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ABSTRACT - When thousands of complex computer code runs related to nuclear safety are needed
for statistical analysis, the response surfa7ce is used to replace the computer code. The main purpose of
the study was to develop and demonstrate a tool called optimal statistical estimator (OSE) intended
for response surface generation of con iplex and non-linear phenomena. The performance of optiznal
statistical estimator was tested by the results of 59 different RELAP5/MOD3. 2 code calculations of the
small-break loss-of-coolant accident in a two loop pressurised water reactor. The results showed that
OSE adequately predicted the response surface for the peak cladding temperature. Some good
characteristics of the OSE like monotonic function between two neighbour points and independence
on the number of output parameters suggest that OSE can be usedfor response surface generation of
any safety or system parameter in the thermal-hydraulic safety analyses.

1. Introduction

In the field of nuclear engineering the response surface is used to solve various problems
related to nuclear safety. When thousands of complex computer code runs are needed for
statistical analysis, the response surface is used to replace the computer code. Usually the
response surface was generated for single value parameter, for example peak cladding
temperature (PCT), minimum reactor core level or peak system pressure.

The response surface use is increasing in the nuclear engineering field. In 1989 the
response surface was used in USA for the uncertainty evaluation of the peak cladding
temperature [1]. For the response surface generation the regression analysis (polynomial fit)
was used. In 1990, again in USA, the response surface was developed for determination of a
high-pressure setpoints for the safety valves on the secondary side of the nuclear power plant
[2]. For a polynomial fit linear and quadratic terms were used. Another applications of the
response surface were in 1992 to a large-break and a small-break loss-of-coolant accident [3,
4]. In 1996 the response surface was used to evaluate uncertainties in the peak cladding
temperature during the large-break loss-of-coolant accident [5]. Also Westinghouse have
begun to use the response surface to evaluate uncertainties in the peak cladding temperature
since 1996 [6].

Although much work has been done to date, it is common to all studies that the response
surfaces developed could be used for single-value parameters only with no possibility for
continues-valued parameters. Also there were difficulties in the response surface generation
of complex and non-linear phenomena [7]. The main purpose of the work was to automate the
response surface generation for any set of discrete points, characterising time trend of
parameter. This is very important for application of the uncertainty methods, which use

International Conference Nuclear Energy in Central Europe '99 185



Thermal Hydraulics

response surface because the regression analysis is not applicable to all kinds of parameters
and scenarios to be evaluated for uncertainty.

2. Response surface generation with optimal statistical estimator

The regression analysis is the most appropriate for response surface generation of
parameters with mostly linear behaviour. The order of the polynomial determines the number
of calculations to be performed with the thermalhydraulic code, the response surface
generation is time consuming and not appropriate for computer automation.

Because of these limitations, especially limited capability of response surface to describe
highly non-linear phenomena, the regression analysis was not applicable to a small-break
loss-of-coolant accident. Therefore we tried to generate response surface with a linear
interpolation method [7]. However, the linear interpolation is applicable for maximum two
input parameters.

Therefore, a need for a new tool for response surface generation was identified. The
optimal statistical estimator developed and applied in 1992 [3] seems to be proper if adapted
for the use in the multidimensional space. Namely, the optimal statistical estimator is
independent on the number of output parameters, it uses highly non-linear functions and is
simple for a computer application.

For the response surface generation the optimal statistical estimator (OSE) was used as
formulated in modelling ultrasonic data [81-. In the nuclear engineering field the OSE was first
time adopted in 1992 for comparison of OSE with regression analysis [3]. In 1998 the OSE
was further improved for multi-dimensional space [9].

The optimal statistical estimator Hk derived in ref. [8] is expressed as a linear
combination of given values H, and coefficients C,:

Hio(G) = ICnH C - Ha - )
Eat(GGn) ( )

where G=(XIX22 . X) H., =...XJX,(M+ 2W , 1 ) Gn =(XnS.Xn2. Xn (2)

Here N is the number of calculated or measured values, M is the number of input parameters
and 1 is the number of input plus output parameters.

The coefficients C, represent the measure of similarity between a given vector of input
data G and the vector of input data G, for n-th calculation. The approximation of 6 function is
Gaussian function:

3a(G- GJ)= n - exp H i n]. (3)

The problem now appears how to best select the width aj. The main purpose of smoothing
is to stretch the influence of a particular input data points into its surroundings, e.g.,
approximately to its neighbours. If we want to cover the volume by samples uniformly, we
define cx, for dimension i:

S
-r = iA i = 1, 2,..., M (4)

NI
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where Si is the distance between minimum and maximum value of the set of input data points
x"; (n=1, 2,...,N) in i-th dimension and Ni is the number of intervals between data points in i-th
dimension. The factor f for the width of Gaussian curve is to be selected by the user. The
contribution of each data point to the final output parameter estimation can be adjusted by it
what will be explained in Section 4.

For assessing the adequacy and predictive capability of the optimal statistical estimator for
m-th output parameter (m=M+I, M+2,...,J) were used the root mean square error and
coefficient of determination defined as:

E (XM Xev ,m )2 1/2 Ees m - Xavgm )2

N -h (X -Xavgsm

n=l

Here xn, is the n-th code calculated value of the m-th output parameter, Xest m is n-th predicted

value with optimal statistical estimator and xavgm is the mean of N code calculated values of
the in-th output parameter. The predictive capability of the optimal statistical estimator
assessing by the two proposed statistics is perfect when rmsm=O and R' = 1 .

To generate response surface of output parameters the values of input parameters
(xlx2- ..,x,) are random sampled (or input by the user) many times and the corresponding
unknown output values are predicted by optimal statistical estimator using Eq. (1). For each
sample new coefficients C, are calculated while the values of H, are known values (for
example calculated values by thermalhydraulic computer code).

When comparing the OSE to the regression analysis, we see that for the regression
analysis with polynomial the amount of data is prescribed to describe the response surface
while in the OSE more data mean more information that could be extracted. When comparing
the nature of phenomena the advantage of OSE with respect to the regression analysis is in its
ability to predict very complex and highly non-linear functions. Finally, the algorithm for
OSE is also suitable for computer automation.

3. Response surface generation for peak cladding temperature

To demonstrate the OSE method, the results of the sensitivity analysis of the peak
cladding temperature on selected input parameters during the small-break loss-of-coolant
accident were used [10]. For the small-break loss-of-coolant accident analysis the
RELAP5/MOD3.2 thermal-hydraulic computer code was used. The input model for the
RELAP5/MOD3.2 code was a model of a two loop pressurised water reactor [101. After the
scenario selection, all important phenomena influencing on the peak cladding temperature
were identified and ranked by their importance to the nuclear safety. Then the key RELAP5
code parameters were selected to represent the important phenomena. The selected code
parameters, all normalised, were subcooled discharge coefficient (SDC), two-phase discharge
coefficient (TPDC), heat transfer coefficient (HTC), interphase drag coefficient (IDC), and
fission product yield factor (FPYF). In the sensitivity analysis these input parameters were
varied and the peak cladding temperatures were calculated by RELAP5/MOD3.2 code.
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Table 1. Calculated and predicted PCT as a function of input parameters

Predicted output
Input Parameters Output parameter parameter

Run SDC TPDC HTC MDC FPYF PCTR5 ((K) PCTOSE (K)
0.917 1.435 1 1 1 1073 1073.1

2 0.83 3 1.436 1 1 1 1028 1028.8
3 1.0M1 1.437 1 1 1 1154 1146.3
4 0.917 1 1 1 1 1176 1175.9
5 0.917 1.311 1 1 1 1093 1092.4
6 0.917 1.559 1 1 1 1056 1056.5
7 0.917 1.435 0.75 1 1 1117 1117
8 0.917 1.435 1.25 1 1 1098 1098
9 0.917 1.435 1 0.9174 1 1073 1073

10 0.917 1.435 1 1.0826 1 1067 1067
1 1 0.917 1.435 1 1 0.9 1056 1056
12 0.917 1.435 1 1 1.1 1054 1054
13 1.001 1 1 1 1 1058 1058
14 0.833 1 1 1 1 1083 1083
15 1.0(1 1.311 1 1 1 1025 1028.6
16 1.001 1.559 1 1 1 1004 1008.2
17 1.001 1 0.75 1 1 1066 1066
18 1.0(1 1 1.25 1 1 1032 1032
19 1.0()1 1 1 0.9174 1 1058 1058
20 1.0(1 1 1 1.0826 1 1062 1062
21 1.0(1 1 1 1 0.9 1013 1013
22 1.0(1 1 1 1 1.1 1076 1076
23 1.0(1 1 0.75 1 0.9 1082 1082
24 0.917 1.435 0.75 1 1.1 1070 1072.1
25 0.917 1.435 1.25 1 0.9 1012 1016.2
26 0.917 1.435 1.25 1 1.1 1124 1123.2
27 0.917 1 0.75 1 1.1 1129 1129
28 0.833 1.435 1 1 0.9 1030 1030
29 0.833 1.311 1 1 1 1055 1054.3
30 0.833 1.435 1.25 1 1.1 1233 1233
31 0.833 1.435 1.25 1 0.9 1015 1015
32 0.833 1.435 0.75 1 0.9 1101 1101
33 0.917 1 0.75 1 0.9 1048 1048
34 0.917 1 1.25 1 0.9 1040 1040
35 0.917 1 1.25 1 1.1 1095 1095
36 0.917 1.311 0.75 1 0.9 1068 1068
37 0.917 1.311 0.75 1 1.1 1143 1140.9
38 0.917 1.311 1.25 1 0.9 1159 1154.8
39 0.917 1.311 1.25 1 1.1 1096 1096.8
40 1.001 1.311 0.75 1 0.9 982.1 983.5
41 1.001 1.311 0.75 1 1.1 1092 1092.1
42 1.001 1.311 1.25 1 0.9 974.9 975.1
43 1.001 1.311 1.25 1 1.1 1054 1055
44 1.00 1 1.435 0.75 1 0.9 1030 1028.7
45 1.001 1.435 0.75 1 1.1 1096 1095.9
46 1.001 1.435 1.25 1 0.9 981.3 981.1
47 1.00(1 1.435 1.25 1 1.1 1090 1089
48 0.917 1 0.75 0.9174 1.1 1129 1129
49 0.833 1.435 1 0.9174 0.9 1030 1030
50 0.833 1.435 0.75 0.9174 0.9 1101 1101
51 0.917 1 0.75 0.9174 0.9 1048 1048
52 0.917 1.311 0.75 0.9174 1.1 1143 1143
53 1.001 1.311 0.75 0.9174 1.1 1092 1092
54 0.917 1 0.75 1.0826 1.1 1142 1142
55 0.833 1.435 1 1.0826 0.9 1096 1096
56 0.833 1.435 0.75 1.0826 0.9 1089 1089
57 0.917 1 0.75 1.0826 0.9 1048 1048
58 0.917 1.311 0.75 1.0826 1.1 1110 1110
59 1.001 1.311 0.75 1.0826 1.1 1099 1099
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Table 1 shows the values of calculated peak cladding temperatures (PCTR5) and predicted
peak cladding temperatures (PCTOSE) by OSE as a function of five input parameters for 59
cases. In our case input vector Gn (n=l, 2,...,59) are five input parameters which are
multipliers with the nominal value equal to 1. The output vector H,, (n=l, 2,...,59) has only
one value, i.e. PCTR5. Factor for the width of the Gaussian curvef is selected on the base of
criteria to stretch the influence of a particular input data points into its surroundings, e.g.
approximately to its neighbours and that the accuracy of the fit is acceptable (R 2 > 0.95). In
our case the root mean square error was equal to 1.55 K and coefficient of determination was
equal to 0.97 for f-0.25. By inserting values H, which were calculated with the
RELAP5fMOD3.2 into Eq. (1) and calculating the coefficients C, we can predict the peak
cladding temperatures for any combination of input parameters G within their minimum and
maximum values used in the sensitivity analysis.

Now the question is what are the values of the response surface in the points where the
calculated values are not given? Because the constructed response surface is five dimensional,
visual presentation for all dimensions, is not possible. Figures 1 through 5 show response
surface with one parameter varied in base case calculation. The points calculated by
RELAP5/MOD3.2 code are marked with circles, connected with dash-dotted lines. On the
Figs. I through 5 is shown the influence of the factor for the width of the Gaussian curve on
the response surface predicted by OSE-. Three factors for width of the Gaussian curve were
selected equal to 0.25, 0.3 and 0.4, respectively. Small factorf leads to stepwise function. On
the other hand large factorf leads to smooth function but worse fit to known points. In our
case forf--0.25 the coefficient of deternination was R2=0.97. When increasingfto 0.3 the R2

drops to 0.92. When f was further increased to 0.4 the R2 drops to 0.77. The optimum is
smooth function with sufficient accuracy of fit in the known points therefore f-0.25 was
selected based on criterion R 2>0.95. On the Figs. 1 through 5 is also shown the regression
curve which is labelled with "regr.". In the regression analysis total 44 linear, square and
cubic terms and cross terms were used. For the regression analysis the coefficient of
determination was R 2=0.57 meaning poor fit. Figures 1 and 2 show that linear trends are
much better fitted by OSE than regression analysis. Figures 3 and 5 show the fits for non-
linear functions. Again the fit with OSE is better than the fit with regression analysis. The
regression analysis fit on Fig. 4 is even qualitatively wrong while fit by OSE is acceptable.

Finally, from Figs. I through 5 showing variations of input parameters in each dimension
(see circle markers) the number of intervals Ni and the distance Si needed in Eq. (4) can be
determined. From Fig. 5 is seen that for parameter FPYF these values are Ni 2 and Sf=0.2.
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Figure 1. PCT as a function of subcooled discharge coefficient
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Figure 2. PCT as a function of two phase discharge coefficient
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Figure 3. PCT as a function of beat transfer coefficient
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Figure 4. PCT as a function of interphase drag coefficient
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Figure 5. PCT as a function of fission product yield factor

To evaluate uncertainties in the peak cladding temperatures input parameters were
randomly selected by Monte Carlo method and the peak cladding temperatures were predicted
by OSE. This procedure was repeated 100000 times, and the result was probability
distribution function. There is 95% probability that the peak cladding temperature will not
exceed 1157 K. The mean value is expected to be 1085 K, and the uncertainty of PCT is the
difference between 95% percentile and mean value, which is 72 K. The peak cladding
temperature with its uncertainty is well below the criterion 1478 K. Because the OSE could be
applied to any discrete single value parameter, applying the OSE to discrete values of time
trends give uncertainty for continuous valued output parameter as was shown in ref. [9].
Another option is to introduce time as a new input parameter.

4. Discussion

The peak cladding temperatures between the calculated points are not known values. One
possible fit is linear dependence. The OUSE fit is an inflected curve in one-dimensional case.
Smaller is the factorf closer is the inflected curve to the step function. We wanted smooth
curves but smoothness is dependent on the nature of the phenomenon. More complex is the
phenomenon, smaller factor for the width of the Gaussian curve is needed to adequately fit the
calculated points. It is worth to note that the fits on Figs. 1 to 5 are the result of five
dimensional response surface. Because the response surface is needed for the Monte Carlo
integration the robust response surface with step function transitions still satisfies for
probability evaluation (in such a case the confidence level in the results is lower).

In our case the optimal statistical estimator with the Monte Carlo method is used for
uncertainty evaluation of thermal-hydraulic computer codes. One good characteristic of the
OSE is that between the two code-calculated values, the function is monotonic. This also
means that all predicted values by OSE will be between minimum and maximum
RELAP5/MOD3.2 code calculated value. The next good characteristic of the OSE is that the
response surface generation could be automated. The number of calculated points is not
prescribed. The higher is the number of calculated points the higher is the confidence level.
With the proper selection of the width of the Gaussian curve the desired accuracy of fit in
calculated values could be obtained for very complex phenomena. By decreasing the width of
the Gaussian curve the transitions between the points are more and more stepwise, therefore
the response surface performance is crude. In such a case it is recommended to provide more
calculated points.
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5. Conclusions

The adapted optimal statistical estimator for uncertainty evaluation of the thermal-
hydraulic codes showed that the response surface can be developed for the complex and non-
linear phenomena and processes. Furthermore, the response surface generation could be
automated and used for continuos-valued output parameters. The results indicated many
advantages of OSE when comparing to regression analysis.

The automated procedure for response surface generation extends the use of uncertainty
evaluation methods based on response surface from the loss-of-coolant accident to any
accident.
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