Front. Energy 2021, 15(4): 810831
https://doi.org/10.1007/s11708-021-0760-1

FEATURE ARTICLE

Long GU, Xingkang SU

Latest research progress for LBE coolant reactor of China
initiative accelerator driven system project

© Higher Education Press 2021

Abstract China’s accelerator driven subcritical system
(ADS) development has made significant progress during
the past decade. With the successful construction and
operation of the international prototype of ADS super-
conducting proton linac, the lead-based critical/subcritical
zero-power facility VENUS-II and the comprehensive
thermal-hydraulic and material test facilities for LBE (lead
bismuth eutectic) coolant, China is playing a pivotal role in
advanced steady-state operations toward the next step, the
ADS project. The China initiative Accelerator Driven
System (CiADS) is the next facility for China’s ADS
program, aimed to bridge the gaps between the ADS
experiment and the LBE cooled subcritical reactor. The
total power of the CiADS will reach 10 MW. The CiADS
engineering design was approved by Chinese government
in 2018. Since then, the CiADS project has been fully
transferred to the construction application stage. The
subcritical reactor is an important part of the whole
CiADS project. Currently, a pool-type LBE cooled fast
reactor is chosen as the subcritical reactor of the CiADS.
Physical and thermal experiments and software develop-
ment for LBE coolant were conducted simultaneously to
support the design and construction of the CiADS LBE-
cooled subcritical reactor. Therefore, it is necessary to
introduce the efforts made in China in the LBE-cooled fast
reactor to provide certain supporting data and reference
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solutions for further design and development for ADS.
Thus, the roadmap of China’s ADS, the development
process of the CiADS, the important design of the current
CiADS subcritical reactor, and the efforts to build the
LBE-cooled fast reactor are presented.
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1 Introduction

The rapid progress of human civilization and socio-
economic development has been supported by traditional
fossil fuels since the 19th century. However, with the
massive extraction and use of fossil fuels, fossil energy
shortages and environmental pollution have evolved into
two of the most critical issues facing humanity in the 21st
century. Thus, the development of green energy has
become a priority for the global world. Nuclear power has
outstanding advantages in high efficiency, reliability, and
low carbon emissions. It is considered as a strategic choice
to solve the future energy supply and ensure sustainable
economic and social development [1,2]. However, it is
important to solve two major issues addressed while
ensuring the sustainable development of nuclear power:
the stable and reliable supply of nuclear fuel resources and
the safe disposal of spent nuclear fuel.

The advanced nuclear fuel cycle of the “partitioning-
transmutation” concept was suggested in the 1990s to
solve the problem of safe disposal of spent nuclear fuel [3—
6]. The accelerator driven subcritical system (ADS) drives
subcritical reactors to transmute long-lived radioactive
nuclides into short-lived or stable nuclides by bombarding
the heavy atomic nuclei with high-energy and high-
intensity proton beam provided by the accelerator to
produce high-throughput and broad-spectrum spallation
neutrons. The ADS is considered as the most promising
transmutation facility to solve safe disposal of the minor
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actinides (MAs) in the future [7—14]. The Nobel Price
owned professor C. Rubbia has proposed the European
EUROTRANS program [4] since 1986 to promote the
ADS technology in the future. Ever since then, many
countries have paid great attention to the ADS technology
and established many plans to develop this prototype
facility [15-26]. For more than 30 years, much excellent
work has been accomplished for the high-power linac and
lead-cooled fast reactor (LFR). However, the integrated
ADS facility has not been built until now. Currently, the
Belgian Nuclear Research Centre has been committed to
the long-term development of MYRRHA (Multi-purpose
hybrid research reactor for high-tech applications), which
is the world’s first large-scale ADS that consists of an LFR
that can operate in both critical and subcritical dual-modes
driven by a high-power linear accelerator. The MYRRHA
is scheduled to be commissioned in 2036 [27,28]. The
China initiative Accelerator Driven System (CiADS) is
also devoted to establishing an experimental and verifica-
tion ADS facility globally [29-31]. It is necessary to report
China’s practices and efforts in the ADS project. The
overview of the CiADS project and the latest research
progress for the LBE coolant reactor of the CiADS project
are presented in this paper.

2 ADS research development history and
roadmap in China

China initiated its study of the ADS technology in the mid-
1990s [32]. With the support of the China National Nuclear
Corporation (CNNC), the ADS concept research group
was established to study the physical feasibility of the ADS
system [33]. In 1996, the ADS concept was first introduced
into China’s nuclear community by professor Guangxi Dai
from the Institute of Modern Physics of the Chinese
Academy of Sciences (IMPCAS) [34]. Subsequently,
China’s ADS research was supported by the National
Natural Science Project in 1999 and 2007, respectively
[35-37]. Under the guidance of Academicians Dazhao
Ding, Shouxian Fang, and other scientists, a series of
achievements were made in technology exploration and
research on various subsystems of ADS.

After a comprehensive and in-depth gestation and
condensation from 2009 to 2010, the roadmap for
developing ADS in China has been proposed by Chinese
Acadeny of Sciences (CAS), based on the significant needs
for the sustainable development of China’s nuclear energy.
The roadmap is divided into three phases. The first phase is
the proof-of-principle phase, in which the accelerator-
driven transmutation verification research facility will be
built around 2024. The second phase is the industrial
demonstration phase, in which the accelerator-driven
transmutation demonstration facility will be created.
The third phase is the industrial application phase, in
which the accelerator-driven transmutation system will be

scaled up to the GWy, magnitude.

During 20112016, the strategic pilot project “Future
Advanced Fission Energy— ADS Transmutation
Systems” was launched by CAS, which is also led by the
IMPCAS, focusing on solving individual vital technical
problems in the ADS system. Three vital technological
breakthroughs were made, including accomplishment of
the goal of making the continuous beam current and the
pulse beam of the prototype of China’s ADS super-
conducting proton linac reach 26.1 MeV/12.6 mA and 25
MeV/0.17 mA, respectively; the accomplishment of
China’s lead-based critical/subcritical zero-power facility
for ADS research; and the establishment of the compre-
hensive thermal-hydraulic and material test facility for
LBE coolant [32].

The Chinese government has decided to support
IMPCAS in leading the design and construction of the
integrated ADS project, the so-called CiADS backed by
the national primary science and technology infrastructure
project of the “12th Five-Year Plan” [38,39].

3 Development route of the CiADS project

In December 2015, the establishment of the CiADS project
was officially approved by the National Development and
Reform Commission (NDRC). The CiADS will be
constructed in Huizhou, Guangdong province [40]. The
exceptional foundation for the infrastructure construction
was supported by Guangdong province in December 2017.
In January 2018, the Feasibility Study Report of the
CiADS with a six-year construction period was approved
by the NDRC. The “Environmental Impact Report on the
CiADS project (site selection stage)” was approved by the
Ministry of Ecology and Environment in May 2018. In
June 2018, the Preliminary Design Report of the CiADS
project was approved by the CAS. The “Site Safety
Analysis Report of the CiADS project” was also approved
by the National Nuclear Safety Administration in July
2018 [41]. Since then, the CiADS project has been fully
transferred to the construction application stage. Because
of the lack of construction foundation and technical
adjustment, the Feasibility Study Adjustment Report of
the CiADS project was submitted to the NDRC and
approved in July, 2020. Thus, the CiADS project has been
fully approved by the national government. The CiADS
installation area and plant site are shown in Fig. 1.

Figure 2 demonstrates the layout of the CiADS. There are
five different terminals numbered from T1 to TS5 in the
CiADS. TI is the terminal to study and verify the ADS
concept and integrate the accelerator and the subcritical
reactor. T2 is used for studying hot tests of high-power
spallation target and advanced target technology. T3 is to
collect high-power beam and irradiation nuclear materials.
T4 is adopted to study the reliability of the ADS accelerator
and obtain the nuclear database of the ADS. T5 is a reserved
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Fig. 1 Schematic diagram of CiADS project.
(a) Installation area; (b) plant site.

terminal for studying rare isotope and ADS fuel based on the
accelerator and the coupling of the small experimental
reactor. The design mainly tests the safety characters for the
CiADS project and verifies key nuclear safety issues for the
ADS facility. The accelerator is approximately 300 m long
and the reactor is about 60 m high.

Table 1 summarizes the main design parameters of the
CiADS project. The total power of the CiADS is 10 MW,
including the power of the subcritical reactor and proton
beam. The superconducting linac technology with 500
MeV/5 mA and the LBE-cooled subcritical reactor with a
maximum power of 10 MW have been chosen for the
CiADS project. There are two operation modes for the
accelerator: continuous wave (CW) and pulse operation

@ Accelerator assembly debugging and process
experiment hall

Superconducting integrated testing and accelerator
maintenance hall

@ Chilled water equipment hall

@ Equipment hall of low temperature center

modes. The CW mode is used for the normal power
operation, and the pluse mode is used for reactor physics
measurement. In Table 1, the operation value is a little bit
smaller compared to the design value because the design
value must take into consideration every operation
condition in the beginning.

4 Latest design of subcritical reactor of
CiADS

4.1 Overall design

Benefiting from the advantages of the LBE with a good

(D Superconducting linac

@ Target coupling section

(B Reactor and spallation target area

@ Accelerator equipment hall

(3 Beam collecting terminal and thermal experimental

region of spallation target M o

Fig. 2 Layout of CiADS.
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Table 1 Overall design parameters of CiIADS
Parameter Design value Operation value
CiADS Total power (reactor + beam)/ MW 10 10
Full power operation time/a 3 <3
Annual operation time/month 3 <3
Superconducting linac Accelerating particles Proton Proton
Energy/MeV 500 500
Maximum beam power/MW 2.5 2.26
Operation mode CW/pulse CW/pulse
High power spallation target Maximum bearable beam power/MW 2.5 2.26

Subcritical reactor

Energy spectrum

Fast neutron Fast neutron

Maximum thermal power/MW 10 9.76

thermal-hydraulic performance, high boiling point, and
low chemical inertness, a pool-type LBE cooled fast
reactor is chosen as the subcritical reactor of the CiADS.
Figure 3 illustrates the main layout of the primary coolant
system, including nuclear assemblies, the core internal
structure, an inner barrel, a reactor vessel and a vessel
head, four primary heat exchangers, two primary pumps, a
fuel elevating and handling machine, and a rotating plug.
The main design parameters of the CiADS subcritical
reactor are listed in Table 2. In normal operation, the LBE
forced circulation driven by the main pump is used for heat
export. Under accident conditions, the physical properties
of the LBE are fully utilized to enhance the natural
circulation capacity of the subcritical reactor. The natural
convection between the auxiliary heat exchanger and the
core is used to derive the residual heat.

The LBE coolant absorbs the fission energy, transfers the

Fuel handing
machine

Rotating plug

Fuel elevate
machine

Reactor
vessel head

Inner barrel

Primary pump (2)

Primary heat
exchanger (4)

Reactor vessel

Core internal
structure

heat to the primary heat exchangers, and then is pumped
into the bottom of the reactor core. In this process, the
temperature of the LBE coolant is changed from 280°C to
380°C. The CiADS subcritical reactor is not used for the
generation of electricity. Thus, the molten salt (ternary
nitrates) is used for the secondary coolant to maintain the
heat balance between the primary and secondary loop.
Considering the static pressure of the LBE coolant in the
reactor core, both the primary loop pressure and secondary
loop pressure are set to 0.1 MPa. The inlet and outlet
temperatures of the secondary system are 220°C and
230°C, respectively. If high-pressure water is used as the
secondary coolant, the high-pressure cooling water in the
secondary circuit will be injected into the primary coolant
through the break when the heat exchanger pipe breaks.
Once the high-pressure cooling water is in direct contact
with LBE of low pressure and high temperature, a pressure

I
=

Fig. 3 Layout of LBE cooled subcritical reactor of CiADS.



814 Front. Energy 2021, 15(4): 810-831

Table 2 Overview of main technical parameters of CiADS subcritical

reactor

Characteristic Value or description

Reactor type LBE-cooled fast reactor
Thermal capacity/ MWy, 10

Fuel composition and >>°U enrichment U0, (19.75 wt%)

Primary system Pool-type
Primary circulation Forced
Primary coolant LBE
Primary system pressure/MPa 0.1
Primary system temperature/°C 280-380
Number of primary heat exchanger 4

Primary pump Mechanical pump x 2

Secondary coolant Molten salt (Ternary Nitrates)
Secondary system pressure/MPa 0.1

Secondary system temperature/°C 220-230

wave will be released. The subsequent pressure evolution
and steam propagation will occur, threatening the integrity
of the core structure [42]. Due to the advantages of low
pressure and high boiling point of molten salt, the risk of
the heat exchanger tube rupture (HXTR) caused by high-
pressure water can be avoided.

4.2 Design of LBE subcritical reactor

The layout of the subcritical reactor core is exhibited in
Fig. 4. The blue part will be used to place the fuel
assemblies. The blue one with a green hole will be used as
irradiation channels for the ADS experiment. The green
one refers to the reflector assembly, and the green one with
a black hole inside represents a replaceable reflector
assembly. The red one illustrates the shielding assembly.
The CiADS is a system for ADS experiments. Different
reactor core schemes are needed for different experiments.
Thus, the location of the fuel assembly replacement in the

reactor, that is, the white part in Fig. 4, is used to arrange
the redundant fuel assembly when the experimental
scheme is switched.

In regular operation, the effective multiplication factor
kerr of the reactor is nearly 0.975. Fifty-two assemblies
with 19.75% of enrichment UO, are used in this design and
provide thermal power of approximately 9.76 MW. The
core design specifications of the CiADS are tabulated in
Table 3. The average linear power density of a fuel rod is
1885 W/cm.

In Fig. 5, the regular hexagonal fuel assembly is adopted
into the CiADS subcritical reactor. Each fuel assembly has
162 fuel rods and 7 guide tubes. The fuel rods are separated
by quincunx grid elements, and the quincunx grid is fixed
on guide tubes by spot welding. The special design for this
assembly is that additional weight against the buoyancy
force of LBE and locking mechanisms are considered.

It is necessary to consider the thermal-hydraulic
characteristics of the LBE with a high thermal conductivity
flowing in the triangular fuel bundle assembly with grid
spacers. Subchannel and computational fluid dynamics
(CFD) code packages were employed to analyze the
thermal-hydraulic phenomenon. The details of the thermal-
hydraulic parameters are presented in Table 4. The
maximum coolant flow velocity is 0.355 m/s, far below
the flow velocity limitation of 2 m/s. Thus, it is certain that
this design satisfies operation requirements.

4.3 Design of reactor coolant system

The reactor coolant system consists of four primary heat
exchangers, two main coolant pumps, and other auxiliary
equipment. The reactor core is located at the lower part of
the main vessel to form an integrated pool structure. Four
primary heat exchangers are arranged in the annular cavity
between the main vessel and the barrel, and one main
pump is connected to each two primary heat exchangers.
The main composition and flow chart of the reactor coolant
system are displayed in Fig. 3.

. Fuel assembly
o Irradiation channel
Reflector assembly
@ Replaceable reflector assembly
@ shicld assembly

<:> Location for fuel assembly replacement

Fig. 4 Layout of subcritical reactor core of CiADS.
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Table 3 Core design specifications of CIADS

Item Value
Reactor thermal power/MW 9.76
Number of fuel assemblies 52
Assembly pitch/mm 181
Active height/mm 1000
Average linear power/(W-cm ) 1885.0
Fuel pin pitch/mm 134
Total fuel charge/kg 3880

4.3.1 Main heat exchanger

The primary heat exchanger is the c-type tube heat
exchanger, composed of the shell, the tube bundle, the
end cover, and the tube sheet. The material is 316L. The
secondary inlet header and the secondary outlet header are
formed between the tube sheet and the diaphragm. The
primary outlet header is installed in the space under the
tube bundle.

The inlet and outlet pipes of the secondary circuit are
connected to the outlet header at the secondary side and the
inlet header at the secondary side by inserting the end
cover. A steel plate rolling plate welds the shell, and the
support plate is installed on the tube bundle. The shell
opening forms the coolant inlet of the primary circuit, and
the outlet opening is located at the lower part of the shell.
The coolant flows through the chamber between the shell
and the tube bundle, as depicted in Fig. 6. The main design

parameters are given in Table 5.

4.3.2 Main pump

The function of the main pump is to provide power for the
forced circulation of the LBE coolant in the primary
circuit. According to the characteristics of flow, system
resistance, and installation layout, the main pump adopts a
vertical mechanical pump, as shown in Fig. 7. The coolant
cooled by the primary heat exchanger enters the main
pump from the upper part. It flows to the annular cold pool
after being pressurized by the impeller, which provides the
pressure head for the circulation of the coolant of the
primary circuit. The motor and the shaft are connected by
coupling. The design parameters of the main pump are
shown in Table 6.

5 Research progress and plan of CiADS
subcritical reactor

During 2011-2016, many vital technologies were studied
and many achievements were made, as mentioned in
Section 2, supported by the ADS Pilot Project [43]. The
comprehensive LBE thermal-hydraulic facility, zero-
power facility, material synergistic effect of LBE corro-
sion, and irradiation test facility are established for the
LBE reactor research. These scientific infrastructures made
an excellent contribution to the LBE reactor research for
the ADS technology. However, even though many efforts
have been devoted to the CiADS technology, much more

Bottom view A-A section

fororororot T\ Y20,
50500 T OEO%ON
G4 oroXal

Top view

Fig. 5 Layout of fuel assembly of CiADS reactor.
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Table 4 Main thermal-hydraulic parameters of subcritical reactor

Item Value
Inlet average temperature/°C 280
Core temperature difference/°C 100
Outlet average temperature/°C 380
Core total mass flowrate/(kg-s ') 672
Core effective mass flowrate/(kg- sh 645
Average coolant flow velocity/(m-s ') 0.316
Maximum coolant flow velocity/(m-s ") 0.355
Maximum temperature of fuel centerline/°C 534.29
Maximum temperature of clad outer surface/°C 460.02
Maximum coolant temperature/°C 456.45
Main vessel pressure drop/MPa 0.0087
Core pressure drop/MPa 0.0030
Primary heat exchanger pressure drop/MPa 0.0526

research and development work to support the construction
and verification of the CiIADS-LBE reactor are still needed.
The future research led by IMPCAS will focus on the
design software development, experimental validation,
nuclear safety verification, and integrated system perfor-
mance test.

5.1 Development progress and plan for design software of
CiADS reactor

5.1.1 Neutron transport program — CAD-PSFO

A geometric description program named CAD-PSFO,
which can directly transform the CAD model into the
Monte Carlo method, was developed for neutron transport
calculation. The ray tracing technology is adopted in the
CAD-PSFO program principle, and then the geometric
model of boundary representation is analyzed into the
model structure of the construction entity [44]. At present,

L TQW Tube side flat cover
— ‘
\

—— Secondary side header

—

Primary side header

the interface coupling between the “CAD-PSFO and
OpenMC” program and the “CAD-PSFO and MCNP”
program has been realized, respectively [45,46]. The
conversion algorithm and parallel computing for the
module structure without data exchange will be developed
and verified in the future.

5.1.2  Burnup analysis program — OMCB

For the CiADS subcritical reactor, a calculating program
named OMCB of the burnup chain of heavy elements with
the coupled Monte Carlo method was developed. In
principle, the scanning solution mode deals with the failure
problem of the same transfer section in the Bateman
equation. The burnup process is solved by the iterative
method of prediction correction [47]. At present, the
interface coupling design of the OMCB program and
OpenMC Monte Carlo program was completed [48,49].
The next step is to develop an accelerated parallel
computing method for relatively independent burnup
zones and further verify its reliability in engineering
design.

5.1.3  Subchannel analysis program — LFR-Sub

Due to the complexity of the flow and heat transfer
phenomena of the LBE, the accurate calculation of the
coolant and the cladding temperature of the LBE cooled
fuel assembly with a wire spacer or a grid spacer is the
focus of the thermal analysis of the LBE cooled fast reactor
fuel assembly [50]. Based on the lumped parameter
method to solve the conservation equation [51], the
subchannel analysis code-named LFR-Sub is being
developed. The friction resistance model, the turbulent
mixing model, and the heat transfer model of the liquid
lead-bismuth in rod bundle fuel assembly will be further
analyzed and verified. The calculation flowchart of the sub-
channel code LFR-Sub is plotted in Fig. 8.

TITTTTI 7 A i sz
(II2222222772
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Tube plate

Support plate

Shell

Internal partition

Baseplate

Fig. 6 Schematic diagram of main heat exchanger.
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Table 5 Design parameters of main heat exchanger

Item No. Parameter name Value

Global parameters 1 Heat exchanger type C-tube type
2 Design pressure/MPa Atmospheric pressure
3 Design temperature/°C 400
4 Test pressure/MPa Atmospheric pressure
5 Test temperature/°C =15
6 Operating pressure/MPa Atmospheric pressure
7 Operating temperature/°C 380 (Shell side)/230 (Tube side)
8 Total number of heat exchangers 4
9 Thermal power/single/ MW 2.5

Primary coolant parameters 1 Inlet temperature/°C 380
2 Outlet temperature/°C 280
3 Flowrate/single/(kg-s ") 172.2

Atmospheric pressure +

4 Internal pressure/MPa Liquid column static pressure
Secondary side fluid parameters 1 Inlet temperature/°C 220

2 Outlet temperature/°C 230

3 Flow rate/single/(kg-s ") 114.0

4 Internal pressure/MPa Atmospheric pressure

Table 6 Design parameters of the main pump

No. Parameter name Value

1 Mass flow rate/(kg-s’l) 380

2 Head/m 2 (Lead bismuth liquid column)
3 Normal operating pressure/MPa Atmospheric pressure

4 Normal operating temperature/°C 280

5 Design temperature/°C 400

5.1.4 3D CFD thermal-hydraulic analysis program —
4eqnFoam

It is of significant importance to study the 3D thermal-
hydraulic phenomenon of the LBE coolant influencing the
security and economic performance of the CiADS
subcritical reactor. However, using a CFD code composed
of a two-equation turbulence model and a constant
turbulent Prandtl number fails to accurately obtain the
turbulent heat transfer of the LBE having molecular
Prandtl number values in the range of 0.01-0.03 [52,53].
For this purpose, extensive contributions of the turbulent
Prandtl number, which can be calculated by a two-equation
heat transfer model, were made by researchers [54—62].
Despite the increasing interest in reliable computational
tools for LBE fluids to study the turbulent heat transfer in
complex industrial applications, commercial codes remain
lacking. Thus, a self-compiled four-equation CFD solver
named 4eqnFoam is being developed on the open-source
CFD package, OpenFOAM [63,64]. The CFD solver,
4eqnFoam, combines a two-equation turbulence model to

close the momentum equation and a two-equation heat
transfer model to close the energy equation [54—56]. The
framework of the four-equation solver, 4eqnFoam, in
OpenFOAM is shown in Fig. 9. It can be seen that the
4eqnFoam solver is composed of the velocity equation,
UEqn.H, the temperature equation, TEqn.H, the pressure
Poisson equation, PEqn.H, the two-equation turbulence
model, VEqn.H, and the two-equation heat transfer model,
HEqn.H. The executable program, 4eqnFoam, is generated
by compiling the wmake command in the Linux terminal.
The initial and boundary condition data, the mesh data, the
physical property data, the calculation time and output
control settings, the discrete format of each differential
operator, the algebraic equation solver, and the relaxation
factor required by 4eqnfoam are included in the 0 folder,
the constant/polyMesh, constant/transportProperties, the
system/controlDict, the system/fvSchemes, and the sys-
tem/fvSolutions.

The future work will address an effort to predict
turbulent heat transfer of the LBE flowing in the CiADS-
LBE reactor more accurately, based on the CFD solver, i.e.,
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Fig. 7 Structure diagram of main pump.

4eqnFoam. For the design and application of the LBE
subcritical reactor, the next step is to verify and improve
the LBE heat transfer program under complex geometry,
and develop an algebraic heat flux solver [65] and a
second-moment heat flux solver [66].

5.1.5 Analysis program of LBE electromagnetic pump —
LFR-ElePump

A design and analysis program for LBE electromagnetic
pump named LFR-ElePump is being developed, as shown
in Fig. 10. The program is based on the basic mathematical
models of electromagnetics, fluid mechanics and heat
transfer, and the multi-physics coupling numerical calcula-
tion method [67]. The program can determine the
geometric parameters, the hydraulic parameters, and the
electromagnetic parameters of the electromagnetic pump
and conduct the optimization design of the electromagnetic
pump structure under certain constraints to make the
efficiency, power factor, volume, weight, heat dissipation,
and other indicators to achieve the optimal [68]. It can
simulate and study the complex behavior of thermal
engineering and mechanics for LBE fluids.
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T
Y
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| Solve energy equation |
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| Update property |

{ x=x+1 ; + -
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| [teration |

Convergence?

| Output calculation results |

End

Fig. 8 Calculation flowchart in the sub-channel code LFR-Sub.
5.1.6 System security analysis program

RELAPS is a transient safety analysis program developed
by Idaho National Engineering Laboratory (INEL) for light
water reactors for Nuclear Regulatory Commission (NRC).
It cannot calculate the power response of the CiIADS LBE-
cooled subcritical reactor. Thus, based on the Relap5
MODA4.0, the following secondary development work was
performed [69,70]: First, the physical parameters and flow
and heat transfer model for the simulation analysis of the
molten salt medium in the CiADS secondary circuit was
implanted. Next, the dynamic analysis model of the point
reactor containing the source was invested. Finally, the
verification and evaluation of the physical parameters of
LBE were completed. Based on the improved RELAPS
with the dynamics calculation capability of the subcritical
reactor, the dynamic response characteristics of the CIADS
subcritical reactor fuel cladding were obtained under beam
transients. In the future, the heat transfer model will be
further developed for the fuel assembly and the heat
exchanger, the natural convection model in the large space
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Fig. 9 Framework of four-equation solver, 4eqnFoam, in OpenFOAM.

of pool reactor will be developed and the calculation ability
of natural circulation will be verified.

5.1.7 Fuel performance analysis program — FUTURE

For oxide fuel (UO,), the stainless steel system (the 15-
15Ti and the HT-9), and liquid metal coolant (LBE), a fuel
analysis tool for nuclear reactor (FUTURE) for oxide fuel
rod of the CiADS-LBE reactor is being developed, as
shown in Fig. 11. The program can realize thermal
analysis, radiation analysis, mechanical analysis, chemical
analysis, and residual life analysis of fuel rods [71]. The
program FUTURE are characterized by adding liquid LBE
corrosion calculation, adding the core-shell chemical

interaction kinematic model, and improving the mechan-
ical algorithm based on the geometric nonlinearity under
large deformation. Code development and simulation
verification of the separation effect of each calculation
module has been completed. The full coupling effective-
ness of the program will be verified using a fast reactor
benchmark and core data in the next step.

5.1.8 Thermal stratification analysis program for LBE —
LFR-Buoyancy

A thermal stratification analysis program named LFR-
Buoyancy for buoyancy heat transfer of the LBE is being
developed, based on the spectral method [72,73], as shown
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Fig. 10 Framework of analysis program of LBE electromagnetic pump.

in Fig. 12. The buoyancy term has been introduced into the
flow and heat transfer equations in the program LFR-
Buoyancy. Compared with the finite difference method and
the finite element method, the spectral method provides a
better solution for some fluid-structure problems which
need fine structure. The current program has completed the
verification of Rayleigh-Bénard convection. The validity
of the code is verified based on the periodic data of a two-
dimensional plate with an open boundary. The calculated
results were compared with the experimental data in Refs.
[74-76]. In the future, the Chebyshev periodic boundary in
a two-dimensional problem will be solved so that the code
can deal with the issue closer to reality. The code
development and debugging of the thermal stratification

mechanism will be studied, focusing on developing the
solver for turbulence problems.

5.2 Experimental verification for design software

5.2.1
STELA

LBE process and material experimental circuit

STELA was initially a loop-type facility for thermal-
hydraulic experiments of the LBE coolant. Modification
and upgrades are in progress to extend the application of
the facility, expected to be completed in 2021. In Fig. 13,
after the modification, it is expected that multiple
experiments could be conducted on the STELA facility,



Contact iteration

Time step loop

Fig. 11 Framework of fuel performance analysis program

FUTURE.

Long GU et al. Latest research progress for LBE coolant reactor of CiADS project 821

Input: geometry, materials, operating data

{

Time sequence generation
subdividing irradiation history

{

Mesh generation
dividing radial rings and axial slices

{

B

Time step: 1 =t+At

Fuel power density distribution

{

Heat transfer
Calculating pellet and cladding
temperature distribution, gap heat transfer,
coolant axial temperature distribution

!

Mechanical analysis
Calculating pellet and cladding internal
stress distribution, plastic, creep, swelling
strain, radial displacement and axial strain

Axial slices: nl = nl+1

|__

{

Fuel restructure
Calculating porosity migration, grain
growth, central radius

!

Fuel constituent redistribution
Calculating oxide and plutonium
disffusion and transport

{

Fission products release

!

LBE corrosion and FCCI

Gas pressure iteration

including active oxygen concentration control, cold trap
purification technology verification, structural material
dynamic corrosion experiment, flowmeter preliminary test,
and other experimental activities. At present, the initial
design of the testing section and the development of
essential equipment have been completed. The basic
design parameters of the STELA are shown in Table 7.

5.2.2  Fuel assembly fluid simulation loop

The security and economic performance of nuclear
systems will be significantly influenced by the flow
characteristics of the fuel assembly. As the positioning
component of the fuel assembly of the LFR, the wire-wrap
spacer or grid spacer can maintain the fuel pin spacing,
reducing the blending and vibration of the fuel pins,
enhancing the convective heat transfer. However, the
characteristics of high temperature, the opacity, and the
corrosiveness of the LBE increase the difficulty of flow and
heat transfer experiments in LBE coolant environments
[77,78]. The model test results can be applied to the
prototype experiment by reasonably designing the test
section and selecting the working liquid, based on the
dimensional analysis and similarity theory, as long as the
Reynolds number similarity is met [79-81]. Thus, a visual
fuel assembly fluid simulation loop is built to conduct fluid
dynamics experiments of fuel assembly using transparent
media such as water based on the proportional modeling
method and particle image velocimetry (PIV), as shown in
Fig. 14. The loop was divided into a primary loop and a
secondary loop. The secondary loop was designed to
control the working temperature of the fluid in the primary
loop through a water chiller and a heat exchanger.
Deionized water was chosen as the working liquid.
The operating temperature of the deionized water was
29.0°C+0.5°C. The main parameters in the experimental
loop are shown in Table 8.

At present, the periodic pressure distribution of CiADS
fuel assembly with wire-wrapped spacers was studied. In
that study, a 19-pin wire-wrapped fuel assembly model was
designed and manufactured with the same size as the fuel
assembly in the CiADS project [82]. In the future, based on
the visual hydraulic experimental loop, the pressure drop
and turbulence characteristics of the CiADS fuel assembly
with wire-wrapped or grid spacers will be further studied
under the condition of a large Reynolds number. The
comparison of the pressure and velocity distribution
between the experimental data and the CFD results will
be made to evaluate the applicability of turbulence models.
These results will improve the security and the economic
performance of the CiIADS LBE-cooled subcritical reactor.

5.2.3 Lead bismuth calibration bench

The calibration bench of the LBE coolant is a unique bench
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Fig. 12 Framework of thermal stratification analysis program.

for calibrating the flowmeter, level gauge, and circulating
pump in the LBE environment. At present, the bench
function and loop flow design was completed, as shown in
Fig. 15. The critical equipment and technology are being
studied. The next step is to complete the design and
manufacture of the leading equipment and bench. The
simplified flowchart of the lead-bismuth calibration bench
is shown in Fig. 16. The calibration method is mainly the
static mass method. The diameter range of the gauge to be
tested is 25-125 mm. The maximum mass flowrate and
operating temperatures are 250 kg/s and 300°C, respec-
tively. Different operation modes can be set according to
different functional requirements: calibration of flowmeter
by utilizing the weighing method, calibration of flowmeter
by utilizing the standard gauge method, calibration of the
liquid level gauge, and hydraulic characteristic test of a
pump. The weighing tank will be heated by radiation
transfer. The calibration bench will effectively support the
design of the CiADS LBE cooled reactor.

5.2.4 Zero-power facility of lead-based reactors Venus-I
and Venus-II

In 2005, China’s first ADS fast-thermal coupling sub-
critical experimental platform Venus-I was established
successfully by the China Institute of Atomic Energy
(CIAE) [83], as shown in Fig. 17 [84]. The central region

of Venus-I is the fast neutron region, which uses natural
uranium as fuel and aluminum as matrix material. Outside
the central region is the thermal neutron region, which uses
3% enrichment uranium fuel and polyethylene as matrix
material. External neutrons are provided by the *>Cf
source or the deuterium-tritium fusion reaction in the high-
pressure multiplier to drive the starting force. Neutron
experiments related to ADS were performed in Venus-I
subcritical facility. The common reactivity measurement
methods, such as the jump source method [85], the
improved source multiplication method [86], were verified.
The critical parameters of the core, the fission rate of the
fuel element, the relative distribution of neutron flux
density, and the transmutation rate [87] were also
measured.

The lead-based critical/subcritical dual-mode operation
zero-power facility for ADS research, i.e., Venus-II,
achieved the first criticality in December 2016 with the
joint efforts of the CIAE and the IMPCAS [88]. The
schematic diagram of Venus-II is shown in Fig. 18. The
experimental facility consists of a light water core and lead
metal core. The light water reactor core is loaded with 20%
U;0g fuel. The core structure is simple and belongs to the
benchmark device, which is suitable for verifying the
accuracy of the physical model, the program calculation,
and the nuclear database. The lead metal core is loaded
with 20% and 90% enriched U;Og fuel. Lead is used as the



Long GU et al. Latest research progress for LBE coolant reactor of CiADS project

Cold trap

Oil-water
Water heatX

coolant

P Pump

LBE-Oil HeatX

Expansion tank

[oN] —————%
CLT
Inert gas
~N

Ar

Molten salt
storage tank

LHE-Molten Salt HeatX

=<
ert gas

M
Electrical-heating
assembly
=~ ()
2A ~
Pump

Inert gas
Mpansion tank

Experimentfl
section

[

Heater

-

HQOos

|73LT

® Pump

LBE storage tank

Fig. 13 Diagram of LBE process and material experimental circuit STELA.

Table 7 Main design parameters of STELA
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No. Parameter Value

1 Length/m 8.0

2 Width/m 6.0

3 Height/m 7.0

4 Coolant LBE

5 Oxygen control Cover gas
6 Design pressure/MPa 0.4

7 Loop material SS 316L
8 Tube size/mm 50(2” Sch80)
9 Total power/kW 500

10 Heat exchanger capacity/kW 500

11 Flow rate/(m®-h™") 0-15.8
12 Maximum operating temperature/°C 450
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Table 8 Main parameters of experimental loop
Item Parameter
Main pump Maximum flow: 40 m*/h, head: 29 m

Heat exchanger

Turbine flowmeter

Turbine flowmeter

TS110 gauge pressure transducer
TS301 differential pressure transducer

Particle image velocimetry system

Type: shell-and-tube, material: 316L
Range: 1.5-15 m*/h, accuracy: 0.5%
Range: 0.4-40 m*/h, accuracy: 0.5%
Range: -100U-100 kPa, accuracy: 0.25%
Range: —10-10 kPa, accuracy: 0.15%
TSI

medium between the fuel and graphite, and polyethylene is
used as the reflector materials. The fast region is close to
the neutron energy spectrum of ADS, suitable for
evaluating the neutronic coupling characteristics between
the reactor and the target. Based on the Venus-Il,
experimental studies of target reactivity value measure-
ment [89,90], reactor dynamic parameters measurement
[91], neutron flux, neutron energy spectrum [92], and
fission rate [93] were performed. These experimental data,
combined with a deterministic program, Monte Carlo
program, and various cross-section libraries, were used for

a large number of simulation analyses to verify the
reliability of experimental measurement and simulation
results [94-99].

Further experiments based on Venus-I and Venus-II will
be conducted to develop and improve the software of the
CiADS subcritical reactor and the measurement method.

5.2.5 LBE corrosion experiment bench

The liquid heavy metal coolant LBE is highly corrosive to
traditional structural materials. The corrosion behavior of



Long GU et al. Latest research progress for LBE coolant reactor of CiADS project

825

W a

N

(T II |
R R
\s \—i-\\\\' i
N

3

Buffer tank Weighing tank

Fig. 15 Conceptual diagram of LBE calibration bench.

— ./
| | |Level gauge calibration section
& Surge tank )

Commutator

Gauge to be tested Standard gauge % % %

tank

— =%

— = —

—H =% X

! Electroni} IscaleEF
Pump 1

Buffer tank

2.

o

Pump 2

Fig. 16 Simplified flowchart of lead bismuth calibration bench.

stainless steel was qualitatively and quantitatively ana-
lyzed and described by theory combining with experiment
[100-103]. To study the corrosion behavior of LBE on the
structural materials in the CiADS LBE-cooled subcritical
reactor, some high temperature static and cooperative
corrosion equipment is established under the leadership of
IMPCAS, such as the ion irradiation/LBE corrosion
synergistic facility, the oxygen controlled liquid LBE
corrosion facility, and the oxygen controlled liquid LBE
experimental circuit. Figure 19 shows a schematic of the

oxygen control LBE corrosion device. As shown in Table
9, the radiation experiment is being conducted. The
parameters of the LBE corrosion experiment being
performed are shown in Table 10. Ferritic, martensitic
steels (SIMP and T91), and austenitic steels (316L and 15-
15Ti) were selected as irradiation and corrosion test
materials.

In the future, collaborative experiments of stress,
corrosion, and radiation should be conducted to study the
influence of stress and radiation on LBE corrosion. More
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Fig. 18 Schematic diagram of zero-power facility Venus-II.

Table 9 Main parameters of LBE radiation experiment

Fig. 19 Schematic diagram of oxygen control LBE corrosion device.

realistic simulations of the corrosion of structural materials
in the reactor environment can provide a reliable technical
support for the future CiADS project.

5.3 Nuclear safety verification and integrated system
performance test

5.3.1 Small integrated verification facility for CIADS

To support the design and construction of the CiADS

Irradiated ion Temperature/°C Materials Irradiation dose point

246.8 MeV Ar'? + 350 SIMP 0.2/0.6 dpa

280 MeV Fe'® ™ 350 SIMP 0.2/0.6 dpa

3.5 MeV Fe'* * 20 316L/15-15Ti 0.01/0.1/0.01/10 dpa

3.5 MeV Fe'* ™ 350 316L/15-15Ti 0.01/0.1/0.01/10 dpa

3.5MeV Fe"* * 450 316L/15-15Ti 0.01/0.1/0.01/10 dpa

3.5 MeV Fe'> * 550 316L/15-15Ti 0.01/0.1/0.01/10 dpa

Table 10 Main parameters of LBE corrosion experiment

Corrosion mode Temperature/°C Materials Corrosion time

Static state 450 15-15Ti/316L 500/1000/2000/4000/6000/8000 h
550 SIMP/T91/15-15Ti/316L 500/1000/2000/4000/6000/10000 h

After helium ion irradiation 350 SIMP 4000 h

After helium ion irradiation 350 SIMP/T91 2000 h

Synergistic effect 350 SIMP 92h(1.36dpa)/135h(4.8dpa)/295h(13.7dpa)
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project, a small integrated verification facility for the
CiADS with a total power of 1 MW is designed and built
for the thermal-hydraulic test of the fuel assembly,
spallation target, core scaling, and leading equipment in
the reactor core. The non-nuclear integrated verification
facility is a pool-type verification facility based on the
CiADS design scheme, which is used to verify the reactor
core and critical equipment of the CiADS. At present, the
facility has entered the design stage, as shown in Fig. 20.
The small integrated verification facility for the CiADS is
expected to be completed and used in December 2021.

5.3.2 Comprehensive experimental circuit of LBE

The experimental circuit of LBE mainly serves for the
thermal-hydraulic test of the fuel assembly, the calibration
and verification of key instruments, the principle verifica-
tion of essential equipment, and the experimental verifica-
tion of oxygen-controlled purification. It also aims to
accumulate operation and maintenance experience of large
and medium-sized liquid LBE circuits. At present, the
design process of the experimental circuit has been
completed, as shown in Fig. 21. The system is mainly
composed of the primary circuit, the secondary circuit, the
test section of fuel rod cluster assembly, the pump test
section, the flowmeter test section, the oxygen control

Material test section

Flow measurement
section

Cold trap and
magnetic trap

purification system, the flowmeter calibration system, the
molten material tank, the storage tank, the buffer tank, the
gas system, and the instrument control system.

Primary pump (2)

Primary heat
exchanger (4)

Reactor vessel

Inner barrel head

Fuel assembly —_|

Reactor vessel

Cold and hot

pool partition Core internal

structure

Fig. 20 Conceptual diagram of integrated verification facility of
CiADS.

Weighting test device

Pump unit
circuit section

Device for melting and
storing lead bismuth

Molten salt loop

Water loop

Fig. 21 Conceptual diagram of comprehensive experimental circuit for LBE coolant.
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6 Conclusions

Significant progress has been made in China’s ADS
development in the past decade when China started
studying the ADS technology in the mid-1990s. With
successful construction and operation of the superconduct-
ing proton linac, the VENUS-II facility, and comprehen-
sive experimental facilities for LBE coolant, China plays a
pivotal role for advanced steady-state operation toward the
next step ADS project. The CAS has made a clear roadmap
toward the application of the ADS program in China. The
CiADS project for accelerator-driven transmutation ver-
ification research is important in the first stage of the ADS
technology development. The CiADS project with a total
power of 10 MW was approved in 2018 by the Chinese
government to start construction in Huizhou, Guangdong
province, and is expected to be completed in 2024. The
concept design of the CiADS has been completed, and
small-scale R&D started five years ago is in progress.

The subcritical reactor is an important part of the whole
CiADS. Currently, the pool-type LBE-cooled fast reactor
is selected as the preferred reactor type for the CiADS
subcritical reactor. Fifty-two fuel assemblies with grid
spacers will provide about 9.76 MW of thermal power. To
avoid the risk of HXTR, molten salt is used to cool the
secondary loop to take away the core heat.

At present, the preliminary design of the CiADS
subcritical reactor-based on a pool structure with LBE
and molten salt cooling has been completed. It has entered
the stage of building an equipment prototype. Detailed
engineering designs led by IMPCAS are being conducted
to fill the gaps in the construction and operation of CiADS
subcritical reactors. Simulation software, such as the
neutronics analysis program, the core burnup calculation
program, the three-dimensional thermal-hydraulic analysis
program for the LBE coolant, the system safety analysis
program, the fuel performance analysis program, is being
developed to support the optimization design of the
CiADS subcritical reactor. Many experiments are being
performed based on the experimental platforms, such as
the STELA, the LBE coolant calibration platform, the fluid
simulation laboratory, the Venus-I, and the Venus-II, to
provide reliable verification data for software develop-
ment. To accumulate construction and operation experi-
ence for the CiADS subcritical reactor, a small integrated
verification facility and a comprehensive experimental
circuit of LBE are being designed and built.

It is expected that the relevant data and design concept
presented in this paper can provide some support for the
LBE-cooled subcritical reactor design of the ADS
technology.
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