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ABSTRACT
In this paper, the state of the art of the measurement of two-phase flow variables in
a boiling water reactor (BWR) by analysis of in-core neutron detector noise signals
is given. It is concluded that the neutronic processes involved in neutron noise are
quite well understood, but that little is known about the density fluctuations in two-
phase flow which are the main cause of the neutron noise. For this reason, the
neutron noise measurements, like the well known two-detector velocity measure-
ments, are still difficult to interpret. By analysing neutron noise measurements in a
natural circulation cooled BWR, it is illustrated that, once a theory on the density
fluctuations is developed, two-phase flow can be monitored with a single in-core
detector.

1. INTRODUCTION
For safe and efficient operation of Boiling Water Reactors (BWRs), monitoring of

two-phase flow conditions is of utmost importance. Using data on the two-phase flow
conditions, normal operating conditions can be verified, or anomalous conditions can be
detected. Furthermore, these data can be used for computer code validation, or as code
input. Especially for natural circulation cooled BWRs, like GE's SBWR,, or the
Dodewaard BWR (183 MWth, The Netherlands), which have a typically non-flat flow
distribution, two-phase flow monitoring is important.

For many years, much effort has been put into the development of reliable methods
for estimating two-phase flow variables like velocities and void fraction. It is a real
challenge to find reliable, safe and low-cost measuring techniques. The analysis of the
noise of an in-core neutron or gamma detector in principle offers the possibility of
studying two-phase flow conditions without disturbing the operating condition itself, and
with the use of simple instrumentation.

One well known technique is the measurement of velocities by analysis of noise
signals of axially displaced neutron detectors [Ran67,Sei72,Sei73,Wac73]. Propagating
disturbances (fluctuations of the steam-void content) cause perturbations of the neutron
flux density, which in turn cause fluctuations of the detector signal (Fig. 1). Both
detector signals are influenced by the propagating disturbance, but the upper detector
signal is shifted with a time delay corresponding with the velocity of the fluctuation. By
applying noise analysis techniques to the two noise signals, velocities of the two-phase
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mixture can be estimated. The interpretation of these measurements is still very difficult.
Literature shows [Ste92] that the neutronics involved in neutron noise processes are quite
well understood, i.e. one is able to predict the response of a neutron detector to, in both
space and time, arbitrarily distributed density fluctuations. A well founded theory of the
relation between two-phase flow characteristics and the fluctuations in two-phase flow is
lacking. If, however, such a theory can be developed, or insight can be gained through
extensive experiments, it should even be possible to monitor two-phase flow with a single
in-core detector.

2. IN-CORE NEUTRON DETECTOR NOISE
In a BWR, differences in bundle power and flow in the bundles neighbouring the

detector cause differences in two-phase flow conditions on a macroscale. Also, on a sub-
channel level these differences exist (Fig. 2). The information present in the detector
noise signal has its origin in these different regions. As the noise source in a BWR is
mainly due to the coolant density fluctuations, which are inherent to two-phase flow, and
the influence of these fluctuations on the detector signal is through neutronic processes, it
is easier to split the neutron noise problem into these sub-problems.

2.1. The response of an in-core detector to density fluctuations
A steam bubble in water causes a local change in moderation, absorption, and

(up)scattering, due to the density difference between water and steam. These changes
lead to a perturbation of the flux, which in turn can be detected by an in-core detector.
The way in which a local density fluctuation affects the count rate of an in-core detector
depends on the amplitude and frequency of the fluctuation, geometric effects like fuel
distribution or the distance between the density fluctuation and the detector, and the
neutron flux at the position of the fluctuation. In 1975, a mathematical trick was
introduced in this field to calculate the response of an in-core detector to parametric
perturbations which are arbitrarely distributed in both space and time [VDa75]. With the
application of this method the so-called field-of-view of an in-core detector was
introduced [VDa76]. This field-of-view defines the region, in both space and frequency
domain, in which fluctuations affect the detector signal. For simple problems, the
detector response can be calculated analytically; a neutron diffusion or transport code can
be used for complex problems. It was found that the field-of-view is roughly composed



of two components: a global and a local component. The fluctuation affects the neutron
level of the complete core through the global component. With this effect, the
perturbation of the flux is propagated through the core by the fission chain and can be
detected everywhere. The local component accounts for effects which directly influence
the detector signal, like a lower thermal flux due to a lower moderator density. These
effects are limited to a few centimetres. The field-of-view also depends on the frequency
of the fluctuation. This can be understood by noting that low frequency fluctuations cause
reactivity changes that influence the power of the complete reactor. High frequency
fluctuations, however, will be attenuated when transported through the fisson chain, but
do influence the detector signal through the local component.

Since 1975, many papers on calculations of the field-of-view of an in-core detector
have been published. In the early days only homogeneous problems were treated
[VDa75,VDa76,VDa77,Beh77,Beh79,Ana80,Paz81,Mit82,Kos82,Ana82a], and theory
was in accordance with experiments [Kle79]. When the field-of-view was calculated for
heterogeneous problems, at first some different results were found [Swe79,Swe80,Dif80,
Ana81,Dif82,Ana82b,Ana82c,Ana82d,Ana83a,Ana83b,Dif84], but, after some more
investigations [Hag85,Kos85], the work of Haghighat and Kosaly [Hag86,Hag89] seems
to conclude the discussions. The basic questions in the disussion were: should we use a
transport code to calculate the detector response, or can we use a diffusion code, and do
we have to take into account the heterogeneities on the sub-element level, or can we
perform calculations on a homogeneous equivalent of the problem. Haghighat and Kosaly
[Hag86,Hag89] investigated the problem by performing transport and diffusion calcula-
tions for a quarter of a fuel bundle with different levels of homogenization. As only the
relative sensitivity of the detector to density fluctuations in each subchannel is important,
the calculated field-of-view parameters were averaged over each subchannel, and the
sensitivity distribution was normalized to the sensitivity of the detector to fluctuations in_
the corner subchannel. By comparing the calculated field-of-view from different kinds of
calculations, it was found that a so-called cell homogeneous bundle diffusion calculation
(in which each subchannel is homogenized) is sufficient for calculating the field-of-view.
From the calculations it also follows that, although the corner subchannels are closest to
the detector, the sensitivity of the detector to density fluctuations in the side subchannels
is the largest, followed by the sensitivity to fluctuations in the central and corner
subchannels. This is due to the fact that not only the area of the corner subchannels is
smaller than that of the side and central subchannels, but also because there are more
side and central subchannels than corner subchannels.

It is important to note that although the expected noise signal can be calculated from
a given density noise source distribution, it might not be trivial to obtain the unknown
distribution from a measured hoise~signal.

2.2. Fluctuations in two-phase flow
Many measurements of the density fluctuations in two-phase flow have been

performed. In 1959 it was observed that boiling near a neutron detector causes
fluctuation of the detector signal [Boy59]. It was found that the detector noise strength
increased with increasing boiling intensity. In a BWR, however, not only the boiling
intensity varies along the height of the core, but also steam is transported upwards.
Investigations in a BWR showed that the normalized detector noise strength increases
along the height of the core [Sei72,Sei73]. Measurements on an out of pile set-up with an
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air/water two-phase flow mixture showed that the two-phase flow patterns bubbly, slug
and annular flow can be recognized by analysing the probability density function of the
density fluctuations [Jon75]. Matuszkiewicz et al. [Mat87] studied the density noise
source strength in a nitrogen-water two-phase flow as a function of the void fraction. It
was found that the noise source strength reaches a maximum at a value of the void
fraction which depends on the distance to the nitrogen inlet. A similar behaviour was
found by Kozma [Koz92a,Koz92b], who performed neutron noise measurements on a
nitrogen-water mixture in a simulated MTR-type fuel element in a research reactor.

The experiments show that the density noise strength depends on many variables (like
void fraction, velocity, geometry, etc.). This makes it very difficult to construct a
general model for the density noise. Many models have been developed, but some
explain only part of the measured effects [Kos75,Cee76,Geb77,Joh80,Thi81,Joh83,
Joh85,Koz92a] or the applicability of the model to the two-phase flow in a nuclear
reactor is questionable [Pau86,Bie90]. Density noise measurements in simulated fuel
assemblies would contribute to the knowledge of the behaviour of density noise at
different conditions.

2.3. An analysis of in-core neutron detector noise induced by two-phase flow
The following measurements, which were performed at the Dodewaard BWR,

illustrate the behaviour of the in-core neutron noise due to the density fluctuations, and
show the possibilities of monitoring two-phase flow with a single in-core detector. At
three radial positions, neutron noise measurements were performed at five heights for the
lower 25 % of the core height. These measurements were performed with the Traversing
In-core Probe (TIP). Figure 3 shows the spectra of the neutron noise signals for five
heights for radial position 5C (40 cm from the core centre). The spectra were normalized
to the global part of the neutron noise (low frequency part; 0-3 Hz). In this way, the
change in the high frequency region as a function of the detector height is clearly visible.
The plot shows an increase in amplitude of the high frequency part of the signal
(>5 Hz) with detector height. This is due to the increase of the amplitude of the density
fluctuations as the void fraction grows with higher elevation. This effect can be studied
more closely by calculating the high frequency contribution relative to the low frequency
part. In Fig. 4 the ratio of the mean square values of the high and low frequency •part are
plotted as a function of the height for three different radial positions (distance to the core
centre: 5C: 40 cm; 6D: 64 cm; 6B: 74 cm). This figure shows several features:

- for very low elevations, the high frequency contribution is constant, and equal for the
three radial positions;
in the region considered here (lower 25 % of the core), the relative high frequency
contribution grows with the height. This growth is different at the three radial
positions;

- in the small region 5-10 %, the contribution suddenly increases, but this point is
different for the radial positions considered here.

From the last two observations it can be concluded that the thermohydraulic conditions
are different at the three radial positions. A higher slope of the curve and a lower
transition point indicate a higher power or a lower flow rate.

If a relationship between the density fluctuations and thermohydraulic conditions like
void fraction and velocity was known, then these experiments, in combination with the
calculated field-of-view, could be numerically analysed. In this way, from a given power
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FIG. 3. Power spectral density of the in-core neutron
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distribution, the flow rate can be estimated. Or likewise, from a given flow rate, the
power distribution can be calculated.

3. IN-CORE TWO-DETECTOR VELOCITY MEASUREMENTS
As outlined in the introduction, the two-detector velocity measurement technique is

based on the propagation of fluctuations of the steam void content from an upstream to a
downstream detector. By applying noise analysis techniques to the detector noise signals,
the transit time of the fluctuations can be estimated. The propagation velocity can be
calculated by combining the transit time and the distance between the detectors. In a
BWR, however, different propagation velocities exist due to the heterogeneity of the two-
phase flow on subchannel and core level. Because of this problem, and the problem of
the unknown density noise strength distribution, the interpretation of the measured transit
time is still difficult.

Some investigators have tried to solve the problem by calibration of the measured
data with data from other measurement techniques [P6r84,VHa88], or from two-phase
flow calculations [Kos77,Lub83a,Kha84,Ana84a,Ana84b,Ana84c], or by performing
numerical simulations [Swe78,Swe79,Lub83b,Beh83,Ana83c,Ana84b,LGb84]. The out-
come of these investigations was that the velocity that follows from the measured transit
time is the steam velocity [Sei73,Kos77,Swe79,Ana84a,Ana84b,Ana84c], the volumetric
flux [Lub83a], or the void propagation velocity [Kos83,Pau86]. With respect to spatial
effects, the measured velocity is thought to be a (weighted) bundle average quantity
[literature up to ±1983,Hag89], or the steam velocity in the side subchannel [Kha84T

Ana84a,Ana84b,Ana84c]. The second transit time which is sometimes observed in tbe
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upper half of the core [Kos77,Fed82], is found to be connected with a radial velocity
profile of the slugs near the walls of the bundles [Ana83d]~ (in case of four neighbouring
bundles with a different flow pattern), or the steam velocity in the corner or inner
subchannels [Ana84b,Ana84c].

From this list of different interpretations, and their chronological order, it is clear
that a general agreement has not yet been reached.

4. OTHER NOISE TECHNIQUES FOR STUDYING TWO-PHASE FLOW
In the example treated in section 2.3, only the strength of the high frequency part

relative to the low frequency part of the neutron detector noise is analysed. Other noise
analysis techniques also prove to be useful in studying two-phase flow. For example, a
well known method is flow pattern recognition through analysis of the probability density
function of the noise signal [Jon75,Alb82,Lub83c,YHa88,Koz92a,Koz92b]. King et al.
studied the possibilities of flow pattern recognition using auto-regressive/rrioving average
modelling [Kin88,Kin89]. Wang et al. studied the same problem by analysing the high
frequency contribution of the noise signal [Wan88,Wan90]. Also, the neutron noise
technique offers the possibility of boiling detection [Ber82,Kat85,Hoo85,Koz92a].

Although many of these investigations prove to be (partly) successful, they all suffer
from the deficient knowledge on the relation between two-phase flow characteristics and
the density fluctuations in two-phase flow.



5. CONCLUSIONS
Literature shows that the neutronics involved in neutron noise measurements are

quite well understood. The development in this field is characterized by many discussions
and opinions, but a consensus seems to be reached. Furthermore, with the present
calculational resources, the methods and results presented can be quite easily verified.
However, the density fluctuations, which cause the neutron flux perturbations, are less
well understood. A well founded theory of fluctuations in two-phase flow is lacking, and
extensive measurements in simulated fuel bundles have not yet been performed. Because
of this deficient knowledge, the interpretation of in-core detector noise measurements is
still very difficult. A final conclusion on the interpretation of the two-detector velocity
measurements has not yet been reached.

Finally, if a link between two-phase flow characteristics and the density fluctuations
can be achieved, not only the two-detector velocity measurements will be better
understood, but also the possibility will be provided of monitoring two-phase flow with a
single in-core detector.
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