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Abstract. In the last years, the number of quantitative camspns between the experimental data and the
calculated data in the area of nuclear technolggynéreasing. The most widely used method for ttu@cy
assessment of thermal-hydraulic code calculatioss tive fast Fourier transform based method (FFTHREent
applications of the original FFTBM showed the needftirther improvements. The purpose of the presamty
was therefore to extend the FFTBM. The most impaorigprovement was the introduction of an index tioe
indication of the time shift between the compargmals. Also was proposed to properly prepare ithe tlomain
signals before the fast Fourier transform is penfed. Namely, little can be done in this respedhim frequency
domain. For oscillations due to measuring reasnos¢), the moving average was proposed, for phenarof the
logarithmic nature the calculation of the logaritbithe time signals was proposed, etc. To valida¢eextended
FFTBM, the results of the Organisation for Econon@o-operation and Development (OECD) and the
International Atomic Energy Agency (IAEA) internaial studies were used. The results show thatxttenaed
FFTBM correctly indicates the time shift and thadddresses the accuracy in a consistent way.
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RazsSiritev metode na podlagi hitre Fourierjeve trarsformacije za
kvantitativno ocenitev ra¢unalniskih izra¢unov

I?Oalzletelg\f zadnjih l?tih_l nakpoci!it@li_ je%rske_ teh_nologijed accuracy quantification of code calculations [2], #nd
¢edalje bolj nara® Stevilo kvantitativnih primerjav med ; At )
eksperimentalnimi podatki in rezultati iztmov. Najbolj it became a standard tool for nodalization quailin?:n.
uporabliena_je bila metoda na podlagi hitre Fojeier [4]. FFTBM shows the measurement-prediction
transformacije (FFTBM), ki je namenjena za duloje discrepancies - accuracy quantification - in the
natarénosti termohidraviinih izretunov. Dosedanje uporabe frequency domain. It is incorporated in a modifiedy

FFTBM so pokazale potrebo po nadaljnjih izboljSawzdto je .
bil namen Studije razsiriti metodo FFTBM. Najpomeraga SO in the automated code assessment program (ACAP

izboljsava je uvedba kazalca z&asovni premik med [5], developed to provide quantitative comparisons
primerjanima  signaloma. Hkrati smo predlagali, de sbetween nuclear reactor systems code results and

kvantitativna ocenitev izboljSa z ustrezno priprasasovnih experimental measurements. ACAP is intended for
signalov, preden uporabimo hitro Fourierjevo transiacijo, :

ker se v frekvetnem prostoru ne da veliko narediti. zaSingle variable comparison only, while with FFTBNet
izlogitev oscilacij zaradi meritev (Sum) smo predlaghige total code accuracy can also be assessed. Significa

povpréje, za pojave, katerih narava je logaritemska, smpnprovements of FFTBM have been done in the last

predlagali logaritmiranjéasovnih signalov ipd. Za potrjevanje : ; ;
FFTBM so bili uporabljeni rezultati mednarodnih Siud years. FFTBM with new accuracy measures is destribe

okviru Organizacije za gospodarsko sodelovanje aavej N detail in [6] and was applied to the main coolan
(OECD) in Mednarodne agencije za atomsko energ§gAf). pump trip transient in the Mochovce nuclear power
Rezultati kaZejo, da FFTBM pravilno zaz¢gsovni premik in plant [7]. Later, FFTBM with the capability to calate
da konsistentno iztana nata#nost. .
time dependent code accuracy was developed and was
Klju éne besede: FFTBM, indikacija ¢asovnega premika, used for quantifying code calculations of the labgeak
natargnost, kvantitativna ocenitev, termohidravlika loss-of-coolant accident in the RD-14M facility [8]
Recently, it was observed that FFTBM favours cartai
trends when an edge (difference) is present irsiteal
1 Introduction between the first and the last data point of the
investigated time signal. Namely, the discrete Feour
The fast Fourier transform based method (FFTBM) Wagansform used for the code accuracy calculati@mwsi
proposed in 1990 [1]. Since then it has been used fthe time domain signal as an infinite periodic sign
The problem of the edge effect was resolved iniquen
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Recent applications of FFTBM have shown the neduhsed on amplitudes of the discrete experimental
for a few_ fl_thher extension 01_‘ the m_ethod. For e_pil_m’n E ()| and error signa'ZF(f )| obtained by FFT at
in the original FFTBM, the time shift is determinau N "
the qualitative analysis. To eliminate subjectiyity frequenciesf,, wheren=0,1,..,2' (N=2") and m is the
quantitative tool for time shift indication was ddoped. €xponent (m=(8, 9, 10, 11)). These spectra of
The time shift of the results is very importantsmfety amplitudes are used for the calculation of the ayer
analyses, as the transient progression mostly despem amplitude AA) that characterizes the code accuracy:
the primary pressure. Many safety systems actuate o

set pressure setpoints. The discrepancies in gwspre 2n
can therefore cause time shifting of other varigbéeg. Z‘A F(f,)
the calculated fuel cladding temperature, while theap=10 2

calculated trend may be good. Other improvements 2

towards making a more objective judgement based on Z
the results of FFTBM are also presented. The fgst o

elimination of the noise (if present) from the sijiry AAis the relative magnitude of the discrepancy cgmin

:22 Eggﬂgﬁfrﬁg&rgngft?ﬁeszﬁzﬂirfeﬁgzs%e;ggo?ﬁéom the comparison between the calculation and the
time shift is indicated, shifting must be madehn time corresponding experimental variable time historyey

! i . : o the calculated and the experimental data are ethe,
domain. Similarly, selecting the units (e.g. K @) may the error function is zero (average amplitude isoal
affect the results because of the zero-frequen

c .
component (the mean value of the time-domain sjgnal éﬁual to zero), characterizing perfect agreement.

In Section 2, the FFTBM method is described first, The _overall pict_ure of the accuracy for a given_]le:o
In Section 3 ,the results of the extended FFTBI\?‘E‘lCUlaltlon is obtained by defining the total wegh

S .~ average amplitude (total accuracy):
validation are presented for selected exampleslligin 9 P ( y)
in Section 4, some conclusions are drawn.

Foxe(fn)

AAy =Y (AA) dw), 3)
2 Extended FFTBM method description =

The methodology of the code-accuracy assessmefith

consists of three steps: a) selection of the tasec

(experimental or plant measured data to comparg), B.

qualitative analysis, and c) quantitative analydibe Y w ) =1, 4)
gualitative analysis is a prerequisite to perforne t =t

guantitative analysis. The qualitative analysis|uding i ,
visual observation of plots, is done by evaluatingl WhereN. is the number of the variables analysed, and

ranking the discrepancies between the measured dff)i and () are the average amplitude and the
calculated variable trends. The quantitative analjs Weighting factors for the i-th analyzed variable,
meaningless unless all the important phenomena dfSPectively. Detailed information on weighting tfars
predicted. can be found in ref6]. The acceptability factor for the

For brevity reasons, only the basic quantitativgalc_:ulation is 0.4, while for pressure, the critarifor
accuracy measures with no derivations will be deedr AAIS to be below 0.1.

together with proposed extensions. For more dethis

reader can refer to ref][[6], [9]. 2.2 Index for time shift indication
_ It should be noted that th®A figure of merit (Eq.(2))
2.1  Basic accuracy measures was not obtained by comparing the experimental and

The accuracy measures are defined in the frequengiculated magnitude spectra, but by calculating th
domain and the discrete Fourier transform of timgagnitude spectrum of the difference signal.
record data is computed with the fast Fourier fiems Nevertheless, due to the Fourier transform propettie
(FFT). To calculate discrepancies, the experimentdlagnitude spectrum of the difference signal cao hés
signal Fexdt)) and error function are needed. The erropbtained by adding the experimental and calculated

function in the time domairF (t) is defined: signal magnitude spectra (actually subtrac}ion)ayth
must be converted into a rectangular notation, @dde

and then reconverted back to a polar form. When the
spectra are in a polar form, they cannot be added b
simply adding the magnitudes and phases. The error
whereF,(t) is the calculated signal. The code accuracy

quantification for an individual calculated variabis

AF (t) = Fcal(t) - Fexp(t) ’ (1)
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function amplitude spectru ~F(fn) can be expressed 2N -
. rh Z Fexp(fn) - Fcal(fn)
a.f. _ _ AAM — n=0 pT , (6)
AR ) =|Foo(f ) —F (f, ) = -
‘ ( n) exp( n) cal( n) z Fexp(fn)
~ ~ 2 ~ ~ 2 n=0
= ReFoulf) - Fua )] +(M(Eytf,) - Foar,)f =
= \/Mf +M2-2M M, (cosp,cosp, +sing,sing, ), where:
5 ~ ~
O 1)~ )] =
where Eexp =M, cosp, +iM,sing, and vz

—~ 2 ~ 2
- P ([RetFelt, D) +(m(Ft ) ) -
F.. =M, cosg, +iM, sing, (rectangular form). = NE ©)
1/2
This example shows that to calculate the diffeeenc —((Re(ﬁ K )))2 +(Im(|5 ( )))2)

magnitude spectrum we need both the magnitude an e e

the phase of the experimental and calculated spectr_;,, \, |_ [(x1 _n 12

Information about the shape of the time domainaign _|M1 M2| - (Ml M2) :

contained in the magnitude and in the phase. lerothWhen ¢, =¢,, the Eq. (5) is equal to Eq7)( This

words, comparing the shapes of the time domaire$gn e4ns that expressiomA™ is a measure containing

s do_ne through calculating the _difference signaho mation from magnitudeM only. It is known that
magnitude spectrum. At the time of the developneént |\, o signals are only time shifted, the magteitu
the original FFTBM [1] it was mentioned that a pbks

Mo
improvement of the method could involve “theSPECtra ar(T the Sf‘”?e and t?ﬁ lvalrl]Je '@A” ISI
development of the procedure taking into accoust tﬁpnselquir_]tr)]/ Zero. thl'?t vdery un|:j iy that ahc -
information represented by the phase spectrum ef t Ignal, which 1S .no(; shitte r,]wou 1ave als apeng
Fast Fourier Transform in the evaluation of accytac the same magnitu es as the expenmgntg signaheas
As we can see from Eq. (5), the difference Sign:ﬂredmtlons are required to be qualitatively catrrec
magnitude inherently includes the magnitude and thEherefore, AA" can be used to establish the value by
phase of the experimental and calculated signaé Thvhich AAY = AA is increased due to the time shift
finding that both the magnitude and the phase ef thyontripution. In AAY | the information from both, the

experimental and calculated frequency spectra aggape of the time domain signal and the time sk,
contained inAA by making the Fourier transform of the : o M . . .
provided, while in AA™, only the time invariant

difference signals is very important as this gitee V\}nformation of the time domain signal is providedat

ossibility to compare the shapes of the signale :
ggree wi};h the alE)thors of [10]p that it is di?ficuﬂm can be regarded to a certain degree as the shape of
gme domain signal. Therefore, the difference

imagine which information is contained in the phas ; M N i )
spectrum of the difference signal, since the expental AA” = AA™ - AA™ gives the information about the
and calculated phase cannot be simply addetime Shlft contribution. This difference is further
Therefore, to the authors opinion the differenggnai  Normalized to:

phase information is not applicable for the conguari

of two signals. In the followingAA will be referred to | _ AAY — AAY AN ®)

as AA" | since it contains magnitudd and phaseg AAV AAM

information.

In the FFTBM package there is an option of tim&here the indicatorl tells how the compared time
shifting of the data trends to analyze separathly t Signals are shifted, and is therefore called tie tshift
effects of delayed or anticipated code prediction@d'cator- The larger the value of the time shifficator
concerning some particular phenomena or systerhsthe larger is the contribution of the time skaftAA™?
interventions. It is a Fourier transform properytta of the difference signal. A large value of(l > 1)
shift in the time domain corresponds to a changenén indicates that the compared signals are maybeeshit
phase. This property was used to identify the dggnatime. Whenl > 2, we can be quite confident into time
which differ in the time shift. Namely, the magmias shift.
of such signals are the same and only their phases
different. Therefore, the following expression, not 3  Calculation of AAM
taking into account the phase, is proposed:

As for the AAY calculation, the sum is made from the
difference of the magnitudes, there was a need to
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increase the number of samples in the frequencyadom 3 Results

(to make the frequency spectrum more continuous) to o

correctly calculate the magnitude differences. Tdaa N validation of the extended FFTBM, results of the
be done by padding the time signal with zeros mefointernational studies under Organisation for Ecoicom
taking the discrete Fourier transform [10]. In thé=0-operation —and  Development (OECD) or
FFTBM program §], the zeros can be padded to makdternational Atomic Energy Agency (IAEA) were
the signal length 16-times the original time signa¥sed.

length. It was verified that when the ratio of Szmples The first two examples are taken from the LOFT

between the padded and the non-padded signal is 4.5 test calculations, performed in the frame &CD
higher, the amplitude spectrum is properly describe BEMUSE (Best-Estimate Methods Uncertainty and

In order not to distort the amplitude spectrune thSensitivity Evaluation) programme. The first exaenfs
last point in the time domain should be zero. le ththe rod surface temperature, the most importargtpaf

opposite, the spectrum of the step function woutd HParameter. In Figyre 1, the UPI calculation, folichha
added to the spectrum of the original signal. le thPossible time shift 1E1.43) was detected among 14

FFTBM program this was solved so that the last alic@lculations, is shown. For all plots of all caltidns
of the signal was subtracted from the original algim  the reader can refer to Figure 24 of the BEMUSEsBha
terms of FFT this only changes the mean value ef tH! final report [11]. This time shift can be easirgrified
signal while the frequency spectrum remains theesanPY Visual observation. Itis around 1 s. When siufthe
After the transformation the mean value was coegct Signal, the accuracy measuké changes from 0.324 to
with the subtracted valuedA remains practically the 0-214, indicating a very good agreement. The dumati

same, using the original number of points or th@f @ heatup was correctly predicted, while the rod
increased number of points. started to heatup a little bit too early. From Hadety

point, the maximum temperature and duration of Upgat
. are more important than the exact heatup stariting. t
2.4 Other extensions P P
To be able to make a reliable accuracy assessihént, 1200
important that the compared signals are presented
appropriately already in the time domain, sinds itery <1000
difficult to make any adjustments in the frequency 3
domain. For example, if a time shift is needechiiidd 5
. . . (]
be done in the time domain. In the case of numeroug
£
(3]
|_

oscillations,AA is very high as normally the oscillations
of the experimental and the calculated signalshaten
phase. If the oscillations are due to measuringaes
(noise), they may be filtered. In the original FRIB 400
there is a parameter, called cut frequency, whitérs 0 20 40 60 80 100 120

the spurious contribution of higher frequency Time (s)

components from the accuracy measure in the freyuenrigure 1. Rod surface temperature for the LOFT L2,

domain. However, the selection of the cut frequency

may be subjective. Our goal is to make the qudivita The second example is break flow. Figure 2 shows th
assessment independent of the cut frequency, d.e. Break flow rate in the cold leg for the first 20tscan be
consider the whole spectrum. Therefore, it waseen that the measured flow is delayed compared to
proposed to use the moving average of the time @omaalculations.

signal, which is equivalent to low pass filterinbhe
advantage is that the user can see the result of

800

smoothing the signal, i.e. eliminating noise frohe t —EXP
signal. When we are interested in the accuracy ofg600 Q- "~~"""""""""""""""77 =GID
temperatures, it makes sense always to treat all thZ GRS
signals by the same unit, as using different teatpee ~ £400 -\ - +EéE|RI -

units (K, °C) produces different results. Whenature =
of a phenomenon is logarithmic (logarithmic plots), 2 590 |
makes sense to calculate the logarithm of the time
signals before making the difference signal. In et
section it is shown on some examples from thedlitee

. ) o 10
how these extensions in general lead to a morectge Time (s)

judgement with FFTBM. Figure 2. Break flow rate for the LOFT L2-5-test.

15 20
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As can be seen from Table 1, for the above shown fo  Without considering the time shift, the calculafed
calculations (GID, GRS, KAERI and KFKI) a possiblewas very poor AA=1.095). When considering the time
time shift was indicated. Further investigation wled shift of 281 s, the calculatedlA was 0.442, indicating a
that it was claimed that in the experiment the breagood calculation.

opened in 0 s (Table 9 of ref. [11]), while frometh The fourth example is taken from the IAEA study on
measured data it can be concluded that the breztketp heavy water reactors [8]. In the frame of quanitieat

at 0.3 s. It seems that the participants were war@of code assessment, there was a discussion on primary
this fact, but this time shift has a significanflience pressure. Figure 4 shows a comparison between the
on the quantitative results. The indicator for tigléft experiment and the best calculated pressure. The
indications may help to discover such inconsistesici calculation seems good; however the quantitative
For the time shift indication all frequencies werged analysis did not confirm this. Namely, the pressure
while in the case of the BEMUSE study only haltloé criterion 0.1 forAA was not satisfied¥A=0.117).
frequencies were considered. This is equivalesbtoe
sort of moving average, leading to loweA values (last

column in Table 1).

Table 1. CalculatedA for time window (0 — 100 s) ;_“?

ID AA [ AA =3

CEA 0.407 0.5 0.302 <

GID 0.664 3.8 0.457 é

GRS 1.160 2.0 1.065 o

IRSN 0.573 0.6 0.498

JNES 0.770 0.4 0.716

KAERI 0661 | 2.9 0.444 0 100 Tirfgo(s) 300 400

KFKI 0.627 21 0.443 Figure 4. Header 7 pressure for the RD-14M test.

KINS 0.353 0.4 0.238

NRI-K 0.351 0.3 0.236 Figure 4 also shows that the experimental pressure
NRI-M 0.446 0.3 0.347 signal has several small amplitude oscillationss@)o
PSI 0.487 0.4 0.394 In the past, such problems were not encounterdtieas
TAEK 0.420 0.2 0.316 original FFTBM [1] was limited to 1000 data poirasd
UPC 0.748 05 0.648 reducing the data has a similar effect as smoottiieg
UpI 0478 03 0382 data. When moving average was used for the

- 4 as i BEMUSE stud Tablefld experimental signal (curve EXP-ma), the pressure
[ﬁt]]) requency used as in study (see Tablefl4 ijterion 0.1 for AA was satisfied AA=0.079). The

advantage of using the moving average is that all

The third example is taken from the Phebus FP.lfiequencies are used and the user does not need to

test, selected for the OECD international standar‘?‘j\/""luate the higher frequency component contribytio

problem no. 46 (ISP-46). Figure 3 shows th h_at can be more demanding and time consuming than
experimental and calculated hydrogen mass flow rafg'ng the moving average. Also, the user can et t

- ; : . smoothed signal and compare it to the original aigm
}’:’252 (\;\;atiéﬂ%%e-iesazx%ne?i;L;rlesﬁjzs; [clazl]c ulatiorthen order to check that the trend of the smoothed signa

correct.

The last example shows the lodine (I) releashat t
end of the OECD ISP-46, Phebus FPT1 test. In Figure
5, the | deposition is shown as a function of tleec
level. The measured spikes indicate elevationsridkg
which prevented the measurements. When the plets ar
made in a logarithmic scale, it seems reasonable to
compare the logarithms of the signals. In the oppos
case the accuracy would be judged very poor. Bsside
the moving average was used to eliminate the
contribution of spikes and the so calculat®d was
0.40, indicating a good calculation. Namely, for
parameters other than pressure, the criterion for
acceptable prediction iSAA below 0.7. Without

0.12

o
o
@

o
o
=

H, mass flow rate (g/s)
o o
o o
N (o))

0 5000 10000 15000 20000
Time (s)

Figure 3. H mass flow rate for the Phebus FPT1 test.
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considering the moving average for the experimentd]

signal the obtainedA was 0.80.

10000

1000 A

=

o

o
|

=
o
|

Deposition (mg/m)

Level (m)
Figure 5. Deposition of | for the Phebus FPTL1 test.

4 Conclusions

In the paper, extensions of FFTBM, intended for
guantitative assessment of thermal-hydraulic code
calculations, are presented. A new measure f?iO]

indication of the time shift between the experina¢nt
and the calculated signal is proposed. It
suggested to make all operations in the time donasin
it is very difficult to make adjustments in the dtency

domain (e.g. logarithmic scale, moving average). Fo
the validation of the extended FFTBM, results from
OECD and IAEA international studies have been usefi2
the

They show that considering the extensions,
guantitative assessment is more objective and hbéps
analyst to get an insight into the results whenessv
calculations are performed by different particigant
Finally, the quantitative results are compared vtita
evolutionary conclusions of the expert panel evatga

the calculated results of the considered test dmed t

quality of the codes used. They agree well and thith

is also
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