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Investigations of the Del design for & 1,000 MWe stesmegooled fast
breeder resebor showed that the D=1 eore Is near the boundery of ine
herent stebilitys Within the expected wncertaintlies of the feedback
coefficients the core may become tnstables In earlier studles, mainly
on sodium-ecooled fast breeder reactors, it was found that the feedw
vack coeffieclents are rather sensitive to the nuclear dabta wicertaine

tiess

Therefore, in this study the influences of the nuelesr date uncertaine
ties on the main parsmeters for the safety end stebility of the Dot
design are primarily investigated. These parameters sxre the Doppler
coefficlent and the steamedensity eoefflcient, Moreover, the Influence
of the date weertainties on the loss of coolant renotivitys the cone
version ratio of the core and the smount of fissile material required

is eonsldered,

Meinly the influence of the wncertalnties of the capture and fission
eross-sections 1s examined, Only for the meterials U238 and Pue3? the
influence of the inelestic eross-section uncertainties is considered

100

Most investigetions were performed with the help of multiegroup daiffusion
coleulations in a fundamental mode approximstions For these ealeulsw

tions the KFK-SNEAK set was used as basle group eonstent set,

After each erossesection veriation the veactor parameters considered
were esloulated for a critical veactore . 5

In order to obtein some generel information ebout the influence of the
nuelear dats uncertainties on the Doppler scoefficlent and the steem-
density eoefficient, the effeect on these parameters feilewing a 107 ine
crease in the macrosco@ie erogsesections For ceapture end fission ave

first investigated.
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After that the influences ef the data wncertainties of the remetor

materials eare ealeculated, Moreover, for the Doppler effect the results

of different calculation methods are compared,

Tn the last chapter the influence of the reactor parameter uncertainties

(found in this study) on safety, stability and dynamic behaviour of the
D1 design is investigated.
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1. THE REACTOR COKSIDERE@VAHD;THE MODEL APPLIED FOR THE CALCULATIONS

1475 Features of the remetor eonsidered

The study is carried out for the Dai design for a lerge steamwscooled
fost breeder resctor whiech is the first detailed design for a 1,000 MWe
reactor of this type underteken by the Kernforschungszentrum Karlsruhe.
T+ has been pointed out that the Dwl design does not elaim to be the
optimum of possible steam=cooled breeder recctorsi the intention rather
was that further analyses of the design would lead to & wmore optimal
@.@Sigﬁa
The design is deseribed in detall elsevhere (1?259 Figure 1 shows g
simplified diegram of the reactor, Only & short sumary of the most
importent Ffeatures will be given here.
Pover |
1,000 Mile or ebout 2,500 MWth,
gaoling !
The cooling is by au@%rhaam@ﬂ{ﬁgﬁ steam, The steam enters the pressure
vessel at the bottom, goes upward through the radial blanket, passes the
ecore in downward direction and leaves the vessel et the bottoms The

» . & .
normal mean pressure of the steam in the ecore is 170 ate = 2,600 pesdi.

(stean=density p = 0,0706 g/emS).

The fuél is in the Porm of oxide. The D=l design contains primarily
0238 as fertile materilal and Pu?sg as Plesile material, Dus to the
neutron espture in Pu?sg 8 second fertile ismﬁ&pa Pu2h0 is bullt wp

which may be eonverted inte Puah? and Pughgﬁ

The longetime beheviour of fest power reactors with Pu resyeling is
described in move detail in {3,4).
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The D=1 eoncept provides fuel exchanging. 6f §/3 of the fvel, after that
maximum permissible burn=up is veached in this part, For this purpose,
the fuel subessemblies are divided into a mumbey of groups, FEach of these
grovups contains 3 subessemblies. The only difference between these is
the burneup. At maximum burneup in one subassembly the other ones resch
1/3 end 2/3 of the maximum burn-up respectively.

It is intended to treet the blanket and fission cove material +togethew
Vanripg the reecyeling. After a number of recyelings & nearly eonstent
isotopie composition of the plutenivm will be yeached, For the Del dee

sign this composition was ealeulated o be (5 )z

ol

P®? gy 0 pags p auzgy P2 g,

. Core

Lt

The core has a eylindricel form with H/D = 0,575, A division inte 7
zones is provided (figure 2).

» 3 yadial zones
2 fission zones with & different retio of fertile to fissile material

1 blanket (breeding) zone with natural uranivm-oxide amd a ﬁm&ll
amount of Pul3%.oxide.

“e b oaxial zones
1 zone for colleeting fissioneproduct gesses
1 fission zone
2 blanket zones

The 2 radial fission zones have & @ifferent retio of fertile te fissile
msterial so that the maximum power densities are nearly equal in these
Zones

Elggémg ,
For el&daing the following meterials wiil be useds

= For the blanketss

Ine@loy 800 with the composition
Cr 20%; Pe 48%: Wi 32%.

w For the fission=core zones
Ingonel 625 with
Cr 22%3 Fe 3%3 Mo 9%3 Wb hi; Wi 627
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5 ' )
An snalysis of the peower soaffielent of the Del sore 534*353

vielded &
small negative value.

However, within the expested uncerteinty of the
enlevwlated resetivity effects the pover socefficlent may be positive,
whieh implies an inherent unstseble eore.

Tn order to obtain more Iinformetion sbout the wnsertainty of the power
eoafficlent, the dependence of the Doppler effect and the steam-density

 poeffieient on the nuelear cross seetlon uncertainties is examined in
- ‘bhiS %udye

1.2, _The approximation model for the ealeuletions

_ The effect of the data uncertainties on the safety perameters was studied
 with the help of & homogenized modele

ascomnt by a geomstrical buckling.

The core geeomebry was teken into
With this model zerowdimensional or
fundementel mode celeulations may be made. The vequired compubing tims
_ for these caleculetions is relatively small while the effeet on the pa.ras

- meters is in rather good egreement with more detailed esalewlsations.

_ The parameters sre caleulated at maximum burneups, It is assumed that in

this case no absorbing control materisls are in the resstor sny more but

chhe aontrel rod followars of A:LEO:%@

 The design parameters for the homogeniszed core in the referance point are
 ,givem in table o1,

Deseription Materisl, Volume fraction .
Fuel PuOQMUOg - O 1-!'51%‘ '

— ‘ -
Cladding + Ineconel 625 0.206
Structure
Coolent  H,O steen 0.32
Control rod | 0,02
follover Al2®3

| Table 1a1s
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ﬁ%za ruel=density is assuned 4o be .87 of the theoretiesl values.
Thess 8re '
vo, 1096 glens

PuD, 11.46 glen

The normel meen steemedensity is

p = 0,0706 g/em3 (= 170 eta & 2,600 posols)

f'rhe igotople eomposition of the plubonivm is

Pu2 This Pugho 22.7%3 mgm 2.3%% chz 1%

i‘Géom&trie al buekling

;'.!.‘}m geometrical buckling is determined withxha help of

B = (T2 ¢ B

B! = Hy28

R? = R:8

H,  Theight of the #igsion zone of the eoves 150 em

R X‘&ﬁi% 9?‘ 14 £ 4% 92 88 4% ¢ ‘130 an
e

8 saving " 7 blanket

The swing is determined by vomparison of fundementel mode galevlations:
with one= and two=dimensional eal sulations . for the reflected systeme
Tor the dimensions of the Dw1 core the saving is determined %o be sboub

| 6 2Me

Therefores

The maximm pemis@ibla bum“uy is 55 000 MWA/T. This izz dafined to be
the maximum permissible sxial averaged burneup im the fuel rods situeted
in the core where the radiel flux dlstribution has its maximum,
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@

vor the esleulstions the egulvslent

35 ealeuvlated in eppendiz A.

e burn=up 18 3.4% atom pex seni.

poss

yith these paremeters sad the group crossssectlen eons

{1}

the homogenized cove ls Just eritd

the Pollowing ateme-densities (tabla 1.2}

Meberdisl Ag@mwa@mﬁ;&y Maserial ﬁieﬁiﬁawg(%y
o s a b B
i 02 2] :,mw,j”; i 1562 i g::’inl 3 ;
Al | ?&fh m“””‘& ’ 2,12003 10 °
Dok o} .
R % N+ | W
Cr | BohogTh 1070 112238 107
sl e codt
; oy 3 _hlisoh
e 5.62485 10 X 3, hho98 mmg
B 1.40785 107 548840 10
'”i 8 g ¥ m’ij
Mo 9.82257 10° 151673 1
b w3
o P DA e
o 450843 10 7. 06800 1 Oﬁﬁ!
1,10588

%3536 10

oy the &

adjoint

Toas of coolant weactivity AK, &
£l
Reduced steanedensity eoeffieleny Ro8.D.Cs =
Conversion rebie Gelte &
Nooplay condtent Ap @
 For the deseription of these paranebers sse chapters 2 gl R,
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2, THE REACTOR PARAMETERS CONSIDERED

The most importent eoeffielents for the safety end stabllity of a
_fest steam=cooled resctor eave the Doppler coeffielent and the steoms

density coefficient since they form the lergest feedback yeactivity
~effectse

In a large fast reactor the Doppler ecoeffleient is & prompt nepetive
reactivity effect » Because of the small neutron 1ife-times in

fast resetors this prompt negative veactivity is important for the
eontrol and safety of the reactor.

In (34) is shown that large stesmecooled Past ?é&@%ﬂ?ﬂ are inherent

stable only if the steam-density coefficient is negative end if its
ebsolute value is not too large.

For the safety of the resctor alse the loss of seolsnt yesstivity is

important beceuse it is signifieant for the remstivity ranp after large
disturbances in the cooling system.

With the ealeulation metheds applied alse 4the ratie of the fertile %o

the fissile materisl and the conversion yatio of the ecore eould be
eesily determined.

Therefore, the following parameters are considered:
1) Doppler coefficient

2) Steamedensity coefficlent

3) Loss of voolant resctivity

L) Retio of the fertile to the fissile msterial . -
5) Conversion ratio of the cors B
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3, CALCULATION METHODS

Tn this ehepter some general features of the ealeulatien methods suitable
for the intended study are deseribed,

3,1, The multieproup diffusion egustions

The behaviour of & neutvon chein veactor is deflned by the production
é,ﬁd logses of the neutrons in this veactor. The behaviour of the neue

. 10
srons in the reactor may be described exsctly by the trensport theory ( )e

: / 4
The number of neutvrons with energy B and dlrection & st time ¢ et point X

in the reactor is given by £(X,%,{,t). Then, the space and time dependent
flux is equal to ' '

o(5,8) = v[az jazs (B 8,8) : (3.1)
B 9]

The neutron balance for the reactor Jeads to the Boltzmann equation

1 af(EE0,t)

P =% = ﬁ e;;‘?&ﬁ f(gzgﬁgﬁaﬁj

o $(X, 0, 00%) [zgiﬁ“mﬁgﬁ)%xﬁ(%;gﬁ;a)}
+ 8(%,8,0,t)

+ [ aw jéﬁ*[ﬁ‘(xgm o), (£,4,8%8,8%8)]  (3.2)
E? Eai?

with

v neubron veloalbty

I seattering sross—section
53

2’1

“sbsorption erossesection

(Bram,§e8) eross section fop the seattering of newbrons
with ane%gﬁy B and ﬂ;m@mun §* to B ehd Q

& swource temm
oy solving the Boltzmenn equation meny epproximetion methods exist, In

this study the multiegroup aiffusion epproximstion will be wsed for the
_calewlationse ' ‘
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10

e energy dependent diffusiem equation yeads

 aivD(E.B)aredd(R,5) + {zg'(%:fsm @;(ﬁ?gz)j@{?@ﬁ? -

: (3.3)
jw £, (5, B1+8) (3,2 ) «%3353’ E), fape v(?@‘)zf(i‘?@%(%@
fi ’ afi" foe
y number of fission neutrons ,
v mesn number of fission neutrons per flssien
I fission crossesection .
K, pe multiplication factor of the system
The multiegroup equations are for each group i
| xg (%) 5 o
W, (:zt)Vezs (x)*ﬂ? (3».)@ (x) - S z (&)tﬁ» (%)% W L% (3:1)

1.3 grow indiees. s
Ei al frusion constand ﬁq

‘”“”M‘%
zt,j‘ transport erossesect vi@ﬂjtﬁgﬁ&%gﬁﬁ in gf@w i '
¢; weubron flux @ w o
m;mi removal crossesection constant ¥ 7 w
£ fission erossesection constant M Y- 3
ol seatbering crossesection constent Ffor

seattering from growp J to i
fraction of fission neutrons in group §
mesn number of flssion neutrons peyr fission in group J

S : ‘ &
The adjoint Flux or importance Punetion @%(5?‘3}3) wney be defined as the
mumber of daughter neutrons due to the neutron energy distribution caused
by & ﬁ%u‘tr@nﬁm% in the remetor with energy B ab point 3?@
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The multiegroup equation for the adjolnt flux reads

e ey d e e viix}z (*ﬂ)
v@i(x)%i(x)wmm(x)e&i(xl . jzi 2303 W K@f‘f ? }{j("ijé (wg) {3.5)

Usually, further approximations ave epplied for the space dependence,
This is done by separating coordinates. The soordinates separated sve
taken into seccowmt by bucklings.

F@r fundemental mode or sero=dimensionsl ealeulstions ¢the system is

_ homogenized and @m geometry Is teken into sceount by the geometrieal
2 ‘

buckling Bg~e

_ The equation

“Agb %Bﬁé o O | ) (36)
B0y T OE ey v °
a8 te be satisfied by the Fluxe

Substitution of equations (3.6) In (3.1) end (3.5) glves the relative
imple set of equationss

. ‘ %o
in "%“Bg?)é s S E E?? o mwmg:ﬂﬂm g 1% \,zé‘é (33&?&)
vem o1’ 94 34 IV K e 3 91 J
3
S TR - s Kb (3.Tb)
ven —oif Vi 3 i35 Y3 Ky pp 3 X3%3 : .

Calevlations with the multiegroup diffusion equetions have wieertainties
fi:y' several oyigins:

1) The epproximetion of the transport equatien.

2) Uncertainties of the group eenstentse a
The labter eve introduced by:
2.1) Uneertainties in the basic nuelear data,

2.2) The way the energy dependent nuclesr dats .
are condensed in the group constents.

In this study meinly wnecertainties eaused by the basic nuclear date on
the group constents will be examined.
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3.2, The group constants fer the multisoroup dlffusion eovations

TFor the mulblegroup diffusion calewlations the enerpgy dependent nuclesr
_data have to be vorked up into group constants.

The group constants required ave:

1 1 1
PLoTa b Prend Fay P oVife Vox
by

The transport and removal eross=sections eve defined by

Lip = Iy = ¥E, K (3.8)

o™ By * Ip® Tiin ¥ The | . (3.9)

with (only symbols oceurving forfhe First time ave explained)

b3 tobal eross=gection

u mean eosine of the scattering angle in
the leboratory system

¥ ecapbure erossesection

Thin eross=gsection for inelastie vemoval

e cross=gection for elestis removal

The condensabion of the ensygy dependent srossesections into group cone
 stants has 4o be done eavefully in & way thet the snergy dependent
airfusion- equation (3.3) is spprozimeted es ascurate as possible by the
et mnlﬁimgr@up equations(3.4)e The preparation of a group constent set
for fast reactor ealeulations is described detailed in (657§8)@

In this study the resonence selfeshielding effeet is ﬁak&g‘iﬁ%@ ageownd
 with the help of the v, coneept {described in this chapter).

A short deseription of the determinstion of the prowp constante is
given below.
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by the requirementy

! iﬁ(ﬁ)@(ﬁ)ﬁﬁ 8 ziée o ® 8 oy, P

x4
AEO
i
The grovp flux is defined by:

o = | etmas
Aﬁi

With the hely of {2.10) and (3.11) we obtaing

IXK(EM(EME
AL

5‘ i % ¥ i
I o(m)ar ;
ATy |

H]
§

2) ‘For the fission neutron souree term we have

}{e
Im%ﬂfﬁﬂRW%m%Wﬂﬁf%ghz
eff ., eff
AEi B
Iy followss
Xi = j X(E}&E
AEi {

Usually, the following normalizetion is applied:

Ix(E)@E @ 1
E

This means

Xy = 1
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1) The group constaats for the sbsorptien erossesections ars determined
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{3.11)

{3.12)
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Further, we obtain from (3.13)

[ tmozgtenemnia = s (o) (3.16)
E? j ‘
with (3.11) and (3.16) follows

ViL}Z CE)@Z }&E
AE’Q

j $p{m)am
Eﬁ
AR

(vr, 3 (3.17)

3) The group constants for inelestie mnd elastie vemoval and the
seattering matriz elements Zi»j are more somplicated to eslewlete.
and ave not described in detall here. See for these constants (()3

4) For the ealevlation of the transport erovss section from equetion
(3.8) the total ecrossesectlon is reguirved,

The condensing procedure Tor this total eross—gestion grovp con=
steant is based on the folloving considerstions, The diffusion

. 1 . -
constent 18 equal 40 D @ seeee yith I, = I wuﬁse In many cases

1 QZ@y Ly %
wi <<k, end D » e Yo this yeasgon it is reguived that
s 43#‘

f aﬁ[miw§vzéiﬁ}1 = ﬁivzéi {3,18)

W, - ' :
o r s{mian

A%.

{ ar [BLﬁiiﬁj -~ olelaw I = - - (3.19)

ARy 5 AL 5. (E)
i AR, ©

?ﬁﬁm‘%hea% eonsiderstions folleows thet for the preparation of group cons
sbtants the actual neutron flux apectrun ¢(X) is required as weighting
Spechrun,.

Bovever, the ABN, SNEAX snd most obher group eonstont sets ave intended

to be used in more geneval resctor caleulations. Yor this resson the neue

tron flux spectrum is epproximated.
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uyally, the marrew vesonance (N.R.) spproximetion is epplied. This
sng that the collision density is considered to be a slowly varying
etion of the energy ‘

zt(E)«p(E) = (%) | , (3.20)

In the ABN set is

F(E): constant for E<2,5MeV (Fermi spectrim)
¢ the fission neutron spectrum for E>2.5 MeV

in the KIK=SNEAK set F(E) is determined with the help of the smoothed

nem‘;z-en spectyrum of the SNBAK 3A«2 eore (simllar to the spectrum of a

large steemecooled fast reactor with p = 0.07 g/ems)e

caleulated with the help of the ABN set and the KFK=26-10 set

The speectrium was

(1)

With the narvow resonsnece spproximation the meterisl dependent group

J x Et i S
g A% : |
Kt w . - ) % = y,F (3.21)
. F(E) .. ‘ .
\ i{} m} ar K = resctoy material

In equation (3.21) the sezflfwshiemmg effect may be cobserved, The group

_constant K}‘: depends on the ratio }. (E) o that mesms the concentration

X 5
 of material ¥ in the veactor ( 22 me@mse@pm aressmsmmm for process %

f:‘oi‘ matevrial X, 21; total ma@rmsccpie erosgwsection of ?;he nmaterial mixture

em%id@fed)@ ) 2
_The % concept Iineludes that %(E) is approximated by
7, () = “r, tE) + Kr} Ky f . (3.22)

K¢ atom density of material X |
-KG@ baekgrownd total crossesection per stom of material K
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s ssswmed that Kco 48 independent of energy in the group I Just cone

X () ¥(m)
Ak, Kit(E KN

)‘ = * ; x = ?3f (3&23)

1 7{(®)

ax
i KT
A% (B %{N

or en infinite dllute concentration of the material X: Kao KH«W

K
I ZXCE)F(E}GE

L 2 AE{ . . . .
Kz;(w) = 1im (Ri;(xéexm)) B oo S % =y, T (3.2h)
K Ko j F(E)aEm
6]
| AR,

TFor materials vith temperature dependent crossegections the definitions

axre

j’ 5 _(z,m) Rm)
A, T (EQT)+ o KN
i

QT) ) x @ vyl | {3.25)
Py
ar
X
z, (B,1)+ “u
| | B R L
: A - 1 |
2 (@y0) = Lim (Kz (%o_ym)) = — ( S T (3.26)
| X § FE)aE R
e s e
Tﬁo
f K i . . :
The selfeshlelding factor x(ﬁ' @g'r) is defined by
S5k (o om) = 5 (o ,m) TrL (e40)
“or |
R o e
Kfi (UOQT) W L . N (3@27)
Kxx (‘”‘90) ,
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gelf-shielding factor (equation 3.27) is caleulated and tabulated
3 emperabures (T = 300K, 900°K and 2100°K) and T values of A
:10 s im1 to 6). Tor GQ values not tabuleted interpolations have

; he Tormulae given before, Alse the group eonstanits for the removal
transport cross-sections are calevlated end tabulatede This is done
ihe help of the following formuwlee (meterial and growp indices are

i T TN T | (3,28)

m{f, = (B AET A } (1»u)*(f E LT ) (3.29)

{3.30)

(3.31)

This approximasion iﬂtfaaﬁﬁea smell errors siance the am@rgj ﬁepeﬁdaneé

£ v(E) is very wesk, For most fissile materials v(E) may be spproximasted
¥ | |

(E) =y tak ‘ Ve, sonstant {ebout 1.8 to 3.0)

5 (" 0.1 " 0,16)

T energy in MeV '

A erude coloulation for group 1 (6.5 Me¥ to 10,5 MeV) of Pu 239 shovs &

ifference of about 3% between v‘ﬁf’ and (vt )‘ Por the highey groups
f(E<6 5 MeV) the alfferences will be much small@r becauvse of the smaller
energy intervals and the less steep decreasing @f %he fluxe Below 100 keV

1) varies less than 1% over the group widthe
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 Perturbation eslevistions

e perturbation theory allows calevlating divectly the effects dve to
croscople cross section veriations in o veactor from its flux and
*&inﬁ‘flux spectras These calculabions often provide guffieient
ceuracy with reletive small computing time., ’

, pppendix B e perturbation celeulation 1s deseribed. 'The latter s

pplied for the exemination of the energy dependence of some reactivity
ffecﬁse '

L, The ealeulstion of the yearteor vavemeters considered,
[ ) St X Sy ;

lels The Doppler coefficlent

é Doppler effect in & nueleay wvesctor is the prompt t@m@@r&ture—effeet
the reactivity due to the temperature dependence of the eross sections

 %ha resonance energy region. The Doppler soeffiecient (D.C.) is de=
ined by DeCo = &5 , (3032)

If the cross sections for a wresetor ecalewlation ghanpe, the D.C. is
changing for the following ressonst

&) Due to the varistion of the flux end adjoint flux spectrum,

b) In order to maintain eriticality the ratio of fertile to Tissile

k meterial has to be changed. The mein fertile material 8238 heas

o negative Doppler effect while the main fissile material ;Puasgﬁ
has no Doppler effect or only & small positive ene. Théreforeg the

ratio of these materials influences the total Doppler effect of
the systenm,.

&) If the eross sections in the resonanece vegion change the resonsnce
peremeters are changing too generally. This wariation also influe

ences the Doppler effect,

or the caleulation of the D.C. several methods may be used, €ofe

&) Method developed by Nicheleon and Froelieh (1?”32)g W%ﬁh the help
: ar,
of the temperature derivatives of the cross sections @@ﬁ* in a

yerturbation ealeulation the DeCe is debermined.
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%) Sucecessive kecalewlation method. The multipliestion factor k of
she system 1s ealeulated foyr different temperatures. Tor the dee
termination of the D.0. & temperature law has 4o be assumed,

Generally S5 = 2 ‘ (3.33)

- Calevlation of AX(AT) with & perturbation sode. With the cross
section differences AL, Gue to & Lemperature difference AT in a

perturbation caleulation the reactivity effect Ak(AT) is determined.

Again & témpera%ur@ law iz required for the determinstion of the
Dela

k - Monte Corlo methods. With the Monte Carls methods baﬁh'gg and
Ak (A7) may be calewlated (33}@

v seme of these methods a short deseription follows belows
Leis1e The method of Nicholson=Froelich.,

is methed is usually applied ot the Kernforsechungszenbrum Kavlsruhe
Troelich has developed a compuber program (14) based on the theory of
K 367 (12) in order to0 caleulate the temperature derivatives of the
pture and fission erossesections of the fuel materisls. Since his
heory is besed on the stetistical distribubions of the resonance parae
ters the results ere sufficlently securate only if the number of
esonences in an energy gxéup is sufficiently lerge., That is why the
+Ce 1z caleulated only for energies above 100 &V,

n & succeeding perturbation celevlation the D.C. is ealeulated.

0¥ the intended study, this method has some dissdvantegest

a) The D.C, is ealeulated only in the energy region 100 eV<E<100 keVe
The lower limit certalnly is allowed for g@iiumm@ﬁal%é fest reate

tors. However, in a steamecooled fast yeactor with a_eansiﬁﬂrably
wesker neutron spectrumthe contribution of the energy vegion below

100 eV mey be significant.

The tempersture derivatives of the eross gections are caleulated
with fixed vesonance paremebers from & speciel tape, Variastion of
the eross-section in the resonance energy region would require
varistions on this speelal tape o teke into accownt the resonence

(9)

parameter variations o
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2. Suceessive kecalevlations,

his method the mmlt&pli@aﬁi@n fagtor k of the systen iz ealeulsted

ésffewent %em@ewatuxeﬁg Fox the temperature dependence of the D.l.,

dk &
1y the relation a7 %ﬁ*ls esgsuneds From theoretical considerations

15
ay be expected that x lies between x @‘M'(fb? thernmal reactors ( >)

= {for reactors with a very hard ﬁ%u%r@n spactrun (11 ))@ The

%aﬁﬁs a end x may be caleulated from 3 kecalewlations in the Pollowe

o) 2 I [ 2(7“X?] | , (3.34)
(1ex)
o) (g rmg) | (3.35)
- (/) %) | -

h the formulae (3.34) and (3.35) a and x nay be salewlated 4f k ls

o for the temperatires ngwggrga

he speclal sase that xwi (@hﬁ often szsumed lnverse %%m@@%ﬁma&&lxﬁy
he DaCo wzﬁh the %b%@&ut@ temperature) we obtains

i . ; (3.36)
&‘kgi@‘g“ﬁz}? .
T R I N ‘ ) E (3&3?}
1n T,/1 ) .

1¢ usefulness of this method for the intended study is defined by the
in whieh the tempeyratire dependent erosswsectlons ave obbalned,

pointed ous in chapter 3.2. the tempereture dependence of the group
Ssegsectlon constants in the KFK-SNEAK set i teken into account by

813 of the selfeshielding factors. The latter are ealewlated with the

1p of resenence paremeters recently recommended (?}@
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rder to teke inte seeovnt the weertaln.ties of the vesonance 'pamm
»2 in a correcl way both the group constants Por infi inite dilub

the selfw=shielding factors should be wodified For variations in the
enonee energy reglon. However, it is expected that the fefactors do

depend very strongly on the reschance paramebers.

o162 MX(&'}Z‘) in & perburbatien ealeulation.

s method does not Alffer mueh from the precedi ng one., The usefulness
' the method is mainly defined by the way in which AER(&‘”E) ave obtained,
described by Kiefhober (16) & nodified perturbation eode may be ade
‘mg@@m with respect to the sceuracy and to %‘Pm compubing time.

1,2, The gtesmedensity coeffieient

e steam-density coeffielent (8.D.C.) 1s a msasure for the vemctivity
fect due to variations of the density of the steam coolant. The S.Dole
defined bys

- e
m@m @eﬁgy forp = Py gﬁ‘mmﬁl steansdenslty {3.38)

this study the reduced stesmedensity coeffielent (Re8.DsC.) will be
onsideredy

;@S@E@C@ f ap for pwp

ao o b , . ®
Py oax
ms@mm W forp =py -~ , : {8.39)

{‘i‘?} (18)

*sam% dependence of k on the steam-density for lavgs %mem o5 plotted
in figure 8. The 8.D.C, and T RoSeDsls have o be ecoleuwlated with the help

Barlier studies, e.p. by Kiefhsber end Jirlow s Zive the qualie

of the tengent on this eurve . &b normal stesmedensitye

The simpliest way to determine this tangent sufficlently eceurste ls 4o
assume that k = k(p) is linear in the interval ﬁﬁ‘&séiﬁﬁ %&5‘59 and 1o
ealewlate the reacti vity effects ak\&ég} and Ak ! +8p) with the help of

%u@ﬁessi“«r@ k ealeuvlations or with s perturbstion code. 8p has to be chosen
in a way that minimum errors are introduced by

&) the linear approximetion of k(r) in the interval %’DNMQ“M i)m:%ﬁw

~ ?:9% in the case of successive kecaleulations
d wit gf
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the weertainty in
Ak = k(pg’%ép f)‘ o k(pmmgp)

caused by the truncetion error in the ealewlation of the multie
plication factor k(p). ’

Jinearity may be expressed in the value

,,i‘{ﬁﬁ*ég)m}*L(pN) , (5001
e ] o
k{py)=k(py=dp) 3

exact linearity in the interval eonsidered p=1. (Equation (3.10) only

: 'y Iy é.-k’- £ Y - 'y ®
yalid 1f‘33- has no maximum or minimum In the intervel considered.)

s  Ioss of epolant resctivity

e loss of coolant resctivity is defined by

kL = k(sﬂﬁe)wk(pﬁpw) (3eh1)

this study only one group eonstant seb Iis useds the KIK=SNEAR zet with

he weighting spectrum of & large stesmecooled reactor with approximately
=y

ovever, the caleulation of the paremeter Ak$ is eomplicated by the

erdening of the neutron energy spectrum due to the loss of the (moderating)
coolante For an exact multiwgroup calewlation using the same basic nuelear

data3 different group constent sets would be xequired for the eases =20
g p

and P=Py in order to take into account for the neutron spectrum herdening

Applicetion of only one group constant set mey introduce considerable’

errors in the sbsolute value of AkL« However, it may be expected thed

the influence of the crossesection wncertainties on this parameter AKL
may be studied rether well with one-group constent set.
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Ratio of the fertile to fissile materiasl

ile materinl,
ile materisl,

volume frastien of fert
88

- . i (‘
L1o ¥ F Yolime frection of 1i

jed in order to keep the reactor eritical after the cross—section

313_ is & significant measure for the amount of filssionsble
erisl regquired.

Conversion ratio of the eore

nessures for the breeding quality of & resctor or of parts of 1% the
oving quantities mey be defined

a) bﬁ.ﬂeeding ratio of volume V of a vesmctor with volume R

I&v IGE FERTZ:*(E?QE) o(%,2)

A2 ]
BeRe(V) = . e - (3.42)
av J'az«: {FISSZY(§9E)+F£082f(§gﬁ)}¢(3291‘*3) '
b) eonversion ratio ofwlz@e YV of & wesctor with wvolume R
fd.\’ J{ zy(é‘z‘:‘am)@(am) | |
v i : :
. Re(V) = ~ \ (3.43)
r1S8 = FISS e -
jd,v jdE {rz zy(x@E)‘% 1.(%,x) Jolx,m)
v '
FERT all fertile materials gL , j‘ 4

TISS  all Plssile materials

ith fundamental mode ealeulntions a good spproximation of the eonversion

atie of the eore nﬁay be obtalned by caleulating the ratio of the capbtures
Per volume unit in the fertile materiel to the abzorption per volume wnitb

in the fissile material. |
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ST N . (3.3%)

1uence of the erogsesection wneertainties on the eonversion ratio
core mey be examined rather well with the help of the C.R. from
on (3.4h) end fundamental mode calewlations for the fluxes.

1ot "@CERTAINTIES OF THE CROSS-SECTIONS OF THE MATERIALS IV THE
ACTOR CCNSIDERED

Moterials end eross seetions eonsideved

Materials

=1 design ineludes the folleowing materials
. Pu0, end U0, with the following isctopes

2
- ,)‘2, S 23
yueggg Fue o& Puzmg Puzl,n:as U"J.,,,S

and in o wery small amount ’3235 N
tural materials: Cr, Fe, Mo, Nb, Nl and in a small amount Ale
ents Light water steam: 2,0

e
y the fission products of Pus? ere considereds

nd U?SS will not be considered here because of the very small amounts,

Crosg sentions

1 siniler studies on sodium-cooled resctors (19,20) it mey be expected
. the most importent influence will be due 4o cepture and Fission crosse
ion uneertainties. Moreovers in this chepter the weertainties of 4the

4. = ° s 2 3 ®
al inelastie scattering cross seetions snd of v for Pu?3? yi1l be con-
rede »

&

eonsideved ave the uwncertainties of the resonance paramebers of the
materials. The latter mey be important for the Doppler coefficient
ulations with the help of the method of Froelich (chapter 3.b.1s1)
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asie grovp constant zed

¢ group constant set the KFK-SNEAK set was used. The energy spece
divided into 26 groups. fThe group bounderies are the same as in
msian ABN set (8}@ For some less importent materials the group

+3 of the KIFK-SUEAX set ave faoken from the ABRN set.

{gSﬁEﬁK set was chosen for the folloving reasons:

Recent nuelear data are incorporsted for the most important
reschtor materisls,

| Tor the calenlation of the group constants the expected neutron
energy spectrum of e steamecooled fast reactor is used, nemely
the ealeulated spectrun of the SNEAK 3A«2 core with sn equlvalent

steam=fensity es in the large reactor (p=0,07 g/amg) (73

Bources of informad 1@& for the evaluation of the dets

asie sowrce of Information was XFK 120 part I by J.J. Sehmids (25}@

he higher Pu isctopes and the structursl meterial Ib, in this refee
e no data are available. Heve, BNL 325 S@@dﬁﬁ(ﬁf
o 3 8 s N 2 &

vatieons by Yifteh eb al (23) and Pitterle et al. were used

ien Tor scme mat erlals yecent pudblicetions wers considered.

. ¥ la £
) Yor ?uzgﬁ the effect of resent ammﬁﬂsur&mwﬁ%s by Beheomberg eb ale (25)
The letter result in vemerksble &n@crtamrtmes of & and ﬁY in the
energy region 0.5 keV to 30 kaVe

b} For ?u2;9 the effeet of recend 6f,ﬂ&ta Por 3235 by Beckurts et ale (26)
on the normalization of Up meagurenenty for P’ 239 by Wh%b& at ale (27)
Cin the energy repion LO keV to 500 ke,

238 ' (28)

e) For U the affeet of @Y measurensnts by Ponits eb ale

Eome sepects in the wesonanes enervev veplon

his energy region 3 subjects are lmportant

a) Resonance porameters
b) Group eonstents

&) Selfwshielding factors
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wnresolved yvesonances may be
net oy only weskly overlappling
considersbly overlapping
strongly everlapping

esolved rescnances may be deseribed well by the single level Breite
er formulae For a resonsnece st energy Ey:

; ol «
r r
. 2 "'n"xm 1 A ‘
)v & &?{(r& 2“2 EME% 5 ) . (h&?)
RT (emmmmenirone } 11

s
TT/B

X reduced neubron weve length

2

sbatintical fector

2

“halfvlidth for flusion
b1 3

e

capture

w ¥ soatbering

total halfvidsh {IT Fe Ywﬁj

3 B
e

Co 12, ,
vas shovmn (see ( }} that the unresvlved resonances have 3he same
Perties as the resolved ones.

T the following parameters of the resolved resonances statistical dise

4

ubions are determined:

. _
D meen distence between rescnsnces eof the seme dype

2

I, mean halfwidths (xwgg?gf)

€ parameters ere extrapolated 4o the reglon with wnresolveld vresenances.

herally, the resonence parameters still have considerable uncertsinties.
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Group constents end self. shielding Peotors
: 2

A

he SNEAX set the group constants are arrangsd as deseyibed in
ol &

the r&@x@ﬁ of the unresolved resonances the group crossesection
; % 3 9
6 (wﬁo} are ecaleulated from nicroseople nucleay doba, while

s&lﬁkghle lding facﬁars éf“(@ »T) ave calewlated from the resonaunce

the region of resolved vesonances both factors ave ealewlabed From
& resonance peraneterss

e uncertainties in the group constants are dependent on

) epproximations of the ealeulation methed
b} wneertalnties of the nuelesy dets
« microscople date

= resonance peraneters

nerally, weertainties due %& approximation metheds have 4o be small
th respect 4o the uwncertalinties caused Dy the nuclear dabo.

the dependence of group eonstants and selfshielding factors on the

@

esonance paremeter wacertaintles only few publicetions are aveileble.

n the veglon of vesolved vesonences i4 is possible 4o estimete the ine

luence of the uwaecertaingies with the help of the unshielded mean group
rossesection

u.> mﬁj@ f@xf‘ﬁi)&@ : » Xy, _ , (be2)
&E. E
3
in o_(E) the single level Brelt-Wigner formula (L.1) for the FESONENCeSs o

3&@@V@r@ in the more importent reglen of the statistical resecnances the

situstion is more complicated. Uncertainties wa ay be Introdused lm 2 ways:

8) due to the standard deviations of the stetistical &istributioﬁa

b) due to the uncertainties in the parsmeters of these distributions.
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1y Miller (29) did soms investigations on this matter. He cale

ed the effeet ol some resonence parameber variations of 8238

yp constant <GY% s His %gglﬁ@iﬁ of the mesrsainties vary
10% at 1 keV to 20% st 100 keVe Here, in accordsnce with estimae
(21)

of JoJo Schmidd 20% voncertainty is essumed for all energles.

luetion of the sross seetion wirertninties

35 the main fissile meterisl of the Del design. Howevey, due to

of measurenents and to systemstle deviationg in availablé daba the
s sections of this material still heve rather Jarge uncertal iem,

ver, recently some experimental data were reported @@ﬁsidex&bly

ating from ﬁh@,f&ﬁm%rﬁy recopmended values

Arnold et als (30) veported for s ztean SQOmﬁ@ foaut renchoy
abbice, with en energy spectrum simller to the spectrum of the

Det design (figure 9) & meen value for g

e ’*ﬁ{i:{}’
o = ﬁ%g;“ & 0,57%0,13

k=3
 being signifiesnt larger thas the ealoulated value o = 0.3073.

,A@@mm?mmmgaﬁﬁﬂ&imm‘%f%mﬁmmaﬁA@ﬁwvﬁ

: &3
e with the ABN set ax 0320
w U ¥ KFKwSNEAK set o= 0,325

o5 . .
Sehonberg et al. (25) found with & new exveriwental mebhod much
larger velues of o in the energy region 0.5 keV %o 50 keV (pre=
D

liminary results nobt corrected for m yitdole sead @?1ng}g

E

The results of Schowberg et al. ave taken into sccownt in the

fbll@wimg‘w&y {rigure 10)s

Beoeuse these preliminayy results eve probably too high as wpper
1imit iﬁ o en average curve through the experimental values is
cheosen instead of s curve through the upper wncertainty limits

of the measuvrenenis.

Sinee the true eevolues in this energy rveglon are very probably
highey then the g=valuea of the KFK-SNEAK set the labber are chosen

g5 lower limits.
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e

Y

whby of o is ohtained by conbining the uncertainties of o,
is 40 be ealoulated indlrectly from 0, and oemeasures
ertainties result in the snerpgy region 0.5 keV to So keVe

of v, ave wainly teken from KFK 120/1 with one come
in the enerpgy wvepion 30 keV to 500 keV,

e . 027D

nis region the SNEAK set conbeins the daba of White et ol. being
_iéﬁrably lower then the vecommended values in KFK 120/I. As upper
g%gin%y Limit 4he upper limits of g iw KFK 120/% are chosen. The
» Limit of the uneertainties ls obtained by the following renormes

ation of the White datat

3 g“ﬁ
meggsurement for Pu 39 te ig velative Lo the 0 of U
)
on

o]

-
=t
=
e d
&

o

' T¢
t@‘haﬁ

3 t,v et
slevlated his walues for o, He=
¢ 25 -
e aller values of "o These

r energy reglons nob mentioned, the uncertaint] estimations of KFK 120/I

e tekene This also was done Tor the i@%wagﬁi@ erons sectlon.

e 3

& estimsted wneertainties are collected fw tebles Lol and B.2.

he main fertile material in the remetor. As may be seen 1
238

3 o

an important pert of the captuves iy dus Lo U=, N*@r@evwg

¢ poglon above 1.4 Mev the nwbey of fissions of GE

he SNEAK set group sonstants are solouvleted with the last recommended
ate of XFK ?QQiI@ Tn sstimabing the uwncertainties only ¢ne more regent

o (e8)

n the énergy reglen 25 keV =

[&]
%
Q
oy
o
st
i.‘sh
dn
fxd
&)
Py
%’.,iz
@
g..««.

+0 %é &@ﬁ&iﬁer@ﬁ@

reen b0 keV and 200 keV KFK 120/1 ascribes sn wieertainby range of
The Pénitz measuvements are albogether within the lower
1imit of 20%. Thevsfore, it sppears to be reasonsble to

88gume an wncertainty of 207 in this reglon

nergies the {meon) volues of the KFK 120/T wmeertainties are

Jcertainbies eollected are glven in table 4.3,
18 DL

xal% vpper index Lo comes from ghPuzw# 25 from QQU 233, ete,
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vetural materials

e 5 shows the capture rates for the structural meterials. The

: @,8
-+ gre of the order of 1=10% of the UEQ copture rates except for
with smeller values. However, Ni has more dominating capture rates

e vyper and lower energy regions.

ygr! group constents are obtasined in the following way.
fa@ e and Ni ave caleulated with the data of KFK 120/

Mo and I have the existing group constents of the ABN set.

the structural meterials no move imp@?ta 4 recent meassurements becane

jable in excess of those alveady considered in KIK 120/1.

, the given uncertelnty values of KFK 120/ sre teken over wnchanged
v Wi, Fe end Cr. TFor Mo end Nb the ABN data sre compared with the
ta of KFK 120/I,

o missing uncerteinty estimetes for Fe in the enerpgy range 2 keV %o
0 keV and for Ni in the wregion 1 keV to 200 keV are obtained by erude
timetlion from aveilsble data in XFK 120/1.

bV@ 1 MeV the capture of Wi end Fe iz meinly due to (n,p) processes.
the tobulated weertainty values sre those of o(n,p)s For Cr the
msp) and c have sbout the same order of magnitude above 1 MeV. Howe
yer ry only a &ew information abgut c(ngﬁ) is mvalleble. Therefore, the

zpected maximm uncertaint vawueg for g are tebulited.
, . 4 ¥

or b the uneertainties are determined by comparing the ABN end BNL 325

ure b | - R , .
,bgve 1 MeV enly few BNL 328 dabs ave glven. ﬁ@ﬁ@V&?g the eapture erosge
eetions In this reglon are very small. An arblﬁrafy uncertaimty of 20%

5 tabulated.

n the energy vegion 10 keV = 1 MeV comparison between ABN and BNL 325
abe is possible. The ABN data are systematically somevhat higher. The
wper and lower limits for the BNL 325 data sre obteined by curves th yrough

he exirems values of the plotied messuremsnis.
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1reV o comparisen between AR and BNL 325 date is alfficuls
1L 325 gives resolved resonance persmeters and the ABN data

up constants, Againg on srbitrary uncertainty of 157 is chosen.

, first resonance at 33.0 oV the weertainty is equal %o the

inty et thermal energy being £57,

ia,saa&%erimg bt ]

son of BUL 325 and ABN data in the energy reglon below 2.5 MeV
hews o significant deviation in group L (1. MaV 40 2.5 MeV). The
certeinty of BNL 325 in this reglon is tabulated. In group 4

¥ value iz compered with the BNL 325 limits,

205:MeV no eomparison is possible. An arbitrery weertainty of
sebulated because at these high enerpgles the inelastie scatbers

rosswsections generally are rather scourabe.

neertainties collected for the structurel materials sre given in .
g hﬂ&h@ 2%-@5 end )4&6

s Higher Py isctopes

KTE 120/1 no data for the higher Pu isotopes were considered,

NRAX set conbains the same group eonstents as the ABN set.

meertainty @valuaﬁioﬁ iz done with the help of BNL 325 (22) and

, )
aluations of Yiftaeh eb al. (23) and Pltterlie et al. (2b)

nergies below 1 keV only resonance parsmeters with weertalnties
aveilsble what means that comporison of the recommended data with
ABY date is difficult. - ]

ve 1 keV in the pepers of Yifteh and Pitterle curves for fsslion and
tire crossesections mre given. Here the comparison between these

, and the ABN dete is essier to do.

mesriainty of grga@ constonts coleulebed from yesonenee daba is
ribed slready in chapter leh.2. Because there sre less measurcments
¥ the higher Pu izotopes a reasonsble estim&%i&n for the wneertainties
3 o be
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belovw 1 keV
g Loy grown constants celeulated with

resonance parameters for energles sbove 1 keV

above 1 keV, the evaluation is done per isotope.

£ ° s e

“}m&y be considered o be the woat importent higher Pu isotope.

eral studies indicate its influence on safety coeffiecients, e.ze the
® » ' ? a -3‘8

ent sbtudies of Kmﬁmbef(j) andl Jirlow ( )@

s the difference between the ABN daba .and the recent evaluations of

ah et &le. snd Pitterle et al. are conzidershis.

gure 1% shows the evaluations of ¥ifteh, Pitterle and the ABN group

netants,

upper and lover limits for the group constants ave determined

a) Capbure

In the energy region Es1 keV
ypper limits the ABY dats
lower limits the modified ENDF/B date of Pltterle

In the energy reglon belew 1 keV
ypper Limits the ABN data

lower limits the ABN dete minus 302

The letter is chosen sinee at 1 keV the meodiried ENDP/B value
is about 307 smaller than the ABN vaigﬁe

° 5 E S
Fission .

Above L65 keV the wneertainty bars in the paper of Yiftah are used
for the determination of the ypper and lower limits for the wecers
tainbye ‘ ' ‘
In the energy reglon 10 keV<E<h65 keV 2207 uncertelnty in the dete
of Yiftah is azsumed. Below 10 keV the modified INDF/B end the
ENDF/B dete of Pitberle are used as upper and lower limits respectively,
For the average number of neubrons per fission Y the expression of
Yiftah was used

Vom 3,00+ 0,101 B § in MeV
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LA
[ £

&l@ulu@@ﬂ from resonance parvemeters and pardly taken equal %o ¢
, b 1
of Pu 239 {E>50 keV) beeause of the convergence of 96Y and

it is very Aifficult to estimate relimble uncertainties

evaluation perticularly because of the large uvnecerdaintie

The differences b@ﬁ“é@% ABN snd Yifteh date ave nobt significant.

Only et the hi ,%&a@ energies (the first energy groups) the erosse
sechions differ by & Tactor of about 2 (ABY larger). How ver, hare
the cross=gections are very small.

The uncertainty of the Yifteh data is estimabted 4o be 30%. The

uncertainties of the ABY date ave obtained by comparing with the

1 .
of Dﬁvﬁygg ), The weertaintles estinsted by quﬁy axe

1 keV<n<h0 ka¥ 187
Lo keV<iiel0 MeV 10%

These values were considered as upper and lower limits for ¢he

Yifseh ﬂwua@ The weertainty of the ABN date iz mﬂthﬁaa by come
pering the latter with the limits of the Yifish date
Rather large Qéviﬁ*lﬁﬁﬁ exist between ABN snd Yiftah debas

1 keV<E<IO0 keV ~ ABN data  20-307 larger
all

BO0 keVeB< 10 Mey ¥® ¥ 20.30% smalley

The estimated uncertazinties are collected in Table L1.7.

with pdfFactory' trial version www.pdffactory.com
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e
e

mne copture data of Yifteh in the energy veplon 1 keV<E<i MeV are

saleoulabed from the resonance paramebers.
28

with inereasing energy 4o the 9 SULVE.

Thiz curve converges

, he 28

fhove 1 MaV, W? is taken egual to 6?&

An arbitrery uncertainty of 257 is estinsted for the Yiftah date.
The wncertainty. limits of the ABN dabe are obbtained with the help

of comparison of the ABN data with the Yifteh linmits.

») Fission

1
irhe fission ecross sechion dats of Yifteh are taken from Davey (31)

in the energy veglon 1 keVel<l,T MeV, This evaluation of Davey

is only based on ons meazurement with a clalmed ssewracy of sbout
10%e

R - 2l
Above 2 MeV *he fleslon eross=gection of Pu ggﬁhaﬁﬁﬁ egually £o

thoss of ?u“” o In this reglon en erbii

. 2 . 5,9, . % 4 T 3 aaste s g 4,
assumed. This means that the ABY daba are alb

- L

The estimoted unecerbsintles arve collested in teble L8,

5s5e Hydrogen end oxlpgen

r hydrogen ell nuelear deta wnecertainties are 1«2 or smaller.

or oxigen o 48 negligible. Cross=sections for other capture

1 (nyn)e ave only importent at high neutron energlese The
shout £20%.

B
g
[+
€3
]
@
o
&
“

o

tie ﬁﬁat%éfiﬁg of pxi oecurs only ebove 6.5 MeV a as an
painty of sbout 2300,

S

fissioa products the KFK-SNEAK set still eontains the ABY data.

Tor every fissionable materisl one pseudo Tission product is availsble.
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Data wneertainties of Py

36
239

Fission | @ =¢q/op | Capture Y
+%  =h | 2 el 4] E | 8 3
| 6,5=10,5MeV 7 7120 20{20 20| 2 2
| 5.0-6.5 T Tl20 202 2} 2 2
2,5-%,0 7 7120 2020 20] 2 2
1o4=2.5 7 Ti120 20(2 20| 2 2
0s8=1.4 7 10110 10| 12 15 2 2
Ooli=08 10 10010 1015 15| 1 1
0o 2=0sk 10 1010 101 15 15
0s1=0s2 . 15 10} 10 10| 20 15
46, 5=100keY 20 7115 15 {25 20
2165=16,.5 20 7 1 30 60l k0 10
10, 0=21.5 10 10418 0] B0 10
4,65=10,0 20 20 /100 0 [100 20
2,15k 465 20 20 {100 0 [100 20
1.0=2,15 20 20|80 0
06l65=1,0 20 20 {70 . O
215=165eV 20 20 [0 B
100215 20 20| 25 0
LE.5=100 20 20 | 20 20
2165=46,5 20 20 | 20 20
10,0-2145 20 20 20
,65-10.0 11715 20 4o
2,151 ,65 15 20 20
160=2615 15 20 20
0.465=1,0 7 7 120 20 |20 20
0.215-0.465 | 7 7|10 10|15 15| |
0,0252 2 2{3 3|3 3|1 1
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37

; Inelastie seattering cross—section wneertainty of Pu

; inelastie

Croup Energy range seattering
' +% wf

1 65MeV=10,5MeV 20 20
2 4eo = 6,5 20 20
3 2,5 = b0 20 20
Y et = 2,5 20 20
5 _ 0.8 = 1.4 20 20
6 Dok = 0,8 20 20
7 0.2 =0,h 50 50
8 01 = 0.2 50 50
9 46 o 5keV= 100keV 50 50
10 215 = 4665 50 50
1 10,0 = 2145 50 50

ated with pdfFactory trial version www.pdffactory.com
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28

" - V 0‘ 2 | ‘%
1,32 Dabta weertalnties of U?“g

inelas%ie ”
Capture Fission seattering

Energy range | 4% b % = +% A
6.5MeV=10.5MeV| 10 10 10 10 | 15 15

4,0 6.5 - | 10 10 10 10 15 15

2.5 4,0 | 107 10 15 45 | 15 15

1.4 =25 10 10 T T 20 20

0.8 =ik 10 10 T 7 15 15

Ot =0.8 10 10 7 7 15 15

0.2 =0.h 20 20 7 7 15" 15

0ol  =0.2 20 20 14515
146,5keV=100keV | 20 20 15 15
21,5 =465 | 20 20 |

10,0  =21,5 20 20

365 =10 | 20 20

2,15 «b.65 20 20

140 =215 | 20 20

0465 =1.0 | 15 15

215 eV-h650V P

100 =215

16,5 * =100

21,5 =465

10,0 =21.5 E
1,65 =10,0° 1
2,15 4,65

1.0 =2.,15 15 15

0165 =10 | 2 %

04215 =0.465 2" 2

0.,0252 ' - 11
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39

Dave weertainties of Fe and T

Iron B Hickel
o Capture | inelastic Cepture | Inelastic
Inergy range seabbering seabbering
, +% ek | 4] wh | *h w=h | 47 -

6o5MeV=0.5MeY | 15 15 | 10 10 | 10 10 | 20 20

4,0 w65 15 15 120 20 | 20 20 | 20 20

2.5 b0 15 15 | 30 30 | 20 20 | 20 20

Tolt =25 25 25 {25 25 | 10 10 | 20 20

08  wlob 20 20 | 10 10 | 10 10

0. =0.8 - 15 15 115 15

0.2 =0.b 15 15 15 15

0ol =062 15 15 30 30
16,5keV=100keVY | 100 70O 100 Lo
21,5 =b6.5 100 70 . 150 = 10 '
10,0  =21.5 100 TO { - 85

Lo65 10,0 100 70 200 15

2,15 =l 65 100  TO 100 ko

1,0 =215 15 15 20 20

0465 =1.,0 10 10 5 5

215 eV=h6seV h¢ L '

100 =215 E

16,5 =100

2165 46,5

10,0 =21.5

11,65 10,0

2,15 =h.65

1.0  =2,15

0,465 =1,0

0,215 =0,465 L ’

0,0252 10y by : 5 5
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Deta wneertainties of Mo sand Cr

16 a5
Molyhdermm ‘ Chromium .
= Inelastie Inelastie
oup nergy range Capture | scattering| Capture [scobiering
o w=f o} T /2 R A N A

6o5MeV=10.5MeV |30 30 | 25 10 30 30 |10 10
La0 6,5 25 25 | 30 0 25 25 10 10
2,5 kO 0o %0 {30 10| 25 25 |10 10
1ol =2,5 10 301825 25 25 25 20 20
0.8  wiolb 20 20 | 50 0} 20 20 |25 25
0ol 0.8 120 20 | 50 0| 20 20 |25 25
0e2  wOeh 20 20 | 30 301 20 20 |
0e1  =0,2 20 25 20 20

46,5keV=100keV {30 30 | 30 30

21,5 =h6.5 50 0 30 30

10:0 w2145 60 0 30 30

4465 1060 60 0 20 20
2,15 =465 {50 © 20 20
1s0  =2,15 L0 0 20 20
0u165 =140 15 15 20 20

2,15eV-b 656V 7 7

100 =215

16,5 100

21:8  =h6.5 i

10,0 =21.5 15 15

4,65 =10.0 5 5

2,15 «b,65

1.0 =2,15 5

0465 =140

0:215 =0,L65

0,0252 5 5 T .7
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b1

pie 4,61 Data uncertainties of I

; : Inelastic
oup | Inergy range Capture ssaﬁtering)

1 GuBMeV=10.5MeY | 20 20 | 10 10
2 | b0 =6,5 - 20 2010 10 o L o
5 2.5 =h,0 20 20 | 10 10 O
b Tolt =25 20 20 | 30 0
5 0s8 wiuh 20 20 | 15 15
6 | 0.h  =0.8 10 25 | 15 15
7 | 0.2 =05 | 10 30|15 15
8 0ol =0,2 10 ko
9 | 46¢5keValOOKeY | 10 25
10 | 215 =U6.5 10 25
10,0 =21.5 10 10
12 4465 10,0 15 15

13 2,15 =b,65
1% 1,0 2415
15 | 00465 «1.0
16 215eV «=465eV
17 100 =215
18 | 46,5 =100
19 | 21,5 =h6.5 15 15
20 | 10,0 w2143 5 5
21 14,65 =100 |
22 | 2,15 =h.65
3 1,0 =215
2k 0,465 «1,0,
25 | 0,215 «0.465
26 0,0215

N
YA
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0

heTe

Dates wneerbainties of

I
zu?se

and o

241

oo

7 PQ2&1
Capture Fission Capture | Fission
MAX M I MAX M
Energy range (varn) | (varn) | (varn)i (barn) +% | =% +%] =9
6o5MeV=105MeV | 0,01 0,005 | 2.2 158 | 0.003b « | 501 =
4,0 6.5 0.02 0,01 1.6 1.h » | 50|30 -
25  =be0 0,0b 0,02 166 Tob w | 50|30 o
Tolt  w2,.5 0.09 0.05 1.6 1ol - | 5030 -
0.8  olob 0024 | 0.1 16 | 1.8 | = |bBo|10] 10
0okt =08 0,26 | 0s1 | 0.7 | 0s5 | 100 | 10|20 10
R 0434 | 0,12 | 0.17 | 0413 50 | 10]10] 10
0ol =042 0,45 | 0.15 | 0.12 | 0.08] 50 | 10] 10| 10
L6, SkeV=100keV 0.65 0.26 0,09 0,07 { 100 w| w| 20
21:5 =465 0,90 | 0O.h2 0.12 0.09] 80 | =] =] 30
10,0 =21.5 130 0,60 0.11 0,091 50 {20] =/ Lo
1,65 w10.0 180 0.85 0,12 0,08 50 [ 20] =| 30
2,15 wh.65 2,70 163 0,20 0,07 30 | 30| ={ 30
1,0 =2,15 5,50 | 3.0 | 0,30 | 0.06{ 15 | 15| e| 20
4656V =1000eV 6.50 be5 0,10 0.06 151 15
215 =465 12,0 8.0
100 =215 18,0 12,0
46,5 =100 49,0 33,0
21,5 =i6.5 Lh,0 | 3040
10,0 =2105 | 28,0 | 190
L65 10,0 0.6 0.l .
2,15 <4065 | 6,0 | 4.0 | 0.50 | 0.06
1,0 =2,15  |14250 | 10600 | 3.0 2,0
0.465=140 1110 780 | 0ub | 0o ,
0.215=0.465 160 120 0.05 0,02 15 { 15| 151 13
0,0252 205 270 0.06 0,081 20 | 20

PDF C
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5
o
&
g
@
&
é—-?e
o
9
112
&
<
s
e
=

Group Inergy range Capture | Fission
% =k | b =k

1 6 o5MaVal0,5MaV 0,010 & | 60 =

2 LeO 6,5 304 304160 10
3 2.5 b0 30 30 160 =
I 1 =2,5 300 30 {50
5 0.8 il Yo 10010 10
6 Oolt 0,8 70 10110 10
T 0.2 w0ol 50 1 10 10
8 Ol =0.2 ho 20 [ 10 10
9 46, 5keV=100keV 50 20110 10

0. | 21,5  =h6.5 100 = |10 10
1 10,0  =21.5 100 e 10 10

12 4,65 =100 100 = 10 10
3 2,15 «b 65 70 20

aLs 1.0 wzg%§s 15 15

15 0u465 =140

(16 2156V «L65eV

AT 100 =215 :

48 | W65 w100 i

19 2165 =65 s

20 | 10,0 w21.5

21 165 w10.0

i 2,15 =b.65

23 1,0  =2:15

-2k 0.U65 =1.0

25 0:215 =0.46%5 15. 15.

26 0,0252 20
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Cet

Lh

1e 4,9: Comparison of the dats by Hokansson with the ABN data

for the fission products of py2s?
% maxamsson ! % ann
Energy raﬁg§ qx@@ ﬂ? ﬁ@l Giﬁ
6.5MeVel0,5MeV OTT | 0e37 | 0.8k | 0,69
4,0 =665 0.75 | 0,37 | 078 | 0,70
2,5  «b,0 0.79 | 0,37 | 0.86 | 0,67
1ol 2,5 0e8h | 0.1 1 0,93 | 0,64
0s8  wlok 0.87 | 0570 | 0895 | 0.50
| 0h «0.8 0,90 | 0,83 | 0,95 | 0.37
T0s2  =0ub 096 | 0,80 | 0,98 | 0,46
0el =062 0:99 | 089 | 0.98 | 0.51
h6 . 5keVe=100keY 1,03 | 0,86 | 1.03
2165 b5 1,01 | 0,96 | 1,01
10,0 =21.5 - 111 | 0,90 | 1,12
1o65 10,0 0,96 | 0.80 | 0.97
2:15 =65 0.80 | 0.85 | 0.89
100 =215 0.99 | 0495 | 1.00
06LiB5 w10 0.87 .1 0,95 | 0.85
215eV =L65eV 0,94 | 0.93 | 0.0k
100 «218 0s72 | 1403 | 0.58 |
16,5 w100 0,64 | 0,78 | 0.50 |-
215 . «b6.5 165 1 1.25 | 2,01
10,0 «21,5 100 | 1o | 1,40
4,65 10,0 111 | 0,91 | 1.6k
2,15 wli 65 112 | 1e2h | 1,01
160 =2,15 0.92 | 0.90 | 1,03
0.465 =140 2.52 | 3.Th | 1,03
06215 «0,465 1.93 | 2,81 | 1.0b
0,0252 15.4 119,75 | 1.22
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iada

THE METHCDS APPLIED AND THE COMPUTER PROGRAMS USED FOR 7
INVESTIGATIONS

or the selection of the ecalevlation methods the Following eonsiderations

ve importanty

2) The influence of the dabs une
should be caleulated Tor eritical resctors. Afber every erosse
section variastion the reachor should be made eritical again.

a 2

b} The inveetigetions should be done with existing prograws L7

e} The compubing times required should be as moderate as possidles

The ecaleulations were peyformed with the IBM 7T07Th digital computer
sitvated at Kernforschungszentrum Keflsruhe, For the investigations

of the influence of the dots uncertainties on the veactoyr parameters

compuber progrems developed by members of the Institub fir Neuwbronens

5* ]
L
5]
s
2]
o
£
@
o
Eriy
Lol
&
<4
(2]
pay
=3
ol
1]
o -
e
[
o
03
L
|
[V
o]
4
[5]
€3
2
Pl
4

physik wnd Resktortechnik we
‘ ‘ . (33) . :
lected in the "Nuelear eods system NUSYS™ ‘Dg’e The influence of the

perameter varistions on the stability and dynemie behaviour of ths ree

igated with programs developed

+
vy o s o
actor {described in chapber T) was invest

e .4 22 e o h ¥ v
cobers of the Institub iy Reskborantwicklung.

by me

elo . The methods ppplied for the eslewlations of the vesetor paremeters

5:1s1e The Dovnley conffieient

he Doppler %ff@ﬂt wes investigsied @y*ﬁa 3%% oy of ¢he mgltiﬁligaﬁi@m
Tactor k of the system abt 2 temperaturas ?OQ ¥ and Eg@@ The yeasons

for this seles tion ares

&

a) For the high@r Pu isotopes the Karlsruhe grouso Tile only contains

self=shielding factors at 2 temperatures. For the tempersbure
dependence of the D.C. often the relation D.C /T is wsed., In

this case the Dl may be calewlsbed with the mwltimli@aﬁi@m T
&
W

or ab 2 temperabtures and formuls

b) With +the method selscted effects of the whole energy reglon are

considered. This is not the case with the methed by Froslich
{chapter 3ebelelo)e

9 2

e} It iz expecbed thad the ervors introdused by the fact theb resonance
parometers should be changed i¥ the growp eross sections ars
PDF created with pdfFactory trial version www.pdffactory.com
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3418,-

The sysitenm observed

The energy spectrum of the flux and of th@ adjoint flux (figures
Qgh)e

The energy dependence of the most important resetion rates
(Tigures 546,T)s

nee the energy dependence of the flux is much stromger then of the

L

P
foint flws uxs,, the flnx energy dependence is most siginificant,
doLn . &

1]

this study most attention is pald to the D.Ce and to the ReS.D.C.
- analyses of these paramebers may glve important information 4oo.

igures 12 and 13 show the energy dependence of these parameters,

ha 13?@3%3@&%10&5 have started with the following energy spectrum
wdivision: ’

1) 1ok MeV<E<10.5 MeV or group 1 to ki,
"~ basause |
) energy region sbove resonances
b) mein energy reglon of the fission neubronms

e) deeressing flux and reacton rotes

2) 46,5 keV<E<ib MeV or group 5 %o 9
becauwu _
a ) Flux aﬁ& react“on rates ot maximum
) most influence on the Doppler effect below h5@5 kaV
¢) energy dependent contributions to the ReS.D.C, change

sipgn between group 9 and 10 (flgmr@ 13).

3) héaSA@V§E<h6§5 keV .or group 10 to 18,
be&ause |
&) main energy xagxon f@r the Dopprler ellect
b)) regilon with large weertainties in U? of Paﬁg
¢) flux and reaction retes still large ,
' More detalled ealeulations showed that in this energy veange

the groups 15 to 18 were deminant for the influence an the
ReSeDsla
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Therefore, this region was further divided.

3=A 1 keV<E<6,5keV or growp 10 4o 1k
3=B 46,5 eV<E<« 1 keV of grow 15 to 18

L) B<b6o5 eV or group 19 to 26,

2) below main region for the Doppley effeet

b) in this energy range the flux and resetion
retes are reletively small.

U238

Tor the materisls and Pu? the energy region 1&65 eV %o
L6e5 eV {group 10 o0 18) was exemined more e?"cenuwly For the

less important materials the subdivision of the énergy spectrum

progrems of the NUSYS systeme

Program 446 by Sanitz ensbles the ealevletion of the nacroseople erosse
sections of the sy yebem taking into account the self-shielding effect,
Tm mulsipl catlm luG'@QZ‘ in the fundsmental mode spproximation wes cale

culate@ with 'r:rczgram 35? by Fe*'zrs,n:tm anc‘i Kraﬂ'?‘sah gix r:s.ng ¥ with a trune

eation av.rm' of 10"

leulations with ene-dimensional mwo&mm% on of the diffusion

on were done with program 6731 by Senitz and Woll.

fter each variation in the group constont set the resctor was made crie
eal by veristion of the ratlo vy (fertile o fissile moterial),This was

:’.%1 the iteration program 2210 by Bachmenn.

d with pdfFactory trial version www.pdffactory.com
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+he a&ﬁeupmnat*en of the econversion ratlo of the core the components
sormula (3.44) were calewlated with the eveluetion program 4T by

The vay 3tion of‘ the groun constant seb

s group eress«sect:‘im changes several othe grczm cmstwm may

i [ ? L4 _
ange too (e.g. I} variation inflvences also \:):i,g z%em and gkr}, In
ler o maintain the relations beitween the group constants 2 programs

2) TUSYS program L8LO by Lengner,
In this program all group constants for infinite dilution are

modified execept for :C.S,"t » 'The possidility for changing the

latter is o mlable separabelys
Tor each NUSYS run the group constents have to be modified again.
Progrem 2229 by Bachmann

With this program a new tepe with grovp constants is arranged.

kj

obh group constants for :alm.:ﬁ_‘ni"ae gilution and selfshielding

p & J
Ixd
o
5
0w
L=
o]
1
o
£y
&g
[
3
i)
3
%]
[
111
¢
fdo
(2]
A
4]
e
8]
&
B
[
jat}
e
=
! B
&
e
&

sors for the removal an

ndeed, the determination of Typ TOT the multiepgroup diffusion caleus
ons is not well defined 'b@ﬂ use of the welghting procedurs. HMores
varistion of X,, and Z between extreme limits may introduce Z,
é.riations oul of oh@ vﬂxﬁcema;my range of the labter if the balance

¢
™
fe
H
e

T, =% «5 L, +1
: ¥

s maintalined.
Cﬁmm,ré,san of the meﬁbo«is ghowed only v&r;r small dzfﬁeremeg in the pa=

3’.‘03‘% sere eonsidered.

Mainly for reasons of computing time required %:be second m@ﬁb@ﬁ by

Bcﬁ.mmwm is being used for most ealeulations.

tion of the 'b@hal mecroseopie erosse-sections waa done wif'sh

ogrem 4837 by Lengnere The latber has the same features as

with pdfFactory trial version www.pdffactory.com
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¥4
ey

LUENCE OF TEE DATA UNCERTAINTIES ON THE REACTOR PARAMETERS

Tn order to obtain some geﬁeval information sbhout the influence of

lueced steamwdensity coeffieient
ReSeDe C@) and the Doppler coefficient (D.C.) the effect of 107 inw
the macroseople erossesections for espture and fission was
Only, fundamental wode ecalevlstions wers made snd the

ons were performed in several energy voglens, Teble 6.1 shows

(4 @

ets palenlateds Praozented are relative ﬁﬁvzatsens deternined

I

e
Al&(.&’l’) (D@cg) (6@1}
SeDslo

141

1002 3 X

eulated velue of |X| is 17 largers The DeCe 0@ ReSeDeCe are more

“cls%i?@iﬂ@?ﬁ&%i@nw Ao W Formef6.1)
8 sorossssant 104
) |68 (am) (%)
41,1
+06T
45,2
- *0.9
J=2e1 | 4303 =263 +2:3 | =327 +h .3
“0,3 | 11,0 =18 +0:3 | =10,9 2.7
8.5 | #32,3 | <9 [l+15.2 | w225 | 8.0

Table 641
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52

a) The influﬁn ce of group crossesection varistions is larger for
the ReSeDeCe than Por the D.C.

The elflfects due to capiure aﬂd ssion erosseseetion variations

o

are of the seme order of magnitude. However, with opposite sign.

Tfect of variations of a crossesection over the whole energy
in rather gegé agreenent with %the swn of the effects
of varistions in parta of it {the effects are rather well additional

over the energy reglon).
d) Cressesection variations at hiph and low energies have effoets

i n
with opposite sign on the ReSeD.C. and with the same sign on

e) The influence on the ReSeDelle of varietions in the energy reglons
50 eV to 1 keV {group 15 to 18)end 50 keV o 1 MeV (grovp 5 %o 9)

remarkable.

zplain these effects qualitatively we have to exemine the

2] The effeets due to crmsﬁw“nczian variations,

The erigin of the R.S.D.Cr and the D.Cs snd the way the latter are

2

influenced by the effects due to crossescetion variations.

affentse dun to erosseseection veristieonz. The main effects

]

a) Chenge of the quantity of fissile materisl required.

i

b} Changes mﬁ the flux and adjoint fluy speetrum.

Sinee in this study mainly the influences of copture and fissien erosse
ebion variations are considered, here, only the effect of wariations

of these ecross-sections is examined.

| with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com

Just eritical reactor the copbure crossesechbion increases or if

3,

fe,fissicagone decreases ab some energy, the reactor will become sube

)

able for the multiplication

In order $o keep the resotor eridticsl the smount of Fissile

inereased (the ratio y between Fortile and fissile material
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ne flux ¢(EB) is o measure for the nean nuwwbey of neutrons with energy E
; enehor.

ne adjoint flux ¢ *im) may be considered to be the mmber of daughter
eu@r@ns of the neutron distribution due to a neutron pub in the rescbor

& adjoint flux spectrum are Influenced by 2 effechs:
initiad varistion of the erossezectioms

keep the reachor @ri@iaal} will influence

eross-sections of the dlfferent fuel meberials (eeg@ u and

T the capture or fission eross section in group i ineresses the flux in
his group will decrease r@lativ@lya The same oceurs in groups. with
maller energy because less neutrons come from growp i.  The relative
the flux in the latter growps is smaller than in grouwp i

e hydrogen in the reastor enables "overseattering

of grouwp j with energy larger than group i (j<i) may be seattered %o
L with Jo#k>i)s
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55

238 ' 239

o BSinee U has negative Dopnler effect end Pu has
11 positive one the total effect is dependent on the ratio

sse materials (the ratio ¥).

uwblc 6o1 the varistion of §A%(T=000+2100) is identical with the e
tion of the D.Ce Ve may observe thah the D.C. varistions have the
sign as the y veriations in all eoloulated eases. This mesns thed

easing of ¥y results in & more negative DoCe

en other influences due to the crossesection varistions, the

the D.Co is lorger or smaller than the change in ve

second effect 1s +the variation of the flux s
cepture and fission crossesections in this energy region
tive decreasing of the flux in the resonance region, resulte

s neg&tzve DoCs Bobh for the capture end fission crossesection

in the energy vegion below 50 eV {group 10 to 26) the most
second effeet is the voriation of the sdjeint flux spechbrum

in dmcne&sing of the adjoint flux zbove 50 ¢V {(also in
nt resonence region) and in a less negative D.C. Inereasing
the fission cross seetion resulis in inereasing of the adjoint Tluz

n the reson anee %agl@a and in & more negative D.Ce Both effects may

feet in %higrxegi@m is

af
£ the GVOS&% setlon variation itselfe Tn the caleulation
he

o

alf=shielding Tactors

o
4
e
ot
£3
Ly
143
03
&
* o
23’
]
o
b
o
£
o]
3
3
3
39
&
e
{J
vf
(o]
bt
w
E

8
S independent of the group erosswsectlon variationz, This means thab

1oy

Las

eglon the DeCe will be more neg&tiv& due to the

b
o

he cross=sections at 000K and 2100%K. The same holds

{ the fission eross=sections in this reglon. However, now the D.Ce will
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cormponents may be changed mainly by:

of the neutron spechrum:

ative component gets more imporbtance and the

aristion of the course of the adjoint flux at energles
ahove 10 keVs , . .
Tattening results in & smeller negative component snd the

ReSsDele will be less negabive.

Yariation of the course of the adjeint flux ab energies belew
10 kaeVz
In this case flattening results in a smaller bositive component

12 ReSsDeCe will become less positive (or more negative)s

ation of the relative difference of the adjoint flux st
ergies shove and below 10 keV:

I this ﬂifferenee decreases whc ReSeDole will become less negati

(IR

(o move positive)s

2y

the help of these considerations the effeet of crossesechbion vaoe

P2l 2

on the ReSeDeCer mey be explained qualitatively. Sigaificant
effects are the variations

It

ase the effect will be analysed in more detalle

lar spectrum becomes harder. The ReS.DeCs

Due %o the XY varietions in the groups 5 to O the neutron flux
’é% A

spaabrun b@ccmes soffere The R.S.DeCo will become less negative.

o

“
1

Dne 4o the ZY variabions the course of the adjoint flu

b

in the

#

energy ronge sbove 10 keV will become steepers The ReS.Dele beow
¢

omes more mega@iveg

Due o the X? varla@mmns thc differences between the adjoint flux
below end above 10 keV decresse, This effect results in o less

ng«’l“ﬁlv& ReB8oeDolo
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o The maximum veriatlion of the R.S.DeCe obtained by 107 chonpe
ol the mecroscopie @ap‘t ra and fission erossw—gections.

3

ssome group consbants for cophure and fission were changed by
the varlation of ¥y was small
the ReSeDeCs became most positive and most @em@.wm

erformed. The ealeulsated parsmeiers

rigtions of tzble 6.2 showstable 6.3,

5.0 10=11 15218
E:{, ‘%"?O% - «10%
5t 108 +10% 107
I
gf‘{ w10% - +10%
% +10% =10% w1 0%

+0.hh ' w01e6 ‘ 43,7

=0,37 +88,0 | I O ¢

o

The influences &p}gc&wed *‘w be rather well ad ‘?3@'33.0‘18.3.9

Iready from these ealeulabtions f@”o}s that the ReSeDele is wery.
nsitive to erossesection uncertsinties and may vary over o wide
BNES o
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~ | | Ay, § B RoSoeDsCo o102

BAK set ¥ CeRo = ‘ * AD
with 3OO”V 7=2100°K | T=000°K | T=2100°K
L0008 |2 10758 [0.0052 412,06 [+14,55 lupa52  |w2uh  1ot.0662

g

o ntors A
S35 |Te39310] 0,985 #1130 [#13.61 [e2e1h  [w2,58  |-1.3857

Table 665

LRI S e

192 0,00322

tbe important parameters the differences are romarkabdle.

ce nobt all caleulations eould be done with the help of the Tinal XiKe

AK set the results will be presented as absolube parsmeter varistions.

6]

. T .
or the ratio y the relative devistion 3§A3$ £LVEN,
e wmeertaintles of the t importent ecross-scctions of the reaetor

erials are collected in thé tables Lel o 1.9,

the cages the upper and loyer Linits have the same devistion from the
.ﬂé— ”'

of the K imSKwAK aab uwually enly the effect of the wpper limit is

culateds

o

one eomparison calevlations *newa that +the absolube value of the effeets

to equal positive and negatava varigtions of the group constents are

3 3

the seme exactly. However, the differences mbsarved are relatively

3

eross secetion only the vobal value was varied, The

e
r probabilities were kept constant. This means thet with

y end Zi4ﬁ'weve varied in the same way.
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238 ,

239 q e ,
end U is investigated

influence of the data wncertainties of Pu

because the latter have the largest atom dens

<‘3
gwﬂ
o

'G
9]

[aid
é‘;?
v}

Iy
g
[oy
1]

rith considereble dato wncerdainties.

ong of the paramebers D.0. and ReSeDele due to the dota uncore
show the same behavicur as the effects due to the maeroseopie

3

n veriations described in chapter 6.1,

239

s caused by the data wmeertainties of Pu™” ave eollected

These deviations may be compared with the parameters of

w

¢ main influence on the parvameters considered is due to the fissi

LJe
m” d’

©
capture eross seetion wncertainties in the energy range 50 eV to

:k?v: It also may be @bacwvea that the measuwrements of Schomberg et

. (25) jnfiuence the CoRe and the ReSeDeCo very unfavourably (se

pher T)e The influence of the inelestic seattering wmeertaintics is
L ig+]

1le  Since the ReSeDsCy is importent for the stebility end the dymamic

ehgv*ﬁur of the ras

o]

. - o, .
2etor and also very sensitive Lo eross

E‘E

wgeetion variahi

je meximal expected influence on this parameter due to the doba uncerse

239

nties of Pu iz ealeulated {Lable 6.6).

B, § RSDCe102 5

¥ CeRe = : ‘ *10
72900"K | P21 00K |7=000°K | T=21 007K o™

17233667 {09707 {= 3065 [ 1,00 [+1.365 [+0.86 = |=1.6697

o | To33UTT10:89311431657 [+33.39  [=6.U55 [=6.02  |~1.0TOh
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' . e 4 . e 234
e 6.0 gives the variations due %o the dsta wiecertainties of GM¢S§ The

uences eome from the copture erossesection wneertainties in
S 5 %09 and 15 to 18, It moy be observed that for the veriastion
58 15 to 18 the influence on the D.Ce by the variation of the

overcompensated by the inerezsing of the eapbure eross=-secition
238

(compare with chapter 6o1e2s%0)e

Y

influence of the inelastic crossesection wneertaintics of UE3O ia
e
L

f,«!o

ls For the other reasctor malterials the influence of the inelasiie

s=gection uncerteinties will not be ealeuwlated.

. most negative ReSeDeCe coused by the data wmeertainties of U™Y is

en in toble 6o7.

% | 1=900°% f7=2100%%

Taéh38h 0.9857 &?8a3# +20,67 “3@36 =376 «1:5053

e 0ol

The high ex Pu isobones

the higher Pu isotopes less esleulations are performeds
!

the Puct0 the perameters are caleuvlnted for 3 cases.

(23) .

“b) With the minimum expected ecaptiwe gross seeblons
=

(2&3 (@oamxﬁbgfg}

) With the data recommended by Yiftah

With the data recommended b

o

.
P Pitterls

]

dete of Yiftah the DeCo ond ReS.DeCo beecme slightly more une
. 4
Dus t0 the smpller Qc@%tL@ srosa=gections the data of

favourable,

‘i
Q""'
ﬁ.)
3
fod
(9
]
5 °
3
ﬁ;)
(3
o
[
-
n
9]
g
@
e
g.t
B
&
&
=
2
]

9,

the influences on the parameters ave still considersbly smaller.
)

h-some energy regionz the influence of the largest dats weertainties is
o2

e results are collected in dable 6.10.
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‘ : 6h

s, the fission produets an

iz exonmined in detail.
The influences

meerbainties of Ni

only one caleulstion is made.

results are collected in table Geile

-

o

E
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HE INFLUENCE OF THE DATA UNCERTAINTIES ON THE SAFETY, STABILITY
AND DYNAMIC BEHAVIOUR OF THE D-l DESIGN

The safety, stability and dynamie behaviour of the Dey design

+he Kernforschungszentrun Karlaruvhe several extensive studies on these
jects were performed (3h935936’37538539$k0), The most important

ects for this study are summarized here.

Safety
the safety the Doppler effeect and the loss of coolant reactivity are
e most importent paraneters, :
_Doppler effect is a relative large prompt negative reactivity effect.
the case of a reactor accident the energy released in an excursion
pends gtrongly on the Doppler constant Tww
e loss of coolant reactivity Ak is one of the significant measures for

e steepness of a rveactivity ramp after a large disturbance in the
oling eireult (e.g. pipe ruptures).

1,2, Stebility

he stebility of the core end of the resctor plant (core with cool;ng
reuit) are investigated separately.

»St&bility of the core

The core stability of a s%e&mmeccled fast breeder reactor vas studled
xtensively by Frisch (34)
f one considers the stabilityvcf thé core the quantities dependent on
he cooling loop are assumed to be constant. These qnantitiag are

colant inlet temperature,coolent pressure and mess flow through the cores

The behaviour of the core after & reactivity veriation is mainly definea_
¥ the reactivity effect caused by this veristion (reactivity feedback).

e core may be

) stable , _

- After a positive reactiviﬁy disturbance in the core the power is ine
creasing as long as the total reastivity effeet becomes zero due to

+ he negative reactivity feedbacke.
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1

is means that the transfer funetion of the core only has poles in
ne left half of the complex plane. After a limited resctivity
azsturbanee & new stable state may be resched without control.

Monotonie unstable ‘

his ocecurs if the feedback is positive, After a positive reactivity
disturbance the power inecressing is intensified by the feedback.

The transfer function has one pole in the right eomplex half plane
After a step disturbance in the resstivity, without control no

gtable state is resched.

Oseillatory unsteble ,
This may ocdur if the feedback is lerge,nepative and delayed. A
positive reactivity disturbance is overcompensated by the feedback =

and the power level keeps swinging. The transfer function has a come
plex pair of poles in the right complex half planes

Investigations of the D=1 core have shown that oseillatory instebility
of the core only could be reached if the coolant density coefficient
would be positive with an absolute valve more than 10 times larger
than the value usually assumed. '

For the investipgations of the core stability approximation models ave
used fore ’

= peutron kineties
= thermo dynemics of the core

= resctivity feedback

Neutron kineties

The neutron kinetics are deseribed by the point model with 6 groups
deleyed neutrons. The spatial dependence of the neutron kineties
may be neglected’if the flux profile in the reactor does not change
significantly as a fNmetion of the times

Thermodynamics of the sore -

The heat exchange from the fuel to the coolant is simulated by the
exchange from one fuel rod with mean power denéity %o its eorvesponds
ing ecoolente The D=1 core is designed in & way that all eooling
channels have the same eoolant outled temperatuse and therefore nearly
the same axial temperature.snd density distribwtione. That is why the

epproximetion applied does not introduce large errorse
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pesctivity feedback

folloving feedback coefficients ars considered

,a'thé’Doypler‘coeffiaiea% o
= the steamwdefzsity coefficient ezp

= the fuel temperature coeffielent o, giving the
resetivity effect due to fuel expansion

w the canning material coefficient ¢ for the reactivity
effect due to geometrical and density variations of the
eanning

‘@ the structure meterial ﬁﬂmp%raﬁur@ coefficient o, for the re=
potivity effect due to geometrical and density vaxﬁaﬁioﬁs of

the structure.

. negative Doppler coefficient couses s negative feedback resctivity.
egative steam-density coefficient gives & positive feedback reactivity
ause §§°<Oe The other feedback effects are considerably smellers

Due to oy ® negative feedback reaetivity

" e, e positive " -

woon ¢y & negative " "

nvesﬁigati@ns with linearized models showed that the De1 gcove is near

o the boundary for monotonie instability.

Therefore, a digital computer program wes developed for the ealeulation
£ the feedback resctivity saking into account the Following non-linearitiest

= temperabture gepend%nc@ of the Doppler coefficlents

DsCo = ey @<§Q T iﬁ_d@greég Kelvin

= dependence of the heai exchange constents on the canning and

coolant temperature, steam pressure and mass flow

= dependence of the steam-density and the specific heat of

gteam on the steam pressure and temperabure.

This computer program ellows the ealewlation of the relative power

&g L | o (7e1)
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feedback reactivity
relative variation of the power

. fraction dela&éd neutrongy dbelng
pbout equivalent with 1 §

1 . 0, (Pyz)
me 1d2 (W (2} A, In 5 o
£ )% [ Ap dn )
ﬁ9(27ap {oy(pyz)opy (2)} + - L
WF(z)aF {eF(PQz)meFo(z)} b :
:wc(g)“c {oglpyz)=ny ()} # dh
Wgladeg o (myzdee, 0} (1)

gxinl weighting funetion
" temperabure in degrees Kelvin

¥ wowo, ecentigrade

Doppler effect

coolant

“’fuel o o : !
canning V

structure

k3

stationary velues

A relative power coefficient A = =1 ¢ peans thet for a relestive power

AL . 0.01 & negative feedback reaativﬂ%y 5Rf'w@0@63 ¢ will

variation. 5

arises
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T

e‘an&lyais of A showed that its main components are due to the
,ffi@ienﬁs AD and ﬁpg Th@r@fbreg;the boundary for A=0 as a function
these coeffieients AD and aﬂ was ealeulated for several wvalues of

. s . A
e pover level P and for several relative deviations w% o

pese grephs published in (34) are very suitsble to show the effeet of

s data uncertainties on the eore stability.

so the variation of the power eoefficient A dve to eross section une

rteinties gives important information.

stability of the reactor plant

h(Bh) Friseh proved with the help of a linearized model that it is imee
ossible to obtain en inherent stable reactor with en inherent unstable
ores From this analysis also follows that the resctor will be unsteble
£ the stean=density ecovefficient is positive.

imulation of the reactor plant on an analog computer econfirmed these
sults. Moreover, followed from this simulation that for large negative

teomedensity coefficients the plant may become unstable if the core is

e stebility of the reactor plant is strongly dependent on the delay
times of the éaolimg elreuit. In (36) 1t is pointed out that oseillations
of the resctor power are prevented ifs
XeP

e @ gefa%oam@mms'};"

k& p dp C a € A@rit

!

(7.3)

" AP P oo s . . .
E, @*mxém ¢ resctivity gaine After e resetivity disturbence Ak
o the power level increases from p to p+ipe

@ stesmedensity eoefficlent ,
o steamedensity
P sheamepressure -
X . ratio of the quantity of superheated steamfloving

to the eveporators to the total quentity of steam
flowing through the cores
c energy storage cepacity of the coolant systemn

T delay time

d with pdfFactory trial version www.pdffactory.com



http://www.pdffactory.com

15

it depends on the eomposition of the delay time Tﬂ and has & minimum
& undey the assumption of & pure dead time. In the case of 2

2
delgy times of egqual length Qc i becomes be In (ko) it is shown that

a the case of several time constants of the same order of magnitude {as

4 ’5i o i LW ERS
in gh@ D=1 de gn) Acrlt 1ies betwesent

¥ q
3 Rerin© 4 (7.4)

ao , X°F | ,
;Bﬁk}go mpﬁgg C Tu (?95)

may be esleulated with the help of & digital eomputer code. Comparison
of the value of B with the boundaries of A@ri% gives information sbout

the stability of the reactor plent,

ﬁowevergva large steamscooled fast breeder resctor very probably will
be equiped with a control systemy that stedbilizes the core oublet
temperature, In this ease the influence of the coolent loop on the

plant stability will be emall.

Tel1s3e Dynemic behev:cn?

Particulerly the behaviour of & resctor plant after a eredible severe
failure is important for its safety and serviceebility. The most a@v&ré
eredible Tailure of the De1 design is the rupture of a single maln
coolant pipe in the region of the coolant inlet (35) (point A in fige 1)e
The behaviour of the plant after this fallure may be investigated both
by simulation on an enalog computer end by the ealauiat;@n of the
transients with the help of a digitel compubter programe

The influence @f’tha date wncertainties on the behaviour 8f the core
after the failure just mentioned was exemined wi ith the help of s digital
computer program developed by Hornyik (& 1)@ Tn this program the bes
nevicur of the core end the coolant loop arve seperated in the following
ways ‘

The time dependent effect on the coolant properties due to the pipe
'rupture $g paleulated for a constant veactor powere With the help of
these time dependent eoolant properties the b@haviouf of the core is

ealeulated, This separation dees not lead to large errors as long es
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6

transients eonsidered ave so short thet due to the delay in the
exchange from fuel to eoolent, the ecoolant properties are not ine

nced significantly by the changed thermal power of the core.

;mag% important features calculated for the core are the time dew

dent behaviour of:

- the temperature of the fuel end of the can meterial in a coolant

chennel with mean power density end in the hot channel.
» the thermal pover
» the feedback reactivity componentse.

The ¢ransients may be ealeulated with and without e scram,

B

.2, The uncertainty of the most Importent paremeters

2:1s The meertainty of th@ ReS8aDsle and AKL

he investigations have sh@wn that the influence of the aaﬁa une@xtaiﬁtles
o] thewe paremeters is very large. The outside wvelues caused by the une
evﬁaﬂmﬁwes of Pu 239 and U“B are given in table Tels The influence of

ne other meterisls is relatively small.

pe, ¥ REDEs 102
oL

Y CoRe | T=000°K |T=2100%K |1=900°K | T=2100°K Avaiﬁgi

7662523109529 11690 | =037 |43.555 | #2.,65  [=1.5192

73802k 068952 +38,70 | +40,Ll [=T.80 | =811  [=1.0509

Table Tsl

The difference between funé&menta“ mode and more. aeﬁallei caieul&tm&ns

is smalle BegZs the difference between the ReSeD.Cs determined at 900 °x
vith o fundamental mode celeulation end with a {edinensional multi=group
calaﬁlatien toking into account the axial variation of the steem wedensity

ia considerably smaller than the difference dbetween the ReS:Dels caleulated

at QOOOK end 21007 with fundamental mode calculationse
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. The uncertainties of the D.Co

.Co i3 not very sensitive to the nuclear date wnecertainties. The
ences observed are smaller than 207,

ever, the uneertainty of the D.C. caused by the discrepancy between
ifferent eceleulation metheds is important too.

rison caleulations showed that the method of Froelich systematically
es a DsCe about 157 more negative than the method of successive ke

sulad lone

» Influenece on the safety

influence of the DeC. varistions on the energy released in.a

actor excursion is diffieult to determine. S@ﬁe‘greliminary calevlations
r the Det1 design shoved a nearly inverse proportionality between the
ppler constent snd the energy released (kg)e The influence of the Ak,
rigtions on the safety mey be observed in chapter TeJ because the ine
vence of the ReSeDeCe varations on the safety aspects of the dynsmie
hévimﬁr is sbout equivalent with the inflvence of the ARL variations.
the safetys In figure 20 may be observed the differences ina the re-
tivity vemp after = severe fai;ur%@ These differences are mainly caused

the variations in the ReSeDuls

Wby Influenee on stobility

he vegions for inherent stabllity of the Del sore as determined by
& 3 h »
Iriseh (34)

ignifieant results of the investipgation of the influence of the data

ere given in figure 16« In this ReSsDsCe=DsCe plane  some

wneertainties are plotteds It Is assumed that the other reactivity effects
ore not influenced by the data weertainties. In figure 16 also are

lotted the uncertainties of the D.Ce caused by the discrepancy between

he ealeulation methods mnd the variation of the ReS.D.Ce caused by e
emperature change of T=900%K to T=2100"K,

lith the nueclear data of the KFK~SNEAK set the veactor is inherent stable.

&y
he new ce-measurements Ior Pu%gg by Schomberg et a1‘§g5>

are very W
avoursble for the stability.
The most vecent evaluadtion of the dats for Fugha {the mod. ENDF/B date

by Pitterle (2&)) has a favourable influence on the stability.
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o the posgsible daﬁa»ﬁnaezt&imtias of ?3239 and ngg the R.8.D.C, may
¢ s0 for negative that the reactor is wstable. The R.5,DeCe also
ceome positive, In this ease the reactor plant will be unstable

ot 8 control system. However, it may be expected that the Re8,D.Ce

Deseription | A ¢
KFK~SNEAK SET | | “1.253
0, of Pu?? MAX in GRe’ S 9 | . 0,770
op OF Pu?? MAY in GRe 15=18 20385
0. of Pu>) MAX in GRs 5= 9 1,287
6. of Pu=? MAX in GR. 15=18 =0,516
238 s ) | it
o of o MAX in GRe 5e 9 1,401
6 of USC MAX in GR. 15-18 1,083
DATA of Pu>37 FAVOURABLE o h,307
DATA of Pu=" UNFAVOURARLE #1858
DATA of U238 FAVOURABLYE «2,086
PATA of U  UNFAVOURABIE w0 U7
FOR ?u2h¢ MODs ENDF/B DATA w638
FOR Pu°>2 DATA OF SCHOMBERG 00,163

e plant will be ipherent unsteble if the core is inherent wnsteble and
£ the steamedensity coeffiecient is positive, '
ith the help of the formulae (To3) to {T.5) the stability of the plent
&y be exomined for the cases where the core is inherent stable and the
+SsDsCs iz negatives ~Far'3 cases of sn irnherent stable core the value
of formule (7.5) is c&lculatea'(t&blé Te3)s The following veslistie

vantities for the D=1 design ore used:
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X = 956,4 :
P = 2500 MWth
¢ = 500 M2
ata
T = U, 2 sec (T is composed by & dead time 0.7 see, s
» defay time of 1.5 see for the heating of
the structure material and the pipes and
& delay tine of 2 sec for the heat exchange
between the fuel and the ecoolant.)
B
Deseription : (forms Te5) |Comment
KFK-SNEAK SET | 0,629 <A .
240 erib
MODs ENDF/B DATA for Pu 0,166 <A s
g of Pu239 DATA by SCHOMBERG 640 » A,
Y , i erit
Toble Te3s

n %he enses 1 end 2 the behaviour of the plant will be satisfactory.

ozev%r5 in the cage 3 after a reactivity disturbaney powver oscillations

Tnfluenee on the dynamic behaviour

The influence of the data uncertainties on the dynamie behavieur of the

core is exemined vitﬁ?gigit@l computer progran of Hornyik (deseribed in

chapter Tsle)o

'he behaviour of the cors after o rupbure of a single coolant pipe near

the reactor inlet without scram is caleunlated for 3 cases. Namely with

paremeters determined with

= $he KFK=-SNEAK setd
«= the moat favourable data Tor ?3*39 (ReSeDsCs p@a*ﬁive)
e the w data Qf Pugsg

by Sehamberg et ale (25) {figure 10},

ealevlated with the mean o values
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e 7. shows the Doppler constant A, end the ReSeDeCe for the cases
ulated:

|cASE| DESCRIPTION ADoaog REDG 102
2 KFK=SNEAK SET 1,386 w21l
» | FAVOURABIE DATA Pu>?| w1455 #14365
0., DATA SCHOMBERG @130 3,55
Table Tol

figure 17 the maximal fuel end cen tempersturss of thé hot channel,
e thermal pover end the feedback resctivity are plotted as & function

the time after the pipe rupturee.

e figures 18 4o 20 show the aifrevences for these guentitles for the

ases &, b and ¢ of table Tehteo

or the p@si@ive ReSeDeCe n@\éanﬁﬁr for the core oceurs Immediately after
he failuree The cen t&m@@f&tk@@ ingreases ﬁl& ghtly due to the fact

that the cooling becomes veﬂgea

Tor the date by Schomberg the fuel welbing alresdy occurs after 0.33 see

instead of 0.75 sec for the paranebers caleulated with the KIK-SNEAK sebe.

Tor the ease vhere the RGSQD;CQ is inTluenced most unfavourably by the
iate uncertainties of ngg’ 1% wae examined if & seram could save the
core from demage 1f & msin pipe rupture near %he raasctor 1%3@@ @@ﬁﬁ?ﬁs
It is assumed ¢that the screm begins O.1 sec efter that where the pover
level bas Lﬁ@reaseﬂ 25%, In figure 21 the veachivity effects arve plotted
and in figure 22 the ecan and Tuel tempera stures in the hot channel.

kin +his ecase the oore will be destored afber the failure desecribeds
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CONCLUSTIONS

investl gaﬁz@ns of thls sﬁuéy mey be sumwarize& with the following

clusions s

(3

:The Doppler ecoefficlent D.Cs iz not very sensitive to the nuclesy

dsata vncertainties of the reactor materials. (The varistions of the
D.Cs are smaller than 20%.) An important part of the veriations of
e DoCs due to group consbant vaeriations comes from the change of

the ratio y (fertile to fissile naterial),

The reduced steam=density coefficient R.SeDsCo 18 very sensitive to
the uncertainties of the cepture and fission erossesections end nay
vary over a wide range. The dependence of the R.S8.D.Cs on the crosse
section varistions may be explained qualitetively mainly with the ine
fluence of these erossesection varistions on the adjoint flux
(chapter 661426260

: @ s o ° ® 2
The unecertainties of the eapture and fission eross—sections of Pu 39

and U238
fluence of the data wmeertainties of the higher Pu isatapes is cone

have most influence on the psremeters considereds The ine

Siﬁe?&blég The other materials only have small effectsz,

Since the R.SeD.C. may vary over s wide renge the stability, safety
and dynemie behaviour of the D=1 design is influenced strongly by
the nuclear data uncertainties,

With the data of the KFK=SNEAX set the D=1 design ia inherent stable,
The most recent data for Pugho by Pitterle (2b)
effect on the D.C. and the ReBeD.Coe

On the other hand these paramebters D.C. and R.S.D.C. are influenced

(25)

have o favourable

unfavourably by the recent measurements by Schomberg et ale. for

o @4%% of Pu>s?,
The uncertainty of the DsCo and the ReSeDeCe of the Det design mey
be reduced significantly if:
a) The discrepancy between the different ealculatiem methods for
the DeCe is removeds
b} The uncertainties of the capture and Pission eross=sections
of Pu>? ana U238 would be reduced, particularly in the energy

ranges 50 eV 4o 1 keV and 10 keV to 1 MeVe
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6) Very probably the investigation of the dynemie behaviour will be
improved if the dependence of the stemmsdensity eoeffielent on
the fuel temperature will be econsidered. Perticularly, in the

cases the fuel temperature varies considersbly.
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kst of symbols

1 syzbols used in this study are explained in the text.

Doppler constant

geometrical buckling

diffusion constent
energy
power level of the reactor

summation symbol

temperature
delay time

ratio of the quantity of superheated

steam flowing to the evaporators to :
the total quantity of steam flowing through
the core

selfe-shielding factor
multiplication factor
steanm pressure

time

neutron veloeity
space vector

ratio of the fertile material to the
figsile material

L B S TS B Y

axial coordinste
resonance half width
macroscopic cross—section

neutron flux

*

adjoint flux or importance function

direction vector

2 0DIe © M =3 N

ratio of o to o,
reactivity coefficients in chepter 7
fraction of delayed neutrons

number of fission neutrons per ebsorption

@ 3 O 0

temperature in chapter T
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U nean cosine of the scattering angle
in the laboratory systen

number of fission neutrons per fission
stean density

o ieroscople cross-section

microscople background cross-section

X nurmber of fissien neutrons

canning material temperature
Doppler effect
fuel temperature
normael value
structural material temperature
absorption
be elastic removal
bin inelastic removal
fission
feedback in chapter T
83 group numbers
rem ' removal

seattering

The cross=sections and the selfwshielding factors have the following

¢

identification: ‘ ‘
&

g
I-Se
ks
o

Z? and T with

B

K material index
i group index

%  nuclear process index
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o1

The maximum percentage stom burneup of the Dei desien

For the ealeuwlations the percentage stom burn-up is requirede The moximum
alloved burneup is defined in Megawsttdays per ton (Mwa/T).

The maximum allowed burneup B o is defined as the maximal axiel averssed
burn=up in the fuel rods situsted in the core where the radisl flux dise
tribution has its maximume Sucecessive change of 1/3 of the core loading

results in a maximal averaged core burnsup.

<

& ;
g rad 1 2 1
max éxadgmax 3 3 3
- 5.
d 2
B 0 B gmm?!;gmm Loy . (As?)
max ‘?rad@mmc 3

Between MWA/T and atom percent the following equivalency mey be derived,

1 MWE = 108 o 24 3600 Wsee
1 eV ® 1,602 «10°7 vwaee

Fnergy released per fission 190 MeV (not ineluded are sbout 10 MeV -

neutrine energy).

A lso

6
1T MWA/T & s 2k 360?910 e fizsions /7
1,602210° 7 190 10
-i TOﬁ ﬁ@nt&ing 106 E &'i}@ms K A"mg&ﬁrm numb&f &
A A mass nunber
fo
2 3600 106 o s _y -
1 MWa/T = 19 ===z fissions/totel number of atoms
1.602 10 7 190 10 + 10
or p
. 2
1 MWa/T = MZ?;O A 106 = atom percent
1,602 10 190 10" N 10
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o2

For 239
A mz&
1 MWA/T B 1,128 10 atom pereent ; (1.2)
with

B oy @ 55000 MHQ/T

0

rad,max

The percentage atom burneup for the D=1 design at maximum allowed burn=uy
vecomes with equations (A,1) end (A.2)

2 0,836 55000 1,128 10“"}“’ = 3,45 atom pereent

3 fc ot

B U, =

E
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The @erturba%ieﬂ eode applied

code has been used.

H

For the analyses of the growp dependent als
gteam=density coefficient and of the Doppler effect & perturbation

i X3 3
VD,V 4§, 4L b, m 8§ I b, = 8 viY 4
YL YL Tvem T3 34 e S Ko pp 3 75
i vi>
90,9 ¢, ¢IL Y, = 8§ I, Y, & amion 8 9, Y
1" "L Trem "1 541 i3 7 Kopp 3 373

These equations mey be written in the Pollowing matrixz form

M(g; ] aﬁaz{m <\)X§§¢>
alf
v .
4N £ T
M ‘l@ ﬁmw {X 96}} i
el ’
with
ﬁ%V¢xj o 0 0 -_
rem
P
3ﬁ$2 Vﬁgv & Xre“’“ O 0 e
M= : ! ‘ :
=) L Z ! .V #Xi
Toi TRoad - = Pleted i rem ¢
; X | |
o o ‘ N e -
z?*ﬂ 22@n-—~~— RS B 2i¢ﬁ vnﬁv
n ! .
M transponed of matrix M -
9
4 ¥4 Xq Vi,
4’2 ‘5’2 Xg \)Z?
& ) L) ) @
o= | b= x=1 e VEg ™ s
n
oy Y % “Xf

eated with pdfFactory trial version www.pdffactorv.com
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¢eibution of the redused

The basie equations for this code will be derived here. Ve start with
the multiegroup diffusion equations for the flux and adjoint flux

(equations3.h and 3.5). (The space dependence is omitted and @E = @i)

(B.1)

(B.2)

(B.3)

(B.4)

renm
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ol

. T 2 7
(vxf) - fvifgvifﬁwagvﬁf) transponed of I,
XT o= CX29X2$°§®§Xm> 9 o A
T
WIpp¢>  ® 8 »z‘:‘; ¢
J
ot = 8 X3 ¥
3 N

For equation (B.3) we teke the transponed of both sides

0 9)T - '
‘ vﬁf 9 vtg T vZE
(iywmw <y 9¢>) 8 et €Y 9¢> = ifmmw «w oX*
eff eff elf
. & L IR *
vith o' = 6" 6" = (8], 0hrensy 03)
78 : i
vk *
o' m e <p” - (Be)
eff

H@ﬁa,wﬁ eonsider 2 states of the systenm,

For state 1 equation (B.3) reads

My gy =gt il g | (5.6)
@ffﬁ bR
For state 2 equetion (B,5) reads
T ::
v C
. £a . . .
P LS
b, M, =- > <h, 0 X> : ' (8.7)
2% "% 2 v ,
el'fs .

F

For both states the fission speetrum is faken the same.
Multiyli@&%i@n of equation {Baé) with @2 from the left side gilves
S o

@ ﬁX 'T .
<yl ﬁgéﬁ . (Beg>

b My 9y
‘ o %ff1

Multiplication of @@&&tacﬁ (Bo7) with ¢, from the right side

f29¢1
{¢'§9X> . . (}3%9)

&
g My &y =

Wimg;z
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95

Subtracting (B.9) from (B.8) end integration over energy region and
reactor volume give

T

kS
4 2T SO WIn aby>
j’év Qég(ldi&}ig)@i} ® I&V W *ﬁvzf‘? géj -, wgggwmw Q'@Q%X} {Bagg)

I
M2 b3 M,§ % M : .
vxfé B vﬁf? & szf

equation (B,10) becomes

' T gl o ol
«fau‘zfﬁw?:& wszg@@?ﬁ» <6vxf »6 ¢

jdv =<g,0My,>| = jﬁv <tpux>

koo -
v v effy Fers, “ers,
or
T %

@ %\;Ef@@?&‘e@?gxﬂ
AV w<d, Mo, > @ e =

271 ko
v 4 - effp

+ T 1 g
I‘W Pprx> iy oy {af = (Ba11)

4 “erry Ters,
Now, we enly consider small varintions between stote 1 and gtate 2, with
state 1 Just eritical -

In this ease we assume to be allowved to take

by = ¢, = b
& e &
by by = g

err, " Xepp, * Sk =14 Sk,
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Alss we obtein

1 1 1 qegkel
{ @ ) 2§ = L T 2 8k
2, ofa 5 W
k'%i'f'z keﬁfg ¢k 451
g &
"5"}:‘?%@?7‘“{*‘%"293@’

T &
T B SOVEL0><h x>

Then egquetion (B,11) veads

jdv <tV OOV Ly 424" yy> | = !@v <§” px><vll, o $28K
A2 SR v

av[wz@ 6\\4@%»:{6\»2 w‘;w@ ﬂ:{;

- J
[« s 5e]
v .

(B.12)

The denominstor is independent of the perburbations and is put equal to T
(Equation (B.12) then reads: ‘ '

.4., 17
Sk = «%« fa‘v wtd 6z,i¢}~%~<6v¥3§‘5$>*<¢“}x> | (Bo13)
v » |

The integrant may be written s & sw over the energy groups in the

following way

&

<t S‘dq&& - e; -{¢ b (van wesz \}@ls 623 210505
L]

Eaay
jor}
[
okt
g

St

. ssmiw“;wi»za (az 45T )qb <,b ms 82 5 50 ng, *
i i.

and

i L
<8~v2§9¢>¢¢ x> = 8 5\:25@ 55 (B.15)
Led ,
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97

rrom (Be13)y (Bo1l) and (Bo15) follows

¥

1 S i i &

;! fomacd &a o a o Wl g a%' o ®

ok = 5 jav 8 8D, V4, V4, ?{azy §$f}¢m¢1
v 1 4

+5 8L 00 (¢ w058 svEYe.Leix, ‘ (B,16)
o5 3 N SRR RER ]

pa

e

The splitting wp of &k In group dependent contributions is not well

defined because of the components in 8§k with swm over i and § simultaneously.

The splitting of the component

J
88 mcﬁ: («zs = e o8 SVEpos @. ‘ (B:17)

°

i

Lo

i
may be based on 2 principest

a) In group i the reastivity effects dus to the grosas=section

variations in this group are taken togethers

b) In grovp i the reactivity effects due to the variations of the

n eutron population of this group are taeken together.

Method a) gives for {B.17)

+ * &
S{S ST dybs w8 8Eg a0 ,;} {‘\m“@ S’x.gbm}
N I L Bk
or ?
8 {s ibs ¢, ~ 8 8L 0y @ %5v2§@ 8 X, @%1 | (B.18)
ply RV i)
} A
Method b) gives
o , = 3
S{S 8L5,50505 = S 5’35.»”?”5,%} * f?{xié’z: 8 SVILés
i 3 i i
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or
& % % 3
- s B 2 s Yo ke ¥ o é z o 9
5 {§ 6z§¢i¢j¢$ 8 52;@5$16m X;¢1 5oV f¢g§ (B219)
a4 d J
Also equation B.16 may be written as
Sk = § 8k, _ {B.20)
AR
with
method a)
Sk, = o avl@g,m‘f”vqw(sziwzi}é.@f" + 88T, .04
i F La.:s,,z. | SRR S R NI £ I A |
. v “ J
L e % i +
o SN 70, P o 21
L by b, SVILG, 8 xjffba] (B.21)
nethod b) -
Sk, = o Qv s@éD 76406, w85 e85 0 0T v 8 6T 0 0T #
i F CLUTLTATY Ty e L i
v ' o v
m@X; ¢.é% 4 xﬁé% 3 §v25¢u1 {B.22)
b L7 ivd 3 £

The NUSYS progrem 2240 by Bachmann ensbles the eslowlation of the
equations (Bs16),(B.21) and (B.22)s The flux and adjoint flux have 40

be ealeulated with o one=dimensional diffusion approximatione

In figure 13 the energy dependence of the ReSeDaCe is caleulated both

with the help of formulae (B.21) and {B.22),
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Fig. 2

E——

a)
b)
c)
d)
e)

f)
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: 339 &

measures in om
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outer fission region
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Adjoint Flux Spectrum
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