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Abstract. Knowledge of temperature fluctuations in fast reactor subassembly is very important from a safety
point of view. The time constant of thermocouples which are used for measuring coolant temperature in a
fast reactor varies owing to various factors. Hence, it becomes necessary to investigfecthaf ehange in

the time constant on sensed fluctuations. This paper investigates the dependence of temperature fluctuations
on thermocouple time constants. A Scilab model consisting of source temperature profile, second-order ther-
mocouple and histogram calculation is designed. Simulation is performed for various levels of fluctuations,
fixed and variable thermocouple time constants. Kurtosis for each condition is calculated with the help of a
histogram. It is found that thdfect of true source fluctuations on sensor output is very large compared to that

of a similar percentage of time-constant variations. Hence in systems like fast reactors, where the clegree of
source fluctuations (fluid enthalpy) is large in comparison to that of time-constant variations, the diextill e

can be considered with great confidence to be the outcome of coolant temperature rather than thermocouple
time-constant variations.

1 Introduction recording themDonaldson et al(2008. In order to study
the factors ffecting the fluctuations, a proper analysis is per-
A subassemblhSrinivasan et al(2006 consists of closely formed considering thermocouple parameters, source tem-
packed thin cylindrical tubes of fuel pellets. The coolant perature and fluctuating time constants. The rest of the papér
flows through a subassembly and transfers the heat generatéslorganized as follows. Section 2 briefly describes the prin
due to fission. Thermocouple is placed at the subassemblgiple of thermocouple, the core arrangement, and subassem-
outlet. The temperature reading so obtained fluctuates in nably structure. Recorded data from Fast Breeder Test Reactor
ture. The analysis of such fluctuations is very important from (FBTR) at diferent power levels are discussed in Sect. 3. The
a safety point of view. These fluctuations originate due to tur-simulation setup and methodology are explained in Sect. #
bulent mixing of diferent temperature sodium streams acrossfollowed by analysis and discussion in Sect. 5.
several fuel pins inside each fuel subassenvaliglyanathan
et al. (2009. The streams are atfmrgnt temperatures be- 5  gonsor and setup
cause the fast neutron spectrum varies throughout the core,

with a maximum value at the centre of the core and thenThe details about the sensor and its typical arrangement in|a

gl’adua”y decreasing I’adia"y outwards. Even with arrange-fast reactor Subassemb'y are discussed here.
ments for proper mixing of sodium, there exists a minimal

amount of fluctuation for a particular geometBajapathy

et al.(2007. The fluctuation level increases with overall re-
actor power as temperature also increases. The thermocoupléhermocouples are widely used in numerous industrial applit
time-constant value plays an important role in detecting theseations including nuclear reactors due to their range, rugged
fluctuations, as smaller time constants are mdifieient in ness and accuracy. A second-order model of thermocouple

2.1 Thermocouple
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Figure 2. Subassembly arrangement.

A proper understanding of the whole arrangement is required
for analysing the time constant in the case of a fast reactor
subassembly.

Figure 1. Basic structure of a fast reactor.
2.2 Fast reactor subassembly

can be given as A very basic arrangement of a typical loop type fast reactor
1 is shown in Fig. 1. The main feature of a loop type reactor is
H(s) = Fieil (1) that the coolant pump is located outside the main vessel.

where t is the thermocouple time constant (time taken to A group of cylindrical fuel pins is plac_ed |_nS|de a hexago
; nal tube called subassembly as shown in Fig. 2.
reach 63.2% of the final value). Thermocouple response LT
The temperature profile inside each subassembly as well

time varies with various configurations such as directly ex- T . .

as amongst all subassemblies is not uniform since the neu-
posed (few ms), grounded sheathed 00 ms), ungrounded

tron spectrum of the core peaks at the core centre and de-

sheathed (few 100 ms), and inside thermowell (5-7s). Thecreases radially outwardd/altar and Reynold§1981). The
Time constant depends on the mass of the thermoconple ( o ;

. ; : ; fuel pins in a subassembly are aftffdrent temperatures.
specific heat of thermocouple wire materia), (convective

heat transfer cdgcient () of the local medium and the sur- gft?;zgte;té?am; ?;i)if:ée;rt]Ji?rﬁr:tﬁaitggg:ng ?(;th:f Faor
face areaf) Bentley(1998 and is given as y 9 gp '

proper mixing of coolant streams, each fuel pin is covered
r= ﬂ:, 2) with a spacer wire which also acts as a separator between
hA different fuel pins. However, with all the provisions for bet-
The bandwidth of a thermocouple is given ldang et al.  ter mixing, there exists a minimum amount of fluctuation
(2009 level in temperature profiles. The fluctuation level depends
wg = Kd™2M, A3) on the overall reactor power. The centre-most subassembly
_ o _ is known as the central subassembly(CSA). The CSA con-
where K is an invariant constantm is a constant tipytes maximally to the reactor power. Thermocouples are
(0.3<m<0.7),d is wire diameter and is coolant velocity.  |ocated above each subassembly outlet and submerged in
In terms of wire diameterr is represented afagawa and  cgplant. For CSA, sheathed thermocouples are used for faster

Ohta(1997) response (around 100 ms), whereas they are used with ther-
pcd  pcd? mowell in all other subassemblies (5—-6s) for a longer life
™=n " ANwly’ (4) time of the sensor. Figure 2 shows the top view of hexagonal

subassemblies arranged compactly. Each subassembly con-
sists of a fixed number of cylindrical fuel pins. The actual
structure is however complex with more features, and only
related details are shown here for a simple understanding.

wherep is wire material densityNu is Nusselt's humber,
and 4g is thermal conductivity of fluid around thermocou-
ple. Nuis a function of Reynolds number, Grashoumber
and Prandtl number.

Nu= f(ReGr,Pr) (%)

It is clear from Egs. (2), (4) and (5) thatis dependent

on many parameters involving the construction and geomeExperimental data from the FBTR are used as an aid for de-
try of the sensor as well as the operating conditions. Equaveloping a signal analysis methodology. The various states
tion (3) shows that fective bandwidth fiered by a ther-  of a reactor arshut downreactor startupreactor under op-
mocouple depends on coolant flow, which in tuffeatsr. eration (ROP) fuel handling startumndfuel handling The

3 Reactor data
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Figure 4. CSA temperature profile for increasing power.
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Table 1. Reactor temperature and temperature fluctuations as g

Figure 3. CSA temperature profile at stable power levels function of the reactor power.
() 11 MWTh and(b) 18 MWTh.

u Recalculatedr

CSA temperature profile, along with other important parame- 221.86 0.091
ters, was collected for all discrete power levelRi@Pstate. 231.3 0.093
Figure 3 shows the CSA temperature profile for two stable 249.08 0.095
power levels of 11 MWTh and 18 MWTh (thermal). 365.48 0.097

Figure 4 shows the CSA temperature profile for gradually 378.66 0.102
- . 409.44 0.171
increasing power level. 512 39 0.458

It is clear from these figures that the amount of fluctua-
tion increases with thermal power for nearly constant coolant
flow (328-334Mh1). _ _

The parameters which are used for modelling and simula# Simulation methodology
tion are mean temperature valyg and corresponding stan-
dard deviation &). o represents the degree of fluctuation.
Hence a higher power level would have a high valueg of
ando. Itis to be noted that, thoughincreases with power, it
is non-linearly localized in time since the source of such fluc-
tuations is due to mixing of highly turbulent coolant streams
passing through a subassembly.

The value of g, o) is (409.44, 0.17168T for 11 MWTh
and (512.39, 0.45812F for 18 MWTh. Table 1 represents
unique {1, o) for increasing reactor power. The time series is . )
made stationary by performing first-ordeffdrencing. This able fluctuat|_o nsin th_e_ source (coolant) {iself. .
differenced series is added to the overall mean of actual se- The foI!owmg_condﬂpns were analysed for fixgdo ob-
ries. If a is the original time series of 2400 samples taken serve their relativeféect:

By using the collected reactor data, a simulation model is
proposed as shown in Fig. 5.

The type K thermocouple is modelled for various val-
ues ofr ranging from 0.05 to 0.5s using polynomial coef-
ficients from NIST databas®(ST, 2004. Based on the re-
actor data, the source temperature profile with fixed mean
and standard deviation is obtained using gin@nd function
of ScilabSCILAB (2013. The mean value is fixed at 30C
for a closer approach towards analysis of tiffe&t of vari-

10 samples per seconlolpeing the diferenced series (2399 _ Variousconstantvalues ofo- andt

samples), stationary time seriess calculated by Egs. (6),

(7) and (8). — Variousfluctuatinglevels ofo- andr

C=u+o (6) Response to fluctuating (variable) values @ calculated

by multiplexing even and odd terms of twoffdirentr re-

sponse values. The related Scilab scripts and function codes

2400 can be referenced from codes.

u= (2400712 8 (7 A histogram plot gives frequency versus variable infor-
i=1 mation of the data and is performed for the calculation of

mean and standard deviation from the simulated sensor ou

o = by = diff(a) (8) put. From these two parameters, kurtosis is calculated, which
gives an estimate of probability distribution (frequency dis-

tribution) of the data. So for all the test conditions, data

—
1
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Figure 5. Simulation model.
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profiles are simulated and kurtosis is calculated by using his-

togram.
The mean 4), standard deviatioro(,) and kurtosis £,)
are calculated as follows.

1 n
Mh = ﬁ ; fi Xi (9)
1 n
LR EDIICEING (10)
i=1
L 4
Zl (X — )
[— I=
B2 = Dot (11)
Maximum possible value of kurtosis is given as
_(n-1p*-1
ﬁz,max - —n(n — 1) . (12)

Many works have been reported on the use of kurtosis in

signal processing, such Re&card(1957), Vrabie et al.(2004)
andNopiah et al(2009. The main characteristic of kurtosis
is that it accurately depicts the peak and distribution of the
data.

Any change in the distribution of observation data would
reflect in a diferents, value. The idea is to observe the rel-
ative dfect ong, for +x% fluctuations ino-, keepingr con-
stant and vice versa —i.e. to observe tffe@ ong, for +x %
fluctuations inr, keepingo- constant. In this way, a relative
analysis is possible to quantify the individudfezt brought
on byo andr separately on the sensed signal.

5 Results and discussion

Simulation results are obtained to study theeet of vari-

ous combinations of parameters on the fluctuations. Variou§w

functions written in Scilab are mentioned below.

— musigmakurtosis(argl)

Returns data lengthN), wun, o, B2 and Bomax for a
fixed mean value of source thermal profile (3@),
and standard deviation (fluctuation lewe) given by
argl

— skewkurt(argl,arg2)

Returns data lengthN), un, on, B2 and Bomax for a
source thermal profile given bgrg2 and r given by
argl
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Table 2. B, vs. o, =300°C, r=0.1s.

o B2
0.05 0.087
0.1 0.350
0.15 1.059
0.2 1.819
0.25 2.270
0.3 3.893

Table 3. B, vs.7, u=300°C, o =0.1°C.

T ,32
0.05 0.416
0.1 0.425
0.15 0.434
0.2 0.443
0.25 0451
0.3 0.459

— fl_sigma(argl, arg2)

Returns a fluctuating source thermal profile with limits
betweerarg1 andarg?2, with fixed value ofu (300°C).

— fl_tau(argl, arg2,arg3)

Returns response to a given souacgl with 7 fluctuat-
ing between values given targ2 andarg3.

Table 2 indicates the variation g§ with o-. Similarly, Ta-
ble 3 gives the variation ¢, with 7. It is clear that variations
in source (coolant) temperature have greater impagbon

Figure 6 shows the kurtosis variation forfférent values
for r ando.

For analysing variable- andr (i.e. both source profile as
well as thermocouple time constant tend to fluctuate due to
reactor thermodynamic conditions), various levels of source
and time-constant fluctuations are generated by specifying
the minimum and maximum threshold values.

For example, a source profile with fluctuation levels be-
een 0.1 and 0.2 can be generated in Scilab as

a=fl_sigmd0.1,0.2).

Similarly, thermocouple response to a source profile (either
constant or fluctuating) with time constant varying between
0.1 and 0.2 s can be obtained as

b = fl_tau(source profilgd.1,0.2).

Results for various combinations of source and time-constant
behaviour are shown in Figs. 7 and 8.

The mean value of- andr are fixed at 0.2C and 0.1s
respectively. Fluctuation levels of 5-35 % around these mean
values were simulated infiiérent cases.
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To simulate a more realistic condition, where both source™9ure 9- f2 vs. % variations ir andor.
and time constant tend to vary, bathandr are allowed to
swing between fixed levels in many possible combinations —
for, e.g., 5% fluctuation i with +(5,15,25,35) % fluctua-
tions int and vice versa. The result is shown in Fig. 9. 08
The cases analysed till now are comprises of values vary- 0.7 1
ing around mean values of =0.1°C andr =0.1s. Result 0.6 1
for the values ofr, T constant and analysed with regard to 05 |
fluctuat_ing levels mutually are shown in Fi_g. 10. It ?s (_:Iear e oal £ . — =01 (constant)
from Fig. 10 that the degree of change in kurtosis is far ' Wi = 1=0.1 (constant)

greater for fluctuating- than that of fluctuatings; i.e. fluc- 031
tuations observed in thermocouple readings are largely due 0.2 -
to the fluctuations in the source (coolant) itself and hencea |
good indicator of coolant condition with time. o

Any change in kurtosis value denotes a shift in the signal 0 20 0 60
properties by means of the frequency distribution. In a fast % variations in T (or o)
reactor, where the mean temperature level as well as the as-
sociated fluctuations increases with thermal power, kurtosigigure 10. B2 vs. % variations irr or o-.
acts as an indicator of change in the frequency distribution
of the signal. The observation that kurtosis increases with
explains why the fluctuations at higher power level attain a
sharper and narrow distribution. It means that the core temtemperature fluctuations. Also, it supports the idea of using
perature signal is broadly distributed with lesser peakednes8Bluctuations in spite of its non-stationarity. There are ways
at low thermal power than at higher power. These resultsby which the non-stationarity can be reduced, like first-orde
give suficient confidence in estimating parameters based orifferencing.
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available at: httpy/srdata.nist.ggits9Qdownloadtype_Kk.tab

Variations in thermocouple time constant over time were (last access: 16 July 2013), 2004.

simulated and studied in arrangement witlfetient power  Nopiah, Z. M., Khairir, M. 1., Abdullah, S., Nizwan, C. K. E., and

levels and fluctuations. It is found that thefext of Baharin, M. N.: Peak-valley segmentation algorithm for Kurtosis

time-constant variations on sensor readings is much less analysis and classification of fatigue time series data, Eur. J. Sci.

in comparison to similar variations in source (coolant) Res., 29, 113-125, 20009.

temperature. Hence, parameters calculated on the basis @fcard, H. C.: A note on the maximum value of kurtosis, Ann. Math.

source fluctuations gives very accurate information about Stat., 22, 480-482, 1951.

source thermodynamic condition, even in the presence of th&CILAB: Random number generator(s), SCILAB, available at:

sensor’s time-constant variations. The simulation codes can http;/help.scilab.orglocg5.3.0en_USgrand.html (last access:

be used for analysis from the linkhtfpsy/sites.google.com 16 July 2013), 2013.
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