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1. Introduction

All nuclear power plants in South Korea are operated 

at a baseload mode, that is 100% rated power, and do 

not employ power tracking control except for startup, 

shutdown, and during transients. However, as the 

electrical energy generated from nuclear power plants 

represents a significant portion of the total energy mix, 

load follow operation (LFO) may be needed to cover 

the imbalance between consumption and production [1]. 

Additionally, the load-follow operation of nuclear 

power plants may be essential to balance the 

intermittent nature of plants relying on renewable 

energy sources such as wind, solar. 

NPPs must therefore adapt to those load demand 

variations. Unlike traditional thermal power plants, load 

follow operation may be quite challenging for NPPs. 

The difficulty arises from the fact that the operators, 

need to control the axial power distribution and core 

reactivity at the same time as they conduct the power 

maneuvering [2]. 

In this work, a multi-physics simulation is undertaken 

to reflect the impact of feedback signals on the system 

safety parameters during power maneuvering. 

2. The Korean Mode-K for Load Follow Operation

Mode-K is an advanced reactor control logic 

algorithm that was developed in the 1990s [3, 4]. This 

mode uses boron with both regulating (R-bank) and 

heavy-worth control   (H-bank) banks in controlling the 

reactor during LFO. 

The R-bank and boron are used to control core 

reactivity (xenon, power defect, reactor average 

temperature) and the H-bank is used to control the axial 

power shape.  

It is worth noting that Mode-K utilizes H-bank 

dedicated to axial power distribution control 

independently of the existing R-banks. Therefore, it is 

possible to control the axial shape index (ASI) by 

providing a monotonic relationship between the motion 

of H-bank and ASI represented by Equation(1):   
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where Pb and Pt are the normalized power of bottom 

and top halves of the core, respectively, and AO is the 

core axial offset. 

In Mode-K, the degree of ASI deviation from the 

target ASI, determines the control rod bank or banks to 

be used according to the following stage flags:  

1. ORS (Overlap Restoring Stage),

2. FOS (Fixed Overlap stage) and

3. ARS (ASI Restoring Stage)

The reactor regulation system (RRS) selects a bank 

or banks by using the deviation of ASI as represented 

by the stage flags. Fig. 1 shows the concept of how to 

switch the stage flag. 

3. Computer Code System

A number of research studies focused on load follow 

simulations have been published and can be 

summarized as follows [5, 6, and 7]:  

1. Simulations using only reactor physics codes

with no feedbacks from primary or secondary

loop systems.

2. Coupling the reactor physics codes with simple

lumped models that describe both primary and

secondary circuits.

In this study, a load follow simulation is conducted 

using a multi-physics approach through the multi-

physics code, RELAP5/SCDAPSIM/MOD3.4/3DKIN 

package [8] to simulate Mode-K strategy. 

This package is capable of modeling the three-

dimensionality of the LFO, while simultaneously taking 

into account the feedback mechanisms. 

RELAP5/SCDAPSIM/MOD3.4/3DKIN package is 

developed by a US-based company, Innovative Systems 

Software (ISS). This package consists of three main 

independent codes, implicitly coupled using an internal 

coupling type and serial integration approach.  

Fig. 1. Stage Flag Concept for ASI control [3] 
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The three codes are: 

 RELAP5, Reactor Excursion, and Leak

Analysis Program, is a thermal-hydraulics

system code developed by Idaho National

Laboratory (INL).

 SCDAPSIM, Severe Core Damage Analysis

Package Simulator, is a severe accident

code developed by INL.

 3DKIN, 3 Dimension Kinetics, is a neuron

kinetics code base on NESTLE [9] code that is

developed by North Carolina State University

(NCSU) for Electrical Power Research

Institute (EPRI).

In this study, we will focus only on Neutronics and 

Thermal-Hydraulic (NK/TH) modules, i.e. between 

RELAP5/MOD3.4 and 3DKIN within 

RELAP5/SCDAPSIM/MOD3.4/3DKIN. As mentioned 

earlier, this multi-physics package relies on an internal 

coupling with serial integration as illustrated in Fig. 2. 

3. Simulation of Load Follow Operation

 3.1 APR1400 System Description 

In this study, an equilibrium core of APR1400 is 

loaded with 1616 PLUS7 fuel assemblies in 3 batches. 

The cycle length is 475 EFPDs. APR1400 system 

nodalization, shown in Fig. 3, describes the major 

thermal-hydraulic components within the plant. Fig. 6 

3.2 Daily Load Follow Operation of APR1400 

The simulation of the daily load follow operation has 

been performed according to the power maneuvering 

scenario shown in Fig. 4. The power change to 100% to 

50% over a period of 3 hours, maintained at 50% for 6 

hours, before it is ramped up to 100% over 3 hours and 

then maintained at 100%. 

The reactor power is controlled with R-banks, H-

banks, and soluble boron to meet the daily LFO 

requirements. The proper combination of the position of 

each control bank, as well as the boron concentration, is 

determined to maintain the critical state while 

simultaneously satisfying several operating limits such 

as the axial offset (AO). 

4. Results

The model results obtained via the multi-physics 

simulation are presented in this section. The data 

obtained are organized under neutronics and thermal-

hydraulics results. 

4.1 Core Neutronics Parameters 

To follow the load, the Control Element Assemblies 

(CEAs) are used to control the reactor power. CEAs 

insertion positions in percent are shown in Fig. 5. 

The boron concentration is also used in Mode-K to 

control the reactor power as shown in Fig. 6. 

RELAP5/SCDAPSIM/MOD3.4/3DKIN 

Fig. 2. Data Exchange in Coupling Neutronics and Thermal 
Hydraulics Modules 

Fig. 3. APR1400 System Nodalization 

Fig. 4. MODE-K Daily Load Follow Scenario 
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As shown in Fig. 5 and Fig. 6, the CEAs lead the 

power change from 100% to 50% within 3 hours by 

inserting them in the reactor core while keeping the 

boron concertation unchanged. After 3 hours the boron 

concentration is decreased allowing the core reactivity 

to reach a stable condition. After 9 hours the CEAs are 

withdrawn to increase the power while the boron 

concentration increases to maintain an almost zero 

positive reactivity and suppress any excess positive 

reactivity until the core reaches its critical state. 

One of the important parameters during LFO is the 

core axial offset (AO) which is defined by Equation (1) 

and plotted as a function of time in Fig. 7. 

The AO is always negative and its values during one 

load cycle are within the limit defined by the Core 

Operating Limits Report (COLR) which is ±0.27. 

4.2 Primary Thermal-Hydraulics Parameters 

The reactor pressure vessel (RPV) inlet (cold legs) 

temperatures, Fig. 8, and pressurizer collapsed water 

level, Fig. 9, are selected to be the primary thermal-

hydraulic parameters that represent the system's 

response to the power change scenario.  

The parameters represented by Fig. 8 and Fig. 9 are 

identically following the power load change except 

when returning to 100% power due to fluctuations in 

the steam generators prior to reaching steady-state. 

4.3 Secondary Thermal-Hydraulics Parameters 

The steam generators (SG) pressure and collapsed 

water level are the main parameters of interest to 

represent the LFO on the secondary side. 

Fig. 5. Control Rod Bank Normalized Insertion Length 

Fig. 6. Boron Concentration 

Fig. 7.  Axial Offset versus Time 

Fig. 8. Reactor Coolant System Cold Leg Temperatures 

Fig. 9. Pressurizer Collapsed Water Level  
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Fig. 10 represents the pressure inside the steam 

dome. The pressures are identically following the power 

load change except for the period when the pressures 

are restored from 50% to 100% power load. These 

pressure oscillations are the main reason for the 

oscillations in the RCS cold leg temperatures and 

pressurizer water level. 

Fig. 11 represents the collapsed water level of the 

two SGs. The water levels are inversely proportional to 

the power load change. When the power is decreased 

the SGs water levels increase because there is less 

steam generated inside the SGs while they decrease 

during restoring the power from 50% to 100% as more 

steam is generated. 

5. Conclusions

A multi-physics simulation is performed to analyze 

APR1400 plant response to the daily LFO. The main 

advantage of using the multi-physics simulation is the 

ability to model and simulate very complex physical 

processes that occur inside the reactor core. 

 It is demonstrated that the multi-physics LFO could 

successfully meet all design criteria. The maximum 3D 

pin peaking factor (Fq) is 2.176 at 100% and 2.587 at 

50% during the tested cycle length, and the maximum 

negative AO is -0.146.  

For future work, this tool could be used to analyze 

the system during LFO in case of ATWS with different 

power rates change. 
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