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ABSTRACT 
 
The Accelerator Driven Subcritical Reactor System (ADS) is a kind of nuclear reactor which can burn 
minor actinide waste products produced from conventional reactors with inherent safety features. In this 
paper, a concept design of 10MW helium-cooled experimental ADS with prismatic reactor core and solid 
target is presented.  
 
The subcritical core is divided into a fast neutron zone and a thermal neutron zone. There is only one kind 
of hexagonal prism fuel assembly in the fast neutron zone, and the coated fuel particles disperse in these 
assemblies. And there are three kinds of hexagonal prism pin-in block type fuel assembly which contains 
hexagonal graphite block and annular fuel rods in thermal neutron zone. Because of the characteristics of 
a subcritical reaction process, the fission chain reaction is maintained by additional neutrons generated in 
spallation target induced by proton beams. Tungsten is chosen as the spallation target material and is 
modeled into the honeycomb structure. The high pressure helium is used as coolant for both the core and 
the spallation target. 
 
The thermal-hydraulic model and corresponding code for ADS was built, in which the solid domain was 
simulated with three-dimensional heat conduction model and the fluid domain was simulated with the 
one-dimensional quasi-static model. The results indicate that the peak temperature in core and target is 
lower than the limiting values under operating state. 
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1. INTRODUCTION 
 
With the large-scale application and development of nuclear energy, post processing of spent nuclear fuel 
became a subject of much attention, because of the radioactivity of fission products (FPs) and minor 
actinides (MAs), as well as the low utilization of fuel. Recently the Accelerator Driven System [1,2] (ADS) 
is introduced for transmutation of spent nuclear fuel. In ADS, a high-energy proton beam strikes a heavy 
element target [2,3], which yields copious neutrons by (p, x n) spallation reaction, and the target drives 
fission chains in a subcritical core.  
 
The liquid-metal-cooled ADS [4,5,6] attracts the most attention in the field of ADS, in this framework the 
liquid-metal spallation targets (such as window target and windowless target) [7,8] are the scheme most 
talked about. Meanwhile, with the established technologies and the inherent thermal safety of High 
Temperature Reactors (HTR), the gas-cooled ADS [9,10] which we adopted is also a promising scheme. As 
for the spallation target, liquid-metal target and gas-cooled solid target are all the candidates. In view of 
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neutron economy and the simplification of cooling system and auxiliary system, helium-cooled solid 
target is a scheme worthy of exploration. The water-cooled tungsten-tantalum target is widely used in 
spallation neutron source, but there are rare reports about gas cooled solid target used for ADS. Then a 
concept design of helium-cooled tungsten target will be presented. 
 
The structure of the paper is as follows. Section 2 gives a description of the spallation target design and 
the subcritical core design. Section 3 introduces the calculation of deposition heat distribution in target 
and core. And the thermal-hydraulic model of the system is presented in Section 4. Finally, the results of 
steady condition in Section 5 demonstrate the effectiveness of the model and the feasibility of design. 
 
2. CONCEPT DESIGN FOR ADS 
 
2.1. Reactor Core 
 
The annular reactor core [11] similar to High Temperature Engineering Test Reactor (HTTR) [12] in Japan 
is shown in Figure 1. The subcritical core can be divided into the fast neutron zone, thermal neutron zone, 
permanent reflector block and replaceable reflector block. The spallation target which produces neutrons 
for the subcritical core is located in the center of core. With the action of cavity cooling panels 
surrounding the reactor pressure vessel, the decay heat will be transferred radially through the fuel 
regions, side reflector blocks and reactor pressure vessel to the cooling panel by heat conduction, 
radiation and convection without any active cooling system. 

 
Figure 1. Configuration of reactor core 
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Figure 2. Fuel arrangement and top view of core 

 
As shown in Figure 2, there is only one kind of hexagonal prism fuel assembly (type 1) in the fast neutron 
zone, and the TRISO fuel particles disperse in these assemblies. There are three kinds of hexagonal prism 
pin-in block type fuel assembly (type 2, type 3, type 4) in the thermal neutron zone, the assembly contains 
hexagonal graphite block and annular fuels rods. The main parameters of the core are listed in Table I. 
 

Table I. Main parameters of core 
 

General 
 thermal power 10 MW 
 form of fuel TRISO 
 coolant He 
 mass flow 5 kg/s 
 pressure 4 MPa 
 inlet temperature 480 K 
 outlet temperature 864 K 
Geometry 
 layer number of fuel assembly 5 
 assembly number at each layer (fast/thermal) 30(6/24) 
 height of assembly 400 mm 
 assembly spacing 360 mm 
 gap between adjacent assemblies 2 mm 
 diameter of coolant hole 41 mm 
 coolant hole spacing 51.5 mm 
 form of fuel TRISO 
Fast zone 
 fuel composition (U,MA)O2 
 enrichment (U:15%, MA:40%) 
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 base material SiC 
 volume fraction of TRISO fuel 25% 
 form of dispersion in block 
 number of coolant holes 33 
Thermal zone 
 fuel composition UO2 
 enrichment (2#:6%, 3#:6%, 4#:7.5%) 
 base material graphite 
 volume fraction of TRISO fuel 8.16% 
 form of dispersion in rod 
 number of coolant holes 37 
 material of reflector graphite 

 
2.2. Spallation Target 
 
In ADS a spallation target as a source of neutrons can drive fission chains in a subcritical core. The 
configuration of the spallation target is schematically illustrated in Figure 2. As shown in Figure 3 and 
Table II, the target is a cuboid with intensive interlacing round channels, which increase the heat transfer 
area. The proton beam is injected in -z-direction, while high pressure helium flows in honeycomb holes in 
x-direction and y-direction. Tungsten is chosen as the spallation material for the target due to its high 
neutron production rate, low neutron absorption, high melting temperature, good heat conductivity and 
mechanical strength. 
 
 

 
Figure 3. Configuration of spallation target  
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Figure 4. Geometry of target 

Table II. Parameters of target 
 

Geometry 
 length 216 mm 
 width 216 mm 
 height 104 mm 
 number of channel 27 13 
 channel pitch 8 mm 
 channel diameter 5 mm 
Operating condition 
 proton energy 250 MeV 
 current intensity 4 mA 
 beam diameter 200 mm 
 pressure 4 MPa 
 inlet temperature 500 K 
 inlet velocity 30 m•s-1 
 outlet temperature 711 K 

 
 

 
3. CALCULATION OF DEPOSITION HEAT  
 
When the high energy protons generated by the accelerator hit upon the target, neutrons are generated and 
the deposition heat is released into the target. In the direction of radius, the flux of injection proton is 
distributed as the parabolic function. Driven by the neutrons from the target, the fission reaction happens, 
and heat is generated in the fuel. 
 
MCNPX code is used to calculate the deposition heat distribution in the target and core. The deposition 
heat distribution of the target and core is given in Figure 5 and Figure 6 respectively. The total thermal 
power of target and core is 0.863 MW and 9.988 MW respectively. 
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Figure 5 Deposition heat distribution (W·cm-3) 
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Figure 6. Thermal power distribution  

 
4. THERMAL-HYDRAULIC MODEL 
 
Thermal analysis of this complex core and target geometry using a CFD code would require a large 
amount of computing time. Thus, a simple model was developed to solve the heat transfer problem in 
ADS, as shown in Figure 7. 
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Figure 7. Heat transfer model 

 
 

In the heat transfer problem of ADS, the temperature distribution is the main concern. Thus, we analyze 
the solid zone with a three-dimensional heat conduction model. For helium in the channels, what we 
concerned only with the ability to carry the heat, rather than the detailed distribution of the flow field. The 
L/D of channels is 44.0, and so a one dimensional model is accurate enough to simulate the flow and 
convection heat transfer; and the inertia force and thermal capacity of helium are negligible, then the 
quasi-static model is used [13]. 
 
For the subcritical reactor, the 1/6th of core can represent the whole core because of the rotational 
symmetry. Then the 1/6 core is recognized as the computational domain. In the vertical direction, the 
computational domain is divided into 9 layers related to the assemblies; in the horizontal direction, the 
computational domain is divided into 26 nodes, as shown in Figure 8. To simplify the analysis, cross flow 
and bypass flow have been neglected in preliminary calculations [14]. 
 
The target is divided into 75816 orthogonal 4mm×4mm×4mm grids, shown in Figure 9; Helium channels 
are divided to 18954 4mm long cylinders which match the solid grids, shown in Figure 10. To simplify 
the calculation, radiation in the channels is ignored, which is conservative. 
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Figure8. Core nodes of solid domain (top view) 

 
 

 
 
 

 
Figure9. Target grids of solid domain 

(partial) 
Figure 10. Target grids of fluid domain 

(partial) 
 
The three-dimensional transient heat conduction equation of solid zone can be discretized as follows: 
 

� � � � � � � �z+ z
z+ z v=0 i

i c r
i i

T T A A AC V T T T T T T S V Q Q
t l z z

� � � � �
�

�
� � � � � � � � � �

� � � �	  (1) 

� �w f dc
V

Q h T T A
 ��
 

(2) 

� �4 4

1 1 1
1

i
r

i

r i i

T T
Q

A A

�

 

� �
� ��
� �

� ��
� ��� �

	  
(3) 

 
The governing equations of fluid domain are as follows[14]: 
 
Mass conservation equation: 
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Momentum conservation equation: 
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The formula[14,15] used to calculate the friction coefficient in channels is as below. 
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Energy conservation equation 
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The correlation[14,15] used to calculate Nusselt number is as below. 
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5. RESULTS OF STEADY CONDITION 
 
With the boundary conditions for the cooling panels (70 ) and outside air (30 ), the results of rated 
condition are obtained. Figure 11, Figure 12 and Figure 13 show the temperature distribution of blocks 
and fuel rods in steady-state operation, Figure 14 shows the temperature distribution of the target. 
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Figure 11. Blocks temperature distribution 
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Figure 12. Blocks temperature horizontal distribution (the center section of core) 

7910NURETH-16, Chicago, IL, August 30-September 4, 2015 7909NURETH-16, Chicago, IL, August 30-September 4, 2015



600 650 700 750 800 850 900 950 1000

-0.8

-0.4

0

0.4

0.8

Temperature (K)

A
xi

al
 d

is
ta

nc
e 

fro
m

 th
e 

ce
nt

er
 o

f t
he

 c
or

e 
(m

)

 

 

3# in Figure 6
4# in Figure 6
5# in Figure 6
5# in Figure 6

 
Figure 13. Fuel rod temperature distribution 
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Figure 14. Target temperature distribution of solid (K) 

 
 

The maximum temperature of fuel is 931 K, substantially below the limiting value of 1533 K[16]. And the 
peak target temperature is located at (114 mm, 114 mm, 70 mm), with the temperature of 2223 K, also 
below the melting point of tungsten 3673 K. So, the design of ADS might be feasible. 
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6. CONCLUSIONS  
 
The thermal-hydraulic analysis is an essential part in the R&D of ADS. A helium-cooled prism core and 
target conceptual design was presented in this article. The thermal-hydraulic model for ADS is built, in 
which the solid domain is simulated with a three-dimensional heat conduction model and the fluid domain 
is simulated with a one-dimensional quasi-static model. The results demonstrate the effectiveness of the 
model and the feasibility of the thermal design preliminarily. 
 
NOMENCLATURE 
 

A area of convection wall (m2) 
Ar area of radiation wall (m2) 
C specific heat of tungsten (J•kg-1•K-1) 
Cp specific heat of helium (J•kg-1•K-1) 
d diameter of channel (m) 
f friction coefficient in channels 
h convection coefficient of wall (W•K-1•m-2) 
M mass flow rate of helium (kg•s-3) 
Nu Nusselt number of helium 
l length of channel (m) 
p pressure of helium (Pa) 
Pr Prandtl number of helium 
Qc Wall heat flux of convection (W) 
Qr Wall heat flux of radiation (W) 
ql heat flow of helium per unit length (W/m) 
Re Reynolds number of helium 
Sv density of the heat source (W•m-3) 
t time (s) 
T average temperature of solid element (K) 
Tf temperature of helium (K) 
Tw temperature of wall (K) 
V volume of solid element (m3) 

Greek letters 
λ thermal conductivity of tungsten (W•m-1•K-1) 
λf thermal conductivity of helium (W•m-1•K-1) 
ρ density of tungsten (kg•m-3) 
ρf density of helium (kg m-3) 

 
REFERENCES 
 
 
1. C. Rubbia et al., "Conceptual Design of a Fast Neutron Operated High Power Energy Amplifier", 

CERN report CERN/AT/95-44 (EET), Geneva, (1995). 
2. Waclaw Gudowski, "Accelerator-driven Transmutation Projects. The importance of Nuclear Physics 

Research for Waste Transmutation", Nuclear Physics A654, pp, 436c-457c (1999). 
3. Li Shouan, "Spallation Neutron Sources and the Advanced Nuclear Energy Systems", Chinese 

Journal of Nuclear Science and Engineering, pp, 81-93 (1998). 
4. The European Technical Working Group on ADS, 2001. "A European Roadmap for Developing 

Accelerator Driven Systems (ADS) for Nuclear Waste Incineration". 
5. US Department of Energy, 1999. "A Roadmap for Developing Accelerator Transmutation of Waste 

(ATW) Technology". 

7912NURETH-16, Chicago, IL, August 30-September 4, 2015 7911NURETH-16, Chicago, IL, August 30-September 4, 2015



6. IAEA, 1999. "Review of National Accelerator Driven System Programmes for Partitioning and 
Transmutation".  

7. Fosco Bianchi, et al., 2008. "Thermo-hydraulic analysis of the windowless target system". Nuclear 
Engineering and Design, 238, 2135-2145. 

8. F. Groeschel, et al. 2004. "The MEGAPIE 1 MW target in support to ADS development: status of 
R&D and design", Journal of Nuclear Materials. 335 156–162. 

9. Luciano Cinotti, et al., 2004. "The experimental accelerator driven system (XADS) designs in the 
EURATOM 5th framework programme". Journal of Nuclear Materials, 335 148-155. 

10. A. Abanades, et al., 2007. "Engineering design studies for the transmutation of nuclear wastes with a 
gas-cooled pebble-bed ADS", Nuclear Engineering and Design, 237 325-333. 

11. Yuanguang Fu, 2013. Neutronic Simulation Method Study and Physical Scheme Design of ADS, 
Master thesis of Tsinghua University. 

12. Japan Atomic Energy Research Institute, 1994. High Temperature Engineering Test Reactor (HTTR). 
13. Zhou Kefeng, "Research on the Simulation Method of Thermal-hydraulic Process in High 

Temperature Gas-cooled Reactor", Ph.D. thesis of Tsinghua University (2011). 
14. Ivor D. Clifford, 2013. A hybrid coarse and fine mesh solution method for prismatic high temperature 

gas-cooled reactor thermal-fluid analysis, Doctor thesis of Pennsylvania State University. 
15. Kyu-Hyun Han et al., "Development of a thermal hydraulic analysis code for gas-cooled reactors with 

annular fuels", Nuclear Engineering and Design, 236,pp. 164-178 (2006). 
16. Shi Lei, Zheng Yanhua, "Characteristic Behavior of Pebble-Bed Modular High-Temperature Gas-

Cooled Reactor During Loss of Forced Cooling Accidents", Atomic Energy Science and Technology, 
43, Suppl,pp. 236-239 (2009). 

7913NURETH-16, Chicago, IL, August 30-September 4, 2015 7912NURETH-16, Chicago, IL, August 30-September 4, 2015


