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Abstract 

It is supposed that an Accelerator-driven System (ADS) is safer than conventional critical 
reactors since an ADS is driven by the external neutron source in the subcritical state. In 
this study, the transient analyses for the lead-bismuth cooled ADS proposed by JAEA were 
performed using the SIMMER-III and RELAP5/mod3.2 codes to investigate the possibility of 
core damage. 

In this research, three accidents; the protected loss of heat sink, the protected overcooling 
and the unprotected blockage accident were considered as typical ADS accidents. Through 
these calculations, it was confirmed that all calculation results, except for the protected 
loss of heat sink, fulfilled the no-damage criteria. In the protected loss of heat sink, the 
cladding tube temperature reached its melting temperature after 18-21 hours, although the 
calculation condition was very conservative. These results have led to requirements to 
design a safety system of the ADS to decrease the frequencies of accidents.  

Introduction 

The Japan Atomic Energy Agency (JAEA) has performed research and development of an 
Accelerator-driven System (ADS) to reduce the burden for the conditioning and disposal 
of high-level radioactive waste. The proposed ADS is a lead-bismuth eutectic (LBE) cooled 
tank type ADS, which consists of a high intensity proton accelerator with 1.5 GeV beam 
energy and a subcritical core with 800 MW thermal power [1, 2]. It can transmute 250 kg 
minor actinide (MA) per year. 

It is supposed that the ADS is safer than critical reactors since an ADS is operated in a 
subcritical state. The advantages of the subcritical system are: 

• the shutdown is easy (just to stop the supply of spallation neutrons by the 
shutdown of the accelerator); 

• a possibility of a critical accident is smaller than the critical reactors.  

The advantages of using the LBE as a coolant are the following:  

• there is little possibility of a void generation by boiling due to the high boiling 
point of the LBE (1670°C); 

• the LBE is inactive against the water, unlike sodium.  

On the other hand, it is very important to control oxygen concentration in the LBE to 
protect corrosion and the generation of lead oxide. Preventing the LBE from overcooling is 
also important in an LBE-cooled system. It is supposed that the lead oxide or frozen LBE 
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will be one of the causes of a flow blockage at a fuel assembly, a heat exchanger tube or 
other components. 

In the previous study, a preliminary investigation of safety was performed by Level 1 
PSA (probabilistic safety assessment) with the consideration of such characteristics of the 
LBE-cooled ADS [3]. The previous study showed that the probabilities of the two cases, 
beam window breakage (BWB) and protected loss of heat sink (PLOHS) were more than 
10-6 [reactor year]. For other events, such as beam overpower (BOP) and unprotected loss 
of flow (ULOF), Level 1 PSA showed that the frequencies of these events were less than  
10-6 [reactor year]. Here, “protected” and “unprotected” mean a success and a failure of 
the beam-shutdown, respectively. In addition, the previous study showed that there was 
little possibility of core damage in BWB, BOP and ULOF through the transient analysis. 

This study aims to analyse transients of other typical accidents for the ADS based on 
past assessments. Two calculation codes, the SIMMER-III [4] and the RELAP5/mod3.2 
codes [5], are employed for the analyses. Throughout these analyses, the possibility of the 
core damage in the ADS is discussed. 

Calculation condition 

Calculation code 

The SIMMER-III code is an advanced safety analysis code, which has been developed to 
investigate postulated core disruptive accidents in fast reactors [4]. The SIMMER-III code 
is a two-dimensional three-velocity field, multi-phase, multi-component, eulerian fluid 
dynamics codes coupled with a structure model and a space-, time- and energy-
dependent neutron kinetics model. The latest version of the SIMMER-III code is available 
to analyse the LBE-cooled ADS by adding features to treat the subcritical state with the 
external neutron source and physical properties for the LBE [6]. However, it is unable to 
treat a heat generation by the spallation reaction in the target region. Hence, heat 
generation in the target region was ignored in the SIMMER-III calculation. It is 
appropriate to analyse a short-range (a few seconds, for example) transient. 

Figure 1. Conceptual diagram of ADS 
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The RELAP5/mod3.2 (RELAP5 in the following) code is a thermal hydraulic computer 
code, which has been developed to predict the behaviour of nuclear plants during 
transient and accidental conditions [5]. The code models the coupled behaviour of the 
reactor coolant system, the core for loss of coolant accidents and operational transients 
such as anticipated transient without scram and loss of flow. The module to use the LBE 
as a coolant was prepared and employed in this study. The code models the whole flow 
of the system including a secondary cooling system but no eutronic model is available. It 
is adequate to calculate a long-range (several hours, for example) transient. 

Table 1. Main parameters of ADS 

Plant Thermal power 800 MWt 

  Coolant LBE 

  Inlet temperature 300°C 

  Coolant velocity 2.0 m/sec 

  Upper limitation of keff 0.97 

  Operation period 600 EFPDs* 

Fuel assembly Type 
Duct-less and 

hexagonal 

  Number of fuel assemblies 84 

  Pitch 233.9 mm 

  Width 232.9 mm 

  Number of fuel pins per 
assembly 391 

  Number of tie rods per 
assembly 6 

Fuel Composition (MA+Pu)N+ZrN 

 Pu enrichment (inner/outer) 15.1/21.3 wt% 

 ZrN ratio (inner/outer) 49.7/49.7 wt% 

  Pin outer diameter 7.65 mm 

  Thickness of cladding tube 0.5 mm 

  Pin pitch 11.48 mm 

  Active height 1000 mm 

∗Effective full power days 

 

Calculation model 

The calculation was performed for the ADS proposed by JAEA [7]. Table 1 summarises the 
main parameters of the ADS and Figure 1 presents a conceptual diagram of the ADS. The 
reactor vessel contains a beam duct, a subcritical core, a steam generator (SG) and a 
primary pump. A primary reactor auxiliary cooling system (PRACS) is prepared to remove 
decay heat. However, in this study, the PRACS was not considered for the treatment of 
the most severe case. 
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As described above, the LBE is used as both the spallation target and the coolant. A 
nitride fuel of plutonium and MA is cladded by T91 steel as a fuel pin. The fuel pins are 
assembled as a ductless hexagonal fuel assembly (FA), then these 84 FAs are loaded into 
the subcritical core. 

SIMMER-III 

Since the SIMMER-III code is unable to treat a hexagonal model, the subcritical core 
was simulated by an RZ calculation model, as shown in Figure 2. The subcritical core 
consists of 84 FAs that are divided into four rings. The inner most one is named the first 
ring, the next one is the second ring. These zones were used in the investigation of a 
multi-zoned ADS [7], and in this study, a two-zoned model, which has two different types 
of plutonium enrichment is employed. 

When the subcriticality is large, the importance of the fission reaction near the 
spallation target increases. This means that the cladding tube temperature at the nearest 
position from the spallation target reaches maximum value at this moment. The power 
distribution in the second EOC (End of Cycle) was the most severe state since the 
subcriticality in the second EOC was the largest during the ADS operation [7]. Based on 
this result, a neutronic calculation model in the second EOC state was employed. 

 

Figure 2. RZ calculation model for SIMMER-III 
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RELAP5 

Figure 3 shows the calculation model used in the RELAP5 calculation. In this 
calculation model, the subcritical core consists of three components, the spallation target, 
first ring and other rings (second-fourth), hence, the most important point of this 
analysis is to confirm the cladding tube temperature at the first ring. Thus, the 
calculation model is simplified for other FA rings. The heat structure of the RELAP5 input 
is given to the spallation target, each FA ring and the SG. For other components, the 
adiabatic assumption is considered, so the heat removal from the reactor vessel is 
ignored, for example. For the heat distribution in the subcritical core, the calculation 
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result by the SIMMER-III code provides the same cladding tube temperature. In the SG, 
the heat balance is adjusted to keep the LBE temperature at the inlet of the core at 300°C. 

Figure 3. Calculation model for RELAP5 calculation 
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Table 2 summarises the parameters for the RELAP5 calculation model. Some 
parameters shown in Table 1 are also employed in the RELAP5 calculation. The pressure 
in the SG is 6.0 MPa and the water mass flowrate is 870 kg/s. A detailed design of the 
primary pump for the ADS has not been performed yet and Table 2 shows the parameters 
of the primary pump [8]. The decay heat calculated by the ORIGEN-II code [9] in second 
EOC condition was used in that case. 

Table 2. Parameters for RELAP5 calculation model 

SG LBE inlet temperature 400°C 

  LBE outlet temperature 300°C 

  Water inlet temperature 243.8°C 

  Water outlet temperature 275.4°C 

  Pressure in SG 6.0 MPa 

  Water mass flow rate 870 kg/s 

Pump Pump head 4.5 m 

  NPSH*1 2.5 m 

  Inertia moment*2 12 000 kg m2 

  Rated torque*2 40 000 N m 

Coolant Mass flow rate 56 900 kg/s 

  Total amount of LBE 8240 t 

*1: Net positive suction head. 

*2: Provisional value. 
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Calculation case 

In the previous study [3], Level 1 PSA was used to quantify the frequency of an abnormal 
event. As a result, the frequencies of beam window breakage (BWB) and protected loss of 
heat sink (PLOHS) were larger than the criteria (10-6 [reactor year]), which were employed 
in the feasibility study of fast reactors [10]. The transient of BWB was calculated by the 
SIMMER-III code and the result showed that there was no possibility of the core damage 
by BWB because the LBE flowed into the beam duct and the external neutron source 
decreased. 

The frequencies of other events, such as Beam Overpower (BOP) and Unprotected 
Loss of Flow (ULOF), were less than those of the criteria. However, the transient analyses 
for these two events were also performed in the previous study because BOP was the 
inherent event of ADS and ULOF was reported as one of the most severe events for  
ADS [11]. The calculation results indicated that there was very little possibility of core 
damage by BOP and ULOF although there was the possibility of the creep rapture of the 
cladding tube. 

Table 3. Calculation cases and codes 

 Previous study* SIMMER-III RELAP5 

BWB O   

PLOHS - - O 

POVC - - O 

BOP O   

ULOF O   

UBA - O - 

*The case has already been calculated in the previous study [3]. Therefore, the case is not treated in this study. 

Based on previous results, this study aims to calculate three events: PLOHS, protected 
overcooling (POVC) and unprotected blockage accident (UBA), as a typical accident of ADS. 
For PLOHS, the frequency was larger than that of the criteria, 10-6 [reactor year], so it is 
necessary to confirm the possibility of core damage. For POVC, it is supposed that there is 
no possibility of core damage by the overcooling of the LBE. However, it is an inherent 
issue for the LBE-cooled system and will be a cause for a flow blockage at the FA, the heat 
exchanger tube or other components. Thus, it is important to understand a boundary 
condition for a temperature of a secondary system. For UBA, which is an accident of the 
flow channel block in a fuel assembly without the beam-shutdown, it was pointed out 
that UBA has an effect leading to core damage in the LBE-cooled system [11]. UBA was 
also selected as a calculation case in this study. 

Table 3 summarises the calculation cases and codes to be used in each calculation 
case. It was considered that the time range of transient analysis would be long for PLOHS. 
It was also supposed that the SG model was necessary to model a loss of heat sink. 
Therefore, the RELAP5 code was employed for PLOHS. In the case of POVC, it was 
reasonable to use the SG model to change the LBE inlet temperature. Hence, the RELAP5 
code was used for the POVC calculation. For UBA, it was necessary to model the FA to 
represent a blockage of the flow. It was considered that both calculation codes were able 
to treat the blockage of the flow, but the RELAP5 code was unable to treat the ductless FA. 
Hence, the SIMMER-III code was employed for UBA.  
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Figure 4. Change of water flow rate at SG in PLOHS 

 

Figure 5. Change of LBE flow rate in PLOHS 

 

In this study, the following criteria were used to judge core damage, namely, the fuel 
and cladding tube temperatures should be less than those melting temperatures, 2781°C 
and 1320°C, respectively. If the temperatures exceed those, it is deemed that the core has 
been damaged. 

Calculation result 

Protected loss of heat sink (PLOHS) 

The calculation of PLOHS was carried out by the RELAP5 code. The loss of heat sink was 
expressed as a decrease of the water mass flow rate in the SG. Three calculation cases 
were performed in this study. In each calculation case, the time during which the water 
mass flow rate reached zero was changed as 0 minutes, 10 minutes and 20 minutes 
(case00, case10 and case20, respectively). Case00 was the hypothetical case to see the 
most severe result. A linear decrease was assumed for the water mass flow rate. Figure 4 
shows the change of the water flow rate for each case. When the water flow rate in the 
SG began to decrease, the operation of both the accelerator and the primary pump was 
stopped. The coolant flow decreased with a flow halving time of about 8 seconds. Figure 5 
presents the change of the LBE flow rate in the core region. When the primary pump was 
stopped, the LBE mass flow rate decreased immediately, but a natural convection by the 
decay heat was generated. The mass flow rate by the natural convection was about 3.5% 
of the nominal value. 
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Figure 6 presents the changes of the cladding tube temperature at the first ring for 
each calculation case. When the accelerator was shut down, the temperature decreased 
rapidly (small window in Figure 6). After the rapid decrease, the temperature decreased 
moderately in case10 and case20 until about 600 seconds and 1000 seconds, respectively, 
because the water was supplied to the SG in that time. Then, the temperature increased 
moderately due to the loss of heat sink. The times which the cladding tube temperature 
reached at 1320°C were 65,000 seconds (18h), 71,800 seconds (20h) and 75,200 seconds 
(21h) in case00, case10 and case20, respectively. These results exceeded the damage 
criteria, so there was a possibility of the core being damaged by the loss of heat sink, 
although the PRACS was ignored. On the other hand, these results indicate that there is 
18 hours at minimum to manage the accident when PLOHS would occur. 

Figure 6. Change of cladding tube temperature at first ring in PLOHS 

 

Figure 7. Change of LBE temperature at the core inlet in POVC 

 

Protected overcooling (POVC) 

The transient of POVC was calculated by the RELAP5 code. In this calculation, a water 
inlet temperature at the SG was decreased -50°C, -100°C and -150°C (case-50, case-100 
and case-150, respectively) within 200 seconds and it was expected that the LBE 
temperature would converge to 193.8°C, 143.8°C and 93.8°C since the water inlet 
temperature in the normal operation was 243.8°C. This means that the LBE will freeze in 
case-150 because the melting point of the LBE is about 124°C. One of the purposes of 
calculating POVC was to confirm the time until the LBE froze. 

Figure 7 plots the LBE temperatures at the core inlet in POVC. It was confirmed that 
the LBE temperature decreased to the SG water inlet temperature in each case. In case-
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150, the LBE temperature reached at its melting point at about 900 seconds (15 minutes). 
Since the adiabatic condition was assumed for the reactor vessel, this time would be 
shorter with the consideration of heat release from the reactor vessel. It is necessary to 
detect the decrease of the water inlet temperature at the SG during 15 minutes, at least, 
to avoid freezing of the LBE by overcooling. 

Unprotected blockage accident (UBA) 

The calculation of UBA was performed by the SIMMER-III code. A full blockage at the  
first ring was supposed. This assumption is extremely conservative because the first ring 
corresponds to 12FAs, so it makes no sense that the flow of the 12 FAs is blocked at the 
same time. However, the calculation was carried out as one of the most severe cases. 
Three calculation cases, case-bottom, case-middle and case-top, were considered by 
changing a blockage position for z-direction. Figure 8 shows the blockage positions for 
three cases and an LBE flow vector in the core region before and after the blockage. In 
this figure, blue and black colours represent the LBE and steel, respectively, and grey 
colour corresponds to fuel particle. Before the blockage (steady state in Figure 8), the LBE 
flowed from bottom to top at the first and second rings (Radial 3 and 4 in Figure 8) and 
the vector looked slightly towards the right. After the blockage at the first ring, it was 
observed that the LBE velocity decreased but the flow was maintained by a cross-flow in 
all cases. The vector at the first and second rings looked towards the left. It can be noted 
that the flow at the second ring moved into the first ring when the blockage occurred. 

Figure 8. LBE flow vector in the FA region before and after the blockage 

 

 

 

 

Figure 9 presents the cladding tube temperature distributions at the first ring for each 
case. The horizontal axis in Figure 9 corresponds to the z-axis shown in Figure 2. When 
the bottom of the first ring was blocked, the cladding tube temperature increased with a 
maximum temperature less than 700°C. In case-top, the cladding tube temperature near 
a top region (z=360-390cm) increased, however, the value was much smaller than the 
melting point of the cladding tube. In case-middle, it was found that the cladding tube 
temperature near the blockage position increased significantly. The value reached 1260°C 
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at z=345cm, and the values decreased as the z-position increased by the increase of the 
cross-flow from the second ring. Although creep damage of the cladding tube might have 
occured, this result fulfilled the no-damage criteria. 

Figure 10 presents the transients of the cladding tube temperature at z=345 cm in 
UBA. In this figure, the calculation result with wrapper tube (FA with duct) is added as 
case-duct. In case-duct, the duct was added to each FA region in the calculation model 
and the temperature condition was adjusted to that steady state by changing the flow 
rate. The bottom of FA was blocked in case-duct. It was observed that the cladding tube 
temperature increased immediately and reached 1260°C after 5 seconds in case-middle. It 
was found that the cladding tube temperature reached the melting point at two seconds 
after the blockage in case-duct. This means that UBA has an impact leading to core 
damage in the LBE-cooled system, as described in [11]. However, the present results 
indicated that UBA would not be a serious accident if the ductless FA was employed. 

Figure 9. Cladding tube temperature distributions in UBA 

 

Figure 10. Cladding tube temperature transients at z=345cm in UBA 

 

Conclusion 

The transient analyses for the LBE-cooled ADS were performed using the SIMMER-III and 
RELAP5 codes to investigate the possibility of core damage. Based on the previous study, 
three cases were calculated as typical accidents of the ADS. 

In the case of PLOHS, the cladding tube temperature decreased immediately after the 
shutdown of the accelerator. After the shutdown, the temperature increased moderately 
by the loss of heat sink and the cladding tube temperature reached 1320°C after 18 hours, 
20 hours and 21 hours in case-00, case-10 and case-20, respectively. These calculation 
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results showed that there was a possibility of core damage by PLOHS, although the 
calculation condition was very conservative (adiabatic assumption for the reactor vessel 
and no PRACS). In the case of POVC, it was confirmed that the LBE temperature decreased 
to the water inlet temperature at the SG. In case-150, the LBE temperature reached its 
melting point at 15 minutes. Although there was no possibility of core damage by POVC, 
it was necessary to detect the decrease of the water inlet temperature at the SG during  
15 minutes to avoid freezing of the LBE by overcooling. Obviously, it is important to 
design the secondary coolant system to maintain the water inlet temperature at the SG 
above the LBE melting point. 

In the case of UBA, it was found that the flow at the first ring, which was blocked, was 
maintained by the cross-flow because the ductless FA was assumed to be used in the ADS 
design. In case-middle, the cladding tube temperature reached 1260°C, and it was 
supposed that the creep damage of the cladding tube might be possible. However, all 
results fulfilled the no-damage criteria, although a very conservative calculation 
condition was employed. These transient analyses indicated that there was a possibility 
of the core being damaged by the loss of heat sink in the ADS investigated in this study, if 
the PRACS were out of order. As a next step, it is required to design a safety system of the 
ADS to decrease the frequencies of accidents. 
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