
A , ^c ,n7 1.39 r , r _0j094j£_120 N A T = 3 . 6 5 x 1 0 x - ^ - ^ g ^ l ^ l - e x p (̂  ^ 3 ^ j ^ 

= 5.4 X 10* d i s / s e c of 6.6 average mev gamma. 

Reduction factor requi red for health to le rance : 

v-z = 5.4 X 10* 
10^ X 12.6 

= 4,3 X 10* for gamma only. 

Consider ing the N " activity: 

A E = 4.66 X 10^ X 0.73 neu t rons / lb sec 

X = 0.167 sec"^ 

A-p = Ag -r- [1 - exp (-Xm/f) ] 

= 2,82 X 10^ d i s / s e c of 1-mev neu t rons . 

Reduction factor for 1-mev neut rons only: 

y-z - 2,82 X 10^ 
6 x 1 2 . 6 

= 3,74 X 10* 

Safe d is tance for 8-hour exposure for both 7 and n: 

X = A/4.3 X 10* + 3,74 X 10* 

= 283 c m or 9,3 ft. 



D. Corrosion-Erosion Products Activity 

Since the analysis by Grotenhuis indicated that the corrosion-
erosion products activity was not serious in a system very similar to this 
reactor, only two representative calculations will be presented. One cal­
culation will be of a high intensity but short half-life element (aluminum), 
and one calculation of a high intensity and long half-life (cobalt). The alu­
minum will be present in large quantities since the fuel elements and the 
condenser tubes are made of this material, whereas the cobalt should only 
be present in trace announts because of its limited use in valve seats and 
turbine blades. Assume a corrosion rate of 0.0008 in./yr of the 760 sq ft 
of aluminum surface which give approximately 8,5 lb aluminum per year 
entering the water system, and using approximately the same value for 
cobalt as in the BER study, or 0.50 Ib/yr. At equilibrium: 

A _ 0 Cfa r X 
^°° m x T' ' (XIF) dis/(sec)(lb H2O) 

A, specific activity, disintegrations/sec lb H2O 

0, thermal neutron flux = 2 x 10̂ ^ neutrons/(cm^)(sec 

Oĝ , activation cross section = 2.1 x 10"̂ ^ cm^ for Al 

r. Atoms of crud entering system = 2.72 x 10̂ * atoms Al/sec 

X, decay rate = 5.01 x 10"^ sec 

m, weight of H2O in system = 4,500 lb 

_ f. +(x£z 0.279 , , . ,„ 5/ 
F,-^ ^ = -rr-^rr- = 6 .1 6 x 1 O-Vsec 

m 4500 ' 

fj, flow of H2O through cleanup = 0,278 lb/sec 

f2, flow of steam out of reactor = 1.39 lb/sec 

a, entrainment factor = 0,001 ,18 ADO = 2 X 10̂ ^ neutrons/(cm^)(sec)x 2.1 x 10"" cm^ x 2.72 x lO" 
atoms/sec x 5.01 x lO'Vsec x l/o,27 x 5.06 x 10"^ 
= 4.05 x 10̂  dis of AliV(sec)(lb H2O) of 2.3-minute half-life. 

Aoo = 7.08 X 10̂  dis Co^V(sec)(lb H2O) of 5.3-year half-life, 

E. Fission Product Activity 

The fission products generated as a result of the Û ^̂  fissions 
include roughly 30 different elenaents, each having several active isotopes 
(Table VI). The exact decay patterns are best followed on the Chart of the 
Nuclides, or in the Reactor Handbook.v'^^ The quantities that wo\ild be re­
leased as a result of a fuel plate failure would vary greatly, dependent upon 
both the length of irradiation time generating the products, and the length of 
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t ime that the defective plate was left in the sys t em after the defect developed. 
Since the probabil i ty of fai lure of p la tes i n c r e a s e s at a r is ing ra t e with i r r a ­
diation, the more safe approach to the maintenance of this sy s t em would be 
to a s s u m e that: ( l ) l a rge quanti t ies of fission products exis t in the i r r ad ia ted 
p la tes ; and (2) ins t rumenta t ion is available to detect , within a few minutes , any 
measurab le amounts of fission products re leased to the water sys t em by a d e ­
fective p la te . 

Following the detection of f ission products in the water sys tem, 
the re a r e two widely divergent methods of living with this defective p la te . If 
the ion exchangers approach 100% effectiveness, and if the defective plate 
c o r r o d e s - e r o d e s at a slow rate, the s imples t approach would be to allow the 
r e a c t o r to continue to operate and to pick up the re leased products in the ion 
exchangers . When the r e s in s become "loaded" they would be replaced . 

The more conventional method, which is the p rac t i ce at Hanford 
and Savannah River , i s immedia te ly to shut the r e a c t o r down, find the defec­
tive slug, and e i ther remove or r ep lace i t . This method would keep the r e ­
lease of fission prodvicts to the sys tem to a minimunn but very likely would 
also r e su l t in numerous unscheduled shutdowns. 

The APPR fuel p la tes contain very l i t t le U"^ which means that 
very l i t t le plutonium will be mixed with the fission products to complicate 
the maintenance p rob l em. 

The gamma radiat ion f rom a fuel plate i r r ad ia t ed six months is 
es t imated by a rough extrapolat ion f rom known data of a slug as follows: 

T ime After 
Shutdown 

4 hr 

1 day 

6 days 

14 days 

35 days 

78 days 

442 days 

Energy, 
mev 

1,7 

1.7 

1.7 

1.6 

1,5 

1,3 

1.2 

Intensity at 10 ft. 
r / h r 

95,5 

52.4 

38 

27.5 

15.7 

8.0 

0.46 

r ^ 

In the event the fission products f rom a defective fuel plate 
were allowed to completely c o r r o d e - e r o d e away and be collected in an ion 
exchanger , the ion exchanger would rad ia te approximately the same activity 
indicated above except for additional self-shielding and dilution because of 
the l a r g e r volume. 

•-' -J 1 ' 0 • • » • • • • • • • •• • • • ••• • • • • • • • • • • • • • • • • • • • • • * • • » • • • • • • • • • • ••• « • • • • • • • • • • • • • • • • ••• • • • •• •• • • ••• • ••• • 



Table VI 

CaWOSION-EROSION ACTIVATION IN REACTS COOLING WATER 

Element 

glO 

, N -

0 " 

0'^ 

Mĝ » 

A l " 

C r " 

Mn»» 

F e " 

Co""] 

Co»9j 

28Ni'^ 
„ C u " 

Cu«» 

*o^''* 
Zr"' 

,,Nb»3 

4 2 « ° " 

Mo'oo 
nt 8 0 

7 4 " 
w'»« 

w'" 

Number o f 
Atoms/lb 

2 .74 X 1 0 " 

1.96 X 10^' 

1.S2 X 1 0 " 

l.OS X 1 0 " 

1.01 X 10*' 

S.48 X 10** 

4.97 X 10** 

4 . 7 2 X 10** 

4 .64 X 10** 

4 . 2 8 X 10** 

4 .35 X 10** 

4 . 2 1 X 10** 

2.91 X 10** 

2.85 X 10** 

2 .94 X 10** 

2.79 X 10** 

2.74 X 10** 

1.52 X 10** 

1.49 X 10** 

1447 X 10** 

Rate 
Corrosion-

Erosion, 
Ib/yr 

8 .5 

0 .50 

Act ivated 

Isotope 

,8'° 

. c -
, N -

,N'^ 

„Mg*^ 

. 3 ^ ^ ' 

. . C r -

2 , * ^ " 

a . F e " 

2 7 ^ ° ' ° 

, , N i " 

2»C"'^ 

2 . C " " 

7 4 W ' " 

. 4 * ' " 

, 4 * ' " 

% 
Abund­

ance 

t 8 . 8 

9 9 ,6 

9 9 . 8 

0.039 

11 .3 

100 

4 . 4 

100 

0 . 3 3 

100 

1.0 

69. 

31 . 

17.4 

2 .8 

100 

23 .9 

9 . 5 

0 .14 

30 .6 

2 8 . 4 

NA 
Suscept ib l e 

Corroded 
Atoms 

Corroded lb 

1.01 X 10*» 

4 ,64 X 10** 

4 . 2 8 X 10** 

a 
Suscept ib le 

Corroded 
Atoms 

Sec 

2 .72 X 10'* 

K 
Sec-« 

3 , 7 3 X 10*'* 

9 .44 X 10"* 

1.67 X 10"' 

1.2 X 10"' 

5.01 X 10"' 

3 .02 X 10"^ 

7.45 X 10"* 

1.70 X 10"^ 

1.08 X 10"' 
7 ,36 X 1 0 " -

4 ,15 X 10'» 

7 .39 X 10"' 

1.49 X 10"' 

2.68 X 10"' 

1.23 X 10"^ 

1.13 X 10"' 

1.75 X 10"' 

2.97 X 10"* 

7 .69 X 10"* 

6.67 X 10"" 

1.04 X 10"^ 

7 .69 X 10"' 

y. 
mev 

0.16,6 

6 .6 

l .neut 

1.01 

1.8 

0 ,32 

2 ,13 

1.3 

1.33" 

1.33« 

1.12 

1.34 

1.32 

0 .9 

0 . 8 

0 .04 

0 .73 

0 . 9 

1.8 

0.134 

0 .615 

^a ' 
Barns 

3800 

1.74 

38 IJb 

780 iJb 

0 .05 

0 .21 

11,0 

13,4 

0 .7 

17 

20 

2 .6 
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Page 10; 

Insert the following between the second and third paragraphs; 

The control rods are essentially used only as shim rods 
for initial start up of the reactor. 

During operation the control is accomplished by means of 
some form of feedwater or reflector control. Probably 
the simplest of these methods is the control of feedwater 
preheating as described in detail on pages 30 and 35. This 
system was only contemplated in connection with a refueling 
cycle of about one year. The control capacity is of the 
order of 0.8^ Ak/k. 

Page 23: 

Correct third sentence in 6th paragraph to read: 

"In its top position " instead of "In its bottom position...." 

Page 51; 

Correct tabulation of Alternate Cost Estimate to read as follows: 

Capital Charges 

7fo of capital investment $ 28,256 

Operating and Maintenance Cost 20,000 



s ^ 

\ 

"*""' Fuel Charges '̂  ----——---------__--_,,---„ 

Core $13,^70 

Fuel Burnup (59^ gm at |l6/gm) 9,504 

Fuel Reprocessing (8,006 gm at ^k/^) 32,02^ 

Total Fuel Charges 54>998 

Total Yearly Cost $103,25^ 

Chargeable to Heat 

(1,750,000 kwhr at 25 mills/kwhr) 43,750 

Chargeable to Electric Power 59>504 

Cost of Electric Power (657,000 kwhr) 90.5 mills/kwhr 

Page 57, Line 7; 

Change the equation to read: 

1 

Page 83, Equation (I8): 

Place a minus sign in front of the second integral within the braces. 

Page 84, Line 2: 

„ sin r , , 
Change to read: 

r 
Bin or 

« «i t? 0 u «i 




