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IHTROXJCT ION 

A prinary objeotive in the dosign of a nuclear poimr reactor is cchieve- u' 
nont of minimum power generating costs consistent ttith reactor safety and main- 

tenance requirenents. 

fixed technology with the realization that the resultant design may not be 

optinum when research and developnent work is completed. 

Cost optinixation studies are generally based upon a 

The sbdiun graphite reactor of ''current' status*' (NAB-SR Memo 4156) utilizes .. 

u&mium-molybdenum alloy a8 fuel. It is expected that uranium carbide or 

other high performance fuel will prove more suitable sftor research and 

developnent work is completed. 

design with U-l:io fuel would differ considerably from the optimum with UC. 

It should be clearly noted that the optimum 

As in other nuclear re@ctors, the fuel-cycle costs are a significant 

part of the power generating costs. In an SDR core parameter study the 

important variotions in power generating costs are those associated with the 

fuel cycle. 

the variation in capital coots brought &bout by core modificetiona is not a 

maJor determinant of optimun core design. Certain other characteristics of 

the baterials and components which make up an SGR ease the problem of core 

With "thin" wall c o ~ e  vessels and inexpensive node:.ator and coolant, 

optimization. The sodium coolant is an excellent heat tranofer medium. Current 

designs perAt a large variation in heat flux with little concern for burnout 

heat flux or fuel element cleddinc temperature limitations. A veriation in 

m o u n t  of coolant in the core does not signifioantly affect the moderating 

properties of the core. 

With the fuel naterial fixed, (U-No alloy in this s t u d y ) ,  the major core 

permeter which is of significanca in M dGR io the fuel-to-moderator volume 

ratio. A variation in this parameter can be achieved through a variation in 

lattice spacing or fuel rod diameter. 

structural naterial end coolant on power generating costs. 

Also of interest is the effect of core 
U 



The parameters investigated i n  t h i s  study are8 - 
(1) Lattice spacing (or moderator element s ize)  

(2) Fuel rod diameter (fixed length of 15 ft) 
(3 )  Fuel cladding thickness 

(4) I~loderrrtor canning thickness 

(5)  Zirconium versus etainless  steel  moderator canning 
( 6 )  , Sodium flow ares 

The fue l  with the gfeatost  potential f o r  SCR's9uranium rnonocRrbideo 

is a lso  investigated. 

b This l i s t  of variables differs from the l l o t  suggested by I E C .  The AXC 

l ist  i s  repeated below with comuents. 

( 3 )  

(4) 

loderator t o  Fuel Volune Ratio - This  variable was considered 

i n  the survey both by variation i n  fue l  element spacing (moderator) 

elenent s ize)  with fixed fue l  element geometry and by variation 

of fue l  rod diameter i n  a fixed elenont spacing. 

Enrichment - I n  th i e  study the enrichnent ia a dependent 

variable which changes with fue l  elenont spacing, fue l  rod 

diameter and burn up. 

Operating Critical I ~ ~ L B S  - The mass (U-235) is  a dependent 

variable which varies with required enrichnent and core 

inventory. These i n  turn depend upon rod size,  element spacing, 

and burn up. 

Excess Reactivity - This item was varied i n  the'seudy only 

f o r  the reference core i n  which the effect of burnup i n  costs 

was considered. 

burnup was obtained by increasing enrichment. 

Conversion Ratio - Thin is a dependent variable which changes 

The excess reac t iv i ty  required f o r  higher 

as rod diameter, l a t t i c e  spacing and moderator cladding thickness 

(or  material) i s  varied. 

510 007 



--. 
Ikximun t o  Average Flux and Power Ratios - This quantity 

was not varied in the study. 

r a t i o  i o  perhEps best affected by varying the fue l  element 

Improvement i n  the pe&/merage 

apscing, which,is inpract ical  i n  the canned moderator 3GR. 

The important change t o  be achieved by ttflatteningtl i n  the 

SGR i o  a raduction i n  fuel inventory 

excessive i n  t h i o  reactor. Poooible 

by f la t ten ing  with a large number of 

ch;LrgeQ, which are not 

improvements brought about 

control rods would be 

minor. fnprovenent made possible through variation i n  the 

slowing down power of the moderator, by uaing graphite blocks 

of greducted densi.t;y o r  by inser t ing  a bettor moderating material 

such as Be0 nem the surfaces of the core, could be quite effect ive 

i n  reducinc inventory charges. 

of the shor t  t ine  schedule involved. 

This w m  not investigated because 

The inportwit reduction i n  power cost  achieved through 

f la t ten ing  of the f lux  would bc obtained by p e m i t t i n g  the reactor  

power t o  r ioc  as 

the centre1 fue l  

effeate of power 

fixed. . 

the powor of each elexent approaches t h a t  of 

channel. However, an honest appraisal of the 

f la t ten ing  nust be mzdc with the power lave1 
, 

Povcr Density (HiPi?/ft 3 of core) - This quantity is a dependent 

variable i n  the SGR. It is determined by rod diweter, l a t t i c e  

spccing and perxissible power per rod (fixed i n  the  reference 

deoi'gn by the central  f u e l  tenperature). 

Specific Power (MWT/ryI.r! of fue l )  - The specif ic  power (kw/kg-U) 

i s  almost independent of all variables i n  the SGR except the l i m i t  

on fue l  center temperature and fue l  rod diameter. With the center 

temperature fixed the 

of rod diameter. The 

obtainable power rod is essent ia l ly  independent 

number of rods per element and the fuel 
- 

~ - 



enribhment have a minor effect on this variable because of 

the flux depression in the element. 

U-235 (kw/kg-25) varies inveroely with the fuel enrichment. 

Hot Channel Factors - A constant hot channel factor was used 

in this survey. There is no problem ofasevere local flux 

peaking beoause of the long neutron diffusion length in M SQR. 

The specific power in the 

( 9 )  

Variation %n ths.fue1-to-moderator ratio has a noeligible effect 

on the hot channel faator. The important part of this factor is 

the disadvantage factor in the fuel elenent. Additional contri- 

buting itens are nwufsoturing tolerances, varintiono in U-235 

content, flow variations. 

effected by a change in the hot channel factor is the fuel 

The major  cost item which would be 

Inventory. 

The results of the paranoter survey are presented in a oories of curves. 

It i:, important t o  note that the results are all closely interdependent and 

that caution must be used in considoring the effects of m y  single set of 

curve s 

It s!iould also be noted that the curves obtained from the study apply 

to tho reference reactor (300 EDk2 canned moderator dosign with U-10 w/o Mo 

fuel). While the stme general trends would bo obtained from a study of any 

.fixed design, the points in the variables at which mininun cost is obtained 

would probably differ to a comidersble degree. 

anticipated for sodium graphite reactors w i l l  come ubout as a result of 

The major coat reductions 

improved fuel eletaents and simplified system a i d  components, which will result 

from the SGR research and,development progem, 
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A, Summary of Results 

rb.r The SOH Status Report (NAA-SR-14omo 4156) snd section B of this report  

describes a 300 IS1 UGH of  current design. T h i s  design is a scale-up of the 

H a l l a m  Nuclear Power Facil i ty,  

requirements with the rod diameter, number of rods per element and la t t ice  

spacing; seleoted by judgment based on past  experience. 

hurried f ix ing  of the design, required f o r  the cost  analysis i n  the Status  

The design was based on the heat transfer 
1 

I n  s p i t e  of t h i s  

Report and the SGR Development Propwn Report (NU-SR-Herno 4199), the r e su l t s  

of t h i s  physics parameter survey indicates that modifications in the core 

design could reduce the estimated power costs by l e s s  than 5 percent, 3 
The power generating costs determined for t h i s  reference design are as 

follows 8 

Average Fuel Burnup 3.400 MWD/MTU i ioooo MWD/MTU 16.~00 MWD/MTTJ 

Capital Charges 5.60 5.60 5.60 

h e 1  Cycle Costs 7043 4001 ;* 3.55 

Operation & Maintenance 0 99 Q 99 0 99 

Total Power Generating Costs 14002 100 60 10014 

Optimizing the fue l  t o  moderator r a t i o  can reduce power denerating costs  

s l i g h t l y  (approximately 0 , l  m i l l  per k i l o w s t t  hour), 

the  fue l  t o  moderator r a t i o  i s  not c r i t i c a l ,  

diameter can be varied within a re la t ive ly  bruad renge without s ignif icant  

Thia study indicates t h a t  

Both l a t t i c e  spacing and fuel rod 

w 

ohanges i n  power generation costs, (See Section C.1  and C 0 2 )  

. .  .. 
i. . .  
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h-2 

The influence of the structdl material in the core (Section C.3, C.4, 

and C.5) is indicetel, by the 0.3 to 0.4 nill per ktv hr increase in power 

generating coots with rn increase in fuel cladding thickness from 0.010", 

0.020" and the .3.3 nill per kw hr increase in power generating costs with an 

- increase in moderator canning thickness from 0.016t1 to 0,024" stainless steel. 

Fuel cycle costs could be reduced 0.3 mill per kw hr if the O.OIG1l  stainless 

steel canning could be replaced with 0,035f1 zirooniun alloy canning. Capitalizing a 
this saving in fuel costs results to a naximun permissible cost of zirconium 

cladding of $60 per pound. 

at a somewhat lower cost. 

It is probable that the zirconium could be obtained 

The sodium flow area in the fuel element ohannel can be varied over a 2 o  2 relatively vide range (6 in to 12 in ) wit no ignificant change in power 

generating costs (less than 9.1 mill per kw hr - Section C.6). 
The advmtages of e high performanoe fuel such as UC can not be adequately 

evaluated in study prinarily linited to the reactor core. 

is tenken in the design of the 255 

Full advantage of UC 

and 330 ITd ASGR (HLbSR4Iemo 4199, 'ISGR 

Development Progran - Ob joctives and Xetimated Costs). 
!lith no changes in conditions external to the core and core structure the 

u8e of UC id11 reduce capital costs approximately $55O,OOO and reduce fuel 

inventory charges approximately 0.3 mill per kw hr. (See Seation C.7) 



3. 

LJ B.l Description of 300 i-W SGR 

The reactor  chosen for the core parmeter  survey was the 300 1.T2J 

SGR described i n  XU-SR Menio 4156, "Status Report f o r  Sodium Graphite 

Repctors." It is a scale-up of the S o d i k  Graphite Reactor now being constructed 

a t  H a l l a m ,  Yebraska. 

The reactor  core, shown i n  Figure 1, eonsists of s l i gh t ly  enriched, 

uranium-nolybdenun fue l  eleneyts suspended i n  a closely packed array of canned 

hexagonal graphfte moderdtor elements. The noderator elements shown i n  Figure 

2, are acslloped a t  the corners so t h a t  each three adjoining elements f o r  a 

c i rcu lar  channel between them whioh rams axially through the core. 

with t h i s  channel is the process tube, one end of tthich penetrates the lower 

gr id  plate,  the other end terninates at  the fue l  element-hanger rod disconnect. 

The fue l  elements are supported i n  these tubeo. The main sodiun flow i s  upward 

throuGh the process tubes. 

a t  the reactor  loading: face shield and extend downward t o  the bottom of the 

Concentric 

The control rod thimbles are supported end sealed 

core 

' Sodium i n l e t  pipes en ter  the reactor cavity j u s t  above the top of 

the moderator CMS and run downward t o  the lover part of the reactor  vessel. 

The major portion of the sodiun flows in to  the lover plenum below the  grid 

pla te  and then f l o w  upward thyough-the process .tubes t o  the sodium pool 

above the core. This flow carries the  heat fron the fue l  elements. The re- 

naining sodiun (4 t o  6;;) flows upvard i n  the gaps betveen the moderator c a s  

and in to  the upper sodium pool. 

ooderator elements . 
i 

by spacers fastened t o  the upper ends of the cans; 
i 

position a t  the top by a system of core clamps en are supported a t  the bottom 
i on pedestals attached t o  the gr id  plate. 

This sodium remo$es heat generated i n  the 
i 

The ali,.;nnont betveen noderator elements is maintained 

The cans a re  held i n  

(t bi+ 
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The noderator and re f lec tor  elenents a re  graphite prions hexagonal 

i n  cross section, canned i n  s ta in less  s t ee l ,  

across the f l a t s  by 19 f e e t  long. 

a t ee l  0,016 in. thick and has end closures o r  heads tha t  a r e  designed t o  

The elements a re  16 inches 
LJ 

The node.mtor c& is Type 304 s te in less  

compensate f o r  d i f f e ren t i a l  thernal expansion between the graphite and the 

otainless oteel. 

naintains the proper gap between cans. 

The top  head is equipped with a spacer nechanisn that 

This spacer is made of Typo 435 s t e in l e s s  

s t e e l  t o  minimize thermal expansion. 

that  f i t s  over pedestals on the g r i d  plate. 

the bottom head through which the can i s  evacuated pr ior  t o  loading in to  the 

core. 

The bottom head has a tubuler support 

A pump-out tube i s  b u i l t  i n t o  

A nold-wade graphite wi th  a density of 1.65 g;ns/cc is used. 

The fue l  elements a re  61-rod c lus te rs  of Type 304 s ta in less  s t e e l  

tubing containing fue l  olu@s. The tubing is of 0.010 inch wall thickness and 

is s i zed  f o r  a 0.010 inch radial clearance around the 0.33 in. dianeter fue l  

s lug f o r  a sodium bond. The fue l  slugs a re  s l i gh t ly  enriched uranium-10 w/o 

molyjdenum metal alloy. The act ive length of the f u e l  elenent is  15 f t .  A . 

helium volume i s  provided a t  the top of each fue l  rod t o  provide f o r  expansion 

of the sodium bond and t o  contain fiasion-Lxoduct cases which night diffuse out 

o f  the fue l  as i t  is i r radiated,  

I n  the r e f l ec to r  region, process channels formed br the ~orners  of 

the graphite elenents a re  not  needed f o r  fuel. 

cyl indrical  am& ~7-b elonente called r e f l ec to r  f i l l e r  elements. 

displace the sodium tha t  would otherwise oocugy t h i s  space and serve t o  

increase the density and efficiency of the raflecrtor. 

These channels a re . f i l 1ed  with 

These 

The spare fue l  channels i n  the act ive region of the core are f i l l e d  

wi th  a s i m i l a r  device aalled a dumny elenent. This a lso  serves t o  displace 



excess sodium and improve noderator density. 

which io atteched to the grid plate, the ctumny eleaent is suspended in the 

Unlike the filler elenent 

proceoo channel in a manner similar to that for the fuel elenent. 

Table I 
Significant Core Parameters for Reforonce Reactor 

OS4 J 
I/ 
J 
J 

Reactor !Ch~rnal Power 
Electrical Output (not) 300 IN 

Height 15 ft. 
Core Dfmenaions 

Dime ter 15.5 ft. 
1,Iodercttor and Reflector Elements 

IIexagonal graphite logs - soalloped corners - stainless steel canned 
ltAcross Flafsvt 
Graphite density 
Stainleaa steel canning thickness 
Number of elenento w+ 
Moderator Temperature ( ~ v g )  450°C I /  

61 rod clusters - U-10 w/o Holy alloy fuel - Sodium Bond - Stainless 

Length 19 ft. f/ 

0.016 in. 

Fuel Elements 

Fuel slug diameter 
Sodih Bond 
SS Cladding thickness 
Fuel Cross 3ec.tionsl Area Rod Element 

Fuel density 

.t 

El enen t 

u-10 W/O 1101y Alloy 
Uranium density 

Coolant 
Sodium Coolant 
Flow Area (each fuel channel) 
Ihximun sodium velocity 
Inlet temperature 
Outlet Temperature 
Core pressure drop 

520 016 

Steel canned 

0.33 inches 

0.010 in. 
0,0839 in,*/ 
5.2 in2, 
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Table I Continued 

Weicht of fuel per elenent 
U-10 w/o ~ o l y  alloy 
Uranium 

Hunber of fuel olenents in core 

Core loading 
u-10 w/o EIoly alloy 
Uraniup 50,600 569200 kg !7 ’\ 

510 017 



B o  2 Basis of Economic Evaluation 

The standard factors as established for the Ten Year Civilian Power 

Reactor Devolopment Program have been used for all the cos t  calculations, 
' ' .  

namely 

Of primary interest are the bases for the fuel cycle cost studies; 

(a) . 8Wk Plant Factor 

(b) 

(c) 

(d) 

(e) U NO to OF6 Conversion - 35.60/kg U 

(f) PUNO to PU 1.1etal .. 31.50/- PU 

In oonfornmce with a request from the .',iW Division of Reactor 

k$ Annual Fuel Lease charge 

Uranium value based upon AEC Price Schedule 

3hipping coot - 312,45/kg U 

3 

3 

Development the fuel cycle costs were computed, in all cases, for more than one 

average fuel. burnup. The average fuel burnups chosen for our studies wore 

3400, 11,000 and 16,800 M?tQ/Xi!U* These average burnups correspond to 7,000, 

20,090 and 30,000 KJD/ii,TU peak burnup. 

cycle costs are illustrated in Table 11. 

to the general fora established for the Ten Year Civilian Power Reactor 

Deielopment Progran (S & L PIetho9) but the presentation has been oriented to 

The calculational methods for fuel 
\ 

The fuel cost calculations conforn 

... 

better illustrate the variation in fuel cycle c o s t s  with core paraeters. 

510 018 





The capital investnent required f o r  the 300 1-2.i SGR is sumnmized in 

"u Table Iff. 

I 

II 

111 

IV 

V 

VI . '  

VI1 

VI11 

IX 

X 

XI 

X I 1  

Table I11 

Sumnary of Capital Cost Estimate for 300 IW SGR 
. ,. 

Land ti Land Rights 8 360,000 

Structures and Improvements 7,250,000 

Heat Transfer System 22,~50,000 

Accessory Electrical Equipment' 2,500,000 

Hi s c e 1 1 ane ou8 500, ooo 

Reactor Plant Equipment ' 9,400,000 

T I  

Turbo Generator System 11,550,000 

. .* Elain Step-up Transf orner (Included VI) . .  , # .  . 

Total Direct Construction Cost ' $5~,4-10,000 , .. . 
Indirect Construction Costs . 16,338,000 

Total Direct and Indirect Costs 870,748,000 

Contingency " 7,075,000 

Escalation 

Interest During Construction 6,304,000 

Total Capital Cost $84,127,000 . .  

510 020 



B-10 

. 
The following standard factors  as eatablished f o r  the Ten Year f ,  

Cfvilian Pover Reactor Development Program have been used i n  the Capital Cost 
w 

estimate. 

(a) General and ddoinisfrative 0 12.5$ of Direct Cost 

(b) Engineering Design and Inspeation - 14.6% of Direct Cost plus 

G & Aw 

( 0 )  Start-up Costs - An allowance of $600,000 has been included f o r  

t h i s  item. 

Contingency - 108 of Direct and Indirect  Costs 

In t e re s t  during construotion - 8,l;.g. 

( 8 )  

(e) 

( f )  14$ Annual Cap i t a l  Chares 

(g) 80,s Plant Factor 

Based upon 14,; annual capi ta l  charges, 8Qb plant fac tor  and 300 ElZJ 

net  e l ec t r i ca l  output the capi te l  charges for t h i s  plant a re  5.60 nills/kw hr. 

The operation and maintenace costa f o r  t h i s  reactor have been 

estimated t o  be 0.99 m i l l s  par kw hr. 

The power Generating costs for the reference design (300 ITb{ SGR) 

are indicated i n  Table IV. 

Table IV 

Power Generating Costs for 300 M? SGR (mills per kw hr) 

54-00 mmjrmu 11 . ooo IWD/MTU 16 I ooo rln.n/r.mfu 

Capi ta l  Charges 5.60 5.60 5.60 
Fuel Cycle Costs 7.43 4 , O l  3.55 

99 Operation and Naintenance 99 

Total Power Generation Cost 14.02 10.60 10 . I4 - 
99 - - 

I 
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C. Core Parameter Study 

C.1 Varietion i n  Lattice Spscincr; 

A variat ion i n  l a t t i c e  apacing through a change i n  moderator elenent 

s i ze  var ies  the fue l  t o  noderator r a t i o  and the dianeter of the reactor. 

Increasing the amount of noclerrztor i n  the core tends t o  increase core reac t iv i ty  

three ways: 

(a)  Increase probabi l i ty  tha t  f i s s ion  neutrons w i l l  escape resonance 

capture i n  U-238 while slowing down. 

(b) Increases e t a  o r  average number of neutrons released per 

sleutron .capture i n  0-235. (Spectrum is  more neslrly thermal) 

(c )  

Pa r t i a l ly  o r  completely off-sett ing t h i s  increase i n  reac t iv i ty  is 

Decrease neutron leakage from core by increasing core diameter, 

the additianal neutron capture i n  the noderator. Maximun core reac t iv i ty  w i l l  

be reached a t  some r a t i o  of fue l  t o  moderator; an increase or decrease i n  amount 

of noderator from th i s  point w i l l  decrease react ivi ty .  

r e t i o  does not necessarily give lowest potrer cost. 

This fue l  t o  moderator 

The optimum fue l  t o  moderator r a t i o  i s  dotemined by an economic 

study, auch as this, i n  which a11 factors  including conversion r a t i o  and capital 

coots as well as fue l  enrichment a re  aonsidered. 

For t h i s  study the oize of the noderator elements i n  the 300 HW SGR 

was varied from 14 inches t o  26 inches across t1flatst9 on the hexagonal graphite 

logs, The variations i n  core reac t iv i ty  are indicated i n  Figs. 0 

The fo l lo i ing  in te res t ing  conclusions can be drawn from t h i s  study: 

1. The maximum core reac t iv i ty  is achieved with tho fuel  t o  

noderator r c f i o  obtained with a noderator elenent s i ze  a l igh t ly  greater  than 

eighteen inches (See Figure 3) .  

510 022 
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. -  

LJ 2. lriininwn fuel cycle costs a r e  achieved with a fue l  t o  

moderator r a t i o  obtained with a moderator element s i ze  of approximately 

eighteen inches. 

considering fuel cycle costo only, i s  therofore greater  than the fue l  t o  

(See Fig& 6," &8). !Che optimum fue l  t o  moderator ratio, 

moderator r a t i o  which gives maximum react ivi ty .  

increased resonance capture i n  U-238 and higher conversion r a t i o s  a t  the 

'Phi8 is primarily due t o  the 

higher fue l  t o  moderator ratioa. 

3. #Iininur3 power generating costs a re  achieved.with a fue l  t o  

noderator f a t i o  slightly greater  than the fue l  t o  moderator r a t i o  f o r  minimum 

fue l  cycle costs. (See Fig;1'3,&&12), Wth an inexpensive moderator and with 

no pressurization . .  required i n  the primary coolant system, the reactor  core s i ze  

CM be v&ried without s ignif icant ly  affect ing capital costs. 

It io also obvious t ha t  the fue l  t o  moderaZor r a t i o  can be varied 

within rather  broad' limits without signifioantly affect ing power generation 

costo. 
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FIG. 4 - Varia t ion  i n  Uranium Enrichment With L a t t i c e  Spacing 
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FIG. 5 - V a r i a t i o n  i n  Fuel t o  Moderator R a t i o  wi th  La t t ice  Spacing 
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FIG. 6 - Vcr ia t ion  in Fuel Cycle C=ct : l  p i t h  Lattice Spacing 
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FIG. 11 - Variation in Power Generating C o s t s  w i t h  Lat t ice  Spacing 
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C.2 Varisthn in Fuel Rod Diameter 

A variation in fuel rod diameter or fuel cross-sectional area affects 
t, 

m a n y  nuolear characteristics of the core. 

An increase in fuel rod'dianeter with no change in moderator volume, 
I 

tends to increase reactivity in two ways; (a) increase in fast fission of U-238 

(b) increase in thermal utilization. In an undermoderated reacfor such 8s the 

300 E.?.SGR this increase in reactivity is offset  by "hardeningtr of the neutron 

spectra. Fewer neutrons reach thermal energies because of increased opportunity 

for resonance capture in U-238 and increased fiosioning of U-235 by intermediate 

energy neutrons (lower eta) 

, In this study the diameter of the fuel slugs was varied between 0.3 

inoh 'and 0.4 inch. No change was made in the sodium flow area. The size of 

scallops in the corners of the moderator elements was varied slightly in 

ttcoordance with the variation in fuel element diameter, 

The variation in core reactivity with a change in fuel rod diameter 

is indicated in Figure 13. The fuel enrichment required in indicated in . 

Figure 140 The increased neutron capture in U-238 causes an incroaoe in 

initial conversion ratio with an increase in fuel rod diameter, 

Both fuel enrichment and fuel volume increase with an increase in 

fuel rod diameter resulting in aa increase in the fuel inventory charges. 

The coot to caef a fuel slug and assemble a fuel element is largely 

independent of fuel slug diameter. Therefore, for equivalent burnups, the 

fuel fabrication costs in mills per kw hr tend to decrease with increase in fuel 

alug dianeter, 

The variation in fuel burnup charges with fuel rod diameter is quite' 

small. Fi& 16, 17 and 18 indicate the variation in fuel cycle costs with 

fuel rod diameter. 
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I 

The change i n  fue l  rod diameter requires no s ignif icant  change i n  

capi ta l  coots. The var ia t ion i n  power generating coats i s  therefore equal 

t o  the vcriation i n  fue l  cycle costs. 

The optinun fue l  a l u ~  dianoter (nininucl power generation costs) w 

depend upon the merage fue l  burnup which can be obtained. Lower average 

11 

fuel burnups favor la rger  s lug dipmeters: for exanple, with QI~ average fue l  

burnup of 3400 KXD/XTU the optimum slu; 'dianetcr is approxinctely 0.36'' .but 

with an'average fue l  burnup of 16,800 ltJD/I&U the optimum slu, .w dianeter is 

approximately 0.30". 
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i 
FIG. 13 - Variation i n  Core Reactivity with Fuel Slug Diameter 
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FIG. 14 - Variation in U r a n i u m  Enrichment with Fuel 
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C,3 Variation i n  Fuel Cladding Thiclcness 

In the reference design established f o r  t h i s  reactor core parameter 
dd 

study the fue l  oledding is s ta in less  s t e e l  tubing w5th an 0,35" inside diameter 

ana O,OIOtl thick. 

of nuclear mtpoisont8 i n  the core and therefore decreases core react ivi ty .  

variation i n  core reac t iv i ty  with fuel cladding thickness is  indicated i n  

Figure 19, 

An increase i n  th i8  cladding thickness increases the amount 

The 

The increase i n  fue l  cycle costs with increase i n  fue l  cladding 

thickness i s  primarily due to the increase i n  fue l  enrichment. The variat ion 

i n  fuel  cycle costs with fue l  cladding thickness i s  indicated i n  Bigs. 21, 22, 

end 23 f o r  average fue l  burnup of 3,400 14WD/BI!PU, 11,000 MfD/NTU, and . 

16,800 r*rm/rao, 
If there were no corresponding increase i n  fue l  fabrication cost# a 

decrease i n  fuel  cladding thickness t o  i3,00Ttt from the O.OIOtt i n  the reference 

design wotlld decrease f u e l  cycle costs s l ight ly  e 0, l  mill/kw hr). 
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FIG. 19 - Var ia t ion  in Core Heact iv i ty  w i t h  Fuel Cladding Thickness 
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FIG. 20 - Variation in Fuel Enrichment with Fuel Cladding Thickness 
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FIG. 21 - Variation in Fuel Cycle C o s t  with Fuel Cladding Thickness 
(Average Fuel 3urnup - 3400 tWD/MTU) 
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FIG. 21 - Variation in Fuel Cycle Cost with Fuel Cladding Thickness 
(Average Fuel Burnup - 3400 KWD/MTU) 
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FIG. 22 - Variation in Fuel Cycle Cost with  Fuel Cladding Thioknesa 
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FIG. 23 - Variation in Fuel Cycle Cost with Fuel Cladding Thickness 

(Average h e 1  Burnup - 16,800 MWD/bl!l'U) 
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C.4 Variation in Ifoderator Can Thickness and Material 

%U A dissdvantace of' the .Sodium Graphite Reactor of current design is 

the relatively large mount of stainless steel structural material introduced 

into the core by the moderator element canning. 

have frequently been considered for this application. 

now unclemay to elininate a large portion of this structural materials. 

To indicate the significanoe of the nodorc.tor c m  thickness on 

Zirconium and sirconium alloys 

Reactor designs are 

power generation cost8 a study wa8 made varying the atainless steel noderator 

can thic:moss betweeit 9,0lbtt and 0.024tt. 

on core reactivity is indicated in Figure 24. 

The effect of moderator can thickness 

The effect on fuel cycle costa of the enrichment variation with 

moderator can thiokness is indicated in Figs. 26, 27 and 28. 

in moderator can thickness ic3 expeoted to make a negli&ble variation in capital 

costs of the plant. 

This variation 

I 

5110 049 
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I -  

FIG: 24 - Variation in Core Reaativity with  Moderator 
'\ 

I .  15 

I .IO 

1.05 

1.00 
0.016 0.018 0.020 0.022 0.024 

MODERATOR CANNING THICKNESS (in.) 

51°C) 050 

C a n i n g  Thickness 



c-29 

FIG. 25 - Variation i n  Fuel Enrichment w i t h  Moderator Canning Thiokness 
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26 - Variation in Fuel Cycle Cost  with Moderator Canning Thickness 

(Average Fuel Burnup - 3400 M!JD/IITU) 
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FIG. 27 - V s r i c t i o n  in Fuel Cycle C o s t s  with Moderator Canning Thickness 

(irverage Fuel Burnup - 11,000 KWD/ITFU) 
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FIG. 28 - Variction in Fael Gyale C o s t a  w i t h  ::oderutor Carining Thickness 

(Average Tusl Burnuy - 16,C30 XA~/KT:T)  
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C.5 Comparison of Zirconium and Stainless Steel Nodorator Canninq 

The use of etructural materials with low neutron cro8s sections 

have been investigated 'for possible use as moderator element cdning material 

in SGRte. Zirconium has been successfully used in the SRE. Zirconium alloys 

are being investigated for use at the higher coolant temperatures proposed 

for the Advancod SOR. 

Figure 29 indicates the reduction in fuel enrichment possible with 

the'use of zirconium moderator canning. 

inventory charges and the net fuel burnup charges. 

fuel cycle costs is indicated in Fiere 30. 

This lower fuel enrichment reduces fuel 

This difference in total 
i 

The net reduction in fuel cyole costs is approximately 0.3 mills per 

kw hr at all burnups. 

plant factor and 14,: annual capital charges Justifies en increase in capital 

investnont of 44,539,000 or an increase of 32,9OO,OOO in direct construction 

cost. 

Thie fuel cycle cost reduction if capitalized at 8@ 

Approximately 47,400 lbs of eirconiun would bo required in the modera.tor 

and reflector elements in the reference design. 

airconfun versus stainless steel. cans is approximately $60 per pound of 

The "break eventt point on the, 

zirconium canning. 

The cost of'zirconium moderator cans has not been e s t i m t e d  but i t  

is expected to be less than the "break even" point of 860 per pound. 

present time alloys of zirconium are under development which may have the 

strength require at SGR and advanced SGR coolant temperatures. 

At the 
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FIG. 29 - Variation i n  Required Fuel Enrichment With Average 

Burnup o f  Fuel Removal for Stainless Steel and 

Zirconium Moderator Element Canning 
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Wb FIG. 30 - Ver io t io r r  in  Fuel Cycle C o s t s  w i t h  Average Fuel Burnu:: - 
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C.6 Variation i n  Sodium Flow Area 

In  the reference deoign (300 MW SGR) the rnaximun eodium velocity 

i s  19.5 f e e t  per secondsand the pressure drop across the core is 12.9 psl. 

I 

ad 

This 8odium velooity and pressure drop present no engineering problens. 

The four p h m y  pumps are each rated 725 horsepower. 

flow area per channel decreases the sodium velocity, pressure drop and pumping 

powor. 

An increase i n  sodium 

This decrease i n  pumping power increaoes the net  plant output and ne t  

p l a n t  efficiency. 

The increase i n  sodium flow area 8180 introduces additional neutron 

**poison'* i n t o  the reactor  core. An increase i n  fue l  enrichment i s  required 

t o  maintain core reactivity.  

The var ia t ion i n  core reac t iv i ty  with sodium flow area i s  indicated 

in Figure 31. The sodium f lov area over the range studied ( 6  i n  2 t o  1 2  i n  2 ) 

has re la t ive ly  l i t t l e '  e f f ec t  on core reactivity.  

The var ia t ion i n  fuel cycle costa wi th  sodiwn flow area is indicsted 

i n  Figures 33, 34, end 35. 

kw hr, which is probably within the eocuracy of t h i s  calculation. 

The ne t 'var ia t ion  is less than 0.10 m i l l s  per 

A decrease i n  sodiun f lov  ares t o  6 in2. would require a 1250 hp 

increase in primary pumping capacity. 

ment is approximately l$ of tho t o t a l  power output of the turbo-generator t h i s  

variation i n  punping power has a negligible e f f ec t  on net  plant efficiency. 

Since the primary pumping power require- 

The 

net e f f ec t  on power oosts would be less than 0.1 m i l l  per kilowatt hour. 

The capital cost  of the additional pump capacity required with the 

sns l lor  flow areas would also n&.e a minor Fncreaae i n  power generating costs 

( lesa  than 0.i m i l l s / k w  h). \ 

510 058 



For the 300 MV SGR i t  nppeafe that the sodium flow area can be 

deternined by conaidor8tions other than variation i n  power ganerating cost if 

kept within the l i m i t s  of 6 and 12 in 2 The variation, i n  each of the various 

faotors of power generating costs affected $8 small, 

inorease i n  power generating cos%s caused by increased punping power i s  

partial ly  or conpletely compensated for by a decreaoe i n  fuel  cycle coot. 

In addition, ~tny 
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C.'? Conparison'of UC and U-10 w/o Kolybdenum Allox 

In the continuing effort to make further inprovements in isodium 

gra2hite reactors an essential item is the developnent of a high temperature, 

high thernsl conductivity fuel, which can be carried to high burnup. 

Ur&ium uonocarbide [UC) with a melting point of 4300°F, a t h e m 1  

conductivity of approximctely 14 Btu/hr-ft-OF and a uranium density of 

approxinately 13 gms/cc, appear0 to be M excellent fuel for high temperature . .  

sodium cooled reactors. 

c m  be proven only after extensive irradiation tests. 

High burnup limitations, essential to any fuel, 

Uranium monocarbide promises to reduce power generating costs in 

several waye. 

are as follows: 

Two of the coot reductions which can be aohieved with UC 

1. High power density in tie fuel - fuel inventory charges for 
the reactor core loadin6 are a significant part of power generating ooots 

($eo Table 11). Thio cost would be even nore important if the uranium were 

sold to the utility instead of leased at the relatively low rate of 4" /* Per 

&nnum. . 

2. Eigher thomal efficiency - Altholyrh some increase in sodium 
tenperature is poaoible with present tec'nnology, significant increase in sodium 

tonporature (to 1200OF) requires a fuel, such as UC, which can operate 

reliably at; hicher temperatures. HiBer sodium temperatures will perPit 

adoption of nodern, efficient stem cyclos in nuclear plants. 

In this study sodium temperature and all conditions external to the 

reactor were not changed. 

by reducing the number of rods (fron 61 to 19), reducing fuel cross oectional 

21. higher power density in the fuel was achieved 

area (fro3 5.2 in 2 to 3.7 in 2 per element) and reducing core height (fron 

15 ft to 12 ft). 

065 
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A brief tabulation of significant core parameters is indicated 

u in Table V. 

Since sodium temperatures were not varied in this study, the inprove- 

ment in thermal efficiency was not considered. The composite improvement i n  

. fuel oycle costs possible with UC is indicated in NU-SR Hemo 4199, "SGR 

Development Progran - Objectives and Estimated Costs.It 
A conpariaon of fuel enrichment between UC and U-10 w/o No is 

fndioated in Figure 36. The enrichment required for UC ie lover for a11 

fuel burn~ps. 

significant reduction in fuel inventory charges. 

cycle costs for UC when used in a "canned moderatortt SGR, 

This lower enrichment and the lower fuel inventories nakes a 

Figure 37 indicates fuel 

In addition to the fuel cycle oost reduction, the smaller core 

6km reduces capital costs of the roaotor core and reactor structure approximately 

8550,OOOe 
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Table V 

Comparative Values of S i m i f i o a n t  Core Parametere 

UC Core and Reference Reactor 

Revised Rererenee 
UC Core . Remfor 

Reactor Thermal Power 

E leu t r ioa l  Output 

Core Dimensions 
' Height f t  

Dianeter ft 

Moderator Elements 
' Length ft 
Aaross Flats in 

Fuel Elements 
Fuel P h t e r i a l  
No of Rods 
Fuel Slug diameter -in. 

Fuel Density gm/ou 
U Denoity m b  
Fuel Cram Sectional Area 

2 Rod In . 

Elenent in2 
Fuel \.!eight per element 

Total  kg 
Uranium kg 

No. of Fuel Elements i n  Core 

300 rm 

12 
13.7 

16 
14 

uc 
19 

0.50 

15 
15.5 

19 
I 16 

u-10 w/o 1.10 
61 

0,331 

1 7 a  13.6 
13 15 

111 237 

220 21& 

Core Locding 
Total Fuel fsc; 25,800 56,200 

24,500 50,600 U r a n i u m  kg 
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