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Abstract

Highly compact micro nuclear reactors which have
broad energy advantages in the application of ocean,
land, space, and sky, become a hot research topic in
the international nuclear industry recently. In this
paper, Modelica language was used in the system
modeling and simulation of a micro gas-cooled
reactor. The Modelica model was self-developed by
China Nuclear Power Engineering Company and the
MWorks developed by Suzhou Tongyuan was
chosen as the simulation platform. Two simulations
of a concept micro gas-cooled reactor design were
carried out. One is the extreme accident scenario and
the other is a normal load-following operation. The
simulation results showed that the reactor has good
inherent safety even under the extreme accident, in
which the reactor shutdown can be achieved only by
the negative reactivity result from the increase of core
temperature and the fuels were not damaged since the
decay heat was removed by passive air cooling from
outside of the reactor pressure vessel. The reactor
also has good load-following performance, which
can be achieved by simply adjusting the helium
inventory (or pressure) and the control rod position,
while the core temperature and power generation
efficiency kept constant.
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1 Introduction

The advanced micro nuclear energy system is a
specific nuclear energy technology with high
flexibility and sustainable and reliable energy supply,
and has a good application prospect in remote areas,
islands and other places with poor traffic and difficult
energy supply. The micro nuclear energy system with
the corresponding facilities can achieve the stable
supply of clean energy, and has broad energy

advantages in the application of ocean, land, space,
and sky.

The concept micro gas-cooled reactor researched
in this paper is a typical micro nuclear energy system
with complex structures and multi-disciplinary, such
as neutron physics, thermal engineering, energy
conversion, electricity and control. Compared with a
large-scale nuclear plant which adopt the traditional
‘divide and conquer’ design concept and is composed
of a large amount of fully decoupled subsystems, the
compact micro nuclear reactor has fewer subsystems
but its subsystems are tightly coupled due to the
constraints of the volume and weight. To handle the
complexity aroused from this coupling issue and to
better predict the reactor dynamic behavior, it is
necessary to perform the system simulation across
multiple disciplines and domains. Modelica is a
unified modeling language for complex physics
systems with multi-disciplinary. Oak Ridge National
Laboratory (ORNL) adopted Dymola platform based
on Modelica to establish the reactor model library
TRANSFORM for the system modeling and
simulation of high temperature gas-cooled reactor
(HTGR) (Hale et al. 2015), nuclear thermal
propulsion rocket(Rader et al. 2019)and molten salt
reactor(Greenwood 2018; Greenwood et al. 2018). In
China, MWorks platform based on Modelica
developed by Suzhou Tongyuan was used for the
integrated system simulation of manned spacecraft
(Bainan et al. 2020) and two-phase flow (Yanping et
al. 2021). In this paper, the MWorks platform was
used for the system modeling and simulation of the
concept micro gas-cooled reactor.

The whole system of the micro gas-cooled reactor
is shown in Figure 1. The direct Brayton cycle is used
for the heat-work conversion. As the medium of heat
transfer and work, the helium is heated by the reactor
core and then enters the turbine to expand, and then
enters the recuperator to reduce the temperature.
After further cooling by the precooler, the helium
flows across the two-stage compressor to increase the
pressure. Finally, the helium is heated by the
recuperator and returns to the reactor core to repeat
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the thermal cycle process. The compressors, turbine
and generator are connected by a main shaft, and the
turbine provides torque power to drive the generator
and compressors to rotate.

As shown in Figure 2, the reactor core is composed
of 36 fuel bricks, an inner reflector assembly, an outer
reflector, a core barrel and 12 control drums. Graphite
is used as both the neutron moderator and the fuel
structure, and is the major material of the fuel bricks,
reflectors and control drums. The coated fuel

particles TRISO (the design temperature limit is 1600°C

(YYang et al. 2010)) are dispersed in the fuel bricks.
The coolant channels are distributed regularly inside
the fuel blocks as holes.

Intercooler

\ J
Generator

Turbbi‘r}e

Fuel

Coolant Channel

(b) Lateral cross section of reactor

(a) Fuel Brick

Reactor \\‘/essel Reflector Gap

f J 7
Hot Helium N old Helium

f i
Outlet Plenum

| |
Inner Reflector Fuel Region Inlet Plenum

(c) Vertical cross section of reactor

Figure 2. Sketch of reactor structure.
2 Modelica model

The Modelica model of the micro gas-cooled reactor
system was established, as shown in Figure 3. The
model consists of five subsystems and the data
exchange is accomplished by Modelica interface.
The five subsystems are described as follows:

(1) Reactor system. The core heat generated by the
reactor system provides the energy source for the
Brayton cycle. The reactor system focuses on the
core reactivity, nuclear power, thermal-hydraulic,

decay heat power and residual heat removal power.
The system includes the models of the point reactor,
decay heat power and thermal-hydraulic.

(2) Heat engine system. The heat engine system
focuses on the Brayton cycle to realize the heat-work
conversion. The system includes the models of
turbine,  compressor,  regenerator,  precooler,
intercooler, and pipeline.

(3) Heat sink system. The heat sink system
provides the cold source for the precooler and
intercooler in the heat engine system, and is simply
realized by mass inlet boundary.

(4) Electricity system. The electricity system
converts the rotational kinetic energy in the heat
engine system into the electricity energy, and is
simply realized by a given load.

(5) Control system. The control system focuses on
the control of the power operation and heat sink.

The models of the reactor system, heat engine
system and control system will be discussed detail
below.
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Figure 3. Modelica model of the micro gas-cooled reactor
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Figure 4. Modelica model of the reactor model.

2.1 Reactor system

The Modelica model of the reactor system is shown
in Figure 4, including the models of the point reactor,
decay heat and thermal-hydraulic. The decay heat
model is implemented by calling external C functions
by virtue of the external function interface in
MWorks. The helium inlet and outlet in the reactor
system are connected to the helium outlet and inlet in
the heat engine system, respectively.

2.1.1 Point reactor model

The reactor neutron model is based on the point
reactor neutron dynamics. The three-dimensional
effect of the neutrons space dynamics is neglected,
and the neutron flux distribution is fixed in space and
only change with time. The equations are listed as
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where N is the average neutron density, 4 is the
neutron generation time, S is the total delayed
neutron fraction, g is the delayed neutron fraction of
group i, C; is the precursor concentration of the
delayed neutron of group i, 4iis the decay constant of
the delayed neutron of group i, and p is the net
reactivity. The initial reactivity (pini), temperature
reactivity (pt), xenon reactivity (pxe) and external
reactivity (pex) introduced by control rods are
considered in the model.

2.1.2  Thermal-hydraulic model

Thanks to the symmetry, one quarter of the whole
reactor is chosen in the thermal-hydraulic (T-H)
model as shown in Figure 5, including the fuel bricks,
inlet and outlet plenums, and thermal components
(reflectors, core barrel and pressure vessel). Since the
major material of the control drums is same as the
reflector, they are simply considered same and
merged into the reflector component in the T-H
modeling.
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Figure 5. Modelica model of the reactor thermal-
hydraulic.

Since there is an amount of graphite inside core
which is thermal conductor, the heat conduction
phenomenon in the solid core regions is very
important and need to be modeled. In reality, gaps

which should be taken into account in the modeling
and simulation. In this paper, a T-H model with
coarse 3-D nodalization is established by using the
lumped parameter method.

The nodalization of the fuel region is shown in
Figure 6. There are 13 lateral nodes each representing
a brick, and the fuel bricks are divided into 5
segments axially. Therefore there are 65 blocks, of
each contains a solid fuel block and a flow segment.
Each solid fuel block has a heat source which
receives the nuclear heat power, transfers heat energy
to the neighbor solid fuel blocks vertically and
laterally by thermal conduction, and releases heat
energy into the gas segment inside it by convection.
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Figure 6. Nodalization of fuel region.

The energy function of the solid block is:
dT,

block,i, j k

dt (5)
= Qnuclear.i‘j‘k + Qradial.i—l,j.k + Qradial‘i‘jfl.k + anial.i,j.k-l
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where i, j, k represent the coordinates, V; is the
segment volume, ps is the density, C, is the specific
heat capacity, Toiock is the temperature, Qnuclear is the
input nuclear energy, Qwue is the output heat
convection energy with helium, Qradiar iS the heat
conduction energy with the radial segments of the
surrounding fuel assembly, Qaxiai iS the heat
conduction energy with the axial segments within the
fuel assembly.

Since no cross flow between flow channels, a flow
channel can be modeled as a pipe using the Modelica
standard library. The helium compression is
considered and the heat convection is calculated as
(Hale et al. 2015):

pf,i,j,kvf ,i,j,ka,i,j,k

may exist bet_ween _th(_a bricks, deteriorate thet heat Que = e Ae Moo = Tiie) (6)
transfer. At this preliminary work, the assumption of
no gap is taken and the heat conduction are ideally hy. = e Nu,,, (7)
considered between the fuel bricks, reflectors and channel
barrel. c 0333
Because the nuclear power in different fuel bricks 2(M} Re,, <Re,w  (8)
are not uniform, the heat transfer phenomenon in the NUy, = el
reactor region have the 3-dimentional behavior, 0.023Re}; Pry Re,, 2 Rey
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where Qe is the heat convection energy, hye is the
heat convection coefficient, Ane is the heat transfer
area, Tue is the helium temperature, Ane is the
conductivity, cpHe IS the specific heat capacity,
Dchannel 1S the channel diameter, mye is the helium
mass flow rate, | is the channel length, Nue is Nusselt
number, Prye is Prandtl number, Rene is Reynolds
number, Recriticat 1S the critical Reynolds number
between the laminar and turbulent.

The T-H modeling of the reflector and vessel are
similar and simpler to the modeling of fuel region,
also related to the heat conduction.

For the gap between the barrel and vessel, heat
radiation is assumed to be the only heat transfer
process. For the external vessel cooling, the air
convection is simply modeled by setting a fixed
convection heat transfer coefficient.

2.2 Heat engine system

As shown in Figure 7, the heat engine system adopts
direct Brayton cycle to accomplish the heat-work
conversion, and the system is composed of the
turbine, compressors,  recuperator, precooler,
intercoolor, and pipes. The high pressure helium
flows through the reactor core and gets heated, and
then flows into the turbine to expand and does work
to drive the main shaft to rotate. The rotating main
shaft drives the compressors to compress the helium
at the same time. The helium with relatively high
temperature from the turbine goes through the lower
pressure side of the recuperator and transfer heat to
the high pressure helium which comes from the high
pressure compressor. After that, the helium goes into
the precooler to reduce the temperature and then
enters the low pressure compressor. Then, the helium
with low temperature and low pressure is compressed
by the low and high compressors, which are
connected by the intercooler, and thus the helium
pressure is increased. Then the helium goes through
the higher pressure side of the recuperator, and the
temperature rises approximately to that at the turbine
outlet. Finally, the helium flows into the reactor core
and repeats such thermal cycle process again. The
turbine model and compressor model is established
to simulate the turbine and compressor. The heat
exchanger model is established to simulate the
recuperator, precooler, and intercooler. The working
medium in the two sides of the precooler and
intercooler are helium and cooling water, while the
working medium in the two sides of the recuperator
are both helium. The helium inlet and outlet in the
heat engine system are connected to the helium outlet
and inlet in the reactor system, respectively.
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Figure 7. Modelica model of the heat engine system.

It is supposed that the helium flow is stable in the
turbine and compressor, and the process is adiabatic.
The ThermoPower library is used to establish the
model of turbine and compressor. The characteristic
curves, which are commonly used in the practical
engineering, are used to describe the working process
(Fern&ndez-VillacéndPaniagua 2010).

The heat exchanger model is based on the models
of pipe, heat components, heat conduction, interface
and medium physical properties, as shown in Figure
8. The model of heat transfer and pressure drop in the
pipe model are used to simulate the heat transfer and
flow resistance between the fluid and pipe wall, and
the heat conduction model is used to simulate the heat
conduction between the cold and hot channel. The
heat exchanger is divided into several segments,
which are combined by the heat conduction model.
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Hot_a Hot_b
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Figure 8. Modelica model of the heat exchanger.

2.3 Control system

The control system includes the power operation
control and heat sink control in current research stage,
as shown in Figure 9 and 10, respectively. The former
controls the motion of control rods in the reactor
system according to the monitored power and
reactivity. The latter controls the helium flow rate in
the precooler and intercooler in the heat sink system
according to the helium temperature. The control
system can be used to analyze the coupling matching
of the reactor system and heat engine system, and it
can also be used to explore the operation modes.
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Figure 10. Modelica model of heat sink control system.

3 Calculation and analysis

Based on the above-mentioned theories and Modelica
models, two simulations of the micro gas-cooled
reactor design were carried out. One is the extreme
accident scenario and the other is a normal reactor-
engine load-following operation.

3.1 Extreme accident

The extreme accident is defined as such scenario,
where the heat engines shut down and the helium
flow rate drops to zero, with all of the control rods
withdrew from the core. When the accident happens,
the heat from the reactor core will transfer to the outer
wall of the reactor pressure vessel, and then removed
by passive air cooling in the environment. It is
supposed that the accident happens after the reactor
works at full power for 80 h. The various powers and
average core temperature are shown in Figure 11
through Figure 13.

The control rods withdraw from core, introducing
positive reactivity to the reactor core, and then the
fission power rapidly rise up to 1.8 times of the full

power in 80s. As a result, the core temperature rises
promptly, leading to the rapidly increased negative
temperature reactivity, and consequently the total
reactivity decreases to a negative value. Therefore,
the fission power drops to nearly zero, and the reactor
shuts down. However, the total reactor thermal power
is not zero because of the decay heat result from the
continually generated fission products and activation
products. With the residual heat removal, the reactor
core temperature gradually goes down, leading to the
decrease of negative temperature reactivity. Then the
net reactivity increases and becomes positive after
about 1.2 h of the accident, and thus the reactor
achieves re-criticality. The final re-criticality power
is about 5.2% of the full power, and the total thermal
power which is the summation of the fission power
and the decay heat power is equal to the residual heat
removal power through the pressure vessel wall.

The maximum fuel temperature after the accident
is about 1211 °C (The fuel and graphite is not
separated, and the real maximum fuel temperature
will be higher than the simulated value), which is
lower than the design limit temperature (1600°C).
Therefore, the reactor shutdown can be achieved after
the accident only by the negative reactivity result
from the increase of core temperature, and the reactor
has good inherent safety. Tsinghua University has
done the similar accident experiments on high
temperature gas-cooled reactor-test module (HTR-10)
reactor in 2003 (Gou et al. 2018), and the reactor
shutdown was realized automatically by the negative
reactivity result from the increase of core temperature.
The safety of fuel and core can be guaranteed.
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Figure 13. Core average temperature.

3.2 Reactor-engine load-following

It is supposed that the actual electricity load is time-
dependent and fluctuates periodically. The
fluctuation period is 24 h, which consists of peak
period, steady period and low period. The demand
power is determined by the electricity load, as shown
in Figure 15. By simply adjusting the helium
inventory (or pressure, setup in MWorks as shown in
Figure 14) and the control rod position, the reactor
nuclear power and net output power change
periodically and synchronously, and the net output
power coincides well with the demand power, which
demonstrates that the function of load-following is
realized successfully.

The reactor nuclear power and net output power
are 4.10 MW and 1.37 MW respectively, during the
peak period, and are 2.10 MW and 0.69 MW
respectively, during the low period. The electric
power generation efficiency is defined as the ratio of
the net output power to the nuclear power, which
changes little and nearly 33.0%, as shown in Figure
16.

As shown in Figure 17, the helium temperature at
the core inlet and outlet are about 435°C and 750°C,
respectively, and both change periodically with a
light fluctuation (#3°C).

As shown in Figure 18, the negative temperature
reactivity changes little because of the nearly
constant core temperature. The negative xenon
reactivity changes periodically because of the
periodically changed xenon concentration, which
result from the fluctuating reactor power. Therefore,
the external reactivity introduced by control rods also
changes periodically to keep the reactor critical.
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4 Conclusions

The system modeling and simulation for a micro gas-
cooled reactor were carried out by Modelica
language. The extreme accident and load-following
were taken as examples to calculate and analyze. The
simulation results showed that the reactor has good
inherent safety even under the extreme accident, in
which the reactor shutdown can be achieved only by
the negative reactivity result from the increase of core
temperature and the fuels were not damaged since the
decay heat was removed by passive air cooling from
outside of the reactor pressure vessel. The reactor
also has good load-following performance, which
can be achieved by simply adjusting the helium
inventory (or pressure) and the control rod position,
while the core temperature and power generation
efficiency kept constant.

It should be mentioned that this Modelica model
focus the system dynamic behavior, in which many
simplifications have been taken. More verification
will be carried out in future by comparing with the
simulation results of high fidelity simulations or
experiments. The simulation results is reasonable and
accepted for the system dynamic analysis.
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