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DESIGN STUDY OF SMALL BOILING REACTORS 
FOR POWER AND HEAT PRODUCTION 

by 

M, Treshow 

ABSTRACT 

A design study has been made of a small "Package" 
nuclear power plant for the production of e lec t r ic power 
and heat in remote ly located, inaccess ib le a r e a s devoid of 
na tu ra l fuels. The design ut i l izes a horizontal boiling r e ­
actor as a s t eam genera tor consistent with safe and simple 
equipment and a min imum building height. 

A r eac to r design of 5-1/2 mw capacity, with a combined 
net e lec t r i c power output of 750 kw and a heat plant output 
of 4500 kw, was studied in detai l . Tentative cost e s t imates 
a r e presented on the bas i s of this combination. General 
connparisons have been made between different sys tems 
designed for e i ther independent or combined production of 
42 5 kw net e l ec t r i c power and 2 500 kw available heat. 

I. INTRODUCTION 

The demand for e l ec t r i c power in rennotely located, inaccess ib le 
a r e a s devoid of na tura l fuels, offers the bes t possible background for 
smal l nuclear power plant appl icat ions. 

In far nor the rn regions , where heating as well as e lec t r ic power is 
in demand most of the year round, the fuel supply problem is even more 
c r i t i ca l . In addition, the total height of the power plant is s t r ic t ly linaited 
to lower building s t ruc tu r e s capable of withstanding severe wind and snow 
s t o r m s . The so-cal led " P e r m a f r o s t " region precludes excavations and 
s t r u c t u r e s below ground level, 

A boiling r eac to r is a type of steann generator which lends itself 
pa r t i cu la r ly well to the combined production of heat and e lec t r ic power. The 
r eac to r design presen ted here in is a horizontal modification of a boiling r e ­
ac tor . The power plant is 18 ft high and is enclosed in a Quonset-type 
building (Fig, l ) . 
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FIG. I 

SMALL BOILING REACTOR 
POWER PLANT 

i i 

• • •• 
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Argonne has been engaged in a s e r i e s of exper iments^ concerning 
small , na tura l circulat ion boiling r e a c t o r s . The exper iments have demon­
s t ra ted the feasibili ty and the inherent high degree of safety of such r e a c t o r s . 
The exper iments a r e still in p r o g r e s s and the i r final r e s u l t s will great ly 
influence the direct ion of further developments . 

II. DESCRIPTION OF HORIZONTAL REACTOR 

A, General 

The r eac to r which is shown in F i g s . 2 and 3 is designed to ope r ­
ate at a total power level of 5-1/2 mw. It i s hor izontal as far as p r e s s u r e 
vesse l and control rods a r e concerned. The ver t i ca l fuel p la tes a r e cooled 
by na tura l convection of the boiling water . Zi rconium is considered as the 
base meta l in the fuel elennents instead of a luminum in order to pernnit 
operation with a p r e s s u r e of 600 psia and a s t eam t e m p e r a t u r e of 486F. 

B. P r e s s u r e Vesse l 

The p r e s s u r e vesse l , of USS Cari l loy T-1 and clad on the inside 
with l / 8 - i n c h s ta in less s teel , is 17 ft long with an inside d iamete r of 5 ft. It 
has a net weight of not over 10 tons and is divided into two compar tments -
r eac to r compartnnent and s t eam-sepa ra t ing compar tment - by means of a 
part i t ion which fo rms a weir . 

The weir cons is t s of a double wall of two dished heads 6 in. apar t . 
The in te rspace is filled with lead or other heavy m a t e r i a l after the v e s s e l is 
instal led. The weir will, therefore , augment the shielding at the feed-water 
inlet end of the p r e s s u r e vesse l . 

The r eac to r compar tment contains the core and has a 3-1/2 ft 
d iamete r a cces s opening through which the fuel e lements can be exchanged. 
The height of the weir de t e rmines the maxinnum water level in the r eac to r 
compar tment . The nainimum level is de termined by the position of the two 
water r e tu rn pipes which enter the compartnnent at a level close to the top 
of the fuel p la tes . The changing operating conditions can, as will be explain­
ed la te r , influence the actual water level and thereby regula te the na tura l 
circulat ing ra te in a manner which tends to stabil ize the operat ion. N e v e r ­
the l e s s , the level of the r e t u r n pipe is such that it cannot dra in the r eac to r 
compar tment to a point where the fuel p la tes w^ould be uncovered. The no rma l 
circulat ing ra t e is about 60 lb of total flow for each lb of s team leaving the 
core . 

^J. R. Dietrich, et al . , "Experinaental Investigation of the Self-Limitat ion 
of Power During Reactivity T rans i en t s in a Subcooled Water -Modera ted 
Reac tor , " ANL-5323, (l954). 
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Under no rma l conditions the s t eam developed in the core will 
have ample space to separa te f rom the water before it l eaves the r eac to r 
compar tment , which has a free water surface of 28 sq ft. The circulat ing 
water in the downcomer a r e a around the core moves with an average v e ­
locity of l e s s than 0.5 fps. Very few bubbles will be ca r r i ed down with 
th is slow s t r e a m . The s team p a s s e s over the weir with a no rma l velocity 
of 1.5 fps, together with a cer ta in amount of moi s tu re and overflow water . 

In case of a power surge a la rge amount of water may be ex ­
pelled from the r eac to r compar tment according to the es tabl ished safety 
feature typical for boiling r e a c t o r s . 

The s t eam-sepa ra t ing compar tment s e rves to rennove mois tu re 
and impur i t i e s from the s t eam and also helps to equalize fluctuations of the 
s team p r e s s u r e . F u r t h e r m o r e , this compar tment s e r v e s as a water surge 
tank for the sys tem; the water level can be allowed to surge to a reasonable 
extent since th is will not d i rec t ly influence the operat ion of the r eac to r . The 
turbine condenser will therefore be operated "dry" with only a smal l amount 
of water in the hot well. The s team moves through the separat ing c o m p a r t ­
ment with a low velocity (~0.5 fps), and the bulk of the mo i s tu re pa r t i c l e s 
will set t le he re . The final "drying" of the s team takes place in a moi s tu re 
separa to r which may be instal led in the outlet s t eam dome. 

The feed water is introduced through an injector nozzle located 
below the water level in the s team compar tment from which it picks up an 
additional volume of circulat ing sys tem water before it en t e r s the r e a c t o r 
compar tment and the core . The water ca r r i ed in with the feed water may 
equal severa l t imes as much as the feed-water flow; any excess water flows 
back over the weir . 

C. Reactor Core and Fuel Assembly 

The core and the core f rame for the 5-1/2 mw reac to r a r e shown 
in F igs . 4 and 5. The f rame s t ruc ture and the bottom gra te b a r s a r e made 
of s ta in less s teel . The f rame can accommodate 76 fuel e lements , but normal ly 
it i s expected to contain only 72 e lements , nanmely, four rows of 10 and four 
rows of 8 e lements . 

The active section of the core is 60 cm or 23-5 /8 in. high, 
27 -1 /4 in. wide, and 32-3 /8 in. long. The individual cell a r ea is 3 -1 /8 in, x 
3 -1 /4 in,. Each cell, or element , has 10 fuel p la tes , 0.070 in, thick and 
2,8 in, wide including cladding and "picture f rame ," 

The fuel bear ing ma te r i a l is 0,040 in, thick and contains about 
5-1/2% of enriched uranium. The water channels between fuel p la tes a r e 
0,254 in, thick. 
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The possibi l i ty of using a smal l content of boron-10 in the fuel 
p la tes has been considered. This absorbe r will burn out s imultaneously 
with the fuel and thereby help to maintain a constant react iv i ty . 

The amount of fuel in the or iginal r eac to r loading is g rea t 
enough to allow xenon over r ide in case of any period of shutdown during 
the specified one-year operat ion or m o r e . 

F igure 6 shows an individual fuel elennent which, geonnetrically, 
i s s imi la r to the Borax II e lement . The main difference i s the use of z i r ­
conium in place of aluminum; only a luminum has been used for the Borax 
exper iment which is expected to be sa t isfactory for s t eam p r e s s u r e s up to 
300 psi . The r eac to r design under study is considered to operate at a h igh­
er and more economic p r e s s u r e (600 psia) , which makes it n e c e s s a r y to 
use naater ia ls with higher r e s i s t ance to cor ros ion . If p r e s s u r e s below 
300 psi a r e planned, a luminum may st i l l be p re fe r red . 

The r eac to r core is divided into four "s labs , " each consist ing 
of two rows of e lements . The th ree division plates consis t of l / 2 - i n , thick 
z i rconium spacer b a r s with a perfora ted l /S - in , z i rconium plate on each 
side. Between the b a r s a r e channels through which the control p la tes can 
move through the core in horizontal di rect ion. 

The total volume of the core is 308 l i t e r s . A power level of 
5500 kw will therefore correspond to a power density of 17.8 kw per l i te r 
of core volume. Considered with re fe rence to the volume of the water 
space in the r eac to r , a power density of 26.4 kw per l i te r is found. The 
continued Borax exper iments , supplemented by pilot plant t e s t s , would show 
whether this or even higher power dens i t ies can be achieved safely with the 
proposed reac to r core operating with na tura l circulat ion at 600-psi p r e s s u r e . 

D, Control Rods 

The r eac to r is controlled by six or m o r e flat p la tes which slide 
on suitable l i ne r s in channels between every other row of fuel e lements . 

F i g u r e s 2 and 3 show the instal lat ion of control p la tes in con­
nection with the control end shield plug. Each plate and i ts hor izonta l dr ive 
rod a r e instal led and guided in a rec tangular housing which can be removed 
and re - ins t a l l ed individually without disturbing the main shield plug or the 
other control rod guides. This handling of the control rod a s s e m b l i e s r e ­
qu i res , of course , tha t the p r e s s u r e - t i g h t s teel cover plate be f i r s t unbolted 
and removed. 

Essent ia l ly , the control m a t e r i a l when inse r ted in the core fo rms 
th ree continuous "cur ta ins . " When cadmium is used, p rac t ica l ly all t h e r m a l 
neut rons can be captured in these cur ta ins . It is possible that other ma te r i a l , 
such as hafnium, will have to be used which will absorb a cer ta in amount of 
ep i thermal neu t rons . 
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The physics calculat ions (Appendix A ) indicate that t h r ee " c u r ­
t a in s " using cadmium only may not be quite sufficient in a clean, new r e ­
actor core filled to i ts maximum level with cold water . In case cr i t ica l i ty 
t e s t s with the proposed r eac to r core should indicate the advisabil i ty of more 
control p la tes , the design can be easi ly modified to use five or m o r e of these 
cur ta ins , instead of t h r ee , without increas ing the number of dr ive m e c h a ­
n i s m s . The p resen t design uses one dr ive for each of the six control p la tes . 
It is expected that the inherent control c ha r a c t e r i s t i c s of the power plant 
can be utilized to such extent that the rods will hardly have to be used for 
anything other than a s "shim r o d s " or shutdown safety rods . Boron in 
solution may be used for ex t ra shutdown safety when the tank is open for 
fuel exchange. 

Three different types of dr ive mechan i sms can be used to o p e r ­
ate the control rods: mechanical , e lec t romagnet ic or hydraul ic . The la t ter 
two have the advantage of being totally under p r e s s u r e and therefore r equ i re 
no packing glands. All of these sy s t ems a r e undergoing development at 
Argonne. 

Ordinar i ly , the control rods , or p la tes , a r e moved at a low speed, 
but in case of " s c r a m " they a r e r e l eased and compress ion spr ings or counter 
weights will quickly pull the absorbe r ends of the rods into the r eac to r co re . 
The a r r angemen t i s such that the r eac to r s t eam p r e s s u r e would tend to move 
the pla tes in the safe direct ion. The spr ings a r e re leased by disconnecting a 
magnet ic holding c i rcui t . 

E. Inherent Controls 

1. Self-Limiting Power 

The safety feature in connection with water expulsion from 
the core may be expected to operate pa r t i cu la r ly well on the horizontal r e ­
actor due to the fact that expelled water will not fall r ight back into the core . 
It will have to be re tu rned gradually f rom the s team compar tment by means 
of the water injector. Phys ics calculat ions have shown that if 50% of the 
water i s expelled f rom the channels, this will be more than sufficient to shut 
the r eac to r down under all c i r cums tances , 

2. Self-Limiting P r e s s u r e 

The normal operating density of the modera to r is calculated 
to be about 14% lower than the non-boiling, sa turated water around the r e ­
ac tor core . The capacity of the injector to r e tu rn the overflowing water and 
keep the r eac to r compar tment filled is re la ted to the jet velocity or the 
amount of feed water being punaped through the injector nozzle . Inherently, 
if for any reason the feed-water flow is reduced, the flow of r e t u r n water 
f rom the s team compar tment to the r eac to r compar tment will a lso be reduced. 
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The water level around the core will gradually recede and the na tura l c i r c u ­
lating ra t e will be reduced, causing an inc rease of s t eam voids and a lower 
react iv i ty until the power has adjusted itself downwards and r e -es t ab l i shed 
the normal modera to r density. This feature , among other advantages, p r o ­
vides the r eac to r with a safeguard against excess ive steana p r e s s u r e s . If 
the p r e s s u r e in the r eac to r should r i s e above the p rede te rmined max imum 
p r e s s u r e which the feed-water pump can produce, the flow through the jet 
nozzle will cease and no water can be re tu rned to the r eac to r compar tment . 
In the meant ime, some water will be ca r r i ed over from this compar tment 
with the s team and some will drain back through the injector, all resul t ing 
in a lowering of the water level and a dec reased s team output, such as 
descr ibed above, until the safe range of p r e s s u r e has been reached. 

F . Automatic Regulating 

1. Power Demand 

The s t eam by -pas s valve shown in the flow d iag ram (Fig. 7) 
is operated automatical ly by the turbine governor in case of a change in 
power demand from the turbine. The s team which is by -passed will be con­
densed in a feed-water p rehea te r . The purpose of this a r r angemen t is not 
only to p r e s e r v e heat energy, but also to produce a regulating effect on the 
r eac to r power level. A drop in s t eam demand for the turbine will r e su l t in 
an inc rease in the amount of s t eam by-passed through the feed-water hea ter , 
thereby increas ing the t empe ra tu r e of the inlet feed water . Consequently, 
boiling will s t a r t at a lower level in the core and the average volume of s t eam 
voids in the modera to r will be inc reased . This will effect reduct ions in r e ­
activity and power level ( s team production) until the normal modera to r density 
has been r e s to red and equality establ ished between s team production and 
demand. 

2. P r e s s u r e 

It is the intention to operate the r eac to r with a constant s teara 
p r e s s u r e of 600 psia. If the p r e s s u r e should have a tendency to r i s e gradually, 
th is can be taken ca re of automatical ly as shown on the flow diagra in (Fig. 7). 
The inc reased p r e s s u r e will open the feed-water b y - p a s s or proport ioning 
valve. L e s s water will then enter the injector nozzle and the circulat ion will 
d e c r e a s e , resul t ing in a reduced power output such as desc r ibed above and 
tending to r e - e s t a b l i s h the co r rec t p r e s s u r e . To obtain the co r r ec t r a t e of 
influence, the valve opening and i t s spring can be adjusted during init ial 
operat ions or at any other t ime. A cer ta in fraction of the water will be b y ­
passed even at the normal operating p r e s s u r e . 

G, Shielding 

The shielding m a t e r i a l s and a r r angemen t a r e shown in F igs . 8, 
9, and 10. The p r e s s u r e ves se l will be insulated the rmal ly with a 3-in. layer 
of s ta in less s teel wool enclosed in a casing of s teel (Figs . 9 and lO). Around 
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this casing will be placed "Boral" and 6 to 8-in. l aye r s of lead or other 
heavy m a t e r i a l which will se rve as the p r i m a r y shield for the r eac to r end 
of the horizontal p r e s s u r e vesse l . The acces s openings to the r eac to r c o m ­
par tment a r e closed with s tee l cover p la tes and inside shield plugs of l - l / 2 
to 2 ft th ickness . 

The vesse l and p r i m a r y shielding a r e designed for instal lat ion 
in a rec tangular open steel tank filled with cooling water containing bor ic 
acid in solution. This p r i m a r y "Shielding Tank" is shown in F i g s . 9 and 10. 
The w^ater may be circulated to keep i t s t e m p e r a t u r e down during operation. 
During a shutdown no circulat ion will be n e c e s s a r y . On the other hand, it 
is assumed that the r eac to r decay heat will be sufficient to keep the cooling 
water from freezing. 

The dinmensions of the shielding tank a r e such that, if des i red , 
it would be possible to t r anspo r t the tank, with the r eac to r instal led, on a 
heavy ra i l road f la t -car without obstruct ing the c l ea rances in s tandard r a i l ­
road tunnels . Actually, sufficient shielding m a t e r i a l s could be ca r r i ed in 
the tank to allow the r eac to r to operate for brief t r i a l runs before shipment. 

In case of a i r t r anspor t , everything must be dismantled; no 
activity would be allowed in the p a r t s . 

The building space above the p r i m a r y shielding tank is further 
shielded by a 2-ft thick slab of heavy concre te with plugs in line with the 
plugged a c c e s s openings on top of the p r e s s u r e vesse l . The space above 
the r eac to r is to be closed off during normal operat ion. The shielding mus t 
be sufficient for loading and unloading operat ions after a shutdown. 

In case the r eac to r s t eam is used di rect ly in the turbine, a s is 
a s sumed in the building drawings, a concrete wall about 12 in, thick is built 
between the turbine and condenser room and the remaining pa r t of the bui ld­
ing. Any prolonged a c c e s s to the turbine can be pernaitted only when it i s 
shut down. 

The outer shielding consis ts of a concrete wall plus ea r th slopes 
(6 to 12 ft thick) along each side of the shield tank. The ea r th slopes augment 
the concrete shielding and a lso se rve a s an anchor for the r e s t of the building. 
The ends of the tank a r e shielded Avith walls and plugs of heavy concrete 
3-1 /2 ft thick. 

III. POWER AND HEATING CYCLE 

The energy supplied by the r eac to r is considered to be used for two 
different purposes : poAver for the e lec t r ica l sys tem and heat for the heating 
sys tem. The requi red power and heat, the ra t io between these values , and 
the optimum type of h e a t - a n d - s t e a m cycle will depend on the c i r cums tances . 
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In general , it can be said that the power s team for the turbine could 
be ei ther p r i m a r y r eac to r s t eam or it could be secondary s team produced 
indirect ly in a heat exchanger by heat f rom the reac to r s team. The h e a t ­
ing plant, whether it uses s t eam or hot wate r , mus t always opera te a s a 
secondary cycle with indirect heat since no radioact ivi ty can be permi t ted 
he r e . 

If the two sys tems a r e combined in such a manner that the exhaust 
s t eam from the turbine furnishes the heat a very high total efficiency can 
be obtained, par t i cu la r ly so in cases where c i rculated hot water instead of 
s t eam can be accepted as the heating medium. 

Fo r the purposes of connparison, four different sy s t ems have been 
studied briefly; they a r e identified as Cases I, II, III, and IV and a r e d iscussed 
in Appendix C, All four sys t ems were designed for a net e l ec t r i c power d e ­
nnand of 425 kw and a useful heat dennand equivalent to 2500 kw. In each case , 
it was considered that pump and other auxi l iary power requi red for plant 
operat ion would need 75 kw so that the total e l ec t r i c pow^er demand would be 
500 kw. 

The prinnary s team p r e s s u r e was taken to be 600 psia . This p r e s s u r e 
is considered in connection with the use of z i rconium or Z i rca loy-2 in the fuel 
p la tes and cladding. If aluminunn is used, such as in the p resen t BORAX ex­
pe r imen t s , the p r e s s u r e must be kept below 300 psi . The r eac to r costs will 
be reduced, but the s t eam cycle efficiency will be l e s s favorable. Individual 
c i r cums tances will deternnine whether a luminum or z i rconium should be 
p re fe r red . 

The engineering data, plant layout, and tentat ive cost e s t ima tes a r e 
based on a connbined power and heating sys tem s imi la r to Case IV, but o p ­
era t ing at higher power levels , namely, 5 - l / 2 mw reac to r power producing 
850 kw generated e lec t r i c power (750 kw net available power) with the equiva­
lent of 4 - I / 2 mw heat to be utilized in the heating sys tem. The flow^ diagrann 
is shown on Fig, 7, 

The ove r -a l l plant efficiency for this sys t em is : 

Most of the fea tures shown on the flow d iagram have been descr ibed 
previously in connection with the control and safety aspec t s of the sys tem. 
The following deta i l s , also shown in Fig, 7, per ta in to the secondary heating 
sys tem: 

The auxil iary rad ia tor s e r v e s to d iss ipate heat fronn the circulat ing 
water in the event the heating sys tem is not using sufficient heat to keep the 
condenser p r e s s u r e down to 5 psig. 
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The auxi l iary burner s e r v e s to keep the heating sys t em warnned up 
whenever the r eac to r is shut down. It can also se rve for indirect preheat ing 
of r eac to r water before the s ta r tup . 

IV. PLANT LAYOUT 

A. Descript ion of Plant 

The r eac to r building and equipment for the combined 5 - l / 2 mw 
reac to r sys tem a r e shown in F igs . 8, 9, and 10. The turb ine , condenser , and 
feed-water hea te r , as Avell as radioact ive piping, a r e enclosed in an isolated 
room which is well ventilated and may only be entered in termit tent ly . The 
room walls a r e e i ther poured concre te (l2 in, thick) or concre te blocks to 
shield against gannma radiat ion fronn the equipnnent. 

The heating sys tem pumps and tanks a r e located in an access ib le 
room. Sufficient water i s s tored in the tanks to keep the sys tem operating 
for a few hours in case of emergency or until an auxi l iary oil burner (Fig. 7) 
can be s tar ted to keep the water hot. 

The long open space in front of the r eac to r is used for control 
rod inspection and maintenance. 

F igure 10 (b) is a sect ional view of the turbine building. The 
building is instal led on a continuous concrete slab and steel franne which, 
in turn , is supported on p i e r s dri l led down in accordance with the type of 
soil upon which the plant i s constructed. 

F igure 10 (a) is a c ro s s sectional view of the r eac to r . The r e c ­
tangular "shielding tank" contains the p r i m a r y shielding which is water cooled. 
The thickness of the shielding is equivalent to 8 in. of lead, although i ron, 
or even i ron ore may be used. The cooling water will contain bo r i c acid in 
solution. 

The gal lery above the r eac to r is used only during shutdown per iods 
while the fuel is being exchanged. The concrete slab and shielding above the 
r eac to r give sufficient protect ion for this purpose . 

B. Unloading and Loading of Fue l 

'̂  Exchange of fuel is to be nnade once a year . The r eac to r must f 
then be shut down^J^ i th re fe rence to the encirc led numbers on Fig . 11, the 

/\ uhl63ntiiig p rocedure is as follows: 

The gasketed, p r e s s u r e - t i g h t cover plate over the r eac to r core 
is rennoved, while the heavy eccent r ic shielding plugs a r e left in place. It 
would hardly be possible to turn these plugs while they r e s t on the shoulders ; 
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friction forces would be too big and the surfaces would gall, A special tool, 
in form of an eccen t r ic turn table ( l) with ball bear ings , i s therefore brought 
in by the crane and placed over the two plugs (2), Six lifting s c r ews (3) a r e 
tightened between this turn table and the plugs, whereby these a r e individu­
ally lifted 1/2 in, so as to be suspended fronn the bal l bear ing pla tes . They 
can now easily be turned into any position or connbination of posit ions so 
that the 4 - l / 2 - i n , unloading hole (4) can line up with any one of the fuel e l e ­
ments or with any one of the compar tments of the coffin (5), The coffin is 
inounted on a nnovable slide on the unloading t ro l ley and moves in a r e c t a n ­
gular coordinate sys tem. 

The coffin i s aligned with the 4 - l / 2 - i n . shield plug (6) which is 
lifted up into one of the compartnnents; then,success ively , four of the fuel 
e lements (7) a r e lifted into the other four connpartments. During this o p e r ­
ation the opening in the shield plug isjcept covered by the lower surface of 
the lead coffin itself so that l i t t le radiat ion can escape . The coffin is then 
moved back until the plug can be set down again on i ts place in the nnain 
plugs (2) before the t ro l ley is taken away and unloaded. Each compar tment 
IS equipped with a bottonn gate (8) which will be kept closed during the 
t ranspor ta t ion . 

The two screw spindles (9) a r e interconnected w^ith chain and 
sprocke ts so that they can be driven from the same wheel. Each of the in ­
dividual hois ts (10) a r e dr iven from a worm dr ive ( l l ) . The hoisting medium 
(12) consis ts of two separa te s teel bands, side by side. Each winds up on i ts 
own half of the hoisting d rum. The catching tool or gr ipper ( l3) cons is t s of 
two pa r t s , the coupling (l4) and the locking sleeve (15). The coupling lifts 
the tool, A pull on the sleeve will r e l e a se the fuel element provided it is in 
place where i ts weight is supported. The weight of gr ipper and fuel element 
can be shifted from the coupling to the sleeve while the two bands a r e o p e r ­
ated f rom the sanne drum. This shifting of the load is done by nneans of the 
smal l ro l l e r (l6) and the guide ro l l e r (17). The snnall ro l l e r is mounted on 
a s t ra ight shaft (I8). When the shaft is pulled to the left (on the drawing) 
the band that is attached to the sleeve (15) will be tightened and the fuel e l e ­
ment r e leased . This i s done when new fuel is being loaded into the r eac to r . 

The gr ipper and the fuel elennent hang inside a "be l l" or sleeve 
guide (19) which has a square c ro s s section to match the fuel element. This 
guide must be kept oriented in the co r r ec t direct ion while the elennent is 
being lowered into i ts place in the core . This i s taken ca re of by the coffin 
extension sleeve (20) which has a round c r o s s section with four grooves so 
that the square sleeve (19) will be guided while sliding down through it. The 
square flange at the top end of the coffin extension sleeve (20) will be turned 
into a position square with the coffin and the reac to r core . This will insure 
the co r rec t or ientat ion of the fuel element. 

The above descr ibed sys tem can be built equally well to handle 
blocks of severa l fuel e lements built together instead of handling just one 
at a t ime . 
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V. ENGINEERING DATA 

Reactor 

1. Pe r fo rmance 

Power level , mw 5.5 

Power density in core volume, kw/ l i t e r 17.8 

Steam p r e s s u r e , psia 600 

Steam t e m p e r a t u r e , F 486 

Steam production, Ib /h r 20,000 

Recirculat ion ra te (est imate) 60:1 

Average density reduction due to boiling, % 14.2 

2. Core 

Base meta l , fuel plates Zr + U^̂ ^ 

Length, in, 32-3 /8 

Width, in. 2 7 - l / 4 

Active height, in. 23 -5 /8 

Number of e lements 

( 3 - l / 8 in. X 3-1/4 in. x 23-5 /8 in.) 72 

Nunnber of plates per e lement 10 

Total th ickness of p la tes , in. 0.070 

Thickness of z i rconium clad, in. 0,015 

Water channel gap, in. 0.254 

Cooling sur faces , sq ft 620 

Fuel per e lement , gm U^'^ 139 

Average heat flux, Btu/(hr)(sq ft) 31,000 

Average the rma l neutron flvix in fuel 
plates at middle of fuel cycle 2.1 x 10^' 

Metal to water volume ra t io (total core) 0,48 

l i > 
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New 
Charge 

10,0 

1.18 

At end 
of cycle -̂  •/-

8.0 d^-^'^ 

1.15 

Total fuel content, kg 

^effj cold (no xenon) 

^eff> operating t e m p e r a t u r e , no 
boiling (equil ibrium xenon at 
full power) 1.09 1.06 

kgff, boiling at fxill power, 600 psi 
(no xenon) 1.094 1.064 

^eff. boiling at full power 
(equil ibrium xenon) 1.06 1.03 

Fuel burnout in 12 months at 70% 
operating ra te (leaving 0.25 kg 
excess burnout fuel), kg 1.75 

P r e s s u r e Vessel 

Mater ia l : USS Cari l loy T-1 with 
l / 8 in. s ta in less s teel clad 

Tank d iamete r , ID, ft 5 

Overal l length, ft 17 

Weight, tons 10 

Power System 

Total s t eam flow, Ib /h r 20,000 

Turbine power, kw 900 

Genera tor output, kw 850 

Net e lec t r ic power, kw 750 

Thrott le p r e s s u r e , psia 600 

Turbine exhaust p r e s s u r e , psia 20 

Condensate t e m p e r a t u r e , F 228 

Heating Systenn 

Utilized heat ( 4 - l / 2 mw), B tu /h r 15,400,000 

Hot water t e m p e r a t u r e , , F 215 

Return water t e m p e r a t u r e , F 170 

Circulating water , gpm 700 

Con^fij^e-f*-: hf^t^i-'guylsLcieKsatft 1,000 

J^ i"' 

• •• • • • • • • • • 
• •• •• • • • ••• •• a, i 
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VI. POWER COST ESTIMATE (TENTATIVE) 

A. Backgroxind for Estinnate 

The following cost es t imate is based on severa l a r b i t r a r y 
assumpt ions ; the actual costs will depend on c i r cums tances and policies 
which may vary in individual c a s e s . 

1 . Development Work 

It is recognized that a substant ial sum is requi red for 
development of these power units before they a r e ready to be produced. 
The es t imate does not include this expenditure; r a the r , it is assumed that 
all development work has been completed and that a "frozen design" is on 
hand before the contract is let . 

2. Plant Location 

The plant is designed for a min imum of construct ion work 
on the s i te . It is a lso specified that no single pa r t can weigh more than 
10 tons in case a i r t r anspo r t should be requ i red . 

It is considered that the plant will be remotely located 
and no allowance is made for the cost of the building s i te . 

3. Ins t rumentat ion 

It is assumed that the r e a c t o r is inherently safe against 
power su rges and excessive s t eam p r e s s u r e and also that the s team sys tem 
is substantially se l f - regula t ing. These c i r cums tances sinnplify the operat ion 
and help to lower the expenditure for e labora te and delicate ins t rumenta t ion . 

4. Operating Data 

Net e lec t r i c power output, kw 

Available energy for heating sys tem, mw 

Ratio of heat to power 

Reactor power, mw 

Fuel burnup per mwd, gm 

Plant operating ra te or uti l ization factor, % 

Average t ime between reloading, months 

4 

5 

750 

-1 /2 

6:1 

• ' / ^ . 

1.25 

70 

12 

V 
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5. Net Power Production 

750 kw at 70% operating r a t e , average kw 

^_Net power output per year , kwh 

6. Fuel Burnup 

F i s s ion power produced in 1 yea r at a 70% 
operating ra te 5.5 x 365 x 0.7, mwd/y r 1,400 

Fuel consumption, 1,400 x 1.25 gnn/yr 1,750 

It is expected that not all fuel e lements will have to be ex­
changed each yea r , as some will be i r rad ia ted considerably l e s s than o the r s . 
Neither the final loading schedule nor the physics constants for subsequent 
y e a r s of operat ion have been calculated. 

In o rde r to obtain a fair idea of the average fuel cost the 
following a r b i t r a r y assumption has been made: 

One-third, or 24, of the fuel e lements can be left in the r e ­
actor core to be used for a second y e a r s ' operation provided that the fuel 
charge in the 48 new elements will be increased sufficiently to replace the 
total 1.75 kg which has been burnt out before shutdown. The charge in each 
of the rep lacement e lements is considered to be 149 gmi instead of the 139 gm 
in the or iginal elennents. 

The cost of new fuel is taken to be $20 per gnn. Chemical 
r e - p r o c e s s i n g of fuel is assumed to cost $4 per gm. Zirconium and fabr i ­
cating charges a r e a ssumed to be $1,000 per fuel elennent. 

6 .̂7. Credit for Heating System 

Heating plant capacity 4.5 mw 

Average usage when operated at ra te of 70% 3.15 mw 

Useful heat output per yea r 2.7 6 x lO' kwh/yr 
= 9.4 x 10^° Btu /yr 

This heat might have been produced by 5.4 x 10^ lbs 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 (or $8.40 per b a r r e l at 42 gal), 
this would be a re la t ively high pr ice in the United Sta tes , but a very low 
pr ice in Art ie a r e a s . It cor responds to 5 mil ls per kwh heat . 

I!* 

525 

4.6 x 10^ 



^y8. Investment and Capital Charges 

The plant investment includes building and all power and 
heat producing equipment with switch gear for the power and circulat ing 
pumps for the heating sys t em. It does not include pipe l ines and r ad i a to r s 
for the buildings which use the produced heat or power. 

The investment for plant and equipment ($530,000) is 
charged at the ra te of 15% per yea r whereas the inventory of fuel e lements 
and fuel is charged at the ra te of 6%^fer y e a r . Depreciat ion of the fuel i s , 
of cour se , taken ca re of by the cost oy y e a r l y k-eplacement of fuel elennents. 

9 . Plant Investment, Summarized 

Reactor Component 

Reactor , including erec t ion (fuel 
e lements not included) $65,000 

Reactor shielding 20,000 

Fuel loading and unloading equipment, 
including s torage 30,000 

Reactor ins t rumenta t ion 20,000 

Miscellaneous 10,000 

Power and Heating Component 

850-kw tu rbo-genera to r set (erected) , 
including condenser and switch gear $115,000 

Steam and water sys t em 50,000 

Turbine room shielding 6,000 

Power and heat sys t em instrunnentation 8,000 

Miscel laneous 6,000 

Building Component 

Quonset building and foundation s labs $38,000 

Fac i l i t i es 10,000 

Tools and misce l laneous 6,000 

$145,000 

$185,000 

$ 54,000 

Subtotal $384,000 

Contingencies (15%) 58,000 

Con t r ac to r s ' fees (20%) 88,000 

Total plant investment $530,000 



B. Yearly Costs 
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1. Capital Charges 

}' 

/ 

15% of plant investment 
(0.15 X 530,000) $ 79,500 

6% of zirconiunn fuel e lement cost 
(complete co re , 72 e lements at $1,000) 4,300 

6% of new reac to r fuel inventory 
(10,000 gm at $20 per gm) 12,000 

Total investment charges $ 95,800 

Fuel Charges 

48 new fuel elennents, fabricat ion 
and cost of z i rconium $ 48,000 ; 
New fuel rep lacement , 1,750 gm 
at $20 per gm 35,000 

Chemical r e - p r o c e s s i n g of r e ­
maining fuel ffom 48 e lements , 
48 X 149 - 1750 = 5,400 gm at 
$4 per gm 21,600 

Total fuel cost $104,600 

3. Operating and Maintenance Costs 

Man Power $ 32,000 

Mater ia l s 25,000 

Total operating cos ts $ 57,000 

Total year ly expenses $257,400 

Credi t for heating sys tem 
(2 .76x10 ' 'kwh/yr at 5 mil ls) $138,000 
Chargeable to e lec t r i c power, $ /y r $119,400 

Cost of Power 

Cost of E lec t r i c Power 
(119,400/4,6 X 10^ kwh) 

Cost of Energy for Heating System 

Ratio of e lec t r ic power cost to a s sumed 
value of heat 

26 mi l l s /kwh 

5 nnills/kwh 

5.2:1 
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APPENDIX A 

PHYSICS CALCULATIONS 

by 

D. H. Shaftman 

The core s t ruc tu re of the r eac to r descr ibed in this repor t is s i m i ­
lar to that of the BORAX assembly at Arco , Idaho. The analysis p resen ted 
in this appendix was directed toward an investigation of the nuclear p r o p ­
e r t i e s of this nnodified BORAX reac tor design with the intention of proving 
its feasibil i ty for the proposed application; fur ther a l tera t ions in design 
were considered only when neces sa ry to ensure this feasibili ty. The core 
design differs from that of BORAX with respec t to the meat and clad th ick­
n e s s e s for the fuel p la tes , the percentage of enrichment in the meat , and 
the d i spers ion of a burnable poison in the fuel alloy of this r eac to r . The 
s t ruc tu ra l and cladding nnaterial is z i rconium. Adjustable control is ob­
tained through the motion of absorbing cur ta ins in the r eac to r . These a r e 
not major modifications; no attennpt was made to optimize design with r e ­
gard to fuel r equ i rements or to flat flux distr ibution. 

The analysis is highly simplified. It has been assumed that suffi­
ciently indicative information nnay be obtained by using averaged nuclear 
p rope r t i e s , the averaging being of the most naive type, based on the volume 
weighted homogenized m a s s of core ma te r i a l . A final design should be 
accompanied by a more detailed analys is . Brief discussions of some of 
these detai ls a r e presented. 

(PHYSICS) DESCRIPTION OF THE REACTOR 

The reac tor shape approximation adopted for facilitation of the 
physics calculations is i l lus t ra ted below. 

-CONTROL CURTAINS 
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This approximation is adequate for the large par t of the ana lys i s . 
In the boiling reac to r the ac tual top ref lector fluid contains, pe rhaps , 35% 
s team (by volume); therefore even the nine to eleven inches of fluid p resen t 
is not effectively infinite. A par t ia l compensat ion for this e r r o r has been 
made by assuming a somewhat reduced effectiveness for the ve r t i ca l r e ­
f lec tors . 

In the p resen t design the re a r e th ree control sect ions pa ra l l e l to 
the direct ion of fluid flow (depicted as th ree v e r t i c a l lines on the front 
face of the i l lus t ra t ion) which contain movable plates of a m a t e r i a l , such 
as cadmium, to p resen t black b a r r i e r s to t h e r m a l neut rons . (Use of some 
hafnium may be des i rab le s ince the re a r e ep i the rmal resonance regions in 
the absorpt ion curve of hafnium. Thus some of the fast neutrons may be 
paras i t i ca l ly absorbed while the t h e r m a l b lackness is p re se rved . ) When 
the absorbing plates a r e removed the re rennains a f ramework of s t r u c t u r a l 
m a t e r i a l and fluid. The content of these sect ions has been included in the 
volume weighted core m a s s . In these calculat ions the cold core is descr ibed 
as a mix ture of meta l and water in a volume ra t io of 0.48. F o r other r e a c ­
tor core conditions it is a s sumed that the fluid volume remains 0.67568 
(or 1/1.48) of the core volume. 

The total core volume is 3.0763 x 10^ cm^. 

METHOD OF ANALYSIS; PARAMETERS 

T w o - g r o u p diffusion t h e o r y w a s e m p l o y e d , invo lv ing a t h e r m a l o r 
s low g r o u p and an e p i t h e r m a l , o r f a s t g r o u p , of n e u t r o n s . T h e c o u p l e d dif­
f e r e n t i a l e q u a t i o n s of t h e t h e o r y a r e : 

Df 
D f V ' 0 3 - ^ 0 f + keff 2as<^s = ^ 

D s V ^ * s - 2 a s < / > s + T ^ * f - 0 

w h e r e 

0f = e p i t h e r n n a l , o r f a s t n e u t r o n , f lux 

0s = t h e r m a l n e u t r o n flux 

D£ = f a s t diffusion coef f ic ien t 

D = t h e r m a l d i f fus ion coef f ic ien t 

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 
f u e l ^ f u e l 

k^ = ^ - ~ - inf in i te m u l t i p l i c a t i o n c o n s t a n t (pe = l ) 
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2 = average thernnal macroscop ic absorption c r o s s sect ion 
of the fuel (u"^) 

total ave rage t h e r m a l macroscop ic absorption c r o s s 
section in the region 

average number of f ission neut rons produced per t h e r m a l 
neutron absorpt ion in the fuel 

The coupled equations were solved by assuming that both the t h e r m a l 
and fast neutron fltixes sat isf ied the equation 

V20 + B2 0 = 0, 

and a lso that 

0(x, y. z) = X(x) Y(y) Z(z). 

However, it is not possible to satisfy the usua l co re - r e f l ec to r flux and c u r ­
rent continuity conditions when we assunne separabi l i ty of the solut ions. 
This method of approximation is s tandard and the techniques and fo rm sheets 
for the solution have been published. 

The two-group constants were based on the volume weighted homog­
enized m a s s of m a t e r i a l s . Actually this r ep re sen t ed a good descr ip t ion of 
the core for the cold r eac to r and for the hot (but not boiling) r eac to r , s ince 
the latt ice of fuel, zirconiunn, and fluid is c lose-packed. The fuel density is 
not la rge and the t h e r m a l flux is expected to be only slightly dep re s sed in 
the fuel. Thus the lattice thernnal disadvantage factor is close to unity and 
homogenization alone does not induce an e r r o r of m o r e than a few per cent 
in the (under) es t imat ion of the fuel r equ i r emen t s . In the case of the bo i l ­
ing r e a c t o r , the ve r t i ca l flow pat tern of the modera t ing fluid led to a d i s t r i ­
bution of voids which may be a r a the r rapidly varying function of v e r t i c a l 
position. F o r this case s imple volume weighting of m a s s was somewhat 
iquestionable. A 14.2% " a v e r a g e " s t eam void in the fluid was ass igned and 
in the homogenized core calculat ions this number was postulated to be a 
s t a t i s t i ca l average . Deviation fronn the 14.2% average in the ac tual o p e r a ­
tion of the r eac to r should be taken into account in nnore e laborate schemes 
of calculation. 

The UNIVAC at New York Universi ty was ut i l ized in solving s e v e r a l 
ten region two-group diffusion theory slab p rob lems , success ive ly refining 
the part i t ioning of the co re in the direct ion of flow (and varying s t e a m void). 
The fluid density (p) var ia t ion in the core was approximated by (Fig. 12): 

'^D. Kurath, B. I. Spinrad, "Computation F o r m s for Solution of Cr i t i ca l 
P rob l ems by Two-Group Diffusion Theory , " ANL-4352, March 1, 1952. 

rj 
fuel 
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0.80 g m / c m ^ 0 S z = "S 12 

giT-zS"^/^"" ' ' 1 2 S z . ^ 6 0 

where z is m e a s u r e d (in cm) f rom the bottom of the core (Appendix B, 
page 56). In problem No. 1 the core was t r ea t ed as one homogenized m e ­
dium. In problem No. 2, t h ree different core sect ions were used, again 
using volume weighting to homogenize. P r o b l e m No. 3 involved the fur ther 
subdivision of the cent ra l co re region of p rob lem No. 2 into four equal s e c ­
t ions . F o r problem No. 4 the bottom two core regions of problem No. 2 
were combined. The resul t ing kg^f's differed by less than one half of one 
per cent. 

It should be emphasized that the fluid density curve was calculated 
on the bas i s of a flat t h e r m a l neutron flux in the direct ion of flow; hence 
the t h e r m a l neutron flux dis t r ibut ions obtained f rom the UNIVAC problenns 
r ep re sen t only the beginning of the second i te ra t ion for the solution of the 
flux-fluid density re la t ionship in the operating r e a c t o r . In F ig . 13 t h e r e 
a r e presented the t h e r m a l neutron flux (0s) dis t r ibut ions calculated by the 
UNIVAC for the four core refinennents desc r ibed above and for the s o m e ­
what ar t i f ic ia l case of the boiling virgin r eac to r without xenon or s a m a r i u m . 
These fluxes were normal ized to give the same total ( i .e . , space- in tegra ted) 
flux, (it is expected that analogous curves would be obtained in the case of 
equi l ibr ium xenon and s amar ium. ) The two-group constants for these 
problems appear in Table I. 

It should be noted (Fig. 13) that the success ive ref inements of the 
core induced success ive ly g rea t e r shifts in the peak flux position in the 
direct ion of higher fluid densi ty. 

Tables II and III list the two-group p a r a m e t e r s used in the hand 
calculat ions on the cold r eac to r , the hot r eac to r (operating t e m p e r a t u r e , 
no s t eam void), and the boiling, or operat ing, r e a c t o r . It was a s s u m e d that 
in the cold and hot r e a c t o r s the ref lector savings were the same in each 
di rect ion. F o r the operat ing reac to r it was felt that nnore conservat ive 
s t a tements could be made by taking, for the v e r t i c a l ref lector savings , a 
number slightly s m a l l e r than the l a t e ra l ref lector savings . (This is a slight 
modification of the previously expressed att i tude that the v e r t i c a l void v a r ­
iation is implici t in the assumpt ion of a (s ta t i s t ica l ) average 14.2% s t e a m 
void.) The two-group constants l isted for the operat ing ref lector apply only 
to the l a t e ra l ref lector . The top ref lector worth was es t imated by a c o m ­
par ison of the two-group cons tants . (This es t imate was la ter verif ied by 
the UNIVAC resu l t s . ) The constants in Table II were assumed to apply during 
the lifetime of the r e a c t o r . 

The the rma l macroscop ic absorpt ion c ros s sections for the var ious 
ma te r i a l s in the r eac to r a r e included in Table III. Three cases were exam­
ined: cold, hot, and operat ing. Three subcases were detailed: virgin. 
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T a b l e I 

TWO-GROUP CCWSTANTS FOR THE UNIVAC COMPUTATICWS 

Problem 
No. 

13001 
2 
3 
4 

1 
2 
3 
4 

I 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

Region 
th ickness , 

cm 

U23 5 

vZ 
f 

No. of 
Interva l s 

r 

Df 

L^ 

Ds 

1^ 

Avg. 
% void 

Region Number 

1 & 2 

51.6 

1.429 

19.5086 

0.2263 

0 

20 

23; 5 

0 

S;6 

3 

89 .5 
69.5 
69 .5 
80.8 

1.370 
1.245 
1.245 
1.319 

7.3091 
6.1713 
6.1713 
6.8266 

0.3485 
0.3015 
0.3015 
0.3286 

1.5250 
1.4883 
1.4883 
1.5105 

21.6 
13.5 
13.5 
18.5 

12 

4 

89 .5 
86.1 
73.4 
80 .8 

1.370 
1.350 
1.272 
1.319 

7.3091 
7.1243 
6.4100 
6.8266 

0.3485 
0.3409 
0.3114 
0.3286 

1.5250 
1.5195 
1.4967 
1.5105 

21 .6 
20.5 
15.4 
18.5 

7 .5 

5 

8 9 . 5 
86 .1 
82 .5 
80 .8 

1.370 
1.350 
1.329 
1.319 

7.3091 
7.1243 
6.9184 
6.8266 

0.3485 
0.3409 
0.3324 
0.3286 

1.5250 
1.5195 
1.5133 
1.5105 

21 .6 
20 ,5 
19.1 
18.5 

7 .5 

6 

89 .5 
86 .1 
91 .5 
80 .8 

1.370 
1.350 
1.381 
1.319 

7.3091 
7.1243 
7.4133 
6.8266 

0.3485 
0.3409 
0.3528 
0.3286 

1.5250 
1.5195 
1.5278 
1.5105 

21 .6 
20 .5 
22 .3 
18.5 

7 .5 

7 

89 .5 
86 ,1 

101.4 
80.8 

1.370 
1.350 
U431 
1.319 

7.3091 
7.1243 
7.9080 
6.8266 

0.3485 
0.3409 
0.3731 
0.3286 

1.5250 
1.5195 
1.5411 
1,5105 

21.6 
20 .5 
25 ,0 
18.5 

7 .5 

8 

89 ,5 
118,1 
118,1 
118.1 

1.370 
1.510 
1.510 
1.510 

7.3091 
8.7170 
8.7170 
8,7170 

0,3485 
0.4063 
0,4063 
0,4063 

1,5250 
1,5600 
1,5600 
1.5600 

21 .6 
29 .0 
29 ,0 
29 ,0 

18 

- • — 0 . 0 7 2 7 1 - *-

8 3 3 3 3 IS 

9 fc 10 

122 

2.198 

46.17 

0.3482 

0 

48 

6; 22 

0 

8;6 

•• ••• * • • •• • • • • • • • • • • • • 
• • • « • • • • • • • • • • • • • • 
• • • • • ••• • • • • • • • • 



T a b l e II 

T I M E - I N D E P E N D E N T 

Df(cm) 

Djcm) 
T (cm^) 

T T 2 3 5 

T̂ U 
A v e r a g e F lu id 
S t e a m Void (%) 

R e g i o n Ne t 
Void (%) 

T o t a l Buckl ing 
B ^ c m - ^ ) 

T W O - G R O U P CONSTANTS 

CORE 

Cold 

1.082 

0.2181 

48 

2 .09 

0 

0 

0.004456 

Hot 

1.245 

0,3015 

70 

2 .09 

0 

13,5 

0.004132 

O p e r a t i n g 

1.363 

0.3459 

89 

2 .09 

14.2 

21.2 

0.003987 

R E F L E C T O R 

Cold 

1,143 

0,1588 

33 

0 

0 

Hot 

1,429 

0,2263 

51.6 

0 

20 

O p e r a t i n g 

1.429 

0.2263 

51.6 

0 

20 

h a l f - d e p l e t e d (one k i l o g r a m of fuel d e s t r o y e d ) , and fully dep l e t ed . It h a s 
b e e n a s s u r a e d tha t t h e r e a c t o r o p e r a t e s a t an a v e r a g e r a t e e q u a l to 70% 
full output (5.5 mw) un t i l two k i l o g r a m s of fuel h a v e b e e n d e s t r o y e d , o r 
c o n t i n u a l o p e r a t i o n fo r s l i gh t l y m o r e t han one y e a r ( ba sed on 200 m e v p e r 
f i s s i o n ) . T h e r a t i o 

- X e + S m 
2 

- U " 5 
2 

a s 

i s t he r a t i o of e q u i l i b r i u m x e n o n and s a m a r i u m a b s o r p t i o n to fuel a b s o r p ­
t ion for full p o w e r r e a c t o r o p e r a t i o n a t t ha t t i m e . F i n a l l y , i t w a s a s s u m e d 

v'f .p . t h a t t h e a v e r a g e f i s s i o n p r o d u c t a b s o r p t i o n , ^^ w a s d i r e c t l y p r o p o r t i o n a l s 
t o t h e t i m e - i n t e g r a t e d n u m b e r of f i s s i o n s p e r c m ' in the r e a c t o r , and the 
p e s s i m i s t i c v a l u e of 100 b a r n s p e r f i s s i o n w a s a s s i g n e d ; t h i s m i c r o s c o p i c 
c r o s s s e c t i o n w a s p o s t u l a t e d to hold for a l l r e a c t o r t e m p e r a t u r e s . Xenon 

V'^'P-
and s a m a r i u m a r e not i n c l u d e d in the t e r m ^ 

a s 
No a t t e m p t h a s b e e n m a d e to t a k e in to a c c o u n t t h e e p i t h e r m a l a b ­

s o r p t i o n and f i s s i on e v e n t s . In a " t h e r m a l " r e a c t o r of t h i s t y p e , wi thou t 
a v e r y h igh 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 fuel and of o t h e r 

im :' 
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Table III 

TIME - DEPENDENT AVERAGE THERMAL MACROSCOPIC ABSORPTICW CROSS SECTIONS 

Total fuel mass 

_ U 2 3 5 

2 (cm- ' ) 

- B ' ° 
2 (cm-') 

_ Xe + Sm 
2 ^ 

^235 (^q"AlJ 

2 

- f . p . 
2 (cm-' ) 

mod 

^ a , ( - - ) 

mod 
2 (cm- ' ) 

s 

(kg) 

Lbrium) 

COLD 

Virgin 

10 

0,04982 

0,00597 

0 

0 

0,01593 

0,01955 

Half-
Depleted 

9 

0.04484 

0,00311 

0 

0,00071 

0,01593 

0,01955 

Depleted 

8 

0.03986 

0.00150 

0 

0.00141 

0.01593 

0.01955 

HOT 

Virgin 

10 

0.03524 

0.00443 

0.048 

0 

0.00985 

0,01564 

Half-
Depleted 

CORE 

9 

0.03172 

0.00231 

0.049 

0.00071 

0.00985 

Depleted 

8 

0.02820 

0.00111 

0.050 

0.00141 

0.00985 

REFLECTOR 

0.01564 0.01564 

OPERATING 

Virgin 

10 

0.03524 

0.00443 

0.048 

0 

0.00985 

0.01564 

Half-
Depleted 

9 

0.03172 

0.00231 

0,049 

0,00071 

0,00873 

0,01564 

Depleted 

8 

0,02820 

0.00111 

0.050 

0.00141 

0.00873 

0.01564 

o" (0.0253) = 685 barns o^'' (0.0253) = 0.22 barns a^ (0.0253) = 0.33 barns 
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a b s o r b e r s , such events do not have a profound effect on cr i t ica l i ty of the 
r eac to r ; the i r effects a r e of a second o rde r of impor tance . Of g rea t e r inn-
portance a r e the proper select ion of the spec t rum of the t h e r m a l neutron 
flux, the c o r r e c t averaging for the fast diffusion coefficient (Df) in the core 
and ref lector , and the c o r r e c t averaging of the two-group age (T) for fast 
neutrons in the co re . In th is p re l imina ry ana lys is the approximation was 
made that the t he rma l neutron flux is dis t r ibuted in a Maxwellian with mode 
kT corresponding to the kT of the modera to r a toms . The fast core cons tants , 
Df and T, were computed on the bas i s of void co r rec t ions applied to the r e ­
sults of r a the r ancient ca lcula t ions . 

Specifically, 

_ Df (metal; H^O of density l ) 
^ 1 - (void fraction) 

and 
T(metal; H^O of densi ty l ) 

(l - void fraction)' ' 

TIME-DEPENDENT TWO-GROUP PARAMETERS 

Having made the approximations d i scussed above, the p rob lem was 
to de te rmine a fuel m a s s that would permi t operat ion of the r eac to r two 
hours (or m o r e , if possible) after instantaneous shutdown from full-power 
operat ion; that i s , the re mus t be enough react ivi ty to permi t full-power 
over r ide of the xenon and s a m a r i u m formed within (at least) two hours 
after such a shutdown. This fuel nnass could not be so long as to r equ i r e 
a prohibit ively cumbersome control sys t em; that i s , in the most reac t ive 
condition during i ts l i fe t ime, the r eac to r mus t be control lable by a r e a s o n ­
able sys tem. Since two k i log rams of fuel a r e p resen t in the virgin core as 
a burnup allowance - perhaps 20% of the total v i rgin fuel content - such 
control would not be feasible unless additional var iab le control is employed, 
such as a paras i t i c neutron abso rbe r which would be largely des t royed d u r ­
ing the r eac to r operat ion. (K no burnable poison were used, the r e q u i r e ­
ment of enough react ivi ty to pe rmi t full-power over r ide after a two-hour 
fast shutdown would imply a kgff (cold virgin) l a rge r than 1 .25.) Boron-10 
is a relat ively inexpensive m a t e r i a l for th is purpose . It is es t imated that 
less than one extra k i log ram of U^̂ ^ would suffice to permi t inser t ion of 
enough B^° to reduce kgff (cold vi rgin pile) to 1.18, which can be controlled 
without grea t difficulty. 

"Naval Reactor Division Quar te r ly Repor t , " ANL-433 7, 
September 15, 1949, 
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T h e s p a c e - a v e r a g e d t h e r m a l flux w a s u s e d to c o m p u t e fue l and B^° 
b u r n o u t and t h e f o r m a t i o n of f i s s i o n p r o d u c t s . In p l a c e of t i m e , one m a y 
u s e t h e r a t i o , x , of t h e t i n n e - i n t e g r a t e d r e a c t o r h e a t output to t h e t o t a l t i m e -
i n t e g r a t e d output a s a " t i m e " v a r i a b l e . In t h e a c t u a l o p e r a t i n g r e a c t o r , fuel 
and B^" b u r n o u t a r e r e l a t e d by : 

U235 ^Z35 
N ( r ,x ) = N ( r , o ) exp 

Jo 

U235 

,10 j i o 

N ( r , x ) = N ( r , o ) exp 
/ B °̂ 

w h e r e 

<Psi^,^)^^s = / o ' " * ( r . u . E ) a ^ ( E ) dE 

A s s u m i n g t h a t only t h e r m a l a b s o r p t i o n s o c c u r . 

*s(s-"' "^= 

i s a p p r o x i m a t e d by 

* s ( £ . ^ ) " ^ ^ 

w h e r e '^g(r,u) i s t h e t w o - g r o u p t he rnna l flux a t t h e pos i t ion r in t h e r e a c t o r 
and a t " t i m e " u , and O i s t h e a v e r a g e fo r m a t e r i a l M wi th r e s p e c t to a 
M a x w e l l i a n d i s t r i b u t i o n of t h e r m a l n e u t r o n f lux. It i s t h e n a p p a r e n t t h a t 

>io .10 
N ( r , x ) = N ( r . o ) 

U"5 
N ( r , x ) 

—UZI5 
N ( r , o ) 

0^ 
a 

10 

s 
_U235 
a 

a 

_B 10 

( H e r e — - 2 3 5 - = 6.1994) 

1:1 
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The space-averaged fuel a tomic density at t ime x is approxinaated by 

,U 235 .U 235 

N (x) = N (o) 

whence it is easy to de te rmine 

Virgin fuel m a s s - 2x 
Virgin fuel m a s s 

^ U 235 
2 (x) and 2 ^ B 10 

Also, 

o r 

^ S 

I^-P- (x) 
^S 

,U 235 U' 235 
N " (o) - N " (x) 

1.183 
100 X 10"^^ 

.rU"^ / X A 0 0 x l 0 ^ \ / 

^ °̂) I 1.183 ) \^r gin fuel nnassy 

The average t h e r m a l neutron core flux, 0s (x), based on full power 
operat ion at x, is given by (Fig. 14): 

*s (x) =Z'̂ J235 
1.719 X 10 17 

Zr (x) (volume of core) 
fs 

where 

:U 235 

f s 

235 

w=rf 83 

Xenon and s a m a r i u m equi l ibr ium absorpt ion, based on full power 
r eac to r operat ion at t ime x, is then given by 

—Xe + Sm 
2 

_^\iS (equil ibr ium, x) = 0.011 + 0.064 

^s (x) o j , 

Xe 
X^^ + 0s (x) -S 

Xe 
'as 

where 

and 

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

Xe , - 1 8 -z = 2.37 X 10" '" for the operating r eac to r , 
^s 
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The changing atomic densi t ies of fuel and of the var ious paras i t i c 
a b s o r b e r s nnust be compensated by changes in control se t t ings . The la t t e r , 
in tu rn , induce further changes in flux dis t r ibut ion. Thus the application of 
the volume averaged flux is a questionable p rocedure ; he re again m o r e s o ­
phist icated analys is is suggested for a final design. 

If we define the effective multiplication fac tor , keff, as 

U235 \ ^ (x) k e f f ( x ) = r , ^ ^ j ^ - — - ^ 

we nnay examine (Fig. 15) the t ime var ia t ion of pile react ivi ty for the s eve ra l 
co re conditions descr ibed e a r l i e r . It should be emphasized that the cold core 
is undoubtedly an ar t i f ic ia l condition once the r eac to r has been operated. F o r 
the cold co re it is assumed that the xenon and s a m a r i u m a r e not p resen t . 

On the bas i s of the approximations d i scussed previously, it appeared 
that t h e r e is l i t t le change in keff during the life of the reac to r , (if much 
l a rge r fuel burnouts were requ i red , it is to be expected that kgff would exhibit 
a much g r e a t e r t ime var ia t ion unless m o r e connplicated var iab le control 
s chemes were admitted. It i s a l so indicated that over r ide of max imum xenon 
is eas i ly at tained with little ext ra fuel requi red . The fuel m a s s l is ted appears 
sufficient to permi t r e a c t o r s ta r tup at any t ime and, with the possible excep ­
tion of the final 10% of core life, to pe rmi t over r ide of maximum xenon and 
saraar i i im by full-power operat ion.) 

CONTROL 

In going from the cold r eac to r to the operat ing r eac to r condition with 
two-hour xenon, the fast non-leakage probabil i ty, 1̂ 1 + T B ^ ) , d e c r e a s e s by 
approximate ly 10% and koo i n c r e a s e s an average of 1% in these approximat ions . 
Also, t he re is slightly m o r e than 1% d e c r e a s e in the thernnal non-leakage prob­
abil i ty. 

°^B^ 
" S 

Considering a lso the t ime dependence of these p a r a m e t e r s , kgff (cold) mus t 
be at least 1.13 in o rde r to nneet the r equ i remen t s of c r i t ica l i ty and to pernnit 
over r ide of xenon and s a m a r i u m two hours (at least) after a fast shutdown. 
As may be observed from. F ig . 15, keff (cold) d e c r e a s e s from ini t ia l pile 
operat ion to final pile operat ion. Stipulating keff (cold virgin) = 1.18 then 
pernnits keff (cold) to be at least 1.13 at a l l t i m e s . 
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EFFECTIVE REACTOR MULTIPLICATION FACTOR (keff) 
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Sufficient adjustable control nnust be provided to enable the opera tor 
to shut down the r eac to r at any t ime . It is contemplated that only for the 
vi rgin reac to r would the co re t empera tu re be so low as to pernnit a keff as 
large as 1,18, As a possible control mechan i sm, an a r rangement of control 
blades has been chosen which provides essent ia l ly th ree absorbing cur ta ins 
in the co re . It is expected that these cu r t a ins , plus a possible var ia t ion of 
the water level in the r e a c t o r , would be sufficient to control the r e a c t o r 
after ini t ial operat ion. F o r the vi rgin r eac to r , additional control could be 
obtained by heating the water before pumping it into the r eac to r . In the 
event that c r i t i ca l exper iments indicate that s t i l l nnore permanent ly ava i l ­
able control is to be p re fe r red , it is anticipated that two m o r e cur ta ins 
could be supplied with a re la t ively nninor i nc r ea se in fuel content ( less than 
10%). F o r ex t reme emergency control a soluble-poison injection systenn 
is provided. 

In evaluating the effectiveness of the cur ta ins for the cold v i rg in r e ­
ac tor , the t r anspor t theory boundary condition was applied for a thernnally 
black cur ta in in a non-absorbing medium. The cor rec t ion for such weak 
absorpt ion as is present is not important . The cur ta ins were considered as 
absorbing planes (zero th ickness) . The outer core regions were augnnented 
by the savings of the ref lec tor (7,2 cnn) to reduce the nunnber of reg ions , 
thus facili tating computation. The approximation introduces only a snnall 
e r r o r for such large regions . 

The problem may be i l lus t ra ted as follows: 

CONTROL CURTAINS 
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The flux solutions a r e those of two-group theory : 

In region j 

0fj(y) = RfjtAj^ cos MfjY + Aj2 sin Mfjy] + Rsj[Aj3 cosh /igjy + Aj^ sinh MSJYI 

0sj(y) = [Ajj cos MfjY + Aj2 sin Mfjy] + [AJ^ cosh MsjY + Aj^ sinh MSJYI. 

J = 1. 2. 

The curtain conditions a r e : 

0;^ (0) 1 0;^ (yi) 

0 ' (0) ^ 0.7104 Xtotal ^ ^' 0 , (YI) " " ^ 
£>X Si 

0 ; (Y2) 1 
^ 2 • 

0^ (Y2) " 0.7104 Xtotal 
=»2 

The other boundary conditions a r e : 

0 (0) = 0, 

0 :̂ (YI) = 4>r (y2) 
^̂ 1 ^2 

0 (0) = 0 = 0 (0) 

and 
- D . 0* (yi)= D 0> (yi) . 

t i l l I2 I2 

A good approxinnation for such a large region is to replace sinh MsiYi 
by cosh jUs Yi • Since cosh jUg y exhibits a t r emendous var ia t ion over region 
one, it is c l ea r that Ai3 ~ - A14. 

We nnay then wr i t e : 

0f^(Yi) = Rf̂  [All cos Mf̂ Yi + A12 sin Mf̂ Yi) + Rgi cosh MsiYi [A13 + A14] 

and eventually we nnay solve for the t e r m s A n , A13, and (A13 + A14) 
cosh jLtg yj.. This technique simplif ies the evaluation of the de terminant | A | 
of the ma t r i x A of coefficients in the resul t ing homogeneous l inear sys t em 
AX = 0, where X may be wri t ten as 
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X 

' • l l 

'•13 

[ A I 3 + A14] c o s h ji yi 
S l 

-A 22 

-A24 s i n h ^ y2 
S2 

The equation | A | = 0 is the consistency condition for solvability of the s y s ­
t e m obtained after application of the var ious cur ta in and boundary conditions. 
F o r this problem the two-group constants for regions one and two a r e iden­
t ica l and we may wri te the equation: 

A s 

a cos MfYi - Mf sin /̂ fYi a[a sin MfYi + Mf cos MfYi] a + Mg 

- a 

c o s /J£Yi 

Mf s i n MfYi 

0 

Ms [̂ ^ - ll - a 

a s i n /ifYi 

R s 
- -^ /Js c o s MfYi 

0 

0 

R s 

R s 

0 a s i n 

0 

s i n /JfYz 

Mf c o s /ifYz 

fifYz + Mf c o s Mf̂  

0 

R s 

Rf 

R s 

Rf ' ^^ 

fz a + Ms 

= 0 

(where A = 
DfRf 

|A | ) 

where 

^f - / ^ t o t a l " ̂ OD 

BQJ-) = sum of the geonnetric bucklings in the other direct ions 

Ms •• 

Rs 

Rf 

a =• 

_ 2 1 1 

Bfotal + 1 7 "̂  7 

^^ ^tota l •'' ~ 

D. 
+ B OD . L' = ^ 

- i^i^'koJ ' ^''- ^^^^^ (^) ^'' "^^ *̂°̂ ^̂^ 
/^Rs 
MfRf 
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1 
^ " 0.7104 A^total 

F o r this cold vi rgin r e a c t o r , keff =1 ,18 without cu r ta ins . "With c u r ­
ta ins in, we ar t i f ical ly va ry 7] to satisfy the condition A = 0, getting r)Criticality_ 
Then 

^U"^ - r)^^it^^^^^ty Akeff 

T]U"' keff 

for the t rans i t ion to the sys t em with cur ta ins fully inser ted . 

RESULTS 

Z^eff/kgff » 0.015 when the cur ta ins a r e 7 in. apar t ; that i s , the c u r ­
ta ins alone do not quite control the cold, virgin r e a c t o r . However, as d i s ­
cussed e a r l i e r , if at least this much control is inherent in t h r ee cur ta ins it 
is not difficult to provide additional control capacity if n e c e s s a r y . F o r 
example , some additional control would be achieved by using a m a t e r i a l 
(possibly hafnium) which absorbs epithernnal neutrons or by using preheated 
water in the virgin r e a c t o r at s ta r tup . 

(if the two outer cur ta ins were moved to a position 3-1/2 in. fo rm 
the cen t ra l cur ta in Akeff/keff would be ~ 0.01 .) 

WORTH OF ONE PERIPHERAL FUEL SUBASSEMBLY 

To get some notion of how much react ivi ty is implici t in a pe r iphe ra l 
fuel subassembly , four subassembl ies were removed from the core along 
one s ide , giving an effective depth of 69,95 cm instead of 74,07 cm. Assuming 
that the ref lector savings a r e unchanged, it was found that kgff for the cold 
v i rg in r eac to r drops f rom 1,180 to 1.174 and keff for the operat ing v i rg in 
r eac to r drops f rom 1.057 to 1.049, 



A P P E N D I X B 

R E L A T I O N S B E T W E E N CIRCULATING RATIOS, 
STEAM VOIDS AND MODERATOR DENSITIES 

Append ix B i s a s u m m a r y of c e r t a i n h e a t e n g i n e e r i n g e q u a t i o n s wh ich 
have b e e n deve loped b e c a u s e t hey a r e c o n s i d e r e d use fu l for the d e t e r m i n a t i o n 
of the m o d e r a t o r d e n s i t y and i t s v a r i a t i o n in r e l a t i o n to s u c h p a r a m e t e r s a s 
flow r a t e , s t e a m p r e s s u r e , subcoo l ing , and s l i p r a t i o . T h e equa t ions a r e b a s e d 
on the app rox inna t ion tha t h e a t i s g e n e r a t e d a t a unifornn r a t e a long t h e whole 
he igh t of t h e c o r e . 

In add i t ion , d e n s i t y d i f f e r e n t i a l s a r e de t e rnn ined a s func t ions of v a r i ­
a t i o n s in e a c h of the p a r a m e t e r s . 

App l i ca t i on of t h e s e g e n e r a l e q u a t i o n s y i e l d s da ta p e r t i n e n t to the 
o p e r a t i n g and p h y s i c s c h a r a c t e r i s t i c s of t h e r e a c t o r , 

N O M E N C L A T U R E 

Gg F l o w r a t e of s t e a m , l b / s e c 

G^ T o t a l flow r a t e , l b / s e c 

Y S t e a m qua l i ty G g / G t 

X R e c i r c u l a t i o n f a c t o r , lb l i q u i d / l b s t e a m a t c h a n n e l d i s c h a r g e point 

X^ R e c i r c u l a t i o n f a c t o r a t i n t e rnn i t t en t point of c h a n n e l 

p S t e a m p r e s s u r e , p s i a 

Vg S t e a m v e l o c i t y , fps 

v ^ Liquid w a t e r v e l o c i t y , fps 

r Sl ip r a t i o , V g / v ^ 

A C h a n n e l flow a r e a , sq ft 

p D e n s i t y of t w o - p h a s e f luid, I b / c u ft 

Pg S t e a m d e n s i t y a t e x i s t i n g c o n d i t i o n s , I b / c u ft 

p ^ S a t u r a t e d l iquid d e n s i t y a t ex i s t i ng c o n d i t i o n s , I b / c u ft 

Pb A v e r a g e f luid d e n s i t y in boi l ing 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 both s u b c o o l e d and bo i l ing c h a n n e l 

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

V Specific volunne (same subscr ip t s as above), cu f t / lb 

R y Steam void ra t io , s team flow a r e a / tota l channel flow a rea 

P Power generated in channel or connbination of channels, B tu / sec 
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L o r Lt Leng th of c h a n n e l , ft 

L j Leng th 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 

L]^ Leng th of ne t bo i l ing c h a n n e l s e c t i o n , ft 

H Leng th of c h a n n e l f r o m point of i n i t i a l bo i l ing to i n t e rnn i t t en t poin t , ft 

e Hea 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 is v a l u e i s a s -

sunned c o n s t a n t o v e r whole length) 

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

AH Hea t of v a p o r i z a t i o n for w a t e r , B t u / l b 

h En tha lpy of l iquid , B t u / l b 

hg2 En tha lpy of s a t u r a t e d l iqu id , B t u / l b 

ho En tha lpy of t o t a l l iquid e n t e r i n g channe l , B t u / l b 

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

hf E n t h a l p y of feed w a t e r a l o n e e n t e r i n g r e a c t o r , B t u / l b 

m Ra t io : ( p ^ - r P s ) / r P s 

m * R a t i o : i n ^ r P s / ( p w - P s ) 

F F e e d w a t e r e n t e r i n g r e a c t o r , l b / s e c 

Z R e c i r c u l a t e d w a t e r e n t e r i n g c h a n n e l t o g e t h e r wi th e a c h pound of feed 
w a t e r , l b / l b 

SUMMARY O F EQUATIONS 

(1) 

(2) 

(3) 

l] P W A P S (4) 

V s • 

^w 

p = 

Rv 

-- (Vg + XrVw) G g / A 

= v g / r = ( V g / r + X V ^ 

1 + Xr 
Vg + XrVw 

1 
- (1 + X r ) P g / p ^ • -

) G , 

X = 

. / A 

Uv 
V a r i a t i o n of X a long the bo i l ing channe l : 

X^ = (Gt A H / e ^ ) - 1 w h e r e Gt = (X + 1) Gg (5) 

_ ^e (1 - r ) + r G t AH 
P^ " i e (Vg - r V ^ ) + r Gt AHV^ 

(5a) 

Gg = e i / A H (6) 

Y = l / ( X + 1) = S t e a m qua l i ty (7) 
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Average fluid density in net boiling section L^ is given by: 

Pw 
Pb m*Y 

log (1 + mY) 

Ratio of subcooled dis tance to boiling length of channel: 

L i /Lb = Ah/(YAH) 

L i /L t = Ah/(Ah + YAH) 

Average fluid density in total length of channel: 

Pb YAH + Pw Ah 
Pt Ah + YAH 

or 

P+ t VAh 

Subcooling Ah = hg^ - ho; Ah = 
hs l - hf 

Z + 1 

(8) 

(9) 

(9a) 

(10) 

(11) 

(12) 

or , when rec i rcu la t ion factor X at outlet is equal to rec i rcula t ion factor Z 
at inlet (steady state) 

Ah = Y (hgl - hf) (13) 

DENSITY DIFFERENTIALS 

I. Variat ion of total average fluid density as a r e su l t of changing steann 
quality alone: 

dPt 
dY 

AH 

Ah + YAH 
mp w 

m*(l + mY) Pt (14) 

Expressed in t e r m s of changes of the rec i rcu la t ing factor X the equation is 

dpt dPt 
= -Y • 

dX dY 

(15) 

II. Variat ion of total average fluid density as a resu l t of changing the sub­
cooling alone: 

dPt Pw - Pt 
dAh Ah + YAH 

(16) 
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III. V a r i a t i o n of t o t a l a v e r a g e fluid d e n s i t y a s a r e s u l t of chang ing s t e a m 
p r e s s u r e a l o n e . T h e r e a r e two in f luences : (1) r e s u l t of chang ing s t e a m 
d e n s i t y ; and (2) r e s u l t of chang ing subcoo l ing . 

w h e r e 

and: 

( l ) Due to changed s t e a m d e n s i t y 

^ fiM (^\ (^Ps\ 
dp "^dmj l̂ dpsj VdpJ 

dPt _ / P^AH \f Y log ( l + mY)-

d ^ " \Ah + YAH ) \{l + m Y ) m * " (m*)^ 

dm -Pw 

(17) 

(18) 

dp« VpJ 

steam density change per 1 psi pressure change as (20) 

-s ^ •"s 

dps 

found by s t e a m t a b l e s . 

(2) Due to t h e c h a n g e d subcoo l ing [ see Eq . (12)] 

w h e r e 

dp \dNn.j \^dp / \^dAhy \̂  dp ^ VZ + 1 / ^^^' 

dp^ dhgi 
J., i s found by Eq . ( l 6 ) and — f r o m s t e a m t a b l e s . 
dAh dp 

EQUATIONS A P P L I E D TO 5 - l / 2 m w H O R I Z O N T A L R E A C T O R 

T h e fluid d e n s i t y equa t i on u s e d in the P h y s i c s Append ix for a 5 - 1 / 2 m w 
r e a c t o r and shown on page 37 w a s d e r i v e d f r o m Eq . (5a) . In the p r e s e n t c a s e , 
we h a v e for the t o t a l f luid flow t h r o u g h t h e c o r e : 

T o t a l F l o w A r e a A = 3.42 sq ft 

X + 1 = 60 

Gg = 20,000 I b / h r = 5.55 lb s t e a m / s e c 

Gt = (60) (Gs) = 333 l b / s e c 

AH at 600 p s i a = 732 B t u / l b 

e = 5 - 1 / 2 m w p e r 2 ft c h a n n e l length = 2 ,600 B t u / s e c - f t 

Vg = 0.77 cu f t / l b , Vj^ = 0.02, r = 1.25 (at 600 p s i ) 
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These values were applied in Eq. (5a) after which the engineering 
units were converted, density into gm/cc and dis tances into cm. The equa­
tion then takes the approximate form 

p = 77/(96 + i) 

For average operat ing conditions it is a s sumed that the subcooled 
p&rt of the cooling channels is 20% of the total core height (60 cm) or 12 cm. 

The equation can then be wri t ten in the form used for the physics 
calculat ions: 

p = 77/(84 + z) 

where z is the ve r t i ca l d is tance (cm) from the bottom of the co re and p is 
m e a s u r e d in g m / c c . This appl ies for the boiling region where z > 12 cm, 
such as shown graphical ly on Fig. 12 in Appendix A. 

The requ i red fluid veloci t ies through the core a r e found by Eqs , ( l ) 
and (2). 

Average s team and water veloci t ies at top ends of the channel a r e : 

Vg = 3.6 fps and v ^ = 3.6/1.25 = 2.9 fps. 

The average water inlet velocity at the bottom end of the channels 
is 1.9 fps. The downcomer velocity is less than 0.5 fps. 

By application of Eqs . (8) and (10) it is found that the average fluid 
density loss in the core , due to boiling, is 14.2% of the hot, non-boiling liquid 
density. 

Eq. (4) shows that the s team volxime at the top end of the channels 
will be R y = 34% of the modera to r space. 



APPENDIX C 

ALTERNATE POWER AND HEATING CYCLES FOR 425 kw 
ELECTRIC POWER PLUS 2,500 kw HEAT 

Case I 

Separate power plant and s team heating plant, each using indirect 
s team cycles . Turbine opera tes with full expansion. 

This sys tem is i l lus t ra ted by the simplified flow d iagram Fig. 16, 

Power Cycle 

500 kw generator output (net demand 425 kw). 

Medium: Secondary s team, 8,000 Ib /hr at 300 psig, condensed at 
3 in, Hg, 

Water r a t e : 16 Ib/kwh, 

Required from reac to r : 2,6 nnw power, 9,600 Ib/hr p r i m a r y steann 
condensed and cooled in heat exchanger to 300F, 

Heating Cycle 

Heat demand equivalent to 2,500 kw. 

Medium: Secondary s team, 8,500 Ib /hr at 50 psig, condensed and 
cooled to 210F, 

Required from reac to r : 2,5 mw power, 9,100 Ib /hr p r i m a r y s team 
condensed and cooled in heat exchanger to 300F. 

Reactor 

5.1 mw total power 

18,700 Ib /hr s team at 600 psia re turned as feed water at 300F, Op-
V'. erat ing period for 2 kg fuel burn out = 1 5 months at 70% of capacity. 

f425 + 2 500) 
Over -a l l plant efficiency -̂̂  _ . •.;. ^x 100 = 5 7 - l / 2 % . 

5,100 

Advantage: 1) Detached power and heat operat ions . 
2) No radioactivi ty in power unit or condenser . 

Disadvantage: Investment in evaporator equipment. 

The flow diagram. Fig, 16, indicates separa te heat exchangers or 
evapora tors for the power plant and the heating sys tem. Obviously, these 
two s team supplies can be generated in one single evaporator if a combina­
tion is p re fe r red . 



U1 
00 

18700 Ibs/hr 

18 gpm 

HEATING SYSTEM 

8500 Ibs/hr 

2500 kw 

FIG. 16 
POWER AND HEATING PLANT 

INDIRECT STEAM CYCLES 
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The evaporator , in o rder to be access ib le , can be instal led in a room 
separa te from the r e a c t o r . However, in case it is essent ia l to keep the space 
requ i rement down to a min imum, the secondary s team coils can actually be 
built as a unit inside the steann compar tment of the reac tor p r e s s u r e v e s s e l 
without increas ing its s ize . The end of the v e s s e l through which the coils 
a r e instal led nnay be built with a large flanged opening for a bolted lid, or 
the coil sys tem could be instal led direct ly in place before the c losure is 
welded. 

The heat exchanger could conveniently be designed as a "Once-Through ' 
boiler with 300-psi secondary s team being generated in the coi ls . The p r i ­
m a r y s team would be condensed within the p r e s s u r e vesse l , thus avoiding 
radioact ivi ty in the outside s t eam cycles . 

Case II 

Separate plants . 

Power plant using p r i m a r y s team, full expansion. 

Heating plant using separa te indirect s team cycle. 

Power Cycle 

500 kw generator output (net dennand 425 kw). 

Medium: P r i m a r y s team, 7,000 Ib /h r , 600 psia, condensed at 3 in, Hg, 

Water ra te : 14 Ib/kwh. 

Required from reac to r : 2,3 mw power. 

Heating Cycle 

Heat demand: 2,500 kw. 

Medium: Secondary s team, 8,500 Ib /hr at 50 psig, condensed and 
cooled to 21 OF. 

Required from reac to r : 2.5 mw power, 9,100 Ib /h r , p r i m a r y steann 
condensed and cooled in heat exchanger to 300F, 

Reactor 

4,8 mw total power. 

/-y\ 16,100 Ib /hr s team at 600 psia re turned as feed water at 220F (average), 

y Operating period for 2 kg fuel burnout = 1 6 months at 70% of capacity. 

Over -a l l plant efficiency 
(425 + 2,500) 

4,800 
X 100 = 6 1 % 

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

n i- 5'J 



Advantage: Detached power and heat opera t ions . 

Disadvantage: 1) Radioactive power steann, 
2) Maintenance of vacuunn in active condenser . 

Case III 

Power: Topping turbine with evaporative condenser . 

Heat: Secondary s team produced in turbine condenser . 

Power Cycle 

500 kw generator output (net demand 425 kw). 

Medium: P r i m a r y s team, 17,000 Ib /h r , 600 psia, through "topping 
tu rb ine ," condensed at 80 psig. 

Water ra te : 34 Ib/kwh. 

Required from reac to r : 4.5 nnw power. 

Heating Cycle 

Heat demand: 2,500 kw. 

Medium: Exhaust heat t r a n s f e r r e d in turbine condenser to secondary 
steann cycle. 8,500 Ib /hr at 50 psig uti l ized out of a tota l of 13,600 Ib /hr 
secondary s team. The balance of the secondary s team is condensed in 
an auxil iary rad ia to r , 

(in case power demand goes down to 60% norma l al l exhaust heat may 
be ut i l ized). 

Reactor 

4,5 mw to ta l power, 

,_-lr7,000 Ib/hr s team at 600 psia re tu rned as feed water at 324F. 

iJ'^ I Operating period for 2 kg fuel burnout = 17 months at 70% of capacity, 

(425 + 2 500) 
Over -a l l plant efficiency: -̂^ -r-^ ^x 100 = 65% 

4,b0u 
Advantage: 1) No condenser vacuunn. 

2) Snnall turbine and condenser s ize . 
Disadvantage: Active power s team. 



Case IV 

Topping turbine with c i rculated water heating sys tem. A s imi l a r 
sys tem is i l lus t ra ted by the simplified flow diagrann Fig . 7, 

Power Cycle 

500-kw generator (net demand = 425 kw). 

Medium: Prinnary steann: 11,000 Ib/hr at 600 psia through turbine , 
condensed at 5 psig. 

Water ra te : 22 Ib/kwh, 

Required from reac to r : 3,25 mw power. 

Heating Cycle 

Heat demand: 2,500 kw, 
Mediunn: Exhaust heat t r a n s f e r r e d in turbine condenser to 400 gpm 
circulated water heating cycle, 2,700 kw heat available out of which 
2,500 kw utilized with t e m p e r a t u r e drop 212-170F, 

Reactor 

3.25 nnw total power. 

11,000 Ib /hr s team at 600 psia re turned as feed water at 228F, Op­
erat ing period for 2 kg fuel burnout = 2 y e a r s at 70% of maximum 
capacity. 

(425 + 2 500) 
Over -a l l plant efficiency =-!̂  , ^^' ^x 100 = 90% 

3,250 

Advantage: 1) No condenser vacuum, 
2) Small power unit s ize, 
3) High fuel efficiency. 

Disadvantage: Active power s team. 

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

ni 



APPENDIX D 

FORCED CIRCULATION IN HORIZONTAL BOILING REACTORS 

Appendix D desc r ibes how the principle of forced circulat ion nnight 
be applied to the hor izonta l boiling r eac to r in case developnnent should show 
the need for g rea te r power densi t ies than can be obtained by means of na tura l 
convection alone. 

The theory behind the use of forced circulat ion or induced dr ive p r e s ­
su re is as follows: 

Any given boiling r eac to r with a given position of its control rods , 
a given p r e s s u r e and a negative "void coefficient" will have a react ivi ty 
which is inherently regulated by the steann volume entrained in the mod­
era tor at any t ime . With a very simplified express ion we can s tate that: 

Negative void coefficient mainta ins constant void volume or a con­
stant ra t io s team product ion/veloci ty. Therefore , s team production, or 
r eac to r power, is proport ionate to the s team velocity. 

The s team and water veloci t ies in the core (circulating veloci t ies) 
depend on equality between p r e s s u r e losses in the channel and the dr ive p r e s ­
sure available for the c i rcula t ion. 

In case of na tura l c i rculat ion both the friction losses and the dr ive 
p r e s s u r e a r e functions of the entrained s team volvune (void %); both a r e of 
a re la t ively snnall magnitude and not too predic table . 

If, on the other hand, a l ibera l dr ive p r e s s u r e were to be provided 
from an outside source the situation would be s impler because the d r ive -
p r e s s u r e could then be regulated at will so as to produce and hold any 
des i red fluid velocity (and power level) r e g a r d l e s s of the na ture of the two-
phase friction c h a r a c t e r i s t i c s and substantial ly without aid from the control 
rods . The distr ibution of water could be secured by an orifice at each e le ­
ment . 

The introduction of c i rculat ing pumps would cer ta inly add to the in­
ves tment as well as the nnaintenance cost, but it should add considerably 
to the potential capacity of any given s ize of r eac to r and to the stabil i ty of 
operat ion. It would also provide an excellent medium for control of the power 
output. It should be noted that the capacity of the smal l boiling r e a c t o r s is 
l imited by the s team voids, or the r a t e of s t eam removal r a the r than by the 
surface heat flux which could probably stand to be doubled after the na tu ra l 
convection of s t eam has reached its l imit . 
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Figure 17 is the same reac to r which was shown on Fig . 2 with the 
difference that forced circulat ion has been added. F igure 18 shows the r e ­
actor and circulat ion systenn instal led in connection with the previously 
descr ibed power plant. 

The injector tubes a r e placed at such angle that, with the pumps shut 
down, the water is prevented from syphoning from the reac to r compar tment 
through the pumps back to the s t eam connpartment. Fo r this r ea son a " vent 
pipe" with check valve connects the high point of the loop to the s team space 
in the r eac to r vesse l . 

Since 5-1/2 mw reac to r power cor responds to an average heat flux 
of only 31,000 Btu/(hr)(sq ft), it should be fair ly safe to expect that the power 
could be increased to 11 nnw in case the induced circulat ing velocity were 
increased to twice the velocity expected from na tura l c irculat ion. This 
would mean a liquid velocity of 5.8 fps instead of 2.9 at the top end of the 
cooling channels . 
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