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ABSTRACT 

Accelerator-driven systems (ADS) present an option to reduce the radioactive waste of the 
nuclear industry. The eXperimental Accelerator-Driven System (XADS) has been designed to 
investigate the feasibility of using ADS on an industrial scale to burn minor actinides. The target 
section lies in the middle of the subcritical core and is bombarded by a proton beam to produce 
spallation neutrons. The thermal energy produced from this reaction requires a heat removal system 
for the target section. The target is cooled by liquid lead-bismuth-eutectics (LBE) in the primary system 
which in turn transfers the heat via a heat exchanger (HX) to the secondary coolant, Diphyl THT 
(DTHT), a synthetic diathermic fluid. Since this design is still in development, a detailed investigation 
of the system is necessary to evaluate the behavior during normal and transient operations.  

Due to the lack of experimental facilities and data for ADS, the analyses are mostly done using 
thermal hydraulic codes. In addition to evaluating the thermal hydraulics of the XADS, this paper also 
benchmarks a new code developed by the NRC, TRACE, against other established codes. The events 
used in this study are beam power switch-on/off transients and a loss of heat sink accident. The 
obtained results from TRACE were in good agreement with the results of various other codes. 

 

1 INTRODUCTION 

The work in this paper is a part of the ongoing efforts to validate system codes like RELAP5 and 
TRACE at the Institute for Reactor Safety (IRS). TRACE especially needs extensive validation and 
qualification work due to its recent development. Liquid metal-cooled systems like the XADS are one 
of the many models implemented in these efforts.  

The paper is divided into the following sections: (2) a description of the XADS facility and target 
section, (3) an overview of TRACE, (3) a description about the implementation of the thermal 
properties of DTHT into the source code, and (4) the modeling of the XADS target. Section (5) 
describes the transient analyses and is the main part of the paper. The transients are explained in 
detail and the results are compared to those of other codes. An overall summary and an evaluation of 
the obtained results is given in section (6). 
 

2 XADS FACILITY 

Two main components of an ADS are a proton accelerator and a spallation target. The 
spallation target in the middle of the subcritical zone releases neutrons into the core after a spallation 
reaction between the protons and the target material (in the XADS case, LBE) takes place.  The heat 
produced in the core is removed by the liquid LBE. The ADS facility is designed in a pool configuration 
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such that the HXs are located inside the pool. These HXs receive the heat from the LBE and transfer it 
to the secondary coolant. A typical ADS configuration is presented in Figure 1 [1]. It is considered that 
the thermal power of the XADS should be around 80 MW [2]. To enhance natural convection, argon is 
pumped into the lead pool and the resulting buoyancy force lifts the gas up. Due to the entrainment 
effects of the rising gas, the liquid lead will also rise. 
 
 

 
Figure 1: Schematic setup of ADS facility 

 
2.1 XADS Target 

As mentioned previously, the target section plays an eminent role in the operation of an ADS. In 
general, there are two different target design options. One option employs a target with a thin metallic 
window. This window is a barrier which separates the vacuum tube for the proton beam from the liquid 
LBE inventory of the core. This option is also feasible for an ADS with gas cooling. The second option 
is a target without a window and LBE cooling. In this case the proton beam tube ends at the top of the 
target unit. Both versions have advantages and disadvantages: a windowless target does not need an 
independent cooling system and requires less structural material than the option with a window target. 
The advantage of the window target option is the fixed location of the spallation reaction; in the 
windowless target, the location of the reaction is subject to fluctuation due to the instability of the liquid 
lead. The object of the present study is a LBE-cooled XADS target with a window. 

 

3 THE THERMAL-HYDRAULICS SYSTEM CODE TRACE 

The system code TRACE (TRACE/RELAP Advanced Computational Engine) is the thermal 
hydraulics reference code of the U.S. Nuclear Regulatory Commission (U.S. NRC) that is under 
continuous development. It combines the capabilities of the RELAP5 and TRAC codes, which TRACE 
will replace in the future. The IRS takes a part in the validation of TRACE in the frame of the ongoing 
validation and qualification process of system codes within the CAMP agreement (Code Assessment 
and Maintenance Project). 
 
3.1 Description of the physics 

TRACE is designed to investigate systems or system components like experimental facilities or 
operational nuclear power plants where normal and off-normal operation as well as design-based 
accidents can be analyzed. Equations for mass, energy, and momentum conservation for both the 
liquid and the gas phases, are the basis of TRACE. Closure models (e.g. for heat transfer, phase 
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change, etc.) are implemented to solve the equations of conservation. Different working fluids like 
H2O, D2O, Air, Na and LBE are available but not all of them are currently validated. 2D models for heat 
conduction and heat radiation are also part of the code. TRACE innately contains a model for point 
kinetics, and after merging with the reactor core simulation tool PARCS, TRACE is able to describe 
the neutron physics in one or three dimensions by solving, either the time-dependent, multi-group 
diffusion equation or the time-dependent transport equation.  
 
3.2 Implementation of DTHT properties 

The thermophysical properties of DTHT are not in the code but are necessary to investigate the 
XADS target. For this reason, the data of the properties were collected [2, 4], functional fits were 
derived [5], and the properties were finally implemented into the TRACE source code. These 
properties are the density (ρ), the dynamic viscosity (η), the surface tension (σ), the saturation 
pressure (p), the heat capacity (cp), and the thermal conductivity (λ). All properties are temperature 
dependent and listed below. 
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Validity of these equations is given in the temperature range of 293 K to 643 K. These 

correlations were successfully applied to similar investigating of a LBE-DTHT heat exchanger by the 
presenting authors [5].  
 

4 TRACE MODEL OF THE XADS TARGET 

Due to the resolution limitation of TRACE and system codes in general, the models can not 
take into account the complete geometric details of the target unit. A simplified layout of the target unit 
is given on the left side of Figure 2 [3]. The middle shows the subdivided components of the target and 
the right side the XADS model of TRACE. Red-colored components imply a connection to other 
components via the half-cylinders which act as heat structures. These structures represent either a 
wall through which the heat is conducted, or a heat source from which the heat is produced. In the 
XADS model, the heat source is modeled by component 55110 (lower left corner of the right side of 
Figure 2) while the other heat structures are walls. The first three numbers of the heat structures 
indicate the component from where the heat originates (under normal conditions) and the last three 
numbers indicate the components that receive the heat. Component 140 for example is connected to 
component 210 and the number of the heat structure is 140210. Component 140 represents the DTHT 
part of the heat exchanger and is responsible for transferring the main part of the heat out of the 
system. The tertiary system represents the core of the ADS but its importance for the system behavior 
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is small because only small quantities of heat are transferred to the core due to the small temperature 
difference between the LBE of the core and of the target. 
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Figure 2: Schematic diagram (left) of the thermal system of the XADS target and the same system 

broken up into components (middle) and the final TRACE model (right). The primary system 
components are marked in blue, secondary in red, and tertiary in green 

 

5 ANALYSES OF SELECTED TRANSIENTS 

Several XADS transients [2, 3] were selected and investigated with the presented model using 
TRACE. Such transients are the sudden beam power switch-on, beam power interruption events, 
unprotected loss of heat sink, and a test of the sensitivity regarding the geometrical variations. These 
transients are different from the transients of typical LWR’s due to the different cooling fluids and the 
utilization of a proton accelerator. They also need an evaluation of their risk potential and their impact 
on the system behavior. Since no experimental data are available, the result of TRACE will be 
compared to codes such as HERETA, HETRAF, ATHLET and RELAP5. 

 
5.1 Steady-state condition 

It is necessary to demonstrate that TRACE is able to predict the steady-state behavior of the 
XADS target before the transients can be initiated.  

The beam power in this case is set to zero and the LBE temperature of the target and of the 
core is 300°C. The temperature of the DTHT on the secondary side is about 170°C and the mass flow 
rate is set constant to a value of 145 Kg/s. The temperature and mass flow rate of the steady-state 
condition are shown in Figure 3. The results of the steady-state condition are the basis for the 
analyses of the transients. All transients were initiated 100 s after the steady-state condition (Figure 3 
at 500 s) via the restart capabilities of TRACE. 
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Figure 3: Mass flow rate (left) and temperature (right) below the beam window at steady-state 

condition 

 
First of all, the results amongst the codes are very consistent with each other. All codes 

reproduced the development of the natural convection in the primary system. Discrepancies between 
the curves can be caused by different physical models, different thermophysical properties of the 
involved materials (LBE, DTHT), and differences in the conversion of the design into a model.  

The investigation of the steady state starts at 300°C with a mass flow rate of zero. First, 
natural convection establishes due to the temperature difference between the primary and secondary 
loops, then the mass flow rate increases, and the temperature is kept constant for the first tens of 
seconds because the lead takes time to fully circulate. After the temperature decreases, the mass flow 
rate decreases too because the temperature difference between the primary and secondary systems 
is decreasing. After 500 seconds, the temperature and mass flow rates are constant, and the steady-
state condition is reached. The steady-state values for the mass flow rate are in the range of 75 kg/s 
and the temperature is 200°C (up to 220°C for other codes). 
 
5.2 Beam Power Switch-on Transient 

After the system reaches steady-state (Figure 3 at 500 s), transients can be investigated. The 
first transient is a sudden beam power switch-on. After 100 seconds of normal operation, the transient 
was initiated and the power of 2.62 MW was released below the beam window. 

The sudden power release caused a strong response by the system as shown in Figure 4. The 
mass flow rate increases in the very first moments of the transient and is about 125 kg/s higher than at 
steady-state (75 kg/s). The temperature increase is even more drastic. The value of the temperature 
at steady-state was in the range of 200 to 220°C and afterwards, the temperature reaches values up 
to 400°C. Temperature and mass flow rate affect each other because they are connected by the 
buoyancy force. A big temperature (density) difference causes a strong buoyancy force and this yields 
an increase in the mass flow rate. A high mass flow rate forces more coolant through the heat 
exchanger and the temperature difference between the riser and the downcomer pipe is decreases. A 
smaller temperature difference decreases the mass flow rate. This happens until the system reaches 
steady-state. 

After 200 s the transient is almost over. Temperature and mass flow rates are stabilized at a 
higher level compared to the steady-state. The mass flow rate found using TRACE is slightly higher 
than those found using the other codes. However, the general shape is consistent. Since the 
temperature curve matches up with those of the other codes, it is assumed that the heat transfer from 
the primary system to the secondary or tertiary systems is higher. This could be due to modeling 
inaccuracies or the correct modeling of the counter flow heat transfer. 

The thermal stress of the beam window during this transient is very large because the 
temperature of the window is even higher than the lead temperature. This yields to the conclusion that 
the power should not released within a few seconds. A slow increase of the power should help to 
avoid the peaks of the temperature. Such consideration is done in the following analyses. 
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Figure 4: Mass flow rate (left) and temperature (right) below the beam window during the beam power 
switch-on scenario 

 
As mentioned in the previous paragraph, a power ramp should be considered instead of a 

power jump. Such profile is defined in the technical specifications of the XADS [6] and shown in Figure 
5. In accordance to the specifications, a small power jump from 0 to 45 kW is applied in addition with a 
power ramp from 45 kW to 2.62 MW over a time period of 200 s. The trends for the mass flow rate and 
the temperature are pictured in Figure 6. The results are in good agreement with the results from 
using the HERETA code [3]. The discrepancies are related to the different temperature predictions 
during the steady-state condition. No peaks, neither for the temperature nor for the mass flow rate, 
were observed. It took about 300 to 400 s for the codes to reach the same stable values than for the 
power jump scenario. Both codes show the same behavior during the transient. In the first 40 to 50 s, 
the temperature and mass flow rate show a steep slope compared to the rest of the transient. The 
slope for the next 150 s is moderate and after 200 s the slope is very small.  

 

 
Figure 5: Trend of the power during the power jump and power ramp scenarios 
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Figure 6: Comparison of the mass flow rates (left) and temperatures (right) during the power jump and 

power ramp scenarios 

 
5.3 Loss of Heat Sink 

The next scenario is the evaluation of an unprotected loss of heat sink. Such transients are very 
severe because the mechanism for heat removal is disconnected while the heat source is still in 
operation. The effect is that the threshold temperatures of the structural materials can be exceeded. 
For the present study, the temperature of the beam window should not exceed 525°C. The results of 
TRACE will be compared to the results of the ATHLET code [2]. 

The power and mass flow rate of the secondary cooling fluid are shown in Figure 7. The mass 
flow rate of DTHT drops from the original 145 kg/s to zero and the power is kept constant at 2.62 MW. 
 

 
Figure 7: Power and mass flow rate of DTHT during the unprotected loss of heat sink scenario 

 
The starting point of this analysis is again the steady-state condition. Mass flow rate and 

temperature are shown in the following Figure 8. The difference between the mass flow rates of 
ATHLET and TRACE is due to their different steady-state predictions. Because of the loss of 
secondary cooling, the buoyancy force in the primary system gets weaker and the mass flow rate 
decreases. A small increase of the mass flow rate is observed due to the temperature difference 
between the down pipe and the riser but after the difference becomes smaller the mass flow rate 
decreases steadily. The temperature increases steadily until the power is switched off or the structural 
integrity of the system fails. After approximately 200 s, the temperature exceeds the 500°C and the 
beam window is irreversibly damaged. Thus, in the case of a loss of heat sink, the power must be 
switched off within the first 200 s after the transient occurs. 
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Figure 8: Mass flow rate (left) and temperature (right) during the unprotected loss of heat sink scenario 

 
5.4 Beam Power Interruption Transient 

The following investigation deals with short term interruptions of the beam power. The beam 
power of an accelerator is a subject of variation. It is not ensured that the power will be constant for 
longer time periods (weeks or moths). Hence, it is important to analyze the behavior of the system 
during such beam power interruptions. Four different interruption times (3 s, 10 s, 30 s and 100 s) 
have been defined and analyzed. The results of TRACE were compared to those from ATHLET [2].  

Both codes predict the same behavior of the system during the transients and as expected, 
during all beam power interruptions as well. After the heat production is shut off, the mass flow rate 
and the temperature suddenly decrease. The decrease of the temperature is even steeper than the 
one of the mass flow rate. This is due to the sudden stop of the heat production. The temperature 
decrease causes a drop in the buoyancy force and this decreases the mass flow rate. It is also visible 
that the beam power interruption duration has a strong impact on the decrease of the mass flow rate. 
As the time length of the beam power interruption increases, the buoyancy force gets weaker and 
weaker, and the mass flow rate decreases. For longer interruption time lengths (100 s) the system is 
in a quasi steady-state condition. The values for mass flow rate and temperature between switch-off 
and switch-on times are similar to those obtained by the investigation of the steady-state in chapter 
4.1. The temperature is in the range of 225°C and the mass flow rate is about 75 kg/s. During long 
interruption time lengths the system has enough time to reach equilibrium with a constant heat transfer 
rate from the primary system to the secondary and tertiary system. After the power is switched-on the 
behavior is similar to the one investigated in chapter 4.2. The temperature is subject to a sudden 
increase and followed by an increase in mass flow. The resulting mass flow then increases the heat 
transfer rate which results in a subsequent temperature decrease. This in turn causes a decrease in 
the mass flow rate and the system is once again in steady-state. 
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Figure 9: Comparison of mass flow rates and temperatures of ATHLET and TRACE for different beam 
power interruption times 

 
5.5 Variation of the XADS geometry 

The last investigation examines the influence of geometrical variations. The diameter of component 
110 (see right hand side of Figure 2) was reduced and increased to see how it affected the results. 
This component resembles a funnel and guides the liquid LBE around the beam tube. Results are 
compared again to those from HERETA [3]. The power shape is identical to that of the power ramp in 
chapter 4.2. The diameter for the original investigations was 140 mm. In a first step, the diameter was 
reduced to a value of 120 mm and in a second step increased to 160 mm. The mass flow rate and 
temperature of HERETA and TRACE are shown in Figure 10. It can be seen that a difference between 
the codes exists, but the general behavior is identical. For the reduced funnel diameter, the mass flow 
rate is lower than that of the original investigations, and the mass flow rate for the increased funnel 
diameter is higher. The temperatures behave in the opposite way from the mass flow rates. This 
behavior is physically sound because a smaller diameter reduces the flow area and increases the 
hydraulic resistance. The mass flow rate then decreases and the temperature rises. For a bigger 
funnel diameter the system reacts oppositely. 

 
 

 

Figure 10: Mass flow rate (left) and temperature (right) during different funnel diameters 
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6 CONCLUSIONS 

The purpose of this paper was to conduct safety related thermal analyses of a XADS target with 
a beam window. This was done with a modified version of the system code TRACE. To model the 
secondary layout with Diphyl THT as the working fluid, the thermophysical properties of DTHT were 
implemented into the source code. Subsequently, different transient scenarios were investigated to do 
a safety related evaluation of the XADS target. These analyses included transients like beam power 
switch-off and the effect of geometric variations. The results of TRACE were compared to those of 
other codes like RELAP5 or ATHLET. The overall comparison of the transients is satisfactory because 
the system behavior predicted by TRACE is identical to all the other codes.  

This investigation increased the confidence in TRACE, and performed an important part of its 
validation. It is recommended that TRACE be applied to other lead-cooled systems for future 
validations. 
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