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ABSTRACT 

Many international programs and experiments were 

conducted to investigate the phenomenon of hydrogen 

generation during severe accidents such as QUENCH program. 

QUENCH-20 test was conducted as the latest test to investigate 

the hydrogen production phenomenon, relocation of damaged 

fuel rods, and boron carbide (B4C) reactions in BWR.  

This paper presents the LEI QUENCH tests modelling 

experience and based on gained experience development of 

numerical model for QUENCH-20 test using severe accident 

code RELAP/SCDAPSIM. Numerical analysis was provided 

using mod3.4 and mod3.6 code versions. The preliminary 

calculation results of the first attempt are presented for total 

hydrogen generation and cladding temperatures. The performed 

modelling using RELAP/SCDAPSIM code results 

demonstrated the advantages of mod3.6 code version, 

comparing to the mod3.4 version. However, the modelling of a 

BWR control blades still remains challenging.  

 

INTRODUCTION 
During an accident in a nuclear power plant, even after 

stopping the chain reaction in the nuclear reactor, it is very 

important to ensure adequate cooling of the reactor core. The 

reactor core consists of nuclear fuel assemblies assembled from 

fuel rods and control rods which are different for PWRs and 

BWRs. Due to the release of residual heat in the nuclear fuel 

assemblies, the failure of the main emergency cooling systems 

can lead to a severe accident with severe damage or melting of 

the nuclear fuel rods. The consequences of such an accident can 

be as severe as those at the Chernobyl or Fukushima NPPs. To 

avoid such consequences, cooling the core by flooding it with 

water is necessary. However, when the water cools the 

overheated fuel rods, the supplied water causes an intense 

exothermic oxidation reaction of the fuel cladding made from 

zirconium alloy. This leads to the release of fission products 

from the fuel rods into the environment and the hydrogen gas 

generated as a product of the steam – zirconium oxidation 

reaction. 

The occurrence of the last severe accident in Fukushima 

Daiichi NPP increases the need for the review of safety 

regulation in Nuclear Power Plants (NPP), especially for the 

development of Severe Accident Management (SAMG) 

guidelines. Usually the computer codes, developed for the 

severe accident analysis (such as ASTEC, RELAP/SCDAPSIM 

and others), are used for the SAMG preparation. However, the 

validation of computer codes for all severe accident phenomena 

should be performed in advance. In this paper the LEI 

experience in validation of quenching of overheated nuclear 

fuel assembly phenomena is presented. Such phenomenon was 

selected, because the most important accident management 

measure during a severe accident is the injection of water to 

cool down the reactor core.  

Hence, many international experimental programs and 

experiments were conducted such as CORA, QUENCH, etc. 

The QUENCH experimental facility is located at the 

Forschungszentrum Karlsruhe (Karlsruhe Research Center). 

Schematic view of the facility is presented in Figure 1. The 

focus of the QUENCH program is the investigation of typical 

light water reactors fuel assembly response during the flooding 

of the uncovered core with cold water [1]. According to such 

conditions, the oxidation of heated fuel simulators in a steam 

atmosphere causes the phenomenon of hydrogen generation. As 

hydrogen is considered a flammable gas, its rapid increase 

could lead to an explosion.  

 



    

  

Figure 1 QUENCH test facility 

 

Scientists of LEI have experience in modelling different 

QUENCH tests using severe accident computer codes ASTEC 

and RELAP/SCDAPSIM:  

• Modelled QUENCH-03 and 06 tests [2, 3]. These tests 

are related to the PWR fuel bundle with the oxidation 

phase in the water steam ambient. This situation 

corresponds to the severe accident conditions in the 

reactor core.  

• Modelled QUENCH-10 and 18 tests [6, 7, 8, 9]. The 

specific of these tests is the air ingress before the 

quenching phase. This corresponds to the severe 

accident conditions in the reactor core when the reactor 

cavity is not intact, or the processes in the spent fuel 

pools during loss of coolant. 

QUENCH-20 test [4, 5] was conducted as the latest test to 

investigate the hydrogen production phenomenon, relocation of 

damaged fuel rods, and boron carbide (B4C) reactions in BWR. 

The QUENCH-20 test was equipped with a quarter of the fuel 

bundle SEVA-96 Optima-2 including the absorber blades part 

and fuel and water channel boxes to study their oxidations and 

degradation under the quenching conditions. 

In this article the experience gained from the previous 

modelled QUENCH tests is used for the development of the 

numerical model for the QUENCH-20 test.  

 

Comparison of QUENCH-06 and QUENCH-20 tests 
Based on the QUENCH matrix [1] some similarities could 

be found between QUENCH-06 and QUENCH-20 tests 

(Table1), specifically for the boundary conditions, power 

distribution, and operational test phases.  

 

Table 1 similarities of QUENCH-06 and QUENCH-20 tests. 
 

QUENCH-06 QUENCH-20 
Steam flow rate (g/s) 3 g/s 3 g/s 

Argon flow rate (g/s) 3 g/s 3 g/s 

Water injection (g/s) 40 g/s 50 g/s 

Peak Power kW 18.2 kW 18.2 kW 

Test phases Pre-oxidation, 

Transient, 

Quenching 

Pre-oxidation, 

Transient, 

Quenching 

 

However, despite similarities in QUENCH-6 and 

QUENCH-20, these tests have significant difference – test 

bundle. The QUENCH-06 test bundle was constructed to 

investigate processes in PWR type reactors. Bundle consists of 

20 heated rods, 1 unheated central rod (which is used for the 

measurement’s devices and sensors or as a control rod) and four 

corner rods (Figure 2). All 20 fuel rod simulators have a total 

length of ~2.5 m, and the electrically heated length is about 1 m 

length.  

 

 
Figure 2 QUENCH-06 test bundle 

 
Figure 3 QUENCH-20 test bundle 

 



    

The QUENCH-20 test bundle is quarter of the SEVA-96 

Optima-2 BWR fuel bundle (Figure ). It consists of 25 fuel 

rods simulators, water channel box, fuel channel box, absorber 

blades filled with B4C pins, power supply, electrical tungsten 

heaters, water, and steam supply systems. The rod cladding was 

identical to light water reactors fuel rods` cladding material 

(Zricaloy-4). 24 heated fuel rods simulators up to 1.024 m in 

length and one unheated rod located in the corner of the bundle. 

The QUENCH-20 test consists of 3 operational phases 

(Figure 4), which represent the calculation domain of the test 

analysis [4]: 

• The pre-oxidation phase is the first operational phase 

that occurs when the temperature was kept constant up 

to the time at which the maximum oxide layer reached 

the experiment designed value.  

• The transient phase is the second operational phase that 

occurs when the temperature increased up to the 

experiment-designed value for the onset of the 

quenching phase.  

• Quenching phase is the last operational phase that 

occurs when the steam supply was stopped and water 

was added, simulating the reflood.  

 

 
Figure 4 QUENCH-20 power and flow distributions 

 

The consequences of reflooding, oxidation and hydrogen 

generation are more severe in the Boling Water Reactors than in 

Pressurized Water Reactors. The higher concentration of 

zirconium and stainless steel in the core of BWR compared 

with the PWRs increases the probability of producing a bigger 

amount of hydrogen and higher energy release rate in case of a 

severe accident scenario. In addition, it is necessary to evaluate 

the oxidation of boron carbide and its reactions, that is also a 

source of hydrogen generation, energy release, and melting 

relocations. 

 

 

QUENCH-20 MODEL DEVELOPMENT  
A new numerical model has been developed for QUENCH-

20 test using severe accident code RELAP/SCDAPSIM. This 

computer code is an integral severe accident code designed to 

make a simulation for the overall reactor coolant system 

thermal-hydraulic response and core behaviour under normal 

operating conditions or under design basis or severe accident 

conditions. The RELAP/SCDAPSIM [10, 11] code includes 

two different parts.  

1. The RELAP part, which is used to perform the 

calculations of the overall reactor coolant system 

thermal-hydraulic response (temperatures, pressure 

distribution, etc.), control system behaviour (changing of 

the operating power settings, etc.), reactor kinetics, and 

the behaviour of special reactor system components such 

as valves and pumps.  

2. The SCDAP part, which is used to perform the 

calculation of the core behaviour and vessel structures 

under normal and severe accident conditions. The 

SCDAP part also includes models to simulate the later 

stages of severe accidents. These SCDAP models are 

invoked automatically by the code. 

 

The development of the QUENCH-20 model is based on 

LEI experience on modelling QUENCH-03, 06 [2, 3], 10 [6, 7] 

& 18 [8, 9] using RELAP/SCDAPSIM.  

Figure 5 shows the general RELAP/SCDAPSIM 

nodalization scheme which was used for modelling the 

QUENCH test facility (QUENCH-03, 06, 10 and 18 tests). The 

space between heated rods and the outer cooling loop of the 

QUENCH test facility was modelled using RELAP 

components: pipe, time-dependent volumes and junctions, 

single junctions, and branches. In addition, a time-dependent 

volume for the air ingression was connected to branch 007 in 

the case of QUENCH-10 and 18 tests [8, 9]. The electrically-

heated rod simulators and surrounded shroud were modelled 

using SCDAP components (FUEL, CORA, and SHROUD), 

which were in total 5 components.  

 

 

Figure 5 Nodalization scheme of QUENCH-06 test 

 

As it was mentioned, QUENCH-06 and QUENCH-20 have 

similarities in boundary conditions, power distribution, and 

operational test phases. Thus, for the first attempt, it was 

decided to use the model developed for QUENCH-6 with some 

adaptations for QUENCH-20 test bundle.  



    

RELAP part of the model was left almost without the 

modifications, only component 010 was modified according to 

the bundle geometry of QUENCH-20 test (Figure 6). 

For the SCDAP part the structure was kept as for 

QUENCH-06, only updating geometrical data according bundle 

specifics. 5 SCDAP components (Figure 7) were used: 

• Component 1: CORA component (1 heated fuel rod 

simulator). 

• Component 2: CORA component (9 heated fuel rod 

simulators). 

• Component 3: CORA component (14 heated fuel rod 

simulators). 

• Component 4: FUEL component (corner rod). 

• Component 5: SHROUD component (shroud with 

isolation). 

 

Figure 6 Nodalization scheme of QUENCH-20 test 

 

 

Figure 7 QUENCH-20 test bundle geometry 

 
PRELIMINARY RESULTS FOR MODELLING 

QUENCH-20 TEST 

 
The QUENCH-20 test was modelled using two different 

RELAP/SCDAPSIM code versions 3.4 and 3.6. The new 

version RELAP/SCDAPSIM 3.6 has many improvements and 

models in the SCDAP part. The new modelling options for 

SCDAP part are [14, 15, 16]:  

• improvements of fuel gap conductance model; 

• improvements in the model of the electrically heated rod 

simulator; 

• shroud model improvements. 

• models to treat the influence of air ingression. 

There are some modifications, which have been added to 

the electrically heated fuel rod simulator model and applied to 

the new version RELAP/SCDAPSIM 3.6 [14, 15, 16]: 

• improvements and consideration of inner gap between 

annular pellet and heater; 

• improved an option to use the measurement of total 

electrical resistance; 

• the ability to do setting for a different constant resistance 

value at each node. 

Four different cases were performed using 

RELAP/SCDAPSIM code versions 3.4 and 3.6, to investigate 

the calculation results of QUENCH-20 test: 

• Case1: calculations performed using 

RELAP/SCDAPSIM mod 3.4.  

• Case2: calculations performed using 

RELAP/SCDAPSIM mod 3.6. 

• Case3: calculations performed using 

RELAP/SCDAPSIM mod 3.6. In addition to the 

Cathcart-Pawel oxidation model, the Urbanic-Heidrick 

model could be applied for modelling of the oxidation 

in steam environment. The last model (which is 

optional) gives better understanding of the cladding 

degradation process [17].  

• Case4: calculations performed using 

RELAP/SCDAPSIM Mode 3.6, with activated 

improvements which allows to consider the inner gap 

between annular pellet and heater, use measurement of 

total electrical resistance, and to have the ability to do 

setting for a different constant resistance value at each 

node. [15] 

The calculation results for total hydrogen generation 

(Figure 8) showed high oxidation and high amounts of 

hydrogen generation for Case1, Case2, and Case4 compared 

with the experimental data. As seen from Figure 8, the 

calculation results of the amount of produced hydrogen in 

Cases 1, 2 and 4 are more than 2 times higher compared to the 

experiment (0.0575 kg). However, Case3 showed a very small 

amount of hydrogen compared with experimental data - less 

than 2 times than the experimental measurements.  

Figure 9 presents the cladding temperature of the four 

cases at 950 mm elevation with the experimental data. As 

shown in Figure 9, Case1, Case2, and Case3 have slightly 

lower temperature values compared with the experimental data 

measurements. The calculated cladding temperature values in 

Case4 are slightly higher than the experimental data during 

peroxidation and transient phases. During the quenching phase, 

the cladding temperature at 950mm for Case4 is significantly 

higher than the experimental measurements.  

The most specific for QUENCH-20 test with BWR fuel 

assembly is the existence of absorber blades (B4C), thus it is 



    

needed to consider in the modelling. RELAP/SCDAPSIM have 

a special BWR Control Blade/Channel Box Component which 

could be used for the modelling of QUENCH-20 test. 
According to the developers a new model of B4C model is 

developed, that allows to select Ag-In-Cd or B4C. However, in 

this work this model was not tested, because in the current code 

version this model is not activated. Other option is to use 

second shroud component as stainless steel, but in that case the 

B4C material properties will be not considered.  

 
 

 

 

Figure 9 cladding temperature at 950mm 

 
Second nodalization scheme was developed to check these 

cases (Figure10). 

• Case5: control blades were modelled as BWR Control 

Blade/Channel Box component.  

• Case6: control blades were modelled as shroud 

component. The shroud material is stainless steel.  

Figure 11 shows the total hydrogen generation for Case5 

and Case6. In case “modelling control blades as BWR control 

blades/channel box component”, the calculated amount of 

hydrogen has lower values (0.033kg) compared with the 

measured values (0.057 kg). Analogously, Figure 12 shows  

low values of cladding temperature at 950 mm elevation for 

Case5 compared with experimental data measurements, 

however, Case 5 has a good agreement with the experimental 

data measurements. For Case6 the total hydrogen generation is 

in a good agreement with experimental data until quenching 

phase. Case 6 calculation results shows ~2 times higher 

calculated values, compared with the experimental data 

measurements (Figure 11). Also, Figure 12 showed that the 

cladding temperature at 950 mm for Case6 is in good 

agreement with experimental data comparing the Case5.   
 

  
Figure 10 New nodalization scheme  

 
Figure 11 Total hydrogen generation.  

 
Figure 12 Cladding temperature at 950 mm elevation (first 

approach) 
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CONCLUSION 
The geometrical arrangement of QUENCH-20 bundle test 

section is very challenging for modelling for these reasons: 

• Severe accident codes (RELAP/SCDAPSIM, ASTEC, 

MELCOR, AC2, ect…) use a modelling approach based 

on concentric rings to simulate fuel.  

• Challenge in modelling control blades and B4C reactions 

with steam.  

• Possible large uncertainties in calculation results. 

The LEI modelling experience of QUENCH tests was 

used for the development of new numerical model for 

QUENCH-20 test. It was found from QUENCH matrix that 

there are similarities in boundary conditions, power 

distribution, test phases between QUENCH-06 and QUENCH-

20. According to these similarities it was decided to use the 

same nodalisation scheme as QUENCH-06 test with modifying 

the test bundle according to QUECH-20 bundle geometry. As a 

first attempt, calculations of four different cases were 

performed using RELAP/SCDAPSIM versions mod3.4 and 

mod3.6. The best agreement with experimental measurements 

was received, when RELAP/SCDAPSIM Mode 3.6 was used 

with activated improvements allowing to consider the inner gap 

between annular pellet and heater and considering a different 

constant resistance value at each node. As B4C modelling is 

very challenging, two different Cases were made: in first case 

the control blades were modelled as BWR Control 

Blade/Channel Box component, while in second - these control 

blades were modelled as shroud component. The calculations 

were performed using RELAP/SCDAPSIM mod3.6. First case 

gave lower values of hydrogen generation (~0.033kg), 

however, second gave 2 times higher values compared with 

experimental data (~0.15kg). Also, for the cladding temperature 

at 950 mm elevation, the calculation result of second case is in 

a better agreement with the experimental data then the first 

case.  

Thus, the performed first modelling using 

RELAP/SCDAPSIM code results demonstrated the advantages 

of mod3.6, comparing to the mod3.4 version. However, the 

modelling of a BWR control blades still remains challenging. 

This work will be continued in future.  
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