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ABSTRACT

Results of sensitivity studies are presented for the OECD PWR Main Steam Line Break (MSLB) Bench-
mark problem. The study comprises variations of nodalization for the upper plenum, of time functions for
external boundary conditions like the feedwater supply, and of modelling features for the steam genera-
tor. The effect of these modelling assumptions on the main result of the transient is discussed, and the
relative importance of thermal-hydraulic model features and neutronics model features, point kinetics
versus 3D neutronics, is determined.

1. INTRODUCTION

At present, many activities are performed to couple thermo-hydraulic plant system codes with 3D
neutronics models. Such coupled codes represent an important step to perform realistic analysis of
accident conditions which are determined by a strong coupling between neutronics of the reactor core
and the thermo-hydraulics in the primary circuit. A typical transient of this type is the cooldown of the
reactor core after a break in the main steam line. The OECD PWR MSLB Benchmark /1/ was defined for
code to code comparison. The Benchmark is solved by a great number of coupled codes and their results
are compared within the Benchmark activity. This Benchmark problem is also used to compare 3D
neutronics and point kinetics results. For the evaluation of these results, it is important to know the
sensitivity of main results on modelling features. Therefore a sensitivity study is performed which
comprises variations of nodalization, changes of external boundary conditions and modelling features of
the steam generator. The effect of these modelling assumptions on main parameters of the transient is
discussed. 

2. PLANT CONFIGURATION AND SCENARIO FOR THE PWR MSLB TRANSIENT

The PWR Main Steam Line Break (MSLB) Benchmark refers to the TMI-1 nuclear power plant configu-
ration. The Benchmark specification provides the geometric data and the operational conditions of the
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plant. The primary circuit consists of the reactor vessel with the reactor core and two symmetric loops
with hot leg, once-through steam generator (OTSG) and cold leg. The coolant flow through the reactor
vessel and core is modelled by two equal parallel flow paths by splitting the downcomer, the lower ple-
num, the reactor core and the upper plenum. These parallel flow paths behave independently, except of
connections with the upper head volumes. The amount of loop flow mixing is adjusted to measurements
and is obtained by exchanging energy and mass between the two lower plenum volumes and the two up-
per plenum volumes.

The secondary side of steam generator consists of the feedwater supply, the downcomer and the riser
region, both are linked by an aspirator flow, and the steam line with the main safety valves.

The transient being analysed is a main steam line break at hot full power (HFP). This causes the worst
case of overcooling because the steam generator liquid inventory corresponds to the maximum possible
value. A stuck rod condition of the most effective rod is assumed for the reactor trip, which is initiated at
114 % of nominal power.

The accident is initiated by a double-ended rupture of the main steam line upstream of the isolation valve.
The break is simulated by two discharge valves opening within  0.1 s. One at the steam line with 24 inch
diameter and one at the cross connecting pipe with 8 inch diameter. The break flow is simulated by the
Moody discharge flow model.

Following reactor scram, the steam line turbine stop valves are closed isolating the intact steam genera-
tor. All four recirculation pumps are assumed to operate during the event.

3. PHENOMENOLOGY OF THE PWR MSLB TRANSIENT

The non-isolated break of the main steam line leads to a depressurization of the affected steam generator
which consequently causes an overcooling of the primary circuit. The reactor core is tripped during the
transient after a few seconds, but due to the continuing cool-down of the primary coolant a recriticality
may occur. In that case, the power will rise again during the transient. The main objective of the accident
analysis is to evaluate the reactor core behaviour in view of the criticality conditions during the cool-
down. The most relevant parameter to be determined is the minimum value of the coolant temperature in
the reactor core reached during the transient, because this value directly affects the conditions of sub-
criticality or recriticality and the corresponding power rise.

The results of calculations using the system-code ATHLET /2/ with a point-kinetics model are shown in
Figures 1 to 8.

The total core power, Fig. 1, is increasing at the beginning of the transient because of positive reactivity
due to the reduction of the coolant temperature in the reactor core until the reactor trip is initiated at 114
% nominal power. The coolant temperature in the affected loop, Fig. 2, decreases continuously till the
minimum value is reached at about 68 s. The primary pressure is shown in Fig. 3. The pressure on the
secondary side of the broken and the intact steam line is shown in Fig. 4, and the break mass flow for the
24 inch and the 8 inch discharge in Fig. 5. The consequences for the liquid mass of both steam generators
are presented in Fig. 6. The broken steam generator dries out at 80 s. The time integrated mass for water
and steam is shown in Fig. 7. The time-functions of reactivities during the transient are presented in Fig
8. It includes the reactor trip reactivity and the feedback reactivities. It can be seen that the main effect on
reactivity is determined by the coolant temperature reduction

The ATHLET calculations result in a minimum value of coolant temperature at cold leg outlet in the
affected loop of 496,4 K at the time-point of 68 s.
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The preliminary report /3/ of the first phase of the Benchmark shows following results from different
codes. The time-points of reaching minimum value of coolant temperatures at cold leg outlet varies in the
time-interval from 60 s till about 80 s. Correspondingly, the time of power rise during recriticality is
varying in a comparable range, whereby the maximum power reached during the transient is related to
the minimum coolant temperature reached.

Before discussing the sensitivity of results on single parameters and model features, it is expedient to
identify the main phenomena of the transient evolution.

– The break of the main steam line causes a depressurization of the steam generator secondary side. 
This pressure decrease is affected by the break mass flow and the feedwater supply. In particular,
the rate of pressure decrease depends on the ratio of water and steam discharge of the break flow.
A high water discharge leads to a slower pressure decrease than a high steam discharge.

– The saturation temperature on the secondary side of the steam generator is determined by the pres-
sure.
As long as the steam generator contains sufficient liquid, an efficient heat-transfer from the pri-
mary side exists. Therefore, the temperature in the cold leg follows directly the decrease of the
saturation temperature of the secondary side.

– The cool-down of primary circuit is terminated when the steam generator falls dry.
After loss of feedwater supply the cooling depends on pure steam flow with corresponding low
heat-transfer.

These main phenomena determine the phases of the cool-down transient. The time-point of reaching the
minimum primary coolant temperature is directly correlated to the occurrence that the steam generator
falls dry.

4. VARIATION OF PARAMETERS AND MODEL FEATURES

In comparison to the basic solution of the ATHLET calculation, the effect of following parameters and
model features were studied: the type of feedwater supply, the nodalization for the upper head of the
reactor vessel and the change of fluiddynamic parameters of the steam generator like drift-flux and the
aspirator flow rate.

The feedwater flow to the broken steam generator is defined in the Benchmark specification. The pre-
liminary specification indicated that in addition to the defined feedwater time function an additional wa-
ter mass of about 16 t was injected. In the final specification this additional amount of water was in-
cluded in the predefined time-function. Nevertheless, it is interesting to study how a change in the feed-
water supply affects the transient. Two different types of feedwater supply, as shown in Fig. 9, were cho-
sen. The base case without additional feedwater and a variant of feedwater supply which is available with
a low flow rate during the transient. The Fig. 9 - 10 show the comparison of results, the time of minimum
cold leg temperature changes from about 64 s to about 80 s, the corresponding minimum value of coolant
temperature is about 8 K lower. This lower temperature value leads to a much higher power rise due to
the recriticality.

The nodalization of the upper head in the reactor vessel determines whether the model is able to repre-
sent the recirculation flow in the upper head region or whether the upper head behaves like a stagnant
flow volume with limited flow exchange to the lower regions. This difference becomes relevant, because
during the cool-down the pressurizer is drained and gets empty at about 24 s. Without recirculation flow,
steam is generated in the upper head volume, keeping the pressure of the primary circuit at a higher level,
If the model allows the recirculation flow, the saturation temperature is not reached in the upper head and
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no steam is generated. Correspondingly, the primary pressure is reducing further. The difference is
shown in Fig. 12 The other behaviour of the transient is not affected by the lower primary pressure, be-
cause the circuit is still kept in subcooled conditions and the heat-transfer in the steam generator is not
changing.

The steam generator is an important component determining the cooling-down rates. The depressurisa-
tion of the secondary side by the main steam line break causes the accelerated heat-transfer from the pri-
mary circuit. As already mentioned, the pressure of the secondary side is one of the most important pa-
rameters for the transient evolution. It is mainly dependent on the ratio of water and steam at the break of
the main steam line, but additional model parameters may affect the void distribution and the heat-
transfer conditions in the steam generator. Variations were studied for the aspirator flow rate: the base
calculation uses a flow rate of 100 kg/s, this value was varied to 20 kg/s. In the base case of the ATHLET
calculation the drift flux was increased to model the water separation by the internal plates of the steam
generator secondary side. This adaptation results in a higher void fraction and superheating at the riser
outlet. This drift flux modification was not considered in the case for comparison. The comparison of
results is shown in Fig. 13. The aspirator flow variation has a very small effect on the primary coolant
temperature. The drift flux variation leads to a temperature difference of 5.5 K and a corresponding dif-
ference in the power rise.

CONCLUSIONS

The results obtained for the parameter variations and model features as part of a sensitivity study for the
PWR MSLB Benchmark were evaluated with respect to the time-evolution of the overcooling transient,
the minimum coolant temperature reached in the affected coolant loop and the corresponding power rise.
The different cases show relevant differences for these main parameters of the transient. The discussion
of the Benchmark results mostly considers differences between point-kinetics and 3D neutronics. How-
ever, the evaluation should take into account in the same manner the sensitivity of results on purely ther-
mal-fluiddynamic parameters and features of plant modelling. For this purpose, a plant trantient model
using pointkinetics can be applied. The examples show that for such complex transients, which require
coupled code calculations, a systematic sensitivity study should be performed. Only such an analysis can
determine the effect of uncertainties of the boundary conditions and modelling features on the safety
relevant parameters.
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                     Fig.1 Total core power                                                                 Fig.2 Primary coolant temperature at cold leg outlet
                                                                                                                                    and hot leg inlet of the affected loop B
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                    Fig.3 Pressure in the steam-line for the broken (B)                         Fig.4 Primary pressure at hot leg inlet for both
                             and intact (A) side                                                                            loops A and B
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                   Fig. 5 Break mass flow at the 24 inch and                                       Fig.6  Steam generator mass for the break (B)
                              8 inch break                                                                                     and intact (A) side
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                      Fig.7 Integrated break mass flow of the break                               Fig.8 Reactivity of reactor trip and
                                for water and steam release                                                            feedback effects
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                Fig.9   Variants of feedwater mass flow                                         Fig.10 Cold leg coolant temperature at outlet for
                                                                                                                                    variants with and without additional water
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                Fig.11 Total core power for variants with and                            Fig.12  Pressure in primary system with and without
                            without additional feedwater                                                       circulation  flow in upper head
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                                    Fig.13  Coolant temperature in broken loop for variants
                                                 of aspirator flow and drift flux in steam generator
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