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Absfrocf

In this pøper simpliffed models of the xenon spofio/ insfobil-
ity, especiolly oxiol oscil/ofions, ore derived. The nature oÍ
the oscillotions mokes if possib/e fo represenf the oxis of the
core with only two poinfs. Tlris simp/e model gives o good
physicol ínsight inÍo the problem ond is shown lo be rofher
occurote, compored with other models.

BoIh unstoble ond sfob/e periodic so/ufions hove been pred-
icÍed wíth Íhe non-linear mode/. They hove loter been veri-
fred by digiiol símulotìon.

The lineor stobiliry is shown to be independe nt of the control
rod, which mointains the criticalily. The rod wîll, however,
influence the non-lineor behøvíour very much.

Zuscmmenfossung

Vereinfochfe Modelfe der röumlichen Xenonschwingung

ln dieser Arbeii werden vereinfqchie Modelle der rdumlichen Xenoninsto-
biliiöf (in großen Leisiungsreokloren) speziell der oxiolen Schwingungen
hergeleitet. Die Noiur der Xenonschwingungen mocht es möglich, den
Reoktor nur mil zwei Punkien dorzuslellen- Dieses einfoche Zweipunkt-
modell gibi eine gule physikolische Einsicht in dos Problem; es hqi sich im
Vergleich zu cnderen Modellen ols genouer eryiesen.

Sowohl die slobilen qls ouch die inslobilen periodischen Lósungen sind
mii dem Modell vorqusgesogi worden; sie wurden spdler durch eine digi-
lole Simulierung bestdfigt.

Es wird gezeigi, doß die lineore Sfobilitöt unobhdngig von dem Kontroll-
sfob ist, welcher die Kriiikol¡iöi oufrechterhõlt. Der Kontrollstob hot oller-
díngs eine große Bedeutung für die nichtlineoren Lösungen.

Definition of symbols

Symbol Explonoiion Normol
vo lue

Bz(z,t| Moieriol buckling
clz, tl Absorption lerm
Mz Migroiion oreo 440 cm2
u(2,11 Control lerm in buckling

"(z) Temperolure coefficienf, expressed os re-
octivity bounded in fuel lemperofure increose
qbove the moderqtor ot meqn flux ond in-
finile gilter 

-0,226010Normqlizotion lo meon flux density
õ :5,65. i0r3, M2:440 cmz e:_0,5I4

þ Xenon influence on chonges in buckling
l-3,2010 on reoctivity) qt sqturoiion -0,73

7¡ Frociion of xenon yield (relotive fo xenon
f iodine yield) 0,05

li Froction of iodine yield (relotive lo xenon
*iodine yield) 0,95

Ø(2, tJ Neutron flux densiiy. normolized to meon
flux densif õ
õ =5,65',¡0t3 cm-z s-l 1

\ Xenon disinlegrotion constqnl 0,075ó h{
Xi lodine disìntegrotion constont 0,1058 h-l
dx Microscopic xenon cross section 2,29 .10-tB ç62

lntroduction

The xenon instobility problem hos been extensively onolysed,
ofter spàiiol oscillolions originolly were demonstroted in
Sovonnoh River in 1955 ond in Shippingport in .l958. 

Since
Word mode the first onolysis in 1956, o lorge number of
popers on the subiect hove been published. Most of fhe on-
olysis is bosed on lineorized models [1-4], bul non-lineor
opprooches, especiolly poini reoctor models, hove received
oltention [5-8]. Digitol simulolion is on extensívely used lool ,
in lhe siudies [9-12]. The behoviour of fhe oscillotions hos
been described ot the some fime.

During the very lost yeors, the xenon spofiol instobility pro.b-
lem hos goined new ottention n3-f 51. This depends on thÊ.
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foct, thot lhe reoctors, which ore presenÌly being buili, will
hove geomeTricol dimensions close lo the xenon stobility limits.
The purpose of ihis poper is to present some simple models,
bosed on finite differences, thot hove been successfully used
in the study of xenon oscillotions. These models hove given
physicol insight into the influence of difierent porometers
ond non-lineorities on fhe stobility. The behoviour of the
solutions hove been compqred wilh more complex models,
using tronsient studies ond eigenvolue colculotions. The re-
sulis orè very encouroging, since ii hos been possible to
exploin oll the difierenÌ types of lineor ond non-lineor solu-
tions by meons of lhe simple models. The study hos been con-
centroted upon the xenon propogotion olong the oxis of o
cylindricol core.

As criticolily musl be moinioined by o conlrol rod or by
homogeneous obsorpfion in the core, it is inleresfing io
know how stobility is offecfed by this obsorption. lt is shown,
thqt the criticol height is independent of obsorption con-
figurotion or rod motion for symmeiric, flot, neutron fluxes.
For lorge perfurbolions, os shown previously 111 ,141, the rod
motion moy induce coupled oscillotions, which moy omplify
the flux tilÌ, coused by xenon. Both stoble ond unstoble
periodic solutions hove bêen found by the opproximoie mod-
els, ond they ore loter verified by digifol simulotion of more
complex models.

Bosic equafions

Here lhe neutron bolonce in the core is described by one
group diffusion theory. As the xenon oscillotions ore very
slow, compored with neutron life fime, we neglect the de-
Ioyed neufrons, ond ossume further, thot the chonges in neu-
lr.on flux density ond temperoture distribution occur inston-
toneously. The neulron flux densily olong fhe core oxis then
solisfìes fhe following equotion:

* Ø(z,t) t Bz(z,t) Ø(z,t) : 0 (1)

The buckling lerm 82 con be exponded info two ports, one
equilibrium port 820 ond one perlurbotion pori,

Bz(z,t) : F20(z) -l a(z) Eþ,t) * f E(z,t) + c(2, r) + u(2,4 (8)

It is ossumed lhof ihe temperolure effecis on buckling ore
proportionoi to flux voriolions.
The spoliol derivolive in (1) is opproximoted by finite differ-
ences, which tronsforms (1) ro N olgebroic conditions. The
xenon ond iodine dynomícs (6;7) is lhen volid in N spoce
points.

Finite difference qxiql models

A digitol progrom, colled TRAXEN, hos been wriiten for the
computer CDC 3600 in order lo simuloie the xenon oscillo-
lions. The progrom is bosed on lhe non-lineor equotions (1 ;
4;6;7;8). lt hos been used os o check of the simple models
ond hos olso been opplied in the Swedish Morviken heovy
woter reoclor study.

It is shown [1 1], thot the rod mofion moy induce xenon os-

cillolions os o resuli of lorge dislurbqnces. The influence of
severol non-lineor poromefèrs, such os flux disturbonce, con-
trol configurolion ond lemperoture feedbock, hos been
studied.
The model is eosily lineorized. Since the nonlineorities in
the model ore polynomiols, ihe syslem equoïions cqn be

wriÌten 
i: a*+g(")

where lhe vector funclion g(x) is conlinuous ot the origiìr ond
hos the properties

c(o) :o tim "T(il":oIx' -0 llxll

Hence if x: 0 is on osymplolicolly stoble solution to the
lineorized equolion, il is olso o stoble soluÌion lo the non-
lineor equotion,

For lhe lineor equotiôns it is eosy fo show, thol one rod is

nol sufficient for lhe confrol of the oscillotions. lÌ is olso
proven, ihoï stobilify of o flot flux is lhe some wilh rod con-
irol os wilh homogeneous control for smoll disturbqnces.

The stotêmenT is verified by digirol simulotion olso for other
flux shopes.

The lineorized xenon ond iodine equotions ore derived from
(6) ond (/), where the producTs of the voriqble increments oie
neglecied:

dË,- : -\€niXi1n*l"a*qn-
- o*(xf q6-l Õf,t¡,)

The equoiions (2) ond (3) ore rewritÌen in fhe form:

då

" 
: -X"Ë + X.iq * txo*q-o,(* q + ø0 Ê + ç' E) (ó)

Y : - lir¡ ¡-'tioxs (71ôt

' drl* 1 ^^ * yi argt" k : 1,dt - -^i'tlt'

The subscripl k stonds for spoce point.

The lineorized neutron flux diffusion equoïion in spoce point
k is derived direcÌly from (l), (5) ond (8) wilh u(z,t) :9,,

q 
n ¡ * v ¡a-t ç rf- 2+ h'(Bå' + u øf] + hn Õ flc e* f 6rl : o

k : r, ..., N (ff)

where we hove ossumed o spoce independent diffusion con-
stonl.

The xenon ond iodine concenfrotions X ond I respectively
sotisfy:

ax
{ : -l-,x+"xil+Txdxø-o*xiÞ (2)
df

ôt
ôû 

: -l1l+yiõ"Õ (3)

The stote vqriobles ore normolized to lhe solurolion equilib-
rium volue of xenon for on infiniie neutron flux densiiy.

We include the lop ond botlom reflectors in the core ond
ossume thol lhe thermol flux density is zero on the core
boundory.

The totol power P

P(t) : [k(z) Õ(z,t)dz (4)

is ossumed lo be controit"¿iy o stoble control system. ïhe
voiiobles ore writfen in incremenlol form:

ø(z,t) : Øo(z)¡Eþ,t)

X(z,t) : Xo(z) t €(z,tl (5)

I(z,t) : to(z) ¡r¡(z,t)

where the superscripts meon equilibrium volues.

dt
{e)

(10)

y2
Aiomkernenergie (ATKE) Bd. l6 (1970) Lfg.2



The power condition (4) is simplified to:
ù

Zø : o (12)

The ferms c¿ in (l 1) reprêsenf the lumped oction of the con_
trol rod in eoch spoce point. With one conlrol rod fhe c¡,s
ore reloted through

ftþr,...,c¡y) :0; i=r,...,N-r (13)

Now, lo express ihe N voriobles g¿ in the stole voriobles f¿
ond r¡¡ we hove 2N equotions (ll-.I3) for the 2N unknown
poromelers c¡ ond g¡. This simple discussion shows directly
thot the rod inserlion is uniquely deîermined ol eoch rnornuní,
if fhe totol power is seporotely controlled. Thus the xenon
process is not controlloble by only one rod.
For o flol equilibrium flux, o suitoble stote vorioble repre_
sentotion is ochieved by odding oll the xenon ond ioãine
equotions,

*(åu) : ,-i.-'.øî(

REAKTORTECHNIK . REACTOR TECHN¡QUE

Two point qxiql models

Non-lineor equofions

ln order fo get o simple model of fhe xenon instobility we
moke on opproximotion of the sfoiionory difiussion equofion,
using only two fìnite spoce points. The neurron eqoolions
then ore no more thon two olgebroic conditions. These con-
ditions ore combined with the four xenon ond iodine difier-
enfiol equolions.

The flux equolions (1 ; 8; 11 ¡ 12) ore simplified to:
at çt2 i q,,(f€tj- c1 + u1 - cJ +

- lØro(c, + u, + pår) :0 (21)

&zgtz * vtF þtz - c2 - uz * gJ *
* Õ20(c" f u, + PErl :0 (22¡'

where

The stole vector is chosen

å-)

,,(å

€ut4u'(l*) 
Ç,-))

*T: 51 'lt S2 '12

The dynomics is represented by o 2 N order system,

o* : 
^'.dr

We con portition the 2N. 2N order motrix.A,

27g, -- W - (Blo* a' Ø!)

27
Ez : y¡z - $lo+ az@8)

ond H is the core heighr.

Condition (13) hos the simple form

C1:C; Cs:Q

for rod control, ond
cL: cz: c

for homogeneous conlrol.

lf the stote vector, defined in (1ó), is used, the xenon ond
iodine equotions ore lronsformed to:

dx,

" 

: (-/-*-ø*Øf) xt*l¡x2*
-l o*(y* - Xl) y, - axptxt (26J

dx"
a 

: -Iixzi-Yio*9, (I7l

dx"

a 
: a"(Qg- Øf ) x, * (-1*-õ* Øg) x3f
-1. ,l,xa lo*(Xg-X?) qt*6xqrlxr-2xrf (2g)

dxn

dr 
:-Aixn 

WI

The xenon process is thus described by (21 i22¡26-29 ond 24
or 25).

LíneorìzoÍion of lhe model

A symmelric two spoce point model is o speciol cose of lhe
flot flux (18). The dynomic equotions ore very ottroctive, be_
couse the fourfh order syslem con be eosily portifioned info
two second order systems (lZ) ond lwo eigenvolues ore ol_
woys negotive, independenf of the core poromelers.

The syslem is described by the stofe equolions.
.. dx :,{x * Bu

dr

y:Cx*Du

where the meosuremenl vqrioble

v:9t
ond the control vector u is found from (2.1 ;22). Here the
model is used first fo study the stobility conditions, lhen to

93

+ 1r2,to
1

04)

(15)

(16)

(23)

(24j

(2s)

qk+(å,-) : -

Ao B

^_
0

or Qtz

oon
(17)

The scolors o. ond o, ore olwoys negoiive ('14), (lS), ond lhe
mofrix Â0 is of order (2N-2) . (2 N-2).

The flot flux hos o simple equilibrium buckling:

("-.J"t': {i ;:i,Í:'. (,8)

We ossume two difierenl kinds of obsorplion terms. ln fhe
first cose one control rod is ínserfed from spoce poinf I to
k-1 in equilibrium, ond we gel:

Ct: Cz Cfl: 0
c/,: c (19)

cl;+1:"':c¡Y:0
os the rod obsorpfion in fhe (k-1) first points is included in
ihe equilibrium buckling. The rod oscillotion o..rrc in poinl k.
ln the second.cose homogeneous conlrol we get

ct: cz c¡y : c (20]¡

It is proven [16], fhof the eigenvolues of motrix Ao (17) are
independenl of the control melhod. We get olso the some
eigenvolues of Á0 by neglecling c ond on. sfote vorioble,e'g' *rru-,:f6*
csn be removed. 

ls

Simuloiions hove verified, thot this slotement olso holds for
other flux shopes.

Atomkernenergie (ATKE) Bd. 16 t1970) LÍg.2
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find out the tronsient response to o reoctivity input' The inpul

is ossumed to be symmetric, i'e.

Ur:-tlz:ü
in Q1¡22).

Then we eosily find lhe expressions for the moïrices A,B, C

ond D for lhe symmelric cose, i.e. d, g, Ø0 ond X0 ore sPoce

independenf in (21-23). Assuming homogeneous conTrol (25)

we find:

As ¡i * /":'l bY defìnition ond p l0 ond X0 11, condition
(33) is olwoys sotisfied, ond slobility is determined only by

(32).

Condition (33) olso implies, thot the two eigenvolues ore

olwoys situofed on the some side of lhe imoginory oxis.

From (33) v/e olso find, thot the eigenvolues ore cómplex ot
the stobility limit. The period is:

2n 2¡

ø{r+tx.-rr+l

/ I -X

ond
Attlzz- ArrCr, ) 0 Of

where o¿¡ ore coeffìcienÌs of the motrix A (30)

94

All A22- Op Q21

(34)

It decreoses osymplolicollY os

t

VF
for increosing flux level'

The influence of core height on the two eigenvolues is shown

in Fig. 1. For decreosing core dimension the eigenvolues

converge towords

5t: -lt*-øt(Þo
sz: -Xi

ihot is, they ore coincidenl with ïhe other lwo eigenvolues,
(14; l5). For increosing core height one eigenvolue diverges

towords infìnity.

"#(xo-lJ 
o [rr(,t"+o*ø.+

o*(Xo -l) øo P\11/?- " llõ tr- x*- 6t

pøo
/l -x t

0

0

1'í

-Li
0

0

0

ß_ø'_
2s

0

,,itr"*- o*iÞo

0-

B : 
ÕxiÞo 

þ. - Xo
o-

c: þ!' ( z
¿g

ø0D:-

Only two stoles, x, ond xz, ore both conlrolloble ond ob-

servoble, ond the tronsfer function

Gtsì : fþ]-: c(si-A)-1BrD (31)-t-, U(s)

is consequently of second order.

ln lhe rod control cose (24) ì¡/e get some minor chonges of

the system equotions.

We get this new A motrix by multiplying lhe elements ott

ond ãr, of lhe mofrix in (30) by two. The B ond D mofrices ore

unchonged, while the element -1 in C is chonged to -2'
We con simply check, thot the eigenvolues of the 't moTrices

ore equol in fúe fwo coses, os we proved previously' Thus fhe

stabítity of fhe xenon process con be onolysed by meons oÍ

o second order submof rîx, whích rs independenf of fhe con-

frol configurofion.
As only two sloles ore both controlloble ond observoble, lhe

fuonsÍår Íunction (31) is olso independent oî control confìgu-

rotion. Thus, fhe fronsienf omplifudes ore eguol in lhe lwo

coses.

Lineor onclysis

The Íwo poinf model

The eigenvolues of lhe second order A submotrìx (30) deler-

mine lhe slobilify of the xenon process. Since such porometers

os core height, lemperoture coefficient ond meon flux ore

included in lhe eigenvolues it is eosy to sludy the influence

on stobility or on lronsienl response omplitude. We gel two

stobility conditions

aln* azz(0 or

r,+ a*ø'*+ (fl -y.lØo þ+ ii ) o (32)

0

-1

0)r

0)

(30)

3

3,5

3þ

it

Fig, l: The locus of lhe two mosi signifìcont eigenvolues- of the lineorized
sy-mmelric two point model (30)' The porometer is core height in m

With typicol core doto-from lhe Morviken reoclor-the
period time (34) ot the criticol height H :6,93m is found to

be
T -- 23,8h

As known previously o negotive temperoture coefficient hos

o stobilizing efiecl on the xenon oscillofions. This is illustroted

in Fig.2.

lf lhe eigenvqlues ore complex, the trqnsienis include o
domped sine component. The condilion for complex eigen-

volues is simply found (30),

' (or, * arr)" - 4a11a2, * 4aP art ( 0

It is olreody known, thot oscillofing tronsienl responses do

not occur ior low flux densily levels' ln the reoctor with

H : 6,93 m, oscilloting convergenï tronsients occur for

0,003<ø0<1,0
or

l,ó ' I01s < øo < 5,ó5 ' 1013 cm-z s-1

,,{-r. o*ø' -+(Xo-2") ø' P+rro*9!l<o

30 ll

0,2

0¡

s

(33)

Atomkernenersie (ATKE) Bd. 1ó (1970) tfg.2
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A .similor^extropolotion of ihe sinusoidol flux curve gives
H (æ) : H (20) : 8,ó8 m, while the computed volue of H (20)
is 8,89 m. The difierence is 2y'0/0.
The period of the flot flux oscillotion is eslimofed surprisingly
occurofely by fhe two point model. lt is found to be 23,gi
hours, quite the some with five figures occurocy os fhe fwenty
point model. When meon flux is increosed fìve límes, lhe
period T (34) decreoses to oboul holf. The difierence to o ten
point flot flux model is less lhon 

.lfr3 
hours.

The sinusoidol flux, however, is nof so well described by the
two point model. This is eosily underslood, since the curvofure
connot be shown by only fwo poínts. Even three points will
give o much more occurole description os the centre point
represents lhe top of ihe curve better. The period is:

20,56 hrs for 2 points

22,55 hrs for 3 points

23,09 hrs for 10 points.

The criticol height of the three point sinusoidol flux (Fig.3)
is olso much belter lhon the height, found wifh the two poini
model. The error is 500/o smoller.

The lemperoture coefficient is onother inleresting porometer
(Fig.2).

It is o well-known focf thot the criticol height decreoses for
increosing lemperoÌure coeffìcienf. The rolio of the relotive
chonges of the criticol height ond the temperoture coefficient
a is colculoted. lt is here colled e.
For -0,05(a(o
wos found Q: - 0,0622

for oll flot fluxes from lwo through ten meshpoints.

For fhe sinusoidol flux wos found

a : - 0,081 for the fwo point model,

A : - 0,0ó9 for three meshpoints ond

a : - 0,0ó8 for ten meshpoinls..

Thus, we find olso here, thol o three point model gíves o
rolher occurofe descriplion of the sinusoidol flux.
Finolly some resulls of criticol height colculofions with dif-
ferenf models ore compored, viz. fhe TRAXEN model, the
lineor models presenled here ond o modol exponsion model
bosed on cleon reoctor modes/ presented by other outhors
[2,17]. Ihe flux shopes ore shown in Fig.4 ond the results
ore listed in Toble 1.

tlat flu¡

Vt =1,0 Vr=1,14

¡

I

n

0,05

Fig. 2: Criticol n",nl, *î*o,.n of the temperofure coefficient c for the
Itneor symmelric two point model

Comporison befween the lineor models

The criticol core heighÌ hos been determined os o function of
fhe number of spoce poinis for two stondordized neulron
flux densities, o flot flux (18) ond o sinusoidol flux density.
The lotfer is defìned os o flux density hoving constont equili-
brium buckling ot oll spoce points.

sro - 
(N*l)'Z ¡t ¡t l

o H, ¡..-cos*_rtl 
k=1,...,N

where H is core height.

lf converqes to B'o : n'
H2

for infinile N. The flux densíty then opprooches o sine curve.
The meon flux density is defined

for the flot flux density, ond
Nõ: -1:røgN+1 L-k

for lhe sinusoidol flux density. 
7

We qssume homogeneous control of the core. Fig. 3 shows
the criticol height os o function of lhe numberof spoce poinis
for lhe iwo fìux shopes. We verify lhe previously known
result thot the criticol height is greoter for the sinusoidol
flux. The stobility limit for o cerloin flux form converges

_lv
õ : *r';

7

I
I

E

=\

Ít5 t5 20

Fig.3: Criticol core heighf for mullipoint models os function of the numberof meshpo¡nfs of the core (N) for two difierent symmelric flux shopes

neorly exponentiolly to o consfont volue, which depends on
the form foctor

ö- maxt" - ø."*
Coll the criticol height for N spoce points H(N). lf H(N) is
exfropolofed Írom 2,3 ond 4 spoce poinfs, the resuh is H(oo): 5"55 m ond Ê (20) : 5,55 m for rhe flor flux. n (ZO) iros
been found fo be 5,38 m, so fhe error is 3,20/0.

I = l'35

Fig. 4: Difierent flux shopes used in the colculqtions

Modol

5,36

5,t5
7,50
8,89

Form

Toble l: C¡iricol heights ín m for some neutron lux densities colculcted
wirh difierent models. (õ : f, c: - 0,0514)

Tob. l: Kritìsche Kerndimensionen in m für einige Neutronenflußdichien

fqcto r
TRAXEN
(20 points) exponsion

t,0
1,14
I,35
1 ,57

V=tFr

Lineor model
(20 points)

ïu
8,89

5,26
5,20
7,60
8,82

Sine llur
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ïronsienf omplitude

As the flux deviotion, coused by xenon, must be limiied of
technologicol reosons we ore interesled not only in stobility
buT olso in the omplitude of the tronsients. Fig. 5 shows the
moximum flux deviotion during o tronsient for the lwo point
model (30) ond rhe TRAXEN model.
Ïhe lotfer hos simuloted o symmetric flux wilh form foctor
1,29 opproximoied by 20spoce points [1 l]. The disturbonce
consisted of o sfepwise movement of 100 pcm reoctivity from
one core holf to the other. The crilicol heights ore 7,25m
(ïRAXEN) ond ó,93 m (two point model) respectively. The
difference belween lhe simulotions ond the two poinf model
is oll the time within 100/0. Around the criticol heights the
difference is only 2,60/0.

0,2

a=-0,02 a=-0,05

.r

stable l.c,

B

stable l.c.

sl¡hle Lc.

fies>>0
u$ta¡le node

8es>0
ünslable tocus

Bes=0
ccnl¿r

8es<0
stable locß

slable l.c.

shùle l.c.

l{o l.c.

l¡o I.c-slab¡e and
[rslehle lJ-

0,t

t 
t,nt...........* 

6 7

Fig.5: The moximum ompliiude of the flux deviotion for difierent core
heights ofter o 100 pcm reoctivìty step disturbonce. Comporison is mode
between simulotions with TRAXEN (A) ond onolylicql results with q two
point model (B)

Nonlineor solulions

Generol behoviour

The simplified models qre olso useful for non-lineor onolysis.
It is eosy to sludy the essentiol influence of the difierent non-
lineorterms. Bolh stqble ond unstoble periodic solulions hove
been found with the lwo point model. The noture of the
solufions depends very much on fhe control rod confìgurotion.
The quol.itotive behoviour of the non-lineor two point model
hos been verified by the TRAXEN digitol simulotions [1 l].
The ompliludes of fhe two models ore quile differenl, when
ihe control consists of o rod. Loler we explqin, why fhis dif-
ference occurs.

Even for fhe lwo point model it will be cumbersome lo ono-
lyse the equotions onolyticolly. Therefore o digitol progrom
hos been wrilten to simulote the fwo coses rod conlrol ond
homogeneous control of lhe two point model.
We hove shown, fhot the conlrol configurotion does not
offect lhe sfobility limit in the lineor cose. However, it is very
importonl ot lorge disturbonces. As the "rod" is octing only
in one poinI, the periodic solulions ore very unsymmetric.
Boih the eigenvolues of the lineor system ond lhe non-lineor
chorocter of lhe solutions depend on ihe temperoiure coeffi-
cieni.

Rod confrol

Fig.ó exploins lhe behoviour of the sysiem. lt shows o quoli-
iotive phose plone of the system with two difierent tempero-
ture coefficients, ond in every column the core height is de-
creosing from A to E ond F fo K respectively.
Some importont conclusions con be drown. At smoll core
heights (E ond K) oll troiectories ore stoble ond no periodic
solutions con be found. When the core size increoses, ii is
possible to get unstoble solutions for rother smoll disturb-
onces (D). However, if the temperoture coefficient is negotive
enough, the unstoble limit cycle will disoppeor (J). The

+ ¿ /

1
K

Fig. ó: Quolitolive phose plones of ihe non-lineor two point model of q
symmetric flux, wilh rod control. ond difierent iemperoture coeffìcienls c
qnd core heighis. Re s : reol port of lhe greqlest eigenvolue of the line-

l{o l.c.

orized model

omplilude of lhe unsloble limit cycle decreoses os the core
heighi increoses, ond it opprooches zero ot the criticol heighi
(C). lf will never occur for the more negotive a (H).
There ore olso sioble limit cycles, ond they occur for less
negolive temperolure coefficients even below the criticol
height (D). For more negotive c they occur only over the
criticol height (G).
The omplitude of the limít cycle increoses with core height
ond decreoses when d gets more negotive. The period time
is between 24 ond 25 hours.
The lroieclories ore very unsymmefric, o result which hos not
been verifìed by olher models. This discreponcy is exploined
loler. The symmetry is beiter for more negotive ø, os the
lorge omplitudes ore domped by the temperoture feedbock.
One exomple of stoble limit cycle is shown in Fig.7, which
corresponds fo Fig.6 (G).

't,0

-1,0
1,0

E

l¡o l¡. Res<<0
shble tocüs
or slabls [ode

X1 + f inh+
Fig.7: Projeclion of the stole spoce ond the limif cycle os function of lime
of the non-lineor iwo poinl model with rod conirol. The singulor point oi
the origin is unstoble ond the troieciories from origin diverge fowords o
stoble limit cycle. The vqriobles ore defined in (5) ond ('ló).
ø: -0,05 H:6,97 m (Hc¡it:6,nml
Compore with Fig. ó (G)
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0

[o Lc.

lt

l¡o Lc-fies< ll
Res<<0
slaüle focüs
or statle [ode

Fig. 8:. Quolitoiive. p-hose pfones of the non-lineor two point model of osy-mm€tric flux, wilh. homogeneous confrol, ond difiereni iåÃperolure coef_rrc¡enÍs e o.nd core heights. Re s = reql pqrt of greotesi eigenvolue of lhelineorized model

Homogeneous confrol

The criticol heights ore not chonged by the conirol, os we
hove proved previously.

Fig.8 shows fhot no unstoble limit cycle will occur, controry
to the rod control cose. The omplifudes of the sioble limíf
cycles ore smoller, ond fhe shope of the irojeciories is more
regulor. xs : 6r * ð" is smoll oll the lime ond xn : rlt Í ¡lz
converges exponentiolly io zero. Thus the xenon ond iodine
deviofions in point one ore directed opposite the deviotions
in point two.

Fig.9 shows o sioble limil cycle, corresponding to cose g (F).
The period time is 24h. The ompliiudå of thJ l¡m¡t cycle is

very sensifive fo chonges in core height. ll decreoses to ó00lo
for o 3 cm decreose in core size onJ is zeio ot the stobility
limit, o 2 cm further decreose.

Stoble periodic solutions, but wifh lorger omplifudes, occur
even for posifive temperoture coefficients. This resuh con_
trodicts Ìhe previous resuhs [5], where nonoscilloting unsioble
tro[ecfories were found. Similor nonoscilloling solutions oc_
cur for spoce independenf models [1 

.l], 
bui ìhey hove not

been verified by ony other refìned model.

Comporison with more comp/ex models

The quolifotive performonce of lhe non_lineor two point
model hos been verified by digitol simulofion of the non_
lineor TRAXEN model [.I1]. The ãmplitudes of ihe limit cycles
differ between lhe models, o fqct which cqn be exploinei.
ln order to be oble lo compore the colculolions, we should
use the some core porometers. As the crificol heights of the
fwo models difrer 29o/o (Fig.3), we con only compore the
order of mognitude.

ln generol fhe unstoble limit cycles ore smoller ond fhe
stoble limit cycles lorger in fhe lwo point model, compored
with the TRAXEN model.

The rod configurolion is fhe mosf importont couse of díffer_
9_n5e. 

ln lhe lwo poinl model fhe ,,rod" 
is octing in one point .

(24), which meqns thot lhe obsorption is unifo-rmly ,,¿istrib-
uted" olong holf the core. As the oscillotions ore moinly de_
scribed os fìrst overtone vorioÌ¡ons, this configurotion hos o
moximum domping or omplifying efieci on the omplitudes,
ond Fig. Z shows cleorly, ihot the tronsient is dompld on.e
ond omplified once during o cycle. These efiecfs ore due lo
the rod.

When o symmelric flux is disturbed, the obsorption in the
core musf be increosed [1 1]. This will moke the flux in fhe
"rod point" decreose. Now, if the dislurbonce hos ihe some
direction os lhe obsorption increose, lhe rod couses on
omplificotion. Thus it is eosier lo gel unstoble soluiions ond
lhe stoble limit cycles hove o lorger omplitude.
ln the TRAXEN model the rod orrongement is difierent, os fhe
rod is inserted ond withdrown during on oscilloiion. The
omplitude of this movement depends oÀ fhe obsorption olong
the rod ond on fhe disturbonce omplitude. The omplifying oi
domping effect gels smoller, ond consequently olso-the
omplifudes of the stoble limiÌ cycles. For the some reoson it
is more difficult to get unstoble limit cycles wifh the TRAXEN
model. For ditch fluxes (Fig.4) the unstoble limit cycles ore
verifìed. A diÌch flux, some l0cm below rhe criticol height,
wos djsturbed by'100 pcm moved from upper lo lower core.
This disturbonce coused unstoble oscillotions Il].
ln o¡der to get o rod configurotion more like the lwo point
model we must use o rod, olwoys inserted into holf the core
¡vith ,o. 

vorioble obsorplion. The rod configurofion problem
is subiected o more detoiled discussion ii o technicol re_
porr [11].

For homogeñeous control.it is olso possible lo verify lhe dif-
ferenl kinds of solutions, shown in Fig. g.

The omplitudes of fhe períodic solufions ore of ihe some
order of mognifude in lhe fwo models. This is quite noturol,
os no rod con influence on the result.

Fig. 10 shows o numericol exomple of o flot flux, H : SA0 m,
a : - 0,0514,4 cm over lhe criticol height. A stoble periodic
solutio.n,.occurs. Lorge disturbonces res;h in stoble iroiecto-
ries, while smoll ones couse unstoble solutions.
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Fig.9: Proiection of the siote spoce into the xr,x2_plone of ihe non_lineor fwo poinf model with [¡6¡6gs¡geus controi.'Thå singulor po¡nt oithe origin is unsfoble on¿ 
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-0,1 0 0J n2'

a----------*

Fig.'i0: A limit cycle, colculoted wiih lhe TRAXEN progrom for o 20 point
non-lineor reoclor model with H:5,40 m (H.r¡¡: 5,3ó m). where lhe
vqriobles ore the moximum xenon ond iodine deviqtions. Conlrol is homo-
geneous ond flux shope is fìof.

Ïhe limif cycle is sfoble. A disturbonce of more thon 400 pcm reoctiviiy,
moved from one core hqlf to the other during iwo hours, will bring lhe
troieclories outside ihe limit cycle

Conclusions

Digitol simulofion is o bod tool in the exominotion of lhe
principol behoviour of xenon spotiol oscillolions. The sim-
plified models hove been voluoble in the preliminory studies
of different poromeler influences.The models hove predicied
nonlineor behoviour, such os periodic solutions. Becouse of
these principol exominofions if hos been possible to come
through lhe digitol simulotions much fosler.
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