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ABSTRACT 

The use of methods for code accuracy assessment has strongly increased in the last 
years. The methods suitable to provide quantitative comparison between the thermalhydraulic 
code predictions and experimental measurements were proposed e.g. fast Fourier transform 
based method (FFTBM), stochastic approximation ratio based method (SARBM) and a few 
methods used in the frame of the recently developed automated code assessment program 
(ACAP). Further, in the frame of FFTBM also a procedure to quantify the whole calculation 
was proposed with averaging of the results. The problem is that averaging may hide 
discrepancies highlighted in the qualitative analysis when only quantitative results are 
published. The purpose of the study was therefore to propose additional accuracy measures. 
New proposed measures were tested with IAEA-SPE-4 pre- and post-test predictions. 

The obtained results showed that the proposed measures improve the whole picture of 
the code accuracy. This is important when the reader is not provided with the accompanied 
qualitative analysis. The study shows that proposed accuracy measures efficiently increase the 
confidence in the quantitative results. 

1 INTRODUCTION 

Usually the code accuracy assessment is done through quantitative comparison between 
the thermalhydraulic code predictions and experimental measurements. In the field of 
thermalhydraulics the first proposed method was fast Fourier transform based method 
(FFTBM) [1], [2]. Later, automated code assessment program (ACAP) [3] was developed 
containing FFTBM and a few other accuracy methods (e.g. mean square error, cross-
correlation coefficient and continued wavelet transformation) and stochastic approximation 
ratio based method (SARBM) [4] was proposed. Nevertheless, only the FFTBM provides a 
procedure to quantify the whole calculation and therefore is very widely used. Recently, a 
review of quantitative accuracy assessments with FFTBM was also done [5]. It was found out 
[6] that since FFTBM deals with averaging of the results the averaging might hide 
discrepancies highlighted in the qualitative analysis when only quantitative results are 
published. 

The purpose of the study was therefore to propose additional accuracy measures to 
better characterize the code-experiment comparison. The IAEA-SPE-4 pre- and post-test 
calculations were used to test the proposed accuracy measures. Namely, in the past for IAEA-
SPE-4 experiment detailed accuracy assessment with FFTBM was performed [7]. In the 
original analysis the use of only 12 time trends made the comparison of the accuracy data 
with those derived from the analysis of other transients somewhat less complete. However, 
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the limit (0.1) set for the absolute pressure accuracy allowed such comparison. The validity of 
the predictions was also limited by discrepancies highlighted in the qualitative analysis. 
Several calculations did not predict the core dryout occurrence and should have been excluded 
from further quantitative accuracy evaluations subject to assessment criteria. To overcome 
some limitations of the original analysis, new accuracy measures were proposed and besides 
the FFTBM also the SARBM was used for accuracy quantification. In the paper methods 
used, results and lessons learned are presented. 

2 METHODS USED 

2.1 Accuracy measure based on average amplitude 

The fast Fourier transform based method uses for accuracy measure average amplitude. 
For details on its development and use the reader is referred to [1], [2], [5]. 

The FFTBM shows the measurement-prediction discrepancies in the frequency domain. 
For calculation of these discrepancies the experimental signal (t)Fexp  and error function 

(t)F(t)Ft∆F calc exp)( −=  are needed where Fcalc(t) is calculated signal. 
The code accuracy quantification for a individual calculated parameter is based on 

amplitudes of discrete experimental and error signal obtained by FFT at frequencies fn=n/Td, 
where (n=0,1,...,2m) and Td is the transient time duration of the sampled signal. These spectra 
of amplitudes together with frequencies are used for calculation of average amplitude (AA) 
that characterize code accuracy in predicting single variable:  
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where F∆~  and exp

~F are the amplitude spectra of error function and experimental signal, 
respectively. 

 
2.2 Accuracy measure based on stochastic approximation ratio 

The Stochastic Approximation Ratio (SAR) as a measure of uncertainty of the model Y 
was originally defined by Islamov [8] and was adapted for the use in the nuclear field [4]. For 
only one observed random variable T the observed variable Z is presumed to be somehow 
deterministically related to input variable Z(T). Variable T is considered as an input for the 
model Y, and a model respond Y(T) is considered as an anticipated approximation of the 
variable Z. The Stochastic Approximation Ratio measure of uncertainty of a model Y can be 
written as: 
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where AY-Z, AY and AZ are second order moments: 
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and f(t) is density function. 

In the case of code-experiment comparison the experimental signal is z(t) and calculated 
signal is y(t). The density function f(t) is UNKNOWN. By this the Eqs. 3 to 5 further simplify 
as f(t) is taken constant f(t)=1. The accuracy measure SAR is located in the interval [0, 1]. If 
SAR ≅ 1 it means that the experimental and calculated signal are very close. If SAR <<1 it 
means that the experimental and calculated signal are not close and the inaccuracy is very 
high. Because for the FFTBM lower values of average amplitude mean higher accuracy, new 
accuracy measure, called accuracy factor (AF) was defined: 

 
SARAF −=1  (6) 

 
This accuracy measure is more practical for comparison of the results with the FFTBM 

results and constructing single figure of merit of code accuracy from several statistical 
accuracy measures.  

 
2.3 Total code accuracy 

Following FFTBM [2] the total accuracy for a given code calculation is defined as: 
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where Nvar is the number of the variables analysed, AMi is accuracy measure (AA or AF), and 
(wf)i and VAi are weighting factor and variable accuracy for i-th analysed variable, 
respectively. Normally 20 to 25 variables are sufficient to represent the transient. Each (wf)i 
accounts for experimental accuracy, safety relevance of particular variable and its relevance 
with respect to pressure. The acceptability limits (K) for calculation accuracy are shown in 
Table 1. 

Table 1: Acceptability limits for calculation accuracy 

Quality of calculation FFTBM SARBM 
acceptable AAtot ≤ K = 0.4 AFtot ≤ K = 0.2 
very good AAtot ≤   0.3 AFtot ≤   0.1 

good 0.3 < AAtot ≤   0.5 0.1 < AFtot ≤   0.25 
poor 0.5 < AAtot ≤   0.7 0.25 < AFtot ≤   0.45 

very poor AAtot > 0.7 AFtot > 0.45 
 
2.4 Proposed accuracy measures 

Two new accuracy measures were proposed: the number of discrepancies (ND) and 
minimal variable accuracy VAmin (see Eq. 8). Accuracy is minimal when the value of accuracy 
measure is maximal. The number of discrepancies indicates the number of variables with 
variable accuracy VAi above the acceptability limit K. As can be seen from Table 1 the 
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acceptability limit for FFTBM is 0.4 and for SARBM it is 0.2 where zero means perfect 
agreement. The minimal variable accuracy represents the total accuracy combined from 
variables all having hypothetically the value of the least accurate variable and it is defined as: 

 
{ } varmin 1;max NtoiVAVA i == . (8) 

 
For quantitative assessment the limited set of 12 variables shown in Table 2 (which was 

used for comparison in the final report) was available.  
 

Table 2: List of variables for IAEA-SPE-4 experiment accuracy analysis 

Label Description Label Description 
TE15 Rod temperature from middle to top LE11 Level in reactor model 
TE63 Coolant temperature at core inlet LE46 Cold leg loop seal level (descending side) 
TE22 Coolant temperature in upper plenum LE31 Hot leg loop seal level (descending side) 
PR21 Pressure in upper plenum LE91 Safety injection tank no.1 level 
PR81 Pressure on SG secondary side FL01 Break flowrate 
DP11 Differential core pressure MA01 Total leaked mass 

 
2.5 Description of IAEA-SPE-4 experiment 

The IAEA-SPE-4 experiment [7] represents 7.4% small-break loss-of-coolant accident, 
with secondary feed and bleed initiation. It was performed on the PMK-2 facility, simulating 
VVER-440/213 type nuclear power plants. Figure 1 shows important variables and the main 
events. After opening the break valve the reactor was tripped and the main pump was stopped. 
The safety injection (SIT) tanks started to inject at 5.9 MPa and the low pressure injection 
system (LPIS) was initiated at 1.04 MPa. The core heatup occurred two times. Secondary 
emergency feed started when secondary pressure reached 0.93 MPa. 
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Figure 1: Variables describing the IAEA-SPE-4 experiment 
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3 RESULTS 

In the study the code accuracy of 18 pre-test and 22 post-test calculations of IAEA-
SPE-4 experiment was assessed with FFTBM and SARBM. In the qualitative analysis one 
pre-test and one post-test calculation were then excluded from further quantitative assessment. 
The quantitative results are shown in Table 3 and are sorted by total average amplitude 
(AAtot). The results of calculations that predicted core heatup are shown in the upper part of 
table and the results for calculations not predicting core heatup in the bottom half. On the left 
side of table original accuracy measures are shown and on the right side the new one. All 
accuracy measures are calculated both by FFTBM and SARBM. The total accuracy 
acceptability criterion is fulfilled for all calculations except NIK. The FFTBM acceptability 
criterion 0.1 for primary pressure is not fulfilled for some lower ranked calculations. For 
SARBM no such criterion was proposed but as can be seen, accuracy factor for primary 
pressure mostly support these conclusions. Nevertheless, some values of AFpr show that one 
must be very careful when the calculations are ranked solely by primary pressure accuracy 
measure as was proposed in [7]. The post-test calculations are in general more accurate than 
the pre-test one. 

When comparing total accuracy measure between calculations predicting core dryout 
and not, there is no significant difference. However, the comparison of AAs for cladding 
temperature shows that the mean AA for calculations not predicting core heatup is lower 
(more accurate) than the mean AA for calculations predicting core heatup. These results were 
confirmed also by SARBM. The reason for this is that in many calculations the peak cladding 
temperature (PCT) was overpredicted or underpredicted and/or the time of PCT occurrence 
was not correct. The calculations not predicting the core dryout were included in the 
quantitative assessment due to bifurcation phenomenon controlled by minor variation of 
boundary conditions [7]. Nevertheless, with new accuracy measure VAmin all discrepancies of 
cladding temperatures, which were discovered in the qualitative analysis, were efficiently 
indicated. Only in four calculations (plus SPA where this variable was not calculated by the 
code) cladding temperature was not the major contributor to inaccuracy of the results. The 
obtained results for ND showed that information about number of discrepancies improves the 
picture about overall quality of the calculation. The higher is this number the less acceptable 
is the calculation. 

 
3.1 Discussion 

The study shows that the proposed measures not only add the information from 
qualitative analysis to the accuracy analysis but they further quantify the calculations and 
improves overall picture of the code calculation. This is important when the reader is not 
provided with the accompanied qualitative analysis and when the number of variables is 
limited. New proposed measures increase the confidence in the quantitative results. For 
example, the VAmin is the lowest for most accurate predictions in the case of FFTBM and 
second the lowest in the case of SARBM. Another interesting finding is that FFTBM mostly 
predicts cladding temperature (TE15) while SARBM predict differential core pressure (DP11) 
as variable with minimal variable accuracy. This is due to intrinsic characteristics of the 
methods. Nevertheless, the core dryout depends very much on core level and core differential 
pressure is variable describing core level and heat transfer in the core. With SARBM as the 
largest contributor to the inaccuracy the primary pressure was also detected in some cases (the 
least accurate predictions) what perfectly agrees with FFTBM acceptability limit for primary 
pressure. 



0205.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Kranjska Gora, Slovenia, Sept. 9-12, 2002 

Table 3: Results of quantitative analysis 

 

Ida nvar AA ct AA pr AA tot AF ct AF pr AF tot ND VA min var.b ND VA min var.b

PZ4P 11 0.30 0.07 0.20 0.06 0.12 0.10 1 0.44 TE15 1 0.34 DP11
UKRP 12 0.35 0.10 0.22 0.10 0.07 0.11 2 0.52 TE15 2 0.35 DP11
SIEP 11 0.41 0.09 0.23 0.11 0.09 0.09 1 0.60 TE15 1 0.34 DP11
FINP 12 0.56 0.09 0.23 0.16 0.06 0.10 1 0.84 TE15 2 0.33 DP11
VUJE 12 0.48 0.07 0.23 0.12 0.07 0.10 1 0.72 TE15 1 0.35 DP11
H 12 0.20 0.08 0.24 0.05 0.08 0.10 1 0.87 TE22 1 0.35 DP11
IT2P 12 0.67 0.07 0.26 0.22 0.15 0.13 1 1.01 TE15 3 0.32 DP11
PZ1P 12 0.21 0.10 0.27 0.06 0.12 0.24 3 0.49 LE31 5 0.62 LE91
SL6 12 0.52 0.10 0.28 0.20 0.24 0.16 3 0.79 TE15 5 0.35 DP11
PZ3P 11 0.46 0.09 0.28 0.11 0.12 0.15 2 0.77 TE15 2 0.40 DP11
GRSP 12 0.62 0.11 0.30 0.15 0.15 0.13 2 0.93 TE15 3 0.35 DP11
FRAP 11 0.91 0.10 0.32 0.31 0.09 0.14 1 1.32 TE15 2 0.34 DP11
FRA 11 0.58 0.11 0.32 0.17 0.11 0.15 3 0.84 TE15 2 0.34 DP11
SIE 11 0.64 * 0.34 0.26 * 0.14 2 1.01 TE22 3 0.37 DP11
HUV 10 0.67 0.20 0.35 0.18 0.31 0.17 4 0.93 TE15 3 0.42 PR21
GRS 12 0.78 0.17 0.39 0.27 0.24 0.19 5 1.17 TE15 6 0.36 PR21
NIK 11 2.13 0.17 0.75 0.46 0.31 0.24 4 3.09 TE15 6 0.44 PR21

SPAP 9 * 0.05 0.16 * 0.13 0.12 0 0.33c LE11 1 0.33 DP11
JT1P 12 0.41 0.08 0.21 0.15 0.12 0.12 1 0.62 TE15 3 0.35 DP11
IEAP 12 0.41 0.07 0.21 0.13 0.06 0.10 1 0.61 TE15 2 0.35 DP11
SL4 12 0.41 0.09 0.23 0.15 0.16 0.13 1 0.62 TE15 4 0.35 DP11
FIN 12 0.40 0.08 0.23 0.14 0.06 0.10 2 0.60 TE15 2 0.33 DP11
VUJ 12 0.41 0.08 0.23 0.14 0.08 0.13 1 0.61 TE15 3 0.35 DP11
IEA 12 0.41 0.08 0.23 0.14 0.08 0.13 1 0.61 TE15 3 0.35 DP11
IT1P 12 0.42 0.07 0.23 0.15 0.15 0.12 1 0.63 TE15 3 0.32 DP11
UK1 12 0.42 0.10 0.23 0.15 0.17 0.14 1 0.62 TE15 3 0.35 DP11
PZ1 12 0.41 0.11 0.23 0.16 0.22 0.14 1 0.62 TE15 3 0.35 DP11
SL5 12 0.42 0.09 0.24 0.16 0.19 0.14 2 0.63 TE15 3 0.35 DP11
PZ4 12 0.41 0.18 0.25 0.14 0.17 0.13 1 0.61 TE15 4 0.36 DP11
JT2P 12 0.41 0.08 0.26 0.15 0.13 0.15 1 0.62 TE15 3 0.35 DP11
JT3P 12 0.41 0.07 0.26 0.15 0.13 0.15 1 0.62 TE15 3 0.35 DP11
PZ2 12 0.41 0.10 0.26 0.15 0.17 0.15 2 0.61 TE15 4 0.35 DP11
PZ3 12 0.42 0.10 0.27 0.16 0.26 0.16 2 0.64 TE15 5 0.38 PR21
USAP 12 0.58 0.18 0.27 0.15 0.15 0.12 1 0.88 TE15 3 0.35 DP11
USA 12 0.42 0.14 0.28 0.15 0.21 0.14 1 0.62 TE15 3 0.35 DP11
ROSP 12 0.43 0.12 0.29 0.17 0.28 0.17 3 0.64 TE15 4 0.41 PR21
KOBP 12 0.43 0.12 0.29 0.17 0.28 0.17 3 0.64 TE15 4 0.41 PR21
KOB 12 0.44 0.28 0.31 0.17 0.34 0.19 2 0.65 TE15 4 0.49 PR21
ct - cladding temperature, pr - primary pressure
* - not available
a - identifier ending with P indicates post-test calculation
b - variable with minimal accuracy
c - variable TE15 missing

Original accuracy measures New accuracy measures

calculations predicting core heatup

calculations not predicting core heatup

FFTBM SARBM FFTBM SARBM
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The new accuracy measures bring a lot of new information to an analyst. For example, 
the calculations labeled with H and PZ1P shown in Figure 2 the most accurately predicted 
core dryout. However, they are ranked in the middle of calculations predicting core dryout. In 
the case of H we can see that coolant temperature in the upper plenum (TE22) was not 
predicted satisfactorily. On the other hand it can be seen that this is the only discrepancy 
(ND=1). From this question raises how consistent are the results of the H prediction. In the 
case of PZ1P the situation is different. There are three discrepancies. Further investigation 
showed that all three discrepancies are in the levels. As can be seen from Figure 2, the trends 
are correct but the differences are in the initial values (a few hundred percents). There may be 
error in the calculated data. Namely, the safety injection tank could be easily checked by mass 
discharged from the tank but this variable was not available. 

The reader may ask why new accuracy measures are needed when accuracy for selected 
variables is calculated. The major reason is that analyzing solely accuracy measures for 
variables (AA or AF) may be partly misleading because their contribution to total accuracy is 
weighted. In this sense the new measures VAmin and ND help the analyst because they provide 
new information. 
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Figure 2: Comparison between calculations and experiment for a few variables 

4 CONCLUSIONS 

In the study the accuracy of the IAEA-SPE-4 pre-test and post-test calculations was 
assessed. For accuracy quantification FFTBM and SARBM were used. Two new accuracy 
measures to better characterize the code-experiment comparison were proposed, number of 
discrepancies and minimal variable accuracy. 

The results showed that the proposed accuracy measures provide additional information 
to the analyst. It was shown that the most accurate predictions have the lowest number of 
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discrepancies and the lowest value of minimal variable accuracy. The results also showed that 
calculations not predicting core heatup are on the average slightly more accurate then the 
calculations with predicting core heatup. This is true even for cladding temperatures. On the 
other hand, the previous study showed [7] that core dryout is bifurcation phenomenon 
controlled by minor variation of boundary conditions what explains the obtained results. 
Finally, the accuracy of post-test calculations is generally better than of the pre-test 
calculations. 

The study shows that the proposed measures quantitatively represent the information 
from qualitative analysis thus giving a more complete picture of the code accuracy. This is 
important when the reader is not provided with the accompanied qualitative analysis. New 
accuracy measures also increase the confidence of the analyst into the quantitative analysis. 

ACKNOWLEDGMENTS 

The author gratefully acknowledges the support of Ministry of education, science and 
sport of the Republic of Slovenia. 

REFERENCES 

[1] F. D'Auria, M. Leonardi, R. Pochard, �Methodology for the evaluation of 
thermalhydraulic codes accuracy�, Proc. Int. Conf. on New trends in Nuclear System 
Thermohydraulics, Pisa, Italy, May 30 � June 2, University of Pisa, 1994, pp. 467-477. 

[2] F. D'Auria, B. Mavko, A. Pro�ek, �Fast Fourier transform based method for quantitative 
assessment of code predictions of experimental data�, Proc. Int. Conf. "Best-Estimate" 
Methods in Nuclear Installation Safety Analysis (BE-2000), Washington, USA, 
November 13-17, American Nuclear Society, 2000, pp. 1-10. 

[3] R. F. Kunz, G. F. Kasamala, J. H. Mahaffy, C. J. Murray, �On the automated assessment 
of nuclear reactor systems code accuracy�, Nuclear Engineering and Design, 211, 2002, 
pp. 245-272. 

[4] A. Pro�ek, �Quantitative Accuracy Assessment of Thermalhydraulic Code Predictions 
with SARBM�, Proc. Int. Conf. Nuclear Energy in Central Europe 2001, Portoro�, 
Slovenia, September 10-13, Nuclear Society of Slovenia, 2001, pp. 204.1-204.8. 

[5] A. Pro�ek, F. D'Auria, B. Mavko, �Review of quantitative accuracy assessments with fast 
Fourier transform based method (FFTBM)�, Nuclear Engineering and Design, 217, 1-2, 
2002, pp. 179-206. 

[6] A. Pro�ek, B. Mavko, F.D�Auria, �Results of FFTBM applications�, Proc. Int. Conf. 
Nuclear Option in Countries with Small and Medium Electricity Grids, Dubrovnik, 
Croatia, June 16-20, Croatian Nuclear Society, 2002, pp. 1-7. 

[7] B. Mavko, A. Pro�ek, F. D'Auria, �Determination of code accuracy in predicting small-
break LOCA experiment�, Nuclear Technology, 120, 1997, pp. 1-19. 

[8] R. Islamov, V. Ustinov, �Uncertainty analysis and stochastic approximation�, Proc. Int. 
Conf. "Best-Estimate" Methods in Nuclear Installation Safety Analysis (BE-2000), 
Washington, USA, November 13-17, American Nuclear Society, 2000, pp. 1-10. 


	INTRODUCTION
	METHODS USED
	Accuracy measure based on average amplitude
	Accuracy measure based on stochastic approximation ratio
	Total code accuracy
	Proposed accuracy measures
	Description of IAEA-SPE-4 experiment

	RESULTS
	Discussion

	CONCLUSIONS

