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ABSTRACT 

The CESAR thermal-hydraulic module of ASTEC V1.2 code has been validated by 
means of the analysis of one experiment carried out in the Bethsy facility which simulates a 
French 900 MWe PWR reactor. The test under investigation is the loss-of-coolant accident 
9.1b test (OECD ISP N°27) which consists in a 2" cold leg break, while the high pressure 
injection system is assumed to be unavailable. 

Starting from a Bethsy nodalisation similar to the one employed in PWR reactor 
applications with the ASTEC code, the Bethsy 9.1b test has been analyzed in detail with 
CESAR. In order to reduce the discrepancies found between code results and test 
measurements, some nodalisation improvements have been identified and implemented in the 
original model by means of sensitivity studies. 

In the present paper, the results of the code are presented in comparison with the 
experimental data. The occurrence of major events and the time evolution of main thermal-
hydraulic parameters of both primary and secondary circuits are well predicted by CESAR. 

1 INTRODUCTION 

The ASTEC V1.2 system code is being jointly developed by the French Institut de 
Radioprotection et de Sûreté Nucléaire (IRSN) and the German Gesellschaft fur Anlagen und 
ReaktorSicherheit (GRS) to address severe accident sequences in a nuclear power plant, from 
the initiating event up to fission product release and behaviour in the containment. 

 The code consists of several coupled modules; each of them can deal with different 
phenomena: thermal-hydraulics in the primary and secondary system, core degradation and 
corium relocation, fission product release and transport, aerosols behaviour and chemistry in 
the containment, etc. Thermal-hydraulics in primary and secondary circuits is computed by 
the CESAR module [1], which is coupled to the core degradation DIVA module. 

CESAR is a two-phase flow thermal-hydraulic code that can simulate all components of 
primary and secondary circuits including auxiliary, emergency and control systems. Until  
now, the validation of the CESAR module was still limited and almost exclusively based on 
comparison with CATHARE French T/H system code. Since the release of ASTEC V1.2, 
important CESAR validation tasks are in progress on separate-effect and integral tests. 
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The aim of this work was to extend the CESAR validation on the basis of a well 
instrumented and qualified experiment carried out in an integral test facility. This experiment, 
the loss-of-coolant transient 9.1b, was conducted in the Bethsy facility (CEA, France) and has 
been widely investigated in the frame of ISP N°27 promoted by the OECD/CSNI. 

2 THE BETHSY EXPERIMENT 9.1B 

The Bethsy facility is a scaled down model of a 900 MWe Framatome PWR. The 
elevation scaling factor of the facility is 1/1 in order to preserve gravitational heads, while the 
overall scaling factor applied to volumes, mass flow rates and power level is close to 1/100. 
The overall arrangement of the facility is depicted in Figure 1. 

 
Figure 1: Overall arrangement of the Bethsy facility  

The Bethsy primary system has three identical loops equipped with a main coolant 
pump and a U-tube steam generator. Primary and secondary engineered safety systems are 
simulated. This includes high and low pressure injection systems, accumulators, pressurizer 
spray and relief circuits, auxiliary feedwater system and steam dump to the atmosphere. 

The measurement system provides detailed information on thermal-hydraulic 
phenomena that are likely to take place on both primary and secondary sides. Finally, a 
computerised control system enables tests and associated emergency operating procedures to 
be conducted in the automatic mode. 

More than 80 tests have been carried out on the Bethsy facility covering a wide range of 
accident situations such as breaks from 2" to 10" at different locations, single or multiple 
steam generator tube ruptures, total loss of feedwater and station blackout. 

The experiment 9.1b under investigation [2] consists in a 2" cold leg break, while the 
High Pressure Injection System (HPIS) is assumed to be unavailable. This transient leads to a 
large core uncovery and fuel heat-up, requiring the implementation of an Ultimate Procedure 
(UP) which should be applied as soon as the unavailability of HPIS is known. 

In the presently studied scenario, the actuation of the procedure is delayed and, 
therefore, the steam dumps to atmosphere are fully opened only when the core outlet 
temperature rises significantly higher than the saturation temperature. This action allows the 
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primary circuit to depressurize down to the accumulator injection threshold, then to Low 
Pressure Injection System (LPIS) actuation.  

The end of the test is reached as soon as a safe state of the primary coolant circuit is 
recovered, i.e. when the conditions required for the stable operation of the Residual Heat 
Removal System (RHRS) are attained. 

3 THE BETHSY EXPERIMENT MODELLING WITH ASTEC V1.2 

At first, the Bethsy facility modelling was built using a nodalisation similar to the one 
employed in standard PWR reactor applications with the ASTEC code. Successively, by the 
analysis of some other Bethsy experiments, including the steam generator tube rupture 
transient (test 4.3b), the total loss of feedwater transient (test 5.2e) and related studies [3], the 
original model has been improved trying to reduce the discrepancies observed between code 
results and test measurements. The revised nodalisation scheme of the Bethsy facility used in 
the present analysis of the experiment 9.1b is depicted in Figure 2.  
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Figure 2: CESAR nodalisation scheme of the BETHSY facility  

Main improvements with respect to standard PWR model concern: (1) a refined 
meshing of the core in order to reduce the impact of core flow instabilities observed in 
subcooling conditions, (2) a refined meshing of the steam generator riser and downcomer to 
improve the thermal coupling between primary and secondary systems and give evidence of 
the stratification phenomena observed during the transient 4.3b, (3) a more detailed model of 
the upper head to vessel cold collector bypass that is needed to better predict reverse steam 
flow through the bypass and cold leg draining during the progressive primary circuit draining 
process of the transient 9.1b. 
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3.1 Boundary Conditions 

The break is a 70 mm long nozzle of 5.16 mm in diameter located on the cold leg of 
loop 1. In order to use the same subcritical break flow correlation with respect to the reference 
CATHARE correlation, the break size is increased by 40% (the two correlations differ by √2) 
after 5100 s (just before the LPIS injection startup) in the reference CESAR calculation.  

Regarding safety system operation: (1) the HPIS is totally unavailable during the 
transient, (2) only the two accumulators connected to the intact loop 2 and 3 are in operation, 
and (3) the injection lines of LPIS are connected to the intact loops only and the water mass 
flowrate is equally distributed in the two loops. 

On the Bethsy facility, electrical trace heating located on components and piping of the 
primary circuit and the steam generators compensates for heat losses. In the calculation of 
experiment 9.1b, the trace heating behaviour is simply modelled by neglecting heat losses 
from primary and secondary wall structures until accumulator injection starts, i.e. when in the 
experiment the trace heater power was shut down to zero. 

During the experiment, the liquid level in the secondary side of steam generators was 
regulated through the auxiliary feedwater injection. In the ASTEC calculation, the injection of 
auxiliary feedwater is simply regulated according to measured values of the steam generator 
mass. 

4 EXPERIMENT ANALYSIS 

4.1 Initial Conditions 

The initial conditions of the Bethsy facility at the transient initiation (t = 0 s) are 
obtained by a steady-state calculation lasting 500 s, starting from plant thermal-hydraulic 
parameter values close to the ones specified for the experiment. Some regulations actuated on 
the primary and secondary sides facilitate the achievement of stable conditions at the end of 
the steady-state calculation. 

The initial conditions calculated by ASTEC are compared with the experimental data in 
Tab. 1. The values of calculated parameters for both primary and secondary systems are very 
close to the test data and within the uncertainty range of the measurements. 

Table 1: Initial conditions of the experiment 9.1b 

Parameter Experiment Calculation 
Primary System 

Pressurizer pressure (MPa) 15.51 ± 0.09 15.51 
Pressurizer level (m) 4.08 ± 0.1 4.09 
Core power (kW) 2864 ± 30 2864 
Upper plenum fluid temperature (°C) 290.9 ± 1 291.4 
Upper head fluid temperature (°C) 287.7 ± 1 287.9 
Downcomer mass flow rate (kg/s) 150 ± 5 150 
Fluid mass inventory (kg) 1960 ± 40 1935 

Secondary System 
Steam generator dome pressure (MPa) 6.91 ± 0.04 6.91 
Main feedwater mass flow rate (kg/s) 0.52 ± 0.03 0.54 
Main feedwater temperature (°C) 218 ± 2 218 
Steam generator downcomer level (m) 13.45 ± 0.05 13.53 
Steam generator fluid mass (kg) 820 ± 30 820 
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4.2 Transient Analysis 

Experimental Scenario 
The primary system depressurized quickly after break opening and the pressurizer 

emptied at 50 s. After draining of the upper part of the primary circuit above the hot leg 
elevation, the vessel level restarted decreasing, simultaneously with the level drop in the 
downflow side of the loop seals. At about 1300 s, steam started flowing from the upper 
plenum to cold leg via the guide tube and the upper head to cold collector bypass. The 
subsequent partial draining of the cold leg caused a drastic reduction of the break mass flow 
rate. First core level decrease started around 1830 s, because of an asymmetric behaviour in 
loop seal clearing of the three loops. A second core uncovery started at 2180 s, as a result of 
boil off from the core and continuous depletion of the primary mass inventory, leading to the 
initiation of the UP at 2562 s, when the core maximum clad temperature reached 723 K. After 
full opening of the three steam generators atmospheric dumps, the primary pressure followed 
the fast decrease of secondary pressure. The accumulator injection took place at 2962 s, 
stopping the primary inventory depletion and cladding temperature increase. The strong 
reduction in cold leg void fraction just before accumulator isolation at 3831 s resulted in 
important loss of fluid through the break. 

The primary mass inventory remained rather constant after accumulator isolation until 
the LPIS injection was actuated at 5177 s. In spite of a rather large break mass flow rate, the 
end of test was characterized by a fast increase of primary mass inventory until stable 
conditions for RHRS startup were achieved around 8300 s. 

Code Results and Comparison with Experimental Data 
The chronology of major events predicted by ASTEC is given in Table 2 in comparison 

with the test scenario. The agreement between code results and test data is good over the 
whole transient, until safe conditions are established in the primary circuit at the end of the 
calculation after about 8300 s. 

Table 2: Chronology of major events 

Event Experiment Calculation 
Break opening 0 s 0 s 
Scram signal 41 s 45 s 
Pressurizer is empty 50 s 46 s 
Safety injection signal (IS) 54 s 49 s 
Main feedwater off and turbine bypass 59 s 54 s 
Auxiliary feedwater on (IS + 30 s) 82 s 79 s 
Pump coastdown starts (IS + 300 s) 356 s 349 s 
Ultimate Procedure initiation 2562 s 2566 s 
Atmospheric steam dumps opening 2567 s 2571 s 
Accumulator injection starts (P < 4.2 MPa) 2962 s 2983 s 
Accumulator isolation (P < 1.5 MPa) 3831 s 3859 s 
LPIS starts (P < 0.91 MPa) 5177 s 5158 s 
End of transient 8330 s 8330 s 

Unless of some delay in scram signal (4 s) and a slight anticipation in total pressurizer 
draining and safety injection signal (5 s), the initial primary system depressurization is well 
simulated by CESAR as illustrated in Figure 3a (the solid lines are the result of the CESAR 
calculation while the dots are the experimental data points). The depression in primary and 
secondary pressure, provoked by loss of recirculation in the secondary side of steam 
generators around 500 - 1250 s, is underestimated by the code. The depressurization of both 
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primary and secondary systems after UP initiation and atmospheric steam dump opening 
(time delay of 4 s) is also well simulated by CESAR. The primary pressure is slightly 
underestimated by CESAR (about 1 bar) towards the end of the transient after LPIS startup.  

a) Primary and secondary pressure
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Figure 3: System pressure and primary temperature  

The coolant temperature of the primary loops is well reproduced by CESAR during the 
transient (Figure 3b). The temperature decrease in the cold leg of both intact and broken loops 
after cold water injection by the safety systems is rather well simulated by CESAR. 

In spite of some discrepancies encountered in the evaluation of break mass flow rate 
and safety system water injection, the time evolution of primary mass inventory during 
primary circuit draining and refilling is rather well reproduced by CESAR (Figure 4a). The 
secondary mass inventory calculated by the code is in good agreement with the test 
measurements. 
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Figure 4: System coolant mass inventory and break mass flow rate 

The break mass flow rate is initially overestimated by CESAR as shown in Figure 4b. 
After primary pump coastdown at about 350 s, the mass flow rate reduces in contrast with the 
experimental evidence, resulting in a time delay of about 200 s in the drastic reduction of 
break flow after important cold leg draining (see also Figure 5). Fluid break loss due to 
important cold leg void fraction reduction just before accumulator isolation is largely over 
predicted by CESAR. The 40% increase in break size considered for flow subcritical 
conditions (see section 3.1) allows CESAR to rather well reproduce the fluid loss through the 
break in the late transient phase. 

The primary circuit draining and refilling is reasonable well simulated by the code, as 
confirmed by the evolution of hot and cold leg void fractions illustrated in Figure 5. An 
asymmetric behaviour in loop seal clearing between broken loop and intact loop 2 is observed 
in the calculation and, according to the experimental evidence, loop seal clearing occurs first 
in loop 2 around 2000 s. 
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a) Broken loop 1
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Figure 5: Void fractions in hot and cold legs of the primary loops 

Onset of accumulator injection and their isolation is calculated by CESAR with a time 
delay of 20 and 30 s, respectively. The total mass injected by the accumulators is 
approximately 10% overestimated (Figure 6a); the assumption of a fully isothermal behaviour 
for accumulator discharge could partially explain this difference. The LPIS startup is 
calculated 20 s earlier than in the test and the water mass injected is slightly overestimated 
(Figure 6d), owing to the primary pressure underestimation previously pointed out. 
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Figure 6: Water mass injection by safety systems 

The general trend of core uncovery is well predicted by CESAR (Figure 7a). The core 
collapsed level is over predicted after accumulator injection. This difference of about 30 cm, 
which remains practically constant until complete core refilling takes place, could be 
explained by the larger accumulator discharge or by discrepancy in the prediction of water 
boil off from the core. 

b) Maximum clad temperature

300

500

700

900

1100

0 1500 3000 4500 6000 7500 9000

Time (s)

Te
m

pe
ra

tu
re

 (K
)

tclmax (cesar)
Experiment

a) Core collapsed level

0.0

1.0

2.0

3.0

4.0

0 1500 3000 4500 6000 7500 9000

Time (s)

Le
ve

l (
m

)

cc_level (cesar)
Experiment

b) Maximum clad temperature

300

500

700

900

1100

0 1500 3000 4500 6000 7500 9000

Time (s)

Te
m

pe
ra

tu
re

 (K
)

tclmax (cesar)
Experiment

a) Core collapsed level

0.0

1.0

2.0

3.0

4.0

0 1500 3000 4500 6000 7500 9000

Time (s)

Le
ve

l (
m

)

cc_level (cesar)
Experiment

 
Figure 7: Core uncovery and heatup 
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The fuel rod simulator heatup and cooldown after accumulator injection is very well 
reproduced by CESAR (Figure 7b). The maximum clad temperature calculated by the code is 
1021 K at 3054 s, very close to the test measurements (peak clad temperature of 995 K at 
3053 s). 

The right prediction of steam mass flow rate after atmospheric steam dump opening 
(Figure 8a) is needed to well reproduce the following system depressurization. The calculated 
auxiliary mass flow rates in inlet to the steam generators match rather well the experimental 
data (Fig. 8b). 

a) SG steam mass flow rate
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Figure 8: Steam generator steam and auxiliary feedwater mass flow rate 

5 CONCLUSIONS 

The CESAR thermal-hydraulic module of ASTEC V1.2 code has been successfully 
validated by the post-test analysis of the Bethsy experiment 9.1b. The analysis of this 
experiment has highlighted the good capability of CESAR to simulate reactor transient 
conditions in both primary and secondary circuits under accidental situations. 

The improvements introduced in the Bethsy facility modelling with respect to standard 
PWR reactor applications contribute to increase the CESAR code performances and reduce 
significantly the discrepancies between code results and experimental data. 

A CESAR steady-state calculation allows the achievement of stable conditions at the 
initiation of the transient in good agreement with the initial conditions of the test. The time 
evolution of main thermal-hydraulic parameters is well predicted by CESAR during the 
transient phase. The break flow correlation used by CATHARE code for subcritical flow 
conditions seems more suitable than the CESAR one to predict primary coolant mass 
inventory in the late transient phase. This modification of subcritical break flow correlation 
will be integrated in the future version V1.3 of ASTEC. The main reasons for remaining 
slight discrepancies between code results and test data have been pointed out. 
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