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Introduction

The fast reactors being developed at the present time use mixed
oxide fuel, stainless-steel cladding and liquid sodium as coolant
{IMFBR). Theoretical and experimental designing work has also

been done in the field of gas-cooled fast breeder reactors.

Although the world wide efforts to solve the energy and resource
conservation problem are devoted mainly to the LMFBR concept,

(SNR, PFR, PHENIX, FFTF, etc.)} its breeding performance is question-
able due to the sisultaneous negative deveiopment in several areas.
Stainless steel swelling at high neutron fluence, errors in cross-
section libraries and lower allowable linear powver retings have
resulted in compound doubling times of 25 years. This breeding per-

formance is insufficient.

Although every effort is being made to improve the present design
using advanced oxide fuel the doubling time is not expected to be

lower than 15 years.

The more advanced carbide fuel offers greater potential for deve-
loping fuel systems with doubling times in the range of ten years (1).
A better breeding performance could be obtained due to the

higher heavy metal density of mixed carbide, while its higher ther-
mal conductivity (see Fig, 1} allows high linear ratings with re-

duced Tisnile material inventory and compact core designs.

The situation with GCFRs is more encoursging than with LMyBRs, using
present mixed oxide technology. h UCFR system is based on LMFBR fuel
and physics development and on HIGR technology such as the PCRY, the
helium cirewlator and steam generator. Helium hes several advantages
over socium; it is chemically inert; it does not change phase; it
does not, become radicactive end it does not moderate the neutrons

thus leading to high breeding gain and gmall void coefficient.
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Although sodium has a better heat transfer coeflicient and works
at lov pressures, extended theorslical and experimental work has
shown thet the heat transfer characteristics of helium under ty-
pical fast breeder operating conditions are adequate.

The carbide fuel, when its technology is available, would be bene—
ficial to the LMFBR's, since it is better fitted to the cooling

capabilities of sodium end improves breeding ratio.

Our study is an effort to assess the thermohydraulie and physics
performance of a GCPR utilising this fuel.

The question ‘o be answered is whether the helium is an efficient
coolant to be coupled with the advanced carbide fuel while preser-
ving its superior neutronic performance. ilso an assessment of the

fuel cycle cost in comparison to oxide fuel will be presented.

Methods uged in the calculation of core thermohydrautics

and physics design ; General description :

Subroutine REGA computes the maxizum thermal power produced for a central
channel and determines the required coolant mass flow such that
tne fuel centerline and outside cladding wvall temperature reach

their specified limits for a desired core pressure drop.

The core gecmetry is specified from the assured axial and radial
form factors. A simplified two dimensioral neutronics model with

a self-contained cross-section library calculates the fiscile en-
richments and its distribution in the core zones to achieve a cri-
tical system vith equal power peaks in radial direction. Itera-
tions between the agsumed and calculated pover factors follow.



The results of the simplified mevtironics model are used as a first
Qaass to initiste the physic: calculation with the two dimsnsional
mlti-group progrem GAUGEM (2).

This program performs the following functions:

-~ Re—adjusts the initial loadings normmlising the power
profile and taking into account the reactivity losses
4w to bwrn-up.

- Specifies the fuel residence time nccording to the da-
mage fluence constraint.

= Performs fuel asnagement operstions and fuel cycle cost
calculations using the present worth method (3).

The sbove deseribed procedure is explained in details in Appendix A.

Core the ic i%;
The most importent constraints in determining the core design and

plant lay-cut are the maximm allowsble cladiing temperature,
fast fluence and the maximus fuel temperature.

Higher cladding temperature means generaliy higher coulant core
exit temperature and consequently higher plant efficiency and re-~
dnced heat exchanger surface.

Higher fuel temperstures result in higher linear pover rating and
require better thermal conductivities as offercd Ly carbide fuels.

Also & higher allowable neutron fluence for the cladding increases
the fuel residence time thus decreasing the fuel cycle costs.



One of the near tera goals for the advanced breeder development
program in the UBA is the research for isproved cladding and sub-
assembly duct material that can vithstand neutron exposures up to
2.5 + 10%3 nvt (E>.1 MeV) vith total svelling < 5 §. From this
development every breeder concept can profit. Since at the present
time the limits on maximum allowable fuel and cladding tempera-
tures and fast fluence are not yet established, some reasonable

values should be selected.

A fev parameters have been varied in the atudy, such as: pin dia-
meter and length, core pressure drop, maximm fuel centre line tem-
perature (or maximum linear power rating) and maximum cladding tem-
perature. The permissible fluence limit has also been changed in
the fuel cy:le cost analysis.

T.w designs studied follow the general principles of the GCFR demo
Plant proposed by GA, as far as the fnel pin and the fuel element
geometry is concerned.

The plant efficiency curresponds to an indirect steam cycle with
steam to steam reheater, while the secondary cycle conditions ere

not optimised.

The proposed OA demo plant is using gas to steam reheating alter ex-—
pansior in the blower turbine. This increases the plant efficiency by
three percentsge points with complicated steam flow paths and increased
capital expenses. The gas to steam reheating could have decrease the

calculated core dimensions and critical masses by 10 %.

A set of efficiency calculations vas done and the results where fitted
to the core thermohydraulics subroutine. Fig. 2 gives the calculated

efficiency as & function of the core outlet temperature.
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The fuel elements have 270 pins which use the vented fuel concept
vhile in 30 fuel elements emough space has been left to position

the control rods. Three fourth of the fuel element leagth is roughened
to enhance the heat irangfer.

Reducing the number of fuel pins per element does not affect sig-
nifically the volume fractions of the design. A set of fixed design
parameters used in the study is deccribed in table 1.



Table ! Fixed design paramstsrs

oxide fuel carbide fuel
core height 1.hm 1.2 m
System pressure 90 dars 90 bars
care pressure drop 3 bars 3 bars
core inlet temp. 280°c 280%¢
stanton number
multiplier 2.5 2.5
fraction of theo-
retical demsity 8s ¢ 80 2
oumber of core
regions occupying
equal volume b b
cladding mterial $5 316 88316

Varying the pin diameter the same trend was realised i~ toth

fuels. With fixed values of maximm fuel and cladding temperuture,
of core pressure 4drop and pin height, an increase in the pin dia-
meter results in low enriched designs with lar~e "uel volume frac-

tion and reduced specific power ratio (vattis/kg fiss.)

The maximum linesr rating increases linemarly vith the pin diameter.
The fact that the pin cross—section increases with the square pover
of the pin diameter and the coolant passage per pin is linearly in-
creasing due to higher power production per pin, while the number

of fuel pins required is linesriy decressing, results in linear zore
voluae increase vwith the pin dismeter. For the same reasons the

fuel volume fraction is increasing linearly. The increased fuel volume
fract.on and core dimensions require lov enriched fuel to get a cri-

tical systew due to the decreased system leakage.



™ wpyer limit of the pin dissster is determingd from the newtro-
unic properties of the resulting design. Thick pims vith a highr
fertile satarial comcentration result in core conversion ratios
close to one, vhich mrans increased reectivity with tise. The lower
limit is specified fram technological and eovmomic ~onsideratioms
such as the cladding fabrication and fuel cycle cost.

Fig. Ja-3 compare the variation of the most important design
paramtters for mixed oxide and mixed carbide fuels
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The parmmmtiric varistion of the other indspendent variasbles concerns
only the carbide fusl and shovs the potential of a GCPFR to wilise
high hest conduetivity fusls et bigh spezific power demsities.

These designs have not been studied in dstail since they assume lowv
fuel residence time, vhich is required by using prrsent material limi-
tations.
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Core pressure drop. Fig. 4

If the temperature limits and the pin dimensions are fixed, a
quite intere ting influence is realised when the core pressure
drop is var.ed {or the coolant velocity}. Higher coolant velo-
city resuits in a reduced coolant passage per pin, since the

pin power remains constant. For this reason the fuel volume frac-
tion, and the breeding is :r>reased. The disadvaniage of such
variation is a p:nalty in the plant efficicncy due to losses in

pumping power (see also fig. 2).
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Core active height, VFig. §a, Sb.

Again the temperature limits, the core pressure drop and the pin dia-
meter is fixed. The increased core height results in higher core
volume at lower fuel volume fractions and almost constant fuel enrich-

ment.

The po.er produced per pin follows the increase in the pin height,
since the linea. power rating remains constant. Thus the total volume

occupied by pins is constant.

The coolant passage per pin is increasing, firstiy because the mass
flow power pin should follov the pin pcwer and secondly because the
coolant velocity decreases in order to keep coustant pressure drop
at higher pin length. The increased coolant passage per pin results
in lower fuel volume fraction, and higher coolant volume. The total
core volume increases linearly with the pin length following the coo-

lant passage variation or the power produced per pin.

The fuel enrichment remaine rather constant since the leakage pro-
duced by the coolant fraction increase is compensated by the increase

in the core dimensions.
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Maximum cledding temperature, Fig. 6a - 6b.

With fixed pin dimensions, fuel centre line temperature and core
pressure drop, & variation of the cladding temperature has the

folloving consequences:

1} The core outlet temperature increases linearly with the
cladding temperature. This improves the plent efficiency
thus reducing the core dimensions for the same electrical

powver required.

2} The linear pover rating decreases since the temperature dif-
ference between the fuel centre line and the surface is line-

arly reduced vith ¢’-2ding temperature.

This results in reduced coolant passage and in higher fuel volume
fraction thus lowering the enrichment needed. Also the core volume
is decreased (even with fixed thermal power) due to the reduction

of the coclant fraetion.,
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Maximum fuel centre line temperature, I'ig. Ta ~ Tb.

The high value of carbide thermal conductivity permits values of
maximm linear rating in the range of 800 watts/cm to 1300 watts/
cm varying the maximum centre line temperature This results in
pover densities two or three times higher ihan the oxide design,

thus reducing the core volume and fissile Pu inventory.

The fuel volume fraction is reduced, increasirg the linear rating
due to the higher coclant passage per pin required, while highly
enriched fuel must be used. The upper limit to the linear rating

ig determined from the fluence limit :nd economical considerations.

The fuel residence time is less than two years, due to high power
density and the harder spectrum. Thus the fuel cycle cost penalty
restricts the potential of the carbide fuel to utilise very high

pover ratings.

In GCF®'s the core exit temperature is decreasing with increased
linear pover rating. With Fixed core inlet conditions and meximum
allowable cladding surface temperature the gas to cladding tempera-
ture differsnce follows the pover rating and that lavers the gas

temperature.

Thus .n in:rease in the linear power rating from 450 w/cm te 700 w/cm
results in 20°C core exit temperature reduction and 2.5 % lower efri-
ciency (Fig 3b, 3¢). The lower gas temperature effects also the heat

exchanger surface,

In LMFBR's the disalvantage is not realised since to sodium heat trans-

fer coefficient is five to six times higher to helium.
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Maximum fuel centre line temperature
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Comparative studies of mixed carbide versus mized oxide fuel
using the fuel senagewent program GAUGEYM: Beutromic analysis
and fuel cycle cost.

The designs described in fig. 3a - 33 were further analysed with
GAUGEPM, covering the rangs betveen 7T am to 10 mm in pin diameter.
The results are given in fig. P and in tables 2, 3.

The spectrum calculations and the basic libreries and progreas
used are giver in Appendix B. The calculation of fuel cycle cost
follows the present vorth method (3).

There are three brsic components determining the fuel cycle cost.
The net fissile material consumption per cycle, the fuel fabrica-
tion and the reprocessing expenses. The cost assumption as func-

tion of pin diameter are given in tables 2, 3.

The expenses and electricity revenues per cycle are discounted at
the begimnirg of the cycle, to find the cycle cost, vhile the ex-—
penses and revenues of each cycle vhere discounted at the beginning
0of the reac‘.or operation to find the levelised fuel cycle cost.

The mass dalance per cycle, the breeding ratio and doubling time
sre calculated in the program. The definitions of breeding ratio
and doubling time are in agreement with Wyckoff (L).

Residence times of 1.5 years - 3 years have been considered in the

calculations, vhile the permissible residence time is giver in fig. 9c.

It ic not possible to achieve fuel regcidence times higher than two

years vwith present cladding material limitations, although the carbide
designs studied have a conservative pover density. Two years residence
time should be possible only using 10 mm diameter pin. This design

uses lov enriched fuel (11.2 £), a batch relosding scheme, vith negligible
reactivity svings and high plutonimm figsile inventory (3.6 tons).



Comparing the fuel cycle cost of this design with the cost cof the
8 mm oxide design indicates that there may not be an economic in-
centive to use mixed carbide fuel. The short fuel residence time
will increase the fabricction sand reprocessing expenditures and
offzets the benefits of better breeding.

The need to improve the breeding performance of LMFBR's will pro-
vide the momentum for research and development work on carbide
fusls and advanced structural and cledding materials. With these
matericla available fuel residence times of three years would be
obtained. In this case optimum carbide designs in the range of

O sm - 9Ymm in pin diameter are possible. Their fissile inventory
is in the range of 3 tuns vhile compound doubling times of 8 years
are obtained, with hreeding ratios above 1.5.

A considerable fuel cycle cost difference is realised in favour of
carbide fuel vhen designs wvith the same residence time are compared.
(n the other hand one could try to design mixed oxide designs with
four years residence time to obtaip similar fuel cycle cost.



Fig. 8a

-10=
Heutronic results
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Fuel cycle cost results

Carbide fuel
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Tabel 2 - Mixed carbide fuel 100C MWe

. o On o

Core height = 1.2 m, Tinlet ™ 280°¢, Tonel * 1590°C, Teladding = 650°C, system pressure & 90 bar .
core pressure 4drop ® 3 bar, axial blanket = 60 cm, radial blanket = 37 cm, mean fuel conductivity 1)
Heavy metal density 10,3 gr/cna, reprocessing cost = 200 $/kg, out of pile time = 1 year, radial blan

fabr. = 100 $/kg, fluence limit = 3.6 10?3 nlcla, E > 100 KeV.

Pin diameter - 8 9 10,0

Core diameter cm 29k 307 320.3

Core volume nd 8.16 8.87 9.67
Fuel volume fraction 26,5k 29.60 32,46
Mean enrichment 4 12,85 11,70 11,15
Fissile mass g 2800 3200 3650

Core outlet temp. °c 599 603 607

Plant efficiency % 35.12 35.32 35.5%0
Powver density v/en® k. 319 281

Linear rating v/cm 10 140 161

Breeding ratic - 1,46 1,52 1,54
Reactor doubdbling time yrs 8.4 8.2 9.4

Fuel cycle cost mills 1.6 1,60 1.6

(3 yrs cycle) kwhe

8K per year g 1.8 n 0.0

Core fabrication $/ne 360 320 210

axial blanket fab. cost 3/kg 2k0 200 150

fuel residence time yrs 2.2 2.5 2.9




Tab, 3 :_iixed oxide fuel 1000 M

Core height = 1.4 m, Tinlet = 280°C, Truel = 2500°¢C, Tecladding = 650°C, system pressure = 50 bar,
core pressure drop = 3 bar, axial dlanket = 60 cm, radial bDlanket = 37 cm, mean fuel conductivity

#
[

Neavy wetal deneity = £.7 .r/ena. reprocessing cost = 200 $/kg, fadrication of radial blanket = 100

of pile time = 1 year, fluence limit = 3.6 10

23

n/on’, E»100 keV

Pin dismeter

Core dismeter

Core volume

Puel volume fraction
Mean enrichment
Fissile mass

Core ocutlet temp.
Plant efficiency
Pover density

Linear rating
Breeding retioc
Reactor doubling time
Tuwsl cycle cost

(3 years cycle)

AK pear year

Core fabrication cost
axial dlanket fab,cost
fuel residence time

‘00"‘"“3'

w/om

w/em

years
kvh o
$/ng

$/ng
yre

2.6
10.
2%.3
.23
3210

61k .6
35.88

211
»33
1.3%
1.4
2.3

2.5
k00
280
2.3

320.8
11.32
28.89
12,6

619.
¥%.09
248
17
1.40
12
1.9

1,
340
220
3.

3%,
12,66
32,14
1.4

k220

622,
36.2%

218

L ]

1.42
13.6

2,

300
180
3.3
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Lonclusions
The carbide fwel imgroves the flexibility of GCPR's.

Three to four times higher livear power ratiags are possible vith
reduced fissile Pltonium imventory amd cempuct core desigas at
high pover densities. Also breeding ratios of 1.9 witd compound
doudling times belov J years could be achieved. The breeding rati>
could be incressed to 1.6 using three rov blaakets.

Althoughliquid sodium is mc - appropriate coclaat at high iimeer
retings, helimm could vork surcessfullv st moderate powr demsities
(00 ulc-’). vith compareble to mixed oxide design pemping pover

lozsesx.

The disadventage of designs with high power reting (which walids for
both brweders) is their reduced fuel residence time and thus their
iacrensed febrication end reprocessing expensas per cycle.

The use of carbide fusl in GCPR’s would be desirable onl ' with simml-
tanecus introduction of sdvesced structural end claddin: meterisls.
Then it would he possible to obtain fuel cycles of three years and to
wtilise the excellent breeding perfcrmsnce of mized carbide fuel at
optima]l economic conditioms.

Final Remarks

The stirly covers part of the prodblems concerning the carbide design.
Safety problems whers not anslyssd dus to the restricted time svailable.
Two main difficulties appear using carbide fuel in GCPR's.



ok~

The effect of oxygen toc carbon reaction was not analysed, although
it is rather accepted that carbide fuel is inccmpatible with moist

helium.

The loss of coolant accident requires special attention due to high
power densities used, although the temperature margin between working
carbide fuel temperatures in normal operation and the fuel melting
point has been increased.

Tte specification of a reasonable power density remains an open prob-~
lem and thz optimisation study should be followed by detailed safety
analysis to find out if th2re is any poteutial safety problem at higher
power rating or if there is any additional safety margin, working at
the same power rating as wvith oxide fuel.
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Appendix A

Core thermohydraulics and neutronic calculations

Cubroutine REGA (RE actor to GAs) calculates the temperature and
pressure distribution in a helium cooled reactor with cylindrical

fuel pins under certain constrainis.

These constraiote are the maximmm friel center line temperature and
the maximum outside ecladding vail temperature at & desired core
Pressure drop.

The basic assumpticn for the axial power profile is:

(1) rae =queoms , ~Zaaels

(2) d4aq =m Cp aT L' =L + 26

vhere 9 is the heat rate production per unit length at the mid plane
{maximum linear rating) L is the core height, and & the axial reflector

savings,

The gas temperature distribution is calculated integrating eqs 1 and 2,

L|
(3) T(z) =17, ‘- (sin wz_ + sin wz)
P inlet = - Cp o
v a“—- z -L
L' * Yo 2
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The coolant heat transfer coefficient is defined as:

-9 (z) : e s
{b) 8 as = Br(z) va Vhere d is the pin diameter

and AT (z) is the cladding to gas temperature difference.

The cladding surface temperature is given by

L'
(5) Tc {2z} «: T (2) + AT (z2) = T:let * ?m (sin vz o+ sin wz)
€ R Cp M
q, o8 vz
7d a

The derivative of this expression defines the position {21) vhere
the maximum surface cladding temperature occurs, and it can be
proven that:

2
Tax clad Tinlet V1. +ctg 2,

s 1/2 (1. +

(6)

Toutlet ~ Tinlet SLR ¥Zo
i cP W
with ctg vz, L] 7da
gas

The gas heat transfer ccoefficient is given by:

m* ¢
= . —t, . -.2 N -'63
(1) Esns Ma L F 0.023 Re ?r

.2 .8 .
(T)'-k"na'w'd *m / F vith

'2 -l6
kw s ,02192 n"" . Pr . Cp
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L is the Stanton pumber multiplier used for roughened pins.

¢ is a correction ractor which accounts for the fuel element
geomelry.

~4a/a

(8) = 1. + ,912 +» Re -1, Pr'h o {1, - 2.0043 & % )
- bF 2 %
{9} dh/d-—. Re=;;—

lld2

.68
(10) n = 1.855 .10°° (!‘;7:-;—22&2)

Relations (6) and (7.) could specify the mass flowv requi.ed to

¢o0l the central channel at given Tm for any core outlet

s Clad
temperature and any coolant passage per pin (F).

The core outlet gas temperature is specified by the second conmstraint,
The fuel centerline temperature is given by a similar to (6) ex-

pression:
2'
T -7, "/1. *ctg Wz
(11) Tm, f.'u.:l'1 inlet _% (1. » 2

outlet  inlet sin w2,

AT s wemee

{12) ectgwz, =

2 I

AT is the temperature difference between the gas and fuel centerline,
at the mid plane.

1n KK

(13) are B (1, - —E , L,
" ae 2y a4 K

HK is the outside to inside pin diameter ratio

lcl is the cladding conductivity

a is the conductance
eap &ap



I is a factor accounting for the ceniral fuel gap and K is the mesn
fuel copduetivity,

The program modifies the To until to reach the marimm permissible

utlet
fuel temperature.

Mesan value of conductivity

The fuel conductivity is temperature dependent. From the heat conduction
equation in cylindrical geometry and with the heat source constant in
radial divrection one could prove:

center qm-f
(1h)f1c('r) ar = K (T center ~ 'rsurf) =3 (at mid-plene)

(15) £ =
1-

2

1-

diameter ratio.

In YH° where H is the fuel gap to fuel pellet

It is known that:

{16) K. (T) = s, +b T

b

(17) Kk (T) =a_+ =

wvhere the subscript "e" and "o" refer to mixed carbide and mixed
oxide respectively. The coefficients a and b are functions of the
fraction of the theoretical density used in the pellet.see fig, 1.
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Integrating equation {1h) vith ﬁTfucl = T enter Tsurr.
we get:
b AT
(18) K, =a +go— la (52t 4 1)
fuel surf
AT a * AT - f
{(19) h(Truel*”_ ob mel*:*:b
surf o -]
b .
9, f

£ fuel’ ST A

- c
(20) K =a +— {27 + AT
c e 2 sur rgel

Equation (19) is solved with the Heutron's method for a'r.uel,
A

vhile eq. (20) is directly solvable.

The fuel surface temperature at mid-plane is also known independently
of k.

TC
out inlet gm , 1 ln HK = hK
(21) Tsurf.Tinlet+ 2 *a (d-n ta *a -d)
gas cl £Bp

With known values of t'Truel and Tsm_ ¢ at midplane, the mean conductivity
is computed and used in (13) and (12) to define the T_ ., . vhich

preserves the s2cond constraint.

Core pressure Arop

In the pressure drop calculation the accelaration losses the spacer
and fuel element geometry and the fuel pin rougheness are taken into
consideration.

The coolant fraction per pin (F), or the coolant velocity, is varied
to obtain & desired pressure drop, if poseible.



Core dimensions

After speciftying the mass flov per pin and the coolant fraction
the core geometry is defined. The heat produced in the central
channel is:

20 =® o - (T = Tinter!

The total number of pins is given from the thermal power required
to produce a given electrical output and the mean power produced
per pin, while the mear pin power is given from the power form
factor and the Qh:'

The assumed fuel element and control element geometry and the total

number of fuel pins required define the core dimensions.

The radius of each snrichment zone is calculated assuming 2qual volume

per zone,
Heutronic model

A one group synthesis model is used to specify the mean core enrichment
and its distribution ip the core regions in order to have a eritical
system with "flat” power profile. Iterations are provided between the
neutronic and thermo hydraulic calculations over the power form factor.

Radial and axial calculation synthesis
In radial direction the one group diffusion equation is:

f
(23) -%D(r) W8 (r) + (zl (r) + B (r) ) @ {r) w ELEL . g (1



A difference method is applied to solve this equation in cy-
lindrical geometry assuming a starting value of axial buckling
(B‘). The caslculated fluxes are used to compute the averaged core
eross—-sections,
core
Jr o s tor . ar

¢ _o

(2b) :e =

core
f ¢ {r)rar
o

vhile the radial buckling is given by the one group relation

c
u[r

c e, 2 2
;‘-rD (BA-l-BR)

(25) 2 =

The radial buckling is used in the axisal caleulations vhere the two
region clab diffusion equation is analytically solved to give the trans-
cendental equation:

b
L L L D .
{26) BAE-tm (3‘5}-5-x-—nc-coth(x-s) with:
b b
I -vI_ /A
(27) K = -2 - S
pP R

These equations are solved using the Kewvton's method to define a new
value of axial buckling B,. The nev value of axial buckling is used
again in the radial calculetions (23) until to achieve a convergence,

The monoenergetic microscopic cross—sections could be calculated with
GGC, as a function of U/P, ratio, for a given buckling and fuel volume
fraction, using the ENDP/B data files. Two outer iteretions are pro-
vided.



One is modifying the pean core enrichment until to get a multiplication
facior equal to a desired value {This partially compensates the systematic
errors of the method).

The other iteration redestributes the region enrichment until to get
equal power peaks per core region.

The salgorith for this normalisation is:

(28) e (i) = - (

H+1

where P is the mean core pover and P(i), e(i) the region peak power
and enrichment respectively.

To avoid systematic error inherent to one group diffusion theory,
the results of the above described approach are used as a first guess
with the two dimensional diffusion multigroup program GAUGEFM to re-
adjust for criticality and power normalisation taking into sccount
burn-up reactivity losses. The multigroup program uses ENDF/B data
condensed vith MC2L,



Appendix B

Spectrum calculations

ENDF/B-3 data bave been used with the programs ETOEL-MC2L (Los Alamos
versions) to perform spectrum calculations snd to produce the GAUGE
libraries.

The inner cell region contains the fuel in average core composition,
vhile its radius corresponds to the pellet radius. The outside region
includes 2he cladding material and the coolant, vhile the rsdius con-
cerns the core colume fractions. Fig. Ap. 1 gives the cell geometry
used in MC2.

The fine group option was used with 12 nuclides and 153 resonances.

Fig Ap 2 and Ap 3 give the energy distribution. Both spectra are simi-
lar. The wedium energy of carbide is 210 KeV vhile for oxide fuel it
iz 170 KeV. Also the destructive flux of carbide is higher.

The harder spectrum of mixzed cardbide fuel is due to reduced moderation
(one diluent stom for each heavy isotope) mnd the lower absorption
cross—section of carbon.

The ENDF/B-3 data vhere condensed in 10 groups for detailed diffusion
celculation and in four groups for fuel management.



Mixed oxide cell geometry Mixed carbide cell geomet

J g
v ;' ® v
22 » T
B, = .36 om F ol R, = A8
R, = 63796 cm A A, " 621 cn
s ,f'l ‘\
outside pin dismeter | , .4 Y . ° NN oyteide pin die
ineide pin diameter '’ b// ' inside pin dies
- ”
28p gjg?q: >
inside pin dlemeter ° -2 77 R no central gap
pin diameter = .75 em r ,/,' R ’il‘l diametar o
I Ry
) -
axiy of Rz
symmetery
Fuel volume fraction = 25,12 £ (region 1) Fuel volume fraction - 30,74 §
Stainless steel fract, = 14,32 § (reg. 2) Stainless steel fract. = 17,17 §
Belium frection = 60.%53 % ) Helium fraction -52.12 %
4 = 851.8-10"' atoms/barn-cm dyg ® 831.8.107" atoms/barn-em
L]

a;'. » 220,0.10"h &g = 262,0.10=4 "

Isotopic composition
Stainless ateel Cri. 175, Mn:. 0.1T, Fe:,605, Ni:. 139, Mo:,028

Uranium H U-235:.003%, U=-238:.996%
Plutonium : Pu~239:.803%, Pu~2h0:,1573, Pu=241:.0262. Pu-242:,01)

Fig.Ap. 1: Cell geometries for spectrum calculations



Fig. Ap.2 [Traction of neutrons above a given lethargy
ENDT/B-3 MNC2L fine group option
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