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COST STUDY OF A lOO-Mw(e) DIRECT-CYCLE 
BOILING WATER REACTOR PLANT 

by 

C. F . Bullinger and J. M. H a r r e r 

I. INTRODUCTION 

The study descr ibed in this r epor t compr i ses a technical and 
econonnic evaluation of a type of nuclear reac to r that holds p romise of 
attaining competit ive cen t ra l station power costs : the d i rec t -cyc le , light 
water boiling reac to r designed for na tura l circulat ion and internal s t eam-
water separa t ion. 

The degree of development, and the advantage of s implici ty of 
operat ion inherent in this type of r eac to r power plant has been demon­
s t ra ted during three yea r s of successful operation of the Exper imenta l 
Boiling Water Reactor ( E B W R ) at power levels ranging from 20 Mw(t) 
(design), up to 60 Mw(t); conversion for operation at 100 Mw(t) is in 
p r o g r e s s . 

The major effort of the study was to show how cur ren t boiling 
water r eac to r technology, combined with minor extrapolat ions from 
operating exper ience , could be applied toward reducing the costs a s s o ­
ciated with the design and construct ion of a boiling water reac to r plant 
having a g ros s e l ec t r i ca l output of 100 Mw. 

The capital costs a s soc ia ted with the design and construction of 
such a plant a r e sensi t ive to many design p a r a m e t e r s . Representa t ive of 
these a r e the s t eam conditions at the turbine throt t le valve, final feed-
water t e m p e r a t u r e , method of coolant circulat ion, method of s team sepa­
rat ion, and design and a r r a n g e m e n t of r e a c t o r plant equipment and 
aux i l i a r ies . The r eac to r plant concept which forms the subject of this 
r epor t was evolved from explora tory studies made on a s e r i e s of p r e ­
l iminary r e a c t o r plant des igns . These designs were p repa red to inves t i ­
gate the var ia t ion of plant investment cost as influenced by a l ternate 
design philosophies and a l te rna te a r r a n g e m e n t s of plant equipment. 

The following genera l ized design c r i t e r i a were establ ished for use 
in the development of the plant concept: 



(1) The g r o s s tu rb ine -genera to r rat ing is to be 100,000 kw(e) 
when supplied with 1000 psig dry and sa tura ted s team. 

(2) The plant is to be designed for location on a r i ve r with an 
adequate water flow for the unit considered. Grade level 
is to be 5 ft above high water , with a maximum var ia t ion 
in r i v e r level of 15 ft. 

(3) The plant i s to be located on a site where soil conditions 
will sustain a unit p r e s s u r e of 4,500 psf for foundation 
design, and the t e r r a i n is such that a minimunn amount of 
dewatering is n e c e s s a r y for p repar ing foundations. 

(4) The r eac to r is to be housed in a s tee l containment vesse l . 

(5) Turbine building, se rv ice buildings, and c r ib house a r e to 
be cons t ruc ted of insulated protec ted me ta l siding. 

(6) Rai l and serv ice facil i t ies a r e a s sumed to be located at the 
edge of the plant s i te . 

(7) Plant se rv ice water is to be s t ra ined, and the makeup feed 
water is to be deminera l ized . 

(8) The cost es t imate is to include the genera tor s tep-up 
t r a n s f o r m e r , but is not to include the switchyard. 

(9) Al ternate costs a r e to be es t imated for a completely carbon 
s tee l sys tem, and a sys tem util izing s ta in less s teel or other 
al loys where cycle t e m p e r a t u r e s exceed 250°F. 

The des igns evaluated w^ere, in genera l , differentiated by methods 
of spent-fuel handling and s torage , control rod location, and method of 
effecting r eac to r coolant rec i rcu la t ion . More specifically, the s tudies 
cons idered in te rna l v e r s u s ex te rna l spent-fuel s torage ; wet v e r s u s d r y -
type fuel handling; bottom v e r s u s top- ins ta l led cont ro l rod d r ives ; and 
location of the r eac to r v e s s e l within the biological shielding in the contain­
ment building. 

Compar i sons were naade between na tu ra l - c i r cu la t ion and forced-
circulat ion sys tem components and their effect on the overa l l d imensions 
of the containment ves se l , plant s t r uc tu r a l r e q u i r e m e n t s , and capital 
investment . In the major i ty of the sys t ems studied, the d iameter and overa l l 
height of the containment v e s s e l were es tabl i shed to r e su l t in a max imum 
steel plate th ickness of 1-j in. to obviate the economic penalty of s t r e s s -
rel ieving field welds of the v e s s e l wal ls . However, in the case of the 
forced-c i rcu la t ion r e a c t o r design (with i ts attendant r ec i rcu la t ion sys tem 
r i s e r s and downcomers , s team drum, rec i rcu la t ion pumps, and piping), 



the minimum diameter of the containment vesse l was set by physical space 
r equ i r emen t s . Compar isons between na tura l -c i rcu la t ion and forced-
circulat ion sys tems showed that a forced-ci rcula t ion plant with external 
s t eam separa t ion would cost at leas t $1,500,000 ('^$15 per kilowatt) more 
than a comparably sized na tu ra l -c i rcu la t ion reac tor plant. Moreover, the 
pumping sys tem for the forced-c i rcula t ion plant would incur additional 
operating cos t s . 

Consequently, cycle analyses were focused on plant designs utilizing 
a r eac to r with na tura l c i rculat ion and in terna l s team-wate r separat ion. The 
sys tem p a r a m e t e r s va r i ed were the throt t le s team p r e s s u r e , the number 
and types of feed-water hea t e r s in the regenera t ive cycle, and the disposition 
of the heater dra ins in the cycle. The resu l t s of these analyses indicated that 
a cycle with 1000-psig throt t le s t eam p r e s s u r e , 400°F final feed-water t em­
pera tu re , and pumped hea ter dra ins from the low-pres su re heater , would be 
the most des i rab le a r r angemen t compatible with a reac to r designed for 
na tura l c i rcula t ion and in terna l s t eam-wa te r separat ion. 

The foregoing p re l im ina ry studies supported the conclusion that the 
plant design leading to the lowest overa l l building cost ($1,150,000) would 
feature ( l) a r eac to r with na tu ra l c i rculat ion and in ternal s t eam-wate r 
separat ion; (2) top- ins ta l led control rod dr ives ; and (3) a dry- type, fuel-
handling machine to t r ans fe r spent fuel e lements to a s torage pool located 
within the containment vesse l . 

The second mos t economical a r r angemen t would be of s imi lar design 
but would incorpora te a wet- type fuel-handling system, with a cost differen­
t ial of $52,500. This a r r angemen t was cheaper only because of the cost of 
the fuel-handling coffin ($150,000) which must be added for the dry- type 
concept. The building cost for the wet- type sys tem is $97,500 more than 
the a r r angemen t of lowest cost . 

The th i rd mos t economical a r r angemen t would feature a dry- type 
refueling sys t em and differ from the two previous designs in that the con­
t ro l rods would be insta l led at the bottom of the r eac to r vesse l . The cost 
differential would be about $95,500. 

In weighing the advantages and the disadvantages peculiar to each 
plant concept, it was decided that the difficulties assoc ia ted with the remova l 
of the top- ins ta l led control rod dr ives for refueling operat ions were sufficient 
to war ran t the additional expenditure i ncu r red by the bot tom-insta l led control 
rod design. 

Accordingly, a m o r e detai led plant design for cost e s t imates p r o ­
ceeded in accordance with the following c r i t e r i a : 



(1) The r eac to r is to be designed for na tura l c i rculat ion and in te r ­
na l s t eam-wa te r separat ion, with bot tom-ins ta l led control rod 
d r ives . 

(2) The e l ec t r i ca l power output is to be approximately 100 Mw. 

(3) The r eac to r complex and cleanup loop a re to be located in the 
containment vesse l . Other equipment is to be located outside 
of the containment vesse l . 

(4) The plant is to be designed for unlimited acces s to a r e a s 
requi r ing daily inspection and se rv ice . 

(5) Spent fuel e lements a r e to be t r a n s f e r r e d with a dry- type 
refueling machine to a spent-fuel s torage well located inside 
the containment vesse l . The design will provide for the 
t r ans fe r of fuel in and out of the containment ve s se l during 
r eac to r operat ion. 

(6) The r eac to r site and plant costs a r e to conform with the 
r equ i s i t e s of "AEC Optimized Plant Studies," March, 1960, 
except that no allowance is to be made for cost escalat ion 
during construct ion. 



II. SUMMARY 

The r e f e r e n c e lOO-Mw(e) r e a c t o r power plant de s ign evolved f rom 
th i s s tudy should have the b e s t chance (of any s i m i l a r p lan t s p r o j e c t e d to 
da te ) of a p p r o a c h i n g the 8 to -9 m i l l / k w h r to t a l p o w e r - c o s t l eve l . Admi t t ed ly , 
the p o s t u l a t i o n s u s e d in a r r i v i n g at t h e s e c o s t s a r e sub jec t to mod i f i ca t ion 
when w a r r a n t e e s b e c o m e n e c e s s a r y . G u a r a n t e e s of p e r f o r m a n c e coupled 
with low cos t a r e h ighly dependen t upon the conf idence and capab i l i t y of the 
r e a c t o r d e s i g n e r ' s staff, ab i l i t y of the P r o j e c t M a n a g e r to r e t a i n the o r i g i n a l 
s i m p l i c i t y of the c o n c e p t u a l des ign , and the c o m p l e t i o n of the plant in m u c h 
l e s s t i m e than r e q u i r e d for the p r e s e n t g e n e r a t i o n of r e a c t o r s . 

A. P l a n t A r r a n g e m e n t 

The a r r a n g e m e n t of the p lant and o n - s i t e f ac i l i t i e s i s shown in 
F i g . 1. The r e a c t o r and i t s a u x i l i a r i e s a r e housed in a s e p a r a t e vapo r t i gh t , 
c y l i n d r i c a l s t e e l c o n t a i n m e n t v e s s e l l o c a t e d c e n t r a l l y on the plant s i t e . 
The t u r b i n e , c o n d e n s e r , and a l l of t h e i r r e l a t e d a u x i l i a r i e s a r e i n s t a l l e d in 
the t u r b i n e bui lding p r o p e r , which i s of conven t iona l d e s i g n and c o n s t r u c t i o n . 
Two e x t e n s i o n s of the t u r b i n e bui ld ing h o u s e , r e s p e c t i v e l y , the c o n t r o l r o o m 
sec t ion , and office s p a c e , m a c h i n e shop and p e r s o n n e l f a c i l i t i e s . A c c e s s i s 
p r o v i d e d f r o m the c o n t r o l r o o m to both the c o n t a i n m e n t v e s s e l and the t u r ­
bine bui ld ing . 

The a r r a n g e m e n t of the e q u i p m e n t in the c o n t a i n m e n t v e s s e l 
and the t u r b i n e bui ld ing is shown in F i g s . 2 to 7. T h e s e a r r a n g e m e n t s 
r e f l e c t the r e s u l t s of s t u d i e s of v a r i o u s r e a c t o r p lan t d e s i g n s d e s c r i b e d in 
Append ix F . 

The m a i n t r a n s f o r m e r and s w i t c h y a r d a r e l o c a t e d i m m e d i a t e l y 
ad j acen t to the t u r b i n e bui ld ing to s h o r t e n the m a i n bus duct r u n s and to 
p r o v i d e for an e c o n o m i c a l s w i t c h y a r d a r r a n g e m e n t . 

The c i r c u l a t i n g w a t e r systenn c o n s i s t s of the c r i b h o u s e , in take 
and d i s c h a r g e piping, s e a l wel l , and an outfal l s t r u c t u r e . The c r i b house 
i s l o c a t e d a t the w a t e r ' s edge . 

F a c i l i t i e s for r a d i o a c t i v e w a s t e p r o c e s s i n g a r e l oca t ed ad jacen t 
to the r e a c t o r bui ld ing . A p e r m a n e n t w a s t e d i s p o s a l fac i l i ty is p r o v i d e d at 
a l oca t ion r e m o v e d f r o m the m a i n bu i ld ings and the p r o p e r t y l i n e s . This 
fac i l i ty c o n s i s t s of two c o n c r e t e , s t a i n l e s s s t e e l - l i n e d , l eakproof t a n k s for 
p e r m a n e n t s t o r a g e of l iqu id and so l id w a s t e s . 

The sewage d i s p o s a l s y s t e m is l oca t ed to take advan tage of the 
n a t u r a l s i t e d r a i n a g e . Other s e r v i c e s t r u c t u r e s include a deep wel l p u m p 
and a ga t e h o u s e . 
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FIG. 5 
ELEVATION SECTION A-A OF FIG. 4 
TURBINE BUILDING AND CRIB HOUSE 
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FIG. 7 
ELEVATION SECTION C-C FIGS. 3 AND 4-TURBINE BUILDING 



Y a r d f a c i l i t i e s , inc lud ing the o i l s t o r a g e t a n k s , m i s c e l l a n e o u s 
t a n k s and r e l a t e d equ ipmen t , a r e l o c a t e d a s shown on F i g . 1. 

P a r k i n g f ac i l i t i e s a r e p r o v i d e d for p e r s o n n e l c o n c e r n e d with 
the o p e r a t i o n of the p lan t . Both the t u r b i n e bui lding and the r e a c t o r bu i ld ­
ing a r e s e r v e d by the p lan t r a i l r o a d s y s t e m . 

B. P o w e r C o n v e r s i o n Cycle 

The power c o n v e r s i o n cyc le and the plant a u x i l i a r y s y s t e m s 
a r e shown in the flow d i a g r a m , (Fig. 8). The m a j o r equ ipmen t in the cyc le 
c o n s i s t s of a boi l ing w a t e r r e a c t o r u t i l i z ing n a t u r a l c i r c u l a t i o n and i n t e r ­
n a l s t e a m - w a t e r s e p a r a t i o n to g e n e r a t e and supply s t e a m d i r e c t l y to the 
h i g h - p r e s s u r e e l e m e n t of a t u r b i n e - g e n e r a t o r unit . 

The r e a c t o r i s fueled with Z i r c a l o y - Z - c l a d UO2 fuel a s s e m b l i e s , 
and coo led and m o d e r a t e d wi th boi l ing w a t e r . The coolan t e n t e r s the r e a c ­
t o r t h r o u g h a f e e d - w a t e r d i s t r i b u t i o n r i n g l oca t ed below the top of the c o r e 
s h r o u d s t r u c t u r e , and flows down t h r o u g h the d o w n c o m e r a r e a s , w h e r e it 
subcoo l s the r e c i r c u l a t e d r e a c t o r coo lan t . The l a r g e d o w n c o m e r a r e a p r o ­
v i d e s s p a c e for n e u t r o n a t t e n u a t i o n to p r o t e c t the s t e e l p r e s s u r e - v e s s e l 
wa l l . The flow then con t inues u p w a r d t h r o u g h the c o r e , w h e r e boil ing 
o c c u r s , to the s t e a m - w a t e r i n t e r f a c e . The s t e a m is r e m o v e d f r o m the 
w a t e r - v a p o r m i x t u r e by a p p r o p r i a t e i n t e r n a l v e s s e l des ign . 

The d r y and s a t u r a t e d s t e a m flows d i r e c t l y f rom the r e a c t o r 
v e s s e l to the t u r b i n e - g e n e r a t o r in the t u r b i n e bui ld ing. The t u r b i n e is a 
lOO-Mw(e), 3 6 0 0 - r p m , t a n d e m compound double flow, m u l t i p l e e x t r a c t i o n 
uni t d e s i g n e d for o p e r a t i o n wi th 1000-ps ig d r y and s a t u r a t e d s t e a m . After 
p a s s i n g t h r o u g h the h i g h - p r e s s u r e t u r b i n e , the e x c e s s m o i s t u r e in the 
s t e a m is r e m o v e d by m o i s t u r e - r e m o v a l d e v i c e s loca t ed in the c r o s s o v e r 
p ip ing . The s t e a m i s then r e t u r n e d to the l o w - p r e s s u r e t u rb ine for fu r ­
t h e r expans ion . M o i s t u r e is a l s o r e m o v e d f rom the expanding s t e a m a t 
a p p r o p r i a t e e x t r a c t i o n s t a g e s to r e d u c e c o r r o s i o n and e r o s i o n of the 
t u r b i n e . 

The s t e a m f r o m the t u r b i n e d i s c h a r g e s to the m a i n c o n d e n s e r . 
The m a i n c o n d e n s e r is a t w o - p a s s , s ingle tube shee t unit c o n s t r u c t e d of 
s t a n d a r d m a t e r i a l s . The c o n d e n s a t e i s t hen r e t u r n e d to the r e a c t o r t h rough 
four s t a g e s of e x t r a c t i o n s t e a m hea t ing to c o m p l e t e the cyc l e . 

As shown in the p e r f o r m a n c e d i a g r a m (Fig . 9), the foregoing 
s t e a m cyc le i s e x p e c t e d to l e a d to a t u r b i n e heat r a t e of 10,346 B t u / k w h r , 
when supp l i ed with 1000-ps ig s t e a m , exhaus t i ng at a c o n d e n s e r p r e s s u r e 
of 1.5 in. Hg a b s , and u t i l i z ing a r e g e n e r a t i v e f e e d - w a t e r hea t ing cyc le to 
effect an in le t f e e d - w a t e r t e m p e r a t u r e of 400°F. A s s u m i n g a r e a c t o r t h e r ­
m a l e f f ic iency of 100%, and an a u x i l i a r y power r e q u i r e m e n t of about 5100 kw. 
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GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5{) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (lOOj OPER. 
THERMAL EFFICIENCY 

EFF.) 

101,770 kw 
5,090 kw 

96,680 kw 
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10,3^6 
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PERFORMANCE CHARACTERISTICS - REFERENCE DESIGN 100 Mwe REACTOR PLANT 



the net plant heat ra te is 10,891 Btu/kw hr . Based on this plant heat ra te 
and a 100% operating efficiency, the plant t he rma l efficiency is 31.3%. 

C. Design Charac te r i s t i c s 

Table I l i s ts the pert inent features and operating cha rac t e r ­
is t ics of the reference lOO-Mw(e) r eac to r plant design. 

Table I 

DESIGN SUMMARY OF lOO-Mw(e) BOILING WATER 
REACTOR POWER PLANT 

CYCLE PERFORMANCE 

Total t h e r m a l power, Mw(t) 309 
Gross genera tor output, Mw(e) 101.77 
Auxiliary power, Mw(e) 5.09 
Net plant output, Mw(e) 96.68 
Net plant heat ra te , Btu/kw hr 10,891 
Net plant efficiency, % 31.34 

CYCLE CONDITIONS 

Turbine throt t le p r e s s u r e , psig 1,000 
Turbine thrott le t empera tu re , °F 546.4 
Turbine throt t le s team condition Dry and saturated 
Thrott le s team flow, Ib /hr 1,290,000 
Condenser p r e s s u r e , in. Hg abs 1.50 
Reactor s t eam p r e s s u r e , psig 1,050 
Reactor s team t empera tu re , °F 552.3 

REACTOR 

Fuel m a t e r i a l (pellets) UO2 
Pellet d iameter (nominal), in. 0.392 
Gap thickness (nominal; cold), in. 0.0015 
Fuel rod OD, in. 0.450 
Clad Zircaloy-2 
Clad thickness , in. 0.025 
Active fuel length per section, in. 33 
Axial gap between sections, in. 1.75 
Number of sections 3 
Total fuel section length, in. 104 j ^ 
Triangular latt ice pitch, in. 0.621 
Active diameter (equivalent), in. 7 5 
Fuel a ssembly geometry Hexagonal 
Lattice pitch (hexagonal), in. 6.55 
Rods per assembly 91 
Assembl ies per core (including 

control rods) 151 



Table I (Cont'd.) 

REACTOR (Cont'd.) 

Number of control rods 
Average power density, kw/ l i t e r of 

core 
Average fuel enr ichment , at-% 

Initial 
Discharge 

Plutonium content at d ischarge , at-% 
Average burnup at d ischarge , 

Mwd/tonne U 
Total m a x i m u m / a v e r age flux 
Total core loading, kg U 
Wate r / to t a l core m a t e r i a l 

PRESSURE VESSEL 

Overal l height, ft 
Major inside d iameter and wall 

th ickness 
Minor inside d iameter and wall 

th ickness 
Mate r i a l 

Shell plate 
Flanges 
Nozzles 

Operating p r e s s u r e , psia 
Design P r e s s u r e , psia 
Operating t e m p e r a t u r e , °F 
Design t empera tu re , °F 
Vesse l l iner 

Thickness (minimum), in. 
Mate r i a l 

TURBINE PLANT 

Turbine 
Rating, kw 
Type 
Speed, rpm 
Exhaust p r e s s u r e , in. Hg abs 
Number of extract ion s tages 
Sealing 
Exhaust blade length, in. 

Genera tor 
Capacity, kva 
Voltage, kv 
Cooling 
P r e s s u r e , psig 

19 

40 

2.25 
1.0 
0.65 

15,000 
4 (est.) 
24,133 
1.4.:1 

44 

14 ft-6 in. X 6. 

12 ft X 5.25 in. 

SA-212-B 
SA-105-11 
SA-106-B 
1,065 
1,250 
552 
650 

0.109 
SST Type 304 

100,000 
TCDF 
3600 
1.50 
4 
Steam and air 
23 

128,000 
13.8 
Hydrogen 
30 



Table I (Cont'd.) 

TURBINE PLANT (Cont'd.) 

Main exci ter 
Type 
Voltage, V 
Rating, kw 

Rese rve exci ter 
Type 
Drive 

Condenser 
Type 

Surface, ft 
Number of pa s se s 
Capacity, Ib /hr 

Condensate pumps 
Number 
Type 
Capacity, gpm 
Total head, ft 

Circulating water pumps 
Number 
Type 
Capacity, gpm 
Total head, ft 

Air e jec tors 
Number 
Type 
Capacity, cfm 

Feed -wa te r hea t e r s 
Closed heat exchangers 

Number 
Type 

Open hea t e r s 
Number 
Type 
Capacity, Ib /hr 

Feed-wa te r pumps 
Numbe r 
Type 
Capacity, gpm 
Total head, psi 

Direct ly connected 
250 
300 

Self-excited 
Motor 

Horizontal-divided 
water box 

100,000 
2 
711,250 

3 
Ver t ica l 
1,300 
340 

4 
Ver t ica l 
22,600 
25 

2 
Twin two-s tage 
12.5 

3 
Ver t i ca l 

1 
Horizontal , deaerat ing 
1,290,000 

3 
Horizontal , centrifugal 
1,400 
1,170 



A r igorous study of physics and mechanica l design problems 
was not per formed since exper ience has shown there is a wide variat ion 
between conceptual design and the design selected for fabrication. The 
core is designed for zone-type fuel management . More uniform flux and 
power dis tr ibut ion may be obtained by this method, which contributes an 
advantage to overa l l fuel cycle per formance and result ing economics. The 
values for fuel enr ichment and plutonium content a re es t imates based on a 
uniformly enr iched core . Zoned co re s , with var ia t ions in enr ichment in 
both axial and rad ia l d i rec t ions , must be considered in the detailed design 
stage. 

Heat t ransfer p a r a m e t e r s a r e a lso omitted. The assumed 
m o d e r a t o r / m a t e r i a l ra t io of 1.4: 1 is considered well within feasible 
l imi ts for the cur ren t state of the a r t of hydraul ics and mechanical design. 

The excess reac t iv i ty r equ i remen t for cores with a long fuel 
l ifetime prec ludes the use of mechanica l ly actuated solid neutron abso rbe r s 
as the sole means of effecting r eac to r control . The t rend of r eac to r con­
t ro l development is away from mechanica l , and toward chemicalj methods 
of control . In keeping with this design philosophy, the number of control 
rods indicated will accommodate only hot shutdown requi rements and 
var iab le load control . Cold shutdown will be effected by a chemical 
poison-inject ion sys tem. The poison will be removed slowly from the bulk 
coolant by a cleanup loop when the plant is s t a r t ed on a power production 
cycle. 

Resul ts of the study indicate that the plant size is l imited by 
p r e s s u r e v e s s e l fabrication. The p r e s s u r e vesse l specified approaches the 
max imum size that can be fabricated at this t ime. Moreover , the d iameter 
of the v e s s e l will l imit the location of the plant to navigable bodies of water , 
or will r e q u i r e field assembly . The cost of the ves se l r e p r e s e n t s about 10% 
of the total d i rec t plant construct ion cost. Therefore , the total cost is not 
v e r y sensi t ive to this component. The cost differential between a clad and 
unclad v e s s e l is inexpensive insurance for ve s se l integri ty. Therefore, an 
in te rna l s ta in less s teel clad has been specified r e g a r d l e s s of the m a t e r i a l 
se lec ted for the exter ior sys tem. Other specifications include a laminated 
bo ron- s t a in l e s s s teel plate and water t h e r m a l shield designed to protect 
the v e s s e l wall against o v e r - e m b r i t t l e m e n t from neutron i r rad ia t ion s u s ­
tained during 20 yea r s of operat ion. 

The t he rma l and biological shielding extending radia l ly outward 
from the v e s s e l wall consis ts of s ta in less s teel wool insulations an air gap, 
a wa te r -coo led tank l iner , and the bulk biological shield of ord inary concrete 
(7 ft thick). The water -cooled tank l iner is designed to maintain the t empera 
tu re of the concre te below 180°F. The bulk shielding will reduce the r ad i a ­
tion dose level to about 15 m r / h r at the outer face at a point corresponding 
to the hor izonta l center line of the core . This region is devoid of sys tems 



or components that would give r i s e to radiat ion hazards to personnel as a 
consequence of sustained maintenance or servicing per iods . The level of 
activity will pe rmi t l imited access ib i l i ty . 

Standard m a t e r i a l s have been used, wherever prac t icable , in 
the construct ion and fabrication of r eac to r and turbine plant auxi l iary sys­
t ems . These include r eac to r water purification, shield cooling, shutdown 
cooling, se rv ice water , c irculat ing water , radioact ive waste disposal , and 
other minor aux i l i a r i es . 

D. Costs 

The es t imated capital costs for the re fe rence reac tor power 
plant design a r e summar i zed in Table II. The indicated capital investment 
of $19,802,000 is based on utilizing a carbon s teel p r i m a r y sys tem. The 
cost does not include the r eac to r core , spa re pa r t s , personnel training 
p rog ram, nor does it provide for escalat ion during design and construct ion 

Table II 

COST SUMMARY FOR REFERENCE lOO-Mw(e) 
REACTOR POWER PLANT DESIGN 

Land $ 15,000. 
S t ruc tures 3,177,000. 
Equipment, piping, etc . 10,885,000. 
E l ec t r i c a l 1,437,000. 
Miscel laneous equipment 90,000. 
Startup supervis ion 50,000. 

$15,654,000. 
Contingency (10%) 1,565,500. 

$17,219,500. 

Top charges (l5%) 2,582,500. 

TOTAL COST - CARBON STEEL PLANT $19,802,000. 

Cost differential for s ta in less s tee l plant 885,000. 

TOTAL COST - STAINLESS STEEL PLANT $20,687,000. 

Table II shows a p r i ce different ial of $885,000 is i ncu r r ed by 
substituting s ta in less s tee l or other high-al loy components in the p r i m a r y 
sys tem where fluid t e m p e r a t u r e s a r e in excess of 250''F. The equipment 
affected includes the r eac to r v e s s e l i n t e rna l s , h i g h - p r e s s u r e feed-w^ater 
hea t e r s , deaerat ing feed-w^ater hea ter , r eac to r feed-water pumps, r eac to r 
water purification components, and re la ted piping. 



The resul tant unit costs a r e $198/kw for the carbon s teel 
design, and $207/kw for the s ta in less s teel design. The ult imate achieve­
ment of a low-cost plant will depend upon the success of the project man­
ager in keeping the design s imple. A complex design will easi ly r a i se the 
cost to the $300-$350/kw level. 

The fuel cycle costs w^ere evolved from analyses made of a 
s e r i e s of postulated cores incorporat ing feasible p a r a m e t e r s (see Sec­
tion IV). Exper ience has shown that, within the l imits of accuracy of f i rs t 
assumpt ions and es t ima tes , this approach is sufficiently accura te for 
p rac t i ca l purposes . The rep resen ta t ive core fuel cycle costs summar ized 
in Table III will resu l t in a total net power cost of 3.01 m i l l s / k w h r . 

Table III 

COST SUMMARY - REPRESENTATIVE CORE FUEL CYCLE 

(Based on Core "E ," Table V) 

G r o s s power, Mw(e) 101.8 
Net power, Mw(e) 96.7 
Reactor power, Mw(t) 310 
Annual generat ion at 80% Load Fac tor , kwhr 7 x 1 0 
Specific power, kwt/kg U 12.8 
Core loading, kg U 24,133 
Fuel m a t e r i a l UO2 
Clad m a t e r i a l Zircaloy-2 
Enr ichment , % U"^ 

Initial 2.25 
Fina l 1.0 

Avg. burnup, Mwd/tonne 15,000 
Plutonium production, gm Pu/kg U 6.5 
Fabr ica t ion cost, $/kg 140.00 
Burnup cost, $/kg 183.00 

Fabr ica t ion cost, m i l l / k w h r 1.21 
Burnup cost, m i l l / k w h r 1.62 
Shipment, r ep rocess ing , conversion, m i l l / k w h r 0.83 

TOTAL GROSS POWER COST, m i l l / k w h r 3.66 
Pu credi t , m i l l / k w h r .65 

TOTAL NET POWER COST, m i l l / k w h r 3.01 

The achievement of an 80% load factor for a normal ly operated 
power plant allows 14 days of down t ime per year . Based on operating ex­
per ience to date, it is doubtful that a refueling cycle could be accomplished 
in much l e s s than 7 days of a round- the -c lock effort. Thus, more than one 
shutdown per year may have a significant impact upon the total power cost. 



Assuming a favorable set of conditions, the total power cost 
may be postulated as follows: 

Capital charges 4.00 m i l l s / k w h r 
Fue l cycle costs 3.01 
Operation and maintenance 0.80 
Insurance 0.34 

Total 8.15 m i l l s / k w h r 

If a l lowances a r e made for var ia t ions l ikely to occur in a detailed 
design study, a final power cost approaching 8.4 to 9.0 m i l l s / k w h r may 
be rea l ized . 



III. COMPONENT DESCRIPTION 

A. Reactor Plant 

1. Containment Vesse l 

The r eac to r plant and auxi l iar ies a r e contained in a cylin­
dr ical s teel vesse l (65 ft d iamete r x 120 ft high). The vesse l is designed 
in accordance with Section VIII, ASME Boiler and P r e s s u r e Vessel Code 
for Unfired P r e s s u r e Vesse l s , and applicable code ca se s . The steel spec i ­
fied is A-201 , Grade B, conforming to Specification A-300 for heat t r e a t ­
ment and Charpy tes t . The vesse l is designed to contain an internal 
p r e s s u r e of 55 psig which would resu l t f rom the maximum credible inci­
dent. It is also designed to sustain a combination of external loads. 

Pr inc ipa l a c c e s s to the containment vesse l is through the 
personnel a i r lock which in terconnects the containment vesse l grade floor 
and the turbine building grade floor. The a i r lock will pe rmi t the removal 
of spent fuel (in shielded casks) from the containment vesse l without com­
promis ing the integri ty of the ves se l during reac tor operation. This is 
accomplished by double a i r lock doors that a r e mechanical ly interlocked 
and e lec t r ica l ly opera ted such that only one door can be opened at a t ime. 

The other opening in the containment vesse l is a l a rge , 
bolted freight door at grade floor level . The door will pe rmi t removal of 
la rge equipment during plant shutdown. During normal operat ion, the door 
mus t be kept c losed to mainta in vesse l integri ty. 

The containment vesse l also features a w a t e r - s p r a y sys tem 
which, in the event of a p r i m a r y sys tem rupture , will operate to lower the 
consequent internal p r e s s u r e and t e m p e r a t u r e , and to wash radioactive m a ­
t e r i a l s to below ground level . The spray sys tem is serviced by a 15,000-
gallon w a t e r - s t o r a g e tank located at the apex of the vesse l dome. This 
method of providing an independent source of emergency cooling water was 
adjudged the mos t economical and des i rab le for r easons d iscussed in 
Appendix D. 

2. Core 

The proposed re fe rence core compr i s e s 132 fixed hexag­
onal fuel a s s e m b l i e s , and 19 movable , combination fuel-control rod a s s e m ­
blies a r r anged on a 6.550-inch t r i angu la r la t t ice (see Fig. 10). 

The fixed fuel a s sembly fea tures th ree fuel sect ions. Each 
section (Fig. 11) contains 91 ^uel rods a r r anged on a 0.621-inch t r iangular 
la t t ice . Each fuel rod c o m p r i s e s 66 UO2 pel le ts clad in Z i rca loy-2 , a g a s -
expansion gap, and Zi rca loy-2 end fi t t ings. The end fittings a r e welded to 
Zi rca loy-2 grid support p la tes . 
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The th ree fuel sect ions a r e connected by Zi rca loy-2 tie 
s t r ips and instal led within a hexagonal "basket" or ca r t r idge- type holder 
(Fig. 12) which fo rms the outer fue l -assembly s t ruc tu re . The holder is 
fabricated from Zi rca loy-2 s t ru t s tampings rivoted to a s ta in less steel 
bottom alignment fitting, and welded to an upper Zi rca loy-2 handling box. 
This method of a s sembly will p e r m i t individual fuel sect ions to be relocated 
consis tent with any des i red fuel-cycle p rogram. Moreover , to effect some 
economy in fabricat ion and fuel-cycle cos t s , the spent fuel sect ions can be 
removed from the i r ho lders (in the fuel s torage well) and the holders r e ­
loaded with f resh fuel sect ions for r e tu rn to the core . 

The movable, combination fuel-control rod a s sembl i e s 
(Fig. 13) compr i se an upper s ta in less s teel handling box, a fuel section, a 
bo ron-s t a in le s s s teel abso rbe r section, and a lower connector - la tch block 
fitting. These a s s e m b l i e s a r e dr iven by hydraulic ac tua tors located beneath 
the r eac to r p r e s s u r e vesse l . The rods a r e pulled down out of the co re 
during s ta r tup and subsequent operat ion, and pushed up into the core to effect 
shutdown. This control concept a s s i s t s in improving fuel-cycle c h a r a c t e r ­
i s t i cs . However, s c ramming such a heavy unit against gravity does p resen t 
a formidable problem to the mechan i sm des igner . Nonetheless , a, s imi la r 
unit has been developed and insta l led on a c o m m e r c i a l r eac to r . The net 
cost advantage of this control concept, due to fuel-cycle gains , has been 
questioned in competent q u a r t e r s . In the event that r igorous investigations 
show that a conventional fue l -on- the-bot tom, a b s o r b e r - o n - t h e - t o p pushup 
control rod is equally sa t i s fac tory , a cons iderable cost saving will be 
real ized. 

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

F igure 14 shows the core and shroud s t ruc tu re instal led in 
the p r e s s u r e vesse l . The p r e s s u r e vesse l is supported near the top (at the 
enlarged d iameter ) by lugs which bea r on s teel p la tes embedded in the bulk 
concrete shielding. This method of support was selected to prevent in t ro ­
duction of t he rma l expansion s t r e s s e s in the side wal ls which would be 
assoc ia ted with a bo t tom-suppor ted ve s se l . 

The d iame te r of the vesse l above the core is enlarged to 
provide sufficient a r e a for a s t e a m - w a t e r mix ture separa t ion velocity of 
about 1 f t / s e c . Removable d e m i s t e r s a r e located between the s team outlet 
nozzles and the s t e a m - w a t e r separa t ion region. 

The top c losu re opening will p e r m i t fueling opera t ions 
without the use of an offset or te lescoping tool. 

The d i ame te r of the vesse l around the core is based on 
providing (1) a c r o s s - s e c t i o n a l a r e a corresponding to a coolant r e c i r c u l a ­
tion ra te of 21 x 10^ I b / h r at a velocity o f - 3 . 1 f t / s e c ; and (2) space for 
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sufficient the rmal and neutron shielding steel to afford a vesse l life expect­
ancy of 20 yea r s at an 80% load factor . The allowance of 17 in. for the 
downcomer width also provides space for increasing the core d iameter if 
war ran ted by detailed design studies, 

The laminated boron-s ta in less steel plate and water the rmal 
shield is designed to protec t the vesse l wall against over -embr i t t l ement 
from neutron i r radia t ion for 20 y e a r s of operation. The top of the thermal 
shield is capped with a chimney that extends up to the water l ine. This 
a r rangement is provided to ensure upward flow of cooling water between 
the laminat ions , and to prevent heating of the downcomer flow. 

In addition to the foregoing protect ive m e a s u r e s , a s tainless 
steel clad has been specified for the inside vesse l wall r ega rd l e s s of the 
choice of ma te r i a l for the ex te r ior sys tems and auxi l ia r ies . The cost dif­
ferential between a clad and unclad vesse l is inexpensive insurance for in­
tegri ty of this vital component. 

The bottom head of the vesse l is machined to accommodate 
19 control rod thimbles . After being accurate ly aligned, the thimbles a r e 
encased in a concrete shield plug. 

The vesse l m a t e r i a l s of construct ion and support a re of 
s tandard specifications. The methods of fabrication a r e well understood. 

4. Shielding 

The shielding design and a r rangement will pe rmi t controlled 
access in the containment vesse l during normal plant operation. Personnel 
may inspect equipment, per form l imited preventat ive maintenance, and load 
and remove fuel shipping casks from the building. 

The reac to r foundation (see Fig. 2) is a l a rge , reinforced 
concrete s t ruc tu re , with major dimensions establ ished by radiat ion-shielding 
requ i rements . There a r e two major cavi t ies : the r eac to r cavity, and the 
room beneath the p r e s s u r e vesse l which houses the control rod drive mech­
an i sms . Openings and s leeves a r e provided for all piping, instrumentat ion, 
and controls that extend through the concrete support s t ruc ture . 

Extending radially outward from the p r e s s u r e vesse l wall, 
the the rmal and biological shielding compr i se s s ta in less steel wool insula­
tion, an air gap, a water -cooled steel tank l iner , and ordinary concrete (see 
Fig. 15). The steel tank is designed to maintain the t empera tu re of the con­
cre te below 180°F. The concrete will reduce the activity level to about 
15 m r / h r at the outer face and at a point corresponding to the horizontal 
center line of the core . This a r ea of the plant can be designated for l imited 
accessibi l i ty . 
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The concre te shielding above the vesse l is augmented by 
movable, concre te blocks that enclose the upper c losure dome of the ves se l 
which p ro t rudes above the main floor. The weight of each block is within 
the capacity of the overhead c rane . 

5. Auxil iary Sys tems 

a. Star tup Heating 

The s tar tup heating sys tem is a safety m e a s u r e in­
corpora ted to (l) augment the worth of the control rod sys tem through its 
t empera tu re coefficient effect; and (2) prevent undue s t r e s s e s in the p r i ­
m a r y sys tem components and piping. Steam from the plant heating boiler 
is supplied to the shell side of a shel l -and- tube heat exchanger . The r eac to r 
coolant in the tube side is c i rcu la ted by na tura l convection. 

b. H i g h - p r e s s u r e Coolant Bypass Purif icat ion 

The r eac to r coolant is maintained at a pur i ty o f ' v l -ppm 
total dissolved solids by the bypass purif ication sys tem which opera tes at 
essent ia l ly the r eac to r operat ing p r e s s u r e (1000 psig). 

As indicated in Fig . 16, water at 546°F from the r eac to r 
flows through a regenera t ive heat exchanger where the t empe ra tu r e is r e ­
duced to 320°F. The water t e m p e r a t u r e is reduced fur ther to 110°F by p a s ­
sage through a secondary heat exchanger which is cooled by the serv ice 
water sys tem. The flow continues through one of the two mixed-bed ion-
exchange loops (about 30,000 Ib /h r during no rma l operat ion) . The effluent 
a t^ l l0°F is pumped back through the regenera t ive heat exchanger , to the 
r eac to r at 336°F to complete the cycle . 

The ion-exchange v e s s e l s a r e ca rbon s teel and a r e 
designed for a p r e s s u r e of 1250 psig. A r e s in makeup s lu r ry tank, and 
combination r e s i n sluice and waste r e s in t r ans fe r pumps a r e provided to 
facil i tate r e s in handling. 

Circula t ion of the p r i m a r y coolant through the pur i f i ­
cation sys tem is effected by two mechanica l shaf t -sea led pumps . Leakage 
from the pump seals is d i rec ted to the re tent ion tanks . 

The re la t ive m e r i t s of a l o w - p r e s s u r e v e r s u s a high-
p r e s s u r e purif icat ion sys tem a r e d i scussed in Appendix C. The la t t e r is 
adjudged the m o r e economical sys tem for the conditions considered. 

c. Shutdow^n Cooling 

Normal and emergency shutdown cooling sys tems a r e 
provided to remove the decay heat . The no rma l shutdown cooling sys tem 
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HIGH-PRESSURE COOLANT BYPASS PURIFICATION SYSTEM 

uti l izes the main condenser to remove heat during the depressur iz ing 
s tages . Both the s tar tup heater and the nonregenerat ive heat exchanger 
in the purification sys tem a re interconnected and may be used to remove 
decay heat at appropr ia te power levels , with circulation of reactor water 
being effected by the pumps in the purification system. 

The emergency shutdown cooling system consis ts of 
a na tura l -c i rcu la t ion evaporator . The s team coils a r e connected to the 
reac tor system. The shell side is interconnected with the service water 
system and the overhead wa te r - s to rage tank. The shell side is designed 
for an external p r e s s u r e of 55 psig, and discharges through a vent stack to 
the a tmosphere . 

The foregoing method of effecting emergency shutdown 
cooling was selected in favor of other a l ternate designs for reasons d i s ­
cussed in Appendix E. 



d. Shield Cooling 

The shield cooling sys tem compr i se s the serv ice wa te r -
cooled steel tank l iner on the inner face of the concrete shield, a shel l -and-
tube heat exchanger , and an expansion tank. The heat exchangers a r e 
designed for an inlet t empe ra tu r e of 120°F and an outlet t empera tu re of 
100°F. Circulat ion is effected by two 200-gpm pumps. 

e. Chemical Poison Injection 

A remote ly opera ted sys tem is provided to inject a 
poison solution (e.g., boric acid) into the r eac to r vesse l in the event of an 
emergency promoted by a control rod fa i lure . The sys tem cons is t s of a 
s ta in less s teel s torage tank and a posi t ive d isplacement- type pump with a 
capacity of 25 gpm. 

The injection sys tem also may be ut i l ized in connec­
tion with react iv i ty control during a cold shutdown. 

f. Fuel Handling 

I r rad ia ted fuel a s sembl i e s will be t r a n s f e r r e d from 
the r eac to r to the spent-fuel s torage well in a dry- type , lead-sh ie lded 
coffin and t r ans fe r c a r r i a g e which opera te s on the main floor. This sys tem 
is favored because potential savings in building height and safety in handling 
ruptured a s semb l i e s offset the cost of a fuel t r ans fe r coffin. 

Briefly, the unloading sequence will be as follow^s. 
After removal of the top shielding blocks and vesse l c lo su re , the rotating 
plug above the core will be indexed over the fuel a s sembly to be removed. 
The coffin and c a r r i a g e will be posi t ioned over the unloading por t , and the 
assembly will be withdrawn into the coffin. The as sembly will be t r a n s ­
por ted and lowered into the receiving rack in the s torage well . The well 
is designed to accommodate 1 "I- spent c o r e s . All latchings and delatching 
operat ions will be pe r fo rmed by d i rec t vision. 

A f resh fuel a s sembly will be loaded into the co re -with 
the aid of long-handled tools and the auxi l iary hook of the overhead c r a n e . 
The axial a r r a n g e m e n t of fuel sect ions requ i red for any fue l -management 
p r o g r a m will be pe r fo rmed underwa te r , also with long-handled tools . 

After a suitable decay per iod, the spent fuel will be 
removed f rom the receiving rack (again with long-handled tools and the 
overhead c rane) , into a shipping cask for t r ans fe r out of the containment 
vesse l via the a i r lock door s . 



g. Spent-fuel Storage Well Cooling 

The spent-fuel s torage well-cooling system consis ts 
of two conventional 100-gpm circulat ing pumps, and a shel l-and-tube heat 
exchanger designed for an inlet water t empera tu re of 120°F and an outlet 
t empera tu re of 100°F. The sys tem is a r ranged for in termit tent circulat ion 
of the water through one of the mixed-bed ion exchangers in the p r imary 
water -pur i f ica t ion loops. 

B. Power Plant 

The power plant u t i l izes dry and sa tura ted s team directly from 
the r eac to r p r e s s u r e vesse l to produce a g ross e lec t r ica l power output of 
approximately 100 Mw with a throt t le s team flow of 1,290,000 Ib /h r and a 
condenser p r e s s u r e of 1.5 in. Hg abs . Condensate from the condenser is 
re tu rned to the r eac to r through four s tages of feed-water heating with fuel-
flow condensate f i l t rat ion to remove suspended par t icula te ma t t e r . 

The tu rb ine -gene ra to r , condenser , feed-water h e a t e r s , pumps, 
and re la ted auxi l ia r ies a r e housed in the turbine building adjacent to the 
containment ves se l . The grade f loors of both s t ruc tu res a r e connected by 
a personnel a i r lock in the containment vesse l at a point which also provides 
convenient a c c e s s to the control room and office extensions of the turbine 
building. 

The main operat ing floor of the turbine building is 31 ft above 
grade level . Adequate "laydown" space is al located for turbine dismantling 
and maintenance . Removable panels a r e instal led in the floor to facilitate 
acces s of the overhead crane to al l major equipment at lower elevations. A 
mezzanine is provided for access to the closed feed-water h e a t e r s , and for 
support of the a i r e jec to rs and other misce l laneous turbine auxi l ia r ies . 
The grade floor and basement contains the condenser , r eac to r feed-water 
pumps, c o m p r e s s o r s , and supporting auxi l ia r ies . The requis i te biological 
shielding is provided around the condenser hot well and the air e jec tors . 
Space has been al located for additional shielding (if necessa ry ) around c e r ­
tain components and equipment. Rolling steel doors provide access to the 
yard a r ea . 

1. Turbine 

The turbine is a tandem compound, double flow unit with 
23-in- exhaust blading designed for operat ion at 3600 rpm. Thrott le s team 
conditions a r e 1000 ps ig , dry and sa tura ted . To prevent excess ive c o r r o ­
sion and eros ion , mo i s tu r e removal is effected at ext rac t ion points and by 
m o i s t u r e - r e m o v a l dev ices located in the c ros sove r piping between the high-
and the l o w - p r e s s u r e sect ions of the turbine. 



Extrac t ion s team from four s tages : one h i g h - p r e s s u r e 
closed hea te r s tage, one deae ra to r hea te r s tage, and two l o w - p r e s s u r e , 
closed hea te r s tages , a r e used to r a i se the final feed-water t empera tu re 
to 400°F. 

2. Condensing Equipment 

The main condenser is a two-pass rec tangular unit with 
100,000 sq ft of condensing surface . The tubes a r e 1 in. OD with an active 
length of 30 ft. The condenser hotwell is capable of storing a 5-min supply 
of condensate . 

In the event of a turbine t r ip-out , the main s team flow may 
be bypassed to the condenser for a l imited period. To acconamodate this 
additional s team flow, the condenser has been provided with s team dis t r ibu­
tion exhaust throat piping. 

A twin-e lement s team jet a i r ejector is furnished to remove 
noncondensible gases from the condenser . These gases enter the condenser 
with the hea te r vent gases and turbine exhaust s team as dissocia ted H2, O2, 
and a i r . The a i r e jector d i scharge gas is vented to the a tmosphere . A 
mechanical vacuum pump is also supplied for hogging purposes during 
s tar tup. 

Four mixed flow circulat ing water pumps supply cooling 
water to the condenser . The pumps a r e of s tandard design with cas t i ron 
drop pipe and inner cas ing, b ronze i m p e l l e r s , forged carbon s teel shafts, 
and rubber shaft guide bea r ings . 

Three ha l f - s ize ve r t i ca l condensate pumps provide the 
head n e c e s s a r y to pump the condensate from the condenser hot well through 
the a i r e j ec to r s , condensate f i l t e r s , two l o w - p r e s s u r e feed-water h e a t e r s , 
to the deaera t ing feed-water hea t e r . Standard condensate pump design is 
suitable for this s e rv i ce . The shaft packing gland is sealed with condensate 
pump discharge water to prevent a i r inleakage. 

3. Condensate F i l t e r s 

Full-flow condensate f i l tering equipment is used to remove 
par t icula te m a t t e r which en te r s the sys tem via the main s team sys tem, 
turbine and condenser . Considerat ion was given to the use of a full-flow 
condensate demine ra l i z e r sys tem, as d i scussed in Appendix B; however, 
with the cycle ut i l ized, the use of a full-flow condensate deminera l iz ing 
sys tem would have a min imum effect on the size of the r e a c t o r bypass pu r i ­
fication sys tem. The major i ty of the co r ro s ion products enter ing the sys tem 
would occur on the outlet side of the deminera l iz ing sys tem due to i ts ope r ­
ating t empe ra tu r e l imi ta t ions . 



4. Feed-wa te r Hea te r s 

Feed-wate r hea t e r s a r e incorporated in the steam cycle to 
improve the heat cycle efficiency by preheating the reac tor feed-water 
t empera ture to 400°F. Four stages of turbine extraction steam heating are 
provided. 

The m e r i t s of a l ternate a r rangements for feed-water 
heating are d iscussed in Appendix A. 

5. Reactor Feed-wate r Pumps 

Three hal f -s ize s tandard boiler feed-water pumps a re 
furnished for use as reac to r feed-water pumps. These pumps are of the 
var iable speed, mul t i s tage , horizontal , centrifugal type, motor driven 
through a hydraulic coupling. 

To protect the feed-water pump from overheating when 
operating with the discharge valve shut, the design includes equipment for 
reci rcula t ing pump discharge water to the deaerating feed-water heater . 
This equipment consis ts of an open-shut regulating valve used in conjunc­
tion with a p r e s s u r e breakdown orifice and accessory pump flow control 
equipment to initiate valve operation. 

6. Main Power E lec t r i ca l Equipment 

The main e lec t r ica l system is shown schematically in 
Fig. 17. A t i e - in with an existing 138-kv system on the site is assumed. 
The main power t r ans fo rmer provides for voltage step-up from the gener­
ator voltage to 138 kv. 

a. Generator 

The generator is a direct-connected, hydrogen-cooled 
unit ra ted at 13,800 volts , and is 3-phase, 60-cycle, 128,000-kva, 0.85 pf, 
0.64 short c i rcui t ra t io , with 30 psig hydrogen p r e s s u r e . The excitation 
sys tem consis ts of a d i rect -connected main exciter , and a motor -dr iven 
r e se rve exciter with a dc amplif ier- type voltage regulator . Field b reake r s 
and voltage regulator equipment a re located in the excitation switchgear. 
The generator neutral is grounded through a distribution t rans former with 
a r e s i s to r a c r o s s the low-voltage winding, all mounted within a metal 
enclosure . 

b. Generator Step-Up Transformer 

The generator step-up t ransformer is a Type FOA, 
115,000-kva, 1 3.2-kv del ta-1 38-kv wye, solidly grounded, 3-phase, 60-cycle 
design. It is direct ly connected to the generator through bus duct. 
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c. Switchyard 

Although the plant is assumed to be located on a new 
si te , no provis ions for a switchyard have been incorporated in the design. 
In est imating the cos t s , only the equipment up to the high side of the main 
power t r ans fo rmer and the r e s e r v e auxil iary t r ans fo rmers was considered. 

C. Plant Auxil iar ies 

Cer ta in components and sys tems a re related to the operation of 
the plant as a whole, r a ther than being direct ly associated with the reac tor 
or turbine plants . Such sys tems include instrumentation and control, r ad i ­
ation monitoring, radioactive waste disposal sys tems , and the e lec t r ica l 
facil i t ies for operat ion of the plant equipment. 

1. Instrumentat ion and Control 

The instrumentat ion and control systems comprise reactor 
instrumentat ion and control , plant instrumentat ion and control, and radiation 
monitoring. The purpose of these sys tems is to provide overal l , integrated 
control and record of plant performance during all phases of operation con­
sistent with safety and sys tem integrity. 

The nuclear instrumentat ion include startup channels, log 
and period channels , f lux-level safety channels and l inear level control chan­
nels . These ins t ruments a re for recording and indicating reac tor neutron 
flux and per iod during startup and load-car ry ing conditions. The reac tor 
will be shut down automatical ly if safety l imits a re exceeded. 

The plant instrumentat ion t r ansmi t s signals for control of 
the reac tor and the s team bypass system, and complements the reactor in­
s t ruments descr ibed previously. In addition to automatic control, these 
ins t ruments furnish signals to the reac tor safety system. 

The plant is designed to operate either as a load following 
or as a base load plant, although it is assumed the plant will be operated 
p r imar i ly as a base load plant. 

P r i m a r y control of the reac tor plant output is achieved by 
the reac tor control system (see Fig. 18) which adjusts the reactor control 
rods to maintain constant s team p r e s s u r e at the turbine throttle valve. 
This control is l imited by a neutron flux-level l imi ter which will not permi t 
changes which exceed the capability of the reac tor . 

Several other control sys tems a re necessary to achieve 
safe, overal l plant control. Feed-water control compr ises a th ree-e lement 
system that m e a s u r e s s team flow, feed-water flow, and reactor water level. 
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The s team bypass sys tem cycles s team to the condenser for s tar tup, shut­
down, and for emergency heat dissipation. Radiation detectors monitor all 
a r e a s of the containment vesse l and ce r ta in a r e a s of the turbine building 
which may be exposed to radiat ion. Instrumentat ion and a l a rms for r eco rd ­
ing and announcing high-radia t ion levels a r e installed in the control room. 

2. Radioactive Waste Disposal System 

Fac i l i t i es a r e provided on the site for permanent disposal 
of a nominal amount of radioact ive solid, liquid, or gaseous wastes gener ­
ated in the plant. 

The w a s t e - t r e a t m e n t building is an underground, concrete 
s t ruc tu re , with a second s tory located at grade level. In the upper floor a re 
located the control board and nonradioactive equipment. 

3. E lec t r i ca l Auxi l ia r ies 

During normal operat ion, all power for auxi l iar ies is sup­
plied at 2300 volts from a 6000/7500-kva unit auxil iary t r ans fo rmer which 
is connected to the genera tor output. 

For s ta r tup , or in the event of failure of the normal auxil­
iary power source , power is supplied from a r e s e r v e auxil iary t r ans fo rmer . 

The major loads , including mos t of the l a rge r mo to r s , a r e 
supplied direct ly at 2300 volts from two groups of switchgear located in the 
turbine a r ea . Two step-down t r a n s f o r m e r s ra ted at 750-1000 kva, 2400-
480 volts , supplied from the 2300-volt switchgear, furnish power for the 
smal le r 480-volt aux i l ia r ies through groups of switchgear . Two switch 
groups with d i rec t -connec ted t r a n s f o r m e r s a r e provided: one in the turbine 
building, and one in the containment vesse l . 

Small loads , which a r e not supplied direct ly from the 2300-
or the 480-volt switchgear , a r e se rv iced by 440-volt motor -con t ro l cen te r s 
at convenient locations in the turbine building and containment vesse l . 

In the event of fai lure of the normal and the r e s e r v e ac 
power sou rce s , a d i e se l -gene ra to r unit, ra ted at 275 kw, 280 volts , will s t a r t 
automatical ly and supply emergency power for the si te. Cer ta in essent ia l , 
dc-powered shutdown auxi l ia r ies will be serv iced from the station bat tery 
until the diesel unit comes on the l ine. An inver te r set energized by the 
ba t tery will supply 120 volts ac for the control and safety system. A 480-
120-volt t r a n s f o r m e r provides a r e s e r v e source . 



4. Plant Utility Sys tems 

Plant utili ty sys t ems a r e provided for maintenance and 
protect ion of plant equipnnent, disposal of nonradioactive plant was t e s , and 
for the health and safety of operat ing personnel . These include, among 
o the r s , the c o m p r e s s e d a i r s y s t e m s , serv ice water sys tem, heating and 
ventilating sys tem, and plumbing and drainage sys tem. 



IV. COST ESTIMATES 

A. Plant 

The es t imated costs for the re ference design lOO-Mw(e) reac to r 
power plant a r e i temized in Table IV. The pr ices l is ted a r e effective as of 
January 13, I960, and a r e based on a 40-hour work week. The indicated total 
capital investment of $19,802,000 is exclusive of the reac tor co re , spent 
fuel shipping casks , r ight -of -way for r a i l road t r a c k s , spare pa r t s , personnel 
t raining p rogram, and cost escala t ion during design and construct ion. 

Table IV 

ITEMIZED COST ESTIMATE - REFERENCE DESIGN 
lOO-Mw(e) REACTOR POWER PLANT 

SITE AND GROUND IMPROVEMENTS 

Power Plant Site $15,000 

Ground Improvements 

Off Site 
Dredging 5,000 
Rai l road Tracks 

Fi l l and grading; cu lver t s and ditches 20,000 
Track work including bal las t 60,000 

On Site 
Clear ing site 5,000 
Fi l l and grading 25,000 
River bank protect ion 8,000 
Yard and misce l laneous drainage 20,000 
Sewage sys tem 20,000 
Fence (not including switchyard) 15,000 
Roads 15,000 
Rai l road t r acks 30,000 
Parking lot 15,000 
Sidewalks 3,000 
Landscaping 3,000 
Test borings 10,000 
Deep well (200 ft), including pump, 

25-hp motor , and appur tenances 10,000 
Miscel laneous other i tems 11,000 

TOTAL SITE AND GROUND IMPROVEMENTS: $290,000. 
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Table IV (Cont'd.) 

STRUCTURES 

Containment Vesse l 

Subst ructure 
Excavation $ 32,000 
Backfill - compacted 18,000 
Disposal 4,000 
Dewatering - well pointing 42,000 
Concrete work outside vesse l 31,000 
Miscel laneous 7,000 

Containment vesse l s tee l , water tank, a i r lock 

doors , e t c . 665,000 

Coating vesse l below grade 3,200 

Insulation of vesse l above grade 51,500 

Flexcel l l iner on in ter ior of ve s se l 5,500 

Concre te : inside vesse l ; around r e a c t o r ; 

shield wal ls ; f loors 200,000 

St ruc tura l s teel 22,500 

Stainless s teel l iner plate in sump pit 3,500 

Liquid t i le l iner 2,200 

Bottom shield plug 10,000 

Top shield plugs 20,000 

Miscel laneous s teel and iron 17,000 

Miscel laneous s teel anchored in concre te 8,000 

Plumbing 7.000 

Elevator enc losure 4,500 

Painting 11,500 

Mater ia l s tes t ing 2,000 

Miscel laneous other i t ems 36,600 

Total , Containment Vesse l : $1,204,000 
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Table IV (Cont'd.) 

STRUCTURES (Cont'd.) 

Turbine Building 

Subst ructure 
Excavation and backfill $ 27,000 
Concrete foundations and walls to grade 

floor; sheeting 210,000 
Mater ia l s test ing 2,000 
Miscel laneous other i tems 15,000 

Supers t ruc tu re 
Insulated meta l siding ex te r io r wal ls , 

in te r ior par t i t ions , floor, roof, windows, 
doors , ha rdware , e t c . 350,000 

Louvers and roof venti lator 5,000 
Plumbing 3 7,000 
Miscel laneous s teel and i ron 35,000 
Elevator enclosure Included 
Painting 25,000 
Miscel laneous other i tems 15,000 

St ruc tura l s teel ; gir t s teel 230,000 

Turbine and other equipment foundations 
Turbine foundation 65,000 
Other equipment foundations 25,000 

Total, Turbine Building: $1,041,000 

Waste Trea tment Building 

Building 105,000 

Underground waste s torage s t r u c t u r e s 
Solid waste bur ia l pit 7,000 
Pe rmanen t r e s in s torage tank (including 

s ta in less clad l iner) 27,000 

Equipment foundations 5,000 

Foundations for two rad ioac t ive -gas 
holdup tanks 1,500 

Miscel laneous other i t ems 4,500 

Total , Waste Trea tment Building: $ 150,000 



Table IV (Cont'd.) 

STRUCTURES (Cont'd.) 

275,000 
2,500 

35,000 

45,000 

18,000 

6,500 

Circulat ing Water System 

Crib house 
Subs t ruc ture ; s u p e r s t r u c t u r e ; s t ruc tu ra l 

s teel $ 
Painting 

Seal Well 

Discharge pipe - seal well to outfall 

Discharge outfall 

Miscel laneous other i t ems 

Total, Circulat ing Water Systena: 

Miscel laneous Other Buildings 

Gate house 

Warehouses 

Field construct ion office and other con­
s t ruct ion buildings, including parking a r e a 

Foundations - outside equipment and tanks 

Foundation and b e r m for 1 0,000-gallon 
oil tank 

Miscel laneous other i t ems 

Total , Miscel laneous Other Buildings: 

TOTAL STRUCTURES 

EQUIPMENT, PIPING, E T C 

Containment Vesse l 

Reactor and assoc ia ted equipment 
Reactor vesse l shel l and cover $1,625,000 
Reactor vesse l i n t e rna l s , gr id plate , 

core s t ruc tu r e , t h e r m a l shield, and 
fuel-handling plug 

Control rods and dr ives 

$382,000 

10,000 

65,000 

40,000 

5,000 

1,000 

4.000 

$125,000 

$ 2,902,000 

460,000* 
175,000* 

$2,260,000 

Shielding equipment and work ex te r io r to 
r e a c t o r 

Sta inless s teel wool insulation (4 in. thick) 
Water shield tank (four sepa ra t e tank sect ions) 

Es t imated by Argonne National Labora to ry 

20.000 
18.000 

$ 38,000 
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Table IV (Cont'd.) 

EQUIPMENT, PIPING, ETC. (Cont'd.) 

Shield cooling sys tem 
One shield cooler $ 5,000 
Two shield cooling circulat ing pumps 

(215-gpm capaci ty each; 20-ft suction 
head; 1 20-ft d i scharge hpad); and two 
7.5-hp motors ) 3,200 

One shield cooling hold-up tank (500 gal) 950 

Reactor purification sys t em 
Two mixed bed ion exchangers (60-gpm 

capacity; no lead shielding requi red) 20,700 
Two s t r a i n e r s 1,500 
Two purification booster pumps (60-gpm 

capacity; 2,350-ft suction head and 
2,540-ft d i scharge head, complete with 
1 -hp motor) 15,000 

One coolant purification sys tem cooler 4,000 
One coolant purification sys tem r e g e n e r ­

ative heat exchanger 5,200 
One r e s in makeup tank (300 gal) 500 
One waste r e s i n t r ans fe r pump (50-gpm 

capacity; 10-ft suction head; and 150-ft 
d ischarge head), complete with 0.75-hp 
motor 1,400 

Shutdow^n cooling sys tem 
One shutdown cooler 35,000 
One overhead water s torage tank 

(15,000 gal) * 

Fuel s to rage pool sys tem 
One pool c i rculat ing water pump 

(200-gpm capaci ty; 10-ft suction head; 
and 130-ft d i scharge head, complete 
with 7.5-hp motor) 2,300 

One s torage pool heat exchanger 5,000 
Fuel pool s torage r a c k s 9,000 

$9,150 

$48,300 

$35,000 

$16,300 

* Included in Containment Vesse l S t ructure Cost 



Table IV (Cont'd.) 

EQUIPMENT, PIPING, E T C (Cont'd.) 

Containment Vesse l (Cont'd.) 

Chemical poison injection sys t em 
Chemical solution tank (300-gal capacity) 
One 25-gpm h i g h - p r e s s u r e pump with 

motor drive 

P r i m a r y dra in sys t em 
Two retent ion tanks (5000 gal each) 
One re tent ion tank drain and t r ans fe r 

pump with motor drive 
One fil ter 

Makeup water s torage and fill equipment 
Two mono-bed ion exchangers 
Two twin f i l ters 
One deminera l i zed water s torage tank 

(100,000 gal) 
One fill pump (lOO-gpm capacity; 125-ft 

net head) with motor dr ive 
Acid tank 
Caustic tank 
Acid ejector 
Caustic ejector 
Acid tank agi ta tor 
Caustic tank agi ta tor 
One e lec t r ic hea ter 

Startup hea ter 

Fuel-handl ing machine and tools 

Auxi l iary equipment 
Heating, venti lat ing, and a i r conditioning 
One overhead c rane main hook (50-ton 

capacity); and auxi l ia ry hook (5-ton 
capacity) 

One duplex sump pump (l 00-gpm 
capacity; 150-ft d i scharge head) 
including motor 

One r eac to r cavity exhaust fan (20-cfm, 
20 in. H2O developed head), including motor 

Two sample coo le r s 
Elevator 

$ 1.500 

13.500 

3.500 

700 
400 

25.000 
4.000 

25,000 

35.000 

55,000 

1,500 

500 
1,000 

20 .000 

$ 1 5 , 0 0 0 

$ 4 .600 

1.300 
600 
600 
300 
300 
300 
300 
600 

$ 58.300 

$ 3,000 

$ 180.000 

$113 ,000 

Est imated by Argonne National Labora to ry 
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Table IV (Cont'd.) 

EQUIPMENT, PIPING, E T C (Cont'd.) 

Containment Vessel (Cont'd.) 

Equipment insulation 

Painting 

Miscel laneous other equipment not l i s ted 
above 

Total, Containment Vesse l 

Turbine Building 

One 1 00-Mw tu rb ine -gene ra to r unit. 
(Turbine- throt t le operat ing condit ions: 
1,000 psig sa tura ted . TCDF with two 
23-in. las t stage buckets . Genera tor -
128,000 kva at 30-lb H2 p r e s s u r e -
0.85 P F . Complete with appur tenances 

Turbine oiling equipment 
One two-compar tment , clean and 

dir ty oil tank (5,000 gal each) 
Oil purif ier 
Two oil t r ans fe r pumps, including mo to r s 
Oil fi l ter 

Rese rve Exci ter 

Condenser and appur tenances 
One 102,000-sqf t surface condenser , 

2 - p a s s , divided water box, extended 
neck, backwash va lves , e tc . 

Steam jet a i r equipment 
Condenser tubes (Admiralty) 
Three ve r t i ca l pi t- type condensate pumps 

( l ,050-gpm each; 550-ft d i scharge head) 
Three 200-hp condensate pump moto r s 
One dry vacuum pump, including motor 

Four full-flow prec oat- type f i l ters 

Feed-wa te r hea t e r s 
DC heater "C" 
L o w - p r e s s u r e h e a t e r s "A" and " B " 
One h i g h - p r e s s u r e heater "D" 

$4,195,000 

4,500 
3,700 
1,000 

150 

91,000 

690,000 

50,000 

13,500 

94,000 

55,000 
37,000 
40,000 

$ 7,500 

2,500 

79,350 

$ 2,870,000 
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Table IV (Cont'd.) 

EQUIPMENT, PIPING, ETC. (Cont'd.) 

Turbine Building (Cont'd.) 

Feed-water pumps 
Three 1,400-gpm capacity pumps, 65-ft 

suction head, and 2,760-ft discharge 
head }- $ 294,000 

Three 1,250-hp motors and hydraulic 
couplings 

One bearing cooling water pump, 1,500-gpm 
capacity, 5-ft suction head, and 155-ft 
discharge head r 3,400 

One 75-hp bearing cooling pump motor 

One duplex bilge pump set, including motors 1,500 

Tanks 
One domestic water tank (l,000-gal 

capacity) 1,300 
Two high-pressure radioactive-gas 

holdup tanks (l2,000-gal capacity; 
300-lb design) 25,000 

One domestic hot water tank (l,000-gal 
capacity) 1,300 

One fuel oil storage tank (lO,000-gal 
capacity) 2,^00 

Makeup water storage tank (20,000-gal 
capacity) 5,500 

Air compressors 
Two station air compressors (500 cfm; 

100-psig discharge pressure), including 
lOO'-hp motors 31 ,000 

Two air receivers 2 ,500 
One control air dryer (l 00 cfm) 3,800 

Turbine room bridge crane (main hoist: 
75-ton capacity; auxiliary hoist: 15-ton 
capacity) 62,500 

Radioactive-gas compressor, including 
motor drive 2 ,500 

Diesel generator unit 50,000 

Turbine room elevator 20,000 
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Table IV (Cont'd.) 

EQUIPMENT. PIPING, ETC. (Cont'd.) 

Turbine Building (Cont'd.) 

Heating, ventilating, a i r conditioning, and 
two 20-ton water ch i l l e r s $30,000 

Heating boiler (150 b.h.p.) 7,500 

Two waste gas b lowers , including moto r s 500 

Two waste gas coole rs 1,700 

One hea ter drain pump (600 gpnn at 600-ft 
net head; 1 25-hp motor) 5,000 

One seal gas blower, including motor 600 

One seal gas cooler 950 

One bear ing water cooler 10,500 

Painting 5,000 

Miscel laneous other i t ems not l i s ted above 39,500 

Total , Turbine Building Equipment $ 5,883,000 

Piping and Insulation 

Piping 
Containment vesse l and turbine building 

(including outdoors) 1,350,000 
Circulat ing water 90,000 

Piping insulation 150,000 

Total , Piping and Insulation $ 1,590,000 

Ins t ruments , control , and gauge boards 
Nuclear ins t rumenta t ion ( in-core 

ins t ruments not included) 75,000 
Other ins t ruments and controls 55,000 
Gauge boards 70,000 
E lec t r i ca l 30,000 

Total, Ins t ruments , Control , and Gauge 
Boards $ 230,000 
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18,500 

Table IV (Cont'd.) 

EQUIPMENT, PIPING, ETC. (Cont'd.) 

Crib House Equipment 

Four travelling screens $50,000 

Four vertical mixed-flow circulating water 
pumps (22,600-gpm capacity each; 25-ft 
discharge head) ^ 145,000 

Four 250-hp motors for circulating water 
pumps 

Two vertical mixed-flow service water pumps 
(2,000-gpm capacity; 150-ft discharge head) 

Two 100-hp motors for service water pumps 

One diesel engine-driven service water pump 
(2,000-gpm capacity; 150-ft discharge head) 8,000 

Chlorination equipment 10,000 

Chlorine handling 2 ,000 

Two self-cleaning service water strainers 9,000 

Two bearing water filters 500 

Screen wash piping 1,500 

Painting 2,000 

Miscellaneous other items not listed above 3,500 

Total, Crib House Equipment 

Waste Disposal Equipment (in Waste Disposal Building) 

One radioactive-waste surge tank (lO,000-gal 
capacity) 3 ,100 

One surge tank for dilute radioactive wastes 
(10,000 gal) 3 ,100 

Two waste surge tank transfer pumps (50-gpm 
capacity each, 100-ft discharge head), com­
plete with motors 2,200 

Two septum-type filters (capacity: 10 gpm each) 2,500 

Two mixed-bed ion exchangers (capacity: 
1 0 gpm each) 

One storage tank (lO,000-gal capacity) for 
slightly radioactive deionized water 

24,500 

3,100 

$250,000 



57 

2 

1 

1 

1 

,300 

,500 

950 

600 

600 

,700 

,700 

Table IV (Cont'd.) 

EQUIPMENT, PIPING, ETC. (Cont'd.) 

Waste Disposal Equipment (in Waste Disposal 
Building) (Cont'd.) 

Two deionized w a t e r - t r a n s f e r pumps 
(l 00-gpm capacity each, I 75-ft d ischarge 
head), including moto r s 

One waste evaporator 

One r e s i n wash and separa t ion tank (600 gal) 

One cation res in regenera t ion tank (300 gal) 

One anion res in regenera t ion tank (300 gal) 

One concentra ted acid s torage tank 
(1,000 gal) 

One 25% caust ic s torage tank (l ,000 gal) 

Two t r ans fe r pumps for acid and caust ic 
tanks (lO-gpm capaci ty each, 100-ft 
d ischarge head), including motors 4,000 

One duplex sump pump, including mo to r s 1,500 

One waste evaporator blow-down cooler 500 

One e lec t r i c water heater (5-kw capacity) 150 

Two r e s i n - s t o r a g e decanting pumps (50-gpm 
capaci ty each, 50-ft d ischarge head), 
including mo to r s 2,400 

One w^aste gas vent fan and f i l ter , including 
motor (includes heating and ventilation) 

Insulation of equipment 

Painting 

Miscel laneous i t ems not l i s ted above 

Total, Waste Disposal Equipment 

TOTAL, EQUIPMENT, PIPING, ETC. 

1,500 

1,500 

1,500 

1,100 

$62,000 

$10,885,000 
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Table IV (Cont'd.) 

ELECTRICAL 

Reactor Plant 

S t ruc tures and improvements 
Containment vesse l 
Miscel laneous yard 
Lighting 

Auxil iary e lec t r i ca l equipment 
Motor control cen te r s 
Power and control cables 
Conduits, cable pans, e tc . 
Cable penetrat ion 
Auxil iary cont ro ls 
Grounding 
Miscel laneous 

Nuclear ins t rumenta t ion 
Amplif iers 
Ionization and detector c h a m b e r s 
Radiation moni to r s 

Communicat ions 

T e m p o r a r y power and light 

Total , Reactor Plant 

Turb ine -Genera to r Plant 

S t ruc tures and improvements 
Turbine and office building 
Miscel laneous separa te buildings 
Miscel laneous yard 
Lighting 

P r i m a r y e l ec t r i ca l equipment 
Main power t r a n s f o r m e r 
Genera tor connections 
Power , control , and ins t rument cables 
Conduits 
Neutral equipment 
Grounding 
Miscel laneous 

$ 3,000 
2,500 

15,000 

25,000 
48,000 
14,000 

9,000 
8,000 
6,000 
9.000 

7.000 
19,500 
59,500 

17,000 
2,000 

16,000 
32,000 

370,000 
70,000 

9,000 
7.000 
7.000 
8.000 
5.000 

$ 20.500 

$119,000 

$86,000 
$ 8.000 

$15,000 

$248,000 

$67,000 

$476,000 
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Table IV (Cont'd.) 

ELECTRICAL (Cont'd.) 

Turb ine-Genera tor Plant (Cont'd.) 

Auxil iary e lec t r i ca l equipment 
Auxil iary power t r a n s f o r m e r s 
2300-volt switchgear 
480-volt switchgear 
Motor control cen te r s 
Auxil iary controls 
Power and control cables 
Conduits, cable pans. e tc . 
Bat tery , e tc . 
Grounding 
Miscel laneous 

Communicat ions 

Tempora ry power and light 

Total , Turb ine -Genera to r Plant 

Cr ib House 

Motor -cont ro l center 

Control equipment 

Cable and conduit 

Miscel laneous 

Total , Crib House 

Waste Disposal System 

Motor -cont ro l center 

Control equipment 

Cable and conduit 

Miscel laneous 

Total , Waste Disposal System 

TOTAL, ELECTRICAL 

$122,000 
150,000 
70,000 
22,000 
13,000 

116,000 
64,000 
7,000 

10,000 
12,000 

6,000 

3,000 

5,000 

1,500 

$586,000 

$12,000 

$22,000 

$1,163,000 

$15,500 

4,500 

2,000 

2,500 

1,000 

$10,000 

$1,437,000 



Table IV (Cont'd.) 

MISCELLANEOUS EQUIPMENT 

F i r s t Aid Equipment 

Office Furn i tu re and Equipment 

Locker Room Equipment, and Other 
Miscellaneous I tems 

Machine Shop, Machine Tools , and 
Miscel laneous Store Room F ix tu res 

F i re -F igh t ing Equipment 

TOTAL MISCELLANEOUS 

REC APIT ULAT ION 

SITE AND GROUND IMPROVEMENTS 

STRUCTURES 

EQUIPMENT, PIPING, ETC. 

ELECTRICAL 

MISCELLANEOUS EQUIPMENT 

STARTUP SUPERVISION 

Subtotal (including Contrac tor Overhead 
and Profit) 

Contingency (lO%) 

Top Charges (15%) 

GRAND TOTAL 

2,500 

4,500 

3,000 

75,000 

5,000 

290,000 

2,902,000 

10,885,000 

1,437,000 

90,000 

50,000 

$15,654,000 

1,565,500 

$17,219,500 

2,582,500 

$19,802,000 

$ 90,000 

NOTE: An additional cost of $885,000 is i ncu r red by using s ta in less 
s tee l components in the main s t eam and boi ler feed cyc les where 
t e m p e r a t u r e s exceed 250°F. 

B. Fuel Cycle 

As s ta ted previously , a r igorous study was not made of a 
specific core loading. Exper ience has shown that the final fuel cost is 
re la t ive ly insensi t ive to mos t p a r a m e t e r s except co re l i fe t ime and fabrica­
tion c o s t s . Consequently, a s e r i e s of fuel-cycle cos t s were der ived by 
changing the var ious co re p a r a m e t e r s . 



The resu l t s a r e l i s ted in Table V. All co res have a 310-Mw 
the rma l capaci ty and a r e a s sumed (on an 80% load factor) to generate 
7 x 1 0 kw(e) (net) per yea r . Cores A, B, and C a r e included to show that 
high power density per se does not afford any significant advantage in a 
"shor t" fuel cycle t ime of 10,000 Mwd/tonne. There is a significant 
savings for long burnup c o r e s , however, as i l lus t ra ted by cores H and I. 

The charges and methods used to p repare the costs were as 
p r e sc r ibed in "Nuclear Fuel Cycle Cos t s " (September, 1959), p repared 
by the Evaluation and Planning Branch, Division of Reactor Development, 
USAEC. The fuel-cycle cos t s in Table V were based upon the following 
c r i t e r i a : 

1 . Cost of f resh UFe per AEC Schedule of Charges . 

2. Fue l -use charge based on 4% per annum at following 
values of fuel: 

a. Full value for initial enr ichment from t ime of 
del ivery of UF^ until del ivery to f resh fuel s torage . 
(This portion of use charge is a s sumed to be in­
cluded in fabricat ion cost lump sum). 

b . Full value of initial enr ichment during f resh fuel 
s torage t ime on s i te . 

c. Average value of fuel during in -core res idence as 
it p r o g r e s s e s from initial enr ichment to the depleted 
s ta te . 

d. Final value of depleted fuel during t ime from removal 
from core to r e tu rn to AEC as UF^. 

This method of charge has not been officially approved by 
the AEC. Since it is unders tood that periodic payments will be made out 
of operat ing capital for this cost , however, there is a probabili ty that this 
method or one s imi la r will be acceptab le . 

3. A plant load factor of 0.8 has been assumed, which r e su l t s 
in the sale of approximate ly 7 x 1 0 e lec t r i ca l kilowatts per 
yea r . The load factor ( L F ) has been set at 0.8 r a the r than 
at 0.6 or 0.7 which is cus tomary for conventional foss i l -
f ired p lants . Nuclear fuel cost must be lower than fossil 
fuel, or the nuclear plant can never be competit ive because 
of inherent ly higher capital cha rges . If the fuel cost is 
lower for nuclear plants , there will be incentive to operate 
them as base load plants . Verification of this assumption 
must await extended plant operating exper ience . 



Table V 

INFLUENCE OF CORE PARAMETERS ON FUEL CYCLE COSTS 

P a r a m e t e r 

Core Loading, kg U 

Power Density, kw/ l i te r of core 

Average Burnup, Mwd/tonne 

Initial Enrichment , % U"^ 

Final Enrichment , % U"^ 

Plutonium Production, 
gm Pu/kg U 

Fabricat ion Cost, $/kg U 

Burnup Cost, $ / k g U 

Fabricat ion Cost, m i l l / kw-h r 

Burnup Cost, mi l l /kw-hr 

Shipment Reprocess , Conversion 
and Capital Charges , mi l l / kw-hr 

Total Gross Power Cost, 
mi l l /kw-hr 

Plutonium Credit , mi l l /kw-hr 

Total Net Power Cost, mi l l /kw-hr 

"A" 

31,853 

30 

10,000 

2.0 

1.15 

5.5 

140 

124 

1.83 

1.64 

1.08 

4.55 

0.83 

3.72 

" B " 

24,183 

40 

10,000 

2.0 

1.15 

5.5 

140 

124 

1.83 

1.64 

1.02 

4.49 

0.83 

3.66 

" C " 

18,869 

50 

10,000 

2.0 

1.15 

5.5 

140 

124 

1.83 

1.64 

0.97 

4.44 

0.83 

3.61 

"D" 

24,133 

40 

10,000 

2.0 

1.15 

5.5 

110 

124 

1.43 

1.64 

1.03 

4.10 

0.83 

3.27 

" E " 

24,133 

40 

15,000 

2.25 

1.0 

6.5 

140 

183 

1.21 

1.62 

0.83 

3.66 

0.65 

3.01 

ii-pii 

24,133 

40 

15,000 

3.0 

1.75 

7.5 

140 

193 

1.21 

1.71 

0.90 

3.82 

0.82 

3.00 

"G" 

18,869 

50 

15,000 

2.25 

1.0 

6.5 

140 

183 

1.21 

1.62 

0.71 

3.54 

0.65 

2.89 

"H" 

24,133 

40 

20,000 

2.65 

1.0 

6.5 

140 

244 

0.92 

1.61 

0.79 

3.32 

0.50 

2.82 

MT II 

18,869 

50 

20,000 

2.65 

1.0 

6.5 

80 

244 

0.52 

1.61 

0.61 

2.74 

0.50 

2.24 



4. Cost of fabricat ion of fuel includes: 

a. conversion of UF^ to UO2; 

b. s t ruc tu ra l ma te r i a l requi red for cladding and support­
ing fuel m a t e r i a l in assembly; 

c. labor of a s sembly ; 

d. inspection, tes t ing, and quality control ; 

e. m a t e r i a l l o s s e s , cost of s c rap recovery , and rework; 

f. use charge for fissionable ma te r i a l during fabrication; 
and 

g. packaging for shipment. 

5. Plutonium value of $12.00 per g r a m . 

6. All r ep rocess ing and conversion charges a re per AEC 
published r a t e s . 

7. Capital cos ts for money used for fabricating fuel a r e based 
on in te res t ra te of 6%. This ra te is charged against the full 
cost of fabrication for the period requi red for fabrication 
and s torage , and against the average value of the cost of 
fabrication during the in -core period. The value of fabr ica­
tion capital is a s sumed to be ze ro when the fuel is removed 
from the c o r e . 

Total Power Cost 

The total power cost includes capital cos t s , fuel-cycle cos t s , 
operat ion and maintenance cos t s , and insurance cos t s . With the capital 
cos t s e s t ima ted at -̂  $20,000,000, and a fixed charge in te res t ra te of 14%, 
the capital charge portion of total is about 4 m i l l s / k w - h r . 

The fuel-cycle cost is subject to many factors which produce 
a sp read ranging from 3.7 to 2.2 m i l l s / k w - h r . The 3.7 value is believed 
to be achievable in the near future. The 2.2 value may be achieved in the 
late 1960's or ear ly 1970's after sufficient development and operating ex­
per ience . Consequently, a value of 3.01 m i l l s / k w - h r is used as an average 
value over the life of the r e a c t o r . It is a lso represen ta t ive of a cycle 
(Core "E") which might be r ea l i zed in the mid-1 960 's . 

The operat ion and maintenance cost of 0.8 mi l l / kw-h r has been 
used by the AEC in its Plant Cost Normalizat ion Studies of 1959. This cost 
is a lso subject to d i sagreement ; in many es t imates this charge is placed at 
a much higher level . It has been used he re because the basic s implici ty of 
the design should a s s i s t in holding cos ts down. 



The insurance cost of 0.34 m i l l / k w - h r was also used in the 
AEC Normal iza t ion Studies. 

A summation of the above costs is as follows: 

Item Mi l l s /kw-hr 

Capital Charge 4.00 

Fuel Cycle 3.01 

Operation and Maintenance 0.80 

Insurance 0.34 

Es t imated Total Power Cost: 8.15 m i l l s / k w - h r , 

The successful design and construct ion of a plant capable of 
producing power at the es t imated cost is subject to severa l c r i t i ca l fac tors : 

1. exper ience of the des igne r s ; 

2. confidence; 

3. abili ty of the Pro jec t Manager to re ta in the or iginal 
s implici ty of the conceptual design; and 

4. completion of plant in much l e s s t ime than requ i red for the 
p resen t generat ion of r e a c t o r s . 

The re fe rence power plant design presen ted in this study, if 
coupled with the above fac to r s , should have the bes t chance of any s imi la r 
plants projected to date, in approaching the 8- to 9-mil l plant. 



A P P E N D I X A 

EVALUATION O F TURBINE C Y C L E S 

P r e l i m i n a r y a n a l y s e s w e r e m a d e to eva lua te the inf luence of s t e a m 
cond i t i ons at the t u r b i n e t h r o t t l e va lve and final f e e d - w a t e r t e m p e r a t u r e on 
o v e r a l l s t a t ion e f f ic iency . Hea t b a l a n c e s w e r e p r e p a r e d for c y c l e s u s ing 
s a t u r a t e d s t e a m at 1000 ps ig and at 850 p s i g , with r e g e n e r a t i v e f e e d - w a t e r 
hea t ing c y c l e s f e a tu r i ng one to four f e e d - w a t e r h e a t e r s . A T C D F , 3 6 0 0 - r p m 
t u r b i n e with 2 3 - i n c h L . P . b lad ing w a s c o n s i d e r e d for both t h r o t t l e s t e a m 
c o n d i t i o n s . M o i s t u r e r e m o v e d f r o m the t u r b i n e at v a r i o u s e x t r a c t i o n s t a g e s 
and c r o s s o v e r point w a s i n t r o d u c e d into the a p p r o p r i a t e h e a t e r c y c l e . All 
h e a t e r c y c l e s w e r e of the f l a shed d r a i n t y p e : d r a i n s f rom s u c c e s s i v e h e a t e r s 
a r e c a s c a d e d to the next l ower p r e s s u r e h e a t e r , and the c o m b i n e d d r a i n s 
a r e f l a shed to the m a i n c o n d e n s e r . 

The r e s u l t s a r e shown in F i g s . 19 to 26. F o r the 1000-ps ig t h r o t t l e 
s t e a m condi t ion , the t h e r m a l e f f i c i enc ie s w e r e 27.96%, 29.47%, 30.04%, and 
30.70%, for one to four f e e d - w a t e r h e a t e r s , r e s p e c t i v e l y (see F i g s . 19 to 22). 
With t h r o t t l e s t e a m at 850 p s i g , the c o m p a r a b l e e f f ic ienc ies w e r e 26.69%, 
28 .31%, 29.07%, and 29.48% ( see F i g s . 23 to 26). 

The fo rego ing a n a l y s e s i nd ica t ed tha t a cycle us ing 1000-ps ig s a t ­
u r a t e d s t e a m at the t h r o t t l e v a l v e , and four f e e d - w a t e r h e a t e r s to ob ta in a 
f inal f e e d - w a t e r t e m p e r a t u r e of 400°F , would be the m o s t d e s i r a b l e s y s t e m 
c o m p a t i b l e wi th a r e a c t o r d e s i g n e d for n a t u r a l c i r c u l a t i o n and i n t e r n a l 
s t e a m s e p a r a t i o n . 

An add i t i ona l hea t b a l a n c e was p r e p a r e d to d e t e r m i n e the eff iciency 
of a cyc le us ing 1000-ps ig s t e a m at the t h r o t t l e valve and a d e a e r a t i n g feed-
w a t e r h e a t e r , wi th the l o w - p r e s s u r e h e a t e r d r a i n s be ing p u m p e d ahead into 
the c o n d e n s a t e s y s t e m r a t h e r t han be ing f l a shed to the m a i n c o n d e n s e r . The 
d e a e r a t o r f e e d - w a t e r h e a t e r r e p l a c e d the t h i r d h ighes t p r e s s u r e f e e d - w a t e r 
h e a t e r in the c y c l e . The d r a i n s f rom the h ighes t p r e s s u r e h e a t e r w e r e d i ­
r e c t e d to the d e a e r a t o r h e a t e r , whi le d r a i n s f rom the two lower p r e s s u r e 
h e a t e r s w e r e c o m b i n e d and r e t u r n e d to the s y s t e m by a h e a t e r d r a i n p u m p . 

The r e s u l t w a s an i n c r e a s e in t h e r m a l ef f ic iency (31.34%) by c o m ­
p a r i s o n with an ef f ic iency of 30.70% for the 1000-ps ig , 4 - c l o s e d h e a t e r c y c l e . 
The i n c r e a s e i s due p a r t l y to the h i g h e r ef f ic iency of the d e a e r a t o r f eed-
w a t e r h e a t e r c o m p a r e d wi th the c l o s e d h e a t e r it r e p l a c e d in the cyc l e , and 
p a r t l y to the hea t sav ing effected by pumping the d r a i n s which a r e o t h e r w i s e 
r e j e c t e d to the c o n d e n s e r c i r c u l a t i n g w a t e r in the f l a shed c y c l e . 



GROSS GENERATOR OUTPUT 
AUXILIARY POWER (S%) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (1005t OPER. EFF.) 
THERMAL EFFICIENCY 

100,000 kw 
5,000 kw 

95,000 kw 
11.33 Ib/kw-hr 

11,596 
12,206 Btu/kw-hr 
27.96 % 

0 Ib/hr '' 

-cii-
1,133,050 Ib/hr 

1015 P 
5i»6."J °F 

1191.2 H 

^ ^ - ^ 
BYPASS LINE 

TO HEATER NO. 1 

1,132,300 Ib/hr 

750 Ib/hr TO AIR EJECTOR 

•B" 

"A" 

"B" 

/'2,0H0 lb/hr'\ 
V>f71.6H j 

A 1,320 Ib/hr] 
\1163.7 H J 

Ib/h 
H 

/ 6,840 Ib/hr] 
\ 424 H / 

[ l l , l 90 Ib/hr] 
ill43.3 H / 
17,050 Ib/hr 
355.4 H 

11,010 Ib/hr 
1115 H 

- { 

26,550 Ib/hr 
282 H 

10,730 Ib/hr 
1083.3 H 
30,760 Ib/hr 

218.8 H 

10,360 Ib/hr 
1055.2 H 
43,050 Ib/hr 

177.6 H 

9,940 Ib/hr 
1053.7 H 

"A" 

"B" 

"A" 

"B" 

It An 

1,333,050 Ib/hr 
199.8 °F 
167.8 H 

MOISTURE REMOVAL DEVICE 

,1021.7 H 
/22,450 lb/hr\ 

~ V 97.5 H ; "*" 

/ 8,250 lb/hr\ 
\̂ 1031.6 H j "^" 

_ / 2 0 , 3 8 0 1b/hr\ ^ 
y 144.8 H y " 

/ 8,840 lb/hr\ 
^1040.2 H J "̂ " 

/20,890 Ib/hr\ 
\ 109.4 H j "*" 

750 Ib/hr 
AH = 1000 
AIR EJECTOR 

172.8 H 

HEATER No.I 

"A" = MOISTURE AT MOISTURE REMOVAL STAGE 
"B" = \% STEAM WITH "A" 
H = ENTHALPY 
P = PSIA 

FIG. 19 

PERFORMANCE CHARACTERISTICS - I FEED-WATER HEATER CYCLE; JGGO-PSIG SATURATED STEAM 



GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5%) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (lOOJt OPER. 
THERMAL EFFICIENCY 

EFF.) 

100,000 kw 
5,000 kw 

95,000 kw 
11.51 Ib/kw-hr 

11,002 
11,581 Btu/kw-hr 
29.47 % 

TO HEATER NO. 1 

MOISTURE REMOVAL DEVICE 

0 Ib/hr 

/ 7,570 lb /hr \ 
\ l 026.1 H / 

91.7 °F 1 
59.7 H 1 

n A 
yr- 750 Ib/hr 

y/ AH = 1000 
) AIR EJECTOR 

1,150,750 Ib/hr 
266.3 °F 
235.1 H 

HEATER NO. 2 HEATER HO. 1 

"A" 
"B" 
"C" 
H 
F 

= 
= 
= 
= 
= 

MOISTURE AT MOISTURE 
n STEAM WITH 
MOISTURE WITH 
ENTHALPY 
PSIA 

"A" 
HEATER 

REMOVAL STAGE 

EXTRACTION STEAM 

FIG. 20 

PERFORMANCE CHARACTERISTICS - 2 FEED-WATER HEATER CYCLE; IGCO-PSIG SATURATED STEAM 
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GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5S) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE {100* OPER. EFF.) 
THERMAL EFFICIENCY 

100,000 kw 
5,000 kw 
95,000 kw 
12.16 Ib/kw-hr 
10,792 
11,360 Btu/kw-hH 
30.04 i 

MOISTURE REMOVAL DEVICE 

1,216,000 Ib/hr 
332.9 °F 
303.7 H 

• 148,860 IB/hr ^ 
^^ Z37.9 °F ^^^ 

309.0 H 

t 264.670 Ib/hr 
^ 267.9 °F 

236.6 H 

i 458,140 Ib/hr 
[ ^99U4 °F ) 

167.4 H 

HEATER HO. 3 HEATER NO. 2 HEATER NO. 1 

"A" 
"B" 
"C» 
H 
P 

= 
= 
= 
= 
= 

MOISTURE AT MOISTURE 
M STEAM WITH 
MOISTURE WITH 
ENTHALPY 
PSIA 

"A" 
HEATER 

REMOVAL STAGE 

EXTRACTION STEAM 

FIG. 2! 

PERFORMANCE CHARACTERISTICS - 3 FEED-WATER HEATER CYCLE; i.OOO-PSIG SATURATED STEAM 



GROSS GENERATOR OUTPUT 
AUXILIARY POWER (Si) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (\QQ% OPER. 
THERMAL EFFICIENCY 

EFF.) 

100,000 kw 
5,000 kw 
95,000 kw 
12.94 Ib/kw-hr 
10,562 
11,118 Btu/kw-hr 
30.70 i 

TO HEATER NO. 1 

MOISTURE REMOVAL DEVICE 

1 ,294 ,000 I b / h r 

400 °F 

375 H 

21,460 I b / h r ] „A„ 
120.9 H j 

"B" 

•B" 

750 I b / h r 
AH = 1000 
AIR EJECTOR 

I 146,640 Ib/hr / 
i 405 °^ , 

380.4 H 

\ 273,740 Ib/hr / 
336 °F / 

307 H 

^ 577,930 Ib/hr 
198.2 °F J 

166.1 H 

HEATER NO. 4 HEATER NO. 3 HEATER HO. 2 HEATER NO. 1 

"A" 
"B" 
"C" 
H 
P 

= MOISTURE AT MOISTURE REMOVAL STAGE 
= \% STEAM WITH "A" 
= MOISTURE WITH HEATER EXTRACTION STEAM 
= ENTHALPY 
= PSIA 

FIG. 22 

PERFORMANCE CHARACTERISTICS - U FEED-WATER HEATER CYCLE; iOOO-PSlG SATURATED STEAM 
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GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5«) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PUNT HEAT RATE (lOOj OPER. EFF.) 
THERMAL EFFICIENCY 

100,000 kw 
5,000 kw 
95,000 kw 
11.81 Ib/kw-hr 

12,148 
12,787 Btu/kw-hr 
26.69 % 

TO HEATER NO. 1 

MOISTURE REMOVAL DEVICE 

0 Ib/hr 

-cJcH 
1,180,000 Ib/hr 

1,180,750 Ib/hr 
865 P 

527.3 °F 
1196.6 H 

750 Ib/hr TO AIR EJECTOR 

^^J^ BYPASS LINE 

1,780 l b / h r \ 
449.4 H ) 

11,800 Ib/hr \ 
1167.1 H ) 

7,930 Ib/hr \ 
387 H j 

b/hr 
H 

/n ,660 It 
V138.9 H 

/l4,220 lb/hr\ 
\ 34 6 H j ' 
/11,470 Ib/hr \ 
i 1123 H j "' 

/16,480 lb/hr\ 
\ 312.4 I 

/11,210 lb /h r \ 
\1112.2 H J ' 

18,040 Ib/hr 
282 H 

/10,930 lb /hr \ 
liioe.4 H j 

440 I b/hr \ 
236 H / 

10,640 Ib/hr 
1079.8 H 

/20,i 

20,770 Ib/hr 
201.3 H 

10,330 Ib/hr 
1065.7 H 

^ /10,330 lb /hr \ 
l l 0 6 5 . 7 H j 

^ (37,390 lb/hr\ 
I 177.6 H i 

^ /10,020 lb /hr \ 
\ l072.8 H y 

1,180,750 Ib/hr 
199.8 °F 
167.8 H 

•B" 

1,180,760 Ib/hr 
92.3 °F 
60.3 H 

262,290 Ib/hr | 
* 204.8 °F I 
5̂  172.8 H J 

HEATER NO. I 

•A" 
• B« 

"C-
H 
P 

= MOISTURE AT MOISTURE 
= 1* STEAM WITH "A" 
= MOISTURE WITH HEATER 
= ENTHALPY 
= PSIA 

REMOVAL STAGE 

EXTRACTION STEAM 

PERFORMANCE CHARACTERISTICS -

FIG. 23 

FEED-WATER HEATER CYCLE; 850-PSIG SATURATED STEAM 
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GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5%) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (100$ OPER. 
THERMAL EFFICIENCY 

EFF.) 

100,000 kw 
5,000 kw 
95.000 kw 
11.91 Ib/kw-hr 
11,454 
12,057 Btu/kw-hr 
28.31 i 

TO HEATER NO. 1 

MOISTURE REMOVAL DEVICE 

750 Ib /h r 
AH = 1000 
AIR EJECTOR 

1,191,300 Ib /h r 
266.3 °F 
235.1 H 

168,760 Ib /h r 
• 271.3 °F 
^ 240.1 H 

HEATER NO.2 HEATER NO.I 

"A" 
»B" 
"C" 
H 
P : 

= MOISTURE AT MOISTURE 
= ]% STEAM WITH 
= MOISTURE WITH 
= ENTHALPY 
= PSIA 

"A" 
HEATER 

REMOVAL STAGE 

EXTRACTION STEAM 

FIG. 2U 

PERFORMANCE CHARACTERISTICS - 2 FEED-WATER HEATER CYCLE; 850-PSIG SATURATED STEAM 
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GROSS GENERATOR OUTPUT 
AUXILIARY POWER (S%) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (100* OPER. EFF.) 
THERMAL EFFICIENCY 

100,000 kw 
5,000 kw 
95,000 kw 
12.49 Ib/kw-hr 

11,152 
11,739 Btu/kw-hr 
29.07 % 

MOISTURE REMOVAL DEVICE 

/ 17,370 Ib/hr \ 
\ 94 H j * 

/ 7,590 Ib/hr \ 
\ 1031.1 H ) '^' 

91.7 °F • 
59.7 H 1 

<T A 
y - 750 Ib/hr 

y AH = 1000 
/ AIR EJECTOR 

1,249,000 Ib/hr 
332.9 °F 
303.7 H 

463,000 Ib/hr 
\ 92.3 °F 
I 60.3 H . 

HEATER NO. 3 HEATER NO. 2 HEATER NO. 1 

"A" 
"B" 
•C" 
H 
P 

r: 

= 
= 
= 
= 

MOISTURE AT MOISTURE 
\% STEAM WITH 
MOISTURE 
ENTHALPY 
PSIA 

WITH 
"A" 
HEATER 

REMOVAL STAGE 

EXTRACTION STEAM 

PERFORMANCE CHARACTERISTICS 

FIG. 25 

3 FEED-WATER HEATER CYCLE; 850-PSIG SATURATED STEAM 



GROSS GENERATOR OUTPUT 
AUXILIARY POWER (5%) 
NET SENT OUT 
STEAM RATE TO TURBINE 
Btu/kw-hr TO TURBINE 
PLANT HEAT RATE (lOOj OPER. EFF 
THERMAL EFFICIENCY 

100,000 kw 
5,000 kw 

95,000 kw 
13.38 Ib/kw-hr 

10,996 
. ) 11,575 Btu/kw-hr 

29.48 i 

MOISTURE REMOVAL DEVICE 

1,338,400 Ib/hr 

400 °F 

375 H 

17,580 Ib/hr \ 
120.9 H 1 

''7,580 Ib/hr \ 
^ 1041 H ) 

17,370 Ib/hr \ 
94 H / 

7,330 lb/hr\ 
1030.3 H j 

/ - 7 5 0 Ib/hr 
' AH = 1000 

AIR EJECTOR 

HEATER NO. 4 HEATER NO. 3 HEATER NO. 2 HEATER NO. 1 

"A" 
"B" 
"C" 
H 
P 

— 
= 
= 
= 
= 

MOISTURE AT MOISTURE 
\% STEAM WITH 
MOISTURE WITH 
ENTHALPY 
PSIA 

"A" 
HEATER 

REMOVAL STAGE 

EXTRACTION STEAM 

FIG. 26 

PERFORMANCE CHARACTERISTICS - U FEED-WATER HEATER CYCLE; 850-PSIG SATURATED STEAM 



A compar ison of the economics pert inent to both cycles was also 
made . With a fuel cost of 4 m i l l s / k w - h r assumed for the flashed cycle , the 
resu l t s showed that for a capital cost inc rease of about $16,000, an annual 
savings of about $60,000 would accrue to the cycle using a deaerat ing feed-
water heater and a heater drain pump. 

Accordingly, the cycle selected for more r igorous analysis featured 
(1) a TCDF, 3600-rpm turbine with 23-inch exhaust blading designed for 
operation with 1000 psig saturated s team at the turbine throt t le valve; and 
(2) four extraction stages for regenera t ive feed-water heating, using a 
deaera t ing feed-water hea ter and a hea ter dra in pump (see Fig . 9). 

Venting of the deaerat ing heater into the condenser air ejector off-
gas system should presen t no problem. In order to provide sufficient 
NPSH on the feed-water pumps, the deaerat ing feed-water hea ter , with i ts 
s torage tank, is located on the roof of the turbine building (see Fig . 6). 
Normal prac t ice is to provide a single hea te r drain pump and, in the event 
of pump fai lure, to flash the dra ins to the condenser and suffer the loss in 
heat ra te while the pump is inoperat ive. Therefore , a s imi la r a r rangement 
is incorporated in this design. 



APPENDIX B 

FULL-FLOW CONDENSATE DEMINERALIZATION 
VS FULL-FLOW CONDENSATE FILTRATION SYSTEMS 

Full-f low condensate deminera l iza t ion has been utilized in boiling 
water r eac to r plants designed for operat ion with closed feed-water h e a t e r s . 
In these des igns , the hea te r dra ins have been ar ranged for cascading to 
hea t e r s at success ive ly lower p r e s s u r e s and, finally, to the main surface 
condenser . 

The location of the full-flow condensate deminera l i ze r in the cycle 
is l imi ted by the allowable operat ing t empe ra tu r e of the r e s ins employed 
to remove dissolved solids from the condensate . With the recommended 
operat ing t e m p e r a t u r e s of 110 to 120°F (140°F, maximum), the unit i s , in 
genera l , l imited to p lacement at the d i scharge of the condensate pumps . 

With the cycle a r ranged to rece ive all heater dra ins at the main 
surface condenser , the impur i t i e s in the fluid picked up in the main s team 
piping, turbine , condenser feed-water hea te r shel ls , and heater drain piping 
can be removed in a full-flow condensate demine ra l i ze r . The products of 
co r ros ion picked up in the condensa te - r e tu rn piping and tube side of the 
feed-water hea t e r s a r e , however, unavoidably re turned to the r eac to r with 
the feed wa te r . When, as in the cu r r en t study, the hea ter drains a r e pumped 
into the condensa te - re tu rn sys tem, the co r ros ion products from the e x t r a c ­
tion s team piping, feed-water hea te r she l l s , and hea te r drain piping a r e also 
re tu rned to the r eac to r with the feed wate r . Thus, the value of a full-flow 
condensate demine ra l i ze r unit for the cycle under considerat ion r e s t s , in 
la rge par t , on the es t imated quantity of co r ros ion products coming from a 
re la t ive ly few components of the complete cycle, and the effect of re turning 
the additional dissolved solids and sa tura ted ma t t e r to the reac tor for r e ­
moval in the bypass purif ication sys t em. 

F o r the design under considera t ion, two m a t e r i a l s of construct ion 
have been analysed for equipment and components operating at t e m p e r a t u r e s 
in excess of 250°F. Thus , the annual accumulat ion of cor ros ion product will 
vary , depending on whether s ta in less s teel or carbon steel sys tems a r e being 
cons idered . The m a t e r i a l s of const ruct ion of the turbine and the condenser 
a r e a s sumed not to change in e i ther c a s e . Feed -wa te r hea t e r s normal ly 
would use Admira l ty tubes for the two l o w - p r e s s u r e units in either the c a r ­
bon s teel or the s ta in less s teel sys t em. The deaerat ing feed-water hea ter 
conventionally contains s ta in less in te rna l s and, in addition, would have a 
s ta in less s t ee l -c lad shell for the s ta in less s teel sys tem. The h i g h - p r e s s u r e 
closed feed-water hea ter would use cupronickel or Monel tubes in the c a r ­
bon s teel and the s ta in less s teel s y s t e m s , respec t ive ly . With an es t imated 



cor ros ion ra te of 50 mg/ (dm )(mo) for carbon steel sys tems , and of 
3 mg/ (dm )(mo) for s ta in less s teel sys t ems operating at t e m p e r a t u r e s 
below 500°F. the total annual weight of co r ros ion products a r e calculated 
to be 467 and 205 lb, respec t ive ly . 

A review of the calculat ions based on the above assumpt ions indi­
cated that only a smal l port ion of the total sys tem cor ros ion products is 
contributed by the turbine and the condenser . The major contribution oc­
curs in the condensa te - re tu rn sys tem and in the r eac to r . Since a s ide -
s t r e a m purification sys tem must be furnished in ei ther event, with adequate 
faci l i t ies for d isposal of radioact ive r e s in s (in addition to permanent spent-
r e s in s torage) , it appears of li t t le consequence whether the sys tem is de ­
signed to handle 80 to 100% of the total annual co r ros ion produc ts . Conse­
quently, t he re does not appear to be valid support for a full-flow condensate 
demine ra l i ze r in the re fe rence design. Moreover , such a facility would r e ­
quire additional provis ions for regenera t ion , acid and caustic s torage faci l i ­
t i e s , mixing tanks , cont ro ls , e tc . 

The m e r i t s of a leaf-type f i l ter in the condensate sys tem were also 
evaluated. The purpose of these f i l t e rs would be to remiove suspended solids 
which a r e believed to r ep re sen t a significant port ion of co r ros ion products 
entrained by the effluent from the condenser hot well . The advantages of 
leaf-type f i l t rat ion a r e a lower capital investment and a lower operat ing 
cost when compared with s imi la r cha rges assoc ia ted with a full-flow con­
densate demine ra l i ze r sys tem a r r anged for regenera t ion . 

Accordingly, a full-flow condensate f i l t rat ion sys tem was incorpo­
ra ted in the plant design for removal of par t icu la te ma t t e r originating in 
the main s team piping, turbine , and condenser . 



APPENDIX C 

HIGH-PRESSURE VS LOW-PRESSURE 
REACTOR WATER BYPASS PURIFICATION SYSTEMS 

Two a l te rna te sys t ems for r eac to r water bypass purification were 
evaluated: (l) a h i g h - p r e s s u r e sys tem, and (2) a continuous reac tor blow-
down and l o w - p r e s s u r e cleanup sys tem. 

In the h i g h - p r e s s u r e sys tem, a smal l percentage of the coolant 
flows from the r e a c t o r through heat exchangers , mixed-bed ion exchangers , 
booster pumps, and back to the r eac to r . The entire system (Fig.16) oper ­
ates at essent ia l ly the r eac to r operat ing p r e s s u r e (1000 psig). 

In the continuous blowdown and l ow-p re s su re system (Fig. 27), the 
p r e s s u r e of the water from the r eac to r is reduced to a nominal 25-30 psig, 
passed through heat exchangers , mixed-bed ion exchangers , and re turned 
to the r eac to r by h i g h - p r e s s u r e injection pumps. 

Both sys t ems feature a standby mixed-bed ion exchamger and appro­
pr ia te piping to faci l i tate use of the standby unit for cleanup of the spent-fuel 
s torage w^ell coolant, and the shield coolant. 

In the h i g h - p r e s s u r e sys tem, the design p r e s s u r e of 1250 psig r e ­
flects additional costs for all sys tem components , whereas the l ow-p re s su re 
sys tem with blowdown per in i t s an equipment design p r e s s u r e of 50 ps ig . In 
pa r t i cu la r , the re la t ive cos ts of the boos ter pumps, with the same developed 
head and capaci ty in e i ther sys t em, vary in excess of 4:1 between sys tem 
p r e s s u r e s of 1250 psig and 50 ps ig . 

In the continuous blowdown sys tem, a flash tank is requi red to allow 
a port ion of the h i g h - p r e s s u r e , h igh - t empera tu re water to flash to s team 
when reduced to the 25-30 psig sys tem operat ing p r e s s u r e . Since it may 
not be des i r ab le to vent the flash s team outside the containment vesse l , a 
wate r -coo led condenser is used and the resul t ing d ra ins a re combined with 
the d ra ins from the flash tank for passage through the d e m i n e r a l i z e r s . 
In the l o w - p r e s s u r e sys tem, a flash tank, s team condenser , and d r a i n s -
collecting tank a r e requi red in addition to the equipment common to both 
s y s t e m s . Since both flashed and unflashed port ions of the flow a re r e -
combined in this cycle , the p r e s s u r e in the s team condenser and flash 
tank must be essent ia l ly equal; t he re fo re , a boos ter pump is requi red to 
overcome the sys tem fr ict ion l o s s e s . 
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The l o w - p r e s s u r e sys tem with blowdown requ i res a positive d i s ­
placement pump to reinject the deminera l ized water into the 1000-psig 
reac tor sys t em. The cost of these units is high and more than offsets the 
savings rea l ized by using l o w - p r e s s u r e components in the remainder of 
the sy s t em. 

The h i g h - p r e s s u r e sys tem was selected over the l ow-p re s su re blow-
down sys tem because of (1) the higher init ial cost of the blowdown sys tem, 
and (2) the g r e a t e r s implic i ty in piping, l e ss space r equ i remen t s , and fewer 
pumps with attendant maintenance p rob l ems . 



APPENDIX D 

OUTDOOR VS INDOOR EMERGENCY WATER STORAGE TANK 

The select ion of a 15,000 or 30,000-gallon tank of emergency water 
supply for the reac tor plant involved an economics evaluation of an outdoor 
s torage tank ve r sus a s torage tank located in the dome of a conventional, 
s teel containment ve s se l . 

With an upper sp ray ring header located 50 ft above grade and a 
10-psig p r e s s u r e drop through the spray nozzle sys tem, the supporting 
s t ruc ture mus t have sufficient height to ensure gravi ty flow from the tank 
to suppress the p r e s s u r e buildup within the containment ve s se l . R e p r e ­
sentative supporting s t ruc tu re heights for var ious containment p r e s s u r e s 
a r e l is ted below. 

Internal Supporting 
P r e s s u r e , S t ruc ture 

psig Height, ft 

11.6 
33.3 
55 

100 
150 
200 

Es t ima tes of erec t ion cos ts were p r epa red for the two s torage tank 
capaci t ies and the th ree r ep resen ta t ive supporting s t ruc tu re he ights . The 
costs l is ted in the following tabulation do not include concre te foundations. 
(The concre te m a s s e s es t imated for the foundations a r e based on average 
soil conditions.) 

Storage 
Capacity, 

ga l 

15,000 

30,000 

Height 
above 

Grade , 
ft 

100 
150 
200 

100 
150 
200 

Erec ted Cost, $ 

16,680 
22,650 
26,080 

19,250 
23,480 
29,610 

Concrete 
Foundat ions , 

yd^ 

23 (mass) 
28 (reinforced) 
37 (reinforced) 

22.6 (mass) 
34 (mass) 
38 (reinforced) 

As evidenced by the tabulation, a re la t ive ly smal l cost differential exis ts 
between the two s torage tank capac i t i es ; most of the cost is a ssoc ia ted 
with the supporting s t r u c t u r e s . 



Tanks that a r e built into the dome of the containment vesse l a re 
es t imated to cost about $6,000 for a 15,000-gallon capacity, and $8,000 for 
a 30,000-gallon capaci ty . The pr ice differential can be at tr ibuted to the 
fact that, with p roper venting of the tank, the height n e c e s s a r y to promote 
proper flow conditions is genera l ly inherent in the containment vesse l 
s t r u c t u r e . Other advantages which favor the select ion of the indoor s to r ­
age tank include the absence of interconnecting piping, shell penet ra t ions , 
and (depending upon the geographic location) ant i - f reeze precaut ions a s ­
sociated with the outdoor s torage tank. 

Accordingly, the plant design was p repa red on the bas i s of an in­
t e rna l emergency water s torage tank mounted in the dome of the contain­
ment ve s se l . 



APPENDIX E 

EMERGENCY SHUTDOWN COOLER 

Three concepts of a 20-Mw(t) emergency shutdown cooler were in­
vest igated. The f i r s t concept featured a condenser -evapora tor with serv ice 
water supplied from the overhead s torage tank through a level control ler to 
the shell side of the unit. Water evaporated from the shell side is vented 
outside the containment ves se l . The second design consisted of a bundle of 
condensing coils i m m e r s e d in the overhead storage tank. The th i rd concept 
featured a condenser cooled by na tura l convection flow of water from the 
overhead s torage tank. This a r r angemen t is s imi la r to the emergency cool­
ing coils located in the s team d rye r of the Exper imenta l Boiling Water 
Reactor (EBWR). 

Successful operat ion of the condense r -evapora to r depends on free 
convection heat t r ans fe r from the s team coil to the shell side water supply. 
Evaluation of the overa l l t r ans ien t heat t r ans fe r coefficient is difficult 
since published heat t r ans fe r data do not adequately cover the range of con­
ditions under which such a unit would ope ra t e . The ex t reme t e m p e r a t u r e 
differentials which exist immedia te ly after a reac to r s c r a m may cause 
vapor blanketing of the tube wall surface , making the heat t r ans fe r coef­
ficient unpredic table . Manufacturers of heat t r ans fe r equipment d i sagree 
both on a rea l i s t i c heat t r ans fe r coefficient to use for evaluating surface 
r equ i r emen t s , and a t rue LMTD to use in the design of such a unit. 

However, a unit has been sized using an overa l l heat t r ans fe r coef­
ficient of 250 Btu/(hr)(ft^)(F), with boiling on the shell side at about 15 psig 
(saturat ion t e m p e r a t u r e = 250°F). Bids received on a s imi la r unit for a 
r eac to r plant under construct ion evidenced d i sagreement among the potential 
vendors as to whether th is low boiling t e m p e r a t u r e could be rea l i zed (again 
due to a genera l lack of exper ience with units designed for these conditions). 
Thus vendors who believed that a higher shell side t e m p e r a t u r e would exist 
designed for a higher p r e s s u r e rat ing of the shel l . The end resu l t was a 
considerable var ia t ion in p r i ce s quoted. 

The shell of the cooler unit for the re ference plant design mus t s u s ­
tain an external loading comparab le to the in terna l design p r e s s u r e of the 
containment ves se l ; therefore the higher boiling p r e s s u r e on the shell side 
does not marked ly influence the design. Emergency shutdown coole rs have 
been sized on this ba s i s for s eve ra l r eac to r ins ta l la t ions ei ther built or 
cu r ren t ly under cons t ruc t ion . 



Accordingly, an es t imate of about $35,000 was p repared for a 
condense r -evapora to r unit that would satisfy the design r equ i r emen t s . The 
advantages pecul iar to this type of cooler a r e : (1) the heat capacity of the 
cold water normal ly in the shell side; (2) the ease with which na tura l c i r cu la ­
tion can be es tabl ished between the reac to r and the condenser; and (3) the 
ea se with which additional cold water can be added to the unit following ex­
tended opera t ion . 

With r e g a r d to the use of a condenser coil i m m e r s e d in the over ­
head s torage tank, again a r ea l i s t i c evaluation of the LMTD and the t rans ien t 
heat t r ans fe r coefficient is difficult because of the t empera tu re e x t r e m e s . 
Based on an overa l l heat t r ans fe r coefficient of 250 Btu/(hr)(ft )(°F), a unit 
was sized with a 6-inch, mul t ip le -pass pipe coil designed for instal lat ion in 
the overhead s torage tank. With a 15,000-gallon heat sink, it was es t imated 
that boiling of the water would occur after about 45 min . 

An es t imate of $16,400 for a Monel coil was obtained. In general , 
the advantages of the condense r -evapora to r l is ted above also apply to the 
condenser coil unit. The disadvantages a re the possibi l i ty of the coil being 
par t i a l ly uncovered in the event s torage water is requi red to supply the 
sp ray ring h e a d e r s , or if sufficient water is boiled off to lower the s torage 
water level . A unit of this type would be vented to the inside of the con­
tainment vesse l ; therefore the vapor evolved would sa tura te the building 
a tmosphe re . Thus , shor t ly after the onset of boiling of the s torage water , 
condensation of the s team would also begin on the l ower - t empera tu re su r ­
face of the containment v e s s e l . 

A review of the thi rd cooler concept, which is s imi la r to the EBWR 
emergency cooler , revealed that the design is not feasible in view of the 
20 Mw(t) heat d iss ipat ion r equ i r emen t . Test data from the EBWR emergency 
shutdown cooler show that the unit does not operate s t r ic t ly as a wa te r -
cooled condenser ; r a t h e r , the re is in termi t tent s team formation in the s e c ­
ondary side which causes wide fluctuations in the available t h e r m a l driving 
head and, consequently, wide var ia t ions in the coolant flow r a t e . In a la rge 
unit designed for 20 Mw(t), it is believed that s imi l a r operat ion would r e ­
sult in harmful v ibra t ions or water h a m m e r . Therefore no attempt was 
made to size a cooler of this type. 

While the foregoing analyses indicate the i m m e r s e d coil concept 
would afford a lower capital inves tment , the disadvantages and compl ica­
tions assoc ia ted with the operat ion of such a unit were sufficient to war ran t 
select ion of the condense r -evapora to r design. 



APPENDIX F 

COMPARATIVE BUILDING COSTS OF 
REACTOR PLANT ARRANGEMENTS 

In o rde r to evaluate their effect on capital investment , a s e r i e s of 
plant s t r u c t u r e s , based upon a l te rna te a r r angemen t s of equipment and 
a l te rna te design phi losophies, were p repa red . 

The genera l design considera t ions reviewed previously a r e appl i ­
cable to these a l te rna te des igns . A na tu ra l -c i rcu la t ion , in terna l s team 
separat ion r eac to r is the re ference r eac to r design. The a l te rna te designs 
a r e differentiated by methods of spent-fuel handling and s torage , control 
rod location, location of the r eac to r ve s se l within the biological shielding 
in the containment vesse l , and methods of effecting rec i rcu la t ion of the 
reac tor coolant. A forced-c i rcu la t ion , ex terna l s team separa t ion reac to r 
design is included for purposes of compar ison . 

These design a l t e rna t e s each, in turn , affect the overa l l dimensions 
of the containment vesse l s t ruc tu ra l r equ i remen t s and, consequently, the 
capital investment . In mos t c a s e s , the d iamete r and overa l l height of the 
containment vesse l has been es tabl i shed to r e su l t in a maximum s tee l 
plate thickness of l-j in, and, thus , to obviate the economic penalty of 
s t r e s s re l ieving field welds. In the case of the forced-c i rcu la t ion r eac to r 
design, with its attendant r ec i rcu la t ion sys tem r i s e r s and downcomers , 
s team drum, rec i rcu la t ion pump and piping, the min imum d iamete r of the 
containment vesse l was set by physical space r e q u i r e m e n t s . 

Spent-fuel Handling 

Methods of spent-fuel handling included wet- v e r s u s dry- type fuel 
handling and external ve r sus in te rna l spent-fuel s torage faci l i t ies . 

Plant a r r a n g e m e n t s based on ex terna l spent fuel s torage a r e shown 
in F igs , 28 and 29. The spent fuel i s r emoved from the r e a c t o r into a 
manually opera ted dry- type fuel-handling machine and c a r r i a g e , and t r a n s ­
ported to a fuel chute opening in the main floor. The fuel is lowered into 
the water- f i l led chute which pene t ra tes the containment ve s se l s eve ra l feet 
below grade and in terconnects with the bottom of the s torage well in the 
adjacent fuel-handling building. Upon entry in the s torage well , the sub­
merged fuel may be reposi t ioned (with manually opera ted tools) from the 
receiving rack to the s torage racks for decay p r io r to shipment off si te 
for r ep roces s ing . 
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PLAN B-B 

FIG. 29 
PLANT ARRANGEMENT-NATURAL CIRCULATION; EXTERNAL FUEL STORAGE; CONTROL ROD DRIVES AT BOTTOM 



This m e t h o d of hand l ing fuel p o s e s c e r t a i n s t r u c t u r a l p r o b l e m s . 
The chute i s an i n t e g r a l p a r t of the c o n t a i n m e n t v e s s e l and the fue l -
hand l ing bu i ld ing . E a c h bu i ld ing i s founded s e p a r a t e l y ; t h e r e f o r e uneven 
se t t l i ng b e t w e e n the two s t r u c t u r e s could p l ace the chute in s h e a r . The u s e 
of a c u r v e d chute a f fo rds a m o r e s imp l i f i ed and e c o n o m i c a l rae thod of 
hand l ing fuel when c o m p a r e d to a v e r t i c a l chute i n t e r c o n n e c t i n g with a 
h o r i z o n t a l chute l ead ing t h r o u g h the c o n t a i n m e n t v e s s e l into the e x t e r n a l 
s t o r a g e wel l . H o w e v e r , the p o s s i b i l i t y does ex i s t tha t a fuel e l e m e n t m a y 
b e c o m e lodged in the c u r v e d p o r t i o n of the chu te . F i n a l l y , the i n t e g r i t y of 
the c o n t a i n m e n t v e s s e l m u s t be m a i n t a i n e d . An a p p r o p r i a t e va lv ing s y s t e m 
would be r e q u i r e d in the chute with i n t e r l o c k s to e n s u r e c l o s u r e of the 
v a l v e s d u r i n g r e a c t o r o p e r a t i o n . 

The i n t e r n a l s p e n t - f u e l - h a n d l i n g and s t o r a g e a r r a n g e m e n t s a r e 
shown in F i g s . 30 to 35. Spent fuel i s r e m o v e d by e i t h e r a w e t - o r d r y -
type fue l -hand l ing m a c h i n e , t r a n s p o r t e d , and l o w e r e d into a s t o r a g e wel l 
ad j acen t to the r e a c t o r v e s s e l sh i e ld ing . The fue l -hand l ing m a c h i n e i s a l s o 
u s e d to r e p o s i t i o n the spen t fuel in the r e c e i v i n g r a c k in the wel l . S u b s e ­
q u e n t t r a n s f e r of the fuel to the s t o r a g e r a c k is p e r f o r m e d with m a n u a l l y 
o p e r a t e d t oo l s . 

The i n t e r n a l s p e n t - f u e l - h a n d l i n g s y s t e m t akes advan t age of the con ­
t a i n m e n t v e s s e l foundat ion and , p a r t i c u l a r l y in the c a s e of a n a t u r a l -
c i r c u l a t i o n r e a c t o r , u s e s c o n t a i n m e n t v e s s e l vo lume which is o t h e r w i s e 
not r e q u i r e d for e q u i p m e n t loca t ion . In addi t ion , loca t ion of the s t o r a g e 
we l l ad j acen t to the r e a c t o r v e s s e l cav i ty p e r m i t s a r e d u c t i o n in sh ie ld ing 
t h i c k n e s s b e t w e e n the two s t r u c t u r e s . 

With r e g a r d to r e m o v a l and t r a n s f e r of spen t fuel a f t e r a su i t ab l e 
decay p e r i o d , the concep t of an e x t e r n a l s t o r a g e p e r m i t s u n r e s t r i c t e d 
a c c e s s i r r e s p e c t i v e of r e a c t o r o p e r a t i o n s . With the s t o r a g e wel l l o c a t e d 
i n s i d e the c o n t a i n m e n t v e s s e l , a c c e s s i s m o r e r e s t r i c t e d , in p a r t i c u l a r 
d u r i n g r e a c t o r o p e r a t i o n . Spent fuel (in sh ipping c a s k s ) m u s t be r e m o v e d 
t h r o u g h the e q u i p m e n t a i r lock in o r d e r not to c o m p r o m i s e the i n t e g r i t y of 
the c o n t a i n m e n t v e s s e l . 

The r e l a t i v e m e r i t s of d r y - and w e t - t y p e fue l -hand l ing p r o c e d u r e s 
w e r e a l s o i n v e s t i g a t e d . G e n e r a l l y , wi th a d ry fue l -hand l ing des ign the r e ­
a c t o r w a t e r l eve l i s r a i s e d to i t s m a x i m u m e leva t ion be fo re r e m o v a l of the 
v e s s e l c o v e r . A l e a d - s h i e l d e d coffin i s then pos i t i oned o v e r the opening 
a n d fuel i s w i t h d r a w n f r o m the c o r e a n d t r a n s p o r t e d to the fuel chute 
( e x t e r n a l s t o r a g e ) o r to the i n t e r n a l s t o r a g e wel l ( see F i g s . 28, 29, 34, and 
35). 
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In the wet-type fuel-handling sys tem (Figs. 30 to 33), the reac tor 
cavity is flooded after removal of the vesse l cover. The water level in the 
s torage well is a lso r a i s ed to a height which will afford maximum pro tec ­
tion to operating personnel during the course of removing and t rans fe r r ing 
the spent fuel from the core to the s torage well. The t ransfe r is accom­
plished with a simple device general ly suspended from an auxil iary hook 
of an overhead c rane . However, the wet-type system does require ei ther 
that the operating floor be located at an elevation consis tent with the depth 
of the water requi red for biological shielding above the vesse l , or that a 
water-f i l led tank be located above the operating floor level for the same 
reason. In ei ther case , the concrete biological shielding exceeds that r e ­
quired for the dry- type sys tem. If the reac tor cavity is not filled with 
water , some other means mus t be provided to seal and support the head of 
water above the r eac to r . 

The dry- type fuel-handling sys tem allows the operating floor level 
to be about 1 6 ft lower than requi red for a wet-type sys tem. The resu l t is 
a dec rease in both concrete m a s s and height of the containment vesse l , 
par t icu lar ly in those cases in which the free volume requi rements have 
not been reduced to the c r i t i ca l point. The reac tor vesse l cover does ex­
tend above the main floor level; however, segmented shielding blocks will 
provide adequate shielding, and the blocks can be removed during refueling 
operat ions. 

Bottom- Versus Top-Instal led Control Rod Drives 

Bot tom-insta l led control rod dr ives requi re c learance below the 
bottom biological shielding equal to the control rod extension plus the rod 
t rave l , plus space for removal and maintenance of the rods . With a suffi­
ciently thick bottom shield, the control rod roona may be a r ranged as an 
open a r ea encompassed by the reac tor support columns. The neces sa ry 
biological shielding can be integrated with the s t ruc tu ra l concrete r e q u i r e ­
ments by appropr ia te placement of auxi l iary within the containment vesse l 
(see F igs . 30, 32, 33, 35). 

Therefore , the major influence of bot tom-insta l led control rod 
drives on the overal l investment cost is the reac tor and main operating 
floor elevations re la t ive to the base of the containment vesse l . The top 
installat ion, of course , allows placement of the reac tor vesse l at a lower 
elevation. In par t i cu la r , with a na tura l -c i rcu la t ion reac to r (and absence 
of rec i rcula t ion piping) the vesse l is the lowest piece of major equipment 
in the containment vesse l . With reference to plant a r r angement s depicting 
the r eac to r located on the building center l ine , the concept of a top-instal led 
control rod drive pe rmi t s the elevation of the main operating floor to be 
about 1 8 ft lower than for the case of the bot tom-insta l led dr ives (see 
F igs . 31 and_34). 



With the r eac to r ve s se l located against the containment vesse l wall, 
the top- ins ta l led control rod dr ives allow a reduction in height of the con­
tainment ve s se l from 136 ft to 128 ft. 

Other factors which influence the location of the rod dr ives a r e the 
th ickness of the s teel plate of the containment shell and the t ime requ i red 
for refueling opera t ions . With the r eac to r vesse l located on the center line 
of the containment vesse l , and with bot tom-ins ta l led rod dr ives and dry- type 
fuel handling, the height of the containment vesse l is reduced to 120 ft. 
F r o m the standpoint of free volume available for expansion of p r e s s u r i z e d 
water , the r equ i red s teel plate thickness is I j^ in , A design utilizing a top-
instal led rod allows the elevation of the main floor to be lowered 16 ft; 
however , the containment volume requ i rement s do not pe rmi t any signifi­
cant reduction in the overa l l height of the containment vesse l . An overal l 
height of 120 ft enables the use of l-g--in, s tee l plate for this design. 

Refueling operat ions a r e accompl ished more rapidly with the bot tom-
insta l led rod dr ives s ince, unlike instal la t ions at the top, the drive mecha ­
n i sms need not be removed to provide a c c e s s for the refueling machine . 

The top- ins ta l led control rod dr ives feature a composite s t ee l -
and-wate r shield that is an in tegra l pa r t of the rod assembly . This method 
of shielding is designed to reduce p rob lems of misa l ignment incur red by 
the use of concre te l i ne r s around each rod dr ive . The in tegra l shielding 
is augmented by segmented removable concre te plugs. P r i o r to refueling 
opera t ions , the concrete plugs a r e removed, and the vesse l cover and 
in tegra l s teel shielding a r e lifted (with the overhead crane) as a single 
a s sembly . 

Natura l Versus F o r c e d Circulat ion of Reactor Coolant 

Although the main objective of the overa l l study was di rec ted toward 
a na tu ra l - c i r cu la t ion r eac to r with in te rna l s team separat ion, a forced-
ci rcula t ion r eac to r with ex terna l s team separa t ion was included for pur ­
poses of compar i son . 

The r e su l t s showed that the addit ional costs for the external s team 
separa t ion drum and rec i rcu la t ion equipment would be, in pa r t , offset by a 
significant reduction in cost for fabricat ion of the r eac to r vesse l . The 
ves se l would be shor t e r in height and would not contain the enlarged s e c ­
tion incorpora ted in the na tu ra l - c i r cu l a t i on design. 

With a rec i rcu la t ion ra t io of 16,4:1 and a s team flow of 1,290,000 Ib /h r , 
a s t e a m - s e p a r a t i o n drum 84 in, d iamete r by 32 | t long would be requ i red to 
furnish the des i r ed quality of s t eam for use in the turbine . Recircula t ion of 
the coolant would be effected by two 25,000-gpm pumps. The requis i te r i s e r 
and downcomer piping and interconnect ing piping between the r e a c t o r and 
s team drum a r e shown in Fig, 33, 



The forced-c i rcula t ion sys tem would reflect an inc rease in the 
d iameter of the containment vesse l over that requ i red for the na tu ra l -
circulat ion sys tem. The mos t des i rab le a r r angemen t s for the la t ter s y s ­
tem can be housed in a 65-ft d iamete r containment vesse l . As shown in 
Fig, 33, the forced-c i rcula t ion sys tem would requ i re a vesse l 80 ft in 
d iameter and 120 ft in overa l l height. 

Conclusions 

The capital costs es t imated for the var ious a r r a n g e m e n t s depicted 
in F igs . 28 to 35 a r e summar i zed in Table VI, F r o m these es t ima tes it 
is concluded that the design leading to the lowest overa l l cost would fea­
tu re : (1) a na tu ra l - c i r cu la t ion r e a c t o r with in terna l s t eam separa t ion; 
(2) top- ins ta l led control rod d r ives ; (3) a dry- type fuel-handling machine; 
and (4) an in terna l spent-fuel s torage well. This sys tem is shown in 
Fig, 34, 

The second mos t economical a r r a n g e m e n t is shown in Fig. 31 . The 
design is s imi l a r to that shown in Fig, 34, except for the wet-type fuel-
handling sys tem. The cost differential is $52,000, 

The th i rd mos t economical design fea tures a dry- type fuel-handling 
machine , but differs from both previous designs in that the control rod 
dr ives a r e ins ta l led at the bottom of the r e a c t o r ve s se l (see Fig. 2). The 
resul tant cost differential is $95,000 when compared to the sys tem shown 
in Fig, 34. 

In weighing the advantages and disadvantages of the three s y s t e m s , 
it was concluded that the difficulties a s soc ia ted with the removal of the 
top- ins ta l led dr ives for refueling operat ions were sufficient to war ran t 
the additional expenditure i ncu r r ed with the bo t tom- ins ta l led control rod 
d r ives . Accordingly, the design a r r a n g e m e n t shown in Fig , 2 was se lec ted 
for detailed cost est innates. 



Table VI 

COMPARATIVE BUILDING COSTS OF REACTOR PLANT DESIGN CONCEPTS AND ARRANGEMENTS 

(P r i ce s as of January 29, 1960, and based on 40-hour work week) 

Mode of C i r c u l a t i o n 
Locat ion of Spent Fuel S torage 
Locat ion of Contro l Rod Drives 
Reference F igure No. 

Na tu ra l 
Ex te rna l 

Top 
28 

Natura l 
Externa l 

Bottom 
29 

Natura l 
I n t e r n a l 

Bottom 
30 

Natura l 
I n t e r n a l 

Top 
31 

Natura l 
I n t e r n a l 

Bottom 
32 

Forced 
I n t e r n a l 

Bottom 
33 

Natura l 
I n t e r n a l 

Top 
34 

Na tu ra l 
I n t e r n a l 

Bottom 
35 

Na tu ra l 
I n t e r n a l 

Bottom 
2 

REACTOR PLANT STRUCTURES 
Excavat ion , B a c k f i l l and Disposa l 20,000 
Dewatenng Base 
Containment Vessel ( I n c l . T e s t i n g ) 

S t e e l She l l 640,000 
Ai r - l ock Doors Base 
Water Tank a t Top of S h e l l Base 

F l e x c e l l Liner on I n t e r i o r of She l l 5,000 
Coat ing of S h e l l below Grade 1,800 
I n s u l a t i o n of She l l above Grade 53,500 
Concrete 

Outs ide S h e l l 31,000 
I n s i d e S h e l l 185,000 

S t e e l 
S t r u c t u r a l 10,000 
G a l l e r y 8,500 
Misce l laneous S t e e l Anchored 

m Concrete 3,000 
S h i e l d i n g for Reactor 

Upper N e u t r o n - s h i e l d Plug 65,000 
S h i e l d i n g around Reactor Base 
Bottom Sh ie ld Plug 13,000 

L ine r s 
F u e l - s t o r a g e Well Coat ing -
SST and SST-clad Fuel Drop Tubes 20,000 

Plumbing 3,000 
E l e v a t o r and Enc losure 22,000 
P a i n t i n g 10,000 
L igh t ing 6,500 
Air Cond i t ion ing 35,000 
Misce l laneous 28,200 

20,000 
Base 

675,000 
Base 
Base 
6,500 
1,800 
62,500 

31,000 
250,000 

13,500 
13,500 

3,000 

40,000 
Base 
30,000 

20,000 

20,000 
Base 

680,000 
Base 
Base 
6,500 
1,800 

61,000 

31,000 
260,000 

13,500 
13,500 

3.000 

55,000 
Base 
30,000 

2,800 

20,000 
Base 

640,000 
Base 
Base 

000 
800 

54,000 

31,000 
215,000 

13,500 
8,500 

3,000 

85,000 
Base 
17,000 

2,800 

25,000 
Base 

585,000 
Base 
Base 
8,500 
2,500 
75,000 

45,000 
280,000 

12,000 
13,500 

4,000 

85,000 
Base 
37,000 

2,500 

25,000 
Base 

655,000 
Base 
Base 
7,500 
2,500 
59,500 

45,000 
280,000 

11,000 
12,500 

4,000 

85.000 
Base 
37,000 

2,500 

20,000 
Base 

540,000 
Base 
Base 
4,000 
1,800 
51,500 

31,000 
135.000 

22.500 
15.000 

3.500 

75.000 
Base 

2,200 

20,000 
Base 

655,000 
Base 
Base 
5.000 
1.800 

59,500 

31,000 
250,000 

13.000 
10,000 

3,000 

27,000 
Base 
30,000 

2,000 

20,000 
Base 

560,000 
Base 
Base 
5,500 
1,800 
51,500 

31,000 
180,000 

22,500 
17,000 

4,000 

65,000 
Base 
30,000 

2,200 

$1,160,500 

3,500 
25,000 
11.500 

6.500 
40,000 
31,200 

$ 1 , ,284, ,500 

3,500 
25,000 
11.500 
6.500 

40.000 
31.400 

$ 1 , ,296, ,000 

3.000 
22.000 
10.000 
6,500 

35,000 
29,400 

$ 1 , ,202, ,500 

3,500 
25,000 
13,000 
10,000 
50,000 
32,000 

$ 1 , ,308, ,500 

3,500 
25.000 
12.000 
10.000 
40.000 
33.000 

$ 1 , ,350, ,000 

4.000 
15.000 
11.500 

6.500 
37,000 
24,500 

$ 1 , ,000, ,000 

4,000 
23,000 
10,500 

6,500 
40,000 
29,700 

$ 1 , ,221, ,000 

3,500 
22,000 
11,500 

4,000 
37,000 
27,000 

$1,095,500 

FUEL-HANDLING BUILDING 
Substructure, Superstructure, 

Supporting Steel 
Lighting 
Miscellaneous 
Fuel-handling Machine 

TOTAL ESTIMATED COST 

DIFFERENCE - (F igure 34 as 
base) 

45,000 
2,000 
3.000 

150,000 
$ 200,000 

$1,360,500 

+ 210,500 

45, 
2, 
3, 

150 

,000 
,000 
,000 
,000 1 

1 
1 

1 

1 
1 

1 
1 

$ 200,000 

$1,484,500 $1,296,000 

+ 334,500 +146,000 

• Addi t iona l c o s t s to be cons idered are 

$1,202,500 

+ 52.500 

Steam Drum 
Two (2) Recircu! 
R e c i r c u l a t i o n P: 

-

1ation 
i p m g 

-

$1,308,500 

+ 158,500 

1 Pumps (25,000 gpm) 
Only 

TOTAL 

$ 1 , 3 5 0 , 0 0 0 ' 

+ 200,000 

350,000 
330,000 
750,000 

$1,430,000 

150, 000 
$ 150,000 

$1,150,000 

Bsse 

150,000 
$ 150, 

$1 ,371 , 

+ 221, 

,000 

,000 

000 

150,000 

$ 150,000 

$1,245,500 

+ 95,500 



ACKNOWLEDGMENTS 

The plant designs, a r r a n g e m e n t s , and cost data were p repa red 
by Sargent and Lundy Engineers (Chicago, Illinois). The fuel cycle costs 
were es t imated by V. M. Kolba; and the p r e s s u r e vesse l was designed by 
E. L. Mar t inec , both m e m b e r s of the Reactor Engineering Division, 
Argonne National Laboratory . 




