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Non-linear noise theory
for the fluidized bed light water reactor

A Hon-finear newiron noine theory for zero-power and power
mode aperation {5 deveioped for o fuldized bed fight warer
redciar which operstes with @ reacior core CiNEsiRNing of a
lurge number of spherical tlightly erricked UOyfuel ele.
mend. These fiuel pellers have a diometer of Q800 emt ang
tre Muidized in o water bed o the aptmum moderator-
volume do fiel-volume retig By means of an experimental
loop the rectivity driving foree, Eiving rite 5o @ patenially
ROiSY reactor fvpe, way identified and g method i3 propored
with whick one can evaliare expreninenially whether or nor
Hech @ reactor type cowld be licensed, Furthermone sime
rumerical results are presenied which show Lt e quedrdsic
ferve of the reactiving driving force does not excite the noie
fevel but die our with fime

Nichr-fineare Ranschiheorte Jiir den Schwebeberr-I eich twas-
serreakior Eine nichefinears Rauschthooris fiir den Nullei-
frunys- und Leistungsherrioh eines Sch webeben- Reakrors mit
Rugelftdreizen, lwichr argereicheriom L' Brennstoff wird
vorgelegr. Diese Brennelemente haben sinen Durchmesser
vorn 08-1cm und werden e einem Wasrarbenr zu ginem
cprimalen Mrﬂem:r:r-:u-ﬂrennsrnff-Lbruw::ve.rhﬁ.'.ran'.t decfge-
schwerme Minsly pines experimentellen Loopy wurde die
antreibende Rmschuells iden Lifiziere. Mumeriscie Erpebnizse
zeigen dar Verhalten hiherer niche-linsarey Rauschelicder

1 Principle of the Auidized bed light water reactor and Jis
BHHSE SOAUrCEs

The fuidized bed light water reactor tonecpl was developed
independently in Brazil and Germany [1. 2, 3. 4]. It conziais
essentially of a cylindrical fuel champber containing a large
number of spherical fuel elements of ahout GE-1.0em di-
imeter mace of slightly eariched 1U0h eladded by zircaloy,

It the rezctor is in operation coolant water is pumped
lrom below through the fuel chamber increasing the porosity
of the fuel bed to such an extent that the riatio of the meod-
eratorvelums (Vi) 1o that of the fuel (VE) reaches about
1.9-2.0 where the moderation is optimem for a light water
lattice and where k., reaches its maximum value. The pro-
duced heat is removed oy & heat exchanger abave the core
and the cooled water in his primary cireuit is fed hack to the
care by pump. In the shut-down mode, where the coclint
velocity s near zero, the fuel pellets are removed from the
anre by the force of gravity and deposited into the fuel cham-
ber. The porasity of the fuel bed Plosseszeg ils lowest valys
because the fuel bed reaches jig highest package density
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whate Vo= Ves Vi is the volume of the total core [the
volume of the cladding is aeglecied herel, This numerical
¥alue i3 well known from the German pebble bed high 1em-
porature reactor |5]. The EOTESpONing minmum VeV,
ratio is therefore grven bor
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where g alightly eariched Hght water reactor latrice is oiglly
subcritical.

IE water is pumped through this bed from befow it is Muid-
zed due to the buoyancy of the spherical fuel elements wol
k= reaches its parabolic maximu at Vi™'r L9320, This is
the cperational paint of the bed during power production,
For a larger V'V ratio, i . if the conlant velocty excesds
A cartain value, k.. decreases again dus to over-modaration.
Thus, there is only one distingt pumping power where this
simple reactor is critical and the excess resctivity 15 hidden in
the system through Gy poisoning of the fiel or insertion
of abzarbing shell,

In comtrast 1o the classical light water reactor, where the
fuel elements are intimately fixed o the structure, the fluid-
ized bed reactor is based on the principle of a peometnos)
alteration of the core size — driven for reactar operation by
in aclively operating Pump, and for reacior shuc-down. by
the passively operating gravity. This gives a new degree of
freedom for the improvement of salety eomsiderations

Furthermore, the Auidized bed concept offers an elegant
and simple way for the materialization of o High Converter
(HC} core by rezdjusting the Vo'V ratio, If instend of
Vi V= 18200 for an optimally thermalized core this ratio
is adjusted 10 anly 1.0-1.5, and using MOX fuel, the canver
8100 Tatio of the vore increases due 1o 8 hardes NEUTOn spec-
trum. Thus, there is the possibility for a spectral-shift opera-
tion {smaller %'V ratio at the beginning of the fuel oycle
and m larger one at the ead of the fuel cyeie) vielding o high
bumn-up. Hence, in the case of (he heating reactor module,
the lifetime of the core may be made as high as the useful
lifetime of the whole reactor irsalf [1].

There iz alsn the pogsibility to wse a ‘pure ceramic” fuel
elerment in a light warer moderated system because it is
much sasier to replace the mrealoy cladding of a small
sphere by a ceramic {e. g. by a SiC layer) than this gould he
done in case of o four meter long fuel pin of the classical
LWR. Consequently, the hydrogen production in a fuldized
bed reactor in case of a loss of coglant accident could be pre-
vented deterministically and 4 prior, too,

Hydravlic experiments at the Federal University of Rig
Grande do Sol, using a leop with o Auidized bed of stoe! and
tead spheres, have debunked for the first time the collective
behavior of a bed of sphericai fuel peliets for various coolant
velocitice If an tsalated sinple spherical fuel pellet is put I
the upward fow of water there 15 only one specific walsy
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velocily where the varous forces diee to drag, acceleration
ond tuoyancy balunce, In the cise of a collestive b=haviar of
a large number of fuel pellets with 2 relatively small distance
herween each other one has to take into account that a pellet
downstream of another one can move in the 'dead-water
regime’ of the pellet upsiream. Therefore, the collective
bekavior is different from the single peller case: Video-tapes
show that if the driving water velocity 8 increased the hed
fuidized homopensously and nearly linzarly with the wasler
velocity, 1. e. is Vio'Vp ratio increased as desired. Al the same
ume the uppermest layer of the pellets of the bed began o
Auctuate due to the transition of the excited warer flow in
the bed and the more quiet flow above the bed. The ampli-
tude of these Muctuations increased wish the Ve ratio. In
Bet. |1] an upper [perforated) grid plate s therefore fore-
seel 10 prevent such upper core houndary fluctuations by
stahiizing the core geometrically. I there is o such core
bnicer these fuctuations give rise to random reactivity driv-
ing forces gi1) which may finally cause unwanted power fluc-
tuations, It is the purpase of the following analysis to investi-
gitle this effect in more detail.

I The resctor physies of the random reactivity driving forces

The sbove guantitatively described dismshsnces have 1o
some extent eff=crs anto the neatron balanee of the reactor
a) they modulate the axial buckling (leakage) randosnly and
b) due this ‘moderator breathing' effect they moedulate k.
due to the associated random V'V Suctuations

The first =ffect can be described by
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where BY is the total buckling of the cylindrical core geame-
try, R s its effective radius, H is its effective haight and hit)
i the randomly fluctuating upper core boundary piving rise
122 & Auctuating total buckling B2(1)

To comprehend the second effect we first introduce a
paraholic approximation for ke in 5 maximom {ke)man 0
the \'I.-:IJ]J‘I.'_'." af {V_'ﬂl"\'rf:lql:(. It is ﬂi.'ulETl. by
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Since Wy is constant the ‘moderator hreathing effect’, i. e
the core height fluctuation nit), transfales into the Wu'Ve
rati as
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and the randomly fluctuating ke value reads
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If the core is absolutely stable, i e. if k(1) =0, thea the classi-
cal total reactivity condition key=k.o/(1 + M2 BE) results. It is
important to note that in Eq. (8) the nominator is purely
quadratic (with a pegative sign) in hit) whereas in the
denomiralor there is also a linear term of hit),
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Introdducing the relative amplitode (1) = bOVH, Ve=
m % Ri % H, Bf =B} +BI with the radial buckling Bi .
fL05 Ry and the axial |.'.|IJI::§;JE|:|E BE:I:HFH]:, the random
driwing reactivity oith = kar - 1 rosults 1o ke

el =a X L)+ bu(t] + £+ 26rma with negarive exponeats with el
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Eq. (V) shows that the reactivity driving fores lE) becoimes
highly non-linear in x(1}, If X({s) is the Laplace-transform of
the stochastically varying relative core height x(1) then the
Laplace-transform of o{t) is given by

=

pa) =c e MK+ 2 PX(s-5) X5} dE + bigher folding terma. (F)
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[t is important to aote that these specirum folding terms Bive
nse to 8 frequency doubling. tripling etc, being a typical non-
lincar effect. For instance, if we were assuming only a single
cscillation frequency wa> 0 in x(t), i.e. #{1) = xp ™, and if
we set for s=iw, a5 il is usual in the Langevin soproach,
which will be wsed later on, we can write X{w] in the form of
& Fourier irilegral
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and Eq. (8] yields finzlly for the driving spectrum

piic) = n % Glw—ws] = b = G- we) (1m
whers & is the Diraz or Kronecker svmbiol,

A further oon-linear =ffect will come oo being if we
introduce the reactivity driving force glt) of Eg. (7) inte o
dypantic reactor madel which will be tried in the following
seetindt.

3 A simple space-independent dyvnamic reactor model for the
Muidized bed reactor

Tn order to couple the reactivity driving force of Eqs. (T) and
(8), respectively, with the power of the Avidized bed reactor
the following simple, space-independent, dynamic reactor
model s proposed including the prompe and delaved neu-
trons (i e the zero power transfer function) and a lumped
lemperature feedback equation with a negative temperaturs
coefficient [a].

The coupled system of the time-Zependent differential
equations reads
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with the nomenclature
M{t) = neuoron density, (1icm?)
Vo = total reactor volume, (em®)
Ca = total heat capacity of the reactor eora, (Wsi*C)
() = rotal input reactivity, {-)
Bt = reactor temperature, (°C)
B = mean conlant lemperature, (*C)
v = velocity of nsutrons, (cms)
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