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BOILING WATER REACTOR STABILITY ANALYSIS - A CHALLENGE FOR THE STUDY OF
COMPLEX NONLINEAR DYNAMICAL SYSTEMS

D. Hennig

In Boiling Water Reactors, there is a region in the operating map for which the reactor exhibits stable or
unstable power oscillations. This oscillatory behaviour had to be understood in detail, in order to estimate,
in a reliable way, the stability limits. This paper describes the BWR stability analysis methodology used at
PSI and presents some recent results.

1 INTRODUCTION - THE PHYSICAL PROBLEM

Nuclear power plants (NPP) with light water reactors
are complex engineered systems having in general
negative feedback, due to the negative reactivity co-
efficients. This means that they are systems with sta-
ble operating points (stable fixed points), the steady
states. In contrast, positive feedback coefficients
would lead to unstable operating points; in this case
the thermal reactor power could exponentially in-
crease, resulting in core failure.

From theoretical and experimental studies it is how-
ever well known that for a Boiling Water Reactor
(BWR) plant with negative reactivity coefficients there
exist operating points with damped or undamped
power oscillations (see e.g. [1]). In 1988 a dual recir-
culation pump trip occurred at LaSalle County Station
(unit 2) which ultimately resulted in power oscillations
[2]. The power oscillations appeared as a result of
coolant mass flow reduction, low feedwater tempera-
ture caused by feedwater preheater isolation, and an
axial power distribution peculiar to unstable operating
points. A detailed analysis shows that in the operating
point characteristic of a BWR, the power-flow map
(Fig. 1.1) [3], there is an area which must be excluded
from normal plant operation because of the possibility
of exciting spontaneous power oscillations (in Fig. 1.1,
the "avoidance area").

For safety reasons an extended region is defined (in
Fig. 1.1, the "monitoring area") which must be moni-
tored by on-line measurements of the pertinent stabil-
ity parameter.

Therefore, in a BWR, operating points outside of the
defined stability area limits are excluded by a suitable
monitoring system, so that from the nuclear safety
point of view the problem of BWR stability is secon-
dary. However, from a general point of view, we can
not claim to have solved nuclear and thermal-
hydraulic design problems associated with plant sta-
bility unless the plant's reactions are fully understood.
A particular area of concern is near stability or insta-
bility (e.g. the case of ATWS events). Ultimately we
have to be able to predict all significant consequences
related to stability (like fuel element failure) for all
operating points.

From a theoretical point of view the BWR is a non-
linear dynamical system and the manifold of the solu-
tions of the system equations includes linearly unsta-
ble states which are nonlinearly stable (limit cycles),
subcritical bifurcations or period-doubling, cascades
of bifurcations and aperiodic (chaotic) states [4].

It is well known from the theory of nonlinear dynamical
systems that, in a close neighborhood of a stable fixed
point, a nonlinear system reacts like a linear one [5].

o

RA
TE

LL.
O

. P
OW

ER
 (%

; 
TH

ER
M

AL
CO

RE

1 to

10O —

9O -•

BO -

7O -

SO —

SO -

4O -

3O -

2O -

1O —

O —

0

A -
B -
C -
D -

— —

T

NAT CIRC
LOW SPEED. FCV OX
LOW SPECD, FCV 1OO%

AVOIDANCE

MONITORING MEOD BOUNDARY

JIP
11

D

1fid ^ < ^

" /
2 O

r ^ ^ 1

10 eo

UPRATED CONDITION
^ _ — _

^ ^ ^ F L O W J ^

"CRATED ROD LWE

~~-BO% ROD LINE

REGION

\

\A 1

N

' t 1 f

BO 1OO

MAX
< FLOW

—-—r

CORE FLOW (% OF RATED)

Fig. 1.1: BWR stability characteristic (power-flow map) [3]
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Thus, for characterizing the stability properties of a
nonlinear system in a linear stability area we can use
a linear stability characteristic.

However, due to the existence of space-dependent
effects, the BWR stability phenomenon is much more
complex. Besides the in-phase or global oscillations,
so-called local or out-of-phase oscillations [6], [7], [8]
were also observed. In this case higher order neutron
flux modes (harmonics) are excited, in particular the
first azimuthal harmonic. From the safety point of view
it is important that the out-of-phase oscillations for
some cases are appreciably less damped than the
global oscillations [9], [10]. Therefore, it is imperative
to monitor on-line the local power of BWRs.

The task of stability analysis in the narrow sense is to
estimate the global and local stability characteristics
in a reliable manner, and to define the stability limits
in the power-flow map. The task of the stability analy-
sis in a broad sense is, beyond the linear stability limit
estimation, the study of the system behaviour in the
linear unstable but nonlinear stable area (limit cycle
oscillation) and in the nonlinear unstable area [4], [6].
Furthermore, the physical mechanisms which gener-
ate power oscillations should be analyzed in more
detail. Although many publications in this field have
appeared in recent years, we still do not understand
the BWR stability phenomenon in all details. There-
fore, BWR stability analysis was included as a re-
search task in the PSI project STARS II.

2 STABILITY OF DYNAMICAL SYSTEMS

Stability is a term which deals with the temporal be-
haviour of a dynamic system following internal or ex-
ternal disturbances during operation of the system.
After a disturbance a system may behave in a stable
or unstable way.

Loosely speaking, in the stable case the dynamical
variables of the system return to their steady-state
values; geometrically, that means in the space of the
state variables, the state space, the system returns to
the stable fixed point or, more generally, the state
space variables remain in a close neighborhood of the
phase space attractor.

In the unstable case, all or some of the dynamical
variables diverge in an exponential or oscillatory
manner.

In mathematical terms (see e.g. [11 ], [12]) — = f(x)
dt

is the nonlinear differential equation for an autono-
mous system. f(x) satisfies a Lipschitz condition and
f(0) = 0, x satisfies the initial condition x (0) = 0 (0 =
zero vector), that means the origin should be a
steady-state point and x (t) - 0 is a unique solution of
this system.

Now let us introduce a small disturbance at time t = 0,
x (t=0) = x0.

Then (see e.g. [11]):

The steady-state point at the origin is stable if, for a

given e > 0, there exists S(e) > 0 such that || *o|| < S(e)

implies <efor f > 0 (Ljapunov).

|| x I is the Euclidean norm of the deviation state vari-
able x (t). The above criterion defines the so-called
stability "in the small" because we allowed only small
parameter perturbations. Note that by this definition it
is not required that the state variables ever return to
the steady-state. If they do in infinite time, we define a
solution x (t) as asymptotically stable if there exists a
fixed 5>0 such that | x(f) | -> 0 as f-> «, for ||x(0)||<<5.

It is well-known that an oscillatory unstable response
to small parameter perturbations of a dynamical sys-
tem with feedback (servo system) is possible. Recall
from section 1 that it is also well-known that a nonlin-
ear system reacts as a linear one in a close neighbor-
hood of a steady-state (stable fixed) point [5]. There-
fore the magnitude of the perturbation in some case is
important and the system reacts linearly or nonlinearly
depending on the magnitude of the perturbation. Sta-
bility due to a small perturbation is called linear stabil-
ity. In this case we may linearize the system equa-
tions and search for the conditions of linear stability
limits of the system. A linear unstable system may be
nonlinear stable (e.g. limit cycle).

Let us develop a linear stability criterion for the case
of the point kinetic reactor with linear feedback: (usual
notation, see [13]):

k{p(t)]-i}P(t)+(L / p)

where k - p/p (reactivity), k[P}= linear functional of
power, feedback term, kext external reactivity;

k[P]= idu F(u)P(t-u): linear feedback reactivity,
0

c, = — P(7,)+A,c,, L = neutron generation time;

P(t) = thermal power, c, = delayed neutron precursor
concentration. We want to analyse this point kinetic
system close to the stable steady-state point Po under
a small perturbation of kext = Sk(t). We linearize this
system by representing P(t) through P(t) = Po + 8p(t)
and take the Laplace transform to obtain

Z(s)Sk(s)Sp(s)/P0 =

(s = complex Laplace variable),

F(s) = L{F(u)}, Z(S)=
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Z(s) = Zero power transfer function;

Z(s)
T(s) =

1-P0F(s)Z(s)
this system.

is called the transfer function of

For a Dirac impulse perturbation input 8k(t) = S(t),
L{8(t)} = 1 and 5p(s)/P0 = T(s), that means a linear
system is characterized by the impulse response or
transfer function T(s).

The transfer function for a system described by a
linear differential equation with constant coefficients
like the linearized point kinetic equation system can
be written as a ratio of two polynomials

V(s) =
+• • • bms™

m>n

(S-Zo)(S-Z1)---(S-Zn)
or T(s)=A

For back-transformation in the time domain by the
residue theorem of the theory of complex functions,
the complex poles p, = Cj + idj play the most important
role. They are the roots of the so-called characteristic
equation

(s-po)(s-p1)---(s-pm) = O

(This is equivalent to: 1- Po F(s)Z(s) = 0).

Since L'1 {Sp(s)} = 5p(t) =£dj exp (pjt), a linear system
is stable if the Real (py) < 0, or: the poles of the
transfer function lie on the left-hand side of the
complex plane.

For simplicity we considered time-continuous systems
for this stability criterion development.

Actually, we have to work with time-discontinuous
systems and we have to use the z transform rather
than the Laplace transform. This means that the left
half of the s plane is mapped inside the unit circle.
Therefore, a time-discrete system is stable if the
poles lie inside the unit circle of the z plane [14],
[27].

From the above criterion we can develop a simple
stability characteristic for the oscillatory stability be-
haviour, the so called "Decay Ratio" (DR):
DR=exp(-£on£T) [8], where T= period of damped
oscillation, £ = damping factor, and (on = the eigen-
frequency of the system, which is determined by the
dominant system time constant. The asymptotic value
of the DR is computed from the least damped oscilla-
tion, i.e. in practice we search for the complex pole
lying nearest to the unit circle.

Note that we could also use a different linear stability
criterion, e.g. the Nyquist criterion [11], but the DR
determination for the least damped oscillation is the
usual one in BWR stability analysis.

The nonlinear stability problem is more complicated
because of the structure of the solution manifold of
the nonlinear equations. For nonlinear oscillatory
systems we can find subcritical bifurcations or bifur-
cation cascades and an aperiodic behaviour. This is
due to the existence of strange attractors. In chapter 3
we will give an example related to this problem.

3 PHYSICAL MECHANISM GENERATING
POWER OSCILLATIONS.

Due to the close coupling of neutron physics
(neutronic) and thermal-hydraulic effects we have to
expect unstable states of different types for a dynamic
system with such a highly nonlinear feedback. Fig. 3.1
shows a scheme of the possible physical effects
which excite stable or unstable power oscillations
[15].

In Fig. 3.1 we see three loops, respectively called the
direct loop, the indirect loop and the density wave
loop.
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Fig. 3.1: Physical feedback mechanisms exciting
stable or unstable power oscillations

The direct loop is represented by a dynamic system
including a neutronic model, a model for fuel heat
transport and a model for the void reactivity behav-
iour. Such a type of model was published early in the
middle of the eighties [6], [16] and was also studied at
PSI [17]. We confirmed the complex nonlinear be-
haviour of this reduced order model by many numeri-
cal experiments (e.g. Fig. 3.2 and 3.3). In this model
the fuel transfer time constant and a second order
void reactivity model are included. The neutronic
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process is represented by a point kinetic model with
one effective group of delayed neutrons. The equa-
tions for this simple model are (with usual notations
[16]) given below as equations (3.1-3.6).

We investigated this system as based on the critical
parameter variation behaviour K(a3) [17]. We found
stable fixed points (Fig. 3.2), limit cycles (Fig. 3.3),
period-doubling and cascades of period doubling [17].

Figure X2a : BWR reduced order model, crlLpramcter K=0.9
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Fig. 3.2: Reduced order model, stable fixed point [17]

at

dT(t)
dt

= Axn(t)-BxT(t),

dPa{t)
dt

= z(t)

dz(t)
dt

+a1xz(t)+azxpa=a3xT(t),

p(t)=pa

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

Fig. 3.3: Reduced order model, limit cycle [17]

The indirect loop model in Fig. 3.1 is an extension of
the direct loop model obtained by including the mo-
mentum equation of the single and two-phase flow of
the coolant. In this frame we take into account the
pressure drop change 8(Ap) due to the steam genera-
tion and the mass flow rate change, which is due to
8(Ap). Due to the flow rate change the void fraction is
changed and time-shifted by the hydraulic time con-
stants; eventually, the original reactivity perturbation
is attenuated or enhanced, depending on the time
shift and the magnitude of the void reactivity coeffi-
cient.

The density-wave loop represents a purely thermal-
hydraulic feedback effect [18], [19], [20]. From the
BWR stability analysis point of view we are interested
in two types of density-wave instabilities, the parallel-
channel instability and the loop instability.
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The parallel-channel instability is a result of the
constant pressure drop boundary condition for the
reactor core which is realized in a BWR core because
of the large number of fuel elements and the large
lower and upper plenum volumes. Variations of the
density in the bottom parts of the core channel travel
upwards with the mass flow. If the inlet flow velocity is
decreased by a small perturbation Sv there is an in-
crease of the void fraction which will travel upwards
as a concentration wave. The void produces an in-
crease of the two-phase pressure drop and for
5(Ap)=Q a hydraulic feedback is generated which re-
duces the single channel pressure drop. Therefore, in
a BWR we have a separate thermal-hydraulic feed-
back loop (Fig. 3.4: for more detailed schemes see
[18], [20]).

5APsing

5v

5 (APsing)

5v
5(Ap)=0

5v,(feedback)

-1

8v
5APtwo=-8APsing

Fig. 3.4: Density wave loop [19]

For a particular timing, the phase shift of the perturba-
tions is suitable to generate self-sustained density-
wave oscillations [19].

For a detailed discussion of the loop instabilities see
[18], p.282ff. The loop pressure drop boundary condi-
tion 8(Ap)L =const.=0 excites global or in-phase power
oscillations, whereas the parallel channel boundary
condition (sometimes called internal core boundary
condition) excites both global and (for given specified
conditions) local or out-of-phase oscillations. For out-
of-phase oscillations the total core inlet flow is con-
stant because the two oscillating core regions adjust
their flow to maintain the constant core pressure drop.
Note that the first harmonic flux is a subcritical mode
(subcritical in the neutronics sense) and tends to
damp out these oscillations. On the other hand, if the
thermal hydraulic feedback (void) gain component
reaches a critical magnitude, the threshold sub-
criticality can be exceeded and the out-of-phase neu-
tron flux mode becomes linear unstable (also for sta-
ble in-phase oscillations !).

4 STABILITY ANALYSIS: PSI METHODOLOGY

The PSI stability analysis methodology [21] (Fig. 4.1)
is based on the Scandpower system code RAMONA-
3.5 (3D core model) [24], [25], [26]. The nuclear pa-
rameters are calculated by CASMO-3 [22] and con-
verted to the RAMONA format using the Scandpower
codes CONVERT and POLGEN, which generate the
cross-section fit polynomials (the cross-sections are

functions of the history reactor parameters such as
burnup and void history and instantaneous reactor
parameters such as void and fuel temperature). From
the experimental or predicted time series we calculate
the Decay Ratio (DR) at the so-called "Natural" reac-
tor Frequency (NF), i.e. we calculate a linear stability
characteristic. By this approach we are able to find for
a given DR magnitude criterion the areas to be ex-
cluded and to be to monitored in a BWR power flow
map. For the time signal analysis we use the powerful
mathematical programming package MATLAB [23].

CASMO-3, vers. 4.7
NPP model data

CONVERT

RECORD files

POLGEN Signal

RAMONA-3.5

^ •

analysis (MATLAB)

Fig. 4.1: PSI methodology for BWR stability analysis

4.1 RAMONA model

The RAMONA computer code describes the coupled
thermal-hydraulics and 3D reactor kinetics behaviour.
The 3D neutronic model is described in [24].

The thermal-hydraulic model of RAMONA is based on
a 4 equation model [24], [25]:
- vapour mass balance,
- mixture mass balance,
- mixture energy equation,
- mixture momentum balance
and the related constitutive equations.

Reactivity Power

Neutron dynamics

The energy balance in the fuel regi m yle de

the heat transferred to (he core co ilant

Fuel dynamics

Void reactivity From energy and continuity bal ance equations
cofficlsnt enthalpie and therefore the volt

Momentum equation yields
given cc re pressi

Cora Thermohydraulic

dynamics

we get the core
distribution In the core

the|core mass flow distribution^ for th>
lure drop)

Direct heat

Outlet pressure Core Inlet flow

Recirculation-loop momentum < equation yields the core Inlet flow

Fig. 4.2: Stability-relevant physical effects
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This model includes two essential assumptions
- grad p(r,t)=O in the energy equation, i.e. local varia-

tions of system pressure are ignored (or, acoustic
effects are neglected).

- The vapour is assumed to be at saturation, but the
liquid in the two-phase mixture can depart from the
saturated conditions.

Based on the first assumption, the momentum equa-
tion was integrated along a closed contour including
one hydraulic channel and the other 6 RAMONA plant
model components: lower plenum (LP 1 and 2), upper
plenum, riser, downcomer (DC) 1 and 2 (see Fig. 4.4).
This results in 648 closed integration paths for the
Leibstadt nuclear power plant KKL.

BWR plant model (schematic)

Water Level

TCV/TSV
•• Turbine

216 grodC, 1629 kgte

Redrculation Flow

Recirculatlon Pump

') all values for nominal
conditions /3oV

Fig. 4.3: BWR plant model
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FW
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T
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RCP

T
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9.2329

7.967
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36322

FW
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TnpJP

RCP

The nonlinear RAMONA model includes all the equa-
tions and boundary conditions that are necessary for
simulation of the linear and nonlinear BWR stability
behaviour (Fig. 4.2).

Preparing a RAMONA input deck requires the map-
ping of the stability-relevant components (Fig. 4.3) of
a BWR power plant onto a RAMONA model (Fig. 4.4).

4.2 Time series analysis [27]

The results of a computational or experimental BWR
system analysis relating to the stability behaviour of
this dynamic system are time series of local and
global reactor parameters, particularly of the local in-
core monitors: Local Power Range Monitors, (LPRM)
and Average Power Range Monitors (APRM). The
latter consist of several connected LPRMs whose
values are averaged. The 35x4 (4 axial positions)
detector positions (KKL) distributed over the reactor
core are shown in Fig. 4.5.

1 3 S 7 e I I I ) 1» 21 23 25 27 M JO

Instrument tube
number

Fig. 4.4: RAMONA BWR model

1 J 5 7 » 11 13 19 17 1t 21 23 2S 27 M H

Fig. 4.5: LPRM core position

The task is to analyze the predicted or measured
APRM and LPRM time series generated by an arbi-
trary reactor perturbation. The analysis involves the
calculation of the stability characteristics (e.g. DR and
NF) from the power time series and possibly other
parameter time series (univariate or multivariate sig-
nal analysis).

A dynamic system is described by a partial or ordinary
differential equation. When performing signal analysis
we have to construct a dynamic system by analysis of
discontinuous time series such as

{y(kT),y((k-:)T),y((k-2)T),-y((k-n)T)}.

T is called the sampling interval and f=1/Tthe sam-
pling frequency. In the time-discontinuous case the
dynamic system is described by a difference equation
or a system of difference equations,
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A(q)y(kT) = B(q)u(kT) + C(q)e{kT)

A(q) = 1 +

B(q) = 1 +

C(q) = 1 +

-i + a2q-2 +
-i + b2q-2 +
-1 +c2q~2 +

• + anaq-

+ cn

where q is the time shift operator:
q-iy(kT) = y((/r-1)T), y(kT) = system output signal,
u(kT) = system input signal (time delays omitted), and
e(kT) = a stochastic noise process. [an\na {bn\nb {cn\nc

are characteristic system constants. A dynamic sys-
tem characterized by the above equation system is
called an ARMAX system (from Auto Regressive
Moving Average system with an extra input [28]). In
the frame of the task of the time series analysis we
know a system output y(kT) (or an output vector
y(kT)) (k = 1, 2,-K) and we search for a dynamic
system

-1)) - a2y(k-2{T)) -

c2e((k-2)T) +

y{kT) = -

+ e(kT) +

This means that we assume this time series to be
generated by a stochastic process

nc

C(q)e(kT) - ^cnq~ne(kT) (coloured noise)
n=0

For C(q) = 1, the dynamical process is called an au-
toregressive (AR) process and for A(q) = 1 we call
y(kT) a pure moving average (MA) process, otherwise
it is a mixed autoregressive/moving average process
(ARMA).

In [27], sect. 2.2, we justify the use of ARMA models
for our time series analysis. The process of fitting an
ARMA model to measured or predicted data involved
two tasks (see [28] and references in [27]) :

- the estimation of the model parameters and

- the determination of the model order {a, c,}.

Whereas for the model parameter estimation well-
known algorithms [28] are available, the model order
estimation for ARMA models is not a problem satis-
factorily solved from the mathematical point of view in
the frame of our methodology (for AR models see e.g.
[29]). We developed a MATLAB code for the calcula-
tion of the DR and NF from an ARMA model [27] in-
cluding a model order determination approach rec-
ommended by Vattenfall [30]. This code is validated
by comparison of estimated DRs and NFs from ex-
perimental time series (Table 4.1).

For the calculation of the out-of-phase DRs we use
a methodology proposed by van der Hagen [31]:
We interpret an APRM signal as a mixture of a
global and a local oscillation signal contribution
5&r/&r,0= l(t) + O(t). If the reactor core is oscillating
in an out-of-phase mode, we can take the difference
of two signals of LPRMs positioned opposite each

other relative to the core symmetry line
8&i/&tt0 = l(t) + O(t) and t W V ^ o = l(t) - pO(t); then
we have approximately 8®-\/&\ o - <5dVtf£,o =(1 +P)O(Q
(the factor p is not significant for signal analysis).

Oft) is a sharp out-of-phase oscillation amplitude suit-
able for reliable time signal analysis.

Comparison of DRs estimated from the measured
time series by Vattenfall [33] and PSI [27]

(cycle,
case)

16/1

16/2

16/3

16/4

16/4

16/5

16/6

16/7

16/8

16/9

16/10

16.11

DR
[27]

0.58

0.55

0.68

0.67

0.71

0.69

0.79

0.76

0.86

0.87

0.66

0.68

NF
[27]

0.48

0.44

0.47

0.49

0.51

0.49

0.48

0.49

0.48

0.48

0.49

0.48

DR
[33]

0.54

0.54

0.69

0.71

0.67

0.79

0.72

0.82

0.87

0.65

0.66

NF
[33]

0.48

0.48

0.47

0.52

0.49

0.49

0.50

0.49

0.48

0.50

0.48

Table 4.1: Decay Ratio comparison

The 1 a-uncertainties for the model order estimation
are given by Vattenfall as [33], [21] (Table 4.2):

DR

0.2
0.4
0.6
0.8

Uncertainty

± 0.15
± 0.09
± 0.07
± 0.05

Table 4.2: Model order uncertainties [33]

5 SOME RESULTS

5.1 Ringhals 1

The methodology described was validated by partici-
pation in an international BWR stability benchmark
[21], [30], [32]. The PSI results are in good agreement
with experimental results [21], [33] (Fig. 5.1).

In the course of this benchmark work we have calcu-
lated the stability characteristics of 35 Ringhals 1
operating points for the 4 fuel cycles 14, 15, 16 and
17 (the study for cycles 16 and 17 was a "blind" type
exercise). In Fig. 5.1 the predicted versus experimen-
tal global DRs are shown.
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In Fig. 5.2 we show the DR uncertainties (cycle 16
results only) coming from the RAMONA input data
uncertainties (1a) estimated by ABB/Scandpower as
a result of a conservative uncertainty analysis [34].

NEA Stability Benchmark, Ringhals, Comparison experimental and calculated results

0 1 0 2 0 3 0 4 0,5 0 6 0.7 0
Measured Decay Ratio

8 0.9 1

Fig. 5.1: NPP Ringhals 1, Global DR's

NEA Stability Benchmark, Ringhals.PSI results Cycle 1«

iJ-2-

Islgma DH Uncertainty from Scandpower: 0.12

0.3 0.4 0 5 0.6 0.7
Measured Decay Ratio

Fig. 5.2: NPP Ringhals 1, DR uncertainties

Note that the uncertainties shown in Fig. 5.2 as error
bars are a result of this conservative approach. In [33]
a maximal standard deviation of the DR of ± 0.1 for
DRs larger than -0.4 was given. The DR uncertainty
for DR -0.2 is very large because of the large model
order uncertainty. The experimental uncertainties are
given primarily by the model order uncertainties
(Table 4.2) which are not shown in Fig. 5.2. A ranking
of the model parameters relative to their importance
for stability results is given in [33] (see also [6], [10]).

For some operating points we found an out-of-phase
oscillation mode (Figs. 5.3, 5.4).

In Fig. 5.4 we see a phase diagram which shows the
phase shift of the time series on all detector positions
related to the reference phase (detector 1 signal),
where the angle of the arrow indicates the phase shift.
Clearly we can recognize the west-east core symme-
try line. If we compare the global and local DRs for
this case, DR (global): 0.69, NF=0.52 Hz; DR (local) =
1.00, NF=0.51, we confirm our assumption about

more unstable out-of-phase oscillations. Due, how-
ever, to the relatively small oscillation amplitude in
this case, no safety limits are reached. One of the
important results of the NEA stability benchmark task
is the conclusion that reduction of the uncertainty of
the local DR estimation is the first priority of the fur-
ther development [33].

NEA Stability Benchmark, Rlnghals,Cycto 14,case9,Out-ol phase oscillations
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Fig. 5.3: NPP Ringhals 1, local oscillations
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Fig. 5.4: NPP Ringhals 1, phase shift diagram

5.2 NPP Leibstadt (KKL) [36]

For KKL we analyzed 4 operating points of cycle 10
[35] (designated as "rec xxxx" in the following):

1. Operating point of time 15.31, 67.7% power,
45.4% coolant mass flow (red 531)

2. Operating point of time 17.14, 61.3% power,
40.1% coolant mass flow (red 714)

3. Operating point of time 19.43, 58.6% power,
35.9% coolant mass flow(rec1943)

4. Operating point of time 21.09, 42.9% power,
28.3% coolant mass flow (rec2109)

We got from KKL the actual reactor data for each
operating point, e.g. the burnup and Xe distributions.



41

First we analyzed the measured data by our time sig-
nal analysis code and found a very good agreement
between the results of ABB [37] and PSI (Table 5.1).
Columns 1 and 2 of Table 5.1 show the results of the
analysis of the experimental APRM time signals [36]
(see also references in [36]).

Record

1531

1714

1943

2109

Global
DR/NF from

experim.
time series

(PSI)

0.45 / 0.59

0.56 / 0.54

0.60/0.51

0.97 / 0.47

Global
DR/NF from

experim.
time series

(ABB)

0.44 / 0.60

0.53/0.54

0.65/0.50

0.97 / 0.47

Predicted
DR/NF PSI

0.47 / 0.55

0.53/0.52

0.58 / 0.50

0.92 / 0.40

Table 5.1: KKL, stability analysis results [35], [36]

Figs. 5.5 and 5.6 show a measured APRM time se-
ries, the power spectrum (that means the Fourier-
transformed autocorrelation function of the time sig-
nal) and the impulse response of the ARMA model
including the power spectrum.
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Fig. 5.5: KKL, measured time series, rec2109

The predicted results (column 4 in Table 5.1) are very
satisfying when compared with the experimental re-
sults. But we found that the rec2109 is very prob-
lematic and from the physical mechanism point of
view a very interesting item for this study. In Fig. 5.5
we see a small amplitude oscillation (2-4%) [37], and
we have to choose a particular perturbation type to
find the experimental observed power oscillations
close to a limit cycle. In this case, we first investigated
the thermal-hydraulic channel stability by turning off
the reactivity feedback [36].
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Fig. 5.6: KKL, impulse response of ARMA model

We are able to show that no density wave oscillations
are excited in the boiling channels, which means that
the physical mechanisms which generated nearly
linearly unstable power oscillations ("nearly linearly
unstable" means the DR is close to 1) in this operat-
ing point are due to the direct and indirect loop
mechanisms in Fig. 3.1. Because of this high thermal-
hydraulic stability we had to disturb this system by a
small movement of a control rod in order to excite the
small amplitude oscillation. As a consequence of this
perturbation type (we moved two control rods in the
north and south halves of the core about 30cm in
opposite direction) we found the results shown in
Figs. 5.7 and 5.8.
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Fig. 5.7: KKL, predicted time series
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(10-KKL,c10,rec2109, ARRM1 signaljmpulse Response (from ARMA model)
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Fig. 5.8: KKL, impulse response of ARMA model

6 SUMMARY AND CONCLUSIONS

- The PSI BWR stability analysis methodology was
validated against experimental results.

- For Ringhals 1 NPP we studied the reactor at op-
erating points with global and local (out-of-phase)
power oscillations.

- The maximum uncertainty of the predicted linear
stability characteristic, the Decay Ratio, for global
oscillations for Ringhals 1 NPP was found to be
about 16% (this is in line with the results of a con-
servative ABB/Scandpower stability analysis
study).

- The maximal relative deviation of the predicted
results of the 4 operating points of KKLdO from
the experimental results was found to be 8%.

- The estimation of the DRs of the out-of-phase
oscillations should be improved (the standard de-
viation of these regional DRs is nearly 0.14 [32]).

- The uncertainty analyses for the global and local
linear stability characteristics are to continue. Par-
ticularly the impact of a more detailed hydraulic
component nodalization should be checked.

- The model order estimation of an ARMA model is
not yet satisfactory from the mathematical point of
view.

- We should understand in more detail the physical
mechanisms underlying BWR instability behaviour,
e.g.:

1. Under precisely which operating conditions
should we expect oscillatory stable/unstable
behaviour.

2. Under which neutron-physical and thermal-
hydraulic conditions should we expect higher
neutron flux harmonics to be excited.

- We should understand the nonlinear BWR stability
behaviour in greater detail.
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