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Abstract

The Moderator Temperature Coefficient of reactivity (MTC) plays an important role in
the feedback mechanism and thus in the inherent stability of Pressurised Water Reactors
(PWRs). Due to the inaccuracy of the traditional at-power MTC measurement techniques, many
power utilities nowadays only measure the zero-power MTC since its determination is
relatively straightforward and accurate. For the at-power MTC determination during the
remaining fuel cycle, core calculations are assumed to be reliable enough. Nevertheless, these
calculations were never benchmarked and most importantly, the use of high burnup fuel might
induce a slightly positive MTC at Beginning Of Cycle (BOC) due to the high initial boron
concentration. Even if in such a case the Doppler effect would still insure a negative reactivity
feedback, monitoring the MTC throughout the cycle could become crucial. In this respect, not
only the sign of the MTC is of importance, but also its magnitude. Consequently, developing a
method that would permit monitoring the MTC during the fuel cycle is of great interest.

One of the main disadvantage of the traditional at-power MTC measurement techniques
is that the reactor has to be perturbed in order to induce a change of the moderator temperature.
The modification of other parameters that can only be estimated by core calculation represents
also a severe drawback of these methods, both for their precision and their reliability. A
measurement performed at Ringhals-4 by using the so-called boron dilution method revealed
that the uncertainty associated to the MTC estimation could even be much larger than
previously expected due to the calculated reactivity corrections. These corrections are very
sensitive to the input parameters chosen for the core simulation, and slight misestimations of
these have large reactivity effects.

It is known that if the reactivity noise and the moderator temperature noise could be
measured, the MTC could be determined without disturbing the reactor status. All the attempts
made so far to use noise analysis to monitor the MTC throughout the cycle failed since the
reactivity coefficient was systematically underestimated by a factor two to five. A theoretical
one-dimensional model of a homogeneous reactor showed that the deviation of the MTC noise
estimate seems to be mainly due to the non-homogeneous distribution of the moderator
temperature noise throughout the core. The resulting deviation from point-kinetics of the reactor
response, on which the MTC noise estimator relies, is almost negligible compared to the
heterogeneity of the temperature noise sources. Therefore, a new MTC estimator allowing to
take the spatial structure of the temperature noise through the core is proposed. This estimator
should provide an MTC estimation very close to the expected value.

For that purpose, the spatial average temperature noise has to be measured throughout the
core. Even if PWRs are poorly instrumented with respect to temperature detectors, it was proven
that gamma-thermometers work as thermocouples in the frequency range of interest for the
MTC noise analysis and could be used when estimating the MTC by noise analysis.

Keywords: MTC, noise analysis, boron dilution method, gamma-thermometer
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1. Introduction

1. Introduction

The Moderator Temperature Coefficient (MTC) is an important safety parameter in
Pressurised Water Reactors (PWRs). It is defined as the variation of reactivity induced solely
by a change of the inlet temperature of the core [1]. Regardless of the secondary effects that a
change in the moderator temperature creates (such as the redistribution of the axial flux) and
which must be taken into account in the MTC according to its definition, the primary or direct
effects induced by a coolant temperature change are the modification of the thermal
equilibrium temperature of the neutrons due to changes in the thermal scattering of water
(temperature-only or spectral component of the MTC at a microscopic level), and also the
change of the moderator density (density component of the MTC at a macroscopic level) [2].
The MTC plays a significant role in the feedback mechanism of PWRs, since a reactivity
perturbation of the core will affect the power, which in turns will modify the coolant
temperature (through a variation of the fuel temperature). The reactivity effects induced by the
MTC and the Doppler effects are the main elements of the inherent stability of PWRs against
positive reactivity perturbation in a PWR. It was thus considered so far that the MTC should
remain negative all the time during the fuel cycle. Further, due to the decrease of the boron
content during the cycle to compensate the fuel depletion, the MTC magnitude increases from
Beginning Of Cycle (BOC) to End Of Cycle (EOC).

Nevertheless, power utilities nowadays are willing to use high burnup fuel assemblies, so
that the fuel economy could be improved, i.e. the cycle length could be increased. Due to the
high reactivity excess of such fresh fuel bundles, the corresponding required amount of boron
will be larger at BOC. The boron content only affects the density component of the MTC, not
the spectral one. Consequently, if high burnup fuel is used, the MTC could become positive at
BOC, since the variation of the thermal utilization factor with the moderator temperature, which
is normally positive, is so large that it cannot be compensated any longer by the decrease of the
resonance escape probability. This is equivalent to say that increasing the boron concentration
too much will reduce the possibility of neutrons to be scattered/captured by water, therefore
minimising the effect of decreasing reactivity when the moderator temperature is raised, which
could lead to a positive MTC. Power utilities worldwide are trying to get licensed to use such
highly reactive fuel, arguing that a positive MTC at BOC could be allowed since the Doppler
effect will still insure a negative feedback.

Consequently, even if it was considered for a while that the MTC measurement was not
necessary in most cases due to the experimental uncertainties of the traditional measurement
techniques and that core calculations provide a much more accurate and reliable MTC
estimation [3], the use of high burnup fuel assemblies makes it necessary to measure the MTC
throughout the cycle. Developing a method that allows an on-line monitoring of the MTC
without disturbing the reactor is therefore extremely interesting in this respect.

Currently in Sweden, only a negative MTC is permitted by the Swedish Nuclear Power
Inspectorate (SKI, Statens Karnkraftlnspektion). They require two MTC measurements during
each fuel cycle: at BOC and Hot Zero Power (HZP) to check that the MTC is negative (therefore
preventing from the consequences of a power increase), and at near EOC and Hot Full Power
(HFP) to check that the MTC magnitude is lower than some prescribed value (therefore
preventing from the consequences of a cooldown event). This last measurement is performed
when the boron content reaches 300 ppm in the core (approximately three months before the
expected EOC), and indicates whether one may operate the reactor up to the expected EOC. The
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BOC measurement is considered as accurate and reliable for two main reasons (the precision is
of about 0,5 pcm/° C [4]). First, the temperature change is uniform both in the fuel and the
moderator and can therefore be measured accurately. Second, today's reactivity meters can
measure the reactivity with a high level of accuracy. As a matter of fact, the zero-power ITC
calculation - Isothermal Temperature Coefficient, which comprises both moderator and fuel
reactivity effects - is the only parameter that has been benchmarked against measurements using
reactivity meter and core-exit thermocouples. To the contrary, the EOC MTC was never
benchmarked since it cannot be determined with the same ease and level of accuracy. Namely,
because the EOC MTC measurement requires several hours, the variation of parameters other
than the moderator temperature and the counteracting parameter (such as the boron
concentration, or a power change, or the control rods insertion) occurs, and these variations
cannot be measured in practice, but only determined by core calculations. Therefore,
benchmarking the MTC calculated by codes against a measured parameter relying on many
calculated ones might hide some inaccuracy since the same calculational tools are used in both
cases. Finally, and most importantly, the traditional measurement techniques of the at-power
MTC induce a plant transient that needs to be monitored during several hours.

Therefore, another technique relying on the analysis on the neutron noise and the
temperature noise was proposed some time ago (see Refs [6] and [9]). The main advantage of
this technique is that no perturbation of the reactor is required since the MTC, or more generally
any parameter describing the dynamics of a system, can be inferred from the naturally occurring
fluctuations of the physical quantities defining this parameter. This disturbance-free method is
consequently very well suited to an on-line MTC determination. Nevertheless, all attempts to
use the noise analysis technique to monitor the MTC failed since the MTC was systematically
underestimated by a factor two to five (see Refs [6] to [23]). This factor seems nevertheless to
be independent of burnup, so that calibrating the MTC noise estimate to a known value at a
given burnup allows determining successfully the MTC for the remaining part of the cycle (see
Refs [13] and [14]). It was even noticed that the same calibration factor can be used from cycle
to cycle with different fuel loadings as long as one uses the same pairs of detectors for the
temperature and the neutron noise. The idea of a proportionality relationship between the noise
estimate and the true MTC value has been reinforced recently [22], since the true MTC value
was obtained from measurements by using the back propagation neural network technique with
in-core neutron signals and core-exit thermocouple signals (the calibration is in fact realized
during the training of the network).

In this thesis, the discrepancy between the MTC noise estimate and its reference value is
investigated in the following way. First, the MTC is defined in a more detailed way. Second,
two MTC measurements, one relying on the traditional measurement technique such as the
boron dilution method.and another one relying on the noise analysis technique, are reviewed.
The'sidvantages and disadvantages of both techniques are highlighted and comparisons with the
results of core calculations are given. After that, the MTC noise estimate in one-dimensional
systems is investigated theoretically in order to determine the discrepancy between the noise
estimate and the actual MTC value. In this study, the core response is assumed to be driven by
temperature noise sources that are supposed to be randomly distributed both in time and in
space. These noise sources are only defined through their statistical properties. Finally, from the
results of the theoretical studyJ proposals'to*improve'the•'nyise''"aThalysis^ecKniquS "and''further
planned investigations are discussed.
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A nomenclature explaining all the abbreviations used in this report can be found at the end
of the thesis.
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2. The MTC and the different ways of measuring it

In this section, the definition of the MTC given by the newest American Standard (ANS
1997, [1]) is recalled. Emphasis is put on which effects should be included in the MTC and
which effects should not. From this definition, the way in which the MTC noise estimator is
derived is presented. Then two MTC measurements, one based on the so-called boron dilution
method and another one based on the noise analysis technique, are discussed. Finally, the
possible reasons of discrepancy between the two techniques are highlighted.

2.1 MTC definition

According to the newest American Standard (ANS 1997, [1]) and as mentioned briefly in
the introduction, the Moderator Temperature Coefficient of reactivity (MTC) is the reactivity
variation due to a change of the inlet temperature of the coolant, divided by the average
temperature change:

Sp(O = MTCxSTa™(t) (1)

As long as the temperature change is relatively homogeneous, the Standard suggests using the
following definition for the temperature average:

(2,

where in and out stand for the core inlet and the core outlet respectively. If the temperature
change is not homogeneous throughout the core, this definition will not accurately reflect the
change in the core-average moderator temperature, on which the true MTC is dependent
according to the Standard. An average that reflects this distribution must be used. The Standard
says that the way of calculating the coolant temperature average does not play a significant role
as long as the same methodology is used in both the measurement and the calculations. The
Standard thus proposes to simply use a volume-average of the temperature change:

dTJr, t)dr

jdr

Nevertheless, and as will be illustrated later on (see § 3.1, papers II and HI), in case of small
perturbation, such as the naturally occurring one (the so-called noise), first-order perturbation
theory prevails and a correct estimation of the average temperature change is given by:

As mentioned also in the introduction, the reactivity change associated with the MTC
must be correlated solely to the modifieation^of. the moderator-properties* which -affects core
reactivity both directly and indirectly. The direct effects are the modification of the neutron
moderation due to changes in the thermal scattering of water (temperature-only or spectral
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component of the MTC at a microscopic level) and the modification of the moderator density
(density component of the MTC at a macroscopic level) [2], The indirect effect is the
redistribution of the axial flux due to the axial change of the moderator properties with
temperature (non-linear effects), and the MTC must account for this as well. Nevertheless, if
the measurement technique significantly perturbs the axial power shape (such as the
modification of the axial distribution in case of a control rod movement in the control rod swap
method for instance), the observed change in temperature as defined above will not accurately
reflect the change in the core-average moderator temperature, on which the true MTC is
dependent according to the standard [3]. Calculated corrections factors are thus required in
such a case.

2.2 Derivation of the MTC noise estimate

If the reactivity depends on the stationary ergodic1 processes s{(t), i = l,...,N,
expanding the reactivity variation around the stationary value and assuming linear theory will
lead to:

AT

in which the MTC effect is separated from the other effects. This equation defines the so-called
reactivity noise, i.e. the variation of the reactivity with time from which the static component is
removed. Since in all the cases considered in the following, steady-state conditions are
assumed to be fulfilled, the static reactivity is equal to zero. Likewise, all the
Bst(t), i = 1,..., N terms in Eq. (5) are defined as the differences between the time-dependent
parameters and their mean values. These noise sources can be manifold [5]: random fluctua-
tions due to the fission process itself (this effect is overwhelming at zero power, but negligible
at full power), reactivity-induced global changes in the power or local changes in power distri-
bution, relative motion of the detector and the flux distribution close to it, fluctuation of the
moderator mass distribution around the in-core detectors, variation of the field-of-view of the
excore detectors due to the modification of the gap between the core and the detectors. Even if
the level of noise is usually low (the ratio between the standard deviation and the mean value
of the signals is typically lower than one percent), signal processing such as hardware elimina-
tion of the DC component and analog-to-digital conversion of the AC component provides a
very accurate noise signal. Furthermore, only the normalised (to the mean value) neutron flux
noise is needed. Since neutron detectors usually deliver a current directly proportional to the
neutron flux, any error in the calibration of these detectors cancels out in noise analysis. For
other noise signals such as the temperature noise necessary for the MTC estimation (see
below), the absolute value of the noise is required. This means that the uncertainty of the meas-
ured signal has to be negligible compared to the noise level. For thermocouples for instance,
the standard deviation of the temperature signal is typically less than 0,1 °C, whereas the
uncertainty of the measured signal is lower 0,005° C. Consequently, the level of noise is over-
whelmingly large compared to the thermocouple uncertainty and the accuracy of the MTC
noise estimation is expected to be relatively good.

A process is called ergodic when the time average equals the ensemble average.
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The idea of using noise analysis to monitor the MTC in PWRs was probably firstly
introduced by Thie in 1977 who suggested to use the root-mean-square values of the
temperature noise and of the neutron noise to evaluate the MTC [6]:

where

G ° ( C 0 ) = f R - ( ? )

. . . V JOO + A,

is the so-called zero-power reactor transfer function. In the frequency range of interest for the
MTC investigation, i.e. typically from 0,1 to 1,0 Hz, G0(co) can be approximated by the so-
called plateau approximation (see Fig. 1):

G0 = p (8)

From Eq. (5), one can clearly see that the MTC evaluated by Eq. (6) is biased due to the con-
tamination of the neutron noise from other noise sources than the moderator temperature noise.
This bias was experimentally noticed by Tiirkcan at the Borssele PWR in the Netherlands [7].

Later Por in 1985 proved that the contribution of the other noise sources can be removed
if spectral analysis of the signals is used, as explained in the following [9]. Multiplying Eq. (5)
by §T™e(t + T) and taking the average gives:

CCF. (x) = MTC x ACF ̂ (1) + Y ^XCCF. _,(x) (9)

where ACF and CCF stand for the Auto-Correlation Function and the Cross-Correlation Func-
tion respectively:

CCF (x) = <5p(f)5Ce(f + T)> (10)
P> ol m

(11)

(t + xy} (12)

If it can be assumed that the fluctuations of the different st parameters (s- ̂  T™e) are inde-
pendent of moderator temperature fluctuations, then their cross-correlation vanishes: ,

It can be shown that this assumption is valid within a certain frequency region. Then one has:
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CCF,
MTC = (14)

Alternatively, the MTC can also be derived by multiplying Eq. (5) by 8p(f + T) and taking the
average:
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MTC =

Eq. (14) or Eq. (15) represents the MTC noise estimator that should be used in noise analysis
in order to get the correct value of the MTC. As will be shown later (see § 3.1), this estimator
cannot be used in practice because the reactivity noise and the average temperature noise are
not directly measurable in a PWR. The approximations made in deriving these quantities from
other measurable parameters will be assessed in more detail in § 3.

2.3 Traditional measurement techniques

Several measurement techniques exist for the measurement of the MTC which are based
on the perturbation of the reactivity in the reactor and then compensating for it by a change of
the coolant temperature of the core. These methods are called traditional methods in the
following, in contrast to the noise analysis method. The main traditional methods are (see Refs
[3], [24] - [26]):

• the power change or xenon transient method, in which the power level of the reactor is
changed (and so is the xenon concentration); the corresponding reactivity effect is then
compensated by a modification of the inlet temperature of the core in order to keep the
reactor critical;

• the depletion or stretch-out method, in which the boron concentration of the core is
maintained constant during about one and a half day. As a result of the fuel depletion, the
coolant average temperature needs to be decreased;

• the control rod swap method, in which the inlet temperature of the core is modified; the
corresponding reactivity effect is compensated by a modification of the insertion of some of
the control rods;

• the boron dilution method, in which the inlet temperature of the core in increased; the
reactor is thus kept critical by diluting the boron content.

The boron dilution method is the most commonly used method worldwide. In the
following, only this method will be discussed since the Ringhals Nuclear Power Plant
estimates the at-power MTC for its PWR units by using this method and since all the data
corresponding to one of these measurements were made available to us. A detailed analysis of
this measurement campaign is reported in the last paper presented at the end of this thesis. In
Ringhals, the measurement procedure is initiated by increasing the core-inlet temperature by
means of the variation of the heat removed from the primary loop, i.e. by varying the steam
generator load [27]. This is balanced by boron dilution, and the calculated differential boron
worth is used both for the predetermination of this dilution and in the estimation of the MTC
itself.

The main advantages of the boron dilution method are (see Refs [3] and [27]):

• The high level of accuracy of the calculated differential boron worth. The boron reactivity
effect is given by the product between the differential boron worth and the change in the
boron concentration. This latter is a measured parameter, whereas the former is a calculated
one. It is generally accepted that today's reactor codes predict this reactivity parameter very
accurately.

• The small modification-in-the axial power shape.- In* a PWR>-only*thecore-inlet-andcore-
outlet temperatures are measured. There is no thermocouple installed inside the core.
Consequently, the only average temperature that is measurable is the one defined in Eq. (2).
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This definition of the average temperature assumes that the coolant temperature change is
relatively homogeneous in the core. Fortunately in the boron dilution method, core
calculations show that the axial power shape of the reactor is only slightly modified by the
modification of the coolant properties. Therefore using Eq. (2) gives a rather accurate value
of the core-average temperature change.

The boron dilution method has also major drawbacks such as (see Refs [3] and [27]):

• The large uncertainty in the measurement of the boron concentration. At Ringhals, to cope
with this problem, three different samples of the primary coolant are used to measure the
boron content and the boron concentration is simply taken as the mean value between these
three measurements. The standard deviation associated with these three measurements is
then used to estimate the uncertainty of the measured MTC.

• The relatively long time required to perform the measurement. Because of the time
necessary to ensure that the boron concentration is in equilibrium and is not changing, the
test can take up to 12 h to perform. During this time, the variation of other core parameters
occurs, and an accurate MTC estimation must account for these as well.

• The plant transient induced by the test. Because of the change of the reactor status in a
relatively short time (typically 12 h), a plant transient is initiated and the operators must
monitor it for about 24 h until steady-state conditions are again achieved.

• The relatively high number of parameters that need to be estimated by core calculations and
cannot be measured in practice in order to estimate the MTC. This compromises the purity
of the boron dilution method since a good measurement technique should rely on as few
core-calculated parameters as possible.

In the following, an MTC measurement performed at Ringhals-4 using the boron dilution
method is analysed in more details. This measurement was carried out during the fuel cycle 16,
near EOC (the average core-burnup was estimated to be 8,767 GWd/tHM). The available
measured parameters, namely the core-average temperature of the coolant, the power level,
and the boron concentration, are depicted in Fig. 2.

As will be seen later in Fig. 3, the axial offset becomes more negative but remains within
the operating limits during this measurement. Consequently, the control rods were not used to
adjust the axial offset of the core. The modification of the axial offset is primarily due to the
temperature rise since the moderator density change is not axially linear, i.e. bigger in the
upper part of the core than in the lower one.

Therefore, assuming that the reactivity does not change during the whole measurement
(perfect reactivity compensation), the Moderator Temperature Coefficient can be defined as
[28]:

MTC - m keff,\'keff,2

since the reactivity effect induced by the change of the moderator temperature between the
beginning and the end of the measurement is fully compensated by the boron dilution, the
Doppler effect, and remaining effects mainly due to the fuel depletion during this time. The
power level is the same at the end of the measurement as at the beginning, thus no reactivity
effect due to change in power appears in the preceding Eq. (16). The different terms in Eq. (16)
have the following meaning:

is the change in the average moderator temperature and is a measured parameter;
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Fig. 2. Available measured parameters for the EOC MTC measurement at Ringhals-4, cycle 16

jXATf is the.Doppler effect; dp/dTj- and ATf, the Doppler coefficient and the
average fuel temperature"change respectively,' are both estimated by core calculations;

dp/dCBxACB is the boron effect; dp/dCB is the differential boron worth and is a
calculated parameter; ACB is the average change of the boron concentration and is a
measured parameter;

Ap represents effects other than the boron effect, the Doppler effect, and MTC effect.
Namely, Ap can be associated to the fuel depletion, the xenon redistribution, the variation
in the neutron leakage, and the change in ttre'axM'flux profile'(only the*change due to the
measurement technique itself, not due to the change in the moderator properties, which
must be accounted for in the MTC according to the standard).
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The estimation of the calculated parameters is carried out by the Studsvik Scandpower
SIMULATE-3 code in the following way [29]. First, the reactivity coefficients dp/dTf and
3p/3C B are evaluated in the reactor state prior to the transient. More precisely, the reactivity
effect due to the fuel temperature and the boron concentration separately are calculated by
increasing the average fuel temperature or the boron concentration respectively and freezing
all the other parameters. Then, the change A7\- of the fuel temperature itself has to be
estimated during the measurement. By using small depletion steps (between 15 min and 1 h)
and the corresponding measured relative power and core-inlet temperature as input parameters
to SIMULATE-3, the fuel temperature change can be determined and so can the Doppler
reactivity effect. The calculation, summarized in Fig. 3, is performed by requiring a critical
reactor, i.e. the boron concentration is automatically adjusted by SIMULATE-3 to maintain the
core critical. Finally and similarly, it remains to calculate the reactivity corrections other than
the Doppler effect, i.e. the Ap term. These calculations are depicted in Fig. 4. The time steps
chosen for these calculations are the ones corresponding to the boron measurements. During
each time step, one maintains the power, the inlet temperature and the boron concentration
constant to their value at the beginning of the depletion step (as obtained from the
measurements). Because of the fuel depletion, the effective multiplication factor varies over
each time step. The difference of ke^ between the end and the beginning of each step defines
the variation of reactivity due to effects other than the moderator temperature change, the
boron change, and the fuel temperature change, since these quantities have been kept constant
(or almost constant) during each time step (as can be seen in Fig. 4, the fuel temperature
variation during a time step is negligible). Summing these reactivity changes, i.e. neglecting
the jumps in the plot of kejy in Fig. 4, the reactivity correction to the MTC measurement other
than the Doppler effect is obtained.

The results of these calculations are presented in Fig. 5, which displays the measured
MTC value by using the boron dilution method, the different reactivity components
compensating for the temperature effect, such as the Doppler effect, the boron effect, and the
remaining effects, all converted into pcm/° C of the moderator temperature, and the MTC value
directly calculated by SIMULATE-3 at the corresponding reactor status. The uncertainties
associated to each of the different components of the MTC are also plotted. Nevertheless, the
uncertainty associated to the measurement of the boron concentration is not accounted for since
no data were available to us. Therefore, the corresponding uncertainty, which looks rather small
in Fig. 5, is probably appreciably larger. Otherwise, the uncertainties are evaluated in a
conservative way and take into account both the variation in the measured (and consequently
calculated) parameters during the time intervals defined as initial and final states, and also the
precision of the measured parameters. It has to be emphasized that the calculated parameters
have also uncertainties since they are derived from core calculations using measured parameters
that have uncertainties. The uncertainties associated to the calculated parameters are evaluated
by using variation principles.

It can be concluded from these results that the calculated MTC only differs slightly from
the measured one if one takes the uncertainties into account. As mentioned previously, a correct
value of the uncertainty associated to the measurement of the boron concentration will probably
give a larger final uncertainty, and then the calculated and measured MTC values would agree
very well. It can also be noticed that the contribution of the Doppler effect, even if the associated
uncertainty is as large as the Doppler correction itself, is rather small. The main counteracting
process to the change of the moderator temperature is due to the boron dilution. Nevertheless,
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Fig. 3. Calculation of the average fuel temperature change for the EOC MTC measurement at Ringhals-4,

cycle 16

the contribution of the remaining effects "to the'MTC value and the MTC uncertainty is
surprisingly significant.

Whether this correction factor is accurate or not, it is questionable for several reasons.
First of all, this term has been obtained by summing small reactivity differences (between 2
and 7 pcm) over several time steps. Even if SIMULATE-3 is a reliable code, such a level of
accuracy is hardly achievable. Further, the time steps have been chosen so that each beginning
of a step matches a boron measurement"''(and'"the*T56ron> is thus Tkept "constant during the
corresponding step). Nevertheless, one has to know also the power level, and the inlet
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g; 4. Calculation of the reactivity corrections other than the Doppler effect for the EOC MTC measurement
at Ringhals-4, cycle 16

temperature in order to be able to run SEVIULATE-3 in these cases. Determining the values of
these parameters is quite a difficult task. Let us take for instance the power level. The main
purpose of the calculation is to estimate the reactivity effects due to effects other than the
Doppler effect, the MTC effect, and the boron effect. Consequently, the power level should
remain constant during each time step. But which power level should we use: the one at the
beginning of each step, or a kind of average value? A 0,1 % misestimation in the relative power
level has already a 1,8 pem reactivity effect (the power coefficient corresponding to this
measurement has been evaluated to be -18,21 pcm/%). A similar reactivity effect can take
place with the inlet temperature misestimation. The inlet temperature coefficient of reactivity,
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computed by SIMULATE-3, is -41,35 pcm/° C. Consequently, a misestimation of 0,1 ° C has
a 4,1 pcm reactivity effect. Thus these errors are not negligible when calculating the Ap term.

Consequently, the uncertainty associated to the MTC measurement could be probably
higher than previously expected and the measured MTC value itself quite different from the one
given in Fig. 5 since the calculation of the Ap term, which has a relatively significant
contribution, is a difficult task. For this reason, another methodology that allows getting rid of
the Ap term was developed recently by Ringhals. In this method, the MTC is directly
evaluated from the calculated MTC by only taking the difference between the measured and
calculated boron change throughout the measurement into account [30]. The difference between
the two MTCs comes from the fact that some correction factors cannot be estimated easily by
core calculations. Therefore the measured MTC does not correspond any longer to the definition
stated by the Standard, since the SIMULATE-3 calculation of the MTC strictly fulfils this
definition. - . . • • •

Nevertheless, even if the actual MTC value could differ from the measured one much
more than previously expected, when the boron dilution method is used, it is very unlikely that
the MTC is misestimated by a factor two to five of magnitude. Furthermore, the MTC calculated
by codes such as SIMULATE-3, even if no benchmark exists for the at-power MTC, seems to
indicate that a "reasonable" MTC value should not differ so much from the measured one.
Therefore, the noise analysis technique and the,corresponding-underlying assumptions need to
be studied in more detail.



2. The MTC and the different ways of measuring it 15

2.4 Measurement by noise analysis technique

According to Eq. (14), the MTC can be inferred from the analysis of the average
moderator temperature noise and the corresponding reactivity noise. In the frequency domain,
this estimator can be written as:

CPSD ST™(a>)
MTC = ABC*-iT' , (17)

APSD (co)
fft

or

APSD&J®)
MTC = °P

where the APSD and CPSD stand for the Auto-Power Spectral Density and Cross-Power Spec-
tral Density respectively. They are the Fourier transforms of the ACF and CCF defined previ-
ously.

Nevertheless, neither the at-power reactivity noise nor the average coolant temperature
noise can be measured in practice in PWRs. Only the neutron flux (either via the ex-core
neutron detectors or via the in-core neutron detectors, when they are present in the core) and the
core-inlet/outlet temperatures are available. Simply speaking, the MTC should be estimated by
using global parameters, such as the reactivity and the average moderator temperature, whereas
only local quantities (flux and temperature) can be measured. Although it is generally assumed
that the ex-core neutron detectors follow more closely the so-called point-kinetic component of
the flux noise (which is directly proportional to the reactivity noise as will be explained below)
than the in-core neutron detectors, using ex-core neutron detectors would only give a correct
MTC estimate if the average moderator temperature noise could be determined. Consequently,
using inlet or outlet thermocouples will not provide the actual MTC value, since it is not known
how the local temperature noise is related to the average one. Finally and most importantly, the
coherence between ex-core neutron detectors and core-exit thermocouples is usually very low.
Using local measurements for both the temperature and the flux gives a higher coherence and a
more reliable MTC value if both detectors are positioned close to each other. Therefore, the
MTC is inferred in practice from the signals provided by an in-core neutron detector and a core-
exit thermocouple located in the same fuel channel or in two neighbouring channels.

Assuming that the flux can be factorised into an amplitude function P(t) and a shape
function \)/(r, t) as follows

4>(r,f) = P(OV(M) (19)

the flux noise in the frequency domain can be approximated by (second-order terms
neglected):

5<J)(r, a>) = 5typk(r, m) + 5i|/(r, co) (20)

where



2. The MTC and the different ways of measuring it 16

= (t>0(r)8P((o) (21)

is the point-kinetic component of the flux noise. The amplitude function itself satisfies the so-
called point-kinetic equations that can be written in the frequency domain:

8P(co) = 8p(G>)G(co) (22)

In this equation, G(oo) is the so-called closed-loop or at-power reactor transfer function which
is related to the open-loop or zero-power reactor transfer function as follows:

G(a>) =
G0(co)

l-F(co)G0(co)
(23)

8p(a>) G0(co) 5P(co)

Fig. 6. Point-kinetic model of a reactor with feedback

In Eq. (23) and Fig. 6, F(oo) represents the power to reactivity transfer function or simply the
feedback mechanism. As a matter of fact, the MTC and the Doppler effects are hidden in this
transfer function, which can only be evaluated if the Doppler and the Moderator Temperature
Coefficients of reactivity are known. Since the MTC is the parameter one is looking for, the
closed-loop transfer function cannot be used for the MTC noise determination. Spectral or fre-
quency analysis allows coping with this problem. Due to the relatively large time constant of
the heat transfer dynamics from fuel to coolant, feedback effects will only occur at low fre-
quencies, typically below 0,1 Hz. By filtering the low frequencies of the signals, the coolant
temperature fluctuation can be measured before the feedback begins to alter the coolant tem-
perature. Consequently, F(GO) = 0 for frequencies larger than 0,1 Hz and then replacing G(co)
by Go(co) in Eq. (22) is a valid approximation:

5p(<o) =
r, m)

G0((0)
(24)

Nevertheless, iri-core neutron" detectors'do nofmeasure solely the point-kinetic component of
the neutron noise, but the total flux noise, as defined by Eq. (20). Consequently, the reactivity
noise can be calculated from the flux noise only if 8(|)p (r, (0) is overwhelmingly large com-
pared to 5\j/(r, co), i.e. the reactor behaves in a point-kinetic way. It is well known that large
power reactors do not behave in a point-kinetic way.

Regarding the temperature-noise, the only-way tameasur&th& averagetemperature noise
from a local measurement is to assume that the temperature noise is space-independent, i.e. is
the same throughout the core. This is a very crude approximation, which has not been studied
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in detail so far. Assuming the validity of this approximation, another problem surfaces with the
separation distance between the in-core neutron detector and the core-exit thermocouple. The
MTC can only be accurately determined if no temperature noise is generated between the
neutron and the temperature detectors. In the study presented hereafter, it is assumed that the
temperature fluctuation travels upwards without any modification, i.e. temperature fluctuations
are generated outside the core. Even in such a case, the temperature noise at high frequencies is
damped. Three main reasons could explain this damping and could coexist at the same time.
First, it is possible that higher frequency components are not present in the signals at all or are
not measured by the detectors due to their time constants. Another explanation could be the
overwhelmingly large background noise at high frequencies. Finally, the transit time necessary
for the temperature fluctuations to travel upwards between the two detectors filter out all the
high frequencies. Spectral or frequency analysis allows selecting the meaningful part of the
signals, i.e. frequencies smaller than 1 Hz typically, since at higher frequencies the temperature
fluctuations are too much damped. The effect of the transport time is highlighted when looking
at the CPSD between two thermocouples located within the same fuel channel but at two
different axial elevations. If no temperature fluctuation is generated between the two detectors,
the temperature perturbation is recorded by both detectors, but with a time delay corresponding
to the separation distance between the detectors. In the frequency domain, this time-delay is
equivalent to a linear phase behaviour of the CPSD angle. Frequencies at which this linear phase
behaviour cannot be noticed correspond to pertubation that is too much damped and that is not
measured by both detectors, therefore indicating the upper limit of the frequency range of
interest. Further, the coherence function between the two detectors will also present a sink
frequency, a frequency above which the signals recorded by the detectors have nothing in
common due to the damping. The linear phase behaviour of the CPSD and/or the coherence
function are both a very good indicator of this sink frequency. Such a phenomenon was noticed
experimentally recently [31], where the signals delivered by gamma-thermometers located at
different core heights but within the same fuel channel were studied in detail. As will be seen
in § 4.2, gamma-thermometers in the frequency range of interest for the MTC investigation
work as thermocouples. The results presented in Fig. 7 correspond to a measurement performed
in Ringhals-2.

Consequently, the usual MTC noise estimator that can be used in practice in the frequency
range 0,1 to lHz is defined as the H^ase estimator:

°» ....(25)
G0(a» APSD8Tm(r, co)

., rTbiased .
or the H2 estimator:

r, (0)

depending on whether Eq. (17) or Eq. (18) is used. These estimators are called biased since it is
obvious from what was explained previously that they lead to the correct MTC only when very
specific conditions are fulfilled. In case of a perfect correlation between the neutron noise and
the temperature noise, these two estimators give the same result since the ratio between
Hl

 e and H2
iase is simply the coherence Y5<t>/<t> 57- between the two signals:
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H
biased,
1 (

H
(27)

When the coherence is not unity, Hx
iase is biased low and gives the lower bound of the esti-

mate, whereas H2
 se is biased high and corresponds to the upper bound of the estimate. It

was considered that the H2
iase estimator could lead to a more correct MTC estimation since

the APSD of the neutron flux, measured directly within the core, is less biased than the APSD
of the temperature, measured outside the core, i.e. at the core-exit [11]. Nevertheless in prac-
tice, the H^iase estimator will give a more correct estimate of the transfer function than
H2'

ase since the relative measurement noise in the neutron signal is much larger than that in
the temperature signal [32]. Consequently, only the n™se MTC noise estimator will be dis-
cussed and used in the following. It has to be emphasized that this estimator will lead to the
correct MTC estimate only if the reactor response is point-kinetic, and the temperature noise is
space-independent and generated outside the core. —~

A noise measurement performed in Ringhals-4 during the fuel cycle 15, at near EOC was
analysed in order to estimate the MTC by using the H^ase estimator [33]. The available
detectors and their location during this measurement are- depicted in the following Fig. 8.

The MTC was estimated to be equal to -51 pcm/° C at the corresponding core average
burnup by using SIMULATE-3 and the real core history and layout. The MTC was also
estimated by noise analysis for the following detector pairs: C-T3, B-T7, D-T48, E-43, and A-
T32 assuming that only detectors located in the same channel or in two neighbouring channels
could lead to a correct MTC value, i.e. the coherence should be high enough between the two
detectors. The noise estimations, as'afunction"of frequency,*are represented in Fig. 0. It can be
noticed that only the detector pairs E-T43 and A-T32 seem to give a meaningful MTC estimate.
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A more thorough analysis of the coherence function of all the detector pairs revealed that E-T43
and A-T32 had a coherence much higher than any other pair. In the frequency range of interest
for the MTC investigation (between 0,1 and 0,8 Hz in this case), the maximum value of the
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MTC noise estimator gives approximately a magnitude equal to 30-35 pcm/° C, i.e. roughly half
of the value predicted by core calculations. Experimentalinvestigations carried out by other
research teams all showed the same tendency: the MTC noise estimate is systematically
underestimated by a factor two to five (see Refs [10], [13], [14], [18] - [22]). The same deviation
between the noise estimate and the actual value of the MTC was even noticed throughout the
same fuel cycle and from cycle to cycle if the same detectors pairs are used, so that calibrating
the MTC noise evaluation to a known value of the MTC allows successfully estimating the
MTC for the rest of the cycle or the following cycles (see Refs [13] and [14]).

2.5 Possible reasons of the inaccuracy of the MTC noise estimations

Many theoretical investigations have already been carried out by different research groups
in order to find and to explain the reasons why the MTC noise estimate systematically
underestimates its actual value. An extensive literature survey can be found in [33] regarding
this matter.

The main source of concern is the fact that the neutron noise and the temperature noise
are not measured at the same location, therefore possibly measuring different phenomena.
Using spectral analysis or more specifically the CPSD between the neutron and the temperature
noise prevents from including in the MTC effects that are not related to moderator temperature
fluctuations. But depending on how these fluctuations are generated, the moderator temperature
noise sources might be axially and non-homogeneously distributed (see Refs [21], [23], [34] -
[36]).

Another source of concern comes from one of the basic assumptions underlying in the
derivation of the MTC noise estimate, namely the deviation of the reactor response from point-
kinetics. It is well known that large power reactors deviate appreciably from point-kinetics
compared to small research reactors. But it was noticed that only large deviation from point-
kinetics could be responsible for the underestimation of the MTC [35].

Recently, the use of the open-loop reactor transfer function was questioned [37]. More
specifically, the effect of the Doppler coefficient and of the fuel time constant, which
characterize the feedback chain in Fig. 6, was investigated. It was found that in the most usual
cases, the feedback loop does not play any significant role.

In any of the previous investigations, correction factors were proposed. But these
corrections cannot be easily estimated in practice, so that calibrating the MTC noise estimate to
a known value still remains.

Finally, another effect that has not been investigated so far is the difference between the
neutron detector and the thermocouples with respect to their field of view. The neutron detectors
measure, a space response-,of. the. neutron, noise,.due to temperature noise, while the
thermocouples only measure the local behaviour of the temperature noise. Furthermore, the
effect of spatially randomly distributed noise sources were not investigated either. This
corresponds to the other main approximation used in the derivation of the MTC noise estimate,
i.e. the homogeneity of the temperature fluctuations, whereas in reality they are not spatially
coherent and are loosely coupled. It simply means that estimating a point-kinetic parameter such
as the MTC from measurements performed in jone jsinglefueUchannel cannot.possibly provide
the actual value. Even if this effect can be somehow related to the axially non-homogeneous
structure of the temperature noise mentioned previously, the radial coupling of the temperature
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noise is considered to be much worse than the axial one. Consequently, the radial distribution
of the noise sources has a much larger effect than the axial one. This radially non-homogeneous
distribution of the moderator temperature fluctuation and the resulting deviation from point-
kinetics of the neutron noise are investigated in more detail in the next section.
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3. Theoretical investigation of the MTC noise estimate in 1-D homogeneous
systems

As pointed out previously, the MTC noise estimator inherently assumes that the
moderator temperature noise is spatially homogeneous. In such a case, and if there is no
contamination by other noise sources, the reactor necessarily behaves in a point-kinetic way,
and the }j^ase noise estimator should even provide in this case the correct MTC value.
Nevertheless, there is experimental evidence where it was noticed that the coolant temperature
noise, measured via the core-exit thermocouples, is strongly space-dependent. Therefore, the
noise estimator becomes biased, since first only a local measurement of the temperature noise
is used in practice, and second because the reactor response deviates from point-kinetics.

This is why the effect of non-homogeneous moderator temperature noise sources are
investigated in the following. Indeed the temperature noise is supposed to be randomly
distributed both in time and in space. A white noise is considered for the time behaviour,
whereas the spatial properties of the noise are not defined in a deterministic manner, rather
through their statistical properties/Basically, the cross-correlation function of the temperature
noise between two points is assumed to be described by a shape function representing the spatial
distribution of the noise sources throughout the core and an exponential decay function, which
simply states that for increasing distances the correlation between two points decreases. From
these driving noise sources, the MTC derived according to the ft™se estimator can be
calculated and compared to its actual value.

In this study, only a one-dimensional homogeneous bare reactor is considered. The spatial
coordinate represents the radial position in the core. Neglecting the axial dependence is
equivalent to assume that no noise source is created between the in-core neutron detector and
the core-exit thermocouple. This means that the temperature noise is only travelling upwards
from one detector to the other. This transport time only affects the phase of the CPSD between
neutron and temperature noise, without changing its magnitude. Therefore the magnitude of the
H^ase estimator, which should correspond to the MTC magnitude in the ideal case, does not
depend on the separation distance between the two detectors. It has to be emphasized that this
approximation probably does not hold in reality, as mentioned previously in § 2.5, but the effect
of radially inhomogeneous temperature noise sources is known to give stronger effects. Both
effects, i.e. the radial and the axial ones, will be investigated at a later stage.

The moderator temperature noise is therefore referenced as inlet temperature noise, since
the temperature noise is generated outside the core. A one-group model relying on the diffusion
approximation allows calculating the response of the reactor to these noise sources. Since point-
kinetics is assumed in the derivation of the H^ase estimator, the point-kinetic response can
also be calculated and compared to the exact flux noise, so that the effects of the point-kinetic
assumption can be assessed regarding the ability ofthe H j " " e estimator to correspond to the
MTC. But most importantly, the effect induced by using only the local temperature noise in the
MTC noise estimation can be highlighted too.

This study is presented in more detail in papers I, II, and HI at the end of this thesis.

3.1 General principles

A one-group diffusion model is used in the following model. As explained previously, the
feedback mechanism does not play a significant role in the frequency range of interest for the
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MTC investigations. Therefore the temperature noise can be described solely by the
modification of the cross-sections. In principle, moderator temperature noise affects very
much the removal cross-sections, and to a lesser extent the absorption cross-section. But the
former is not used in a one-group model, so that the temperature noise is defined by the
fluctuations of the absorption cross-section through a space- and time-independent
proportionality factor as follows:

STJr,t) = Kxb-La(r,t) (28)

Although using the removal cross-section would have been a better way of describing the mod-
erator temperature noise, the definition of the noise sources from the absorption cross-sections
is not such a bad approximation since the change of the moderator properties will affect
directly the neutron absorption in the fuel. Further, 5Efl(r, t) is supposed to be stationary2 and
ergodic3 in time with a zero expected value:

<5Sa(r,0> = 0 V r,t (29)

As mentioned previously, the temperature noise or more precisely the corresponding
fluctuation of the absorption cross-section is not known in a deterministic way, rather can be
defined in a statistical sense through its temporal and spatial cross-correlation function. It is
assumed that the correlations can be factorised into a temporal component and a spatial
component. The temporal part is given by 8(T) (a white noise in the frequency range of
interest for the MTC investigations, i.e. typically from 0,1 to 1 Hz). The spatial part, given by
R(r, r'), is further factorised into a fast decaying function of the distance of the two points,
representing the decay of correlations, and a much slower varying shape (amplitude) function
G (r) of the centre f of the two spatial coordinates, representing the space-dependent strength
of the noise source (it can be related to the RMS or the variance of the noise source). This can
be summarized by the following formula:

CCFhIi(.r,r',%) = <6Efl(r, /)5Zfl(r', t + T)> = 5(T)/?(r, r ') = b(x)a2(r)e l (30)

with:

> - ^ (3D

In this model, / is called the correlation length of the temperature fluctuations and is supposed
to be space independent. The correlation length indicates roughly the maximum distance
between two points that can be considered as having a coherent behaviour. For greater dis-
tances, their behaviour can be assumed to be completely uncorrelated. On the opposite, if the
correlation length is infinite and the shape function a (r) space independent, i.e.
R(r, r') = const, the noise sources are spatially homogeneous throughout the core.

In the frequency domain, only the spatial part of the CCF is retained due to the white
noise characteristic of the temporal part, so that one obtains:

' Random events are called stationary when their stochastic properties do not change with time.

* A process is called ergodic when the time average equals the ensemble average.
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^(r,r\a) = R(r,r') = <52{f)e l (32)

If r = r ' , the previous equation leads to the APSD:

APSD^r, co) = G2(r) (33)

This is why the spatial part of the CPSD has been factorised into an amplitude function and a
fast decaying exponential function: the amplitude function corresponds to the APSD, describ-
ing the strength of the temperature fluctuation throughout the core and can even be fitted to real
plant measurements, whereas the fast decaying exponential function only represents how two
points are correlated to each other and can be fitted to actual data simply by scaling the correla-
tion length /. As will be seen later, scaling this correlation length is completely identical to cal-
ibrating the MTC noise estimation to a known value of the MTC.

From these noise sources, it is now possible to calculate the corresponding flux noise.
Since only the statistical properties of the noise sources are defined, the flux noise cannot be
calculated either in a deterministic way, but only determined by its statistical characteristics,
such as the CPSD and the APSD. Starting with the one-group diffusion approximation:

a t ) + XoC(r,t) (34)

g /t , /) - X0C(r, t) (35)

where

Efl(r,f) = Zfl(0 + oTfl(r,f) (36)

4>(r,r) = 4>0(r) + 8<Kr,*) (37)

C(r,t) = C0 + bC(r,t) (38)

by neglecting second-order terms, one obtains in the frequency domain:

o 2 8£,(r, CD)<j)n(r)
2 , 0)) + i?2(cG)S(Kr, a» = a' ' V° (39)

W i t h • --•. • . . . , , - : . . . , , , -.---_;. _' ; , -. " - " ; , ," . • •• •

1 i/ 1 \

(40)

and the zero-power reactor transfer function Go(co) defined previously by Eq. (7).

The exact solution of Eq.(39)"can be foundif one uses the'Green's functiontechnique:
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, a>) = 7T f G(r, r', <o)8Za(r'f ©)<|>0(r')dr' (41)

where the Green's function is the solution of the following equation:

V2
rG(r, r', co) + B2(co)G(r, r\ co) = 8 ( r - r ' ) (42)

Likely, the point-kinetic solution previously given by Eq. (24) can be written in the
following way:

5<t>"*(r, co) = <|)o(r)8p(co)Go(co) (43)

where 5p(a>) is the Fourier transform of the reactivity effect 8p(r), given by the first-order
perturbation formula as:

5p(0 = ~ —, (44)

which gives in the frequency domain:

5p(G>) = -^ P ' (45)

As mentioned previously, only the CPSD and the APSD of the flux noise can be
calculated for the exact and point-kinetic solutions. For the sake of brevity, such formulae are
not derived here, but can be found in papers I, II, and III instead.

Regarding the MTC itself, the reference value can be easily calculated in our model if the
temperature noise is homogeneous, since in that case:

\t) = STm(r, t) = Kx8Sa(r, /) V r (46)

Eqs. (1) and (44) simply give:

KvIlf,o
(47)

Since the MTC is a parameter independent of the temperature noise, a spatially heterogeneous
structure of the temperature noise should also give the same reference MTC as the one given in
Eq. (47). Assuming that first-order perturbation theory is valid, the only possibility to fulfil
both Eqs. (1) and (47) is to define an average temperature noise by using the square of the
static flux as a weighting function, as given by Eq. (4).

In this respect, only the following noise estimator, corresponding to the derivation of Eq.
(14), can guarantee obtaining the correct MTC estimation:
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CPSD k s r
rjtdeal _ _ J W /<|>o, Srm

1 Go(co) A P 5 D ( Q ) ) ^ ;

This estimator is space- and frequency-independent, but cannot be used in practice for the fol-
lowing reasons. First the average temperature noise as defined by Eq. (4) is not measured, only
the temperature noise in a few discrete points, and second neutron detectors do not solely
measure the point-kinetic component of the flux noise. Therefore, only the H^ e noise esti-
mator, which is defined in Eq. (25) and is both space- and frequency-dependent, can be used
practically but cannot lead to the correct MTC value.

Nevertheless, there is only one special case in which this H™se estimator gives the
correct result, namely the case of spatially homogeneous temperature fluctuations. Because of
the homogeneous character of the noise sources, using the local temperature measurement as
an indicator of the temperature fluctuations throughout the whole core is a valid
approximation. Furthermore, the spatial homogeneity of the noise sources necessarily induces
a point-kinetic response of the reactor. Consequently both of the assumptions used to derive
the practical MTC noise estimator, i.e. H^6 are fulfilled.

In case of spatially non-homogeneous temperature noise, the reactor deviates from point-
kinetics and / / j ' cannot possibly give the correct MTC value. The deviation of this
estimator from the reference MTC value can be estimated in our model with the specified
temperature and cross-section fluctuations, since the actual MTC value is known to be given by
Eq. (47) and since the biased MTC estimation can be evaluated theoretically as follows:

Finally, assuming that the average coolant temperature fluctuations could be measured,
another MTC noise estimator could be derived:

G0(o»

This estimator is only biased by the deviation from point-kinetics of the reactor response and
can also be evaluated theoretically in our model:

" b i a s e d , . . . . .
H i , v ( / v 1 , ® ) ; : , ' ; ; : • . ; . ; . : . . , ; . . • . . . , - . . , . , , . . . : . . : . ( 5 1 >

jJG(r, r', , r", ^)^{r')^{r")dr'dr"

G0(G)WQ(r)KD0 jjcPSD&y, r", ^{r')^Q{r")drfdr"

Comparing this estimator to the reference- MTG value givembyr'Ecf:-{47)"will allow assessing
separately the effects of the deviation from point-kinetics of the flux noise on the MTC evalua-
tion.
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3.2 Results and discussion

The previous model is applied to a realistic commercial PWR, namely Ringhals-4, during
fuel cycle 15. The material constants are obtained from the SIMULATE-3 code [29] after
proper two-group to one-group energy condensation (where the migration area is preserved) and
three-dimension to one-dimension transformation (where the diffusion coefficient is
preserved). The vZy 0 cross-section is finally adjusted so that the criticality is maintained.
Three different sets of material constants corresponding to BOC, MOC (Middle Of Cycle), and
near EOC are used. The near EOC data correspond to the conditions of the actual noise
measurement performed in 1998 and described in § 2.4. All the data are summarised in Table
1. The core radius a (core half-width) is set to 150 cm.

Core
burnup

BOC

MOC

EOC

P
(pern)

590

551

529

A

(M

19,3

20,3

21,6

X
(ms)

84,8

84,9

85,2

(cm"1)

2,315.10-2

2,315.10'2

2,302.10-2

(cm"1)

2,330.10-2

2,330.10-2

2,316.10-2

(cm)

1,331

1,341

1,331

Poo

($)

1,062

1,145

1,191

Table 1: Parameters of the 1-group 1-D model

Several noise sources with respect to their amplitude functions are investigated, and for
each of them three different correlation lengths are examined (/ = a, I = a /10 , and
I — a/100). The three shape functions that are used are as follows:

• oh(x) = 1 where h stands for "homogeneous": if the correlation length is infinite, this
represents the case of homogeneous temperature noise sources;

• oc{x) = COS(BQX) where c stands for "central": the strength of the temperature noise is
proportional to the power, and then the amplitude function, expressed in form of a variance
a , is proportional to the square of the static flux;

• Gp(x) = 1/[1 -(x/(a + 8a)) ] with Ba = a/5 and where/? stands for "peripheral": this
case corresponds to experimental investigations during which it was noticed that the
temperature noise or more exactly the APSD of it was larger close to the core boundary than
at the core centre [38].

These shape functions are depicted in Fig. 10. Since all the results are found to be independent
of the choice of the shape function and since the "peripheral" case corresponds to experimental
evidence, only this case will be described in the following. Nevertheless, all the results are pre-
sented in the corresponding papers at the end of the thesis. Furthermore, no dependence of the
results with the core burnup is found, so that only the near EOC results are described. All the
calculations are performed at a frequency of lHz.

The comparisons between the exact flux noise and the point-kinetic flux noise are
depicted in Fig. 11, whereas the ratios between the MTC noise estimates (Hl

mse and H imse )
and the reference MTC value are given in Fig. 12.

From the right column of Figs 11 and 12, it can be noticed that the deviation of the point-
kinetic solution from the exact one is not very significant. It is somewhat smaller at the core
centre than at the core boundary, and might even change sign (underestimation at the core



3. Theoretical investigation of the MTC noise estimate in 1-D homogeneous systems 28

3.5

3 -

2.5 -

2 -

1.5 -

\
\

1

\

\

\

\

\

s

1 1 1

— Homogeneous case
— Central case
— Peripheral case

V

*

r
i

i
i

i

i

i

V,

N

v

0.5 -

-1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8

Fig. 10. Shape of the O functions

centre, overestimation at the core boundary). As previously mentioned, the amplitude of the
deviation is more or less independent of both the a function and the core-average burnup.
However, this deviation is larger with decreasing correlation length monotonically (and with
increasing frequency, since at higher frequencies it is known that the reactor will deviate
noticeably from point-kinetics).

Regarding the deviation of the usual H^ase MTC noise estimate from the reference
MTC value, a strong and systematic underestimation, which is larger close to the core boundary
(strong space-dependence), is noticed from the left column of Fig. 12. As before, the
dependence of the results with the core-average burnup and the a function is very little (not
shown here, see papers II and III). Obviously the discrepancy between the MTC noise
estimation and its actual value is larger with decreasing correlation length monotonically (and
with increasing frequency) since the temperature noise becomes completely uncorrelated in
space when the correlation length approaches zero. It is also interesting to point out that for a
correlation length close the size of a PWR assembly, the MTC is underestimated by a factor of
about two to five and that this magnitude of underestimation was noticed experimentally.
Furthermore, recent noise measurements performed via gamma-thermometers, which work as
thermocouples in the frequency range of interest for the MTC investigation, revealed that the
radial correlation length of the temperature noise is roughly of the size of one to two fuel
assemblies [31].

On the opposite, the H\ MTC noise estimate only shows small deviations from the
reference MTC value. In this case, the discrepancy is exclusively due to the fact that the reactor
does not behave in a point-kinetic way. But as noticed when comparing the point-kinetic flux
noise to the exact solution, this deviation is rather small and does not explain the strong
underestimation of the traditional *"*6

MTC noise estimate. Consequently, the bias of the
MTC noise estimation is mainly due to the spatial heterogeneity of the temperature noise
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throughout the core. This manifests into two main effects. First, it is easy to see that the
reactivity effect of uncorrelated noise sources is smaller than the one corresponding to fully
correlated, i.e. homogeneous, noise sources. This can be demonstrated by looking at the ratio in
the point-kinetic assumption between the APSD of the reactivity in the actual situation (where
the correlation length is finite) and the assumed one (where the correlation length is infinite),
i.e. situation that is supposed to be fulfilled when deriving the H}

 iase noise estimator:

\r-rw

r r ~
.trueAPSD'Z ff
££ (/) = 12 C52)

2 y '
APSD5P

2

This ratio, obtained by using a constant noise strength, i.e. ch(r) = 1, is smaller than unity
and decreases with decreasing correlation length. Nevertheless, this ratio is space-independent,
whereas a strong space-dependence is noticed in Fig. 12, so that another effect takes place.
This cannot be explained by the space-dependent deviation of the reactor response from point-
kinetics since this deviation is only weak. This could probably be due to the underestimation of
the cross-correlation between the neutron noise and the temperature noise when temperature
fluctuations are non-homogeneous. As before, assuming a point-kinetic behaviour of the reac-
tor and a constant shape function, i.e. Gh(r) = 1, the ratio between the true CPSD and the
assumed one can be estimated as follows:

. _|r-r1
true , x

(53)

This ratio is partly smaller than unity, and partly it is space-dependent.

In summary, the heterogeneous structure of the moderator temperature noise sources
plays a much more significant role in the MTC underestimation by noise analysis than the
resulting deviation from point-kinetics of the reactor response. Nevertheless, this last effect
has to be checked more carefully since it is known that one-dimensional systems present a less
noticeable deviation than two- or three-dimensional systems. In any case, for a correlation
length close to a realistic value (approximately the size of a PWR assembly), all the
characteristics of the traditional MTC noise estimate, namely the underestimation of the real
MTC value by a factor between two and five and the independence of burnup, were
reproduced in this investigation. These facts confirm the validity of the model and therefore
suggest that the use of the H\ estimator could provide a much better result.



3. Theoretical investigation of the MTC noise estimate in 1-D homogeneous systems 30

5.5

5.4
S .

|5.3

* 5.2
(

5.1

1.18

X10'

- * - 0-D approx.
-©- 1-D approx.

-S

02 0.4 0.6 0.8

x/a(t)

X107 fc15cm

0.2 0.4 0.6 0.8 1

1.16

~ - <

' 1.12

i—e—« - * - 0-D approx.
-©- 1-D approx.

1.32

1.3

? (

|i.28

' 1.26

I

1.24.

1.22

0 02 0.4 0.6

x10 e M.Scm

0.8

-3.S

£ .

| - 4 . 5

i -5

i
-5.5 0.2 0.4

>—e—<3 — e - ^
j -« - 0-D approx.

1 - S - 1-D approx.
. . .

0.2 04 0.6 0.8

0.8 1

Fig. 11. APSD of the neutron noise for (7 ( x ) , at 1 Hz and EOC (left column), and the relative error of
the point-kinetic approximation (right column)

1=15D cm, temperature at the measurement point used

£ 0.8'

I
I 0.6

I 0.4

02

0.25

0 0.2 0.4 0.6 0.8 1

IdScm, temperature at the measurement point used

1.004

t=150 cm, average temperature used

0.2 0.4 0.6 0.8

h i s cm, average temperature used

0.98

0.96

O.94

I 0.98

i
| 0.96

&

0.94

0.2 0.4 0.6 0.8
x/a(1)

k i .5 cm, average temperature used

0.2 0.4 0.6 0.8

Fig. 12. MTC comparisons for Gp(x)rat 1 Hitand EOC: RMo'bf thtstrja^^r noise estimated MTC
to the true MTC (left column) and ratio of the noise fictitious estimator H\ to the true MTC (right

column)



4. Improvement of the noise analysis technique 31

4. Improvement of the noise analysis technique

Even if the results of the previous model reproduce rather closely what was
experimentally noticed and are therefore encouraging, the main problem of the noise analysis
technique remains, namely the need of a calibration factor. As a matter of fact, if the
correlation length of the temperature noise could be mapped once through the core, it would be
relatively easy to correct the results given by the H^ estimator so that the actual MTC
value could be obtained. This approach is totally equivalent to calibrating the MTC to a known
value. Nevertheless, the previous study also revealed that using the average temperature noise
rather than the local temperature noise could provide an MTC noise estimation very close to
the reference value, and consequently the need of calibrating the MTC noise estimation to a
known value of the MTC does not exist any longer.

4.1 Definition of a new MTC noise estimator

As pointed out previously, the Hx
mse MTC noise estimator does not reproduce the

expected MTC value since measuring the neutron and temperature noise in one channel and
expecting to obtain the correct MTC is the same as assuming that the temperature noise is
homogeneous through the core and the reactor response point-kinetic. The previous theoretical
investigation supports the fact that this later assumption contributes only to a negligible
deviation of the MTC noise estimate from its reference value. On the opposite, the structure of
the temperature noise is responsible for most of the discrepancy between the MTC noise
estimation and its actual value.

If the temperature noise could be measured simultaneously at many different places
throughout the core, the average temperature noise could be calculated according to Eq. (4), in
which the average is estimated by using the square of the static flux as a weighting function.
This supposes also that the spatial distribution of the flux could be known. Core calculations
carried out with codes like SIMULATE-3 [29] for instance could provide a very good indication
of this distribution. Further, depending on the location of the "temperature detectors" (inter- or
intra-assembly), flux reconstruction models such as the QPANDA model [39] in SIMULATE-
3 would allow obtaining a fairly good estimation of the static flux at the actual location of the
detectors.

~ biased

From this average temperature noise, the H \ MTC noise estimator could be used and
should provide a rather good estimation of the MTC. This estimator would still be biased by the
deviation of the reactor response from point-kinetics. Nevertheless, this effect was found to be
negligible in one-dimensional systems, even if it could be larger in three-dimensional systems.
Therefore the appropriateness of using in-core neutron detectors instead of excore neutron
detectors is once again questioned, since it is known that excore neutron detectors more closely
follow the point-kinetic component of the neutron noise than in-core neutron detectors do. The
other main advantage of using excore detectors is the fact that they are permanently in use,
whereas incore neutron detectors, which are U-235 fission chambers in most of the PWRs,
cannot be used for more than twenty minutes in order to prevent them from burning, i.e. their
sensitivity deteriorates significantly with time due to the U-235 burnup. This means that excore
neutron noise signals have much better statistical properties than incore signals due to their
relatively longer measurements, so that the accuracy of the noise estimation is expected to be
greatly improved.
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4-2 Use of Gamma-Thermometers (GTs) as moderator temperature noise indicators

Recent studies of measurements performed at Ringhals-2 with the use of Gamma-
Thermometers (GTs) revealed that such detectors work as thermocouples or temperature
detectors in the frequency range 0,1 to lHz, i.e. in the frequency range of interest for the MTC
investigation [31]. More specifically, the Ringhals-2 PWR unit is instrumented with 108
permanent gamma-thermometers (twelve strings of nine GTs in each string and located at
different levels covering almost the whole fuel active length). Using the GT signals allows
calculating a rather good estimation of the average temperature noise by using Eq. [4], and
consequently the new MTC noise estimator, i.e. Hi could be used.

Ringhals-2 is equipped with the so-called Halden type GTs. In this design, an inner pin is
heated by energy deposited mainly by gammas (elastic and inelastic collisions) and to a lesser
extent by neutrons ((n, y) , {n, a), (n, p) reactions, elastic and inelastic collisions). One of the
tips of the pin is insulated, so that the heating creates a temperature gradient along the pin. A
differential thermocouple is used to measure the temperature drop along the pin, with the hot
junction located at the insulated tip of the pin and the cold junction directly in contact with the
coolant outside the GT housing. The Halden type GTs are depicted in Fig. 13. The insulation is
realised by filling the gas chamber, i.e. the chamber between the inner body and the housing,
with xenon. The pin itself is made of stainless steel. The main advantage of GTs for noise
analysis is the fact that they have an almost zero burnup rate and a very long life time with a
rather constant sensitivity. This means that long noise measurements are possible and therefore
the statistical properties of the signals can be accurately estimated.

k
jj Cold junction

OP 3.9 mm .

DiH. T/C

—Inner Body

chromel alumel

-GT Housing

r
-Hot junction

—Xenon Fill Gas
30 bar

cold 1
:t •chr/al

hot

alumel alumel

Fig. 13. Sketch of the Halden type GTs (from [40]) on the left, and the corresponding schematic
description of the differential thermocouple on the right



4. Improvement of the noise analysis technique 3 3

The voltage delivered by the differential thermocouple is directly proportional to the
temperature drop along the pin, which in turn is proportional to the heating Q, according to the
following formula (the heat loss across the gas chamber and radial conduction across the inner
body is neglected):

2

VIM*** = o x (rhot - 7C0ld) = a x | (54)

where:

• a is the thermocouple constant;

• L is the separation distance between the hot and cold junctions;
• X is the thermal conductivity of the inner body;

• Q is the heat flux in the thermometer.

Since the cold and hot junctions have different thermal characteristics and due to their
location measure different phenomena, the noise induced by both junctions have different
properties. First, the cold junction is located above the GT body and is direct contact with the
coolant. Thus it responds very quickly to coolant temperature oscillations (with a thermal time
constant typically around 0,1s). This means that the cold junction acts as a low-pass filter of
the coolant temperature noise with a cut-off frequency of a few hertz. Second, the hot junction
is thermally insulated within the inner body and has therefore a significantly more sluggish
response (with a thermal time constant typically around 100s). Consequently, the hot junction
acts as a low-pass filter of the gamma/neutron flux with a cut-off frequency of a few hundredth
of hertz. Finally, due to the fission products build-up, the gamma flux response itself presents a
relatively significant (about 25% of the GT signal) delayed component compared to the
neutron noise with a long time constant. Thus the transfer function from neutron and
moderator temperature noise to the GT signal could look as follows in the frequency domain:

T T
cold' L h

>< ( ̂ prompt + P ^ ) X S4,B«D) - — - ± ^ X
V prompt \ ) ^ l

In the frequency range of interest for the MTC investigation by noise analysis (typically from
0,1 to lHz), this means that only the signal corresponding to the coolant temperature fluctua-
tion, i.e. the second term on the right-hand side, can be measured since the part corresponding
to the gamma or neutron flux, i.e. the first term on the right-hand side, is completely filtered out
due to the very large time constant %th hot of the cold junction.

Analysis of recent measurements performed in Ringhals-2 during fuel cycle 24 with GTs
confirmed that the signals delivered by the GTs in the frequency range 0,1 to lHz are typical of
thermocouples. Flow velocity estimations were even carried out successfully and
benchmarked against core calculations. Therefore, due to the relatively high number of GTs
installed in Ringhals-2 throughout the core, they could be used in noise analysis to estimate the
average temperature noise. A better MTC noise estimation can thus be expected by using the
H\ ° estimator. Further measurements with all strings and both in-core and ex-core
detectors are planned in the near future.
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4.3 Development of a 3-D noise simulator

As mentioned previously, the previous theoretical study of the MTC estimation by noise
analysis was carried out for one-dimensional homogeneous systems, in which the radial
coordinate was described. It was emphasized that even if the effect of the radial distribution of
the temperature noise is much more significant than the one corresponding to the axial
coordinate, this assumption only holds for inlet temperature noise sources, i.e. if the coolant
temperature noise is generated outside the core and is travelling unperturbed through the core
by the coolant flow. Such a hypothesis does not seem to be unrealistic for the following reason.
It was noticed that the MTC noise estimation using the H-^ase estimator underestimates the
actual MTC with a constant calibration factor during the cycle and from cycle to cycle. This
suggests that the noise sources are probably independent of the core loading, and consequently
are generated outside the core. Nevertheless, such an assumption needs to be confirmed, and
therefore taking the axial coordinate and including the possibility of axially distributed noise
sources is a necessary step in the MTC investigations.

Since the computation of the Green's function required to calculate the reference solution
in two-dimensional systems is rather cumbersome compared to one-dimensional systems,
impossible for three-dimensional systems, and can be performed only for homogeneous
reactors, a numerical model allowing the calculation of the neutron noise for a real reactor, i.e.
a highly heterogeneous three-dimensional system, would be of great interest for the MTC
problem.

The noise simulator would rely on the two-group diffusion theory as follows, where all
the notations have their usual meaning:

sdw^'-0 <56)

rvZ / f l(r, /) -I

%0
Keff,0

^ ~ 7 ^ " S 7 ( r ' 0 = D2^ ')V2(|>2(r, 0 - *a, l(r, 0<t>2(
r> 0 + ̂ rem^ 04>lfo 0 (57)

d~{r,t) = Pe//oWr />l(r>°4>i(M) + V /•^'^fool-V'OCfoO (58)
dt L Keff.O V/.O J

whereas a lumped model would describe the thermal-hydraulics, i.e. the fluctuations of the fuel
and moderator temperatures:

dTf
mf0(r)cfJi(r)^(r,t) = P(r,t)-h(r,t)S0(r)[Tf(r,t)-Tm(r,t)] (59)

Tm dTm -.
^(r, 0 + v^r, t)-^{rTt)j= ̂ r ^ W ^ ^ ) - ^ # (60)
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P(r, t) = r, t) ? 2 ((r, t)$2{r, t)] (61)

A matrix formulation of the flux, moderator and fuel temperature noise (second-order terms
neglected) would lead to the three equations:

(DA^(r, CO)V2

= D8D(r, co)
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(64)

, co)8/z(r, co)

The main feature of this noise simulator would be its ability to handle any realistic core
through the use of the Studsvik Scandpower CASMO-4/TABLES-3/SEVIULATE-3 codes
package (see Refs [41], [42], and [29]), since all the coefficients in the previous equations
represent static parameters that can be easily estimated by core calculations. Finally, and most
importantly, the variation of the parameters in the diffusion equation, i.e. Eq. (62) would be
defined directly in terms of variation of the fuel and moderator temperatures. In contrast to
previous noise simulators developed by other research groups, this parameterisation would not
be carried out by high-order polynomials fitting with all the relevant parameters, such as the
core burnup, boron concentration, and so forth, as variables of the polynomials. The
parameterisation would be performed instead directly by performing bundle calculations via
CASMO-4 for a wide range of operating conditions, so that when needed the precalculated
data would be directly picked up or interpolated. The aim of this functionalisation is to replace
Eq. (62) by the following one:

r, co)V2 , co))
i (r, co)

8()>2(r, co)

£)STf(r, 00)87^(1% co) + bhTm{r, co)8rm(r, co)

(65)

so that Eqs. (65), (63), and (64) are fully coupled and could be solved directly within the same
code. All the calculations would be performed in the frequency domain and different noise
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sources, such as coolant flow velocity noise, heat coefficient noise, and directly moderator and
fuel temperature noise, could be considered simultaneously and their spatial distribution
throughout the core could be defined by the user. Such a methodology is summarized in the
following Fig. 14.
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Fig. 14. Calculational flow chart of the noise simulator
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Such a work has already been initiated and is reported in detail in [43]. In this study, only
the neutronic calculations were benchmarked against analytical solutions for a homogeneous
two-dimensional system and a given central noise source. Even if the agreement between the
analytical and the numerical solutions is very good, the numerical scheme used in the
simulator is based on finite differences and such a scheme is expected to give poor results in
later investigations. Namely, it is well known that finite differences reproduce closely the
exact solution only when the system is homogeneous. For heterogeneous systems, the number
of nodes required should be greatly increased. One of the underlying advantage in using
CASMO-4/SMULATE-3 as codes providing realistic data is to keep the size of nodes used in
the SEV1ULATE-3 nodal calculations, or possibly dividing them into four sub-nodes. For a
higher number of nodes, the calculational time would become too large and another surfacing
problem could be simply the determination of the static data, since the size of the nodes would
no longer match the size of the nodes used in the SIMULATE-3 calculations and in the editing
of the results. Therefore, it is planned to use a more efficient scheme for calculating the
neutron noise (the finite difference scheme works satisfactorily for treating the axial
dependence of the moderator and fuel temperature noise). The finite elements method could be
for instance considered.
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5. Conclusions

In this thesis, the MTC measuring techniques have been reviewed. Two main methods can
be distinguished depending on the necessity of disturbing or not disturbing the reactor when
performing the MTC measurement. For the former, the most commonly used method
worldwide is the boron dilution method, whereas for the later noise analysis offers such a
possibility.

For the boron dilution method, it was shown that many calculated parameters are required
to estimate the MTC. But because these calculations represent a rather difficult task, it was
pointed out that some of the reactivity corrections could have a much larger uncertainty than
previously expected, and the confidence interval of the measured MTC wider. Furthermore, this
technique also initiates a plant transient than the operators need to monitor for at least 24h. In
this respect, noise analysis does not require any perturbation of the reactor status and is
consequently very well suited to an on-line monitoring of the MTC. In this technique, the MTC
is inferred from the neutron and temperature noise, measured traditionally via an in-core
neutron detector and a core-exit thermocouple located in the same fuel channel or in
neighbouring fuel channels.

It was demonstrated that a correct MTC estimation by noise analysis can only be obtained
if the temperature noise is homogeneous throughout the core and the reactor response point-
kinetic. If not, an MTC noise estimator using the average temperature noise should be used.
Theoretical investigations showed that even if the reactor does not behave in a point-kinetic
way, this effect has only little impact on the MTC estimation. Nevertheless, this assumption
only applies to one-dimensional systems and needs to be verified for two- and three-
dimensional systems since it is known that such systems deviate more significantly from point-
kinetics than one-dimensional systems. In any case, non-homogeneous moderator temperature
noise sources allow explaining the systematic strong underestimation of the MTC noise
estimate when the traditional noise MTC estimator, i.e. Hx

mse is used. Furthermore, for a
realistic set of data (material constants and radial correlation length of the coolant temperature
fluctuations), the theoretical model reproduced all the characteristics highlighted by
experimental investigations, namely the underestimation of the actual MTC by a factor of about
two to five and the burnup independence of this calibration factor.

The validity of the model seems therefore to be proven, and consequently the use of the
new MTC noise estimator, i.e. H\ could be considered in the future so that an MTC
estimation much closer to the actual MTC value could be obtained. For that purpose, the average
temperature noise has to be measured. Although PWRs are not very well instrumented with
respect to temperature detectors, in certain reactors gamma-thermometers have already been
installed. They couklprovide the temperature noise in the frequency range of interest for the
MTC. A measurement campaign is planned for the Ringhals-2 PWR unit, which is already
instrumented with 12 strings of 9 gamma-thermometers located throughout the core. The
suitability of the new MTC estimator will be therefore tested. Finally, theoretical investigations
are in progress in order to extend these results to three-dimensional heterogeneous systems, i.e.
systems as close as possible to real reactors.
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ACF

APSD

BOC

CCF

CEA

CPSD

EOC

HFP

HZP

MTC

MOC

PWR

SKC

SKI

Auto Correlation Function

Auto-Power Spectral Density

Beginning Of Cycle

Cross-Correlation Function

"Commissariat a l'Energie Atomique"

Cross-Power Spectral Density

End Of Cycle

Hot Full Power

Hot Zero Power

Moderator Temperature Coefficient

Middle Of Cycle

Pressurised Water Reactor

Swedish Centre of Nuclear Technology

Swedish Nuclear Power Inspectorate


