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INTRODUCTION

gij A prinary objeotive in the design of a nuclear power reactor is cchieve-
mentlbf mininum power genersating costs consistent vith reactor safety and'main-
ténance requirements. Cost thinization studies are generally based upon a
fixed teéhnology with the reaiizution that the resultant design may not be
optimumlwhen research and development work is completed.

The sodium graphite reactor of "current status" (NAA-SR Memo 4156) utilizes
uraninﬂ-molybdenum alloy as fuel. It is expected that u:anium carbide or
othér high performance fuel will prove more suitable after research and
devéibpmént work is completed. It should be clearly noted that the optimpm
design with U-io fuel Gould differ considerably from the optimum with'UC.

48 in other nuclear resctors, the fuel. cycle costs are a significant
part of the_power generatihg costs. In an SGR core paraﬁeter study the
important variatioﬁs in power generating costs are those associated with the
fuel cycle. With "thih" ﬁall core vessels and ine#pensive moderator and coolant,
the variation in capital costs brought about‘by coxre modificgtions is not a
major determinant of optimum core design. Certain other characteristics of
the materials and components vhich make up an SGR ease the problém‘of core
optimizdtion. The sodium coolant is an excellent heat transfer medium. Current w
designs per.it a lérge variation in heat flux with little concern for burnout
heat flux or fuel element c}adding temperaturel limitations. A varia%ion ih'
amnount of éoolagt in the core does not significantly affect the moderating
Aproperties of the core. | |

With the fuel material fixed, (U-Mo alloy in this study), the major-co;e'
perameter which is of significance in an SGR is the fuel-to-moderator volume
ratio. A variation in this parameter can be achieved through a variation in

~ lattice spacing or fuel rod diameter. Also of interest is the effect of core

structural material end coolant on power generuting costs.
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The parameters inveastigated in this study'aﬁet o

& (1)' Lattide spacing (or moderator element size)
(2) Fuel rod diametor (fixed length of 15 ft)
(3) Fuel cladding thickness -
(4) Moderator canning thickness |
(5) Zircgnium versus stainless steel moderator canning
(6) Sodium £low area ’ '

The fuel with the greatest potential for SGR!'s,uranium monocarbide,
is also investigated. |
This list of variableé differs from the 1istlsuggested by ABC. The ALC
list is repeated below with comments.
‘-(1) Moderator to Fuel Volume Ratio - This variable was considered
) "in the survey both by variation in fuel element spacing (modérator)
elenent size) with fixed fuel element geometry and'by variationv
of‘fuel fpd diameter in & fixed elenent spacing. |
{2) Enriéhment - In this study the enrichment is a dependent
variable whichvchanges with fuel element spacing, fuel rod
diameter and burn up. .
(3) Operating Critical Mass - The mass (U-235).is a dependent
 variable which vﬁries with required eniichment and core
inventory. These in tuin depend upon rod éize,.element spacing,
and burn up. |
(%) Excess-ReactiQity - Th?skitem was varied in the study only
for the reference core in which the‘effect of burnup in costs
T" o was considered. The excess reactivity required for higher |
burnup vas obtained by increasing enrichmént..
(5) Conversion Ratio - This is é dependent va:iabié which_éhanges
gi} as rod diameter, lattice spacing and moderator cladding tﬁickness

| | A _ | (or material) is varied.
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(6)

(7)

(8)

. Maximum to Average Flux and Power Ratios - This quantity

Lo 3

was not varied in the study. Improvement in the pecek/average
ratio is perheps best effected by varying the fgel_element

spacing, which,isvimpractical in the canned moderator SGR.

The important change to be achieved by "flattening" in the
SGR is & reduction in fuel inventory charges, which are not

excessive in this reactor. Possible improvements brought about

- by flattening with a large number of qontrol rods would be

miﬁor. Impfovement mgde possible through variationiin the

slowing down power of the moderator, by using graphite blocks

of graducted density or by inserting a better moderating material
such as Be0O near the surfaces of the core, could be quite effeqtive

in reducing inventory charges. This was not investigated because .

“of thg short time schedule involved.

The important reduction in power cost achieved through

| flattening bf the flux would be obtained by permitting the reactor

pover toArise as the power of each element approaches that of
the centrel fuél channel. However, an honest appraisal of the
effects of power fla%tenihg nmust be made with the power lével
fixed.-': | 7

PoworbDensity (I«'INT/ft3 of core).~ This quantity is a dependent
variable in the'SGR; It isbdetermined by'rod‘diameter, lattice

speeing and pernissible power per rod (fixed in the reference

design by the central fuel temperature).

Specifig Power (MWT/MT of fuel) - The specific power (kw/kg-U)

is almqst independent of all variables in tbe SGR excepf the‘limit
on fuel center temperature and fuel iod diameter. With the center
temperature fixed the obtainable power rod is esseéntially independegﬁ

of rod diameter. The number of rods per element and the fuel
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enrichment héve a minor effect on this variable'because of
the flux depression in the element. The specific power in the
U-235 (kw/kg-25) varies inversely with the fuel enrichment.
(9) Hot Channel Factors - A constant hot channel factor was used
in this sﬁivey. There is no problem of:severe local flux
‘ peakihg beocause of the long neutron diffusion lqngth in anvSGR.‘
Variation in the fuel-to-moderator ratio has & negligible effect
on the hot channel fsctor. The iﬁportant part of this factor is'
the disadvaentage factor in the fuel elenent. Additional contri-
buting items are manufadturing tolerances, #ariations in U=235
contenﬁ, flow variations. Tﬁe major cost item which'wéuld be
effected by a‘change in the hot channel factor is the fuel
inventory. |
The results of the paraméter survey are presented in a series of curves.
It i3 important to note that the results are all closely interdependent and'
that caution must be used in considering the effects of ény single set of
curves.
It sliould also be noted that the curves obtgined from the study apply
to the reference reactor (300 MWe canned noderator design with‘U-lolw/o Mo

fuel). While the same general trends would bo obtalned from a study of any

‘fixed design, the points in the variables at which minimum cost is obtained

would probably differ fo g donsiderable degree. The mejor cost reductions
anticipated for sodium graphite reactors will come about as & result of
improved fuel elements and simplified systems and components, which will result

from the SGR research und development program.
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A. Summary of Results
The SGR Status Report (NAA-SR-Memo 4156) and section B of this report

describes a 300 MW SGR of current design. This design is a scale-up of the

Hellam Nuclear Pover Facility. The design was based on the heat transfer

reqﬁirements with the rod diameter, number of rods per element and lattice
spacing selected by judgment based on past experience. In spite of this
hurried fixing of thé design, required for the cost anslysis in the Status
Report and the SGR Development Program Report (NAA-SR-Memo 4199), the results
of this physics parameter survey indicates that modifications in the core |
design could reduce the estimated power costs by less than 5 percent. | i:}

The power generating costs detefmined for this reference design are as

follows: . K
Average Fuel Burnmup 3,400 MWD/MTU il,OOO MWD/MTU 16,800 MWD[MTUv
. Cepital Charges 5.60 5.60 | | 5,60
Fuel Cycle Costs . T4y k.01 - 3.55
Operation & Maintenance / 99 99 .  99
| Total fé&er Generating Costs - 1h02 . 10,60 10.14

| Optimizing the fuel to moderator ratio can reduce power generating costs \
aiightly (approximately 0.1 mill per kilowett hour). This study indicates that ‘
the fuel to moderator ratio is not critical. Both lattice spacing and'fuel rod
diaemeter can be varied ﬁithin a relatively broad range without significant

~ changes in power generation costs. (See Section C.1 and C.2)
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The influence of the structural materialvin the core (Section C.3, C.li,
and C.5) is indicated by the 0.3 to 0.4 mill per kw hr increase in power
generating costs with an increase in fuel cladding thickness from 0.010%,
03020">and the‘O.B nill per kw hr increese in pover generating costs with an
- increase in moderator canning thickness from 0.616" fo 0.024" stainless steel.
Fuel cycle~eosts could be redﬁced 0.3 mill per kw hr if the 0.016" stainless
steel canning could be replaced with 0;055* zirconium alloy ocanning. Capitalizing
this saving in fuel eosts resuits to e mAQQ;;;~;;;;;;;I§IZ“EEEE/Qf zirconium
cladding of $60 per pouﬁd. It is probable that the zirconium couli be obtained
at a somewhat lower cost. -

The sodium flow area in the fuel element channel can be varied over a
relatively'wide range (6 in t0 12 in2) with&éi)ﬁignificant change in power
generating costs (less than 9.1 mill per kw hr - Section C.6). o .

The advantages of & high performance’ fuel such as UC can not be adequotely
evaluated in study primarily linited to the reactor core. Full cdvantage of UC
is teken in the design of the 255 MV and 330 MW ASGR (NAA-SR-Hemo k199, "SGR
Development Program - Objectives and Eatimated Costs). |

With no changes in conditions external fo the core and core strﬁcture the
use of UC will reduce capital costs approximately 3550 000 and reduce fuel

inventory charges approximately 0.3 mill per kw hr. (oee ection C.7)
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B. Descriptloﬁﬁ?f Reference Design aﬁa'Economic Ground Hules

B.1 Description of 300 M« SGR

The reactor chosen'forithe coré pérameter survey was fhe 300 MW
SGR described in MiA-SR Hemo 4156, "Status Report for Sodium Graphite
Reactors." . It is & scale-up of the Sodium Graphite Reactor now being constructed
at Héllaﬁ, Yebraska.

The reactoé core, shown in Figure l,vconsiste of slightly enriched,
uranium-molybdenun fuellelements suspended in e closely packed array of canned
héxagonal gfaphite noderator elements. The moderator e}ements shovn in Figure
2, are scalloped at the corners so'that.each three adjoining elements:for a
circular channel between them which runs axially through the coré. Concéntric
with this channel is the process tube, one end of which penetrates the lower
grid plate, the'other end terminates at the fuel elementnhahger rod disconnect.
Thé fuel elements are supported in these tuﬁes. The main sodium flow is upward
through the process tubES.- The control rod thimbles are supported and sealed
_at the reactor loading face shield and extend downwerd to the bottom of the
core, |

- Sodium inlet pipes enter the'reactor‘cavity Just above the top of
the moderator cans and run downward to Fhe lowver part of the reactor vessel,
The major portion of the sodium flows into the lower plenum below tﬁe grid
plate and then flows upwérd~through.the process tubes to the sodium pool
above the core. This flow carriece the heat ffom the fuel elements. The re-
maining sodium (4 to 655) flows upward in the gaps between the moderator cans
and into the upper sodium pool. .This-sodium removes heat generated in the

moderator elements. The alignment between moderator elements is maintained

H

by spacérs'fastened to the upper ends of the cans. The cans are held in

i

position at the top by e syatem of core clamps an% are supported at the bottom

on pedestals attached to the . grid plate.. !
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B4

The noderator and reflector elements are graphite prisms hexagonal
in cross seétion, canned in stainless steel. The elements are 16 inches
across the flats by 19 feet long.. The mode;at§r caﬁ is Type 304 stainless
steel 0,016 in. thick and'hés end ciosures or heads that ére designed to
compensate for differential thermal expansion befween the grephite and the
~stainless gsteel. The top head is eqﬁipped with a spacer mechanisn that
maintaiﬁs the proper gap between cans. This spacer is made of Type 405 stainless
éteel to minimize thermal expansion. The botitom head has a tubular support
that fits over pedestals on the grid plate. A pumpfout tube is built into

the bottom head through which the cen is evacuated prior to loading into the

core. A mold-grﬁde.graphite with a density of 1.65 gms/cc‘is used.

The fuel elements are 6l-rod clusters of Type 304 stainless steel
tubing containing fuel slugs. The tubing is of 0.010 inch wall thickness and
"is sized for a 0,010 inch radial elearance around the 0.33 in., diesmeter fuei
slug for a sodium bond. The fuel slugs are slightly enriched uranium-10 w/o
molybdenum metai alloy§  The active length of the fuel element is 15 ft. A
helium volume is prbvided at the top of each fuel rdd to provide for expansion
of the sodium bond and to contain fission~;roduct gases which hight diffuse out
of the fuel as it is irradiated. |

In the reflector region, procéss chanﬁels formed by the corners of
the graphite elcments are not needed for fuel. These channels gre,filled with 
eylindricel cazmﬂ,grqﬂﬁje-eleﬁents called reflectbr:filler elements. These
displace the sodium that Qould otherwise occupy this space and serve to
» increase the dens;ty and efficiéncy of the reflector.
The Spare_fuel channels in the active region of the core are filled

vith a similar device called a dummy element. This also serves to displace
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- excess sodium and impro#e moderator density. Unlike the filler eiement

vhich is attached to the grid plate, the dumny element is susﬁeﬁded.in the

‘proceéa chanmel in a manner sinmilar to thaf for the fuel element.

Table I
Significant Core Parameters for Referonce Reactor

Reactor Thormal Power . ash 1w

Electrical Output (net) 300 MW / :

Core Dimensions ' V//
Height ' 15 ft.
‘Diameter 15,5 ft. b//

Moderator and Reflector Elements

Fuel

Coolant '
Sodium Coolant .. ﬂ
| 9.5 in2 ¥V

Hexagonal graphite 1ogé - scalloped corners - stainless steel canned

Length _ 19 ft.
"Across Flats" _ —16—ifiches
Graphite density ~ ‘ 1.65 gms/cc A
Stainless steel canning thickness 0.016 in. /
Number of elements . 1 %’
‘loderator Temperature (ivg) L50°¢C L///
Flements - ' o o
61 rod clusters - U-10 w/o Holy ailoy fuel -~ Sodium Bond - Stainless

' Steel canned
Fuel slug diameter : 0+33 inches / / |
Sodium Bond , ' ' 0.010 in. (radial)
SS Cledding thickness o 0,010 in. /
Fuel Cross Sectional Area Rod Element 0.0839 in.?v//

- Element 5.2 in2,

Fuel density
U-10 w/o lioly alloy
Uraniunm density

17.1 gms/cc
15,4 gms/ecc

Flow Area (each fuel channel) ' : V//
Maximunm sodium velocity 19.5 f£t/sec

Inlet temperature ' 6O7F S

Outlet Temperature S | 9h5eF /
Core pressure drop | © 12,9 psi
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Table I Continued

Weight of fuel per element
U-10 w/o loly alloy
Uranium

Number of fuel elements in core

Core loading
U-10 w/o Holy elloy
Uraniun

Conwtreet

'510 017

263'kg
237 kg

214

56,200 kg
50,600 kg

v/
v
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B.2 Basgsis of Economic Evaluation

,‘i; ~ The standard factors as established for the Ten Year Civilian Power

" Reactor Developmenf Program‘have been used for all the cost calculations.

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

namely

(a)

(v)
(e)
(a)

(e)

(£)

805 Plant Factor
L5 Annual Fuel Lease charge
Urénium'vélué based upon AEC Price Scéhedule

3hipping cost - 312.45/kg U

U NO; to UF¢ Conversion = 35.60/kg U

Puli0; to Pu Hetal - 31.50/gm Pu

In conformance with a request from the AiEC Division of Reactor

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

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

3400, 11,00Q and 16,800 MND/MTU. Thése average burnups corréspondvto 7,000,

20,000 ahd 30,000 HWD/ETU peak burnup. The calculational methods for fuel

cycle costs are illustrated in Table II. Tpe fuel cost calculations conform

to the general form established for fhe Pen Year Civilian Power Reactor

Development Program (S & L Method) butrthe presentation has been oriented to

better illustrate the variation in fuel cycle costs with core parameters.
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_ : R Table II SRR o s
EEQL.EEQE?;XOr 300 MW SR (Referegoe Reactor)

P S SN

 ?fﬁTq f‘7 TR
*‘milia/kw‘hrij”'w. /K

. 5400 HWD/MTU |
. 8/kg U - - mills/kw hr

i 11 GOO
~ 8/ke U_

A. ‘Fuel Element Fabrication *_.g o | SV D [ AT

" 1+ Fuel PrOQesazng and Tueél Element Aasambly 1§ 83,52 e

2. Fnel Inventory chargea during fabrication’ 1160 T
o (9 months) o R el

‘ 43}; Shipmant of New Fuel ‘  ‘ o o 43400

3
D ]

. $86.98
~ 15.60

‘3§00

O 8108.5 "51.1aj~,?«,f'

L | | 898,12 3.5k

R Fuel InVentory Charges (at Reaotor Site) o ; : ' ' o
1. Spares (15% of core Load) S 18 1455 1
2. Core loading - { E 9.48

4,30

3 6n
36‘3ov
&, 3&

_H} °;

‘3. Poet 1rrad1ation oooling period (# monthe)

1.

2,

‘Net fuel Burnup

Uranium Depletion ; s
Initial Uranium Value ,: o
Final Uraninm Value’

Net Plutonium Credit (310.27/gm Pu)

(12/gn Pu leas 2% 1osa & Process chargea)

Uranium Reccvery

1.

2.

 “3‘

K 3

‘ 2.

l"o .
R '  50
6

v

Fuel Fahrioatinn Gapital Chargos

A

Shipment of Irradiated Fuel
'Inventory during shipment (1/5 month)
Separations u S
Conversion to UF, (35 Go/kg x .99)
Uranium losses (1. 3%) L L
Inventory‘during rsprooeasigg |

Total Fuel Oyole CQste

8 1533

5,05

Chh.g2

55

© 20,50

1,62

820340

T3k
409

[ ——

“]545 

165

$ 12,45

«36

swa*;”‘

$519.70
o _32h,99 -
$194.72
46,80

147.9

5455

. 016

49,38,

$350,20/

» Inolude Inventory Chargea during holdover of one fuel disoharge -2 fuel diaohargea prooessed togeth

4,01

br;

z~*f~;;65: |

. :55’,: G
73-91}r,j;/§ o
0,

: :::E!Q§.a?‘T  ‘H
3290.751>,,7;gf, ’
6160 o
: 5229€15A, »';;;67;§ '
g 1243
3T
23.50 .
5.55 . -
4 35;(f.’

s s
472,35 s
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B9

The capital investment required for the 300 #W SGR is summarized in

\»/  Table III.

Table III

Summary of Capital Cost Estimate for 300 IMW SGR

I Land & Land Rights " $§ 360,000
II Structures and Improvements S ,7,250,Q00
III  Reactor Plant Equipment | 9,400,000
IV Heat Transfer System - . 22,850,000
v Turyp‘Gepératqr Systenm o R 11;550,000
vIi Apcéssofy Electrical Eﬁuipment'. | ' _2,500;000

: }VII >-Mi§¢e11aneous i | 500,b00

VIII Hain Step-Up Transforne:‘(Includgd vI)

Total Direct Construction Cost. . . -  $54,410,000

IX Indirect Construction Costs PR 15,55@,000
Total Direct and Indirect Costs 870,748,000
X' Contingency . ' : 7,075,000

XI . Bscalation

XIT Interest During Construction - 6,304,000

Total Capital Cost o $§§,127,000
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The followihg standard factors as establiéhed for the Ten Year
Civilian Power Reactor Development Progr#m have been used in the Capital Cost
estimate, , :

(2) General and Administrative - 12,5 of Direct Cost

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

G & A, |

(c) start-Up Costs - An allowance of 3600,000 has been included for

 this item. | -

(4) Contingency - 10% of Difect and Indirect Costs

(e) Interest during construction - 8.175.

(£) 1% Annuel Capital Charges

(g) 80,5 Plent Factor

Based upon 14,5 annual capital charges, 805 plant factor and 300 W
- net electrical qufput the capital charges for this plant are 5.60 mills/kw hr.

The operation and maintenance costs for this reactor have been
estimated to be 0.99 mills per kw.hr.

The power generating costs for the réference design (300 M4 SGR)

are indicated in Table IV,

Table IV

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

3400 MYD/MTU 11,000 MWD/MIU 16,000 MWD/IMTT

Capital Charges . 5.60 5.60 5.60
Fuel Cycle Costs T43 - L.,01 g 3.55
Operation and‘Maintenance «99 ' 99 - 099
Total Power Generation Cost 14.02 10,60 10.14
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C. Core Paremeter Study

C.1 Varietion in Lattice Spacing

A variation in iattice spacing through a change iﬁ moderator elenent
size varies the fuel to moderator ratio and the diameter of the reactor.
Increasing the émount of querator in the core tends to increase core reactivity
three ways: .

(2) Increase probability that fission neutrons will escape resonance

papture in U4238 while slowing down.

(v) Increases eta or average number of neutrons released per

-.neutron~caﬁture in U-235. (Spectrum is more nearly thermel),
A(c) Decrense neutron leakage frombcore by increasipg core diameter.
~ Partially or completel& off-getting this increase in reactivity is
thg.additional_neutroh capture in the moderator. Maximum core reactivity will
be féachgd at‘some ratio of fuel to moderator; an increase or decrease in amount
of moderator'from this point will decrease reactivity. This fuel to moderator
'ratio does not necessarily give lowest power cost.

The optimum fuel'to moderator ratio is determined by an economic
stgdy, such as this, in which all factors'including'conversion ratio énd capital
‘costs as we11 as'fﬁel enriqhment'are ooﬁsidered.« |

‘For this study the size of thé modérator elenents in the 300 MW SGR
" was varied from 14 inches to 26 inches across "flats” on the hexagonal graphite
iogé; The variations in core reactivity are indicated in Figs. o

| The following interesting conclusions can be drawn from this study:
1. The ﬁaximuh core reactivify is achieved with the fuel to

noderator raotio obtained with a moderator elemenf size slightly greater'than

eighteen inches (See Figure 3).
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2. HMininum fuel cycle coéts are achieved Qith a fuel to
moderator ratio obtained with a moderatér element size of approximately
eighteen inches. (See Figa;6{7 &8) . The optimum fuel'to moderator ratio,
"considering fuel cycle costsAonly, is therefore.greafer than fhe fuel to
moderator ratio which gives maxinum réactivity. This is-primarily dué to the
indreaéed resonance 6apture in U-238'and highér conversion ratios at thé
higher fuel to moderator ratios. | |

3; Hininun power generating cqsts are achieved-with 2 fuel to
moderator fafio slightly gredter than the fﬁéi to moderator_ratio for minimunm
fuel cycle costs. (S_ee Figal,13,&12), With an inexpensive moderator and with
ho pressupizatioh required in the primary céolant system, the reactor core size
.'can be varied without significantly affecting.cabitdllcosts.. |

It is also obvious that the fuel to mbderator ratio can be varied
within réther broad limits without sighificantly affecting power generatibn

costse.
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~ FIG. 7

Variation in Fuel Cycle Costs with Lattice Spacing
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FIG. 8 - Vﬁriation in Fuel Cycle Costs with Lattice Spacing
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FIG. 12 - Variation in Power Generating Costs with Lattice Spacing
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' C.2 Yariation in Fuel Rod Diameter

A variation in fuel rod diameter or fuel cross-se&tional area affects
meny nuclear characteristics of the core. |

An increase in fuél rod diameter with no.qhange iﬁ modeﬁat?r volume,
fe#ds to increase reactivitj in two waysi (a) increase .in fast fissian of U-238
(b) increase in thermal uti;izatipn. In an undérmoderated reactor such as the
300 MW -SGR - this increase i@ réaétivity is offset by "hardening" of the neutron .

spectra. Fever neutrons reach thermal energies because of increased opportunity

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

'energy neutrons (lower eta).
, In this study the diameter of the fuel slugs was varied between 0,3

inch and 0.4 inch. No change was made in the sddium flow area., The size of

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

accordance with the variation in fuel element diameter.
_The variation in cére reactivity with a change in fuel rod diameter
ig indicated in Figure 13. The fuel enrichment required is indicated in
Figure- 14. The increased neutron capture'in'0-238~causes ah increase in
initiallconversion ratio with an increase in fuel réd diameter,
Both fuel enrichment and fuel volume increase with én incrgése in
fuel rod diameter resulting in an increase in the fuel inyentbry charges.
TheAcoaf to éast_a fuel slug and assemble a fuel element is largely
independent of fuel slug diameter. Therefore, for eguivalent burnups, the
fuel fabrication costs in mills per kﬁ hr tend to decrease with increase in fuel
slug diameter., _ | |
The vdriation in fugl bﬁrnup chdrgés with fuel rod diameter is quite’

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

‘fuel rod diameter.
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Thé change in fuel rod diamefer requires no significant change in
capital costs. The variation in power generating costs is therefore equal
to the voriation in fuel cycle costs. |

| The bptimum fuel slug diameter (ninimum power generation'costs) will

- depend upon the average fuel burnup which can be obtained. Lowér éverage
fuel burnups favor larger slug_dinmeters; for example, with an average fuel
burnub of 3400 WD/ITU the op£imum sluéuhiamefer is approximatelyTO.BG".but
with an.average.fuel burnup of 16,800 HWD[MTU the optimum slug diameter is

approximately 0.30".
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PIG. 13 - Variation in Core Reactivity with Fuel Slug Diameter
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FIG. 14 - Variation in Urénium Enrichment with Fuel Slug Diameter
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. FIG. 15 - Verietion in Fuel to Moderetor Retio with Fuel Slug Diemeter
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FUEL-CYCLE COSTS (milts/kwhr)
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FPIG. 17 ~ Veriation in Fuel Cycle Costs with Fuel Slug Diameter .

(Average Fuel Burnup - 11,000 MWD/MTU)
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C.3 Variation in Fuel Cladding Thickness

)

In the reference design established for this reactor core parameter
study the fuel cladding is stainless steel tubing with an 0.35" inside diameter
and 0,010" thick. An increase in this cladding thickness increases the amount
of nuclear "peieen" in the core and therefore decreases core reactivity. The
variation in core reactivity with fuel cladding thickness is indiceted in
FPigure 19. |

TheAinorease in fuei cycle costs with increese in fuel cladding
thickness is primarily due to the increase in fuel enrichment. The vafiatien
in fuel cycle costs with fuel cladding thickness is indicaﬁedAin Fige. 21; 22,
end 23 for average fuel burnup of 3,400 MHD/HTU, 11,000 MWD/MTU, and
16,800 IM./D/MTT,

If there were no corresponding increase in fuel fabrication costs &
decrease in fuel cladding thickness to 0.005" from the 0.010" in the reference

design would decrease fuel cycle costs slightly ¢~ 0.1 mill/kv hr).
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FIG.‘19 - Variation in Core Reactivity with Fuel Cladding Thickness
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FIG. 20 - Variation in Fuel Enrichment with Fuel Cladding Thickness
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S FIG.- 21 - Variation in Fuel Cycle Cost with Fuel Cladding Thickness
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FIG. 22 - Variation in Fuel Cycle Cost with Fuel Cladding Thickness
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FIG. 23 - Variation in Fuel Cycle Cost with Fuel Cladding Thickness

(Average Fuel Burnup - 16,800 MWD/HTU)
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C.& Veriation in Moderator Can Thickness and Material

A disadvantage of thé.Sodium Graphite Reactor of current design is
the relatively large amount of stainless steel»struétural matérial introduced
into the core by the moderator element caﬁning.’ Zirconium and zirconium alloys
have frequently Béen considered . for this appliéation. Reactor designs are
nov underwvay to elininate a large portion of this structural'maferials.'-

To indicate the_significanbe of the moderatoi can thickness on
powef genération costs a study Qas madé varying the stainless steel moderator
can thickness betwee: 0.016" and 0,024". The effect of moderator can thickneés
on. core reactivity is indicated in Pigure 24.

The effect on fuel cycle costs of the enrichment varistion with

- moderator can thickness is indicated in Figs. 26, 27 and 28. This variation

in moderator can thickness is expected to make a negligible variation in capitai

costs of the plant.
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FIC: 24 - Variation in Core Reactivity with Moderator Canning Thickness
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- FIG. 25 - Variatinon in Fuel Enrichment with Moderator Canning Thickness
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FIG. 26 - Variastion in Fuel Cycle Cost with Moderator Canning Thickness
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FIG. 27 - Variction in’Fuel Cycle Costs with Moderator Canning Thickness

(avorage Fuel Burnup - 11,000 MWD/TU)
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FIG. 28 - Variation in Fuel Cyole Costs with lioderator Canning Thickness

(Average Fuel Burnup - 16,800 MwD/NTU)
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.fuel cycle costs is indicated in Figure 30.

C-33

C.5 Comparison of Zirconium and S@gihlecs Steel Moderctor CanningA.
 The use of etructural materials with low neutron cross sections
have been investigated for poscible use as moderafor element ccnningkmaterial_
in 5GR's. 2Zirconium has been successfully used.in the SRE. Zirconium alloys
are being investigated for use at the higher coolant tenperatures proposéd
for the Advanced SGR.

Figure 29 indicates the reduction in fuel enrichment possible with

- the use of zirconium moderator canning. This lower fuel enrichment reduces fuel

inventory charges end the net fuel burnup charges. This difference in total

The net reductlon in fuel cycle costs is spproximately O. 3 mills per
kw hr at all burnups. Thls fuel cycle cost reductlon if capitalized at 80%

plant factor and 145 annual capital charges'juctifies en increase in capital

’investment of 44,530,000 or an increase of 32,900 000 in direct construction

cost. Approximately #7 400 lbs of zirconiun would be required in the moderator
and reflector elements in the reference design. The "break even" p01nt on the-
zirconium versus stainless steel cans is approximately $60 per pound of

zirconium canning,.

The cost of zirconium moderator cans has not been estimated but it'

-is'expectcd to be less than the "break even" point of 360 per pouhd.' At the

prcsent fiﬁe alloys of zirconium are under development which may have the

strength require at SGR and advanced SGR coolant temperaturés.'
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FIG. 29 - Variation in Required Fuel Enrichment With Average
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FIG. 30 - Variation in Fuel Cycle Costs with Average Fuel Burnup -

Steinless Steel and Zirconium Moderator Canning

N R IR ol
BASIS: 300-MW SGR 61-ROD

71— U-10 w/o Mo ELEMENT
£
s -
K 4
~
@
=z 6
€
m *
- -in, STAINLESS STEEL —
O
o
w S
—J
O
>
o L .
-
w ,
2 :
w 4 ;

0.035-in. ZIRCONIUM —
S IR T A R A S B S

5 10 15
AVERAGE FUEL BURNUP (MWD/MTU x10°)

510 057



C-36

C.6 Yariation in Sodium Flow Ares

In the reference design (300 MV SGR) the ﬁagimum sodium velocity
is 19.5 feet per second and the pressure drop across the core is 12.9 psi.
This spdium velocity and preésure drop present no engineering probléms.
The four primufy pumps are each rated 725 horsepower, An increase in sodium-
flow'arga per{channel decreases the sodium velocity, pressure drop and pumping
power. This décrease in pumping power increases the net plant output and net |
plqgt'efficiency. o |

The increase in sodium flow area also introduces additional neutron
"poison" into the reactor core. An increase in fuel enricﬁmenf is required
to maintain core reactivify. | |

The variation in cdre.reactivity with sodium flow area ié indicated
-, in Figure 31. The sodium flow area over the ééhge studied (6 in? to 12 inz)
has relatively little'effect'on core reactivity. |

| The variatiép in fue;'cycle costsAwiih sodium flow area is indicated

in Figures 33, 34, end 35. The net variation is less than 0,10 mills per
kv hr, whichAié probably within thé éccuraci 'of'this calculation. | |

‘A decrease in sodium flow'area to 6 inz. would require a 1250 hp
increase in primgry pﬁmping capacity; Sinbe‘the primary punping powér require~
ment is approximately 1% of the tétal(bbwef output‘of the turbo-generator this
veriation in pumping power has a negligible effect on net plan@ efficiency. The
nef effect on power‘costs would be less thgn 0.1 mill per kilowatt hour.

The ceﬁital.gost of the ad¢itlona1 punp capacity required with £he
smaller flcw areas would aléo meke & ninor incgeaa; in powver generating costs

(less than 0.1 mills/kw hr). | | ‘
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For the 300 MW SGR it appesrs that the sodium flow area can be
/ deternined by considerations other than variation in pover generating cost if
kept within the limits of 6 and 12 inz. The variation, in each of the various
féctors of power generating costs affected is emall, In addition, any

increase in power generating costs caused by incressed pumping power is

partially or completely compensatéd for By g decresse in fﬁel cycle cost.
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FIG. 31 - Varistion in Core Reactivity with Sodium Flow Area
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£1G. 32 - Varietion in Puel Eurichment With Sodium Flew irc
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“FIG. 33 - Variation in Fuel Cycle Costs with Sodium Flow Area

(Average Fuel -‘Bu_rnup“ 3400 MWD/MTU)
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FIG. 34 - Variation in Fuel Cyéle Costs with Sodium Flow Area

(average Fuol Burnup - 11,000 MviD/Mmf) :
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FIG 35 - Variation in Fuel Cycle Coats with Sodlum Flow Area -

(Average Fuel Burnup - 16 800 MJD/HTU)
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C.7 Comparison of UC and U-10 w/o Holybdenum Alloy

In the continuing effoft to meke further inmprovements in sodium

graphite reactors'an gssential item is the development of a high temperature;'

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

Uranium nonocarbide {UC) with a melting point of 4300°F, a thermal

conductivity of approximectely 14 Btu/hr-ft-“F and a uranium density_of

approximately 13 gme/cc, appears to be an excellent fuel for high temperature

sodium cooled reactors. High burnup limitations, essential to any fuel,

can be proven only aftex extensive irradiation_tésts.

Uranium donocarbide promises to ieducé pover generating costs,in
several ways.' Two of the cost reductions which can be achieved with UC
aré as follows:

1. High pover density in the fuel - fuel inventory charges for
the reactor core loading are a significant part of power generating costs
(See Table fI). This cost would'be even.more importent if the uranium were
s0ld to the utility instead of leased at the relatively low rate of #% pei
— : ; .

2. Higher thermal efficiency - Altﬁough gome increase in sodium
temperature is possidble with preéent technoldgy, significant increase in sodium
tenpercture (fp 1200°F) requires é fuel, such as UC, which can operate
%eliably at higher temperatures. Higher sodium temperatures will permit
ﬁdoption of modern, efficient steam cycles in nuclear plants.

‘ In this study sodium’tempefature and all conditions external to the
reactor were not éhanged. A higher pover density in the fuel was achieved
by reducing the number of rods (from 61 to 19), reducing fuel cross sectional

2

aree (from 5.2 in° to 3.7 in? per element) and reducing core height (from

15 £t to 12 ft).
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A brief tabulation of significant core parameters is indicated
in Table V.

Since sodium temperetures were not varied in this study, the improve-

“ment in thermal efficiency wasvnot considered. The composite improvement in

fuel oycle costs possible with UC is indicated in NAA-SR Mémo 4199, "SGR

Develqpmeﬁt Program - Objectives and Estimated Costs."

A comparison of fuel enrichment between UC end U-10 w/o Mo is
indicated in Figure 36. The enrichment required for UC is lower for all
fuel ﬁurnups. This lower enrichment and the lower fuel inventorieé nakes a
significaﬁt reduction in fuel inventory charges. Figure 37 indicates,fﬁel
cycle costs for UC when used in a "canned moderator" SGR. |

In addition to the fuel cycle cost reduction; the smaller core

size reduces capital costs of the reactor core and reactor structure approximately

$550,000.
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Table V

1300 W SGR

Compsrative Values of Siggifioant-cbre Parameters

UC Core and Reference Reactor

Reactor Thermal Power
Electricgl Output

Core Dimensions
' Height £t
Diameter £t
Moderator Elements‘
" Length £t
Across Flats in

Fuel Elements
Fuel Materisl
- No of Rods
Fuel Slug dlameter -in.

Fuel Density  gm/cc
U Density gn/co

Fuel Cross Sectional Area
Rod in? . '
Element in°

Fuel Veight per element
Totel kg
Uraniumn kg

No. of Fuel Elements in Core

‘Core Looding
Total Fuel = kg
Uraniun ’ kg

510

Revised
UC Core

12

16
14

Uc

19
0.50

13,6
13

0.196
3675

117
111

220

25,800
2L, 500

067

Reflerencs
Reactor

13.7

15
15.5

19
16

U=10 w/o Mo
61 '
0.33

17.1
15.4

0.0839
5.2

263
237

215

56,200
50,600



w0 - FIG. 36 - Variation in Required Fuel Enrichments with Averagé Eurnup of

N’
Fuel Removed for U-10 w/o Mo and UC Fuel
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37 - Variation in ruel Cycle Costus with Average Fuel Burnup

for & Uranium Carbide Fueled Sodium Graphite Reactor
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