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a b s t r a c t

M2LFR-1000 is a medium-power modular lead-cooled fast reactor, developed by University of Science
and Technology of China (USTC), aiming at achieving a reactor design fulfilling the Gen IV nuclear system
requirements and meanwhile emphasizing the optimum safety and economics. In order to evaluate the
safety performance of M2LFR-1000 reactor core, three typical transients are selected from initiating
events, which are unprotected transient overpower (UTOP), unprotected loss of offsite power
(ULOHSþULOF) and increase of feedwater flowrate with primary pumps trip (IFWþPLOF). These three
transients presented and discussed in this paper are performed with the code Analysis of THermal-
hydraulics of LEaks and Transients (ATHLET), which is developed by Gesellschaft für Anlagen-und
Reaktorsicherheit gGmbH (GRS). The results indicate that the M2LFR is safe enough under these three
transients due to the good inherent safety features of the reactor, without human intervention, the
reactor will reach a new steady state under UTOP condition.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among the next generation of nuclear reactor, the Lead Fast
Reactor (LFR) is one of the most promising candidate reactors with
its good sustainability, economy, safety, reliability, and nuclear non-
proliferation [1,2]. In recent years, due to the development of anti-
corrosion technology, excellent properties of coolant lead, research
about LFR has rapidly increased [3,4]. In Europe, based on the ELSY
results, the LEADER project was initialized with the objective to
finalize the design of large size LFR and to develop the conceptual
design of a down-scaled demonstrator [5]. In Russia, the small
Modular LFR SVBR-100 [6] and the prototype BREST-OD-300 [7] are
being designed and built, and are scheduled to be finished in 2019
and 2023. In the United States, the small lead-cooled fast reactor
concept SSTAR has been under ongoing development as part of the
US advanced nuclear energy system programs [8]. In China, project
ADS (Accelerator Driven Sub-critical System) [9] and CiADS (China
Initiative Accelerator Driven System) [10] have been implemented
in series, which promoting the development of LFR. Based on the
past research and development in the small modular natural cir-
culation lead-cooled fast reactor (SNCLFR) [11], USTC developed a
medium-power modular lead-cooled fast reactor (M2LFR-1000)
[12].

Transient safety analysis is an important part of the research and
development of LFR and is the base of design and safe operation of
LFR. ATHLET is an advanced best-estimate code which enables the
simulation of working fluids like helium and liquid metals [13].
Palazzo S et al. conformed the capability of the ATHLET code for the
analysis of hydraulic circuits cooled by liquid metal. Considering
that there is just single phase flow and heat transfer in LFR and that
the appropriate experimental correlations for liquid metal flow and
heat transfer have been adopted by ATHLET, ATHLET is used to
perform the preliminary safety analysis of M2LFR-1000, even if
ATHLET has not been formally validated for safety analyses of LFR
[13,14]. To create a set of risk-informed event categories, the
licensing basis events selection process must develop a set of
reasonable initiating events based on a combination of informed
judgment and a hierarchical system decomposition to develop
failure modes for major reactor systems [15]. On the basis of the
design of M2LFR, Shi K [16] derived thirty-six initiating events from
four categories using the main logic diagram method (MLD). Initial
steady-state and DBCs had been analyzed, including PTOP and
PLOF, etc. for M2LFR, and the simulations results had preliminarily
verified the safety features of this new reactor [12]. In order to do
further transient safety analysis, three typical accidents with
complicated sequence and serious consequence in each category
are selected.

In this paper, three typical transients (UTOP, ULOFþULOHS and
IFWþPLOF) are selected and simulated by ATHLET3.1A to evaluate
the safety performance of M2LFR-1000 reactor core. The reactor
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point-kinetics model available in ATHLET is used to evaluate the
dynamic response of reactor core. The reactivity feedback and the
axial power density distribution have been defined according to the
neutronics calculation.

2. M2LFR-1000 reactor

The M2LFR-1000 is a typical pool-type fast reactor. The thermal
power of M2LFR-1000 is 1000MWth and the refueling interval is 2
years. The overall structure design of M2LFR-1000 primary cooling
system is depicted in Fig. 1.

The primary system is cooled by a forced circulation of liquid
metal lead. In Fig. 1, the flow path of the primary coolant in the
M2LFR-1000 primary cooling system is presented. The coolant from
the bottom of the cold plenum is pumped into the core via main
pumps, and takes the heat generated by corewhile flowing upward.
After entering the hot plenum, the coolant flows into eight main
heat exchangers, and is cooled by these eight heat exchangers.
Finally, the coolant flows into the cold plenum and is pumped into
the core.

The DHR-1 system is located in the secondary circuit system and
consists of four independent isolation condenser systems, which
are respectively connected to eight steam generators (each isola-
tion condenser system is connected to two steam generators).
Three out of four trains are necessary to fulfil the required function
of removing the decay heat power from the core.

The reactor core consists of 335 fuel assemblies (163 inner core
fuel assemblies and 192 outer core fuel assemblies), 12 control rod
assemblies, 12 safety rod assemblies and 132 reflector assemblies,
as shown in Fig. 2(a). The hexagonal fuel assemblywhich consists of
169 pins is adopted, as shown in Fig. 2(b).

Themain design parameters involving in the geometry structure
of the core, as well as the thermal-hydraulics and neutronics kinetic
characteristics, are outlined in Table 1. The reactivity coefficients
are calculated by modifying the MCNP input file with ENDF/B-VIII.0
data library. The Doppler feedback coefficient and the Coolant
temperature feedback coefficient are obtained by core critical cal-
culations using different temperature database at 900 K and
1500 K. Axial and radial expansion coefficients are obtained by
changing the geometrical dimensions of axial and radial 1% under
the premise of ensuring the nuclides’ densities under the corre-
sponding conditions.

3. Calculation modeling and verification

3.1. ATHLET model of M2LFR-1000

The ATHLET nodalization scheme used for the M2LFR-1000
transient analysis is depicted in Fig. 3(a). The primary circuit is
simulated in detail, and the secondary is roughly modelled as the
heat transfer pipe and proper inlet & outlet boundary conditions.
The DHR-1 system model is limited to the HX primary side with
boundary conditions for the secondary side, which is a simplified
model based on fills and drains controlled via GCSM (General
Control Simulation Module) signals.

The primary system modeling includes: the core zone, the hot
plenum (HP), eight heat exchangers, the pump, the cold plenum
(CP) and the argon cover gas system.

In the model, the major flow paths are represented. The core is
discretized in two zones, each one by means of average and hot
channel with equivalent flow area and coupled with corresponding
pin thermal structures, of which the hot channel is the channel
with highest power in each zone. The design core bypass flow rate
is relatively small, so not considered for this investigation. Trans-
verse interactions between channels are not considered because of
closed fuel assembly. Each channel is divided into 10 vol in the axial
direction, and the axial power density distributions are shown in
Fig. 3(b). The fuel rod model consists of three parts: the fuel zone,
the gap and the cladding. The heat transfer coefficient of gap zone is
set to a conservative value and heat transfer coefficient of cladding

Nomenclature

ULOF unprotected loss of flow
PTOP protected transient overpower
DBC design basic condition
MHX main heat exchanger
P power
t time
ULOHS unprotected loss of heat sink
PLOF protected loss of flow
DEC design extension condition
DHR decay heat removal
P0 nominal power
u pump rotation speed

Fig. 1. Schematic diagram of M2LFR-1000.
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surface are calculated by means of correlations according to Miki-
tyuk [17].

The constant reactivity feedback (Doppler, coolant temperature,
axial and radial expansion effects) have been defined according to
the neutronics calculation, as shown in Table 1. Due to the unable
use of axial and radial expansion effects in ATHLET, axial and radial
expansion coefficient are transferred to fix the Doppler feedback
coefficient and coolant temperature feedback coefficient. The axial
expansion coefficient r3 is converted to the fuel Doppler coefficient
by the fuel linear thermal expansion coefficient a which is calcu-
lated according to Ref [18](see formula 1); the radial expansion
coefficient r4 is converted to the coolant temperature feedback
coefficient by the coolant thermal expansion coefficient b which is
calculated according to Ref [19](see formula 2). As a result, the new

fuel Doppler coefficient r
0
1 and coolant temperature feedback co-

efficient r
0
2 are calculated.

r
0
1 ¼ r3 � a� 100þ r1 (1)

r
0
2 ¼ r4 � b� 100þ r2 (2)

3.2. Safety criterion

In LFR, the boiling point and freezing point of coolant are
1750 �C and 327.5 �C, respectively [19]. The melting point of MOX
fuel and cladding is 2673 �C and 1500 �C [18]. DEC safety criteria is
referenced to ALFRED [20] and combine with M2LFR design fea-
tures. In this paper, the fuel allowable temperature is set to be
2673 �C, which is based on the physical properties only. The
cladding temperature should less than 550 �C under normal
condition and less than 1500 �C under DEC condition. The
allowable coolant temperature is set to be between 327.5 �C and
1750 �C.

3.3. Verification in steady-state conditions

Steady-state calculation has been performed to lay the
groundwork for the following transient simulations of M2LFR-1000.
The steady-state results in the full-power condition from ATHLET
are listed in Table 2, which agree well with the design values. The
design values are calculated by LFR-SIN, a computational code
based on single channel model, which is developed by USTC and
used to analyze core thermal-hydraulic performance [21]. It verifies
that the steady-state results are reliable.

Table 3 reports theM2LFR-1000 core temperatures in full-power
steady-state condition. Due to the fact that the power density in
outer fuel zone is higher than in inner fuel zone, the maximum fuel
and cladding temperature all occur in outer hot channel. Indicated
in this table, the maximum temperature of fuel, cladding and
coolant are 1545.79 �C, 513.69 �C and 495.83 �C, which are all below
the safety limit of steady-state condition. So, it can be considered

Fig. 2. Scheme of M2LFR-1000 core.

Table 1
The main design parameters.

Design parameters

Thermal power (MWth) 1000
Reactor lifetime (a) 50
Fuel assemblies MOX fuel
Primary coolant Lead
Secondary coolant Water/Steam
Steam generators 8 modules of straight-tube

once-through type
Circulation type
Operation temperature (�C)

Forced circulation
400e480

Operating pressure Barometric pressure
Fuel element dimensions
Active zone height (mm) 1000
Equivalent core diameter (mm) 4048
Fuel pin diameter (mm) 8.6
Cladding outer diameter (mm) 10.0
Core kinetics
keff of BOL 1.00005
Effective delayed neutron fraction(pcm) 305
Prompt neutron generation time (ns) 901
Doppler feedback coefficient (pcm/K) �1.1027
Coolant temperature feedback

coefficient (pcm/K)
0.3014

Axial expansion coefficient (pcm/%) �85.06
Radial expansion coefficient (pcm/%) �404.59
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that the steady-state thermal hydraulic design of theM2LFR-1000 is
satisfied.

4. Transient analysis

On the basis of design of M2LFR, thirty-six initiating events are
divided into four categories, which are reactivity and power dis-
tribution anomalies, increase in heat removal from primary system,
decrease in heat removal and challenges to reactor building. Due to
the fact that the consequence of DEC is more serious than DBC,
three typical DECs are selected from each category for further
transient analysis, which are UTOP, ULOHSþULOF and IFWþPLOF.
The accident from the challenges to reactor building is ignored,
which is beyond the calculation ability of ATHLET.

4.1. Unprotected overpower transient (UTOP)

This accident may be caused by the ejection of control rod, the
steam generator tube rupture (SGTR), fuel assembly flow blockage
or core compaction, etc. If this accident happens, the core may
become supercritical and the power increases to a level far beyond
the reactor heat removal capability. It, in turn, may lead to fuel melt
and damage the core, so the most critical issue is the maximum fuel
temperature. The initial conditions of the UTOP for this reactor are
as follows: the reactor is on steady state operationwith a full power

operation of 1000 MW. When the accident happens, an abrupt
reactivity insertion of 1.0$ within 10.0s is set up. The reactivity
ramp taken as a reference in this transient should be confirmed by
detailed 3D CFD analysis of steam bubble transport in the primary
circuit and 3D neutronic calculations for the evaluation of reactivity
effects, but we haven't finished the simulation yet. So we refer to
the ALFRED and select 10 s as the time for reactivity insertion of 1$
[22]. Throughout thewhole accident process, the scram system fails
to work. Meanwhile, the primary circulation pumps, MHX and
secondary circuit will work normally. No feedwater control is per-
formed on the secondary side.

The results for UTOP transient are presented in Fig. 4. As we can
observed in Fig. 4(b), the power factor (P/P0) increases immediately
and reaches its peak level 1.77 at 9.7s due to the abrupt positive
reactivity insertion. Afterwards, the power factor decreases due to
the negative Doppler and coolant temperature feedback, and
eventually stabilizes at around 1.1 after 200s. Meanwhile, the core
flow rate keeps almost unchanged because of the normal operation
of the coolant system. As a result, with the help of negative feed-
back, a new steady state with a higher core power is established.

Although 1$ is inserted in 10s, actually the total reactivity only
increases to the maximum value 0.2$ at 6s, thanks to the negative
feedback caused by Doppler and coolant temperature, as shown in
Fig. 4(a). In Fig. 4(c), due to the fast power increase, the outlet
temperature of coolant increases immediately at the beginning of
transient, and inlet temperature of coolant increases much slower

Fig. 3. Model of M2LFR-1000 primary cooling system.

Table 2
Results of M2LFR-1000 in full-power steady-state condition.

Parameters Design values Calculation values

Total power (MWth) 1000.0 1000.0
Mass flowrate (kg/s) 86342.0 85478.6
Temperature in core inlet (�C) 400.0 400.0
Temperature in core outlet (�C) 480.0 480.0
H2O temperature in HX inlet (�C) 335.0 335.0
H2O temperature in HX outlet (�C) 471.0 469.5

Table 3
Core temperatures of M2LFR-1000 in full-power steady-state condition.

Parameters Inner fuel zone Outer fuel zone

Average Hot Average Hot

Maximum fuel temperature (�C) 1175.17 1270.25 1318.55 1545.79
Maximum cladding temperature (�C) 502.38 511.96 496.04 513.69
Maximum coolant temperature (�C) 479.21 486.69 480.87 495.83
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Fig. 4. Results for UTOP transient.
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due to the steady flow rate and the normal work of secondary
circuit. The highest temperatures all occur in hot channel of outer
core zone. Themaximum temperature of fuel and cladding increase
from 1545.8 �C and 513.7 �C to peak values 2294.8 �C and 573.9 �C,
and eventually stabilize at 1765.0 �C and 568.8 �C, respectively,
which are all below the safety limits of DEC. The most critical issue
during this transient is the maximum fuel temperature, however, it
is below the melting temperature and there is still a margin of
300 �C.

During the whole transient, the temperatures of fuel, cladding
and coolant are all within safety limits. So without any human or
external active device intervention, with the help of negative
feedback, the reactor can very easily resist the effects of overpower
transient and a new steady state is established. According to the
preliminary results, this reactor is safe for this unprotected over-
power transient with excellent inherent safety features.

4.2. Unprotected loss of offsite power transient (ULOHSþULOF)

This transient is initiated by the loss of offsite power (LOOP)
supply without reactor scram. The simultaneous loss of all primary
pumps and feedwater to all MHXs in the secondary circuits is taken
into account. The secondary circuits are promptly isolated and the
DHR-1 system is started for core decay heat removal. In order to
achieve even more conservative analysis results, only 3 out of 4
subsystems of DHR-1 systems are supposed in service. This tran-
sient affects the core mass flow a lot, and may lead to the failure of
fuel cladding, so the most critical issue is the maximum cladding
temperature. The initial condition is the same with UTOP, and the
main pump coast-down time is assumed to be 0.56s [22] and the
relative rotation speed is given as [23], where the time t should be
given in s:

u=u0 ¼ 1:0=ðt=0:56sþ 1:0Þ (3)

For this transient condition, the transient from two aspects are
investigated: one is the short term effect, which mainly focuses on
whether the temperatures of fuel, cladding and coolant exceed the
safety limits; the other is the long term effect, that is to explore that
within 2000 s, without any human intervention, the reactor can
still stay safe condition, especially the problem of removal of decay
heat may lead to fuel cladding damage and other serious
consequences.

The results for ULOOP transient are presented in Fig. 5. The
initial phase of this transient is mainly characterized by the loss of
flow. After the pumps trip, themass flow factor decreases sharply to
theminimumvalue 0.16, as shown in Fig. 5(a). At the same time, the
coolant in the primary circuit gradually transits from forced circu-
lation to natural circulation, and the mass flow rises somewhat.
However, due to the simultaneous loss of heat sink, the mass flow
finally decreases to the level that can only remove part of the decay
heat. In Fig. 5(c), the outlet coolant temperature increases imme-
diately to the maximum value 596.4 �C due to the dramatically
decrease of coolant flow rate, and then influenced by the decrease
of core power, decreases and eventually stabilize at about 551.4 �C.
A large coolant mass in the primary loop and lower plenum pro-
vides a large heat inertia, and due to this, inlet coolant temperature
changes much slower. A large coolant temperature difference be-
tween inlet and outlet is calculated, because of the low natural
circulation flow rate that is exhibited in the primary circuit. The
power factor have a sudden decrease due to the negative feedback
of the coolant temperature, and then decrease to the decay heat
level eventually. The trend of the fuel temperature over time is
similar as the trend of the total power of the core. The fuel tem-
perature decreases immediately from 1545.8 �C to the 793.2 �C in

25s, and then decreases slowly and stabilizes at about 544.3 �C, as
shown in Fig. 5(d). As shown in Fig. 5(e), the cladding temperature
changes similarly to the outlet coolant temperature, reaches a peak
of 654.2 �C and a long-term stable value of 556.4 �C, which far from
the 1500 �C of the melting temperature.

As shown in Fig. 5(f), at about 500s after the ULOOP transient,
the temperature between outlet coolant, clad and fuel become
negligible due to the low core power and high heat capacity of the
plenum. Fig. 5(g), which is an enlargement of Fig. 5(f), shows that
the temperatures of coolant, cladding and fuel still rise uniformly at
a rate of 0.4 �C/min due to that the power generated in the core is
higher than the heat removal capacity of three DHR subsystems.
However, the rise speed is so small that the operator has enough
time to end this transient.

Due to the negative feedback, the core power decrease to the
decay heat level after ULOOP happened. During this transient,
without any human intervention, the temperatures of fuel, clad-
ding and coolant are all within safety limits and increase at a very
low rate after about 500s.

4.3. Increase of FW flowrate with primary pumps trip (IFWþPLOF)

This transient is initiated by the simultaneous loss of primary
pumps and feedwater flow rate increase on the secondary side. This
transient may lead to the freeze of coolant, so the most critical issue
is the minimum coolant temperature. The initial condition is the
same with UTOP. For this transient, the feedwater flow rate is
assumed to increase by 20% in 1s, which is determined by the
feedwater system. The reactor scram is considered at 3s on low
primary pump speed signal. Following reactor scram, the second-
ary circuits are isolated and the DHR-1 system is started for decay
heat removal. All subsystems of the DHR-1 system are supposed
available to be conservative against the risk of lead freezing in the
primary circuit in the long term.

The results for IFWþPLOF transient are presented in Fig. 6.
Following the coastdown of primary pumps, the mass flow factor
decreases immediately, and then due to the switch-over to DHR-1
system, stabilize at around 0.05 eventually, which means the
transition from forced to natural circulation in the primary coolant
system. Due to the negative coolant temperature feedback and
reactor scram, reactor power reduce quickly to the decay heat level,
as shown in Fig. 6(a).

The minimum coolant temperature is exhibited at MHX out, as
shown in Fig. 6(c). As the feedwater flow rate increases on the
secondary side of theMHX by 20%, coolant temperature at theMHX
outlet decreases to the minimum value 363.8 �C, which is higher
than the Pb-freezing point of 327.8 �C, but later due to the switch-
over to DHR-1 system, the temperature increases quickly to
376.3 �C. In the long term, the temperature at MHX outlet continue
to decrease slowly to approach the Pb-freezing temperature, as the
heat removed by DHR-1 system is larger than the decay heat
generated in the reactor core, as shown in Fig. 6(d). However, this
process will last for a long time, providing the operator sufficient
time to deactivate the DHR-1 system, in order to prevent Pb-
freezing at the MHX outlet. As the primary pumps trip, the core
outlet temperature increases quickly and reaches peak level
567.0 �C in 14.8s, but later decreases immediately to 441.8 �C.
Finally, it decreases slowly just same as the MHX outlet. A large
coolant mass in the primary loop and lower plenum provides a
large heat inertia, and due to this, temperatures of core inlet and
MHX outlet change much slower.

Fig. 6(e) and (f) show the trend of fuel and cladding tempera-
tures, respectively. The trend of the fuel temperature over time is
similar as the trend of the total power of the core. The fuel tem-
perature decreases immediately from 1545.8 �C to the 475.2 �C in
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Fig. 5. Results for ULOOP transient.
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Fig. 6. Results for IFWþPLOF transient.
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30s, and then decreases slowly and stabilizes at about 450.0 �C. The
trend of the cladding temperature is between the fuel temperature
and coolant temperature at core in. The peak value is 628.8 �C and
the final stable value is 458.2 �C, which far from the 1500 �C of the
melting temperature.

During the whole transient, the temperatures of fuel and clad-
ding are all within safety limits. And without any human inter-
vention to DHR-1, the minimum coolant temperature is higher than
Pb-freezing temperature and decreases slowly.

5. Conclusion

The transient behaviors of M2LFR-1000 are analyzed using the
code ATHLET. The steady-state verification is carried out between
ATHLET and LFR-SIN. The result is satisfactory and verifies that the
ATHLET model can successfully simulate the steady state. Three
typical transients are selected and analyzed, including UTOP,
ULOHSþULOF and IFWþPLOF. Some conclusions are summarized
as follows:

For the UTOP transient, 1$ positive reactivity are introduced
linearly within 10 s, due to the negative feedbacks, the core power
stabilizes at 1.1 of nominal value and a new steady state is estab-
lished. Themaximum cladding temperature is 573.9 �C, far from the
safety limit. The more critical issue is the maximum fuel temper-
ature because the core power increases immediately at initial of the
transient. However, the maximum fuel temperature is below the
melting temperature and there is still a margin of 300 �C.

For the ULOHSþULOF transient, the coolant flow rate drops to
the natural circulation level due to the pumps failure, and the core
power decreases to the decay heat level due to the negative feed-
back. During this transient, without any human intervention, the
temperatures of fuel, cladding and coolant are increase at a very
low speed after about 500s and all within safety limits.

For the IFWþPLOF transient, the core power reduces to the
decay heat level after the reactor scram, the coolant flow rate drops
to the natural circulation level due to the pumps failure. During this
transient, the temperatures of fuel and cladding are all within
safety limits. And without any human intervention to DHR-1, the
minimum coolant temperature is higher than Pb-freezing tem-
perature and decreases slowly, and there is sufficient grace time for
human intervention to take the DHR-1 system out of service and
control coolant temperature.

The above results, which are valid within the limitations of the
models, show that M2LFR-1000 is safe under these three transients
due to the good inherent safety features of the reactor.

Since ATHLET adopts one-dimensional models, in order to
perform a more accurate safety analysis of M2LFR-1000, three-
dimensional flow effects of the cold and hot plenums should be
taken into account in future work, which can be realized by the
coupling of ATHLET with CFD (computational fluid dynamics)
codes.
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