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SNCLFR-100 is a small modular natural circulation lead-cooled fast reactor, developed by
University of Science and Technology of China, aiming at taking full advantage of the good
economics and inherent safety of lead-cooled fast reactors to develop miniaturized,
lightweight and multi-purpose special nuclear reactor technology. SNCLFR-100 is still
in the conceptual design stage, in order to fully evaluate the safety features of the reactor
and provide reference for the optimization design of the next stage, three typical transients
are selected based on the analysis of the SNCLFR-100 initiating events by using the code
Analysis of Thermal-hydraulics of Leaks and Transients (ATHLET), which are unprotected
transient overpower (UTOP), unprotected loss of heat sink (ULOHS) and unprotected
partial blockage in the hottest fuel assembly. For UTOP, the unexpected positive reactivity
insertion of 0.7$ in 15s led to two large power peaks in the core quickly, and then the core
power began to decrease and gradually stabilized under the action of various of negative
feedbacks of the reactor, the peak temperatures of fuel and cladding rose rapidly with the
increase of core power and eventually stabilized at a higher temperature. For ULOHS, as
the reactor were driven by natural circulation, the coolant mass flow rate continued to
decline after the transient, both core and cladding temperatures rose quickly and the
temperature rise were smaller than that of UTOP transient, the reactor shutdown by itself
and the peak temperatures of fuel and cladding were smaller than the safety limit. For
unprotected partial blockage in the hottest fuel assembly, with the increase of the blockage
rate of the hottest fuel assembly inlet, the coolant flow rate, the peak temperatures of
coolant, fuel and cladding increased significantly, when the blockage rate increased to 0.9,
the coolant flow rate of the hottest fuel assembly dropped to about 12.6% of the normal
value, and the cladding peak temperature would exceed the cladding melting point,
measures should be taken to avoid the happening of severe accident.
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INTRODUCTION

The Lead-cooled Fast Reactor (LFR) is one of the innovative
systems envisaged by the Generation IV International Forum
(GIF) in order to provide sustainable, safe and proliferation
resistant nuclear energy production (Lorusso et al., 2018;
Zhang et al., 2019). In the Generation IV technology
evaluations, the LFR was rated good in safety and economics
and have been evaluated as themost promising technology, which
was primarily envisioned for missions in electricity, hydrogen
production and actinide management (Kelly, 2014; Liu et al.,
2020). In recent years, with the development of anticorrosion
technology and 210Po purification technology, LFR was identified
as a technology with great potential to meet needs for remote sites
power stations, industrial heating, nuclear hydrogen production,
combined heat and power supply, seawater desalination and ship
propulsion, and has attracted wide attention around the world
(Alemberti et al., 2014; Mignacca and Locatelli, 2020). In Russia,
an innovative inherent-safe fast reactor named BREST-OD-300,
is being developed as a pilot and demonstration prototype for
future nuclear power with a closed nuclear cycle, and are
scheduled to be finished in 2023 (Dragunov et al., 2012). In
addition, a small scale modular LBE-cooled fast reactor SVBR is
being built based on Russia’s rich experience in liquid metal
cooled fast reactor construction and operation (Zrodnikov et al.,
2011). In Europe, the development of lead-cooled fast reactor
technology is very active with the support of PDX-ADS project,
LEADER project and CDT project, etc. a European Lead-cooled
Fast Reactor (ELFR) (Frogheri et al., 2013), an Advanced Lead-
cooled Fast Reactor European Demonstrator (ALFRED) and a
Multi-purpose hybrid Research for High-tech Applications
(MYRRHA) were currently being developed (Grasso et al.,
2014; Engelen et al., 2015). In China, a 10 MWth lead-based
research reactor named China Lead-based Reactor (CLEAR-I),
proposed by the Institute of Nuclear Energy Safety Technology,
was selected as the reference reactor for ADS development, as well
as the technology development of the Generation IV lead-cooled
fast reactor (Smith et al., 2008). Due to the outstanding natural
circulation characteristics of lead-bismuth (LBE) and lead, many
natural circulation LFR have been developed. In United States, A
series of natural circulation LFR conceptual design were carried
out by Argonne National Laboratory (ANL) and Lawrence
Livermore National Laboratory (LLNL), such as SSTAR
(Bortot et al., 2011), SUPERSTAR (Koo et al., 2007), STAR-
LM (Hong et al., 2005), and ENHS (Wu, 2016). In China, a
100 MWth lead-cooled small modular reactor named SNCLFR-
100 with a passive cooling feature to both normal and abnormal
operations, was proposed by University of Science and
Technology of China (USTC) (Chen et al., 2016; Zhao et al.,
2016).

For natural circulation LFRs, the outstanding inherent safety
performance can greatly reduce the construction and operation
difficulty of LFR, and provide a good technical route for the
engineering and commercialization of LFR as soon as possible.
However, compared with forced circulation, the natural
circulation lead-cooled fast reactor has a weaker coolant
circulation capacity, transient safety analysis is an important

part of LFR design and operation, it can be seen from the
open literature that the current transient analysis of lead-
cooled fast reactors (LFRs) is mainly aimed at forced
circulation LFRs, while the research on the transient thermal-
hydraulic safety performance of natural-cycle lead-cooled fast

FIGURE 1 | Scheme of SNCLFR-100 primary cooling system and fuel
assembly. (A) Schematic diagram of SNCLFR-100 primary cooling system.
(B) Scheme of SNCLFR-100 fuel assembly.
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reactors has many deficiencies (Tesinsky et al., 2012; Bubelis et al.,
2013; Castelliti and Hamidouche, 2016; Shen et al., 2019). Thus, it
is necessary to analyzed the transient response characteristics of
natural circulation LFR and evaluate the thermal-hydraulic safety
performance of the reactor to further optimize the design of this
kind of reactor, which is of great significance to further promote
its development.

For SNCLFR-100, a total of six transients were selected as
representative of all identified design extension condition (DEC)
transients reflecting a wide range of potential transient initiators
using the main logic diagram method (MLD) (Kangli, 2017),
these transients include several unprotected transients such as
UTOP, ULOHS etc. To investigate the safety behaviors of
SNCLFR-100, unprotected transient overpower (UTOP),
unprotected loss of heat sink (ULOHS) and unprotected
partial blockage in the hottest fuel assembly were selected and
analyzed using the advanced best-estimate code ATHLET 3.1A,
which enables the simulation of liquid metal cooled fast reactor
(Hollands et al., 2019).

CALCULATION MODEL

SNCLFR-100 Reactor Design
SNCLFR-100 uses pure melted lead as primary coolant by means
of natural circulation, the rated thermal power of SNCLFR-100 is
100 MW and the refueling interval is 10 years without assembly
reconfiguration. SNCLFR-100 is a typical pool-type reactor with
an array of heterogeneous square fuel assemblies loaded with
MOX fuels (Zhao et al., 2016; Shi et al., 2018). The overall
structure design of SNCLFR-100 primary cooling system and
fuel assembly are shown in Figure 1, and the main design
parameters are listed in Table 1. The fuel assembly shown in
Figure 4 is a 9 × 9 pins lattice. The pitch-to-diameter ratio is 1.426
and the assembly pitch is 160.0 mm. The wide coolant paths
among rods can reduce the pressure drop significantly and
enhance the reactor natural circulation capability.

The SNCLFR-100 primary cooling system mainly consists of a
cold pool, a reactor core, a hot pool, a main heat exchanger, a heat
separation plate and amain vessel. Liquid lead enters the reactor core
from the cold pool, cools the reactor core from bottom to top under
natural circulation driving force, absorbs the heat of each assembly of
the reactor core and then flows into the hot pool. After being fully
mixed, it flows into the shell side of the main heat exchanger,
transfers the heat to the secondary coolant on the tube side, flows out
of the main heat exchanger, and flows back into the cold pool. Thus,
the coolant circulation of the primary circuit is formed. Figure 2 is
the layout of SNCLFR-100 core, and Table 2 gives the main design
parameters of the core. The fuel assemblies of SNCLFR-100 core are
designed like boxes. The active area consists of 204 fuel assemblies.
According to the enrichment, the active core is divided into inner,
middle and outer regions. 36 control assemblies, 48 reflector
assemblies and 84 shielding layer assemblies are respectively
arranged radially outward of the reactor core.

TABLE 1 | Main design parameters of SNCLFR-100.

Design parameters Values or characteristics

Thermal power 100 MW
Electric power 40 MW
Refueling interval 10 a
Plant design lifetime 30 a
Fuel MOX
Core configuration Closed octahedron array
Primary coolant Lead
Primary normal cooling model Fully natural circulation
Primary heat transport system Compact pool type
Core inlet/outlet temperature 400/480°C
Core mass flow rate 8,528 kg/s
Natural circulation height 4 m
Abnormal decay heat removal Reactor vessel auxiliary cooling system
Secondary normal cooling model Water/steam forced
Steam generators 4 modules of straight shell-tube type
Inlet and outlet temperature of secondary circuit 330/457°C
Secondary coolant mass flow rate 64 kg/s
Secondary water/steam cycle Rankine cycle with superheated steam

FIGURE 2 | SNCLFR-100 core layout.
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ATHLET Calculation Model of SNCLFR-100
ATHLET is an analytical code for the optimal thermohydraulic
estimation system of light water reactors developed by the GRS.
After years of development and improvement by GRS, the
analysis accuracy and reliability have been continuously
improved, and the application scope has been continuously
widened. The code has become one of the internationally
recognized important tools for thermal and hydraulic analysis
and safety assessment of nuclear power plants. At present, the
latest ATHLET MOD3.1A released by GRS has been used to
simulate and analyze the thermal-hydraulic safety characteristics
of lead-cooled fast reactor, sodium-cooled fast reactor and
supercritical water-cooled reactor (Lerchl et al., 2016).

Figure 3 shows the ATHLET calculation model of the primary
cooling system of SNCLFR-100. The model includes the main
equipment and fuel assembly of the primary cooling system of
SNCLFR-100. Considering that SNCLFR-100 is a natural
circulation reactor and the operation state of the secondary
circuit will have an important influence on the thermal
hydraulic characteristics of the primary circuit, the secondary
cooling system of SNCLFR-100 is appropriately simplified in the
calculation model and only the tube-side heat exchange part of
the secondary cooling system is considered. Feedwater is supplied
by a Fill, which exiting steam pressure is fixed by a TDV, and the
corresponding inlet and outlet boundary conditions are
reasonably set. According to the structural layout of the
SNCLFR-100 core shown in Figure 2, the calculation model
divides the cooling channel of the core into eight channels. Each
fuel assembly zone and control rod assembly zone are simulated
with an average channel and a thermal channel, respectively.
Average channels in inner fuel zone, middle fuel zone, outer fuel
zone and control rod assembly zone (FI_Ave, FM_Ave, FO_Ave,
and Cr _ ave); Hot channel in the inner fuel zone, the middle fuel
zone, the outer fuel zone, and the control rod assembly zone
(FI_Hot, FM_Hot, FO_Hot, and CR_Hot). At the same time,
according to the neutron calculation results, the average rod and
the hottest rod are respectively considered in the above four
thermal channels.

Safety Criterion
In order to meet the development goals and requirements for
the fourth generation nuclear power system, the lead-cooled
fast reactor has adopted a large number of innovative design
concepts, which not only makes the reactor have good
economy and inherent safety, but also brings great
challenges to the thermal hydraulic design and safety
analysis of the reactor. Therefore, no mature and reliable
thermal hydraulic design and safety criteria for lead-cooled
fast reactors have been put forward by the nuclear energy
industry. The thermal-hydraulic safety criteria adopted in the
design schemes of lead-cooled fast reactors currently
designed by various countries are different (Cinotti et al.,
2010; Alemberti et al., 2017). Based on the design
characteristics of natural circulation lead-cooled fast
reactors, through full investigation and reference to the
thermal-hydraulic safety criteria adopted in the design of
internationally representative lead-cooled fast reactors, the
following thermal-hydraulic safety criteria applicable to
SNCLFR-100 are proposed:

(1) The velocity of LBE determines the corrosion of LBE on
structural materials. As a result, the limit of coolant velocity is
set to 2 m/s to protect the structural material from corrosion.
Therefore, the coolant velocity limit of SNCLFR-100 is set to
2 m/s;

(2) To ensure that the solidification of Lead does not happen in
the reactor, 350°C is selected as the minimum temperature
limit for the coolant, which is higher than the LBE melting
point temperature of 327.46°C;

(3) MOX is selected as the fuel in SNCLFR-100. It is necessary to
ensure that fuels are not threatened under all operating
conditions. According to the physical parameters of MOX
and design limits of SNCLFR-100, the limit of the peak fuel
centerline temperature is 2,300°C;

(4) T91 is employed for cladding material, which has shown its
significant corrosion resistance and excellent mechanical
advantages. Jinsuo Zhang investigated the steel corrosion
by liquid lead and LBE, which demonstrated that T91 could
meet the performance requirements under the condition of
823 K (Zhang, 2009). As a result, the SNCLFR-100 set the
limits of the peak cladding surface temperature
conservatively to 550°C under steady state. In transients,
the value is designed to 650°C to ensure the integrity of
fuel cladding. At the same time, it is considered acceptable for
the cladding temperature to temporarily exceed 800°C in case
of severe accidents.

TRANSIENT ANALYSES

Steady State Simulation
Steady state condition calculation is the basis for transient
thermal-hydraulic safety analysis. The steady state
characteristics of SNCLFR-100 under rated conditions are
studied by ATHLET. Table 3 shows the comparison between
the main thermal hydraulic parameters of the primary cooling

TABLE 2 | SNCLFR-100 core main design parameters.

Design parameters Values or characteristics

Number of fuel assemblies 204
Number of control assemblies 36
Number of pins per one fuel assembly 81
Number of pins per one control assembly 72
Pin pitch-to-diameter ratio 1.426
Fuel pin pitch 17.4 mm
Fuel pin diameter 12.2 mm
Core height 3,400 mm
Active core height 1,000 mm
Equivalent core diameter 3,460 mm
Fuel compositions Inner fuel PuO2(16%) + UO2(84%)

Middle fuel PuO2 (19%) + UO2 (81%)
Outer fuel PuO2 (24%) + UO2 (76%)

Fuel pellet diameter 9.8 mm
Cladding outer diameter 12.2 mm
Fission gas plenum height 1,000 mm

Frontiers in Energy Research | www.frontiersin.org June 2021 | Volume 9 | Article 6789394

Guo et al. Natural Circulation LFR Safety Analysis

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


system calculated by ATHLET and the design values of the
reactor. From Table 3, it can be seen that the calculation
results of ATHLET code are in good agreement with the
design values of SNCLFR-100, indicating that the primary
cooling system of the reactor is correctly modeled. It can be
used for transient analysis of accident conditions.

Unprotected Transient Overpower
This transient is initiated by an unexpected positive reactivity
insertion of 0.7 $ (257.6 pcm) in 15 s following possible
perturbations in the primary cooling system induced by steam
generator tube rupture (SGTR), FA flow blockage or core
compaction, etc. The transient is unprotected and then the

FIGURE 3 | Calculation model of SNCLFR-100 primary cooling system.

TABLE 3 | Steady state calculation results under rated conditions.

Parameter Design value Calculated value Difference

Core flow (kg/s) 8528.00 8540.00 0.14%
Core inlet temperature (℃) 400.00 400.02 0.02℃
Core outlet temperature (℃) 480.00 480.10 0.10℃
SG primary side coolant inlet temperature (℃) 480.00 480.05 0.05℃
SG primary side coolant outlet temperature (℃) 400.00 400.01 0.01℃
Secondary side of SG coolant outlet temperature (℃) 457.00 457.64 0.64℃
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reactor scram is assumed to fail, which forced circulation is
maintained in the secondary circuits with no control of the
feedwater flow rate, which remains constant at its nominal value.

SNCLFR-100 overpower transient at HFP (Hot Full Power)
and BOC, namely:

(1) Between 0 and 500 s, the reactor operates in rated condition.

(2) At 500 s, the control rod is withdrawn at a maximummoving
speed of 300 mm/s, and 0.7 $ (257.6 pcm) reactivity is
introduced into the core within 15 s.

Figures 4, 5, respectively, show the changes of reactor power
and reactivity with time after the UTOP accident of SNCLFR-100.
As can be seen from Figures 4, 5, after the accident, the core

FIGURE 4 | Reactor power vs. time at UTOP.

FIGURE 5 | Reactor reactivity vs. time at UTOP.
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power increased rapidly and two peaks appeared successively: the
first peak appeared at about 515 s, and the core power was about
3.85 times of the rated power. At this time, the control rod was
completely withdrawn out of control, and the total reactivity of
the core and instantaneous neutrons reached the maximum
value. The second peak occurred at about 552 s, at which time
the core power peaked again (about 3.45 times of the rated power)
under the action of delayed neutrons accumulated in the core.
After the accident occurred 500 s, the reactor power gradually
stabilized, reaching a new balance at about 1,200 s and operating
at a relatively high power.

The change of core flow with time after the UTOP accident of
SNCLFR-100 is shown in Figure 6. It can be seen form Figure 6,
when UTOP accident occurs, the coolant flow rate through the
core increases rapidly with the increase of the core power and
reaches a peak value at about 548 s s. After that, it decreased
continuously with the continuous attenuation of reactor power,
and finally stabilized at about 1,200 s. It is noted in the analysis
that, unlike the forced circulation lead-cooled fast reactor, the
natural circulation lead-cooled fast reactor has a unique
consequence of the accident and also reflects the unique
inherent safety performance of the natural circulation lead-
cooled fast reactor. As the core power increases, the core flow
rate and the core heat transfer capacity increases, and the natural
circulation capacity increases.

Hottest fuel pellet temperatures and hottest cladding
temperature with time under UTOP accident are shown in
Figures 7, 8. The simulation results show that, during the
transients, fuel pellet temperature and cladding temperature
rapidly increased. Two temperature peaks appeared
corresponding to the power change, and the highest
temperature peaks appeared in the outer fuel region at 500 s.
The fuel pellet and cladding temperature gradually stabilized and

remained basically unchanged at about 1,200 s. During the whole
accident process, the highest fuel and cladding temperature are
both lower than the safety limit. However, the cladding will be
operated at a higher temperature for a long time, and the safety
margin of the reactor is small, which is harmful to the long-term
operation of the reactor. Effective measures need to be taken to
increase the heat transfer capacity of the primary loop main
cooling system and reduce the operating temperature of the
system.

Unprotected Loss of Heat Sink
The ULOHS transient initiates form a total loss of feedwater flow
into the secondary side of SG, leaving decay heat removal system
working to remove heat form core. The reactor scram is assumed
to fail and then the core power is driven by the reactivity
feedbacks, natural circulation is maintained in the primary
system, while the secondary circuits are isolated.

SNCLFR-100 ULOHS transient at HFP (Hot Full Power) and
BOC, namely:

(1) Between 0 s and 500 s, the reactor operates normally under
rated conditions.

(2) At 500 s, all feedwater pumps in the secondary loop of the
reactor were shut down due to faults, and the flow rate of the
secondary loop cooling system decreased rapidly. After the
accident, the flowrate of feedwater decreased to 50% of the
rated flow rate within 5 s and decreased to 0 kg/s at 46 s.

The change of core flowwith time after the ULOHS accident in
SNCLFR-100 is shown in Figure 9. When the accident occurred,
the core flow rate decreased rapidly and reached the lowest value
at 900 s. Between 900 s and 2,300 s after the accident, the core
flow slowly increases. At 2,300 s after the accident, the core flow

FIGURE 6 | Core mass flow rate vs. time at UTOP.
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gradually stabilized and finally stabilized at about 16.2% of the
rated flow. It is noted that, unlike the driving cycle lead-cooled
fast reactor, the ULOHS accident of the natural circulation lead-
cooled fast reactor will indirectly cause the loss of flow of primary
loop and lead to core temperature rise.

The variation of reactor power vs. time after the ULOHS
accident in SNCLFR-100 is shown in Figure 10. After the
accident, the core power rapidly dropped to about 18 MW at

400 s. At this time, the reactor was automatically shut down by
negative feedback effects. The fission power of the reactor is
nearly reduced to 0 MW at 2,300 s, and the total power comes
from the decay heat in the reactor.

The variation of the maximum temperature of the fuel pellet
and cladding of the hottest assembly with time after the ULOHS
accident is shown in Figures 11, 12. During the accident, the
temperature of the fuel pellets decreased rapidly with the

FIGURE 7 | Hottest fuel pellet temperatures for the hot channels vs. time at UTOP.

FIGURE 8 | Time evolution of hottest pin cladding temperatures for the hot channels at UTOP.
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attenuation of the core power, and gradually stabilized around
1,200 s. At the beginning of the accident, the descent rate of core
power is greater than that of core flow. The highest temperature
of the cladding firstly increases and reaches the peak value. Then,
the highest temperature of the cladding gradually falls and
reaches the steady state, and finally keeps a small rise
momentum. It can be seen from the analysis that with the
development of ULOHS accident, the temperature difference
between the fuel and the cladding becomes smaller and

smaller, and the temperature distribution of the core will
become more uniform. During the whole accident, the
temperatures of the fuel and the cladding are far lower than
the design limit, and the reactor has sufficient safety margin.

Parametric studies on partial blockage in the hottest fuel
assembly has been investigated in the unprotected case without
reactor scram, in order to evaluate themaximum reduction of cross
flow rate or flow rate through the assembly that might be sustained
without leading to significant fuel rod damage (Chai et al., 2019;

FIGURE 9 | Core mass flow rate vs. time at ULOHS.

FIGURE 10 | Reactor power vs. time at ULOHS. (A) 400 ∼ 3600 s (B) 800 ∼ 3600 s.
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Chai et al., 2020). In general, conservative assumptions have been
taken with respect to heat transfer through the inter-wrapper gap
with the surrounding assemblies.

The unprotected partial blockage in the hottest fuel assembly is
as follows:

(1) Partial blockage of the hottest fuel assembly, assembly inlet
assumed to be blocked.

(2) Blockage is defined by a decrease of flow area, with constant
loss factor.

(3) It is assumed that at 500 s, the corrosion products of the core
block the inlet of the hottest-assembly within 1 s, resulting in
a decrease of coolant flow through the assembly and an
increase of coolant temperature in the assembly. During this
process, the reactor protection system failed and no
shutdown protection measures were taken. At the same

FIGURE 11 | Hottest pin fuel pellet temperatures for the hot channels vs. time at ULOHS.

FIGURE 12 | Time evolution of hottest cladding temperatures for the hot channels at ULOHS.
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time, we define a parameter which is blocking rate
(namely: β).A

β � ABlockage

AInlet
(1)

Where, ABlockage is blockage area of the hottest assembly inlet
(m2); AInlet is 100% open area of the hottest assembly inlet (m2).

(4) Blockage fractions: 10, 20, 30, 40, 50, 60, 70, 80, 90%.
(5) Reactor trip (SCRAM signal) is disabled. No heat exchange

with surrounding assemblies.

The blockage rate of the hottest assembly inlet will directly
affect the severity of the consequences of the blockage accident.
This paper simulates the local blockage conditions of the hottest
assembly under nine different blockage rates to analyze the
impact of the increase of blockage rate on the blockage
accident. Figure 13 shows the variation of core power with
time under different blocking rates. It can be seen that the
blockage of the hottest assembly has little influence on the
core power. With various reactivity feedbacks, the core power
decreases rapidly and slightly, then gradually increases, and
finally stabilizes at a state slightly lower than the rated power.
With the increase of the core inlet blockage rate, the larger
blockage rate leads to the smaller the final steady-state power.

Figure 14 shows the influence of different blockage rates on
the flow rate of the hottest assembly of SNCLFR-100 after the
local blockage accident. As can be seen from Figure 14, when a
local flow blockage occurs, the flow rate of the hottest assembly
drops rapidly to a minimum value at first, then gradually rise, and
finally gradually stabilize around 600 s. When the blockage rate is

less than 0.3, the blockage accident has little effect on the flow rate
of the hottest assembly. When the blockage rate is greater than
0.3, the flow rate of the hottest assembly decreases rapidly with
the increase of the blocking rate. When the blocking rate reaches
about 0.6, the flow rate in the hottest assembly will be about 50%
of the rated flow rate. When the blockage rate reaches 0.9, its flow
is about 12.6% of the rated flow.

Figure 15. shows the changes of power and flow of the hottest
assembly vs. time under different blockage rates. When the
blocking rate is small, drop amplitude and drop rate of core
power of the hottest assembly are both greater than the
corresponding value of its flowrate. However, when the
blocking rate is large, the drop amplitude and rate of
flowrate are much larger than the corresponding power
value. At the same time, it is noted that when the power and
flowrate of the hottest assembly reach a stable level, its power
can eventually return to the rated value. When the blockage rate
is small, its flowrate will be slightly lower than the rated value.
The flowrate will be far lower than the rated value when the
blockage rate is large.

Figure 16 shows the variation of the maximum temperature at
the center of fuel pellet of the hottest assembly after the local
blockage occurred in SNCLFR-100. Due to the power ascending
of the hottest assembly and the descending of the flow rate, the
highest fuel temperature ascends and reaches a peak value.
Finally, with the gradual stabilization of the power and flow
rate of the hottest assembly, the highest fuel temperature begins to
drop and gradually stabilizes. The larger the blockage rate is, the
smaller the drop in the center temperature of fuel pellet of the
hottest assembly is, and the larger the final temperature peak is.
When the blocking rate reaches 0.9, the highest temperature in
the center of fuel pellet reaches about 1,486.06°C, which is lower
than the temperature safety limit of 2,300°C.

FIGURE 13 | The influence of different blockage rates on total core power vs. time.
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Figure 17 shows the change of coolant outlet temperature of
the hottest assembly with time after the local blockage accident. It
can be seen from Figure 17 that due to the lack of cooling
capacity, the outlet of the hottest assembly turned upward and
reached the peak value. Finally, with the gradual stabilization of
the power and flow rate of the hottest assembly, the temperature
of the coolant at the assembly outlet turns to drop and gradually
stabilizes. With the increase of blockage rate, the temperature
drop amplitude at the outlet of the assembly gradually decreases,
and the final coolant temperature peak value gradually increases.
When the blocking rate reaches 0.9, the coolant peak temperature
is about 1,286°C, which is lower than the boiling point
temperature of liquid lead.

Figure 18 shows the variation of the highest cladding
temperature of the hottest assembly with time after the local
blockage accident. It can be seen from Figure 18 that the highest
cladding temperature of the hottest assembly and the outlet
coolant temperature of the hottest assembly have similar
variation trends. With the increasing blocking rate, the highest
cladding temperature ascends rapidly. When the blocking rate
reaches 0.9, the highest cladding temperature reaches about
1,407.02°C, exceeding the melting point of the cladding
1,400°C. At this time, the cladding will melt in the hottest
assembly.

Figure 19 shows the comparison of the hottest pin fuel
center temperature, the hottest pin cladding temperature,

FIGURE 14 | Influence Curve of Different Blockage Rates on Flow Rate of hottest assembly. (A) Flow rate of the hottest assembly vs. time of different blockage
rates. (B) The relationship between the stable flow rate of the hottest assembly and blockage rate.
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the hottest channel coolant outlet temperature of different
blockage rates after the local blockage accident occurred in
SNCLFR-100. As can be seen from Figure 19, when the
blocking rate is greater than 0.6, the highest cladding
temperature will be greater than 650°C. When the
blockage rate reaches about 0.7, the highest cladding
temperature will reach 800°C. When the blockage rate
reaches 0.9, the highest cladding temperature will exceed
the cladding melting point 1,400°C. At this time, the center
temperature of the fuel pellet and the coolant temperature

are both lower than the safety limit. It can be seen from this
that the greatest danger to the core safety in the flow blocking
accident comes from the failure of the cladding material at
high temperature.

CONCLUSION

In this paper, based on the system analysis code ATHLET, three
types of unprotected accident transients of SNCLFR-100 are

FIGURE 15 | Comparison of power and flow of hottest assembly vs. time of different blocking rates. (A) β � 0.01 (B) β � 0.09.

FIGURE 16 | The maximum temperature of the hottest pin fuel center of different blocking rates vs. time.
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simulated and analyzed, and safety assessment is carried out. The
main conclusions are as follows:

(1) In the UTOP transient, the maximum temperatures of fuel
core and cladding are all within the safety design limits, but
the thermal-hydraulic safety margin of reactor is small, and
cladding damage may be induced if the cladding is operated
in a high temperature environment for a long time. In the

UTOP accident of the natural circulation lead-cooled fast
reactor, as the core power increases, the core flow rate and the
core heat transfer capacity increases, and the natural
circulation capacity increases which is helpful to mitigate
the consequences of UTOP accident

(2) In the ULOHS transient, the reactor will automatically shut
down under the action of various negative feedbacks in the
core. The ULOHS accident of the natural circulation lead-

FIGURE 17 | The outlet temperature of hottest assembly of different blocking rates vs. time.

FIGURE 18 | The maximum cladding temperature of the hottest assembly of different blocking rates vs. time.
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cooled fast reactor will indirectly cause the loss of flow of
primary loop and lead to core temperature rise. During the
whole transient process, the reactor has a large safety margin.
Among the three typical unprotected transient conditions
analyzed, the reactor has the highest safety margin.

The above analysis shows that SNCLFR-100 has excellent
inherent safety performance for the analyzed unprotected
transient conditions. The full natural circulation design can
further effectively improve the safety performance of the lead-
cooled fast reactor. Under accident conditions, the biggest
problem threatening the safety of the core is that the cladding
material cannot withstand higher temperature.

(3) In the Unprotected partial blockage in the hottest fuel
assembly transient, with the increasing blockage rate at
the inlet of the hottest assembly, the variation amplitude
of the core power is small. The flow rate of the hottest
assembly, the highest fuel temperature, the highest cladding
temperature and the coolant outlet temperature change
obviously. When the blockage rate reaches 0.6, the flow
rate of the hottest assembly will be about 50% of the rated
flow rate, while the highest temperature of the hottest rod
cladding will reach 650°C. When the blocking rate reaches
0.9, the flow rate of the hottest assembly will drop to about

12.6% of the rated flow rate, and the highest temperature of
the cladding will exceed the melting point of the cladding
material by 1,400°C.
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