Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 23-24, 2019

Preliminary Study on Dynamic Response of S-CO2 Cycle coupled to PWR Type SMR

Jeong Yeol Baek?, Sung Joong Kim?, Jeong Ik Lee'"
!Dept. Nuclear & Quantum Eng., KAIST, 373-1, Guseong-dong, Yuseong-gu, Daejeon, 305-701, Republic of Korea
2Dept. Nuclear Eng., Hanyang University, 222, Wangsimni-ro, Seongdong-gu, Seoul, 04763, Republic of Korea
“Corresponding author: jeongiklee@Kkaist.ac.kr

1. Introduction

ATOM (Autonomous Transportable On-demand
reactor Module) is a water-cooled autonomous small
modular reactor (SMR) under development by a
university consortium led by KAIST. The Supercritical
Carbon Dioxide (S-CO-) cycle that replaces the steam
cycle is adopted as a power generation system. In recent
years, load following capability of nuclear power plants
has been required to compensate for the intermittent
nature of renewable energy. The ATOM reactor also
aims to enable daily load following operation. It is
known that the steam Rankine cycle has higher on-
design efficiency than the S-CO; cycle in PWR
temperature conditions. However, because the steam
Rankine cycle is a two phase system which has very
complex layout and many constraints in part load
operation, the S-CO, cycle has the potential to be a
good alternative for daily load following operation. In
this paper, the authors preliminarily analyzed the
response to the load variation of the S-CO; cycle under
the PWR condition focusing on the power conversion
system. The turbomachinery module of MARS-KS code
has been modified for more realistic analysis. Control
mechanism was designed to keep the plant stable when
the load changes. The transient response and control
performance of the plant for load reduction scenario
were evaluated.
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Fig. 1. S-CO2 cycle coupled to ATOM reactor "
2. Method
2.1 System Modeling with MARS-KS Code
MARS-KS code is one dimensional thermal hydraulic
system code, which is mainly used for various accident

simulations, analyzes nuclear power plants. The gas
turbine module was modified in the original code and a

compressor model was added to reflect more realistic
characteristics of turbomachinery. In the modified
MARS-KS code, the pressure ratio and isentropic
efficiency of the turbomachinery are calculated through
the pre-generated performance map. Fig. 2 shows the
off-design performance map of turbine and compressor
of ATOM+S-CO; system.

Fig. 3 shows the nodalization of the entire system.
The primary system was considered as a pressurized
water reactor with a nominal output of 330MW4, and the
power conversion system was designed as a simple
recuperated cycle with a single shaft. In this study, the
primary side was modeled as simple heat structure with
a fixed temperature distribution as shown in Fig. 4 to
simulate the reduction of the reactor core power during
load following operation. It is assumed that the average
temperature of the primary circuit is constant by the
feedback of the core heat output in the load reduction.
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Fig. 2. Performance map of turbomachinery, (a) turbine (b)
compressor
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Fig. 4. Modeling for constant Tavyg load following
2.2 Control Mechanism

The reduction of grid demand without any controller
can induce over-speed of the shaft by Eq. (4), which has
a serious effect on the integrity of the system. Therefore,
a controller that can maintain the shaft speed constant
when the load changes is needed. In this study,
intermediate heat exchanger (IHX) bypass was adopted
as the control mechanism as shown in Fig. 4. The
pressure difference between two volumes connected to
bypass valve is very small, allowing stable control
without other complex controllers. The valve is
operated by the Proportional Integral Differential (P1D)
controller and adjusts the valve opening fraction in
response to load change and keeps the shaft speed
constant. Since the shaft which connects turbine and
compressor has not been fully designed and optimized
yet, it is assumed that the moment of inertia of ATOM
system is scaled from the GFR data which is 2400MW(
direct S-CO; cooled fast reactor [1].
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Table I: Rotator inertia of ATOM and GFR

System ATOM GFR (1 PCS)
Power 330MWh, 600MW4,
Generator 550.0 1000.0
Turbine 468.0 850.9
Compressor 62.2 113.1
Shaft 104.0 189.0
Total 1184.2 2153

2.3 PID parameters

Ziegler-Nichols rule was applied for tuning PID
controllers [2]. Since the unit step response is not S-
shape as shown in Fig. 5, the method based on the
critical gain (Kc) and the critical period (Pc) is used.
This method adopts proportional control action only,
increasing K, from 0 to a critical value K¢ at which the
output first exhibits sustained oscillations. Ziegler and
Nichols suggested that PID parameters were determined
according to the formula shown in Table Il. As shown in
Fig. 6, Ker and P¢r were obtained by increasing K, and
therefore PID parameters to be applied to bypass valve
were derived.
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Fig. 5. Shaft rotational speed when 1% reduction of grid
demand without any controller
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Fig. 6. Response when applying proportional control action
only

Table I1: Ziegler-Nichols Tuning Rule

Type Kp Ti Ty
p 0.5Kr 0 0
Pl 0.45K Pe/1.2 0
PID 0.6Ker 0.5P¢, 0.125P;
3. Results
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Fig. 7. MARS-KS code steady state results

Fig. 7 compares the design values with the converged
steady state values from the modified MARS-KS
simulation results. The steady state results show
reasonable agreement which indicates transient analysis
can be now performed with the developed code.

The transient situation was given to operate 100%
load for 100 seconds and then reduce it to 95% by 1%
every 100 seconds. The compressor inlet temperature
remains nearly constant to maintain the integrity and
cycle efficiency of the power system. The compressor

inlet temperature control is easily accomplished by
adjusting the flow rate of the precooler, which is an
independent system.

Figs. 8-10 show that when the grid demand changes,
the bypass valve is operated by the PID controller to
maintain the shaft speed and follow the load. Because
the average temperature of the primary circuit is
constant, the S-CO, temperature at the IHX inlet and
outlet decreases as the bypass flow increases. Fig. 13
shows the total heat transferred to the S-CO, cycle via
IHX, which can be considered as a feedback of the
reactor core power corresponding to the load reduction.
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Fig. 8. Grid demand and turbomachinery work
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Fig. 9. Turbomachinery rotational speed
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Fig. 11. Secondary side temperature at inlet and outlet of IHX
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Fig. 12. Recuperated heat
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Fig. 13. Total heat transferred to power conversion system
3. Summary and further works

In this paper, the authors performed transient analysis
under the grid demand reduction situation of S-CO,
power cycle coupled to PWR type SMR. MARS-KS
code was improved to reflect more realistic
characteristics of turbomachinery. PID controller was
designed to maintain shaft speed when grid demand
changes. Control with IHX bypass valve showed that
the system responds well to 5% demand reduction
situations. More efficient control logic will be

developed and transient analysis in various scenarios
will be performed.
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