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Interest in evaluation of reactor response and off-site consequences following beyond
design basis accidents has significantly increased after Fukushima. Considering the
inherent system safety of nuclear plants, experts begin to refocus on the development
of small and medium nuclear reactors (SMRs). Based on proven and widely utilized
traditional pressurized water reactor (PWR) technology, there are many kinds of small
modular reactor design concepts, which are actively being developed in the USA,
China, Japan, Russia, Korea, and other countries. But due to the significant differences
between the traditional distributed arrangement and integrated arrangement of SMRs,
the variation trend of key parameters may be different during normal operation or accident
process. Hence, in this paper, we simulated the small modular reactor severe accident by
MELCOR. This paper summarizes the core thermal hydraulic response for a hypothetical
severe accident caused by station blackout at a small modular reactor using MELCOR.
Analytical results for temperature distribution of the fuel pellets, the fuel cladding, flow
rate of the coolant, and hydrogen mass changing over time are presented. The analyses
are focused on safety assessment of the reactor core for severe accidents and are a part
of the overall evaluation of safety features of the small modular reactor for residual risk
posed by severe accidents.

Keywords: SMR, core degradation, melting materials immigration, severe accident, MELCOR

INTRODUCTION

After several severe accidents, such as in Three Mile Island, Chernobyl, and Fukushima, the
safety has become the public focus. After the Fukushima accident, experts begin to refocus on
the development of small and medium nuclear reactors (SMRs) (Shropshire, 2011), considering
the inherent system safety of nuclear plants. Based on the proven and widely utilized traditional
pressurized water reactor (PWR) technology, there are many kinds of small modular reactor design
concepts, which are actively being developed in the USA, China, Japan, Russia, Korea, and other
countries. The USA has basically completed the design of mPower (Halfinger and Haggerty, 2012),
NuScale (Johnson et al., 2009; Ingersoll et al., 2014) and W-SMR (Fetterman et al., 2011). Korea has
finished the design of SMART (Chang et al., 2000; Bae et al., 2001; Kim et al., 2011) and analyzed
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the system safety. The international co-operations also presented
the concept of IRIS (Ricotti et al, 2002; Carelli, 2003;
Carelli et al, 2004); meanwhile, the structure designs in
other countries are ongoing as well. China has also carried
out the related research and development (R&D) work.
Accordingly, in this paper, we choose the SMR as the research
object.

Before focusing on SMRs, we should strictly evaluate the safety
of SMRs first, before its commercialization (Yin et al., 2014).
Especially after the Fukushima accident, attention has been paid
to the severe accident prevention and mitigation measures. There
are many differences during the severe accident process between
the small modular reactor and the traditional large-scale PWR
because of the differences in structure and design issues for both
reactors. Therefore, focusing on severe accident of small modular
reactor and understanding the severe accident process and
mechanism are the necessary foundation for the development of
small modular reactor severe accident prevention and mitigation
measures.

Based on the traditional PWR technology, core degradation,
melting materials migration and clad oxidation are all priority
research questions (Wang et al., 2014). Currently, SMRs mainly
adopt a set of passive safety devices for mitigating the effects of
severe accidents (Yin et al., 2016). However, due to the significant
differences between the traditionally distributed arrangement
and integrated arrangement of SMRs, the variation trend of
key parameters may be different during normal operation or
accident process. Hence, this article specially focusses the station
blackout (SBO) accident for SMRs. Simulated the cladding
and fuel pellets failure mode for radial and axial sections in
the process of core melt. We calculated the SBO accident;
analytical results of temperature distribution of the fuel pellets,
the fuel cladding, flow rate of the coolant, and hydrogen mass
changing over time are presented. The analyses are focused
on safety assessment of the reactor core for severe accidents
and are a part of the overall evaluation of safety features of
the small modular reactor for residual risk posed by severe
accidents.

ANALYSIS MODEL

Brief Description of MELCOR Code

MELCOR is a fully integrated, engineering-level computer
code that models the progression of severe accident in light
water reactor nuclear power plant (Gauntt et al, 1998).
MELCOR is executed in two parts, MELGEN and MELCOR
(Gauntt et al., 2000a,b). The relationships between MELGEN
and MELCOR are shown in Figurel. MELGEN is also
composed of a number of different packages, such as COR,
CVH, and FL., and each of the models represents a different
portion of the accident phenomenology or program control.

Abbreviations: ACC, accumulators; ADS, automatic depressurization system;
CMT, core makeup tank; IRWIST, in-containment refueling water storage tank;
RCS, reactor coolant system; PXS, passive core cooling system; PRHRS, passive
residual heat removal heat exchange; PWR, pressurized water reactor; R&D,
research and development; SBO, station blackout; SMRs, small and medium
nuclear reactors; SG, stream generators.

The major inputs are specified in MELGEN, which are also
processed and checked for the parameters. MELCOR is mainly
responsible for transient calculation based on the input of
MELGEN.

Nodalization of China SMR Primary System
The nodalization of the severe accident analysis model for
China SMR is shown in Figure 2. The major equipment are
modeled as control volumes, which contain energy and mass,
such as steam generator, pressurizer, core makeup tank (CMT),
accumulator, and so on. Control volumes are collected by
flow path module, which delivers energy and mass from one
control volume to another with no mass and energy on itself.
For China SMR, the riser and downcomer are similar to the
hot and cold leg of traditional PWR. Hence, we can use
the experience of traditional PWR directly. There are four
reactor coolant pumps and 16 stream generators in the vessel.
Therefore, these stream generators (SG) should be divided
into four groups in order to correspond to the four coolant
pumps. For every primary loop, the coolant flow through their
respective SGs and coolant pumps and then merge into the
same downcomer. Two core makeup tanks are modeled as
control volumes and divided into four pipelines as the core
makeup water. The pressure balance pipeline is injected into
the middle annular of the reactor pressure vessel (RPV). The
trip valves are installed on the pipeline between the CMT,
and the RPV is used to turn on the CMT. The accumulator
is also divided into four pipelines and controlled by check
valves. The accumulator shares the same direct injection
pipeline with the CMT, which makes up water for primary
loop. Relief valves of stage 1 and stage 2 automatic pressure
relief system (ADS) are installed on the pipeline between the
top of pressurizer and pressure relief valve. The stage-3ADS
is installed on the pressurizer wave pipe. When the relief
valves of the stage-3 ADS are opened, primary pressure is
fast balanced to containment pressure. The stage-4 ADS is
installed on the pressurizer surge pipeline. For this system
model, the secondary side of SG is modeled as 3 control volume
from top to the bottom of the SG heat exchanger tube. The
secondary side of the SG’s feedwater is modeled as a mass
source which may be prescribed in using control functions.
Containment environment is modeled as control volumes,
which includes upper ring cavity, lower ring cavity, and several
compartments.

Nodalization of Core

In the Core Package (COR) of MELCOR code, the core region
(including the reactor core and lower plenum, two control
volume) can be divided into some more detailed cells, as shown
in Figure 3. The core region is axially divided into 14 nodes
and radially divided into 4 rings. The core activity area contains
the node 4 to node 3, and node 1 to node 3 belongs to the
lower plenum area. Node 14 is the core upper inactive area.
The Core Package also has the special definition to the lower
head. In this article, we divide the lower head into four looped
areas.
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FIGURE 1 | MELCOR code segments.
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FIGURE 2 | Nodalization of China SMR.
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DESCRIPTION OF ACCIDENT AND
ANALYSIS CONDITIONS

Before we calculate the SBO accident, the steady state analysis
was performed for evaluating the SMR MELCOR model.
The main parameters of SMR are shown in the following
Table 1.

The SBO accident process of SMR is simulated by MELCOR
code and the whole process from the accident happened to
the corium drop into the cavity is analyzed, especially the

114 —|—
Core
Support
plate Baffle
102 Cell
Lower plenum
I 101 201 301 | 401

i Q2222222222222 2 2722227
Axial layers —»
o Lower heat

Radial rings

FIGURE 3 | Nodalization of core.

TABLE 1 | The main parameter of SMR.

key parameters Designed value

Core inlet temperature (K) 555.75
Core outlet temperature (K) 596.55
Reactor pressure (MPa) 15.0

Core flow rate (kg/s) 1286.15

SG outlet temperature (K) > 563.15

SG outlet pressure (MPa) 4.0

SG outlet flow rate (kg/s) 123.68
TABLE 2 | Sequence of SBO initiated severe accident.

Event Time/s
CMT turn on 2843.2
CMT water level <67.5% 34485
CMT water level <20.0% 34670
Beginning of core uncover 34500.0
Total uncover of core 58658.8
Start to melt 39725.0
Start of debris quench 59702.0
Lower head has failed 80270.0

passive core cooling system for accident mitigation effect of
SMR. Before the accident happened (0s), steady state operating
conditions are obtained by the calculation for a period of time.
After the accident has happened, the primary pump runs down,
immediately following the reactor scram, and loss of feedwater
occurs. Due to the loss of the hot trap in secondary loop, the
temperature and pressure of the primary loop increase. When
the pressure exceeds the setting value of the pressure relief
valve (17 MPa), the pressure relief valves opens. The coolant
escapes through the relief valve gradually, so the core begins to
expose at the same time, and the cladding temperature rises.
When the fuel cladding temperature rises to 1273.15K, the
cladding fails, then radioactive material leaked out. It gradually
began to appear the core melt and collapsed. The process of
the SBO accident is analyzed, and the characteristics of passive
core cooling system (PXS) are also analyzed during the accident
process.
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FIGURE 4 | Water level of core.
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FIGURE 5 | Temperature of core inlet and outlet.
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RESULTS AND DISCUSSIONS

In severe accident analysis, reactor core thermal hydraulic
response directly affects the safety of the reactor, and it is
critically important in formulating the corresponding severe
accident management strategy. The coolant flows through the
lower plenum, and then it is divided into two parts in the core.
The main part flows through the active core directly, and the
other through the core bypass. Once the reactor shuts down,
the coolant pump starts running down, and the cooling of
core only relies on the natural circulation. When the natural
circulation flow rate decreases, the pressure and temperature
of the core increases, and when they get the set value, the
pressure relief valve will be triggered to open. Table 2 lists the
time sequence of SBO-initiated severe accident for small modular
reactor.

As shown in Figure 4, the water level remains volatile at
43m about 20,000s. It means that the effective cooling is
provided through the new nature circulation created by CMT and
lasts a long time. With the continuous natural circulation, the
temperature of CMT rises gradually, and the water level begins
to drop. When the valves of ADS open, the coolant and vapor
are released from the primary system. The water level of the core
starts to fall. The active core region is flooded underwater until
38,540 s(as shown in Figure 5), and then the temperature of the
core outlet begin to rise.

The coolant mass flow rate of core flow channel and the
accumulative coolant quality in core inlet are shown in Figure 6
(before the transient accident, there are 5,000s calculation for
steady state). Hence, the coolant cooling capacity for core is
gradually losing with curve declining in the figure.

In order to accurate the analysis of the process and
consequences of severe accident, the present study carried out

a detailed research in the distribution of transient temperature
for core fuel, especially the period that core began to melt. When
studying the transient temperature distribution of core fuel, we
also took full consideration of the fission products, hydrogen
source term, related mechanical deformation, the reactor core
structure, and so on.

When a SBO accident happens without any operator
intervention, the transient distribution of core fuel temperature is
as shown in Figure 7. The number represents the core cell which
is according to the axial and radial unit number in MELCOR
model, as shown in Figure3. In the beginning, due to the
reactor shutdown, the fuel temperature curve accord with the
heat load decline from full power to decay heat. The loss of
forced circulation of primary loop does not lead to core fuel
temperature rise at the start because the rest of feedwater in
the secondary side also can be used as a heat sink to maintain
core temperature for a period of time. Then at 2,843s, CMT
is triggered (when the pressure of pressurizer is less than a
set value), a newly formed natural cycle can maintain the core
temperature that does not rise in nearly 10h. When the water
level drops down to the set value (67.5%), the corresponding
ADS system is triggered, and it is at about 34,485 s as shown in
Figure 7. With the opening of ADS system, the water vapor of
coolant system is released into the pressurizer relief tank, and
therefore, the primary system temperature also has a slight fall.
However, as the coolant loses from ADS system, the core begins
to uncover since 34,500s, and the fuel temperature also rises
gradually. With the temperature rising, the zirconium cladding
interacts with water or steam, and causes strong exothermic
reaction. Hence, the related fuel temperature is also surged. As
shown in Figure 7, melting begins at the top of fuel element,
and then with the collapse, the melt area expands unceasingly.
Some temperature oscillation in the lower part of core is mainly
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FIGURE 6 | Coolant mass flow rate and mass accumulations through the core inlet channel.
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due to the oxidation of cladding and the dynamic migration of
fuel.

The fuel temperature distribution shown as Figure 8 is for
the right half of the core for a number of discreet periods
of interest. At the onset of degradation, the high temperature
regions are concentrated on the central higher power region,
and then move downwards as exothermic reaction abated. At
43,572 s, the temperature of core cell 112 gets to 1,300 K. At about
47,000, the high temperature area is at the central part of the
reactor core bottom.

In the process of severe accident, it can produce large
amounts of hydrogen. These large amounts of hydrogen will be
a serious threat for the integrity of reactor containment, so the
production rate of hydrogen in core and the spread of hydrogen
in containment need to be focused.

With the core uncovering, the coolant in primary loop
gradually evaporates. The heat transfer performance is poor
between the fuel and the steam. Therefore, fuel temperature
rises rapidly. When the temperature exceeds 1,300K, the
zirconium claddings begin to fail and release a lot of heat,
which will aggravate the melt of reactor core. The quality of
hydrogen produced by core is shown in Figure9. Between
4,000 and 8,000, due to the cladding failure, the interaction of

zirconium-water produces large amounts of hydrogen. The peak
of hydrogen quality change rate also appears at about 40,000 s.
At 80,270, due to the failure of the lower head, the hydrogen
releases into the containment, and the hydrogen quality in
primary loop levels off.

The hydrogen mass change in containment is shown in
Figure 10. Due to the opening of ADS system, when the
hydrogen mass production rate gets to the peak in primary loop,
the hydrogen will be released into containment through the
ADS pipeline, so the time when the hydrogen mass production
rate gets to the peak in the containment and in the core is
consistent. Before the failure of the lower head, the hydrogen
mass production rate is very small. However, as shown in
Figure 11, continuing with time, the hydrogen quality will
continue to accumulate, and it will be a great threat to the
integrity of the containment vessel.

CONCLUSIONS

This paper comprehensively analyzed the SBO severe accident
through modeling a complete small modular reactor. The
calculation results show that with the gradual development of
accident process, severe accident will happen eventually. The
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