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Abstract 
 

 

Thermal-hydraulic analysis of  

a floating nuclear reactor under ocean conditions 

using MARS-KS moving reactor model 

 

 

Hyungjoo Seo 

Department of Nuclear Engineering 

The Graduate School 

Seoul National University 

 

 

Various countries and institutions have spotlighted marine reactors as 

a zero-emission energy source for ship propulsion or offshore plants. Since 

International Maritime Organization (IMO) established a strategy to reduce 

total emissions from shipping in 2018, the use of the nuclear reactor is 

expected to be extended for commercial ship propulsion. Developments of 

floating nuclear power plants are also being conducted as they have strength 

of multi-purpose application and high mobility; to power remote areas, and 

support electricity for marine exploration.  

As a marine reactor operates under the waving ship platform, the 

thermal-hydraulic phenomena in the system must be different from land-

based reactors. To predict the fluid behaviors in the reactor, the system 

thermal-hydraulics code requires advanced capability to simulate the 

hydrodynamic effects reflecting the external forces that the moving 
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environment generates. Therefore, the aim of this study was to improve 

MARS-KS to be applied for the safety analysis of marine reactor system by 

implementing and improving the moving reactor model. 

MARS-KS is a code for thermal-hydraulic system analysis of light water 

reactor transients and employs a moving reactor model that can calculate 

inclination and rolling effects on the reactor system. Despite the 

enhancements were made through the previous researches, however, the 

model had limitations since the studies had been made focusing on one-

dimensional PIPE components. In this study, the following code 

improvements were introduced to extend the model. Firstly, the model was 

implemented for various one-dimensional components including BRANCH 

and ANNULUS. It accompanied the modification on the volume connection 

vector, density calculation algorithm, and flow regime map determination. 

Next, the numerical calculation methods in the model were updated to obtain 

the enhanced accuracy. The advanced scheme of the pressure head calculation 

was introduced considering the mathematical characteristics of external 

forces. The integral method for the user-supplied table was also changed to 

minimize the error. Lastly, the model was applied for MULTID component. 

The Coriolis force was newly modeled in the governing momentum equations 

to analyze the multi-dimensional flow effect under motion conditions. 

The improved moving reactor model was verified with conceptual 

problems that were designed to observe the modified code features. The 

problems showed the performance of the motion model in diverse modeling 

and dynamic motion conditions. The verification was conducted by 

comparing the code simulation results with analytical solutions. For the 

Coriolis force model verification, the computational fluid dynamic (CFD) 

code simulation was additionally performed for quantitative analysis. The 
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validation of the motion model was also performed against ship flooding 

experiment. It showed that the code could simulate the fluid movement 

crossing the compartments under inclining conditions. The verification and 

validation concluded that the motion model was well modified and able to 

work on any components. 

Two demonstrations regarding reactor safety were performed using 

improved motion model. Firstly, the simplified gravity-driven safety injection 

tank was simulated under motion conditions, suggesting the features of one- 

and multi-dimensional modeling in the marine reactor analysis. Secondly, the 

off-shore floating reactor BANDI-60S was analyzed in the normal operation 

and Small Break Loss of Coolant Accident (SB-LOCA) under ocean 

conditions. The plant system adopted both one- and multi-dimensional 

modeling feature in order to capture motion effect. While the reactor in 

normal operation was almost unaffected by the motion environment, the 

accident transients showed a different reactor behavior especially under 

inclination. Moreover, the high DVI design was additionally simulated under 

inclination showing that it could affect the core temperature and the 

recirculation. The safety analysis of practical reactor system brought the point 

that the MARS-KS moving reactor model became applicable for the 

evaluation of marine reactor design performance and its safety.  

 

………………………………………………………………………………………... 

Keywords: Marine reactor, System thermal-hydraulics analysis code, 

MARS-KS, Moving reactor model, Verification & validation, Multi-

dimensional flow effect, Safety analysis 
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Chapter 1. Introduction 
 

 

 

 

1.1. Study background 
 

 

The international concern on the carbon emission is rising due to the 

accelerating climate change. Since shipping accounts for 2.9% of the world’s 

carbon emissions which is larger than the aviation sector (IMO, 2020), the 

international shipping industry has been forced to make a transition into the 

clean energy source. The International Maritime Organization established the 

strategy to reduce greenhouse gas emissions to half of that in 2008 before 

2050 (IMO, 2018). This goal was strongly recalled once again at the UN 

Climate Change Conference 2021. In order to meet the goal, nuclear energy 

is believed to play an important role in ship propulsion (M. Fowler et al., 

2021). Also, the offshore floating nuclear power plants draw the interest of 

industries because of their multi-purpose application feature (J. Buongiorno 

et al., 2016). They can power the remote area or assist the marine resource 

exploration based on their high mobility. With the high demand for the marine 

reactor, institutes and start-ups have proposed various reactor designs; for 

example, BANDI-60s (I.H. Kim et al., 2019), OFNP-300 and -1100 (J. 

Buongiorno et al., 2016), ACPR50S (CGN, 2017), and KLT-40s (IAEA, 

2013), Corepower (G. Gennaro et al., 2020), and Seaborg (M. Pater, 2019). 
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 The main difference of the marine reactors compared to land-based 

nuclear reactor is that it operates on the waving platform such as ship. In the 

ocean environment, the wave and winds make the platform experience the 

three-dimensional dynamic motions. They produce extra body force on the 

fluid in the nuclear reactor system, and therefore the thermal-hydraulic 

features must take place differently from the land-based reactor which is fixed 

in vertical position. Indeed, the safety of the reactor must be guaranteed even 

in the ocean environment. Therefore, in order to predict the effect of motion 

on the marine reactor safety, system thermal-hydraulic (TH) analysis codes 

which are generally developed for land-based reactors should be advanced.  

There have been researches on developing the system TH code to 

simulate the moving system. RETRAN-02/GRAV (T. Ishida et al., 1992) 

developed by JAERI was assessed with the natural circulation experiment for 

the MUTSU nuclear ship. Another version RETRAN-03/MOV adopted the 

body force calculation and coordinate transformation method (J.H. Kim et al., 

1996). RETRAN-03/INT is developed for application in integral-type marine 

reactor, so it introduced helical coil steam generator model and heat transfer 

correlation (J.H. Kim et al., 2001). RELAP-3D was also modified to simulate 

the moving system for spacecraft or water vessels (G. Mesina et al., 2016). 

Its momentum equation was established based on the non-inertial reference 

frame and the sample problems were tested for the translation and rotation 

motions. In the case of RELAP5/MOD3.3., the code was improved by 

introducing an additional physical model for the flow resistance and heat 

transfer models under rolling condition (B. Yan et al., 2011 & S. Tan et al., 

2009). The dynamic motion model for SPACE was also developed employing 

an arbitrary axis rotation system and it was verified with conceptual problems 

(B.J. Kim et al., 2021). Some of these codes were used in reactor accident 
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analyses under motion conditions. OFNP-300 reactor was analyzed for the 

loss of coolant accident (LOCA) and station blackout (SBO) accident using 

RELAP-3D code (Y. Zhang et al., 2018). It suggested that some passive 

system operation can be affected by the motion. Other reactor called SMR-50 

was also simulated for LOCA accident under inclination, identifying the 

temperature distribution can be changed (Z. Cao et al., 2021). 

MARS-KS (J.J. Jeong et al., 1999), which is the subject code of this 

study, is the code for multi-dimensional and multi-purpose thermal-hydraulic 

system analysis of light water reactor transients developed by the Korea 

Atomic Energy Research Institute (KAERI). It employs a moving reactor 

model, also known as the motion model, for the marine reactor application. 

The previous studies (H.K. Beom et al., 2019 & S.W. Park et al, 2021) 

established the basic code environment for the model by introducing the 

cross-junction model, user-supplied table, volume direction vector. The 

model was verified using a series of conceptual problems that model with 

one-dimensional PIPE components, and also demonstrated that the basic 

application for the MULTID component was available. 

 The purpose of this study was to establish the practical thermal-

hydraulic analysis capability for the marine reactor system. Although the 

previous studies were conducted to advance the moving reactor model of 

MARS-KS, there were still several limitations to be applied for the plant 

system safety analysis. This study attempted to figure out and resolve those 

limitations, and finally to demonstrate the safety analysis of marine reactor 

using the moving reactor. 

  



 

 ４ 

 

1.2. Objectives and scope 
 

 

The previous studies (H.K. Beom et al., 2019, S.W. Park, 2021) were 

focused on the moving reactor model for one-dimensional PIPE component, 

even though the fundamental implementation for MULTID component was 

tested. Thus, the practical usage of the model for the reactor system analysis 

was very restricted. The objectives of this study were to extend the moving 

reactor model for the various 1D components such as ANNULUS and 

BRANCH. It involved the improvement in model accuracy. Moreover, the 

model was implemented for MULTID component to simulate the multi-

dimensional flow effect. The model has been advanced through the following 

code modifications: 1) Reestablishment of volume connection, 2) 

improvement of flow regime map determination, 3) accuracy improvement in 

pressure head calculation, 4) modification of the vector sign algorithm, 5) 

modified integral method for user-supplied table, 6) Coriolis acceleration 

model for MULTID.  

The improved model was verified by analyzing the conceptual 

problems considering various modeling and motion situations. Further, 

validation against the ship flooding experiment was conducted in order to 

evaluate the comprehensive calculation for the external forces and volume 

location change.  

The final goal of this study was to perform the safety analysis on the 

practical marine reactor using the advanced moving reactor model. The 

simplified analysis of the gravity-driven injection system was conducted, and 

the one- and multi-dimensional modeling was discussed for predicting the 
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marine reactor transient. Subsequently, the thermal-hydraulic analysis for the 

marine reactor BANDI-60S was performed under vertical condition and 

ocean conditions. It was addressed how the inclination and rolling could 

affect the normal operation and small break loss of coolant accident (SB-

LOCA) transient. Lastly, in order to test the effect of break point elevation, 

upper DVI design was proposed and simulated for the accident condition. 
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Chapter 2. Improvement of MARS-KS 

Moving Reactor Model 

 

 

 

 

2.1. MARS-KS moving reactor model 
 

 

The MARS-KS moving reactor model is the model to simulate a 

reactor on a moving platform such as a ship or barge. The reactor undergoes 

three-dimensional movement and the motion is described by six degrees of 

freedom, which include the translational and rotational motions as illustrated 

in Figure 2.1: surging and rolling in x axis, swaying and pitching in y axis, 

and heaving and yawing in z axis. The position of components and volumes 

within the moving system is changed by motion. At the same time, the 

dynamic motion also generates extra body forces acting on them. Therefore, 

MARS-KS moving reactor model takes two steps that determine the volume 

location and additional forces time by time. Finally, it introduces the forces 

in the governing equations. 
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2.1.1. Mathematical formulation 
 

Rotational transformation of volume location 

 

The first step of the moving reactor model is to attend rotational 

transformation. In the moving system, all volumes change their spatial 

location over time according to the motion condition. While the translational 

motion involves only the parallel displacement of the objects, the rotational 

motion transforms the positional relationships of the volumes within the 

system. The new location of the volume after rotation can be calculated with 

the rotation matrix [𝑴] as described in Eq. (2-1), where �⃗⃗�  and 𝒑′⃗⃗  ⃗ are the 

position vector of the volume before and after rotation. Since the exchange 

law does not work in matrix operations, the rotation should proceed in order 

of x, y, and z. Here, 𝜃𝑥, 𝜃𝑦, and 𝜃𝑧 are the rotation angle on the x, y, and z 

axes, respectively. 

 

𝒑′⃗⃗  ⃗ = [𝑴]  �⃗⃗� =

[
𝑐𝑜𝑠 𝜃𝑧 −𝑠𝑖𝑛 𝜃𝑧 0
𝑠𝑖𝑛 𝜃𝑧 𝑐𝑜𝑠 𝜃𝑧 0

0 0 1
] [

𝑐𝑜𝑠 𝜃𝑦 0 𝑠𝑖𝑛 𝜃𝑦

0 1 0
−𝑠𝑖𝑛 𝜃𝑦 0 𝑐𝑜𝑠 𝜃𝑦

] [
1 0 0
0 𝑐𝑜𝑠 𝜃𝑥 −𝑠𝑖𝑛 𝜃𝑥

0 𝑠𝑖𝑛 𝜃𝑥 𝑐𝑜𝑠 𝜃𝑥

] �⃗⃗�   

(2-1) 

 

 

 

Additional accelerations caused by the motion 

 

Motion produces external body force acting on the volume and it can 

change the fluid dynamics in the moving system. The second step of the 

model is to calculate the additional force and apply the force in the governing 

equation. The model only considers the motion effect in the momentum 
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equation where the force appears as an acceleration form. The motion 

generates four types of acceleration; the acceleration of the non-inertial 

reference frame ( 𝒂𝒕𝒓𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ), centrifugal acceleration ( 𝒂𝒄𝒆𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   ), tangential 

acceleration (𝒂𝒕𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ), and Coriolis acceleration (𝒂𝒄𝒐𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ). The whole mathematical 

forms of them are expressed in Eq. (2-2), where �⃗⃗�  , �⃗� = (𝑥, 𝑦, 𝑧) , �⃗⃗� =

(𝜔𝑥, 𝜔𝑦, 𝜔𝑧) , �⃗⃗� = (𝛽𝑥, 𝛽𝑦, 𝛽𝑧) , and �⃗⃗� = (𝑢𝑥, 𝑢𝑦, 𝑢𝑧)  represent the 

displacement vector of the non-inertial reference frame origin, displacement 

vector of the center of rotation, angular velocity vector, angular acceleration 

vector, and fluid velocity, respectively. 

 

𝒂𝒎𝒐𝒕𝒊𝒐𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝒂𝒕𝒓𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝒂𝒄𝒆𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝒂𝒕𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝒂𝒄𝒐𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    

 =
𝑑2�⃗⃗� 

𝑑𝑡2 + �⃗⃗� × (�⃗⃗� × �⃗� ) +
𝐷�⃗⃗� 

𝐷𝑡
× �⃗� + 2�⃗⃗� × �⃗⃗�   

(2-2) 

 

Then, the total acceleration 𝒂𝒕 can be described as Eqs. (2-3) ~ (2-6) by 

summing gravity and all additional accelerations. The expression for the 

Coriolis acceleration 𝑎𝑐𝑜𝑟  will be discussed in Section 2.2.6, since it is 

newly modeled for the MULTID component in this study. 

 

𝒂𝒕⃗⃗⃗⃗ = �⃗⃗� − 𝒂𝒎𝒐𝒕𝒊𝒐𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  (2-3) 

𝑎𝑡,𝑥 = 𝑥(𝜔𝑦
2 + 𝜔𝑧

2) + 𝑦(−𝜔𝑥𝜔𝑦 + 𝛽𝑧) + 𝑧(−𝜔𝑥𝜔𝑧 − 𝛽𝑦)  

−𝑎𝑐𝑜𝑟,𝑥 − 𝑎𝑡𝑟𝑎𝑛,𝑥  
(2-4) 

𝑎𝑡,𝑦 = 𝑦(𝜔𝑥
2 + 𝜔𝑧

2) + 𝑥(−𝜔𝑥𝜔𝑦 − 𝛽𝑧) + 𝑧(−𝜔𝑦𝜔𝑧 + 𝛽𝑥)  

−𝑎𝑐𝑜𝑟,𝑦 − 𝑎𝑡𝑟𝑎𝑛,𝑦  
(2-5) 

𝑎𝑡,𝑧 = 𝑧(𝜔𝑥
2 + 𝜔𝑦

2) + 𝑥(−𝜔𝑥𝜔𝑧 + 𝛽𝑦) + 𝑦(−𝜔𝑦𝜔𝑧 − 𝛽𝑥)  

−𝑎𝑐𝑜𝑟,𝑧 − 𝑎𝑡𝑟𝑎𝑛,𝑧 − 𝑔  
(2-6) 
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The total acceleration in Eq. (2-3) comprising the motion effect is 

brought into the governing momentum equation of MARS-KS. For example, 

Eq. (2-7) shows the x-directional vapor phase momentum equation for the 1D 

component, and the acceleration is included in the second term on the right-

hand side, where 𝐵𝑥 denotes the body-force term. 

 

𝛼𝑔𝜌𝑔
𝜕𝑢𝑔

𝜕𝑡
+

1

2
𝛼𝑔𝜌𝑔

𝜕𝑢𝑔
2

𝜕𝑥
= −𝛼𝑔

𝜕P

𝜕𝑥
+ 𝛼𝑔𝜌𝑔𝐵𝑥 − 𝛼𝑔𝜌𝑔(𝐹𝑊𝐺)𝑢𝑔 + Γ𝑔(𝑢𝑔𝐼 − 𝑢𝑔)  

 −𝛼𝑔𝜌𝑔(𝐹𝐼𝐺)(𝑢𝑔 − 𝑢𝑓) − 𝐶𝛼𝑔𝛼𝑓𝜌𝑚 [
𝜕(𝑢𝑔−𝑢𝑓)

𝜕𝑡
+ 𝑢𝑓

𝜕𝑢𝑔

𝜕𝑥
− 𝑢𝑔

𝜕𝑢𝑓

𝜕𝑥
]   

(2-7) 

 

 

 

2.1.2. Motion input option 
 

 The moving reactor model has two options to input the motion 

condition based on the six degrees of freedom of ship motion. The first option 

is to emulate the harmonic oscillation. By entering the basic information of 

amplitude, period, phase difference, and initial values, the code can calculate 

the instantaneous rotation angles and translational accelerations for each axis 

with Eqs. (2-8) ~ (2-9). The second option is for the arbitrary motion 

simulation using the user-supplied table. The user inputs the rotational and 

translational acceleration for each axis for the motion condition to be 

simulated as shown in Table 2.1. 

 

𝜃 = 𝐴 ∙ sin (
2𝜋𝑡

𝑇
+ 𝜙) + 𝜔0𝑡 + 𝜃0  (2-8) 

𝑎 = 𝐴 ∙ sin (
2𝜋𝑡

𝑇
+ 𝜙) + 𝑎0  (2-9) 
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2.2. Code modification for the model extension 
 

 

2.2.1. Re-establishment of volume connection 
 

 

 Junction is the connection between volumes as MARS-KS defined. 

In the early version of MARS-KS moving reactor model, the junctions only 

in the main flow direction could be analyzed under motion conditions. 

However, in order to facilitate the modeling scheme, it required to be possible 

to connect the junctions in non-main flow directions, which is called a cross-

junction. The previous developmental study (Beom et al., 2019) improved the 

model to update the face number for non-main flow direction as well as for 

the main flow direction. It enabled the model to consider the motion effect on 

the cross-junction, however, there was still a limitation; the cross-junctions 

were available only when their directions were aligned with the axes of the 

non-inertial coordinate system. This restriction was found to be caused by the 

feature of volume connection vectors. The volume connection vector is the 

vector which is defined at every volume face and provides the distance and 

direction information to the flow calculation solver at the junction. In the 

previous model, the vector was set to connect the volume center and face 

center (Figure 2.2 -(a)), and this approach excluded the junction connecting 

the volumes that were away from each other or the junction that had 

inconsistent direction with the volumes. 

In order to resolve this problem, the following study (Park et al., 2021) 

suggested the generalized volume connection method. It modified the volume 

connection vectors to be defined based on the line directly connecting two 
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volume centers. This line is divided with the ratio of volume lengths and 

assigned to each face where the junction is formed (Figure 2.2-(b)). It allows 

the moving reactor model to freely connect volumes at any direction and 

distance. Also, by repeating this method to find the volume connection vector 

at every time step, the junction information is updated time by time reflecting 

the motion condition.  

 In this study, one problem was found with the volume connection 

vector calculation. Since the previous code stored the vector information for 

the volume properties which comprised six volume faces in total, one face 

could have only one vector. It meant that the volume was able to process only 

one junction at its particular face and restricted the formation of more than 

one junction. For example, when the two volumes were connected to the same 

bottom volume face as illustrated in Figure 2.3-(a), the vector for Junction #1 

was not arranged because the volume face could handle only one vector. It 

could cause incorrect flow calculation at some junctions under inclined or 

moving conditions. 

 To resolve this issue, the code was modified to save the volume 

connection vector as the junction property rather than the volume property. It 

could help the moving reactor model to treat individual vectors for each 

junction even though multiple junctions were connected on the same face. 

Therefore, the volume connection vector was formed in correct direction in 

both junctions as described in Figure 2.3-(b). Through the modification, the 

MARS-KS moving reactor model could be extended for the components in 

which a number of junctions are simultaneously involved such as BRANCH 

and MULTIPLE JUNCTION components.  
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2.2.2. Improvement of flow regime map determination 
 

 

 The volume under the moving environment can be tilted and rotated 

over time. Then, the two-phase flow in the volume also can be influenced by 

dynamic motion since the flow regime which indicates the liquid and gas flow 

patterns appear differently depending on the flow direction.  

 The previous study (Beom et al., 2019) adopted the algorithm to 

determine a flow regime map that is suitable for the current inclination. In 

every time step, the code checks the inclination angle of the volume and 

estimate whether it exceeds 45◦ or not. If the inclination is bigger than 45◦, 

the vertical flow regime map is applied for the volume. Else, the volume 

chooses the horizontal flow regime map. Using this algorithm, the moving 

reactor model can adjust the map by reflecting time varying motion 

conditions. 

 However, there was the limitation that the algorithm did not consider 

the characteristics of the components as some components do not utilize both 

horizontal and vertical regime map. For example, ANNULUS is assumed to 

be always vertical and it does not consider droplets in annular mist flow. 

PUMP does not distinguish the volume between vertical and horizontal. 

MULTID also employs only vertical regime map. Applying the same 

determination algorithm across the board without accounting for the special 

features of the components, the model could result in a wrong selection of 

flow regime map. Then, it could not predict correctly the pressure drop, heat 

transfer, and other physical features of the two-phase flow for the particular 

component mentioned above. 

 For this reason, the algorithm needed to be improved to limit its range 
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of application. The code was modified to use the flow regime map 

determination algorithm only for the components that distinguish between 

horizontal and vertical flow regime. If the component has its own flow regime 

map, the code allows to use it. From this improvement, the moving reactor 

model could be implemented in various components and be prepared for its 

application for the actual marine reactor analysis. 

 

 

 

2.2.3. Accuracy improvement in pressure head calculation 
 

 

The MARS-KS moving reactor model calculates additional pressure 

head which is generated by the acceleration in Eq. (2-3) and applied it in 

momentum equations. When the volume K and L are connected with a 

junction, the pressure difference between them can be analytically calculated 

by integrating the total acceleration along the length variable �⃗⃗⃗�  as shown in 

Eq. (2-10). Here, �⃗⃗⃗�  is the vector from the center of volume K to volume L 

 

∆𝑃(𝐾 → 𝐿) = ∫ 𝜌𝒂𝒕⃗⃗⃗⃗ ∙ 𝒅𝑯⃗⃗⃗⃗⃗⃗ 𝐿

𝐾
= ∫ 𝜌𝑎𝑡,𝑥𝑑𝑥

𝐿

𝐾
+ ∫ 𝜌𝑎𝑡,𝑦𝑑𝑦

𝐿

𝐾
+ ∫ 𝜌𝑎𝑡,𝑧𝑑𝑧

𝐿

𝐾
  (2-10) 

 

 Meanwhile, each component of total acceleration which is described 

in Eqs. (2-4) ~ (2-6) can be arranged in a linear function of the x, y, and z 

variables respectively. It follows that the pressure difference in Eq. (2-10) is 

equivalent to the integration of linear function. Figure 2.4-(a) shows a 

theoretical calculation for pressure head in the x direction, for instance, where 
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the function 𝑓(𝑥) is integrand function of density times the acceleration as 

shown in Eq. (2-11). Supposing the volume K and L have different density, 

the slope of 𝑓(𝑥) in two volumes, 𝐴𝐾 and 𝐴𝐿, turn out to be different.  

 

𝑓(𝑥) = 𝜌𝑎𝑡,𝑥 = {
𝐴𝐾𝑥 + 𝐶𝐾    (𝑖𝑛 𝐾 𝑣𝑜𝑙𝑢𝑚𝑒)
𝐴𝐿𝑥 + 𝐶𝐿      (𝑖𝑛 𝐿 𝑣𝑜𝑙𝑢𝑚𝑒)

  (2-11) 

 

 The previous moving reactor model carried out the pressure 

calculation by adopting rectangular sum integration. This numerical method, 

which is described in Figure 2.4-(b) and Eq. (2-12), drew the integral results 

by multiplying the acceleration, volume length, and density at each volume 

and summing them all. However, this numerical calculation was found to 

generate truncation errors when the connected volumes had different slopes 

of 𝑓(𝑥), or mixture densities in other word. The errors could be enlarged 

especially for the volumes that have different sizes from each other. 

 

∫ 𝜌𝑎𝑡,𝑥𝑑𝑥
𝐿

𝐾
= 𝜌𝐾𝑎𝐾𝐻𝐾 + 𝜌𝐿𝑎𝐿𝐻𝐿  (2-12) 

 

This issue should be addressed since the practical reactor modeling 

contains volumes of various sizes. Also, multi-phase flow conditions 

commonly occur in the reactor components when simulating the accident 

transient. In order to perform valid thermal-hydraulic analysis on the marine 

reactor system, improving calculation accuracy was essential for the moving 

reactor model. Therefore, the integral formula for the pressure head 

calculation was modified. The new method in Eq. (2-13) introduced 

additional terms so that the computation results became identical to the 

analytical solution. It assured higher accuracy under diverse volume sizes and 
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fluid condition.   

 

∫ 𝜌𝑎𝑡,𝑥𝑑𝑥
𝐿

𝐾
  

=
1

2
𝐻𝐾(𝜌𝐾𝑎𝐾 + 𝜌𝐾𝑎𝐾 + 𝜌𝐾𝐴𝐾𝐻𝐾) +

1

2
𝐻𝐿(𝜌𝐿𝑎𝐿 + 𝜌𝐿𝑎𝐿 − 𝜌𝐿𝐴𝐿𝐻𝐿)  

= 𝜌𝐾𝑎𝐾𝐻𝐾 +
1

2
𝜌𝐾𝐴𝐾𝐻𝐾

2 + 𝜌𝐿𝑎𝐿𝐻𝐿 −
1

2
𝜌𝐿𝐴𝐿𝐻𝐿

2  

(2-13) 

 

 

 

2.2.4. Modification of the vector sign algorithm 
 

 

 The volume connection vector of MARS-KS is defined differently 

within the code depending on whether or not the model is used. When the 

moving reactor model is deactivated, MARS-KS employs the volume 

connection vector based on the main flow direction. For example, when the 

two volumes are connected having an opposite direction of the flow as shown 

in Figure 2.5, the volume connection vector is aligned with the flow direction. 

If the junction is formed in upward direction, the vector in the bottom volume 

does not match with the junction direction. To compensate for this vector in 

the pressure head calculation, MARS-KS has a special algorithm to change 

the sign of vector which adjusts the direction of the vector. It works only when 

the direction of the junction and the vector do not correspond. 

 On the other hand, the moving reactor model has different logic to 

organize the volume connection vector. As explained in Section 2.2.1, the 

model creates a vector that connects one volume center to another center, and 

divides it into two volume connection vectors. Therefore, the directions of 
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volume connection vectors at the junction are always consisted with the 

junction directions (Figure 2.5). However, it was found that the vector sign 

algorithm was working even for the motion model damaging the vector which 

was already in correct direction. It was required to be modified because the 

damaged vector can result in an inaccurate pressure head calculation.  

The problem was simply solved by deactivating the density algorithm 

if the motion model is in use. Since the motion model had just computed the 

vectors in the right direction, the algorithm was not required. By adjusting the 

vector sign algorithm, the code could prevent the pressure head from being 

calculated abnormally due to the wrong vector direction. 

 

 

 

2.2.5. Modified integral method for user-supplied table 
 

 

 MARS-KS moving reactor model has a user-supplied table option to 

input the arbitrary motion condition, as explained in Section 2.1.2. When the 

user enters the acceleration table over time, the code calculates the angular 

velocity and rotation angle at each time step from the table by integration. 

The previous study (Beom et al., 2019) established the code environment for 

the user-supplied table option. It introduced the following calculation method; 

the code obtained the acceleration values at the current time step by 

interpolating data points in the table. Then, the velocity and displacement 

were calculated by integrating the current acceleration value with the first-

order accuracy. However, this method had several limitations in the 

computational accuracy. Round-off errors could be accumulated in the 
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process of integrating the interpolated value along the time steps. The 

numerical error drew the velocity and displacement results outside the 

existing range.  

 To avoid the unintended motion condition being calculated, the 

integrating method was modified. The new method is as follows; the code 

does the integration first using Eqs. (2-14) and (2-15) which derive the 

angular velocity and rotation angle exactly at the data time points. It intends 

to set the range of them and prevents continuous accumulation of error. 

 

𝜔𝑖+1 = 𝜔𝑖 + 𝑎(𝑡𝑖+1 − 𝑡𝑖)  (2-14) 

𝜃𝑖+1 = 𝜃𝑖 + 𝑎(𝑡𝑖+1 − 𝑡𝑖)  (2-15) 

 

After the integration, the instantaneous acceleration, angular velocity, and 

angle at a certain time step ( 𝑡𝑖 < 𝑡 < 𝑡𝑖+1 ) are computed by linearly 

interpolating the data points as shown in Eqs. (2-16) ~ (2-18). 

 

𝑎 =
𝑎𝑖+1 − 𝑎𝑖

𝑡𝑖+1 − 𝑡𝑖
(𝑡 − 𝑡𝑖) + 𝑎𝑖 (2-16) 

𝜔 =
𝜔𝑖+1 − 𝜔𝑖

𝑡𝑖+1 − 𝑡𝑖
(𝑡 − 𝑡𝑖) + 𝜔𝑖 (2-17) 

𝜃 =
𝜃𝑖+1 − 𝜃𝑖

𝑡𝑖+1 − 𝑡𝑖
(𝑡 − 𝑡𝑖) + 𝜃𝑖 (2-18) 

 

With the new method that presents finite data points by integrations 

before the interpolations, the code could prevent the integrated value from 

being out of range. Thus, any arbitrary motion condition that the user 

requested may be more accurately implemented. 
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2.2.6. Coriolis acceleration model for MULTID 
 

 

MARS-KS employs a special component called MULTID for the 

multi-dimensional flow analyses of a nuclear reactor. This component 

consists of two- or three-dimensional arrays of volumes and internal junctions. 

In the accident analysis of the reactor, the reactor vessel and steam generator 

are often modeled with MULTIDs to simulate the distinctive multi-

dimensional flow behavior occurring within them. It is an important feature 

of MARS-KS to address the safety issues when a complicated flow effect is 

expected to be dominant. The multi-dimensional effect is also significant in 

the marine reactor analyses as the ocean motion influence the hydrodynamics 

in the system in three dimensions.  

In order to simulate the multi-dimensional flow under motion 

conditions, Coriolis force was newly implemented for MULTID in the 

moving reactor model. It is a fictitious force that occurs within a rotating non-

inertial reference frame, acting in the perpendicular direction of the angular 

velocity vector and flow velocity as shown in Figure 2.6 and Eq.(2-19). 

 

𝒂𝒄𝒐𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 2�⃗⃗� × �⃗⃗�   (2-19) 

 

Since previous studies developed the motion model with one-

dimensional PIPE components as the main target, the acceleration caused by 

the Coriolis force was not considered. However, in order to predict the 

direction of flow, pressure distribution, etc. that occur in the multi-

dimensional domain, Coriolis acceleration must be included in the governing 

equation for MULTID. 
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 In order to derive the expression for the Coriolis acceleration, the 

governing equations for MULTID should be discussed. The MULTID 

momentum equation for vapor and liquid phase in x direction can be written 

as Eqs. (2-20) and (2-21). 

 

𝛼𝑔𝜌𝑔
𝐷𝑢𝑔

𝐷𝑡
= −𝛼𝑔

𝜕P

𝜕𝑥
+ 𝛼𝑔𝜌𝑔𝐵𝑥 − 𝛼𝑔𝜌𝑔(𝐹𝑊𝐺)𝑢𝑔 + Γ𝑔(𝑢𝑔𝐼 − 𝑢𝑔)  

−𝛼𝑔𝜌𝑔(𝐹𝐼𝐺)(𝑢𝑔 − 𝑢𝑓) − 𝐶𝛼𝑔𝛼𝑓𝜌𝑚 [
𝜕(𝑢𝑔−𝑢𝑓)

𝜕𝑡
+ 𝑢𝑓

𝜕𝑢𝑔

𝜕𝑥
− 𝑢𝑔

𝜕𝑢𝑓

𝜕𝑥
]  

+𝛼𝑔𝜇𝑔 [
𝜕2𝑢𝑔

𝜕𝑦2 +
𝜕2𝑢𝑔

𝜕𝑧2 ]  

(2-20) 

𝛼𝑓𝜌𝑓
𝐷𝑢𝑓

𝐷𝑡
= −𝛼𝑓

𝜕P

𝜕𝑥
+ 𝛼𝑓𝜌𝑓𝐵𝑥 − 𝛼𝑓𝜌𝑓(𝐹𝑊𝐹)𝑢𝑓 − Γ𝑔(𝑢𝑓𝐼 − 𝑢𝑓)  

−𝛼𝑓𝜌𝑔𝑓(𝐹𝐼𝐹)(𝑢𝑓 − 𝑢𝑔) − 𝐶𝛼𝑓𝛼𝑔𝜌𝑚 [
𝜕(𝑢𝑓−𝑢𝑔)

𝜕𝑡
+ 𝑢𝑔

𝜕𝑢𝑓

𝜕𝑥
− 𝑢𝑓

𝜕𝑢𝑔

𝜕𝑥
]  

+𝛼𝑓𝜇𝑓 [
𝜕2𝑢𝑓

𝜕𝑦2 +
𝜕2𝑢𝑓

𝜕𝑧2 ]  

(2-21) 

 

These equations can be rearranged into a sum equation form which is the 

governing equation. The sum equation in Eq. (2-22) is obtained by directly 

summing Eqs. (2-20) and (2-21). 

 

𝛼𝑔𝜌𝑔
𝐷𝑢𝑔

𝐷𝑡
+ 𝛼𝑓𝜌𝑓

𝐷𝑢𝑓

𝐷𝑡
= −

𝜕P

𝜕𝑥
+ 𝜌𝑚𝐵𝑥 − 𝛼𝑔𝜌𝑔(𝐹𝑊𝐺)𝑢𝑔 − 𝛼𝑓𝜌𝑓(𝐹𝑊𝐹)𝑢𝑓  

−Γ𝑔(𝑢𝑔 − 𝑢𝑓) + 𝛼𝑔𝜇𝑔 [
𝜕2𝑢𝑔

𝜕𝑦2 +
𝜕2𝑢𝑔

𝜕𝑧2 ] + 𝛼𝑓𝜇𝑓 [
𝜕2𝑢𝑓

𝜕𝑦2 +
𝜕2𝑢𝑓

𝜕𝑧2 ]  
(2-22) 

 

The second term in the right-hand side of Eq. (2-22) is the body force term, 

so the Coriolis acceleration should be modeled in 𝐵𝑥 term. As shown in the 

sum equation, the total body force is computed using mixture density 𝜌𝑚 in 

Eq.(2-23). 
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𝜌𝑚 = 𝛼𝑔𝜌𝑔 + 𝛼𝑓𝜌𝑓  (2-23) 

 

In the case of translational, centrifugal, and tangential acceleration, 

their magnitudes are identical in the vapor and liquid phase. Thus, the total 

body force can be obtained by simply multiplying the accelerations and 

mixture density as below;  

 

𝜌𝑚(𝒂𝒕𝒓𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝒂𝒄𝒆𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + 𝒂𝒕𝒂𝒏⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) = 𝛼𝑔𝜌𝑔 (
𝑑2�⃗⃗� 

𝑑𝑡2 + �⃗⃗� × (�⃗⃗� × �⃗� ) +
𝐷�⃗⃗� 

𝐷𝑡
× �⃗� )  

+𝛼𝑓𝜌𝑓 (
𝑑2�⃗⃗� 

𝑑𝑡2 + �⃗⃗� × (�⃗⃗� × �⃗� ) +
𝐷�⃗⃗� 

𝐷𝑡
× �⃗� )   

(2-24) 

 

However, as the Coriolis acceleration is proportional to fluid velocity, the 

magnitude of the acceleration can be different in the vapor and liquid phase. 

To calculate the body force with mixture density, the Coriolis acceleration 

should be expressed as Eq. (2-25). The components of each axis are shown in 

Eqs. (2-26) ~ (2-28). 

 

𝜌𝑚(𝒂𝒄𝒐𝒓⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) = 𝛼𝑔𝜌𝑔(2�⃗⃗� × 𝒖𝒈⃗⃗⃗⃗  ⃗) + 𝛼𝑓𝜌𝑓(2�⃗⃗� × 𝒖𝒇⃗⃗ ⃗⃗ )  

 = 𝜌𝑚 (
𝛼𝑔𝜌𝑔

𝜌𝑚
∙ 2�⃗⃗� × 𝒗𝒈⃗⃗ ⃗⃗  +

𝛼𝑓𝜌𝑓

𝜌𝑚
∙ 2�⃗⃗� × 𝒗𝒇⃗⃗⃗⃗ ) 

(2-25) 

𝑎𝑐𝑜𝑟,𝑥 =
𝛼𝑔𝜌𝑔

𝜌𝑚
(𝜔𝑦𝑢𝑔,𝑧 − 𝜔𝑧𝑢𝑔,𝑦) +

𝛼𝑓𝜌𝑓

𝜌𝑚
(𝜔𝑦𝑢𝑓,𝑧 − 𝜔𝑧𝑢𝑓,𝑦)  (2-26) 

𝑎𝑐𝑜𝑟,𝑦 =
𝛼𝑔𝜌𝑔

𝜌𝑚
(𝜔𝑧𝑢𝑔,𝑥 − 𝜔𝑥𝑢𝑔,𝑧) +

𝛼𝑓𝜌𝑓

𝜌𝑚
(𝜔𝑧𝑢𝑓,𝑥 − 𝜔𝑥𝑢𝑓,𝑧)  (2-27) 

𝑎𝑐𝑜𝑟,𝑧 =
𝛼𝑔𝜌𝑔

𝜌𝑚
(𝜔𝑥𝑢𝑔,𝑦 − 𝜔𝑦𝑢𝑔,𝑥) +

𝛼𝑓𝜌𝑓

𝜌𝑚
(𝜔𝑥𝑢𝑓,𝑦 − 𝜔𝑦𝑢𝑓,𝑥)  (2-28) 
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Figure 2.1 Six degrees of freedom motion of the ship 
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(a) 

 

 

(b) 

Figure 2.2 Generalized volume connection vector 
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(b) 

Figure 2.3 Volume connection vectors for the junctions on one face 
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(b) 

Figure 2.4 Pressure head calculation in x direction 
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Figure 2.5 Volume connection vector formation when the moving reactor 

model is deactivated/activated 

 

 

 

Figure 2.6 Coriolis force in MULTID component 
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Table 2.1. Input format for user-supplied table 

Time 

(s) 

Angular acceleration 

(°/s2) 

Translational acceleration 

(m/s2) 

X Y Z X Y Z 

… … … … … … … 
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Chapter 3. Verification and Validation of 

MARS-KS Moving Reactor Model 
 

 

 

 

3.1. Verification of moving reactor model 
 

 

3.1.1. BRANCH channel problem 
 

 

 In order to test the advanced code application for the component that 

have multiple junctions on the same volume face, two channel problem with 

BRANCH component was selected. Figure 3.1 shows the composition and 

the position relation and size of the channels that were connected to one 

BRANCH at the bottom. When the channels with single-phase water were 

inclined, the pressure differences in the two channels with respect to the 

BRANCH became different. The calculation results of these pressure 

differences are illustrated in Figure 3.2. Before the code was modified, the 

pressure difference of channel 1 was significantly different from the 

theoretical solution. It was because that the previous code could not handle 

more than one volume connection vector at one face, and therefore the 

information happened to be missing for the junction that connected BRANCH 

and channel 1. Meanwhile, the modified code showed good agreement with 
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the theoretical solution in both channels. It was verified that the improvement 

in volume connection worked for diverse condition including the situation 

that the multiple junctions were involved, and the modification to reestablish 

the volume connection vector in Section 2.2.1 have been successfully 

conducted. 

 

 

 

3.1.2. Yawing rectangular slab problem with various 

nodalization modeling 
 

 

In this study, the integral scheme for pressure head calculation was 

improved to achieve higher accuracy in various volume conditions including 

the volumes that has different size or mixture densities. A conceptual problem 

of yawing rectangular slab illustrated in Figure 3.3 was analyzed for the 

verification. The slab as full of water in Case 1 and 70% filled in Case 2, 

representing single-phase and two-phase fluid condition respectively. It 

rotated along z axis with a constant angular speed of 120 °/s, and the gravity 

was neglected to simplify the problem by imposing only the centrifugal force 

in the radial direction. The simulations were conducted on both cases using 

two different nodalization modeling of MULTID as shown in Figure 3.3; 

Mesh A with uniform-sized volumes, and Mesh B with nonuniform-sized 

volumes. The pressure differences between the colored volumes in the meshes 

were analyzed. Their center points were located in identical positions within 

the slab so that the pressure should theoretically be calculated equally in both 

meshes under the same motion condition.  
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Figure 3.4 and Figure 3.5 shows the simulation results of Case 1 and 

2 in the whole slab where the pressure and void fraction were distributed 

across the slab in a radial direction due to the centrifugal force. The pressure 

difference results are presented in Figure 3.6 for Case 1 and Figure 3.7 for 

Case 2. The code before the modification showed the disagreement in the 

pressure results between mesh A and B. However, after introducing the new 

integration formula of Eq.(2-13) in the code, two meshes produced consistent 

values showing a small discrepancy within 0.2%. It confirmed that the 

accuracy of the pressure head calculation is improved. 

 

 

 

3.1.3. Two vertical PIPEs problem 
 

 

 Two vertical PIPEs problem was designed to verify the code 

modification for the vector sign algorithm which was discussed in Section 

2.2.4. When the nuclear reactor is modeled for the system thermal-hydraulic 

analysis, the components having different main flow directions are frequently 

connected. According to this circumstance, the problem consisted of two 

pipes having opposite inclination angle, +90 °  and –90° , and they were 

connected by the junction as shown in Figure 3.8. 

 Two pressure difference values were calculated and compared with 

the analytical solutions under stationary vertical condition; dP #1  for the 

pressure difference at Junction #250, and dP #2 for the pressure difference 

between very top and bottom volumes. Before the modification, due to the 

misapplication of vector sign algorithm in the moving reactor model, the 
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pressure head was abnormally analyzed at the junction between pipes (Figure 

3.9-(a)). This error was accumulated and shown also in dP #2. On the other 

hand, this problem was resolved in the improved code (Figure 3.9-(b)). 

Therefore, the code modification was well conducted to enhance the 

calculation accuracy for various junction conditions. 

 

 

 

3.1.4. Verification of Coriolis acceleration model 
 

 

In this study, Coriolis acceleration was newly modeled for MULTID 

component in order to achieve multi-dimensional flow analysis capability. 

Three conceptual problems were proposed to verify whether the adopted 

model could reflect the expected physics. 

 

Rotating rectangular slab problem 

 

The first problem for Coriolis acceleration verification is a rotating 

rectangular slab which was modeled by MULTID component. The water was 

initially located in the slab center. When the slab began to rotate counter-

clockwise around one vertex, the centrifugal force made the water move 

toward the radially outward direction. The gravity was not considered in order 

to observe only the force generated by the dynamic motion. The simulation 

was conducted using the code with and without adopting Coriolis acceleration 

model. The results of void fraction distribution within the slab are shown in 

Figure 3.10. Using the previous version of code that did not consider Coriolis 
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effect, the simulation showed the water that moved completely symmetrically 

along the line in radial direction and went away from the rotation axis. After 

implementing the acceleration, the water movement became asymmetric so 

that the flow was tilted to the right-hand side of the heading direction. Its 

direction was consistent with the Coriolis force direction, and this multi-

dimensional phenomenon was also suggested by CFD simulation study (Kim 

et al., 2019). The conceptual problem clearly showed the effectiveness of the 

newly introduced acceleration. 

 

 

Y channel problem 

 

The second conceptual problem is a ‘Y channel’ problem which was 

originated from a study on centrifuge in the biochemical field (T. Brenner et 

al., 2005). Figure 3.11 illustrates the geometry of the Y channel; the main flow 

path was modeled with MULTID component, and two PIPEs (Channel 1 and 

2) were connected to the outlet with angles of ±45°. The channel was placed 

on the xy-plane and rotates on z-axis while the water flowed into the channel 

with constant velocity. Then, the rotation induced the Coriolis force in 

positive x direction and the flow rates at two outlets should become 

asymmetric. The code before modification could not simulate this effect 

resulting in the equal mass flow rate ratio at the outlets as shown in Figure 

3.12-(a). Here, the mass flow rate ratio is the property that is normalized by 

inlet mass flow rate. In the case of using the modified code in Figure 3.12-(b), 

Channel 2 had a larger mass flow rate than Channel 1 due to the activation of 

the Coriolis acceleration.  

In order to investigate the parametric effects of Coriolis force, 
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analyses with the various inlet velocity and angular velocity conditions were 

conducted. Figure 3.13-(a) shows the change of flow rate ratio at the outlets 

according to the rotation speed. When the water velocity at the inlet was fixed 

with 2.0 m/s, the asymmetric outlet flow was enlarged as the speed of rotation 

increased. At a certain angular velocity or higher, a flow switch occurred in 

which the entire flow was shifted to one side and the other brought zero flow 

rate. Meanwhile, Figure 3.13-(b) shows the other case of varying the inlet 

velocity under the constant angular velocity of 10°/s. The faster flow in the 

channel decreased the mass flow rate difference at the outlets. It suggested 

that the effect of Coriolis force could be weakened by the flow inertia coming 

from high fluid velocity. 

This parametric effect also can be explained by the Rossby number; 

a dimensionless number that shows the ratio of inertial force and Coriolis 

force. 𝑈 is a characteristic velocity where the inlet velocity is used, ℎ is a 

characteristic length or width of channel for channel flow, and 𝑓  is the 

Coriolis frequency that is twice the angular velocity 𝜔. 

 

𝑅𝑜 =
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝐶𝑜𝑟𝑖𝑜𝑙𝑖𝑠 𝑓𝑜𝑟𝑐𝑒
=

𝑈

ℎ𝑓
 (3-1) 

 

The relation between the Rossby number and the Coriolis effect is shown in 

Figure 3.14 with the calculation data coming from various problem conditions. 

When the Rossby number was small, the Coriolis force had more influence 

on flow distribution than the inertial force, causing a largely imbalanced flow 

rate. In a high Rossby number range, the inertial force in flow was dominant 

to reduce the asymmetry. The difference between two outlet flow rates 

became less than 3.5% if the Rossby number is 10 or more. 
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Drainage in rotating system problem 

 

The last conceptual problem is the drainage in the rotating system. 

The problem definition is described in Figure 3.15; The test section was a 

rectangular slab that rotated around z-axis with constant angular velocity. It 

had four inlets on the sides and one outlet at the center of the bottom where 

the atmospheric pressure condition was applied. The water with identical 

velocities at all inlets flowed into the slab full of single-phase water. Within 

the rotating system, the fluid experienced the Coriolis force and therefore the 

counter-clockwise flow was developed in the slab to be discharged via the 

outlet. Firstly, it was analyzed with MARS-KS where the mesh configuration 

and the calculation results are shown in Figure 3.16. The simulation using 

MULTID demonstrated this swirling flow clearly, whereas the straight flow 

from inlet to outlet was formed in the calculation that did not consider the 

Coriolis force term. It verified the effect of new model qualitatively. 

Since the Coriolis force is related with the velocity term in the 

momentum equations, it is hard to drive the analytical solution 

mathematically due to the non-linear velocity terms such as viscous diffusion. 

Accordingly, CFD simulation using commercial software STAR-CCM+ was 

conducted to be compared with MARS-KS results for the quantitative 

analysis. The software offers a feature that users can define the momentum 

source term for which the extra body force generated by dynamic motion is 

applied. Figure 3.18 presents two meshes used in the CFD simulation. In 

order to discover the Coriolis effect in a coarse nodalization that normally 

system TH code chooses, a very coarse mesh of 9×9×11 cells was suggested. 

It had same number of cells as MARS-KS MULTID in x- and y- direction, 

but different in z-direction. The other was a refined mesh of 91×91×15 cells 
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that could precisely demonstrate three-dimensional flow considering viscous 

effect. This mesh was selected based on mesh convergence test results. 

Comparing the velocity distributions that were extracted from the center lines 

illustrated in Figure 3.17-(a), the tests were performed on the four meshes of 

M1~M4. Except for M1 that corresponded to the coarse mesh above, the rest 

showed very similar results in both x- and y-directional velocities within 0.6% 

of discrepancy (Figure 3.17-(b)). Considering the computational cost, M3 was 

singled out to represent the refined mesh in the simulation. 

Figure 3.19 shows the velocity fields calculated by using the coarse 

mesh and refined mesh. As the inlet velocity was slow enough, a steady 

laminar flow model was used in the simulation. In order to facilitate the 

comparison, the results from CFD were volume-averaged for the volumes 

corresponding to MARS-KS nodalization. MARS-KS simulation with 

MULTID component (Figure 3.16) demonstrated comparable distribution of 

flow in the slab with both CFD results. For more detailed analysis, the volume 

averaged velocities (Figure 3.20) were analyzed along the center extraction 

line in Figure 3.17-(a). The local x and y components of velocity had very 

similar magnitudes to each other, and the accuracy of MARS-KS was 

acceptable, judging from the fact that the calculation was performed with the 

two-dimensional nodalization with big cells. It was verified that the MULTID 

component acquired the analysis ability for the multi-dimensional flow under 

the rotating motion condition, concluding that the implementation of the 

Coriolis acceleration has been successfully conducted. However, there are 

still some points further research needs to be carried out. This study has made 

the verification focused on the single-phase flow. In this regard, it is 

recommended to verify and validate the model for two-phase conditions by 

benchmarking the relevant problem or experiment.  
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3.2. Validation of moving reactor model 
 

 

3.2.1. Ship flooding experiment (Ruponen et al., 2007) 
 

 

In order to evaluate the comprehensive ability of MARS-KS moving 

reactor model, the analysis on the experiment was performed for a validation. 

The subject was a ship flooding experiment (P. Ruponen et al., 2007) which 

was carried out in the shipbuilding engineering industry. It emulated the ship 

damage accident with the box-shaped barge model in a large towing tank 

(Figure 3.21-(a)), investigating the water transfer between multiple 

compartments while the barge was gradually inclining due to the flooding 

water. The test section consisted of several sectioned rooms as shown in 

Figure 3.21-(b), where the artificial hole was made on the external wall 

according to the experimental case.  

Considering the water movement between compartments under 

inclination can be occur in the marine reactor during the accident transient, 

the experiment was proper to validate the MARS-KS moving reactor model. 

In the MARS-KS simulation, each compartment was modeled with a 

MULTID component as shown in Figure 3.22; two compartments (DB1 and 

DB2) were located on the bottom deck, four (R11, R21S, R21, and R21P) on 

the middle deck, and two (R12 and R22) on the upper deck. Two experiment 

case were analyzed by MARS-KS, one was side break case and the other was 

bottom break case. For the boundary conditions, the inclining motion of the 

ship and the water velocity at the break point were provided by SyFAP (K.S. 
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Kim, 2019). It is an in-house code for ship flooding analysis which was 

validated against the Ruponen’s experiment and showed good predictability. 

The calculation results derived from SyFAP were used because the 

experiment did not offer sufficient data regarding the condition variables. The 

input boundary conditions of MARS-KS are described in Figure 3.23 and 

Figure 3.24 for the both cases, including the rotational angle on x-axis and 

the inlet velocity.   

The first case was the progressive flooding with side wall break. 

Figure 3.25 illustrates the void fraction distribution over time calculated by 

MARS-KS. It was observed that the water coming from the break moved into 

other rooms through the opening gates under inclination condition. In Figure 

3.26, the simulation results showed good agreement with the experimental 

data of the water level in the compartments. On the other hand, the second 

case with bottom wall break were suggested in Figure 3.27 and Figure 3.28 

and the overall trends of water level change were consistent with the 

experiment. However, some transient behaviors were not perfectly captured 

with MARS-KS. In the early stage between 0~180 seconds, the water level in 

DB1 was underestimated, whereas the final level was comparable to the 

experiment. Also, the water levels in R12 and R22 were found to be calculated 

larger than the data. This was basically caused by an air pocket in the bottom 

deck which was also not accurately simulated in the other analyses performed 

by the Ruponen’s code (P. Ruponen, 2007) and SyFAP (K.S. Kim, 2019). In 

the experiment, an air pocket was formed as the flooding water trapped the 

air in the room that did not equip the vent, preventing the rise of water level 

in the relevant room. This behavior was not correctly reproduced by the ship 

flooding analysis code, and therefore the flow rate at the break point was 

calculated differently from the experiments. As the MARS-KS adopted them 
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for the boundary conditions, the total amount of water in the upper deck (R12 

and R22) was not precisely predicted.  

Nevertheless, even though MULTID utilize very coarse grids, the 

transition of water under inclination was well simulated by MARS-KS 

moving reactor model in general. It was confirmed that the model reached the 

adequate level of capability to analyze the fluid behavior under motion 

conditions.   
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Figure 3.1 BRANCH channel problem 
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(a) 

 

(b) 

Figure 3.2 Pressure difference in the channels of BRANCH problem 
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Figure 3.3 Problem conditions and mesh configurations for yawing 

rectangular slab 
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Figure 3.4 Pressure distribution in the yawing rectangular slab (Case 1) 

 

 

 

Figure 3.5 Void fraction distribution in the yawing rectangular slab (Case 2) 
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(a) 

 

(b) 

Figure 3.6 Pressure difference results of yawing rectangular slab problem 

(Case 1) 
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(a) 

 

(b) 

Figure 3.7 Pressure difference results of yawing rectangular slab problem 

(Case 2) 
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Figure 3.8 Problem definition of two vertical PIPEs 
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(a) 

 

(b) 

Figure 3.9 Pressure difference results of two vertical PIPEs problem 
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Figure 3.10 Water movement in rotating rectangular slab 
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Figure 3.11 Configuration of Y channel problem 
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(a) 

 

(b) 

Figure 3.12 Mass flow rate ratio at the outlet of Y channel 
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(a) 

 

(b) 

Figure 3.13 Mass flow rate ratio according to angular velocity and inlet 

velocity 
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Figure 3.14 Mass flow rate ratio according to Rossby number 

 

 

Figure 3.15 Problem condition and configuration of drainage in rotating 

system 
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(a) 

 

(b) 

Figure 3.16 Mesh configuration and simulation results of MARS-KS 

MULTID for drainage problem 
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(a) 

 

(b) 

Figure 3.17 Mesh convergence of CFD simulation for drainage problem 
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Figure 3.18 Coarse mesh and refined mesh for CFD simulation 

 

 

(a) 

 

(b) 

Figure 3.19 Results of CFD simulation for drainage problem 
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(a) 

 

(b) 

Figure 3.20 Comparison of velocities along the slab centerline 
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(a) 

 

(b) 

Figure 3.21 Compartment model for ship flooding experiment (Ruponen, 

2007) 
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Figure 3.22 Nodalization of the test section with MARS-KS MULTID 
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(a) 

 

(b) 

Figure 3.23 Boundary condition for side break case: Rotational angle in x 

axis and inlet velocity at the break point 
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(a) 

 

(b) 

Figure 3.24 Boundary condition for bottom break case: Rotational angle in x 

axis and inlet velocity at the break point 

 

 

0 60 120 180 240 300 360 420 480

0.0

0.5

1.0

1.5

2.0

X
 r

o
ta

ti
o

n
a

l 
a

n
g

le
 (

d
e

g
)

Time (s)

 SyFAP Simulataion

 MARS-KS Input

0 60 120 180 240 300 360 420 480

0.0

1.0

2.0

3.0

4.0

5.0

In
le

t 
V

e
lo

c
it
y
 (

m
/s

)

Time (s)

 SyFAP Simulataion

 MARS-KS Input



 

 ５９ 

 

 

 

 

 

 

 

Figure 3.25 MARS-KS results of void fraction distribution in the 

compartments (Side break case) 
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(a) 

 

(b) 

Figure 3.26 Comparison between MARS-KS results and experimental data 

(Side break case) 
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Figure 3.27 MARS-KS results of void fraction distribution in the 

compartments (Bottom break case) 
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(a) 

 

(b) 

Figure 3.28 Comparison between MARS-KS results and experimental data 

(Bottom break case) 
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Chapter 4. Application for Marine Reactor 

Safety Analysis 
 

 

4.1. Simplified gravity-driven injection system 
 

 

Various designs of offshore nuclear reactor including BANDI-60S 

(I.H. Kim et al., 2019) and OFNP-300 (J. Buongiorno et al., 2016) have 

adopted passive engineered safety feature of gravity-driven injection systems. 

When the loss of coolant accident occurs, the system supplies the coolant 

injection from the tanks or provides long-term cooling by circulated 

condensed water in the containment. It is operated by a gravitational force 

which can be changed by the ocean condition. Therefore, the marine reactor 

is required to show that the system can continuously retain its capability. 

Accordingly, in terms of preliminary analysis to identify the applicability of 

MARS-KS moving reactor model, a very simplified design of the gravity-

driven injection system was simulated. 

The configuration of the design and its nodalization are illustrated in 

Figure 4.1. Two rectangular slab shaped tanks were connected through pipe, 

and the left slab was initially half filled with water while the other one was 

empty. When the simulation was started, the water moved into the right slab 

by the gravitational force. The tank system was modeled in two ways; 1D 

modeling using PIPE components and 3D modeling using MULTID 

component. The flow rate in the connecting pipe was evaluated for three 
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motion conditions including the vertical position, inclination, and rolling 

(Figure 4.2). By comparing the results from 1D and 3D modeling, the features 

that should be considered in the marine reactor safety analysis were discussed. 

The first case was the tanks in the vertical position, which 

corresponds to the land-based reactor. As suggested in Figure 4.3, two 

modeling showed the identical flow rate in the pipe. When the tanks were 

inclined at −30° , the water was drained faster than the vertical condition 

because the gravitational head was increased between two slabs, and the 

overall trend was predicted similarly in both models (Figure 4.4-(a)). 

However, the difference was observed when the flow rate changed rapidly. 

When the water level in the left slab was lowered, the bottom large cell of the 

left slab modeled with PIPE became to have a two-phase mixture as shown 

in Figure 4.4-(b), while the fluid still existed as a single-phase in the cell of 

MULTID where the pipe was attached. It caused the earlier decrease of flow 

rate in 1D modeling near t=50s due to the increased pressure drop in the 

bottom PIPE cell. In the 3D modeling, the multiple nodes in lateral direction 

could accurately reproduce the vertical stratification in the slab. 

Lastly, the rolling motion was imposed with the 30° amplitude and 

10s period. It generated a periodic oscillation of the flow rate as shown in 

Figure 4.5-(a). The amplitudes of oscillation calculated by two models 

appeared to be different at the end of drainage (t =150~300s). When the tanks 

were tilted to the −30° side during the rolling, water in the right slab was 

spilled over making the reverse flow in the connecting pipe (Figure 4.5-(b)). 

This fluid behavior occurred only in the 3D modeling where the phase 

separation in the tank could be well simulated.  

Summing the analysis results of simplified gravity-driven safety 

injection system, the overall transient of the fluid movement was predictable 
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with the one-dimensional modeling. However, in order to simulate the local 

phenomena, the multi-dimensional modeling could be appropriate. Therefore, 

both modeling schemes should be considered in the safety analysis of marine 

reactor under ocean environment.  
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4.2. Safety analysis on floating reactor under motion 

condition 
 

 

4.2.1. Overview of offshore floating reactor, BANDI-60S 
 

 

BANDI-60S (I.H. Kim et al., 2019) is a Small Modular Reactor 

(SMR) being developed by KEPCO E&C. It is Pressurized Water Reactor 

(PWR) type with 60MWe power and designed to be constructed on an 

offshore floating nuclear power plant. The detailed characteristics of the 

reactor are proposed in the Table 4.1 and the configuration of the reactor is 

shown in Figure 4.6. The reactor has two U-tube recirculation type Steam 

Generators (SG) and each loop is equipped with a Reactor Coolant Pump 

(RCP) for the forced circulation in the Reactor Coolant System (RCS). The 

pressurizer (PZR) is integrated into the upper head of the Reactor Pressure 

Vessel (RPV). (I.H. Kim et al., 2019) 

Several studies have been conducted to establish the reactor design 

and evaluate the reactor safety under Small Break Loss of Coolant Accident 

(SB-LOCA) conditions (I.H. Kim et al., 2019, J.J Kim et al., 2021). Since 

they performed the fundamental analyses without considering the moving 

platform, this study addressed how the dynamic motion can affect the 

thermal-hydraulics in the reactor system using MARS-KS moving reactor 

model. The contents will be followed in Section 4.2.2~4.2.4 with the steady 

state analysis on the normal operation and transient analysis on the SB-LOCA 

accident.   
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Passive safety systems of BANDI-60S 

 

 BANDI-60S adopts various passive safety features which are 

operated relying on the natural forces and battery power (J.J Kim et al., 2021). 

The systems are illustrated in Figure 4.7. 

 The Passive Safety Injection System (PSIS) supplies the water 

inventory to the RCS during the loss of coolant accident. It employs two types 

of tank, Core Makeup Tank (CMT) and Emergency Core Cooling Tank 

(ECCT). CMTs are pressurized by the RCS pressure through the Pressure 

Balance Line (PBL) which is connected to the head of RPV. In the case of 

ECCTs, the top of the tanks are opened to the containment atmosphere. 

Therefore, CMTs are utilized under relatively higher pressure and ECCTs can 

be operable after them. They compose two trains of injection line and provide 

safety injection water to the reactor core via Direct Vessel Injection (DVI) 

nozzles. The system also includes the valves; four Reactor Vent Valves (RVV) 

are located on the top of RPV for the rapid depressurization of the RCS in the 

emergency. There are also four of Reactor Recirculation Valves (RRV) that 

are attached on the side wall of RPV in the same elevation with DVI nozzles. 

The valves are opened to circulate the water gathered in the containment with 

the natural circulation, providing long-term cooling for the core. 

 The Passive Containment Cooling System (PCCS) consists of the 

tanks that are in contact with the containment metal wall. The Ultimate heat 

sink and Refueling Water Tank (URWT) and Containment Vessel Head (CVH) 

cooling jacket are placed around the containment vessel. These large tanks 

remove the energy from the containment by heat transfer through the metal 

wall.  
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 The Passive Residual Heat Removal System (PRHRS) is the loop to 

remove the decay heat after the reactor trip. During the non-LOCA accident, 

the steam generated from SGs condensed in the heat exchangers that are 

submerged in the URWT. By gravitational force, the condensed water returns 

to the SGs. (J.J Kim et al., 2021) 

 

 

MARS-KS Nodalization 

 

MARS-KS nodalization of BANDI-60S are presented in Figure 4.8, 

including the Nuclear Steam Supply System (NSSS), passive safety systems, 

and containment vessel. The input data was developed and provided by 

KEPCO E&C.  

The nodalization of RPV adopted both one- and multi-dimensional 

modeling which was discussed in the previous Section 4.1. The reactor core, 

downcomer and upper annulus region in the RPV was modeled as equally 

divided four sections in order to analyze the ocean motion effect on the local 

phenomena. Especially in the core, it was assumed that the average channels 

and hot channels were in symmetric positions as shown in Figure 4.9. Other 

components and the systems such as steam generators, safety injection 

systems, and containments consisted of one-dimensional nodes. Main 

feedwater lines and the turbines were set as boundary conditions.  

The metal wall of the containment vessel was modeled with the heat 

structures contacted with the tanks of PCCS to simulate the passive heat 

removal feature. RVVs and RRVs were connected to the containment 

volumes with the valve closed in a normal state. The containment was filled 

with air of atmospheric pressure and room temperature. The PRHRS were not 
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considered in this study because the system was not used in the normal 

operation and the heat removal through the SG’s steam was weak under the 

LOCA situation.  
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4.2.2. Steady state analysis for normal operation 
 

 

In this section, the steady state analysis for the normal operation was 

conducted before to simulate the reactor accident transient. The mass flow 

rate and coolant temperature were evaluated at the hot and cold legs (HL and 

CL), and core inlet and outlet. Based on the analysis results of the vertical 

condition, the difference caused by dynamic motion was observed when the 

inclination and rolling motion were imposed. 

 

Normal operation under vertical condition and +30° inclined condition 

 

To figure out the effect of inclination on the normally operating 

reactor, the analysis results were compared for the vertical condition results. 

When the reactor was fixed in vertical position, the temperature and mass 

flow distribution in the RCS were perfectly symmetry. Under the +30 degrees 

inclination, however, the HL#1 and CL#1 showed higher mass flow rate than 

the other (Figure 4.10). This was because the circulation head in this loop was 

increased as the SG#1 became located higher than SG#2 due to the inclination. 

The RCPs and in each loop provided forced circulation, and therefore the 

difference was very small within 0.37%. Meanwhile, the temperatures in both 

hot legs were identical since the coolant just came out of the core. As two SGs 

had same heat removal performance, the temperature drop was smaller in 

SG#1 where the flow of coolant was faster and it resulted in a little higher 

temperature in CL#1.  

The coolant entered the core with the uniform mass flow rate and 
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temperature even if the reactor was titled as shown in Figure 4.11. At the 

outlet, however, it was found that bigger mass flow rate was formed in the 

down side core, Core#3. Since the inclination made the Core#3 have the 

largest height difference from the SGs which were heat sink, the circulation 

head got increased. The discrepancy between Core#1 and #3 was more than 

6%. The temperature was low in the channel where the flow rate was large 

because the core channels had same amount of heat generation, but the 

difference was insignificant. 

 

 

Normal operation under rolling condition 

 

 Normal operation of the reactor was also simulated under the rolling 

motion of 30° amplitude and 15s period. By the rolling effect, the mass flow 

rate and temperature in the reactor oscillated. Figure 4.12 and Figure 4.13 

show that the loop circulation mass flow rate was depended on the inclined 

angle at the time. Larger flow rate was produced in the hot and cold leg where 

the SG reached the upper side, but the amplitude of oscillation was very small 

within 0.33% of the averaged value due to the forced circulation condition. 

This result corresponded with the inclination case. While the temperature in 

the hot leg was rarely affected by the rolling, the cold leg temperature 

fluctuated but still the amplitude was trivial of 0.04%, However, the phase of 

oscillation was not match with the trend that was found under inclination 

condition. The phase was reversed and this was because of the lag between 

flow and rotation of reactor. It took time for the fluid in the SG U-tubes to 

arrive at cold leg. While the fluid was moving to the cold leg, the reactor 

rotated to the other side as shown in Figure 4.14.  
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Otherwise in the reactor core, the temperature and the mass flow rate 

oscillated with small amplitudes at the inlet, but the amplitude became larger 

at the outlet (Figure 4.15 and Figure 4.16). The change of the flow rate and 

temperature was also coincided with the previous simulation of inclination 

condition. During the reactor was tiled to right and left, it showed large mass 

flow rate and low temperature at the lower side core channel. Nonetheless, 

the variation was not significant as the amplitude was 4.0% in the mass flow 

rate and 0.1% in the temperature. 
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4.2.3. Transient analysis for DVI break SB-LOCA 
 

 

 In this section, Small Break Loss of Coolant Accident (SB-LOCA) 

with the guillotine break of DVI line was analyzed under vertical, inclined, 

and rolling condition. The reactor has two trains of DVI line for the safety 

injection, and the injection line of the diameter of 3 inches in train #1 was set 

to be broken in this simulation. It was assumed that three RRVs and three 

RVVs failed to be open and therefore one of each was available. The 

calculation was conducted for 72 hours (=259,200 seconds) after the accident 

initiated.  

 Event sequence of the accident is shown in Table 4.2 with the signal 

logic. The break occurs at 0.0s and the Loss of Offsite Power (LOOP) takes 

place simultaneously. As the coolant is flowing out through the break, the 

pressure in the primary system drops trigger the pressure signal. With the 

delay of 2.0s after the signal, reactor and turbine is tripped and the Main 

Steam Line (MSL) is isolated with the Main Steam line Isolation Valve 

(MSIV) and Main Feedwater line Isolation Valve (MFIV) closed. At the same 

time, the Safety Injection Signal (S-signal) is generated to actuate the coolant 

injection from CMTs. Reactor coolant pump is tripped after the 6.0s from the 

S-signal. If the pressure goes down under the 2 MPa or the CMT water level 

gets low, the ECCT injection is started. When the all of CMTs are lack of 

inventory under the 30%, the vent valve is opened to depressurize the RCS. 

The lost coolants and the condensed steam are gathered in the containment. 

When the containment level reaches the certain level and the every ECCT 

level goes under the 66.7%, the recirculation valve is opened so that the 
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gathered coolant can cool down the reactor by natural circulation.  

 

 

DVI break SB-LOCA under vertical condition 

 

 For the first case, the accident analysis was performed for the reactor 

in vertical position as the normal land-based reactor. Table 4.3 shows timeline 

of the event. When the DVI in train #1 broke at 0.0s, the pressure in RCS 

decrease while the containment was pressurized by discharged coolant and 

steam (Figure 4.17). After the opening of RVV at 463s, there were sudden 

pressure drop of RCS to be equalized with the containment pressure. As the 

coolant in the U-tubes were lost through break side and the steam line was 

isolated, pressure in SG secondary side also decreased (Figure 4.18). The 

pressure in SGs was higher than the RCS, so the SGs worked as the heat 

source to the RCS.  

The peak cladding temperature in four core channels dropped rapidly 

in the early stage of the accident and converged to the low temperature around 

415 K (Figure 4.19). The collapsed water level in the reactor core recovered 

to the certain level by the safety injection (Figure 4.20). It was measured by 

converting the void fraction; therefore, the level was maintained slightly 

under 2.0m due to the boiling in the core. 

 The safety injection water in CMT was released at 10 seconds after 

the accident occurs. The break side CMT drained out very fast through the 

break line, while the intact side CMT kept its injection for about 700 s (Figure 

4.21). Since the break side CMT water level ran out first, the ECCT at the 

break side was activated earlier than the other. The safety injection from 

ECCTs lasted about 5 hours (Figure 4.22). The recirculation valve was opened 
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at around 3228 s after the containment water level reached a sufficient height. 

The amount of recirculation was evaluated with the mass flow rate from the 

RVV, regarding that some water flowing into the RRV escaped through the 

break line. The actual circulating water passed the core and became steam to 

be released through the RVV. Given that the steam venting through the RRV 

was maintained for a long time (Figure 4.23), the recirculation for long-term 

cooling of the core was taking place well. The water level in the containment 

retained higher level than the DVI and RRV elevation with the recirculation 

to the reactor (Figure 4.24).  

 

 

DVI break SB-LOCA under +30° inclined condition 

 

 The DVI break SB-LOCA was simulated under the +30° inclination 

condition. As shown in Figure 4.25, the break DVI line was located on the 

upper side vessel when the reactor was inclined with positive angle. The 

timeline of the event is described in Table 4.4. 

 The loss of coolant from DVI made the RCS depressurized and the 

containment pressurized (Figure 4.26). The transient was similar to the 

vertical case, while the opening time of RVV was delayed than the vertical 

case. However, the pressure in the SG secondary system showed very 

different behavior under the inclination (Figure 4.27). The pressure of SG#2, 

which was located in the lower side by inclination, did not decrease for a long 

period. As the reactor was tilted into the SG#2 side, coolant was trapped in 

the hot leg elbow forming the loop seal that block the flow through the SG#2 

U-tube (Figure 4.28). It prevented heat transfer resulting in high pressure 

which was maintained until the water accumulated in the elbow gradually 



 

 ７６ 

evaporated and eliminated. 

 The temperature in the reactor core also showed similar result with 

the vertical case (Figure 4.29). The temperatures reached about 412 K at the 

end of the calculation. The collapsed water level appeared different according 

to the location (Figure 4.30). As the Core #1 was placed at the bottom by 

inclination, the water level became lowest in the channel. Despite of water 

level difference, the peak cladding temperature was found to be uniform over 

the four core channels. 

 CMT in the break side was discharged rapidly, whereas the intact side 

CMT drained slowly compared to the vertical condition result (Figure 4.31). 

As the CMT#2 of intact side located lower than the RPV, the gravitational 

head for safety injection was reduced. Therefore, some portion of CMT 

inventory did not injected in the RPV and left in the tank. The slow drainage 

of CMT generated the late RVV open signal. The similar behavior also 

happened in the ECCTs, delaying the signal for recirculation (Figure 4.32). 

The overall recirculation flow was diminished since the natural circulation 

head was decreased by the inclination (Figure 4.33), while similar amount of 

coolant was accumulated in the containment as in the vertical case (Figure 

4.34). 

 

 

DVI break SB-LOCA under −30° inclined condition 

 

 When the reactor was inclined in −30°, the break DVI line became to 

be located on the downward side of the vessel as shown in Figure 4.25. To 

address the effect of relative position of the break, accident analysis under the 
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−30° inclination was conducted. The event timeline is shown in Table 4.5. 

 The pressure transient in RCS and CV was similar to the vertical case 

with the vent valve open at 460s (Figure 4.35). Pressure in both SG secondary 

side was rapidly decreased as the loop seal was not formed. The coolant in 

the lower side SG U-tube was discharged through the break point in an instant 

after the accident was initiated (Figure 4.36). 

 Meanwhile, the peak cladding temperature showed very different 

consequences compared to other cases. As the break point was located on the 

downward side, a larger amount of coolant was discharged from the RPV 

through the DVI line. It caused the temporarily uncover of the core at the 

early stage of the accident and the collapse water level got very low (Figure 

4.37 and Figure 4.39). Accordingly, a sudden increase occurred in the core 

temperature making a high peak (Figure 4.38). The Core #3 in the upper side 

showed the highest peak cladding temperature due to the lowest water level. 

This behavior was not observed in the vertical case, proposing that the 

dynamic motion could significantly influence the LOCA transient according 

to the location of the break point. The peak cladding temperature in all four 

core channels eventually converged into 439K, which was relative higher than 

the vertical or +30° inclination case. 

 All water in the CMT #1 on the break side was discharged by the 

pressure difference at the broken line, while the CMT #2 was located higher 

than the RPV to be entirely drained by the head difference (Figure 4.40). 

Although the ECCT #1 was connected to the broken DVI line, the amount of 

water left in the tank was more than the ECCT#2 (Figure 4.41). This was 

because the RCS pressure was decreased so that all water was not drawn out 

through the break point when the ECCTs were activated, and the tank had 

reduced gravitational head by the inclination. Like the +30° inclination case, 
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the recirculation flow rate was decreased compared to the vertical case 

(Figure 4.42), and a constant water level was retained within the containment 

during the recirculation stage (Figure 4.43).  

 

 

DVI break SB-LOCA under rolling condition 

 

 The last motion condition was rolling with 20° amplitude and 15s 

period. The bottom part of the reactor was set as a rotation center as shown in 

Figure 4.25, and Table 4.6 presents the timeline of the accident under rolling. 

 The pressure in the RCS and containment behaved similar to the 

vertical case with the RVV opening at 462s (Figure 4.44). The SG pressure 

showed the gradual decrease as the rolling motion of the reactor prevented 

the loop seal appearance in the elbow leg (Figure 4.45). The core temperature 

was also decreased after the break occur, without forming the high peak 

temperature (Figure 4.46). It implied that the rolling had small effect on the 

LOCA transient than the inclination. The collapsed water level of the core 

was dropped at the beginning of the accident, but recovered in a short time. 

The level in each core was fluctuated by the rolling (Figure 4.47). 

 The discharge of the CMTs showed no difference with the vertical 

case, where the end time of injection was almost same (Figure 4.48). On the 

other hand, the coolant in ECCT was release with faster speed than the 

vertical case (Figure 4.49). The shaking motion of the reactor facilitated the 

safety injection water to move from the tanks into the RPV, continuously 

changing the gravitational head. Consistent recirculation flow was formed 

through the core generating similar amount of steam compared to vertical 

case (Figure 4.50). Its mass flow rate was observed to oscillate by the rolling 
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condition, and the water inventory in the containment kept a sufficient level 

to provide the driving force for recirculation (Figure 4.51). 
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4.2.4. Transient analysis for DVI break SB-LOCA with upper 

DVI/RRV design 
 

 

 In the Section 4.2.3, it has been addressed that the -30° inclination 

can cause a big difference in the reactor transient under the LOCA condition. 

As the DVI lines were designed close to the core to reserve the sufficient head 

for the recirculation, it was easy to drain the coolant out when the one of DVI 

line was broken in the inclined reactor. The big amount of coolant loss can 

lead to sudden uncover of core producing high peak of cladding temperature. 

Therefore, in order to enhance the reactor safety under the ocean condition, 

the various design for DVI would be considered. In this section, upper 

DVI/RRV design was introduced to investigate how DVI/RRV elevation 

influence the accident transient under the motion condition. In the new design, 

the elevation of the DVI and RRV line was adjusted by raising 0.5m from the 

original design as presented in Figure 4.52. The analysis was conducted for 

DVI break SB-LOCA with the same conditions and assumptions suggested in 

the previous section. 

 The results of the peak cladding temperature and collapsed water 

level in the reactor core are shown in Figure 4.53 and Figure 4.54. The water 

level in the Core #3, where the lowest level took place, was increased 

compared to the original DVI design case. It indicated that the less coolant 

was released through the break in upper DVI, and therefore the water level 

was restored in an earlier phase. The fast quenching in the core reduced the 

peak temperature. The maximum peak cladding temperature was decreased 

for 90K than the original DVI design case. Figure 4.55 and Figure 4.56 
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suggested that a similar amount of water maintains in the containment, but 

the recirculation flow rate was reduced. By design change, DVI and RRV 

became close to the containment water surface and the driving head that make 

water enter the valve was weakened. 

 The analysis results suggested that the optimization for the DVI 

elevation is required. When the elevation is low and close to the core, there is 

the risk of a large amount of coolant being discharged during the LOCA under 

the inclination. On the other hand, while the high DVI elevation can mitigate 

the rise of core temperature, it can also impede the recirculation for a long-

term cooling. Thus, the evaluation for the diverse design should be considered 

during the marine reactor development, and MARS-KS moving reactor model 

showed its ability for the reactor safety analysis. 
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Figure 4.1 Configuration and nodalization of simplified gravity-driven 

injection tank 
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Figure 4.2 Imposed motion condition (Vertical position, inclination, and 

rolling) 

 

 

Figure 4.3 Mass flow rate in pipe (Vertical position) 
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(a) 

 

(b) 

Figure 4.4 Mass flow rate in pipe and void fraction distribution (Inclination) 

 

 

 

 

0 50 100 150 200 250 300

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50
F

lo
w

 R
a
te

 (
k
g
/s

)

Time (s)

 1D PIPE Modeling

 MULTID Modeling



 

 ８５ 

 

 

 

(a) 

 

(b) 

Figure 4.5 Mass flow rate in pipe and void fraction distribution (Rolling) 
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Figure 4.6 Configuration of a floating reactor BANDI-60s (I.H. Kim et al., 

2019) 

 

 

Figure 4.7 Passive safety systems of BANDI-60S (J.J. Kim et al., 2021) 
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Figure 4.8 MARS-KS nodalization of BANDI-60S (김정주, 2021, J.J. Kim et al., 2021) 
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Figure 4.9 Multi-dimensional modelling for the reactor core 
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(a) 

 

(b) 

Figure 4.10 Temperature and mass flow rate at hot and cold leg (Vertical 

condition and inclination) 
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(a) 

 

(b) 

Figure 4.11 Temperature and mass flow rate at core inlet and outlet (Vertical 

condition and inclination) 
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Figure 4.12 Temperature and mass flow rate at hot leg (rolling condition) 
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Figure 4.13 Temperature and mass flow rate at cold leg (rolling condition) 

 

 

Figure 4.14 Movement of hot fluid in SG while the reactor is rolling 
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Figure 4.15 Temperature and mass flow rate at core inlet under rolling 

condition 
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Figure 4.16 Temperature and mass flow rate at core outlet under rolling 

condition 
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Figure 4.17 Accident transient under vertical condition: Pressure of RCS 

and containment  
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Figure 4.18 Accident transient under vertical condition: Pressure of SG 

secondary side  
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Figure 4.19 Accident transient under vertical condition: Peak cladding 

temperature 
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Figure 4.20 Accident transient under vertical condition: Collapsed water 

level in reactor core 
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Figure 4.21 Accident transient under vertical condition: CMT water level 

 

 

Figure 4.22 Accident transient under vertical condition: ECCT water level 
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Figure 4.23 Accident transient under vertical condition: Recirculation mass 

flow rate 

 

  

Figure 4.24 Accident transient under vertical condition: Containment water 

level 
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Figure 4.25 Configuration of the reactor under the inclination and rolling 
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Figure 4.26 Accident transient under +30◦ inclination: Pressure of RCS and 

containment  
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Figure 4.27 Accident transient under +30◦ inclination: Pressure of SG 

secondary system 

 

 

Figure 4.28 Accident transient under +30◦ inclination: Void fraction 

distribution in the RCS (t=32,900 s) 
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Figure 4.29 Accident transient under +30◦ inclination: Peak cladding 

temperature 
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Figure 4.30 Accident transient under +30◦ inclination: Collapsed water 

level in reactor core 
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Figure 4.31 Accident transient under +30◦ inclination: CMT water level 

 

 

Figure 4.32 Accident transient under +30◦ inclination: ECCT water level 
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Figure 4.33 Accident transient under +30◦ inclination: Recirculation mass 

flow rate 

 

 

Figure 4.34 Accident transient under +30◦ inclination: Containment water 

level 
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Figure 4.35 Accident transient under −30◦ inclination: Pressure of RCS and 

containment 
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Figure 4.36 Accident transient under −30◦ inclination: Pressure of SG 

secondary side 

 

 

Figure 4.37 Accident transient under −30◦ inclination: Void fraction 

distribution in the RCS (t=190 s) 
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Figure 4.38 Accident transient under −30◦ inclination: Peak cladding 

temperature 
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Figure 4.39 Accident transient under −30◦ inclination: Collapsed water 

level in reactor core 
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Figure 4.40 Accident transient under −30◦ inclination: CMT water level 

 

 

Figure 4.41 Accident transient under −30◦ inclination: ECCT water level 
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Figure 4.42 Accident transient under −30◦ inclination: Recirculation mass 

flow rate 

 

Figure 4.43 Accident transient under −30◦ inclination: Containment water 

level 
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Figure 4.44 Accident transient under rolling: Pressure of RCS and 

containment 
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Figure 4.45 Accident transient under rolling: Pressure of SG secondary side 
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Figure 4.46 Accident transient under rolling: Peak cladding temperature 
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Figure 4.47 Accident transient under rolling: Collapsed water level in 

reactor core 
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Figure 4.48 Accident transient under rolling: CMT water level 

 

 

Figure 4.49 Accident transient under rolling: ECCT water level 
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Figure 4.50 Accident transient under rolling: Recirculation mass flow rate 

 

 

Figure 4.51 Accident transient under rolling: Containment water level 
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Figure 4.52 Upper DVI / RRV design configuration 
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Figure 4.53 Accident transient for upper DVI design: Peak cladding 

temperature 

 

 

Figure 4.54 Accident transient for upper DVI design: Collapsed water level 

in reactor core 
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Figure 4.55 Accident transient for upper DVI design: Recirculation mass 

flow rate 

 

 

Figure 4.56 Accident transient for upper DVI design: Containment water 

level 
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Table 4.1 Design features of BANDI-60S (I.H. Kim et al., 2019) 

Parameter of the reactor Value 

Reactor type PWR 

Coolant / moderator Water 

Thermal / electrical capability 

(MWt / MWe) 
200 / 60 

Primary circulation Forced circulation 

System pressure (MPa) 15 

Fuel type / assembly array UO2 / 17Χ17 square 

Fuel enrichment (%) < 5 

Fuel cycle (months) 48 ~ 60 

Steam generator type Recirculation U-tube 

Steam pressure (MPa) 6 

Design life (years) 60 

Features 

− In-vessel CEDM 

− Top-mounted ICI 

− Boron-free operation 

− Integrated PZR 
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Table 4.2 The signal logic of the reactor and safety system 

Event Signal Logic 

DVI line break Initiate at 0.0s 

Loss of offsite power 

(LOOP) Coincidence with the break 

Reactor trip 2.0s delay  

from PZR lower pressure signal (<12.4795 MPa) 

Turbine trip Activate by reactor trip signal 

Main Steam Line 

(MSL) isolation Activate by turbine trip signal 

Safety injection signal 2.0s delay  

from PZR lower pressure signal (<12.4795 MPa) 

CMT open 2.0s delay  

from PZR lower pressure signal (<12.4795 MPa) 

RCP trip 6.0s delay from safety injection signal 

ECCT open 
Vessel pressure < 2 Mpa 
OR 
CMT level < 20% 

RVV open Every CMT level < 30% 

RRV open 
Containment level > 27.35% 
AND 
Every ECCT level <66.7% 
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Table 4.3 Timeline of DVI break SB-LOCA under vertical condition 

Time (s) Event 

0.0 
DVI line break 
Loss of offsite power (LOOP) 

10.031 

Reactor trip 
Turbine trip 
Main Steam Line (MSL) isolation 

10.028 
Safety injection signal 

CMT open 

16.029 RCP trip 

67.686 ECCT #1 open 

351.598 ECCT #2 open 

462.788 RVV open 

3228.619 RRV open 
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Table 4.4 Timeline of DVI break SB-LOCA under +30° inclination 

Time (s) Event 

0.0 
DVI line break 
Loss of offsite power (LOOP) 

9.827 

Reactor trip 
Turbine trip 
Main Steam Line (MSL) isolation 

9.824 
Safety injection signal 

CMT open 

15.824 RCP trip 

67.467 ECCT #1 open 

326.863 ECCT #2 open 

566.064 RVV open 

4149.249 RRV open 

 

 

 

 

 

 

 

 

 

 

 

 



 

 １２７ 

 

Table 4.5 Timeline of DVI break SB-LOCA under −30° inclination 

Time (s) Event 

0.0 
DVI line break 
Loss of offsite power (LOOP) 

10.082 

Reactor trip 
Turbine trip 
Main Steam Line (MSL) isolation 

10.079 
Safety injection signal 

CMT open 

16.081 RCP trip 

67.836 ECCT #1 open 

336.11 ECCT #2 open 

460.155 RVV open 

3251.083 RRV open 

 

 

 

 

 

 

 

 

 

 

 

 



 

 １２８ 

 

Table 4.6 Timeline of DVI break SB-LOCA under rolling (A=20°, T=15s) 

Time (s) Event 

0.0 
DVI line break 
Loss of offsite power (LOOP) 

10.057 

Reactor trip 
Turbine trip 
Main Steam Line (MSL) isolation 

10.056 
Safety injection signal 

CMT open 

16.056 RCP trip 

67.580 ECCT #1 open 

348.398 ECCT #2 open 

461.562 RVV open 

2954.449 RRV open 
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Chapter 5. Conclusions 
 

 

 

 

System thermal-hydraulic analysis code MARS-KS has special 

model called moving reactor model to evaluate the safety of a marine reactor. 

The goal of this study was to develop and improve the moving reactor model 

that is applicable for various components including one-dimensional and 

multi-dimensional components and finally to establish the capability for the 

marine reactor safety analysis. In order to accomplish them, this study 

implemented the following advanced code features; firstly, the model 

changed the method to handle the volume connection vectors so that the 

component consisting of multiple junctions can be used within the model. 

Also, the vector sign algorithm and flow regime map determination scheme 

were updated considering diverse modeling circumstances. To improve the 

model accuracy, the pressure head calculation adopted advanced numerical 

integral method reflecting the feature of external forces, and the user-supplied 

table updated the formula to calculate the motion conditions. Lastly, the 

model became able to analyze multi-dimensional flow effect in MULTID 

component by adopting Coriolis acceleration in the governing equation. 

 The improved moving reactor model was verified for the conceptual 

problems. The problems comprising the BRANCH, two vertical PIPEs, 

ununiform sized volume modeling were proposed and analyzed to examine 

the code modifications in details. Especially for the Coriolis force model, not 



 

 １３０ 

only the analyses on the conceptual problems but also the CFD simulation 

were performed to show the quantitative accuracy of the model in the single-

phase flow condition. For the validation of the model, the ship flooding 

experiment was simulated. The code demonstrated its applicability to 

simulate the fluid movement across the compartments under inclining 

condition. These verifications and validations concluded that improvements 

for the moving reactor model were successful. 

 Using the advanced MARS-KS moving reactor model, the thermal-

hydraulic analysis on the practical marine reactor was conducted. As a 

preliminary investigation, the simplified gravity-driven injection tank was 

simulated with the model first, proposing that multi-dimensional modeling 

should be considered in the marine reactor analysis in order to address the 

local thermal-hydraulic behaviors. Accordingly, the safety analysis on the 

floating reactor, BANDI-60S, was conducted under ocean conditions with 

modeling some components in RPV such as the core to have multi-

dimensional features. When the reactor was in the normal operation, the 

distribution of the temperature and mass flow rate in the reactor was rarely 

affected by the dynamic motion since the pumps generated the force 

circulation. On the other hand, the reactor under DVI line break loss of 

coolant accident showed very different transients according to the motion 

condition. The core temperature increased significantly when the coolant was 

heavily lost by the inclination, while the rolling motion had small impact on 

the reactor. Additionally, new design with adjusted DVI height was simulated 

emphasizing that the upper DVI elevation could mitigate the accident 

outcome under the inclined motion. In conclusion, it has been confirmed that 

the MARS-KS moving reactor acquire the capability to perform the reactor 

system thermal-hydraulic analysis under the ocean condition. This study has 
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successfully extended the moving reactor model, and it is expected the model 

to be a valid method that can used in marine reactor design and the reactor 

safety analysis. 

 For the future works, the followings are recommended; firstly, as this 

study only covers the single motion conditions in one axis, the realistic 

motion with the arbitrary reference axes is required to be demonstrated since 

the complex motion can produce other effects on the thermal-hydraulic 

behavior. Also, further verification and validation should be conducted on the 

multi-dimensional flow, especially, for the Coriolis acceleration on the two-

phase flow condition. For this, various experimental studies should be 

supported to investigate the flow characteristics within the moving system. 

Lastly, in order to take the moving reactor model to the next level, the 

thermal-hydraulic physical models and special component models that is 

developed for motion condition will be implemented in the code. The model 

update is necessary to predict complicated physical phenomena such as 

critical heat flux, frictional pressure drop, and heat transfer and to evaluate 

the reactor components including the pump, separator, and accumulator.  
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Nomenclature 
 

 

𝐴   Amplitude (° or rad for angle, m/s2 for acceleration) 

𝐴𝐾 , 𝐴𝐿  Slope of linear function 𝑓(𝑥) in K and L volume (-) 

�⃗⃗�    Acceleration vector (m/s2) 

𝐵   Body force (m/s2) 

𝐶   Coefficient of virtual mass (-) 

𝐶𝐾, 𝐶𝐿  y-intercept of linear function 𝑓(𝑥) in K and L volume (-) 

𝐹𝐼𝐺   Interphase drag coefficients (Vapor) (s-1) 

𝐹𝑊𝐺   Wall drag coefficients (Vapor) (s-1) 

f   Coriolis frequency (rad/s) 

�⃗⃗� , 𝒈   Gravitational acceleration (m/s2) 

�⃗⃗⃗�    Volume connection vector (m) 

h   Characteristic length (m) 

[𝑴]   Rotation matrix (-) 

P   Pressure (Pa) 

�⃗⃗� , 𝒑′⃗⃗  ⃗  Volume position vector before and after rotation (m)  

�⃗⃗�    Displacement vectors from the inertial reference frame  

origin to the non-inertial reference frame origin (m) 

�⃗�    Displacement vectors from the non-inertial reference frame  

origin to the volume position (m) 

𝑅𝑜   Rossby number (-) 

T, t   Period, time (s) 

𝑈   Characteristic velocity (m/s)  

�⃗⃗�    Velocity vector (m/s)  
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Greek letters 

𝛼   Volume fraction (-) 

𝛽   Angular acceleration (°/s2 or rad/s2) 

𝜌   Density (kg/m3) 

Γ   Volumetric mass exchange rate (kg/m3∙s) 

𝜃   Angle (° or rad) 

𝜇   Viscosity (kg/m∙s) 

𝜙   Phase difference (° or rad) 

�⃗⃗�    Angular velocity vector (°/s or rad/s) 

𝜔   Angular velocity (°/s or rad/s) 

 

Subscripts 

𝑐𝑒𝑛   Centrifugal 

𝑐𝑜𝑟   Coriolis 

𝑓   Liquid phase 

𝑔   Vapor phase 

𝑖   i-th time step 

𝐾, 𝐿   K and L volume 

𝑚   Mixture 

𝑚𝑜𝑡𝑖𝑜𝑛  Motion 

𝑡   Total 

𝑡𝑟𝑎𝑛   Translational 

𝑡𝑎𝑛   Tangential 

𝑥, 𝑦, 𝑧   x, y, and z direction 

0  Initial 
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국문 초록 

  

 

 최근 다양한 국가와 기관에서 탄소 중립을 위한 에너지원

으로 해양 원전을 주목하고 있다. 2018년 국제 해사 기구(IMO)에

서 선박에서 배출되는 탄소 절감을 위한 전략을 발표함에 따라, 

선박 추진을 위한 해양 원전 사용이 증대될 것으로 예상되고 있다. 

또한, 해양 부유식 원자력 발전에 대한 연구도 꾸준히 진행되고 

있다. 부유식 원전은 뛰어난 기동성을 바탕으로 오지 전력 공급 

및 해양 탐사 등에 다양하게 활용될 수 있을 것으로 기대된다. 

 해양 원전은 바다의 파도와 조류에 의해 움직이는 선박 플

랫폼 위에서 작동되기 때문에, 기존의 육상 원전 시스템과는 다른 

열수력 현상이 발생한다. 이에 따라, 해양 원자로 내 유체 거동을 

예측하기 위해서, 시스템 열수력 해석 코드는 해양 환경이 발생시

키는 외력을 반영하여 유체역학적 효과를 계산할 수 있어야 한다. 

따라서 본 연구의 목표는 MARS-KS의 동적운동모델을 개선하여 

해양 원자로 시스템에 대한 안전해석 능력을 확보하는 것이다. 

MARS-KS는 경수로 원자로에 대한 과도 해석을 수행하는 시스

템 열수력 해석 코드로, 동적운동모델이라는 특수 옵션을 통해 원

자로에 미치는 경사 및 요동의 효과를 계산할 수 있다. 이전 선행 

연구를 통해 모델 개선이 이루어졌지만, 1차원 PIPE 컴포넌트에 

초점을 맞추어 연구가 진행되어 실제 모델의 사용에는 많은 제약

이 있었다. 따라서, 본 연구에서는 다음과 같은 코드 수정을 통해 

동적운동모델을 확장하였다. 먼저, PIPE 이외의 BRANCH와 



 

 １３９ 

ANNULUS와 같은 다양한 1차원 컴포넌트를 대상으로 모델을 적

용하였다. 이를 위해 볼륨 연결 벡터의 처리 방식과 벡터 부호 계

산 알고리즘, 유동 양식 맵 결정 방법에 대한 코드 수정이 이루어

졌다. 두번째로는 코드의 해석 정확도를 높이기 위해 일부 수치 

계산법이 개선되었다. 동적운동에 의한 외력의 수학적 특징을 고

려하여 압력 수두 계산 방법을 수정하고, 사용자 입력 테이블의 

적분 방식을 변경하여 수치 오차를 최소화하였다. 마지막으로, 다

차원 컴포넌트 MULTID을 대상으로도 모델을 확장하였다. 회전 

좌표계에서의 다차원 유동 효과를 구현하기 위해, 전향력(Coriolis 

force)에 대한 가속도 모델이 MULTID 지배방정식에 추가되었다. 

 본 연구에서 수행된 동적운동모델 코드 개선에 대한 검증

을 위해 다양한 개념문제가 도입되었다. 일차원 및 다차원 컴포넌

트를 포함하는 문제를 설계하고 모델을 적용해보고자 하였다. 다

방면의 모델링 상황과 운동 조건에 대하여, 코드의 해석 결과와 

이론해의 비교를 통해 모델 성능을 확인하였다. 전향력 모델의 경

우, 전산 유체 역학 코드를 이용한 시뮬레이션을 추가로 수행하여 

정량적 평가를 진행했다. 또한, 선박 침수 실험을 대상으로 한 모

델 검증도 수행되었다. 코드를 이용해 실험을 재현한 결과, 배가 

기울어지는 상황에서 격실 간의 유체 이동이 동적모델을 통해 적

절히 예측되는 것을 확인하였다. 이러한 검증 과정을 통해 동적운

동모델의 코드 개선이 타당하게 이루어졌으며, 다양한 컴포넌트에 

적용 가능하다는 것을 증명하였다. 

 동적운동모델의 활용성을 높이기 위해 본 연구에서는 다음

과 같이 두가지 해석이 진행되었다. 첫번째는 단순화된 중력 기반 
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안전 주입 시스템이다. 동적 운동 상황에서 해당 시스템의 작동 

성능을 확인하였고, 이를 통해 해양 원자로 해석 시 일차원 및 다

차원 모델링의 필요성을 분석하였다. 두번째로는 해양 부유식 원

자로 BANDI-60S에 대한 안전해석을 수행하였다. 수직 조건, 경

사 조건, 요동 조건의 원자로를 가정하고, 정상운전 및 소형 냉각

재 상실 사고(SB-LOCA) 상황에서의 원자로 안전성을 평가했다. 

동적 운동의 영향을 고려하여 노심 등의 원자로 시스템의 일부 기

기는 다차원으로 모델링 되어 해석에 활용되었다. 정상 운전 조건

에서는 해양 환경의 영향이 미비했던 것이 반해, 사고 상황에서는 

동적 운동에 의해 원자로의 거동이 달라졌으며 특히 경사 조건의 

영향이 크게 나타났다. 또한, 경사 상황에서 파단부 높이에 따른 

사고 영향을 확인하고자, 높은 DVI 설계에 대한 해석이 추가적으

로 수행되었다. 실제 원자로 시스템에 대한 안전해석을 통해, 해양 

원전의 성능과 안전 평가를 위한 MARS-KS 동적운동모델 해석 

능력을 달성했음을 확인할 수 있었다.  

 

 

주요어: 해양 원전, 시스템 열수력 해석 코드, MARS-KS, 동적운

동모델, 검증(V&V), 다차원 유동 효과, 안전해석 
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