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ABSTRACT 
 
In the framework of BWR stability analysis, local neutron-flux oscillation events have attracted the attention of a 
number of researchers. In 1996, an unusual instability event occurred at Forsmark-1 in which superimposed on the 
classical, spatial mode oscillations, there were relatively large-amplitude, highly localised oscillations. Subsequent 
time-series analysis of the local power range monitor (LPRM) signals resulted in a space-dependent decay ratio, an 
inexplicable result. Furthermore, noise analysis-based localization techniques pointed towards the existence of two 
strong ‘perturbation sources’ in the two halves of the core, one of them coinciding with the radial position of an 
unseated bundle. In the scope of a theoretical work, the possibility of a space-dependent decay ratio was discussed 
but not comprehensively understood. Motivated by these findings the effect of local neutron-flux oscillations on the 
BWR stability behaviour is discussed and one possible interpretation is proposed which is able to explain the space-
dependent decay ratio and the long term oscillation pattern as well. The effect of the local neutron flux oscillating 
sources on the space and time dependent neutron field is described by a rigorous application of the mode expansion 
approach. The consequences to signal analysis are then discussed. It will be pointed out in the paper that when a 
BWR system is stable regarding power oscillations but driven by local neutron-flux oscillating sources, the decay 
ratio is on the one hand not space-dependent and on the other hand it does not indicate the real BWR stability 
behaviour. The RAM-ROM method is applied to the Forsmark case M2 and an operational point (KKB-B8) of NPP 
Brunsbüttel, where a local neutron-flux oscillation is superimposed on an unstable global power oscillation. The 
results of the bifurcation analysis, using BIFDD, and of the numerical integration are presented for KKB-B8 and 
Forsmark M2.  
 

 
Key Words: local neutron-flux oscillating sources, BWR stability, decay ratio, limit cycle, density 
wave oscillation, mode-expansion, Hopf-bifurcation. 

 
 

1. INTRODUCTION 
 
During the reactor operation of NPP Brunsbüttel (KKB) in Cycle 18, unexpected behavior has 
occurred right from the start up. In particular, the evaluation of the noise data has indicated that 
at least one of the hydraulic channels could be hydraulic unstable. In order to understand the real 
core behavior, a comprehensive stability test was conducted at KKB on December 2004. In 
addition to the KKB measurements, a series of noise measurements were carried out by GSE 
Power Systems AB (GSE) using their mobile noise recording system CAESAR [1,2]. All results 
have been evaluated by GSE and are summarized in [1,2]. 
 
The measurement records include reactor operation with the rated power, at 80% power, at 
minimum pump speed, during recirculation pump trips and –restarts. It was found that under 
reactor operation with four recirculation pumps (KKB-B8) both the global oscillation mode 
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(global power oscillation) as well as a local neutron flux oscillation is excited. On the basis of the 
analysis results to Forsmark 1 [3] it was assumed also in this case that the local oscillations are 
generated by a density wave oscillation (DWO) excited in a single hydraulic channel (in other 
words, this channel is hydraulic unstable) [4]. Due to the slight different oscillation frequencies 
of the global mode (ω1) and the DWO (ω2), the measurements provide amplitude modulated 
signals with the beating frequency (ω2-ω1)/2 and its power spectral density (PSD) exhibits a 
double peak. In all the other records the reactor core as a coupled dynamical system (thermal-
hydraulic/neutron kinetic coupling) is stable but one of the heated channels is hydraulic unstable 
(parallel channel instability [5,6]). Therefore the reactor power of the core is excited to oscillate 
with small amplitude. Hence an apparent DR of one is provided by a formal signal analysis but, 
as will be demonstrated in this paper, this DR does not indicate the real stability behaviour of the 
coupled dynamical system.  
 
The existence of so-called local oscillations is, first of all, not understandable straightforward in 
physical terms on the basis of the nonlinear stability behaviour of the coupled dynamical system. 
The observed oscillation pattern is quite different compared to most of the instability events 
which were recorded in the past. In particular, it was observed that local oscillations at one (NPP 
Brunsbüttel, [1,2]) or some different (e.g. in Forsmark 1 1996/97, [3,4]) radial positions were 
excited, predominantly on the left hand side of the core (Forsmark) or on the right hand lower 
part of the core (fourth quadrant) in KKB. This behaviour clearly differs from both, the in-phase 
and out-of-phase power oscillation states described in many papers, and the most likely 
interpretation being that one or more localised neutron flux oscillating sources are present in 
some core regions. 
 
In NPP Forsmark e.g. was found that at least a single fuel bundle was not correctly positioned (it 
was "unseated"). This particular fuel bundle had not been properly put into the slots in the lower 
fuel support plate, i.e. it was an unseated fuel assembly. However, it is common practice to 
perform a visual inspection using a video camera after each core refuelling and hence, any 
unseated assemblies should be detected in this way. The visual inspection is usually effective, 
however, it is still difficult to perform this operation, mainly due to convection in the core pool. 
Thus, it is possible that unseated assemblies can escape detection. The unseated bundles found in 
the Forsmark core after refuelling in 1997 were corrected and then there were no more stability 
problems either at start-up or during the following cycle.  
 
An unseated fuel bundle can lead to a decrease of the bundle mass flow and to an increase of the 
leakage flow to the bypass. A mass flow reduction causes a larger two phase flow pressure drop 
because of the larger void content and a lower single phase flow pressure drop while the total 
pressure drop of the unseated fuel bundle is unchanged (parallel channel condition generates a 
constant external pressure drop boundary condition) [5,6]. An increase of the two phase flow 
pressure drop and a decrease of the single phase flow pressure drop can generate a self-sustained 
density wave oscillation (DWO) within the hydraulic channel [5,6,16]. Although these 
oscillations are purely thermal-hydraulic, they will affect the moderation properties of the fuel 
channel (and hence give rise to neutron flux fluctuations in adjacent Local Power Range 
Monitors (LPRMs)) as well as affect the overall neutron flux field fluctuations in the core. 
Clearly, the local effect of the DWOs on the neutron flux will decay sharply in space with 
increasing distance from the bundle in which the instability occurs and this is exactly how these  



REMARKS TO THE LOCAL POWER OSCILLATION PHENOMENON AT BWR’S 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

3/19 

 

large amplitude local power oscillations behave in Forsmark and NPP Brunsbüttel (the 
superposition of the space-decaying oscillations provides the strange oscillation pattern [4]1). 
 
As a matter of fact, we guess that this type of large amplitude ssDWOs in one or some bundles is 
the most physically realistic source of the observed local oscillations in the Forsmark-1 and KKB 
cores. Hence we show in this paper that the local instability (of one or few channels) cannot 
destabilize the whole BWR system. The local instability acts like an “external” driven nonlinear 
(oscillatory) system.  
 
If the BWR core does not undergo Hopf-bifurcations in a certain neighborhood of the stable 
reference OP, we will assume that local neutron-flux oscillating sources does not change the 
stability behaviour of the BWR. The analysis of some operational points confirms the above 
statement. But in the following we will demonstrate it by the analysis of the Forsmark M2 and 
KKB-B8 measurement records.  
 

Table I.: Selected measurement records NPP Brunsbüttel and Forsmark 
 

Filename Power 
(%) 

C-Flow 
(%) 

Date & 
Time Event Comments 

KKB-B8 44.4 31.4 12.12.2004 Unstable global 
oscillation mode 

4 pumps tripped 
and 4 pumps min. 

pump speed 

Forsmark 
M2 63.3 4298 

kg/s 31.01.1997 Local instability 
event, M2  

 
In this paper, the impact of the local neutron flux oscillating sources on the space and time 
dependent neutron flux will be interpreted by a rigorous application of the mode expansion 
approach. The consequences to signal analysis are then discussed. The RAM-ROM method [7,8], 
applied to KKB-B8 and Forsmark M2, is briefly described. The results of the bifurcation 
analysis, using BIFDD, and of the numerical integration are presented for KKB-B8 and 
Forsmark M2. The objective of the RAM-ROM analysis for Forsmark is to show that the 
Forsmark core is stable in a sufficient neighborhood of the reference OP strengthening the 
interpretation that the “strange” long term oscillation pattern is generated by a superposition of 
local neutron flux oscillating sources. In contrast, the objective of the KKB-B8 analysis is to 
simulate the effect of the n-flux oscillating source on the core by RAMONA and ROM as close 
as possible to reality.  
 
 

                                                 
1 The spatial decay can be described by a (line source) Green’s- function problem, but in our 
spatial mode expansion picture the measured flux (at the LPRM’ s) is given by 

( , ) ( ) ( ) with orthogonal function setl n n l n
n

r t A t r    ;  
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2. IMPACT OF THE LOCAL NEUTRON FLUX OSCILLATIONS ON THE SPACE 
AND TIME DEPENDENT NEUTRON FLUX 

2.1 Assumption 

 
It is assumed that an individual local neutron flux oscillating source is generated by a DWO in a 
single hydraulic channel [4,9]. From the physical point of view, the stability behaviour of the 
BWR is independent from the existence of a hydraulic unstable channel. The background is: a 
single hydraulic unstable channel does not have a significant hydraulic effect on all the other 
hydraulic channels and thus can be assumed to be hydraulically isolated and independent from 
the rest of the channels (see parallel channel instability case [5,6]). The only effect comes from 
the void oscillation within the hydraulic unstable channel. Due to the oscillatory change of the 
moderation characteristics, the void oscillation generates local neutron flux oscillations 
propagating through the core. In effect, the whole core power oscillates, where the oscillation 
amplitude is decaying the larger the distance from the hydraulic unstable channel is. The 
hydraulic unstable channel does not significantly change the steady state conditions of the BWR 
because neither the steady state 3D core distribution (3D power-, 3D void, -fuel temperature 
distribution,…) nor the pressure drops around the closed flow path are significantly affected by a 
hydraulic unstable channel. Hence, the BWR stability behaviour should not be influenced by a 
hydraulic unstable channel because its stability mainly depends on the steady state 3D core 
distributions and the pressure drops around the closed flow path. We assume that, independent of 
the core is stable or not regarding power oscillations, the local neutron-flux oscillating sources 
drive the core to oscillate. In the case of an unstable core, we expect due to the slight different 
eigenfrequencies between the DWO’s and the coupled dynamical system, at least a second peak 
in the PSD.  
 

2.2 Mode kinetics including oscillating n-flux source 

 
The objective of this subsection is to find a simple mathematical description of how the local 
neutron flux oscillations are interacting with the space and time dependent neutron flux. For this 
purpose, the diffusion approximation with two effective energy groups and with a neutron flux 
source is taken into account where the mode expansion approach is applied in order to expand 
the space and time dependent neutron flux in terms of the lambda modes [10].  
 
The time dependent two-group neutron diffusion equation can be written compactly as 

 

6
-1

1

( , ) ˆ ˆ[v ] (1 ) F( , ) L( , ) ( , ) ( , ) ( , )

ˆ( , ) F ( , ) ( , )

v
l l l

l

v v
l l l l l l

r t
r t r t r t C r t S r t

t

C r t r t C r t
t

 

 



            


     



       

    
 (1) 

where 
1

0
v
l

 
   

 


. ( , )r t
 

 is the time and space-dependent neutron flux vector and ( , )S r t
 

 is the 

time and space-dependent neutron flux source. Both quantities are defined as  
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 1 1

2 2

( , ) ( , )
( , ) , ( , ) ,

( , ) ( , )

r t S r t
r t S r t

r t S r t

   
        

   
   (2) 

where the first component corresponds to the fast and the second component to the thermal 

fluxes, respectively. L̂  is the net-loss operator including leakage by diffusion, scattering and 

absorption, and F̂  is the fission production operator.  ,  and l l lC  are the decay constants, 

concentrations and delayed neutron fractions, respectively, for the l -th delayed neutron precursor 
group. 
 
In the steady state case of (1), the so-called  -Eigenvalue problem can be written as 

 
0 0

1 ˆ ˆF ( ) ( ) L ( ) ( )

with 0,..., .

n n
n

r r r r
k

n

  

 

    
 (3) 

where ( )n r
 

 are the eigenvectors,  1/n nk  are the corresponding eigenvalues and 0F̂ , 0L̂  are 

the steady state fission production and steady state net-loss operators. The eigenvectors ( )n r
 

 

are so-called Lambda-Modes ( -modes or  -eigenmodes) and satisfy the biorthogonality 
relation 

 †
0 0

ˆ ˆF F Fm n m n mn n

V

dV      
   

 (4) 

where †
m


 are the adjoint eigenvectors. 

 
The space and time dependent neutron flux ( , )r t

 
 and the space and time dependent delayed 

neutron precursor concentration ( , )lC r t


 of (1) can be expanded in terms of the  -modes as  

 ˆ( , ) ( ) ( )n n
n

r t P t r  
  

 (5) 

 0
ˆ( , ) ( ) F ( )v

l l nl n n
n

C r t C t r   
 

 (6) 

where  

 
11 12 1

21 22 2

( ) ( ) ( ) 0ˆ ( ) .
( ) ( ) 0 ( )

n n n
n

n n n

P t P t P t
P t

P t P t P t

   
    
      

 (7) 

1( )nP t  are the time dependent expansion functions of the first energy group, 2 ( )nP t  are the time 

dependent expansion functions of the second energy group and ( )nlC t  are the time dependent 

expansion functions of the delayed neutron precursor concentration. Physically, the time and 
space-dependent neutron flux ( , )r t

 
 is proportional to the reactor power ( )Q t . Thus, in the 

current neutron kinetic model it is assumed that both neutron energy groups have the same time 
evolution. In other words, the amplitude functions are energy independent. In this case, 
according to 1 2( ) ( ) ( )n n nP t P t P t  , the matrix (7) reduces to (the matrix is “collapsing” to a 

scalar) 
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( ) 0ˆ ( )
0 ( )

n
n

n

P t
P t

P t

 
  
  

 (8) 

and the expansion (5) can be written as  

 ( , ) ( ) ( ) .n n
n

r t P t r  
  

 (9) 

Substituting (9) into the biorthogonality relation (4) gives  

 †
0 0

1 1ˆ ˆ( ) ( ) ( , ) ( , ) .m m m
m mV

P t dV r F r t F r t
F F

     
    

 (10) 

Similar to expansion (9), the space and time dependent neutron flux source ( , )S r t
 

 will be 
expanded by  

 ( , ) ( ) ( ) ,n n
n

S r t S t r 
  

 (11) 

where the amplitude functions ( )nS t  describe the time dependent contribution of the neutron flux 

source on the n -th eigenmode. ( )nS t  can similar to the amplitude functions ( )nP t  be computed 

by substituting (11) into the biorthogonality relation (4) and gives  

 †
0 0

1 1ˆ ˆ( ) ( ) ( , ) ( , ) .m m m
m mV

S t dV r F S r t F S r t
F F

   
    

 (12) 

 
In order to solve the diffusion equation (1) for the space and time dependent neutron flux ( , )r t

 
 

the expansion (9), (6) and (11) are substituted into (1), where the operators L̂  and F̂  are 
expressed as  

 0
ˆ ˆ ˆL = L L  (13) 

 0
ˆ ˆ ˆF = F F  (14) 

in terms of a steady state plus an oscillating term (small perturbation), respectively. In the next 
step, the results will be multiplied by the adjoined eigenmode †

m


 from the left hand side. 

Afterwards the equations are weighted (divided) by (4) and integrated over the whole 
multiplying medium of the reactor core. Taking into account that mm mn    with n m  [12] 

( m mm   ), the final neutron kinetic (spatial) mode equations can be written as  

 

1 1
( ) ( ) ( ) ( ) ( )

( ) ( )

1
( ) ( ) ( ) ( )l

s F D
m m m mn n mn n

n nm m

l ml m m
l

D
ml l m mn n l ml

nm

d
P t P t P t P t

dt

C t S t Ws

d
C t P t P t C t

dt

   



  

          

 

 
     

 





 (15) 

where s
m  is the static reactivity, F

mn  are the dynamical feedback reactivities, D
mn  and lD

mn  are 

the delayed feedback reactivities and m mmWs Ws  are source weighting functions.  
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The dynamical feedback reactivities, F
mn  represent the coupling between the  -modes and 

describe the main feedback mechanism between the neutron kinetics and thermal hydraulics via 
void fraction in the two-phase flow region and fuel temperature. In the framework of the ROM 
development the approximate calculation of the mode feedback reactivities is one of the crucial 
tasks.  
 
2.3 The source term 
 
The source term ( , )S r t

 
 describes the local neutron-flux oscillating sources that are generated by 

DWO’s in certain hydraulic channels. The DWO’s which are located at different radial positions 
in the core are independently deforming the neutron flux field in an oscillatory manner. In the 

following, we assume that ( , )S r t
 

 can be represented by  

 
1

( , ) ( , )
k

i
i

S r t S r t



  

 (16) 

a superposition of individual local neutron flux oscillations ( , )iS r t
 

, where k  is the number of 

DWO’s generating the individual local neutron flux oscillations. One further assumption is that 
the time and space dependence of ( , )iS r t

 
 is separable. Hence, ( , )iS r t

 
 can be written as  

 ( , ) ( ) ( ) ,s
i i iS r t s t r 
 

 (17) 

where ( )is t  describes the oscillating behavior and ( )s
i r


 the 3D n-flux deformation of the i-th 

individual local neutron flux oscillation. In order to simulate the effect of the local neutron flux 
oscillations on the space and time dependent neutron flux, the amplitude functions ( )mS t  must be 

estimated according to  

 0 0
1 1

1 1ˆ ˆ( ) ( , ) ( ) ( )
k k

s
m m i m i i

i im m

S t F S r t F s t r
F F 

     
  

 (18) 

if the individual source characteristics are known.  
 
In summary, the impact of the local neutron flux oscillations on the space and time dependent 
neutron flux can be simple described by applying the mode expansion approach. The space and 

time dependent neutron flux source ( , )S r t
 

 drives the eigenmodes to oscillate like a driven 
nonlinear oscillator (see mode kinetic equations (15)). Equation (18) in connection with the 
mode kinetic equations (15) show that all eigenmodes are driven to oscillate. Thereby the 

amplitude functions ( )mS t  describe how the eigenmodes are driven by the source ( , )S r t
 

. In 

other words, ( )mS t  describes according to equation (18) the contribution of the source ( , )S r t
 

 on 

the m -th eigenmode m


.  

 
2.4 Concluding remarks to neutron signal constitution and its DR estimation 
 
In the following, the basic character of the solution of the driven mode kinetic equations (15) 
will be demonstrated by neglecting the neutron precursors and the feedback reactivities. This 
simplification gives 
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d
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 (19) 

which is now a decoupled system of inhomogeneous linear differential equations. The general 
solution ( )mP t  of an inhomogeneous linear differential equation is the superposition of the 

homogeneous part ( ) ( )h
mP t  and the particular solution ( ) ( )p

mP t  

 ( ) ( )( ) ( ) ( ).h p
m m mP t P t P t   (20) 

Homogeneous solution  
The task is now to find the solution of  

 ( ) ( ) 0 .m m m

d
P t P t

dt
   (21) 

The homogeneous solution can be calculated by applying the method of separation of variables. 
This gives  
 ( ) ( ) (0) ,mth

m mP t P e  (22) 

where (0)mP  is the constant that will be calculated from the initial conditions and depends on the 

strength of a perturbation imposed on the dynamical system.  
 
Particular solution  
In order to find the particular solution of (19) the method of variation of the constants is applied. 
In the framework of this method the ansatz  
 ( ) ( ) ( ) mtp

mP t U t e  (23) 

is substituded in (19) and gives after evaluation 

 ( ')( )

0

( ) ( ') ' .m

t
t tp

m mP t e S t dt    (24) 

General solution  
The general solution can according to (20) be written as  

 ( ')

0

( ) (0) ( ') ' .m m

t
t t t

m m mP t P e e S t dt      (25) 

The source term is now approximated by a superposition of simple sin-functions   
 ( ) sin( ) .i i i

m m m m
i

S t a t    (26) 

It is trivial to show that if the space and time dependent neutron flux source ( , )S r t
 

 contains i -th 

individual n-flux sources that ( )mS t  also contains i -th oscillating contributions  

 ( ')

0

( ) (0) sin( ) ' .m m

t
t t ti i i

m m m m m
i

P t P e a e t dt        (27) 

In order to evaluate the integral in (27), integration by parts is applied two times and gives  

 ( ')
2 2

0

sin( ) ' cos( ) sin( ) .
( ) ( )

m

t i
t ti i i i i i i im

m m m m m m m m mi
m m

a
a e t dt t t        

 
         (28) 
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The final solution of the driven mode kinetic equations can be written as  

 
2 2

( ) (0) cos( ) sin( )
( ) ( )

m

i
t i i i i im

m m m m m m m mi
i m m

a
P t P e t t      

 
        (29) 

 
2 2

( ) lim ( ) cos( ) sin( ) .
( ) ( )

i
asym i i i i im

m m m m m m m mit
i m m

a
P t P t t t     

 
        (30) 

It should be noted that 0,m m    , in particular, the larger m  the more subcritical the 

eigenmode is and the faster the eigenmodes decay after a perturbation was imposed on the steady 
state system. The solution (29) shows that the temporal behaviour of the eigenmodes is 
completely characterized by the source term ( )mS t  itself. From the solution (29), it can be 

concluded that the signal measured from the above driven system contains damped as well as 
undamped oscillating contributions. The principle constitution of the measured signal is space 
independent but the dominance of individual undamped and damped oscillating contributions to 
the signal can significantly depend on space. Hence, if we estimate the asymptotic DR at 
different radial locations, we would find a DR equal to unity because of the asymptotic non-
damped character of the oscillations contained by the signal at each radial location. In such a 
scenario, where the core is stable regarding power oscillations but driven by local neutron-flux 
oscillations, the DR as a stability indicator of the coupled dynamical system is an apparent one. 
This quantity does not indicate the real stability behaviour of the BWR system.  
 
When we consider, for instance, the autocorrelation function (ACF) of a signal generated by a 
dynamical system that is driven by a non-decaying oscillator like a DWO and the signal-to-noise 
ratio is good enough, the asymptotic part of the ACF will reflect this non-decaying character. 
This statement will be satisfied by if a signal can be written as a superposition of independent 
damped and non-damped oscillations. The simplest mathematical description of such a signal 
can be made by a superposition of sin-functions  
 ( ) ( ) sin( ) .i it

i i i
i i

x t x t a t e       (31) 

The autocorrelation function of this stationary artificial signal can be calculated analytically by  

 
0

1
( ) ( ) lim ( ) ( ) ,

T

xx T
ACF R x t x t dt

T
  


    (32) 

where the integral can be evaluated separately over a single period 

 ,

0

1
( ) ( ) ( ) ( ) .

iT

xx xx i i i
i i i

R R x t x t dt
T

         (33) 

The evaluation of (33) gives  

 
2

( ) ( ) cos( ) .
8

i ii
xx i

i

a
ACF R e     


   (34) 

Hence, the ACF-function of a signal which consists of a linear superposition of independent 
damped and non-damped oscillators is a superposition of damped and non-damped oscillatory 
functions. The superposition in (34) also explains amplitude modulation of the ACF-function 
itself which makes the evaluation of the ACF in order to calculate the asymptotic DR in some 
cases quite difficult.  
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If the ACF contains j  damped oscillatory terms and k  non-damped oscillatory terms, the ACF 
can be written as 

 
2 2

1 1

( ) ( ) cos( ) cos( ) .
8 8

g g

j k
g i

xx g i
g i

a a
ACF R e       

 


 

     (35) 

If we calculate, for instance, the DR from the first two maxima of the ACF 

 
( )

( 0)
(0)

ACF T
DR

ACF
    (36) 

the DR contains the decaying behaviour of j  damped oscillatory terms while if the DR is 
calculated for sufficient large lag times  

 
( )

lim ,
( )

asym ACF T
DR

ACF





  (37) 

the DR (which is approximately equal to the asymptotic DR) contains only the k  non-damped 
oscillatory term.  
 
Remark: Demaziere and Pazsit [11] proposed a model for the explanation of a possible space-
dependent DR in case of two different types of oscillations being present in the core 
simultaneously. The investigations have shown that the DR, as determined by individual LPRMs 
(neutron detectors) at different positions, can strongly space-dependent if the DR is calculated 
from the first two maxima of the ACF analytically derived  

 0 1 0

2

0 0 1 2
1

( ) cos( ) cos( )[ ]i
xx i

i

R a e a e a          



    (38) 

and if at least two different oscillations with differing damping factors and space dependence 
exist in the core at the same time ( 2 0  , non-damped and 1 0  , damped). If our signal (see 

(31)) includes only a single damped and a single non-damped oscillating term ( 1j k  ) 
expression (35) will be equivalent to the ACF (38) analytically derived in [11] (equation (5)). 
However, the analytical ACF expressed by (35) is more general compared with (38) [11] because 
we now take into account more damped and non-damped oscillating terms and we assume that 
each oscillating term in the signal has its own frequency. The second assumption is well proven 
because the frequency of a DWO strongly depends on the thermal-hydraulic conditions of its 
hydraulic channel and thus also generally differs to the natural frequency of the core. At this 
point, it is emphasized that the thermal-hydraulic conditions are never the same from channel to 
channel. The finding of an apparent space-dependent DR is in line with the result we would 
obtain when we estimate the DR from the first two maxima of our analytical ACF. In this case, 
the apparent DR includes the decaying behaviour of all excited oscillating terms contained by the 
signal. However, if the DR is estimated from the ACF (38) for sufficient large lag times, the DR 
would also be unity and space independent as discussed previously.  
 
Evaluation of some measurement data (Forsmark, M2) 
The concluding remark given above will now be applied to evaluate some of the Forsmark 
benchmark data. In particular, the decay ratios of LPRM signals from the second measurement 
[3] are estimated by applying three methods. The first method is based on relation (36), the 
second method is based on relation (37) while in the third method the signal analysis code 
HPTSAC [13], where different ARMA-methods are applied, is used.  
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Table II.: Comparison of decay ratios of LPRM signals obtained from the benchmark M2 
[3]. The decay ratio was estimated by applying three independent methods.  

 

LPRM ( 0)DR    asymDR  HPTSACDR  

1 0.183 0.968 0.9842 
2 0.20875 0.99 0.25? 
3 0.79175 0.985 0.98 
4 0.6014 0.964 0.96 
6 0.9223 0.985 0.9937
7 0.68574 0.968 0.985 
8 0.8412 0.979 0.95 
9 0.26 0.954 0.93 
10 0.315 1 0.84 
11 0.457 0.963 0.98 
12 0.505 0.976 0.98 
13 0.523 0.991 0.96 
14 0.6479 0.955 0.95 
15 0.78136 0.9905 0.98 
16 0.81635 0.973 0.98 
17 0.179 0.931 0.89 
18 difficult  difficult 0.8…0.85? 

 
Table II shows a good agreement between asymDR  and HPTSACDR  except for LPRM 2. At this 
point, it should be noted that LPRM 1 and LPRM 2 are detectors on the same LPRM string at 
different axial positions. Hence, the large differences between the DR’s of LPRM 1 and LPRM 2 
are not real and gives the indication that in some special cases ARMA models fail when the 
signal contains both decaying oscillations and non-decaying nonlinear oscillations (not further 
discussed in this paper, this will be examined in a separate work). The DR’s calculated from the 
first two maxima of the ACF differs significantly from signal to signal. One would interpret this 
result as the DR is space-dependent. The decay ratios estimated by applying ARMA models 
(HPTSAC [13]) and from the asymptotic part of the ACF ( asymDR ) are from the mathematical 
point of view real asymptotic DR’s and are approximately unity for this measurement results and 
thus are not space-dependent.  
 
RAMONA analysis  
In order to proof the conclusions of the above derivation and verify the evaluation of the 
measurements, a system code analysis with RAMONA is performed. For this purpose, an 
arbitrary stable operational point of an arbitrary RAMONA model is selected and three different 
cases are taken into account. In the first case, the transient run was carried out without local n-
flux oscillations while in the second and in the third case a single and a pair of n-flux oscillating 
sources have been simulated. The n-flux oscillating source is generated by a DWO in a hydraulic 
nuclear heated channel. The DWO is provoked by artificially increasing the exit pressure loss 
coefficient and decreasing the inlet pressure loss coefficient of the selected hydraulic channel. 
Table III summarizes the results of this analysis.  
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Table III.: Comparison of decay ratios of LPRM signals obtained from the RAMONA 
output.  

 

LPRM Case 1 Case 2 (1 DWO) Case 3 (2 DWO) 
 (0)DR  asymDR  (0)DR asymDR  (0)DR asymDR  

2 0.3875 0.361 0.6897 0.952 0.412 0.953 
6 0.395 0.359 0.7175 0.958 0.3497 0.938 
9 0.3384 0.357 0.573 0.944 0.649 0.952 
12 0.39263 0.361 0.7799 0.927 0.69125 0.955 
19 0.375 0.361 0.9212 0.946 0.9425 0.915 
21 0.4086 0.360 0.69415 0.941 0.773 0.963 
25 0.3465 0.339 0.955 0.914 0.97 0.939 
30 0.3212 0.343 0.9429 0.931 0.966 0.927 

 
In the first case, the DR estimated from the first two maxima of the ACF compare well with 

asymDR . It should be emphasized that the LPRM signals of the first case do not contain any non-
decaying oscillating terms. In contrast to this, the LPRM signals of the second and third cases 
include decaying as well as non-decaying oscillating terms. asymDR  of the second and third case 
are approximately unity and thus are not space-dependent while the DR’s estimated from the first 
and second maxima of the ACF are “space-dependent”. This result is in line with the results 
summarized in Table II and confirms the conclusions of the derivation in section 2. 
 
 

3. RAM-ROM analysis 
 
Nonlinear stability analysis is usually carried out using integral (system) codes, describing the 
dynamical system with a system of nonlinear partial differential equations (PDEs). One aspect of 
nonlinear BWR stability analysis is to get, first of all, an overview of the nonlinear stability 
behaviour and of the physical conditions needed for their occurrence. This means: Find the 
critical values of selected parameters at which the dynamical system experiences a bifurcation 
and analyse the bifurcation type by estimating an appropriate (nonlinear) stability indicator. For 
this strategy, however, the application of system codes alone is inefficient and cumbersome. In 
addition to this, the behaviour of the algorithms employed by system codes is not always well 
known in the close neighbourhood of bifurcation points.  
 
In this paper the RAM-ROM method [6,7] is applied to analyse the stability properties of 
operating points at which the local neutron flux oscillations have occurred at NPP Brunsbüttel 
and NPP Forsmark. Here, “RAM” is a synonym for system codes. In the framework of this 
method, integrated BWR (system) codes (RAMONA5, Studsvik/Scandpower [15]) and 
simplified BWR models (the advanced reduced order model, TU Dresden ROM, TUD-ROM) are 
used as complementary tools to examine the stability characteristics of fixed points and the 
periodic solutions of the nonlinear system of differential equations describing the stability 
behaviour of a BWR loop. The intention is, firstly, to identify the stability properties of certain 
operating points and their environment by performing a ROM analysis and, secondly, to apply 
the RAMONA5 system code in a detailed nonlinear stability investigation of selected operating 
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points. The advantage of ROMs is the possible straightforward coupling to specific methods of 
nonlinear dynamics like bifurcation analysis tools. In the scope of this work, the ROM is coupled 
to methods of semi-analytical bifurcation analysis (bifurcation code BIFDD developed by 
Hassard [14]). This method allows the calculation of a stability indicator (Floquet parameter) for 
limit cycles which are generated particularly by Hopf bifurcations.  
 
In summary, the ROM analysis provides an overview of the different types of nonlinear 
behaviour of the BWR. In particular, the stability properties of limit cycles generated at Hopf 
bifurcation points and the conditions at which they occur will be analysed. The nonlinear 
analysis using system code is applied to verify the ROM results and to perform a more detailed 
analysis. Hence, the use of RAM and ROM as complementary tools leads to a more reliable 
nonlinear BWR stability analysis. Notice, the RAM-ROM method including the ROM-input 
calculation was published in [6,7] and thus is not repeated here.   
 
 

4. DISCUSSION OF THE RESULTS 
 
4.1 RAM-ROM analysis for NPP Brunsbüttel  
 
The RAM-ROM method was applied to KKB-B8, where two cases have been taken into account. 
In the first case, the stability analysis is carried out without simulation of local neutron-flux 
oscillations while in the second case the n-flux oscillations have been artificially simulated by 
RAMONA and ROM. In RAMONA, the individual local neutron-flux oscillations have been 
artificially simulated by changing the inlet and exit pressure loss coefficients in certain hydraulic 
channels. The comparison between measurements and the system code results show that only a 
single hydraulic channel could be hydraulic unstable. The RAMONA5-transient calculation was 
initiated by introducing a 2.5 node sinusoidal control rod movement or a pressure perturbation 
resulting in a perturbation of the state variables of the BWR system. After the transient run with 
RAMONA, the signals of the APRM and LPRM detectors have been evaluated. In case of the 
ROM analysis, the effect of the individual local neutron-flux oscillations were artificially 
simulated by taking into account the mode kinetic equations where the source term ( )mS t  is 

introduced (see equation (15)) and approximated by a simple sin-function. Thereby the 
amplitude and frequency have been adjusted to fit the temporal behaviour of the DWO which 
was simulated by RAMONA in a single hydraulic channel. In this paper, the results for KKB-B8 
will be presented only.  
 
In the framework of the ROM analysis two independent techniques are employed. These are the 
semi-analytical bifurcation analysis with the bifurcation code BIFDD and the numerical 
integration of the system of ROM equations. Bifurcation analysis with BIFDD determines the 
stability properties of fixed points and periodic solutions. For independent confirmation of these 
results, the ROM system will be solved directly by numerical integration (in the time domain) for 
selected parameters. In the framework of the semi-analytical bifurcation analysis using BIFDD, 
the core inlet subcooling ( subN , subcooling number) and the steady state external pressure drop 

( extDP ) are selected to be the iteration- and bifurcation parameters. For each iteration step, 

BIFDD computes the critical value of the bifurcation parameter at which the so called Hopf-
conditions are fulfilled. Roughly speaking, this means, in each of these Hopf-bifurcation points a 
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limit cycle is “born” and exists either in the (linear) stable or (linear) unstable region. The 
stability characteristic of the limit cycle is determined by the Floquet parameter 2 , which is 

also computed by BIFDD for each iteration step. If 2 0  , the limit cycle is stable (supercritical 

bifurcation) while if 2 0  , the limit cycle is unstable (subcritical bifurcation) [14]. The results 

of the semi-analytical bifurcation analysis of the ROM equation system are then presented in the 

subN - extDP -operating plane. Notice, a variation of extDP  corresponds to a movement on the rod-

line which crosses the reference OP while the 3D-distributions will not be affected. Thus the 
stability properties of operational points along a fixed rod-line (fixed control rod configuration) 
and its close neighbourhood are analysed. The stability boundary (SB) and the bifurcation 
characteristic (BCH) for KKB-B8 are shown in Fig. 1.  
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Figure 1: Stability boundary and Bifurcation characteristic for KKB-B8 simulated by 

the ROM.  
 



REMARKS TO THE LOCAL POWER OSCILLATION PHENOMENON AT BWR’S 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

15/19 

 

 
Figure 2: Time evolution of the fundamental mode and its power spectral density 

(KKB-B8, without neutron-flux oscillation, NF=0.44 Hz).  
 

 
Figure 3: Time evolution of the fundamental mode and its power spectral density 

(KKB-B8, with neutron-flux oscillation). 
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Figure 4: Time evolution of the fundamental mode and its power spectral density 
(KKB-B8, with neutron-flux oscillating sources simulated by a DWO in a 
single hydraulic channel (cannel-number 390)).  

 
According to Fig. 1 the reference OP is located in the linear unstable region which is in 
agreement with the measurements and RAMONA results (see Fig. 4). The Floquet parameter 2  

is negative for all iterations steps. Hence, stable limit cycles are predicted in the linear unstable 
region. The numerical integration at the reference OP (Fig. 2) confirms the result of the 
bifurcation analysis. Fig. 2 also presents the PSD of the time series of the fundamental mode. 
The PSD exhibits the resonance peak at 0.44 Hz and its higher harmonics appearing when the 
time series contains a limit cycle oscillation.  
 
Finally, an artificial external sinusoidal perturbation is according to (15) imposed on the system 
in order to simulate the effect of a single unstable hydraulic channel on the space and time 
dependent neutron flux at KKB-B8. The results are presented in Fig. 3 (ROM) and Fig. 4 
(RAMONA). The comparison of the RAMONA and ROM result show a qualitatively good 
agreement. The pattern of the PSD is equivalent in both figures. This analysis has shown that the 
effect of the n-flux oscillating source on the core could be simulated properly by application of 
two different methods, the system code RAMONA and the ROM.  
 
 
4.2 RAM-ROM analysis for NPP Forsmark  
 
In the framework of the bifurcation analysis using BIFDD the HEM (homogeneous equilibrium 
model) limit of the drift flux model was used (see Fig. 5) because there are some converging 
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problems in the BIFDD code in this special case when the drift flux velocity was larger than 
zero. This was a typical problem, if the region of linear unstable fixed points becomes so small 
such that the distance between bifurcation points which are located on the opposite sides is too 
small. However, the numerical integration works properly using 0.25gjV   (dimensionless, 

0,v 0.78078 /ref m s ). Hence, a couple of numerical integrations at different locations in the 

subN - extDP  parameter plane have been carried out in order to approximately estimate the SB 

when using 0.25gjV   in the drift flux model. It is well known that a HEM model for the two 

phase flow description provides more conservative results in stability analyses. Dokhane et al. 
[16] have shown that if the drift flux velocity is increased the number of linear unstable fixed 
points will be decreased. In the present case, this means, if gjV  is increased, the upper part of the 

SB will be shifted downwards in the subN - extDP  parameter space. The critical subcooling 

number ,sub cN  for ,ext refDP , for instance, is about , 0.681sub cN   in the HEM case, while 

, 0.475 0.015sub cN    in the drift flux case, where 0.25gjV   is used. The drift flux velocity was 

estimated in the scope of the ROM-input calculation [6,7] (not presented here).  
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Figure 5: Stability boundary and bifurcation characteristics for the HEM limit while 

the numerical integration was carried out with the drift flux model 
(Forsmark case). 

 
The results of the bifurcation analysis and numerical integration for NPP Forsmark show that the 
reference OP is located in the linear stable region relative far away from Hopf-bifurcation points 
(SB). This result is in line with the results of RAMONA. Hence, the assumption of a stable 
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Forsmark core is satisfied by the results of the bifurcation analysis using the TUD-ROM. The 
RAMONA results for the Forsmark event are not presented in this paper because Analytis, 
Hennig and Karlsson [4] have made comprehensive RAMONA analyses that have been already 
published.  
 
 

5. SUMMARY AND CONCLUSIONS 
 
The RAM-ROM method was applied to two instability events, where local neutron flux 
oscillating sources (generated by unstable hydraulic channels) are supposed to be responsible for 
the measured power oscillations.  
 
The RAM-ROM method applied to KKB-B8 has shown that the reference OP is located in the 
linear unstable region where stable limit cycle global power oscillations occur. It was 
demonstrated by RAMONA and ROM that if a global power oscillation coexists with a local n-
flux oscillation simultaneously we will find two peaks in the power spectral density that 
corresponds to the global oscillation mode and the local n-flux oscillating source. The simulation 
also provides, due to the slight different oscillation frequencies of the global mode (ω1) and the 
DWO (ω2), amplitude modulated signals with the beating frequency (ω2-ω1)/2 which compare 
well with the measurement results.  
 
Short summary for NPP Brunsbüttel: 

- The reference OP (KKB-B8) is an unstable one. 
- If one or more unstable hydraulic channels exist (e.g. by unseated fuel bundles) the PSD 

depicts additional peaks because of the coexistence of slight different eigenfrequencies 
(beating phenomenon).  

- The stable OP’s of the stability test (not included in this paper) show low amplitude 
power oscillations (like a limit cycle) when unstable hydraulic channels exist. In these 
cases the coupled BWR system is stable but the local neutron flux oscillations generates a 
high DR which does not indicate the stability properties of the BWR dynamics 

 
In contrast to KKB-B8, the reference OP for the Forsmark case is located in the linear stable 
region relative far away from Hopf-bifurcation points. This result indicates that the Forsmark 
core should be stable regarding power oscillations. Hence, the assumption that the Forsmark core 
is stable regarding power oscillations but driven by a local neutron-flux oscillating source seems 
to reasonable and provides a contradiction-free explanation of the observed stability behaviour.  
 
Short summary for NPP Forsmark:  

- The Forsmark core is stable regarding power oscillations. 
- DWOs are the most probable reason of the existence of local neutron-flux oscillating 

sources. 
- These local perturbations drive all eigenmodes to oscillate. 
- The temporal behaviour of the eigenmodes is completely characterized by the n-flux 

oscillating sources generated by the DWOs.  
- If an apparent DR was estimated to be space-dependent, it will contain the decaying 

behaviour of all excited oscillating terms.  
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- The asymptotic DR is not space-dependent and corresponds in general to the eigenstate 
with the lowest damping factor.  

- The asymptotic DR of the Forsmark instability event reflects the non-damped oscillation 
of the DWO that drives all eigenmodes to oscillate and is not a measure of the real 
stability characteristics of the BWR.  
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