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ABSTRACT

The . Williams formula fof'sensitivity coefficients for
burnup properties is.extended to take account of the neutronic
properties at the end of burnup cycle and to treat the bilinearly
weiqhted neutronic pfopetty. The sensitivity coefficients for the
burnup'p:opertiés of a fast breeder reactor aﬁe calculated, and
the phvsical meanings of the coefficients are. considered. The
accuracy of the obtained sensitivity coefficients is.verifiéd-by
-comparing.the results with those from the direct subtraétion

calculations.

* 2.1 Yamadaoka, Suita, 565 Osaka, Japan

07140007



I. INTRODUCTION

The acéurate prediction of neutronic properties during.fuel
burnup is very important for core désigns. The calculated
neutronic properties have some uncertainty incurred by errors in
the utilizéd‘cross sections and the calculational methods. In
order to estimate the uncertainty in a lérge liguid metal fast
breeder reactor, P.Hamﬁer proposed a burnup benchmark to Nuclear
Energy Agency,committee on reactor physics(NEACRP)1). Numerical
results of neutron multiplication factor,burnué reactivity
loss,nuclide number densities and reaction rate ratios at the end

of one year burnup were presented from many organizations , and
.the differences of the results were investigated;the burnup
 reacﬁivity-loss was 1.5 %dk/k in its mean value and the stahdard
variation was about 0.5 %dk/k. Such lafge uncertainty is due to
the differences of the cross section seté used-in the analyses.

To invéstigate such differences ,the sensitivity coeffiéients
of neutronic prbperties during burﬁup due to crosé section
- changes of individual nuclides are very useful. The sensitivity
_“coefficients can be directly calculated from the’difference of
two néﬁtronics propérties'calculated with the original and the
perturbed cross section sets; this procedure will be simple if
the number of cross Section_chénges is limited. In contrast,
when wé consider the changerof each of mulﬁigroup'cross sections:
of many nuclides, the generalized péturbation theory will be
powerful because the sensitivities can be easily calculated
without pérforming direct flux calculations with the perturbea
cross sections; only a generalized flux needs to be calculated
for é relevant neutronic property.

Thé generélized perturbation theory has been applied first ﬁo

the calculation of sensitivities of nuclide number densities to
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Cross sectibn changes in a zero-dimensional steady state problen
by Gandini2),' and many efforts have been devotsd to extend the
method to multi-diménsional problems3). However, these studies
did not consider the nonlinear interaction between the neutron
and nuclide fields: In the sensitivity calculation of nuclide
number densities the neut:on flux was assumed to be constant over
a burnup period. |

Williams has derived the practical Zormula £for burnup
sensitivity coefficients4) by coupling the neutron and nuclide
fields:

He divided the burnup period into several time intervals and
used the quasi-static approximation for the flux over each time
interval. 'The £flux waé calculated at the beginning bf each time
interval .by using the nuclide numbef densities obtainad from the
burnup eqguation in the previous time interval.

_in burnup.analysis of a large fast breeder reactor with a
multi—diménsidnal core model,a flux calculation requires a large
amount of computer time. To reduce flux caldulations a burnup
period (usﬁally cne. year) is divided into few_intervals, and in
some cases the period is only one interval, particularly for

survey calculations. In such a case the Williams formula needs

Hh

to be extended to include the flux information at the end of a

cyéle.

Siﬁce his formula uses the flux at the beginning of each
intarval, the flux at the_end of a cycle can not be consiﬁéred iﬁ
such a case. Williams derived the burnup sensitivitv theory for
neutrbnic p:operties defined by cross sections,atomic densities
and neutron fluxes. But in order to derive a formula for the
sensitivity  coefficients of bilinearly weighted neutronic
properties such as the changes of control rod worths, sodigm void

worths due to a burnup, it is necessary to include the adjoint
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£lux -this is. not considere& in  the Wiliiams theorv - in the
formulation of burnup sensitivity coefficients.

The purpose. of this paper is to.extend the Williams formula
such that the néutronic propertieé at the end of burnup period
can be considerad and the bilinear neuﬁronic properties can be
treated, and also to show numerical resﬁlts for burnup sensit-
ivity coefficients in a large Zfast breeder reactor. We derive
sensitivity coefficients wusing twe methods on the basis of a
generalized perturbation theory, a variational method and a
differential method. The wvariational method is the same as that
adopted by Williams in deriving sensitivity coeifficients of
linearly weighted neutronic properties. e compare the ?esultant
formulae derived by the two methods.

Burnup sensitivity coeffiqients are calculatad for a
demonstration fast breeder reactor. The caiculatéd coef;icients
are compared with those evaluated from the direct burnup calcu-

lations, and we check the applicablility of the derived formulae.

IT. . SENSiTIVITY'THEOR
" We derive the formula for the.sénsitivity coefficients on the
‘hasis of a genéralized perturbation theory. _For' making numer-
icél calculations easy, we followed'the Williams procedurs. The
systéﬁ considered was dividea into several regions,_ and. the

average atomic density of nuclide 1 at time 1is denoted by Ni(t)

in region x. when using the following atomic density vector,
- . (I 2 . "
t) = &) . -
N N ), N®) e N (1)
the nuclide transmutation eguation reduces to

o - :
ZNO=MN® @
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where M 1is a transmutation matrix, and it is decompcsed into

the cross section matrix and the decay matrix as follows:

M =<R$> + D @)

where R is the neutron reaction matrix whose non-diagonal element
Rij is the sum of the microscopic cross section and the yield
daté for production of nuclide i by nuclide 3§ , and diagomal
element Rii is the opposite vélue of the absorption_crosé section
for nuclide 1; D is the decay matrix whose non-diagonal slement
Dij 1is the decay constant for nuclide.j to i, and diagonal
element Dii is the opposite value of the fota%?ecay constant for
nuclide 1i.

'To'calcﬁlate the atomic déﬁsity of each nuclide through
bﬁrnup we have to calculate the neutron flux. We follow the
.commonly used procedure for calculating the neut:on'flux: We
divide the exposure period into individual tiﬁé interval, and at
_the beéinning' of each time interval indexed by subscript i we

calculate a neutron flux on ‘the basis of a diffusion theory:

Frd i |
] i 1

Bid: =0 (i{=1],2,~1I¢l) |

g
]
*) : { 2 L I+

where B; is the diffusion operator. The -diffusion parameters
which constitute the operator 3 are evaluated from the number
densities 'calculétéd ‘by the previous _time interval. 1In the
gimilar wav, the'adjoint flux  is calCulated " from the adjoint

equation:

!

x .
B.p; =0 (i=t2, -, 1t1) (5)
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where Bfis the adjoint operator to B. It is noted that the flux
calculation and the adjoint £lux caléulation are performed.at the
end of the burnup period to obfain the neutronic properties at
that time. | |

The néutron flux 1is normalized by using the reactor power at

each time interval:
P =Xy NP > (6>

where < Ev shows the summation over all energy groups, and the
integration owver core volume, X is the energy release per
fission, O¢ is the cross section vector composed of microscopic

fission cross sections of individudl nuclides.

. i kY 4\.
0 = ( oy, 00, 07 ) =Oy(er)

In the following we consider the neutronic property which is
a function of neutron cross sections {, atomic densities N, the
neutron flux@ and the adjoint neutron flux ¢*. The sensiti-

vity coefficient of R due to the cross section change is defined

S=%/% ®

Since the cross section change caﬁsésf?the alternations of the

by

number density dN, the flux d¢ , and the adjoint flux a¢* the

- sensitivity coefficient can be expressed by
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_ g [ 3R '9F2 dN | 3R db 3R 49"
S = _ﬁ( - Yen M ’au\l T Y d0-+aq5"‘ AG‘) (7

The above xpression reguires calculations of AN/AW d?@@ana

¥ . . . .
d?,/a@‘ from burnup calculations with perturhed cross section
sets. Accordingly, the computing time becomes enormous when
there are many cross section changes. Thus we use a general-

ized  perturbation theory which enables use to eifficiently

" calculate the sensitivity coefficients. We derive a formula for

the sensitivity coefficient using two methods, a variational

method and a differential'method.

2.1 Variational'Approach
‘Williams derived the practical formula @ for the sensitivity

cbefficients using a variational method. We extend his formula to

'treat the neutronic properties at the end of the burnup period

™

and bilinearly weighted neutronic properties. Follo owing nis

procedure we consider the following functional:

K (N, 9, ¢% 0]

I

Z<_gt‘“ SR+ z:<§ t N*IMIN >,

¢=1 : (=1 ‘
+g<n8¢zv N S a e
-+ I_Zil.“( F B qb 75 y | | .

| A it

_,_% o { pi- <X ND> ) (o) — =



where N} F¢‘P: and Pf are Lagrange multipliers. Unlike the
Williams exprassion for X, the third term, the forth term and the
last term include the summation not only over the beginning of
sach time interval but also over the eand of the burnup period { i
-1 + 1). In ‘addition , the forth term 1is included to treat
bilinearly weighted neutronic properties. If N and are exact
solutions to the burnup equation, then X reduces to R. An

alternation in cross section data will result in

K->!<’ I<+L<2-*550~> +22S&t< &v7 +ZI<9K6‘4>> +Z< &’P“

If we can set,

iy
9K | oK FK -
L =0 —_— =0 =0
_aN)- ) 2P; a _9¢£* (12)

the sensitivity coeifficient resduces to

*y - _Q"_x_ 2R Lots ﬁaM -

I+!

+Z; V*’*BL <p>' PEYE

1l

.."'Z: PL<\<"’_"[M¢>

(13)
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: . - . , . - *
The conditions ¢12) lzad to the following equations for N

* %
P; , l"t- and PL'

>ot=hL2 1

'Pm "<¢m ET >EV /PI.-H | - (1)

P* ={« Smdth <RP> IN> +<J altCP 77, }/P:. (s

- Broloi = - -g—% - | (1e)
. BT =- [t“‘d e | an
- Bml s = Prn KOFN - ag,‘. | | (18)
AW 5 N*? 1\/}+PL A 1)

N (t0) = <wl*.(§?;')q>ﬁ.+ WR.(QN i 2 _p s .

(29)
g Elas .
C o INT= = MEINF + (aw) . Bitrenspose (21)

«thc-—-lN +<P,.“‘”‘B‘<i>>+ CRB > ~ <ol oy,

(22)
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As it is shown above, Mi* shows the discontinuity at sach time

interval. This jump condition for N* is expressed by Eq. (22).

The sclution algorithm for 8%, 2*, ™ and [ is shovn ianig,
1. At the end of a ‘burnup period ﬁx,fg“‘ andi%f are calculated
from Egs. (14),{(16),and (18). Using the results the initial wvalue
of WF is determined from Eq.(208).W* is solved from Bg. (21)
for .the last time interval. Then, [ ['* and Pfare calculated
at t=tI. With the wvalue for P*, F¥* and F at t=tT the value for @+
at tI is computed from Eqg.(22). Using this ®N* as the final

condition we solve m* for +the next time interval. This

procedure is followed backwards until t=0.

+
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2.2 Differential Approach
We aerive the fofigula for the burnup sensitivity coefficients
with a differential approach.
- From the_equétions for the atomic density,the neutron flux,

the adjoint flux, the power, we obtain

il

i N

XN
‘t
°;€‘;(9‘N) (2 +-—%%9¢)N+M—%L )

o (QBL+QB dN)CP +_B §b . (24)

28/ 95‘*2‘,"’5@ ¥ ydiq)f'_
(-é_?‘kgﬂ_\ltdo)qba +Ba -a—af'-—o (25)

J1+KQM%W§+¢HN%§i O (=26)
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ANIH .
+ < { PI-H K@? 4;11# PIH aBI‘H CPHI ﬂﬂ?Bﬁrl *’ }
I:l'l

:"g<& {PL K@}Cf) FQBL¢) PSB’FCﬁx fN -’rN }

Hultiplying the above =gs. by ®M*, T*, T and P*, and adding the

resultant Egs. lzads to

Zj::gtc«d<clﬂ\1{ INF iMlN}>

(=1 Ao

q‘}

i L\/IH

e j dthijJrPLKO}ND -

if: {“BJ&:})

B,V

4 < dd’m{ BI-HPI*! "l'PIﬂ K‘D?‘{Nrﬁ} ‘JCE:L{ :-HPI-H}

e

N, qati £y

DN,

>

E,V

I i I+ |
:::.Z;S d<N ?E +§I<PL*QB¢

t =1

14l

T2l gr o ._5’;'@.*2%

o 20~ L,y (27)

- Comparing Eg. - (27} with the following expressicn for the

sensitivity coefficient: .

- 12 -
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! | * Loy A . .
+5< é—?i-f 1wy L dNuDR

GV do it PR By dor e EY

ACPH’ :XEL A(P:* oR
+ R e ¢
< ao aqu?fx\/ +<%ﬂ§——; £V (28)

b 2T

we can see that, i we determine N*, '™, [ and P* to satisfy Egs. G%%(z@

Eg. {28 vields the same sensitivity ccefficient as Eg. (13),
Thus the both variational and diffasrsntial approaches lead to the
same formula for the burnup sensitivity coefficient.

IIT, BURNUP SENSITIVITIES AST REACTOR

=l

N A

ruf

the derived formulation, we calculatea

Hh
i

As an application o
sensitivity coefficients of  burnup neutrponic properties of a
demonstration fast. breedsr rsactor. :The méin chracteristics of
the core are listed in Table 1. . Figuré.2 show the RZ model usad
in célculations; control rods  ars withdrawn and control rod
posiﬁions are représented by thres ring régions. Figure 3 shows
the buraup chain of calculated nuclides.'ln the calculational
modél,#hile decay of 241?u to 241Am is consider éd, 241am itsel:
is neglacted. T;e.%eactor thermal power is 2480MW, bufnup period

is 292 days. This period comes from 365 days multiplied by 80
percent of tha operation ratio. The time step is only one, so
we calculatad the flux and the adijoint flux at the beginning of

the period and at the end. Also we usad a constant flux aoprox-

_ 13 -
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only at the end of fuel cycle. %e calculatsd the sensitivity
coefficients- of keffi's at the beginning and the and of a aguil-
ibriuym fuel cycle,the burnup reactivity loss, atomic densitiss at
the end of a _éycle and the breeding ratio.. Calculations were
performeé in foui energy groups with a cross saction set obtained
from.tha JENDL-2 library. The upper energy boundaries of the

four groups ars 10.5 Mev, 1.5 ¥ev, 0.5 ¥MeV, 0.2MeV and 0.1 HeV,

raspectively.

=N

1)} ~Number density

Table 2 shows the sensitivity coefficients of heavy atomic
number densities to various cross sections at EOC. Thg nuaber
densities at BOC are fixed, and the sensitivity 1is zers at that
time. From the-table 1t is apparenc that;the,sensitivitigs have
strong spatial dependence. Ffor example, the sensitivity of the
239Pu  number density.to 239Pu{n,r) éross section is negative in
the inner Coré, in the outer cors, in the axial blanket, and in
the radial blankét region adjacent to the core, but it is
positive in the radial blanket far from the c¢ore. 'In the core
the incraase of 23%Puln,r) cross saction leads o largar decrease
of 239Pu through neutron absorption. In addition the inc;ease
lea&s ﬁo harder neutron spectrum -in the cors. Thus the neutron
fluxes in the radial ané axial blanket régions-increase dua <o
the incoming of high energy neutrons from the core. In the

axial blanket and the radial blanket near the core, 239Pu number

-+

densities are rathsr large. Thus the increass of the flux and

the absorption cross section of 239Pu l2ad to decraase of 23%2u

~ 14 -
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number densities _in these regions. . However, in the radial
blanket region apart from the core, the buildup of 239Pu is
mainly due to the conversion from 238U because of the small
number density of 239Pu. Thus the increase of the flux in that
region leads to the increase of the 239Pu number density.
For 241Pu numbér density ,the sensitivities to 239Pu(n,f)
cross section are positive in the core ,and negative in the
blanket. This is due to the following <fact : In the core ,the
increase of 239Pu(n,f} cross section decreases the flux because
of constant power ,and the consumption of' 241Pu due to fission
decrzases. Howevef in the blanket ,the buildup of 241Pu from
the 240Pu(n,r) reaction decrease by the flux decrease.
| Table 3 shows the component-wise sensitivities of 238 Pu
number densities in the inner core. For the sensitivities to
the capture cross sections of 238U _and;ZéQPu,the number densitv
term contribuﬁes mainly.' However, the flux and the power terms
also make remarkable cont:ibutions to the sensitivities for the
fission_ Cross seétions of the two nuclides. For the sehsitivi~
ﬁies of 240Pu, 241Pu, 242§u,235U, FP and sfructurél materials the
number densi£y term.is.zero becauée.of no transmutation t07239Pu
through the burnup chain. For the FP cépture cross section only
the flux term remains.

2}  keff

)

Table 4 shows the total(integrated over energy groups)
sensitivity coefficients of keff and their components to various
cross sections. Sensitivities to the cross sections of struct-

ural materials show a little difference betwsen BOC and EQC., On



the contrary, for the sensitivities to 238U(n,r), 239Pu(n,$),
23%%u{n,r), 240Puln,r}, 241%2uin,f), 241Pu(n,r) and FP{n,r) cross
sections differences are more than 10%. In section is larger

. than that at BOC by about 40%.

Fh

Let's consider the component wise sensitivities .of kef
at.EOC. |

The direct term agrees well with the sensitivity ét BOC.
This is due to the fact that the direct term means the sensiti-
'vitf in the case where the cross section is alter=sd only at EOC;
the sensitivity at BOC is also for the case where the cross
section is altered at the immediate time point. The sensitivities
in table 4 are for the «case where the cross section is altered
.from BOC to EOC, thus the number.density and flux are changed
during the burnup périod. Let's consider the Sensitivity to
‘238U(n,r) cross section. The .increase'of the 238U(ﬁ,r) Cross
sectidn leads. to the production of 239Pu ; 1% increase of the
2338U({n,r) éross section leads t§ 0.2% increase of 239Pu at EOC és
is seen ffom Table 2 sensitivities_of keff at BOC (sensitiﬁi-
‘ties without the number density effect ahd the flux effect) to
the 239Pu (n,f) and (n;ﬁ) cross sections are -0.444 and -0.055,
respectivéiy as shown in Table 4; then the’?%_increésé of the
238U(n,r).cross saction leads to (0.08% increase in keff at EOC.
This increase mainlf corresponds to the number density term in
table 3. Next let's consider the sensitivities to fission and
capture cross sections of.Pu—239. The Sensitivify to the capture
cross section increase in it's absolute wvalue dus to burnup,

though that to the fission cross section decreases. We explain

o
~J
——
o
L

g
S



this difference. The increase of either the fission or the
capture cross sectidn leads to the decrease of 239Pu number
density at EOC, and therefore the both values of the number
density terms are negative. However, the direct terms is
pqsitive for the fission cross section and_negative for the
capture Cross section. Thus, the sensiﬁivity changes due to
burnup show the inverse trend for the two cross sections. Next
we cdnsider the sensitivity to fission.product capture cross
section. It is seen that the direct term at EOC is about twica
as large as that at BOC because of the buildup of fission product
at EOC ; the number density term 1is opposite in its sign to the
direct term ; Thus the sensitivity at EBEOC is about 40% larger
than that at BOC. 'Fufthermore it is generally.obserVed that
“the indirect terms make a remarkabie contribution for the capture
cross sections of 2380, 23%Pu, 240Pu, 241Pu and 242Pu. For
fission cross sections. thé contribution of the indirect terms is
less than 20%, and for the tranéporf and scattering cross
‘:SGCtidns.the fcontribution is much smaller, at most 5%. The
power term has a contribution only for fissiqn cfoss sections.
To see the energy dependence of the change'of the sensitia

'vity coefficient we compare in Table 5 four groﬁp sensitivities
of keff at B0C and EOC to the 238U(n,r), 239Pu(n,r), 239Pu(n,f),
241?u(n,r),241Pu(n,f),  and_ FP{(n,r) cross sectioné. Relative
changes of the sensitivitiés between BOC and ECC to the capture
crdss_ sections are laréef. in lower energy grou?s;_ those to the
fission cross sections are almost constant in groups. This is

due to different contributions of the flux term. Different

- 17 -
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neutron spectra are produced according to the cross section
change in each group. For example,the increase of the fourth
group capturz cross section of 238U yields a harder spectrum than

that for the first group.

3} Burnup reactivity loss

Table 6 shows the total sensitivity coeificient of burnup
reactivity loss.  The  238U(n,r), 238U(n,f), 239Pu(n,r),
23%Pu(n,£f), 240Pu(n,r), 241Puln,r), 241Pu(n,f).aﬁd FP(n,r) cross
sections have high sensitivities. Among them the sensitivity to
238U(n,r) cross section is the largest. Table 7 shows the energy
dépendent sensitivities' to the 238U(n,r) and 239Pu{(n,f)} cross
sections. It is seen that thé number density term makes.a
main contribution for_the 238U(n,r) cross section, but théxdirect
and powver terms have remarkable contributicons for 239U(n,f) cross

section.

Iv VERIFICATION OF SENSITIVITY COEFFICIENT

As a verification test we calculéted sensitivity coeffic-
ients by direct éﬁbtractiohs of neutronic properties calculated
with original and perturbed cross sections, and comparad the
results with those obtained from the generaliﬁed depletion
perturbation theory. The cross sections_for 233U(n,r),239Pu( .
n,f) and FP(n;r) reactions are separately changed by 10 & in all
groups. - Table § compared the sensitivity coefficients of keff
at BOC and EOC, burnup reactivity loss and.239Pu number densities

at the inner core region (1) and at the radial blanket region (1)

- 18 -
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at EOC. 1In general, good agreement is seen for the sensitivity
coefficients obtained from the two methods, though the difference
is large for the sensitivity coefficients of burnup reactivity
loss and.239Pu number density at.blanket due to FP(n,y) cross

.section.

v CONCLUSIOHNS

We have extended the Williams formula for the burnup
sensitivity coefficient ,which 1is based on the variational
method, to take into account the neutronic properties at EQC and
to consider the bilineariy weighte@ ~neutronic properties. The
extended formula was the same as that derived  from the differ-
ential approach. The sensitivity ccefficients £for the buraup
properties of a fast bfeeder reactor were calculated, and the
physical meanings of the coefficients were. considered. The
accuracy of the obtained sensitivity .qoefficients. was verified
by comparing the results with those from the direct subtracﬁion

calculations.
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Table 1. Main characteristics of a large
fast breeder reactor used for
burnup calculation

- Characteristics
Reactor power r2480A MWth
Burnup period | 292 days
Core height 100 cm
Equivadlent
Core diameter 520 cm
Core volume : o
(nith CRP) 8040 litter
Axial Blanket .
thickness 35 cm
Radial Blanket .
thickness _25 cn-
Pu isotopic ratio 239Pu /24°Pu /241Pu /242Pu
=55 .26 : 14 : 4
P enritchment |~ 15,5 ¢ in inner core

19.7 % in outer core
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Table'z SensitiVity of number density at EOC in various regions to cross sections
_ T - Sensitivity

gumbgr cross section | Inner Core Outer Core ‘Radial Blanket Axial Blanket

ensity | (1) (3) (5) (6) (9) (10)
238 (n,v ) 0.2161 - 0.1349 0.3386 0,0927 0.3049  0.1806
238)_scattering|  0.0119 - 0.0041 0.0339  -0.1239 0.0039 -0.0731
2%y | 2y (ny) | -0.0600  -0.0430  -0.0153 0,0032 -0,0315 -0,0186
23%y ( n,f ) -0.1795 -0.1203 -0,3254 -0,2728 -0.3022 -0,2701
160-scattering 0.0117 0.0052 0.0188 -0.1286 ~0.0107 -0.0845
38 (v ) 0.0121  -0,0119  -0.5760 -1.0623 -0,5020 -0.7911
239y ( n,v ) 0.0125 0.0039 0.3373  0.2514 0.2278  0.2181
241p,, 23%y ( n,f) 0.0802 0.0825 -0.8166 -0,6376 -0.6272 -0,5691
Mlpy ( n,y ) -0,0516 - -0.0375  -0,0121  0.0004 -0,0058 -0.0068
2py ey | -0.2234 -0,1689 -0.2478 -0,1849 -0,2429  -0,2066
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Table 3 Component-wise

Number Density

Total Sensitivity of

in Inner Core

Pu

Fission

-1.948

- -3.958

Cross Section N.D. Flux Power Total
238 capture 2.337 -1 -1.760 -2 0.0 2,161 -1
Fission -5.523 -4 3,640 -4 -1,342 -3 -1,530 -3
23%y capture -5.704 2 -2,927 -3 0.0 -5,997 -2
~ Fission -1.663 -1  -7.138 -3 -6.079 -3 -1.795 -1
240 : ' .
: Pu Capture 0.0 -1.333 -3 0.0 -1.,333 -3
 Fission 0.0 2453 - -5.012 -4  -7.465 -4
241
Pu Capture 0.0 -4.812 -4 0.0 ~4.812 -4
Fission 0.0 -2.434 -3 -1.645 -3  -4,079 -3
242 ' | | '
Pu Capture 0.0 -1.330 -4 0.0 -1.330 -4
Fission 0.0 -2.114 -5 -6.385 -5 -8,499 -5
FP Copture 0.0  -1.007 -3 0.0 ©-1.007 -3
235, . | o
U Capture 0.0 -7.684 =5 0.0 -7.684 -5
0.0 4 =2,010 -4 -4
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Table 4  Total Sensitivity coefficient of k .. at BOC and EOC

to various cross sections and their components

_ | Total Sensitivity
Cross section BOC EOC
- Direct term  N.D, F1ux Power Total

238 (n,1) 244 -01 | -2.44 -01 8,77 <02  -8.71 -03 0.0 ~1.64 -01
2% «n, ) 7,72 -02 | 8,07 -02  -1.27 -03  2.34 -04 2,53 -03  8.21 -02
238y-transport | 2.65 -02 2,51 -02 0.0 ~  -2.87-04 0.0 2.48 02
?3%-scattering | -3.48 -02 | -3,94 -02 0.0 3,93 -03 0.0 -3,54 -02
239y (n, 1) 5,47 -02 | -5.38 -02  -1.73 -02  -1.23 -03 0.0 7,23 -02
3%y (n,f) w4y -0l | 4,63 -01  -6.91 -02 -2.98 -03 1.15 -02 4,02 -01
2%y (n, 1) -2.36 -02 2,32 -02 1.14 -02  -5,19 -04 0.0 1,22 -02
24y (n, F) 1,25 -01 1,30 -01  -2,36 -02  -1.03 -03 3,11 -03 1,08 -01

FP (n,r) -1.43 -02 2,74 -02 7.57 -03  -3.20 -04 0.0 -2,02 -02




Table 5 Group-dependent sensitivity coefficients of K.er
| at BOC and EOC to cross sections of several heavy nuclides

Sensitivity Coefficient

' ¢cross section Group
| | NO. BOC EOC
1 -9,54 -03 -7.11 -03
2 4,73 -02 3,30 -02
233j(n, ¥)
’ 3 -1.64 -01 -1.09 -01
4 2,40 -02 -1.50 -02
1 -4.08 -02 4,14 -02
2 1.55 -04 14,90 -04
238U-Scuttering 3 5.85 -03 5.49 -03
| 4 -3,10 -05 -5.90 -07
1 -7.28 -04 -8.89 -0
) 2 | -7.56 -03 -9,65 -03
239Pu(n,v) :
| 3 -3.,41 -02 4,63 -02
l -1.23 02 ~1.55 -02
1 6.55 -02 3,13 02
- - 2 1.49 -01 1.35 -01
2%y (n, ) |
e | 3 1.96 01 1.77 -01
I 3.42 -02 3,13 -02
1 3,39 -04 - -5,33 _04
Pseudo FP 2 -2.16 -03 -3,22 -03
Capture 3 -8.91 -03 -1.26 -02
4 -2.84 -03 3,78 ~03
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Table 6 Total sensitivity of burnup reactivity loss

Cross section

Total sensitivity

238y Caputure -3,12
Fission -2.86 -1
Scattering 6.13 -2
3%y Coputure 7.94 -1
Fission 1.33
- Scattering 6.02 -3
24%y  Caputure 4,51 -1
Fission 6,33 -2
Scattering 2,08 -3
2%1py Caputure 1.83 -1
Fission 5.71 -1
| Scattering 1.10 -3
2t%py - Caputure -2.66 -2
 Fission -1.79 -2
- Scattering 3.64 -4
- F.P. - Caputure -2.96 -1
Scattering 3,51 -3
*°Fe  * Caputure 3,70 -2
Scattering 6,79 -2
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Table, 7 Energy.Component wise Sensitivity of Burnup reactivity Loss
o 238un,1),%23%un,f)  cross sections

Cross Energy - | 3, sensitivity
section group - Direct N.D. Flux ~ Power  Total
| 1 0.015 -0,106 0.0002 . 0.0 -0.092
58,0 2 | 0.060  -0.634 0,021 0.0 0,552
| : 3 0,159 2,614  0.335 0.0 ~2,119
l ~0.005  -0.34 0,008 0.0 -0.352
sum 0,240 -3.718 0,363 - -3,115
1 . -0.150 0.416 ~ -0.0002 -0.069 0.196
59y o 0399 0.9% 0,021 ~0. 164 0,452
, 3 ~0.572 1,258 0.115 20,208 0.592
o | y . -0.091 0,230 - -0.011 _0.040  0.089

Sum -1.238 2.896 0.125 - -0.482  1.329

F
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Table 8 .Comporison-of senéitivltles from diréct subtractioh calculation
~ahd generalized perturbation calculation |
w sensitivity from direct subtraction
;*'sénsitiVity from generalized perturbation theory

wue ratio (**/4)

cross section change

neutronic properties
- 238) (n, 1) 25%y (n, f) FP (n,r)
| ¢ ~0,235 0,436 o -1.42 -02
Kegg Gt BOC we -0,244 0. 444 -1.42 -02
LR l.Ol-l 1102 1100
-0.148 0.397 ~2,76 -02
kope at EOC -0.157 0,408 ~2.02 -02
o 1.00 1,03 0.73
-3.52 1,08 0.576
reactivity 10ss -3,42 1.08 0.262
0,97 1.00 - 0,45
0.210 0,169 -1.06 -03
23%y gt inner core (1) 0.216 -0.180 ~1.01 -03
number 1,03 1.06 0.95
density | osq 0.359 -0.567 1.22 -02
Pu at o
10.339 -0.599 7.30 -03
radial blanket (1) -
0,94 1.04 0.60




Fig.1 CALCULATIONAL FLOW DIAGRAM FOR N*, [? ,[7* AND P*
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Fig. 2 RZ model of the target Reactor
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