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ABSTRACT

The computer code ATHLET is being developed by GRS as an advanced best-
estimate code for the simulation of breaks and transients in Pressurised Water Reac-
tors (PWRs) and Boiling Water Reactors (BWRs) including beyond design basis acci-
dents. A systematic validation of ATHLET is based on a well balanced set of integral
and separate effects tests emphasizing the German combined Emergency Core Cool-
ing (ECC) injection system. When using best estimate codes for predictions of reactor
plant states during assumed accidents, quantification of the uncertainty in these calcu-
lations is highly desirable. A method for uncertainty and sensitivity evaluation has
been developed by GRS where the computational effort is independent of the number
of uncertain parameters.

1 ATHLET Thermal-Hydraulic Computer Code

The computer code ATHLET (Analyses of Thermal-Hydraulics for Leaks and Tran-
sients) is being developed by GRS as an advanced best-estimate code for the simula-
tion of the whole spectrum of breaks and transients in PWRs and BWRs including
beyond design basis accidents [1]. The code has features that are of special interest
for applications to breaks and transients without and with accident management (AM),
e.g. initialisation by a steady-state calculation, critical discharge model, full-range drift-
flux model, and dynamic mixture level tracking. The General Control Simulation Mod-
ule of ATHLET is a flexible tool for the simulation of the balance-of-plant and control
systems including the various operator actions in the course of accident sequences.
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A version for calculating severe accidents ATHLET-CD (Core Degradation) includes
modules for core melt and fission product release and fission product transport in the
coolant circuit [2]. Adaptation and validation of the code for VVER- and RBMK-
reactors is in progress.

2 Validation of the ATHLET Code
a?"

In 1987, OECD/NEA/CSNI issued a report [3] compiled by the Task Group on the
Status and Assessment of Codes for Transients and ECC. It contained proposed vali-
dation matrices for Loss of Coolant Accidents (LOCA) and transients, selected accord-
ing to the dominating phenomena and the available test facilities. Meanwhile, the Task
Group on Thermal Hydraulic System Behaviour extended their work also to separate
effects tests [4] and is in the process of updating the integral test matrices [5].

The systematic validation of ATHLET is based on a well balanced set of integral and
separate effects tests derived from the CSNI proposal emphasizing, however, the
German combined ECC injection system which was investigated in the UPTF, PKL
and LOBI facilities. The ATHLET validation matrices actually comprise 101 integral
and 91 separate effects tests, including VVER-specific tests. The ATHLET matrices
consist of a matrix for large breaks in PWRs, small and intermediate breaks in PWRs
with U-tube steam generators and with once-through steam generators, transients in
PWRs, transients in shutdown conditions in PWRs, AM for a non-degraded core in
PWRs, LOCA in BWRs and transients in BWRs. Table 1 lists the facilities versus acci-
dent classes (large break, small break, etc.) for PWR and BWR integral experiments.
For each accident class the number of selected tests is given. The specific selection
of tests is based on the intention to cover each relevant thermal-hydraulic phenome-
non and each test type in the matrices by at least three facilities of different scale, if
available. A total of approximately 30 test types results in about 90' integral tests for
code validation.

Validation work is shared between GRS and independent organisations. By the end of
1995, 57 integral tests and 71 separate effects tests will have been calculated.

592 Nuclear Energy in Central Europe, Portoroi, Slovenia, 11.-14. September 1995



Facility or Plant

UPTF/TRAM

CCTF

LOFT

LSTF

BETHSY

PKL

ROSA-III

FIST

LOBI

GERDA

German Konvoi

Brokdorf
Gundremmingen

Krummel

Scale

1:1

1:25

1:50

1:50

1:100

1:134
1:424

1:642
1:712

1:1686

Pressurized Water Reactors*1

Large
Breaks

4

2

1

3

2

12

Small
Leaks
Inter-
mediate
Leaks

2

4

2
7
6

7
1

29

Tran-
sients

1

2

3

7

6

3

3

25

AM

3

5
3

2

13

Boiling Water
Reactors

LOCA's

5

2

7

Tran-
sients

1

1

3

2

7

*} Experiments for WWER reactors not included

n = no. of tests

Table 1: ATHLET Assessment Matrix with Number of Integral Experiments.
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Uncertainty and Sensitivity Analysis

3.1 Uncertainty Analysis

Computer codes can approximate the physical behaviour with more or less accuracy.
The inaccuracies are stated during the usual code.validation process. Agreement of
calculated results with experimental data is often obtained by choosing specific code
input options or by changing parameters in the model equations. These selected pa-
rameters usually have to be changed again for different experiments in the same facil-
ity or a similar experiment in a different facility in order to obtain agreement with data.
Even if a frozen code version is used the comprehensive range of uncertainty cannot
be readily obtained from this validation process.

When "best estimate" codes are used to evaluate the safety margins of nuclear power
plants, quantification of the uncertainty in their predictions is highly desirable. There-
fore, methods have to be developed and applied to determine the uncertainty of code
calculations. The information from the validation is a very useful basis for the uncer-
tainty quantification.

Uncertainty analyses have been proposed to be used in the nuclear reactor licensing
procedures in combination with the use of "best estimate" computer codes. These
codes attempt to calculate postulated accidents in a realistic and not in a conservative
way. A further interest in performing uncertainty analyses is related to code develop-
ment. Determining the major sources of uncertainty in code applications can help
guide its further development in a cost effective manner.

A method for uncertainty and sensitivity analyses has been developed by GRS where
the computational effort is independent of the number of uncertain parameters [6].
The implementation techniques are primarily based on tools from statistics. Statistics
is used in order to evaluate the uncertainty and sensitivity with a reasonable number
of calculations.

Code validation results are a fundamental basis to quantify the uncertainty of physical
models or their mathematical formulation. Experts specify the ranges and probability
distributions of uncertainties that best express the state of knowledge. State of knowl-
edge dependence between parameters can be taken into account. Computerised sup-
port is provided for an interactive construction of the probability distributions and for
the state of knowledge dependence.

All potentially important parameters are included in the analysis, based on judgement
of the analyst. Finding the optimal noding, to describe the important phenomena, is a
task of code validation. However, uncertain alternative noding schemes can be in-
cluded in the uncertainty analysis. No ranking of input parameters to reduce their
number is needed in order to cut computation cost.

The number of calculations does not grow with the number of parameters. The reason
is the simultaneous variations of all uncertain parameters for each code run, and the
statistical evaluation of these results. The uncertainty and sensitivity results have a
well founded probabilistic statistical interpretation.
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The number of calculations depends only on the desired probability content of the
probability distribution of the code response (for example at least 95% of the calcu-
lated peak cladding temperatures are below a determined limit), and a desired confi-
dence level. The confidence level is specified because the probability content is not
analytically determined. It accounts for the possible influence of the sampling error
due to the fact that the probability statements are obtained from a random sample of
limited size.

3.2 Sensitivity Analysis

Another important feature of the method is that one can determine sensitivity meas-
ures of the influence of uncertainties in input parameters on the uncertainties of re-
sults. This information can provide guidance as to where to improve the computer
code or to perform additional experiments (improve the state of knowledge) in order to
reduce the output uncertainties most effectively. These sensitivity measures like Stan-
dardized Rank Regression Coefficients and Correlation Ratios permit a ranking of in-
put uncertainties with respect to their relative contribution to code output uncertainty.
The difference to other uncertainty methods is that the ranking is a result of the analy-
sis, not of prior estimates and judgements. Uncertainty statements and sensitivity
measures are available simultaneously for all single-valued (e.g. peak cladding tem-
perature) as well as continuous valued (time dependent) output quantities of interest.
The GRS method relies only on actual code calculations without using response
surfaces.

3.3 Application

The GRS method has been applied to several nuclear and non-nuclear safety related
computer code calculations. An application to a thermal-hydraulic separate effects ex-
periment will be briefly discussed.

The experiment which was selected for the analysis is the French OMEGA Rod Bun-
dle test no. 9, a blowdown with a PWR type bundle [7]. The bundle consists of 36
electrically heated rods arranged in a 6 x 6 array and 3.66 m heated length. The test
was calculated by the computer code ATHLET.

A total number of 60 uncertain parameters was investigated. These consist of 40
model parameters which were considered to be possibly important for those ATHLET
code models which describe relevant physical phenomena of the selected test, 11 pa-
rameters for selection of different correlations, 3 properties of heater rod (Inconel), 2
parameters for closing times of hot and cold side valves, 1 parameter for heater
power, 1 parameter for heater power shut-down, 1 numerical parameter for accuracy
criterion for mass flow rate, 1 parameter for noding change. A total number of 31 key
output parameters were selected to determine uncertainty ranges and sensitivity
measures. These are single values: 1 peak cladding temperature (PCT), 1 time when
peak cladding temperature occurs, 1 total CPU time, and time dependent values: 7
cladding temperatures, 6 fluid temperatures, 6 pressures, 6 mass flow rates, 3 void
fractions.
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Figure 1: Computed and measured temperatures (minimum and maximum values in
the high power level in the middle of the bundle). The thermal inertia of the
thermocouples is the reason why the measurements are not within the
band of the computed cladding temperature.
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Figure 2: Correlation ratios as sensitivity measures with respect to peak cladding
temperature.
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A total number of 100 ATHLET code calculations were performed. A minimum of 93
runs is necessary for (95%, 95%) two-sided statistical tolerance limits. The uncertainty
range of the calculated PCT extends from 788°C to 1078°C (95%, 95% statistical tol-
erance interval), figure 1. The measured PCT is 914°C after correcting for the thermal
inertia of thermocouples. The experimental data of all other selected output values are
within or very close to the calculated uncertainty range over the 40s experiment time
as well.

The main contributions (according to correlation ratios as sensitivity measures) to the
uncertainty of the peak cladding temperature are shown in figure 2:
1. time of heater power shut-down (varied within 0.5s), (parameter 60),
2. correction factor in the correlation for minimum film boiling temperature (pa-

rameter 46),
3. correction factor in the heat transfer correlation for forced convection of va-

pour (parameter 42),
4. correction factor of drift model for side branch (parameter 34),
5. pressure loss coefficients in the bundle outlet (parameter 17), and
6. correction factor for pool boiling heat transfer (parameter 51).

4 Conclusion

The validation concept of the ATHLET thermal-hydraulic computer code is presented.
A method to derive uncertainty statements quantifying the combined influence of all
potentially important model, noding, numerical and experimental uncertainties of the
code results is discussed. The method does not resort to simplifying approximation of
a response surface but is relying only on actual code calculations.

A second important result of the proposed uncertainty analysis method are sensitivity
measures permitting the ranking of input parameter and model uncertainties with re-
spect to their contributions to the code output uncertainties.

The application of the method to separate effects tests and integral tests will enhance
our ability to perform this type of analysis and to apply the methodology. Based on this
experience the method will be finally applied to the analysis of the uncertainty in code
results for nuclear power plants.
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