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1. Summary

Noise analysis has been performed for measurement data obtained during PHEBUS-
FPT1 test. The purpose of the study is to evaluate the applicability of the noise analysis
to the following problems:
• to get more knowledge about the physical processes going on during severe core

condition,
• to better understand the core melting process, and
• to establish appropriate on-line shut-down criteria.

Results of the study indicate that the noise analysis is quite promising as a tool for
investigating physical processes under progress in the test section during the
experiment. Compared with conventional approach of evaluating the signal's mean
value behavior, the noise analysis can provide additional and more detailed information
as summarized below:

1. it was found that the neutron flux signal is subjected to additional reactivity
perturbations in conjunction with fuel melting and relocation. This can easily be
detected by applying noise analysis for neutron flux signal.

2. It has been demonstrated that the method developed in the present study can provide
more accurate estimate of the onset of fuel relocation than using temperature signals
from thermocouples in the thermal shroud. Moreover the result suggests a potential
of the present method for tracking the whole process of fuel relocation, i.e. how the
fuel relocation developed and when it ceased.

3. The result of the data analysis suggests a possibility of sensor diagnostics, which
may be important to give high credit on the quality and reliability of the recorded
data.

Based on the results achieved it is believed that the combined use of the present
technique and thermocouple signals will provide a reliable shut-down criteria for the
experiment.

The method presented in this report may be implemented in an on-line and real time
environment using a PC-based data acquisition system. The present report has shown
that continuous data collection and their on-line evaluation, and successive off-line data
analysis by those techniques applied in the present study will provide valuable
information not only on the physical state under progress in the test section but also on
determining the time to stop the experiment, if a dedicated on-line data acquisition
system is available at PHEBUS facility.



2. Introduction
The PHEBUS-FP program is a light water reactor severe accident research program, led
by Commissariat a l'Energie Atomique (CEA) and the Joint Research Center of the
European Commission (EC). The program is also supported by EDF, NRC (USA),
NUPEC and JAERI (Japan), COG (Canada) and KAERI (Korea). All European Union
research organizations participate to the interpretation of the results [1,2].

The aim of the experimental program is to study during a PWR severe accident the core
degradation and the release of the fission products (FP) and their behavior in the reactor
circuit and the containment vessel. The program includes six in-pile tests under
different conditions concerning the thermal hydraulic and the environment of the fuel
rods.

The second test, FPT1 was carried out in July 1996, in which occasion a set of signals
from instrumentation for PHEBUS were recorded on a PC by a personnel from ISTec
(Institut fur Sicherheitstechnologie) in Germany. Data analysis has been carried out by
GSE Power Systems AB as well as by ISTec through collaboration between the two
organizations.

This report presents results of the study which GSE Power Systems carried out through
a support by Swedish Nuclear Inspectorate (SKI).

Noise analysis has been performed for the PHEBUS data using digital signal processing
(DSP) techniques. The purpose of the present study is to evaluate the applicability of
the noise analysis to the following problems:

• to get more knowledge about the physical processes going on during severe core
condition,

• to better understand the core melting process, and
• to develop on-line shut-down criteria.

Main results from the study are presented in this report especially on the above
mentioned issues. A special emphasis is placed on investigating, based on noise
analysis, fuel melting and relocation process under progress during the test. The study
is also directed to the development of an effective method for sensor diagnosis, since
the reliability of the sensor signals is essential for various kinds of data evaluation and
analysis which are performed after the experiment. It is hoped that the methods
developed in the present study will be used as tools for data evaluation as well as on-
line monitoring in the future to support the PHEBUS experiment.



3. PHEBUS Facility and Experiment
A simplified sketch of PHEBUS experimental facility is given in Fig. 3.1. It consists of
a driving core, a FP circuit and a pressurized water loop. The driving core having fuel
rods with active length of 80 cm supplies the test bundle with nuclear power. The FP
circuit includes test bundle device, a circuit with a U-tube simulating a steam generator
and a containment tank. The pressurized water loop is used as a cooling circuit of the
bundle.

Figure 3.2 shows a cross section of the test section consisting of 20-rod test fuel bundle
surrounded by a ceramic shroud fitted inside the pressure tube. Each fuel rod is 1 m
long with active length of 80 cm, being covered by zircaloy cladding. The central
position is occupied by a silver-indium-cadmium control rod. Figure 3.2 also shows
radial and axial positions of sensors whose signals were recorded for the present signal
analysis; those marked with • are fission chambers (CF), and those marked with O are
thermocouples (TC) measuring wall temperature of the thermal shroud. In addition to
those sensors, two neutron flux signals by means of ionization chamber were also
recorded simultaneously. These sensors are located with some distance from the test
tube but within the driving core.

Steam injection line
generator

Driver core
cooling system

Containment
vessel

Test assembly

Test device

Test device
cooling circuit

Fig. 3.1 A simplified sketch of PHEBUS experimental facility, consisting of driving
core, a FP circuit and a pressurized water loop.
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Fig. 3.2 Cross section of test section with a bundle having 20 fuel pins and a control
rod. The radial and axial positions of sensors included in the signal
recording are also shown in the figure; marked with # are fission chamber
(CF) positions, and O are thermocouple (TC) positions, respectively.



4. Experimental Data
During the PHEBUS FP1 test, signal measurement was carried out on a PC by
personnel from ISTec using a dedicated signal recording system; in total 20 signals of
neutron flux and wall temperature of the test section at different axial and radial
positions (see Fig. 3.2) were sampled continuously and fed to the PC to store them in a
hard disc. The signal measurement was carried out throughout the whole test period,
having led to the recording of time series data with more than 600 Mbytes in size.
Concerning the data acquisition condition, the signals were passed through a
preconditioning hardware system with a gain factor of unity and then sampled with a
sampling frequency of 250 Hz via A/D converter. Table 4.1 gives a summary of sensor
information for those used in the present analysis.

Tag
name

CF1
CF2
CF3
CF4
G2.1
G2.2
TC17
TC18
TC19
TC20
TC24
TC26
TC28
TC29

Sensor
type

Fission chamber
t (

« i

Ionization chamber
«
Thermocouple
« i

i t

a

4 1

i t

t t

« i

Radial
position(deg.)

0
90
180
270

0
180
90
270
180
0
270
270

Axial
position(mm)

800
700
600
400
500
500
900
800
700
600
500
400
300
200

Table 4.1 Identification of sensors; name and radial/axial positions for sensors whose
signals were used in the present analysis.



4.1 Plotting of Raw Data
Figure 4.1 shows the bundle power and steam flow that were planned for PHEBUS-
FPT1 test. Plotted in Figs. 4.2 to 4.5 are time series data recorded during the
experiment; Fig. 4.2 is a plot of two ionization chamber signals, G2.1 and G2.2 as a
function of time. The unit for the signal level is arbitrary and that for time axis is in
minutes. The corresponding figure for four fission chamber signals, CF1~CF4, is given
in Fig. 4.3, and that for thermocouple signals in Fig. 4.4 and Fig. 4.5, respectively. All
plots start -233.3 minutes before the scram. Comparing with the power history in
Fig. 4.1, this corresponds to the time of-4500 sec which is shortly before the power
step-increase in the calibration phase. The data recording was terminated -66 min
after the scram.

A sudden temperature increase and successive decrease is observed in TC17, TCI8,
TCI9 and TC20 in the time period from 136 to 150 min in Fig. 4.4. A similar
phenomenon is also seen in Fig. 4.5 for TC28 and TC29 in the period from 210 min to
the time when the reactor was scrammed. It should be noted that the former
temperature increase was observed in the upper four thermocouples, and the latter one
in the bottom two thermocouples.

Calibration

Steam mass
flow rate to
bundle inlet

2 4 6 10 12 14 16 18 20
Time [Sec] x 100°

Fig. 4.1 Scheduled bundle power and steam flow in PEBUS-FPT1 test.
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Fig. 4.2 Time series data of ionization chamber signals, G2.1 and G2.2.
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Fig. 4.3 Time series data of fission chamber signals, CFl, CF2, CF3 and CF4.



Time series data of TC17, TC18, TC19 and TC20
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Fig. 4.4 Time series data of thermocouple signals, TC17, TC18, TC19 and TC20.
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Fig. 4.5 Time series data of thennocouple signals, TC24, TC26, TC28 and TC29.



5. Result
PHEBUS-FPTl test data were analyzed after appropriate signal preprocessing. The
analysis covers brief examination of raw data, detection of fuel melting and relocation,
evaluation of thermocouple signal response to the scram, and sensor signal diagnostics.
Results of the analysis are presented below together with applied methods.

5.1 Evaluation of Raw Data
It was observed that thermocouple signals in the upper half of the core, i.e. TCI7,
TCI8, TCI9 and TC20 were accompanied by sharp temperature increase and then
decrease in the time period from 130 to 150 min. A similar quick temperature increase
was also seen shortly before the scram in thermocouples TC28 and TC29 near to the
bottom of the core.

Table 5.1 summarizes the observation of the rapid temperature changes. It is known
that this temperature increase was due to the metal-water reaction which takes place
above the cladding temperature of 880-900 °C. It is interesting to note that the former
temperature increase started from a little above the center of the axial position, i.e.
around TC20, and then propagated upwards. This is probably because the bundle
power at that position was the highest, having reached the threshold temperature first to
start the metal-water reaction. Figure 5.1 shows the onset time for temperature increase
vs. sensor position. It took ~2.5min for the temperature increase propagates in the
distance of 300 mm. It appears that the onset of temperature increase delays more with
increasing axial position.

Concerning neutron flux signals, it is not obvious if they carry any useful information
on state changes in the test section during the experiment. However, as presented later
we can see from careful examination that there is a slight increase in the noise
component in each neutron flux signal at about 220 min.

Signal
Label
TC17
TC18
TC19
TC20
TC24
TC26
TC28
TC29

Sensor
Positition
900 (mm)
800
700
600
500
400
300
200

Temp.
Mark
X
X
X
X

increase-1
Start time
138.3 (min)
137.0
136.1
135.7

Temp.
Mark

X
X

increase-2
Start time

201.5 (min)
201.3

Table 5.1 Rapid temperature changes observed during the FPT1 test, where Temp,
increases-1 and -2 mean the first temperature increase at about 130 min and
second increase near to the scram, respectively.
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Fig. 5.1 Onset time of temperature increase as a function of neutron sensor position,
indicating that the onset of temperature increase delays more with
increasing axial position.

5.2 Evaluation of Signal Correlation
Noise analysis deals with small signal fluctuations around the mean value. Hence, it is
important to check if such small variations carry any dynamic information. This can be
accomplished by coherence analysis. The coherence function provides information on
the correlation between two signals as a function of frequency. Figure 5.2 shows the
coherence function and phase curve between CF1 and CF4. The used data interval in
the present analysis is from 200 to 230 min. It is clear from the figure that the
correlation is high in low frequencies and decreases with increasing frequency. The
coherence at 5Hz is about 0.2. The phase is zero up to the maximum frequency of 5Hz.
This result suggests that the signal components up to 5Hz should contain meaningful
information. The coherence analysis for other signal pairs led to similar result.
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Fig. 5.2 Coherence function and phase curve between CF1 and CF4, indicating
significant correlation up to 5 Hz.

5.3 Detection of State Changes in Fuel Bundle
Two methods were developed for detection of state changes in the fuel bundle during
the test. One is based on the evaluation of static axial power profile change caused by
fuel relocation, and another on the evaluation of neutron noise level increase which
takes place in conjunction with reactivity disturbances induced by fuel relocation.

5.3.1 Small perturbation in axial power profile
As shown in Fig. 3.1, there are four fission chambers (CFi, i=l~4) that are axially
distributed, thus being suitable for evaluating the axial power profile. The basic idea is
that small perturbation should take place in the axial power profile when fuel rods were
melted down and it should be possible to observe it by careful analysis of neutron flux
signals. The idea was suggested by Pohlus [3].

A method was developed to evaluate a small power shift from the nominal value, and
applied to evaluate the feasibility of the idea. The basic procedure is first to separate

11



the global and local neutron flux components and second to subtract the global one to
evaluate small local variations in neutron flux signals measured at four different axial
positions.

Method for separating global and local components in neutron flux variations

There are two ionization chambers which are installed at some distance from the test
section but still within the driving core. The two detectors are located at the middle in
elevation. The mean value of the two neutron flux signals was taken as representing the
global component.

Next the local component was extracted by subtracting the global component from each
CFi (i=l, 2 , . . , 4) with use of the least-squares (LS) fitting.

Result of the analysis

Shown in Fig. 5.3 are thus obtained result for four CFs, i.e. local component of neutron
flux signal. It should be noted that the local component is very small, i.e. less than 1%.
However, through comparison of the four curves, we can see a clear indication of the
power profile shift. Namely, CF4 shows decreasing tendency in the period where the
metal-water reaction was observed in the upper part of temperature signals, and then
increasing tendency when the bottom two temperature signals showed a rapid increase.

The latter phenomenon can be interpreted as being due to fuel relocation. That is, fuels
in the upper part of the bundle were melted down and accumulated in the bottom, which
led to the power increase in the lower part of the core and consequently the temperature
increase in the thermal shroud. Although this effect is very small, it is still possible to
detect with high confidence. From the trend curves, we get a rough estimate of the
onset of the fuel relocation as being between 210 and 220 min.

Concerning the former phenomenon, information and materials available in the present
data analysis do not suffice to explain the mechanism behind of the relative power
decrease in the lower part of the bundle when the metal-water reaction was active.

One remark in the present analysis is that there might be an influence of the control rod
movements on the power profile and hence on the result presented in Fig. 5.3. This can
be easily checked if the related data are available.

12



Evaluation of local neutron flux component

50 100 150
Time [Min]

200 250

Fig. 5.3 Plot of local neutron flux signal component for each CFi (1=1, 2, ..4)
displayed as a function of time, indicating relative power decrease in the
bottom half of the core at about 150 min and increase at about 220 min.

5.3.2 Reactivity disturbances due to fuel relocation
A process identification technique called double exponential smoother (DES) [4] was
applied to evaluate dynamics changes in the signal noise components.

Method

Let (X(t); t=l, 2, .. .} be a set of time series data, i.e. sampled data of variable X. We
adopt the following model for process identification.

(4.1)

where Xm(t) denotes the signal mean value, Xd(t) the derivative, and E(t) the noise term,
respectively.

13



A simple recursion algorithm called double exponential smoother (DES) may be
applied to estimate the parameters in Eq. (4.1)., i.e.

= X(k)-XJk)-Xd(k)
_ A,

(4.2)

A A r A i

JY ,,(K) •— ^JL., (AC*~ I ) T " ( 1 " ~ ' A < ) | / L ( K ) ' ~ * A _ ( A C ) |

where Xm, Xd and Xvare the estimate of mean, derivative and variance, respectively at

a sample point k. The coefficient X is the so-called forgetting factor, which takes the
value between zero and unity.

Result of analysis

In order to evaluate the process state changes in the test section during the experiment,
the following typical three sensor signals were selected for the present analysis:

CF4 neutron flux,
T17 shroud wall temperature which increased at around 150 min in

conjunction with the metal-water reaction,
T29 shroud wall temperature which indicated a sharp increase at about 220

min.

Figure 5.4 shows the time series data, variance and derivative for CF4 obtained from
DES calculation. Significant increase is seen in the variance in the period around 220
min, which is about 14 minutes before the scram.

From the derivative of neutron flux signal one can see roughly the dynamic behavior of
reactivity. The neutron point kinetics equation with one effective delayed neutron
group can be described using prompt jump approximation as

_ -™-yv - A C

PV

where N neutron flux,
C neutron precursor concentration,
p yield fraction of delayed neutron precursor,
X decay constant, and
A neutron life time.

14



By eliminating C and linearlizing Eq. (4.3) to evaluate only a small reactivity changes,
we obtain

H(N + 8N) N8p (4.4)^ x(N0 + 8N)
p-bp p

where the derivative of reactivity is neglected and hence Eq.(4.4) is valid only when the
reactivity is constant. This equation suggests that the derivative of the neutron flux is
proportional to the reactivity.

The derivative curve in Fig. 5.4 stays at about zero when the reactor power is constant
and shifts upwards when a positive reactivity was inserted. We can also see increased
variation amplitude in the derivative curve at about 220 min. This suggests reactivity
disturbances in this period. We can also observe that the reactivity tends to decrease
shortly after 200 min.

The corresponding result for TCI7 and TC29 is shown in Figs. 5.5 and 5.6,
respectively. We can see that the variance also increases when the temperature
increases.

Comparison of the three figures provides information on the processes under progress
in the test section. It is remarkable that there was variance increase in the neutron flux
synchronized with the temperature increase in TC29 but not in TCI7. This suggests
that although the way of temperature increase is similar between TCI7 and TC29, they
derive from different physical mechanisms. Namely, in the latter period with TC29
increase, it is most likely that fuels in the upper part of the assembly were melted and
relocated and finally accumulated on the bottom plate. This led to the temperature
increase near the bottom of the bundle. During this process reactivity disturbances
should have been induced in accordance with the fuel relocation, which resulted in
increased variations in the neutron flux signal in appearance. On the other hand, in the
former period with TCI7 increase, the metal-water reaction did not result in fuel
melting and hence there was not any significant reactivity disturbance.

A time-axis-expanded plot is give in Fig. 5.6 for variances of CF4 and TC29, from
which we can estimate the onset and duration time of fuel relocation; that is, the
disturbances started at about 215 min and continued for about 8 minutes. On the other
hand, TC29 started to increase about 3minutes later. This time difference should be due
to the heat transport time to the shroud wall.

15
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Fig. 5.4 Trend curve, variance and derivative for CF4 obtained by implementing
DES, indicating a significant variance increase at about 220 min.
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Trend curve forTCi7
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Fig. 5.5 Trend curve and variance for TCI7 obtained by implementing DES,
exhibiting a sharp peak at about 150 min.
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Fig. 5.6 Trend curve and variance for TC29 obtained by implementing DES,
exhibiting a sharp peak at about 220 min.

17



x 10' Variance for CF4

Fuel relocation
started

^J^*l^hJ^
200 205 210 215 220 225 230 235

3

2.5

I 2

I1-5
c 1

0.5

x10'
Variance for TC29

Temp, increase
started

200 205 210 215 220
Time [Min]

225 230 235

Fig. 5.7 Variances of CF4 and TC29 during the time interval when the reactivity
disturbances are observed.

5.4 Sensor signal diagnostics
Most of the sensors installed in the shroud wall as well as in the test section are
subjected to very severe conditions during the experiment. Therefore a concern may be
raised whether or not the sensors have been functioning normally within permissible
range of accuracy throughout the whole experimental period. A simple method for
sensor diagnostics has been developed and applied to temperature signals.

Method

As seen in Figs. 4.4 and 4.5, all the temperature signals decrease exponentially in time
after the scram. It is possible to determine the response time constant by evaluating this
exponentially decaying trend. More concretely, taking the logarithni of the temperature
curve after the scram, one gets a linear trend, the slope of which gives the time constant.

Result

Figure 5.8 shows an example of the time constant estimation. The upper figure is the
response curve for neutron flux and temperature TCi7 to the reactor scram. The solid
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curve in the lower figure shows the log-temperature, and the dotted line the result of the
LS fitting. From this slope the time constant of 659.2 sec was obtained.

Table 5.2 and Fig. 5.9 summarize the result of time constant evaluation. The time
constant is in the order of five to six hundred seconds. This large time constant appears
to be related to the heat capacity of the whole test section. Through examination of the
table, it is clear that the time constant for TC29 deviates considerably from others, i.e.
larger than 3 times of standard deviation. In other words, the result indicates that the
temperature signals other than TC29 are reliable in the same order of confidence.
Concerning TC29, however, this deviation cannot be directly attributed to sensor
failure, because in the present analysis we assume that the same process mechanism is
working on all the temperature sensors. The knowledge on the basic mechanism of the
temperature variation after the scram will provide more accurate judgment on the sensor
status. Despite that such a problem remains to be solved, the present method is still
useful for validating the temperature signals measured during the experiment.

On the other hand, we can see from Fig. 5.9 that there is a clear tendency in the
magnitude of time constant as a function of sensor position. The interpretation of this
will be discussed more in Chap. 6.

Signal time behavior after scram, CF1 andTC17

230 240 250 290 300260 270 280
Time [Min]

Line fitting to Log-temperature curve to estimate time constant; TC=659.2 (sec)

310

230 240 250 260 270 280
Time [Min]

290 300 310

Fig. 5.8 Time constant estimation for TC17 through exponential curve fitting to the
temperature response after the scram.

19



Signal
TC17
TC18
TC19
TC20
TC24
TC26
TC28
TC29
Mean

TC (sec)
659.2
583.5
538.4
528.0
518.9
480.5
541.6
811.CT
550.0±57.1

S Position
900
800
700
600
500
400
300
200

Table 5.3 Result of time constant estimation for thermocouples, indicating only TC29
deviates considerably from others.

(*) TC29 is excluded from the mean value calculation.

Response time constant as a function of sensor position
~r

100 200 300 400 500 600 700
Distance from the bottom [mm]

800 900 1000

Fig. 5.9 Response time constant for thermocouples plotted as a function of sensor
position.
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6. Discussion
Results obtained from the present analysis indicate that the application of noise analysis
and DSP tools can provide useful information on physical processes which are under
progress during the test.

Additional Information expected from neutron noise analysis
The result presented in Chap. 4 suggests that the present method should be effective for
monitoring the fuel melting and relocation process. It may be claimed that this can be
achieved by temperature measurement, too. Compared with such a conventional
approach, however, our approach is unique in that first we try to extract information
from neutron flux signal and second we focus our attention not only on the signal's
trend but also on noise behavior about the mean value. As explained below the present
approach allows to get more information on the physical process in the test section than
one can obtain from the temperature measurement alone.

The neutron flux signal carries direct information on the physical process under
progress inside the test section, whereas the temperature is measured in the shroud wall,
thus being accompanied by strong filtering of the process information from the test
section. As demonstrated in Fig. 5.6, it was found that through neutron noise analysis
we can extract information on the fuel state changes under progress. Namely, the
variance evaluation for the neutron flux signal has shown to allow estimation of the
onset of fuel relocation more accurately than direct measurement of temperature signal.
In addition, it was also demonstrated that from duration time and magnitude changes in
the variance, we can see a dynamic figure of fuel melting and relocation process. Such
information can hardly be obtained from analysis of signal's mean value behavior.

In conclusion, compared with direct interpretation of the measurement curves of
neutron flux and temperature signals, the result from signal processing yields more
detailed and accurate information on the physical processes under progress during the
test.

In the present analysis we followed the reactivity behavior using the derivative of
neutron flux signal. This is a handy method to briefly check the dynamic reactivity.
For more accurate evaluation we can apply a parameter estimation technique, e.g. based
on Kalman filter [5, 6], with which one can follow dynamic reactivity on-line real time.
This will also provide useful information to evaluate the experimental condition during
the test.

Feasibility of On-line Implementation for Detecting the Onset of Fuel Relocation
The process identification technique based on DES has a suitable form for on-line
implementation, since it consists of a set of recursive algorithms. With an appropriate
threshold level, it should be easy to detect the increased variance and thus to inform the
experiment staff that the fuel relocation has started. Watching the way of magnitude
change in the variance it should also be possible to follow how the relocation process
undergo progress.

21



On Shutdown Criteria
It is vital for the experimental staff to get appropriate information in order to determine
the time to stop the experiment. The most essential is the information on core
degradation. It can be claimed that one can stop the experiment when the fuel
relocation as planned has been completed. This may be judged by following the
neutron noise behavior with use of on-line monitor as mentioned in the above. In order
to determine the reactor shutdown, we can take the decision in three steps:
1. detect the variance increase in the neutron noise signal,
2. detect the temperature increase, and
3. follow the magnitude change in the variance.

From steps 1) and 2) it is possible to give an alert so that the staff pay attention on the
progress of fuel relocation, and then determine the time to make scram while checking
the magnitude change in the variance (step 3). The experiment can be stopped when the
fuel relocation is over.

Interpretation of Thermocouple Response Time Constant
As clear from Fig. 5.9, the magnitude of response time constant exhibits rather
systematic pattern with following features:
• The time constant is longer at the top and bottom than those near to the central

region.
• The shortest time constant is registered at 400mm.
• The longest time constant is registered at 200mm.
This may be an indication that the time constant carries some information on the
physical state inside the test section. With a very simple lumped parameter model, the
time constant is described by thermal capacitance and external thermal resistance, among
which the thermal capacitance is dependent on the mass of the body. Under the
assumption that the most significant changes in the test section was the bundle
degradation, the time constant may be related to the change of mass in the bundle due to
its relocation along the axial direction. In other words, the order of the time constant
may be correlated to the degree of degradation, e.g. size of cavity at each position and
accumulated materials in the bottom. It is interesting to check the correlation between
the time constant and results from post-test examinations, e.g. radio-tomograms.

On Feasibility of Sensor Diagnostics
As demonstrated in Chap. 5.4, certain type of the sensor diagnosis is possible. Using
the temperature response to the reactor scram, it is possible to evaluate the response
time constant for thermocouple signals. The result will give a guarantee on the correct
signal behavior for those sensors which showed normal time constant value. It is an
easy check to confirm that the sensor was functioning normally during the test.

However, if the time constant for a temperature sensor deviated considerably from
others, one cannot either conclude that the sensor was failed nor know when it was
failed. In order to allow these, it is necessary to follow the signal behavior
continuously. As a possible method, if we can amplify the signals in the data
acquisition system, we can analyze signal variance and spectrum throughout the whole
experiment period for both neutron and temperature signals. This may allow detection
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of sensor failure and identification of the time when it failed. The noise analysis of
recorded signals in terms of sensor diagnosis after the experiment will contribute to
enhance the reliability of the recorded signals.
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7. Concluding Remarks
The application of noise analysis and digital signal processing (DSP) techniques to
continuously recorded signals from in-core instruments has a high potential of yielding
useful information on the physical process under progress during the PHEBUS test.
Among others, it has been shown to be feasible to detect reactivity disturbances which
stem from the process of fuel melting and relocation. It may also be possible to detect a
very small perturbation on the axial power profile as a consequence of fuel relocation.
As a bi-product of the application of DSP techniques, sensor diagnostics become
available, leading to the enhanced reliability and quality of sensor signals.

In summary, the result of PHEBUS FPT1 data analysis has demonstrated that the
application of noise analysis based on DSP techniques can provide some new
possibilities especially on the following point:

1. possible to detect the onset of fuel relocation due to melting: The present study
indicates that reactivity disturbances should occur during the fuel melting and
relocation processes and they can be detected by monitoring the variance of neutron
flux variations. It was also observed that the shroud temperature near to the bottom
increases rapidly.

2. detailed information on the fuel melting and relocation process; It was demonstrated
that the noise analysis will yield more detailed information on the fuel relocation
process in that one can estimate not only the onset of fuel relocation but also its
duration time.

3. providing shut-down criteria to stop the experiment: By correlating the above
mentioned indications, we can set up a shut-down criteria as a decision support to
determine when to stop the experiment. Namely, when one detects the increased
neutron flux disturbances and sharp increase of shroud temperature near to the
bottom, then it is an indication of the fuel relocation as the consequence of melting,
and when the reactivity disturbance has ceased then it is an indication that the fuel
relocation process has been completed. Hence it is the time to prepare the reactor
shut-down.

4. additional information: The time constant of thermocouple signal response to the
reactor scram appears to carry information on the degree of fuel bundle degradation.
Namely, the time constant value obtained from thermocouple at different axial
position may be correlated with the degree of bundle degradation at the
corresponding position.

5. sensor diagnostics: Those sensors used in the experiment are subjected to have been
in very severe conditions. By making use of transient due to the reactor scram, the
response time constant can be examined for each sensor. The present report has
demonstrated that the evaluation of time constant may be a good check for sensor
integrity.

The DSP techniques applied in the present study can be fully utilized in the PHEBUS
tests to be performed in the future if we can set up a dedicated on-line data acquisition
system with appropriate signal preconditioning units and software tools. The present
study has yielded quite promising results on the benefits gained from such a dedicated
data acquisition and monitoring system.
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7.1 Proposals
Based on the results gained in the present study together with experiences from variety
of applications to other field, it is believed that further improvements can be made in
the future by adding some more instrument sensors as well as introducing dedicated on-
line data acquisition system.

In the following we propose some items that are believed to make greater contribution
to data evaluation and interpretation in the future PHEBUS test:

Inclusion of other sensors to the present signal measurement.

• More fission chamber signals to cover full length in axial direction: In the FPT1
test we measured four fission chamber signals ; CF1 (800mm), CF2 (700mm), CF3
(600mm) and CF4 (400mm). In order to evaluate a minor perturbation in the power
profile, it is desirable to have more measurements at different axial positions,
especially towards bottom of the core.

• Control rod position signal: It is desirable to get control rod position signal, so that
one can evaluate the influence of the control rod movement to the axial power
profile changes and thus to separate the effect of control rod and that of physical
state changes in the test section.

• Thermocouple in a fuel rod: It is known that with use of noise analysis technique,
one can estimate the fuel time constant by correlating the neutron flux and fuel
temperature signals [7, 8]. The fuel time constant is a function of thermal
conductivity, density and specific heat capacity of the fuel, the gap conductance
between the pellet and clad, the thermal conductivity and heat capacity of the clad,
the heat transfer coefficient from the clad to coolant and so forth, and as such, can be
a good measure to evaluate the fuel thermal performance. By evaluating the time
constant changes as a function of bundle power increase, it may be possible to get
more detailed figure of the fuel rod status changes under progress during the test.
The result will be useful for the code validation for those applied to the safety
analysis.

Introduction of dedicated data acquisition system for status monitoring of the test
bundle during the experiment

The dedicated data acquisition system consists of signal preconditioning hardware
including isolation amplifier, main amplifier and low/high-pass filters, A/D, D/A
converter, a PC with data acquisition and signal analysis software programs.
Compared with ordinary data logging systems, the data acquisition system is unique in
that it requires specific signal preconditioning to measure signal random variations
which derive from changes in reactivity. Analysis of this random component contains
rich information on the fuel state during irradiation. The application of the system can
contribute to the following:

• On-line monitoring to support the decision making for the reactor shut-down: With
the on-line monitoring of reactivity disturbances and temperature signals, it should
be possible to detect the onset of fuel relocation due to melting as well as to
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supervise the melting process. Thus obtained information may be used for deciding
when to stop the experiment and make the shut down.

• Acquisition of high quality data for detailed off-line analysis to evaluate the process
under progress during the test: The dedicated data acquisition system allows
obtaining data with higher quality in that it uses amplifier to measure even small
variations in the signal behavior. In correlating the signals variation components
among various signals it may be possible to extract additional information which
otherwise is not available by conventional data acquisition.

Future development

With use of the proposed data acquisition system, it may be possible to implement on-
line reactivity estimation. Thereby one can follow dynamic reactivity changes during
the experiment. This would provide a better check of the experimental condition
throughout the whole test procedure. The reactivity disturbances as mentioned in the
above may be observed directly by the reactivity trend curve. The development of
algorithms and their implementation are future subject to be carried out.
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