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a b s t r a c t

Unlike land-based nuclear power plants, a marine or floating reactor is affected by external forces due to
ocean conditions. These external forces can cause additional accelerations and affect each system and
equipment of the marine reactor. Therefore, in designing a marine reactor and evaluating its perfor-
mance and stability, a thermal hydraulic safety analysis code is necessary to consider the thermal hy-
drodynamic effects of ship motion. MARS, which is a reactor system analysis code, includes a dynamic
motion model that can simulate the thermal-hydraulic phenomena under three-dimensional motion by
calculating the body force term included in the momentum equation. In this study, it was verified that
the dynamic motion model can simulate fluid motion with reasonable accuracy using conceptual
problems. In addition, two modifications were made to the dynamic motion model; first, a user-supplied
table to simulate a realistic ship motion was implemented, and second, the flow regime map determi-
nation algorithm was improved by calculating the volume inclination information at every time step if
the dynamic motion model was activated. With these modifications, MARS could simulate the thermal-
hydraulic phenomena under ocean motion more realistically.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A marine reactor or floating reactor operates under different
conditions from land-based nuclear power plants as it is affected by
external forces generated by waves, tides, and ship maneuver.
These external forces can cause additional acceleration to the
reactor and affect each system and equipment. In particular, fluid
motion is expected to be influenced owing to the movements and
changes in important thermal hydraulic parameters. In designing a
marine reactor and evaluating its performance and safety, there-
fore, a nuclear reactor safety analysis code is necessary to consider
the thermal hydrodynamic effects of the ship motion. Marine
reactor safety analysis codes have been published andmost of them
are based on the reactor system analysis codes, RETRAN and RELAP
code series.

RETRAN-02/GRAV, an extended version of RETRAN-02, has been
developed to analyze the thermal hydraulic transient characteris-
tics of a marine reactor [1]. The momentum conservation equation
and the energy conservation equation were modified to consider

ship motions such as stationary inclination, rolling, heaving, and
three-dimensional motions. In particular, they used it to analyze
the results of the experimental voyages of the first Japanese nuclear
powered ship, N. S. Mutsu. Thereafter, with the release of RETRAN-
03, of which the prediction capability for two-phase natural cir-
culation has been enhanced from its previous version, RETRAN-03/
MOV was developed to enable thermal hydraulic analysis of a
marine reactor [2]. The body force term of themomentum equation
was modified and three-dimensional coordinate transformations
caused by rotational motions were considered. The validation was
conducted with the analysis results of the “MUTSU” by JAERI. In
addition, RETRAN-03/INT was developed by applying new models
to analyze the integral-type marine reactor such as the helical coil
steam generator model and new heat transfer correlations, and was
validated against the SMART Experimental Apparatus (SEA) test
facility [3].

The RELAP5-3D [4] code is used to model thermal hydraulics
systems that are typically stationary. Recently, a new feature was
adopted to model thermal-hydraulic systems in environments such
as planets of the universe, as well as lunar and space stations by
changing the magnitude of gravity vectors using user input values.
Its field equations have also been modified to model noninertial
thermal-hydraulic systems such as moving aircraft and sailing* Corresponding author.
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vessels. The modification of the field equations is to change the
magnitude and direction of the acceleration vector related to the
body force included in the momentum equation. In particular, it
considers the centrifugal acceleration and the Coriolis effect
generated by the rotation system.

Based on RELAP5/MOD3.3, a code improvement study was
conducted to reflect the rolling conditions [5] by modifying the
momentum conservation equations for the liquid and vapor pha-
ses, and by applying new models for fluid flow and heat transfer.
Through the validation, it was confirmed that the new models
could predict the frictional resistance and heat transfer coefficient
of the experimental data accurately. Moreover, the modified code
simulated the experimental data of the natural circulation system
under rolling conditions well [6,7].

TAPINS-M [8] was developed by reflecting the moving model in
the governing equation to simulate ship motions in the Thermal-
hydraulic Analysis Program for INtegral Reactor System (TAPINS)
[9] code for the analysis of land-based integral-type reactors. The
TAPINS-M code can perform thermal hydraulic analyses for heaving
and rolling motions, which can significantly affect the body force of
fluids in ocean conditions [10]. The validation was performed using
a MArine Reactor Moving Simulator (MARMS) experiment device
designed to study critical heat flux under rolling conditions.

MARS-KS [11] is a system-scale thermal-hydraulic analysis tool
for the regulatory purpose of land-based nuclear power plants in
Korea, and it was developed by the Korea Atomic Energy Research
Institute (KAERI) by consolidating the RELAP5/MOD3 [12] and
COBRA-TF [13]. RELAP5 is a versatile code based on one-
dimensional two-fluid formulation, which includes many com-
mon components and special process models. COBRA-TF code was
developed for reactor vessels T-H originally by the Pacific North-
west Laboratory, including the reflood heat transfers and sub-
channel analysis. It uses a two-fluid, three-field model for two-
phase flow in Cartesian or subchannel coordinates.

The MARS-KS code also incorporates a dynamic motion model
to simulate a floating or marine reactor. However, the systematic
verification and validation for the model has not been performed
hitherto, and has not been managed under the code maintenance
program. Thus, this study aimed to perform the verification of the
dynamic motion model in MARS-KS. As a part of the verification,
the mathematical formulation of the model was revisited and its
implementation was verified through conceptual problems by
comparison between the analytical solutions of the problems and
the simulation results. Furthermore, this study aimed to improve
the model necessary for a more realistic simulation of a floating/
marine reactor from the investigation of the model. Two features of
the code were found to require improvement from the verification,
and follow-up modifications were performed. This paper in-
troduces the dynamic motion model in MARS-KS, and presents the
model verification results and the improvement realized in the
present study.

2. Mathematical formulation of dynamic motion model

Three-dimensional movements in the ocean by the motion of
tides, waves, and ships are expressed as six degrees of freedom,
consisting of three translational motions (surging, swaying, and
heaving) and three rotational motions (rolling, pitching, and yaw-
ing), as illustrated in Fig. 1. Six degrees of freedom, in addition to
gravity, appear in the form of acceleration. Acceleration consists of
linear acceleration and rotational acceleration, and these acceler-
ations can be described as the mathematical form [4,14] in the
momentum equation as,

r

�
vu
vt

þ u,Vu
�

¼ �Vpþ V,tþ r

�
g � d2R

dt2
� 2U� u� DU

Dt
� r

�U� ðU� rÞ
�

(1)

where, r u p t, g are density, velocity of fluid, pressure, shear stress,
and gravitational acceleration, respectively. It includes four ficti-
tious accelerations as shown in Table 1 where R denotes the posi-
tion vector of non-inertial frame (rotating one) respect to inertial
one, r is the radial position vector respect to axis of rotation, andU

is the angular velocity of rotating motion. This form of governing
equation is adopted in MARS-KS including all fictitious accelera-
tions except Coriolis one in the viewpoint of Cartesian coordinates.
In the case of Coriolis acceleration, it is not considered in one-
dimensional momentum equation used in MARS-KS because it is
always perpendicular to flow direction by definition, ‘2U� u‘. In
result, the frame, centrifugal, and tangential accelerations are
modeled in the dynamic motion model in MARS-KS. These accel-
erations are summated to be used as the body force acceleration
and are required to be reflected in the momentum equation. The
detailed process are as follows.

Firstly, for the mathematical calculation of external forces, co-
ordinate transformations are required. In MARS-KS, the right-hand
coordinate system is used to mathematically represent ship motion
in three-dimensional motion, and the positive rotation of the axis is
adopted as counterclockwise from the positive direction of the axis
toward the origin. The net rotation matrix is obtained by multi-
plying three matrices representing the rotation of each axis. Thus,
the net rotation matrix of the system rotated in the order x-y-z is

Fig. 1. Six degrees of freedom of ship motions.

Table 1
Fictitious accelerations under ocean condition and their mathematical forms.

Fictitious accelerations Mathematical forms

Frame acceleration d2R
dt2

Coriolis acceleration 2U� u
Tangential acceleration DU

Dt
� r

Centrifugal acceleration U� ðU� rÞ
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given as follows.
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where qx, qy, and qz are the rotated angles (rolled, pitched, and
yawed, respectively) of each axis, as shown in Fig. 1.

This net rotation matrix can be used to obtain the final vector
position of all points rotated at a given origin. In addition, the
centrifugal and tangential forces, which are generated in each of
the three axes by rotation, are shown in Fig. 2, and the related
equations are expressed as follows:

ucx ¼ u2
x
�
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� ¼ u2
x rxðcosqxj þ sinqxkÞ; (3)

uTx ¼ uax
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where ucx;y;z are the centrifugal forces of each axis, uTx;y;z are the
tangential forces of each axis, uax;y;z are the angular accelerations of
each axis, and ux;y;z are the angular velocities of each axis. These
rotational accelerations, as in Eqs. (3)e(8), are vectors summed
with the linear acceleration of each axis and gravitational acceler-
ation to provide the net acceleration resulting from motion as
follows.
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Subsequently, the net body force acceleration can be obtained
by dot-multiplying the direction vector of the volume with the net
acceleration caused by the motion of the volume. This body force
acceleration is finally reflected in the momentum equation of
conservation equations as in Eq. (10) [12] and simulates three-
dimensional ocean motion.
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¼ �
�
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�
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�
(10)

where vg is the gas velocity, vf is the liquid velocity, rg is the gas
density, rf is the liquid density, rm is the mixture density, P is the
pressure, Bx is the body force acceleration, FWG is the gas wall drag
coefficient, FWF is the liquid wall drag coefficient, and Gg is the
volumetric vaporization rate. In this study, the body force term as
represented by ‘Bx’ in Eq. (10) is modified in accordance with the
variation of net acceleration, expressed as ‘anet ’ in Eq. (9).

3. Verification of dynamic motion model using conceptual
problems

In this section, the dynamic motion model of MARS-KS was
verified by solving the conceptual problems to confirm whether it
can predict the fluid behaviors under motion conditions with
reasonable accuracy. The conceptual problems considered both
translational and rotational motions related to the six degrees of
freedom that can occur under ocean conditions. In particular, five
conceptual problems including heaving and rolling motions were
selected, as shown in Table 2, in consideration of the marine reactor
safety. The verification of the results of the MARS code calculation
was performed quantitatively by comparing them with the
analytical solutions. For the simplification of the analyses, no wall
friction and energy loss were assumed.

3.1. Manometer in motion

Verification was performed using a manometer owing to its
simplicity in the analytical solution under rolling and translation
motions. Solving this problem can assure that the change in grav-
itational forces under motion is calculated accurately. This
manometer motion is relevant with an accident condition where
the emergency coolant is accumulated in the downcomer and flows
into the reactor core by the gravitational head. Three conceptual
problems were selected for this case considering rolling and
translation. The nodalization of the manometer for the MARS-KS
simulation is shown in Fig. 3, and the geometrical information
and motion conditions for the problems are listed in Table 2.

3.1.1. Case 1: manometer under rolling motion
The free surface in the manometer must bemaintained constant

if the rolling velocity is sufficiently small such that the acceleration
force is negligible. This results in the change in the water column
lengths accompanied with the rolling motion. The simulated
change in thewater column heights in the left and right pipes of the
manometer was compared with the expected values in the rolling
motion. The variation of the water column length is proportional to
the distance of both pipes and the amplitude of rolling motion. To
facilitate comparison with the analytic solution, the boundary
condition was set at 5 m at a certain water column length in the
manometer. The imposed angle and period of the rolling motion
were 45� and 600 s, respectively. This slow period guarantees the
restrained effect of centrifugal and tangential forces caused by
rotational motion.

During the rolling motion, the water column length of both
pipes of the manometer changes while maintaining the water level
line with respect to the reference point, as shown in Fig. 4. There-
fore, the analytical solution can be obtained by comparing the
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water level line and the water column length of both pipes of the
manometer. The calculation results of MARS are as shown in Fig. 5.
With the maximum amplitude of the rolling motion, the largest
difference between the two water column length appears at 150 s
and 450 s. The calculated value of the water column length showed
good agreement with the analytical solution within ±0.011 m
(0.22%) error.

3.1.2. Case 2: manometer under translational acceleration
If a constant acceleration is applied in the horizontal direction to

themanometer, a constant height difference in both pipes would be
maintained during the motion, as depicted in Fig. 6. The analytical
solution of the water column height difference can be calculated

from the force balance. The acceleration is decomposed into each
direction and the analytical solution [15] can be obtained after the
substitution into the equilibrium equation as follows.

Acceleration: ax ¼ 0; ay ¼ �aT ; az ¼ �g; (11)

Equilibrium equation: axdxþ aydyþ azdz ¼ 0; (12)

Height difference: z ¼ �ay
az

y (13)

The MARS calculation result is presented in Fig. 7 when the
applied acceleration is 10 m/s2. At the beginning of the motion,
oscillation appears owing to the inertia of the water. After 20 s, the
oscillation diminishes and the water level difference between two
columns remained. The column height difference was accurately
predicted with 0.6% error from the analytical value.

3.1.3. Case 3: manometer under compound dynamic motion
The previous two conceptual problems confirmed that the fluid

Table 2
Boundary condition of conceptual problems.

Parameters Manometer Closed loop Vertical pipe

Case 1 Case 2 Case 3

Length 10 m (5 m for water) 1 m (0.5 m for water) 10 m (10 m for water)
Pitch 4.5 m 1 m e

Diameter 0.254 m 0.254 m 0.254 m
Motion

condition
Rolling A ¼ 45�

T ¼ 600 s
Translation a0 ¼ 10 m/
s2

Translation a0 ¼ 10 m/s2 Rolling A ¼ 10�

T ¼ 600 s
Rolling A ¼ 180�

T ¼ 200 s
Heaving A ¼ 9.8 m/s2

T ¼ 100 s

* Rotational motion.q
�
x ¼ A sin

�2pt
T

�
* Translational motion.ay ¼ A sin

�2pt
T

�þ a0

Fig. 3. Nodalization for MARS calculation. Fig. 4. Concept to calculate water column length.

Fig. 2. Centrifugal and tangential accelerations in three axes.
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motion to the rotational and translational motions can be repro-
duced by MARS-KS with reasonable degree of accuracy. In a real-
istic ocean condition, the rotational and translational motions occur
simultaneously owing to the effects of tides and waves. Therefore,
the ability to simulate these compound motions is important for
marine reactor thermal-hydraulic analysis. The analytical solution
to the compound motion is obtained from the superposition of the
procedures in the previous two conceptual problems. The water
height difference in both pipes caused by translational motion was
added to the water height variation caused by the rotational mo-
tion. The range of thewater column height difference between both
pipes of the manometer is calculated similarly. The calculation re-
sults of the MARS code when the imposed translation and rolling
conditions are as listed in Table 2, are shown in Fig. 8, where an
error of 0.06%e2.92% occurred in this conceptual problem. There-
fore, it was concluded that the MARS code well predicts the fluid
behavior of the manometer under dynamic motion, including
rotational and translational one.

3.2. Rotating closed loop

The closed-loop rotation problemwas selected to verify that the
MARS code can simulate phase separation andwater column height

Fig. 5. Result of MARS calculation under rolling motion.

Fig. 6. Concept of calculation under translational acceleration.

Fig. 7. Water column length of left and right pipe of manometer. Fig. 8. Result of MARS calculation under the compound motion.
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changes even in hard rolling motions, in which the amplitude is
180�, i.e., the loop is overturned. The water column height variation
was confirmed by volume liquid fraction in the pipe over time. As
shown in Fig. 9, thewater level in the closed loop is well maintained
at 0.16% and 0.08% error at 90� and 180� of amplitude, and it was
verified that MARS can simulate the water movement inside the
loop owing to the rotating motion.

3.3. Vertical pipe under heaving motion

A conceptual problem under heaving motion was analyzed us-
ing the MARS-KS dynamic motion model. A single-phase water
flowed in a vertical pipe with a constant flow rate of 1 kg/s; sub-
sequently, heaving motion started in the Z-direction with an ac-
celeration of 9.8 m/s2. The information of the pipe geometry and
imposed motion conditions are summarized in Table 2. Under this
condition, the pressure variations at the inlet were compared be-
tween the calculation and analytical values. Because the imposed
acceleration variation owing to the heaving motion was a sinusoi-
dal function, the analytical solution to the pressure variation at the
inlet is as follows.

P ¼ Pa þ
	
r,h,

�
g � az,sin

2pt
T

�

(14)

where Pa is the atmospheric pressure, r is the density of water, h is
the height of the pipe, g is the acceleration of gravity, az is the
amplitude of the heaving motion, t is the current time step, and T is
the period of the heaving motion. The calculation results of the
pressure variation at the vertical pipe inlet of the MARS code are
shown in Fig. 10. As the pipe rises, the inlet pressure decreases, and
as the pipe descends, the pressure value increases. In comparison
with the analytical solution, it was confirmed that the MARS code
can simulate the heaving motion with an error within 0.5%.

4. Improvement in the dynamic motion model in MARS-KS

After the verification on the motion model in MARS-KS, it was

found that two features of the model required further improve-
ment; the first is a user-supplied table to simulate the irregular
motions that can appear in realistic ocean conditions, and the
second was the flow regime map determination procedure under
changing inclination conditions.

Fig. 9. Distribution of water in closed loop under rolling motion.

Fig. 10. Result of MARS calculation.

H.-K. Beom et al. / Nuclear Engineering and Technology 51 (2019) 1231e12401236



4.1. Implementation of user-supplied table

Twomethods can be used to input the boundary conditions that
can simulate ship motions in the dynamic motion model of the
MARS code; a sinusoidal function and a user-supplied table. The
sinusoidal function inputs the angular value of the rotational mo-
tion and the acceleration value for the translational motion, as
shown in the following equations.

Rotational motion : q
� ¼ A sin

�
2pt
T

þ f

�
þ ut þ q0; (15)

Translational motion : ax;y;z ¼ A sin
�
2pt
T

þ f

�
þ a0; (16)

where A is the amplitude of oscillation, T is the period of oscillation,
f is the phase angle for acceleration,u is the initial angular velocity,
a0 is the initial body acceleration in x=y=z-direction, and q0 is the
initial angle. The user-supplied table simulated the ship motions
through the input of the acceleration values over time, as shown in
Table 3.

In addition, it allows the user to input an arbitrary acceleration
over time although the sinusoidal function simulates a limited
shape of motion through the period and amplitude inputs. There-
fore, irregular movements such as those of the actual sea can be
simulated using this feature. However, in the dynamic motion
model in the current version of MARS-KS, only the acceleration
input environment exists for the user-supplied table, and it is not
implemented in the momentum equation. Thus, calculation pro-
cedures were added to facilitate the user-supplied table. First, the
acceleration values at the current time step are obtained by a linear
interpolation between the user-supplied table input data, ‘a’ in Eq.
(17). Second, the angular velocity and angle were calculated as in
Eqs. (18) and (19) by first-order integrationwith time. Finally, these
values are used to calculate the coordinate transformations and
body force of momentum equation.

Acceleration : a ¼ aðiþ 1Þ � a
tðiþ 1Þ � tðiÞ,ðt � tðiÞÞ þ aðiÞ; (17)

Velocity : u ¼ uþ a,dt; (18)

Angle : q ¼ qþ u,dt; (19)

where t is the current time step, aðiÞ and tðiÞ are the i-th acceler-
ation and time in the user-supplied table, respectively.

For the verification of the user-supplied table, the motion input
by the sinusoidal function was reproduced using the user-supplied
table in the conceptual problem of the manometer. The boundary
conditions of the rolling motion include an amplitude of 45�, but
the period was shortened to 12 s, as compared to Case-1 of the
conceptual problem. Further, the corresponding acceleration value
was given in MARS using the user-supplied table option. The
calculation result of the water column height variation of the left
and right pipes of the manometer using the user-supplied table
agrees well with the sinusoidal function result with a maximum

error of 1.7%, as shown in Fig. 11. Therefore, it is concluded that the
user-supplied table was implemented in the MARS code well.

To demonstrate the usefulness of the user-supplied table for a
realistic motion simulation under an oceanic condition, an appli-
cation was exemplified using the information on the acceleration
and inclination transferred from a simulation software in the
shipbuilding engineering field [16]. This software was developed to
simulate the flooding process of a damaged floater and to evaluate
the sinking probability and estimate the time of sinking. Fig. 12
shows the simulation results using the simulation software when
flooding occurs in a vessel, resulting in sinking after a certain period
of time. The simulation method includes the physical characteris-
tics of the ship, such as increased weight of incoming water,
changed center of gravity, and the buoyancy calculated at every
time step. From the result of the simulation, the shipwas irregularly
inclined by 35� on the x-axis and 5�on the y-axis owing to the
flooding for 0e113 s, respectively, and the ship sinks subsequently.
This transient of the inclination variationwas tabulated and used to
prepare the user-supplied table. The acceleration values were
calculated by time integration of the transferred information and
used as the input values of the user-supplied table.

For the demonstration, an initially vertical pipe was prepared,
with length and diameter as 10 m and 0.254 m, respectively. The
pressure was 15MPa at the outlet and the water flow rate was 1 kg/
s at the inlet. The results verification was performed by comparing
the pressure at the pipe inlet. The pressure value at the beginning of
the calculation changed according to the flooding, and reached the
expected value at a particular inclination, as shown in Fig. 13.
Hence, it is confirmed that the present improvement enabled
MARS-KS to handle irregular motions in an actual sea using the
user-supplied table, with the simulation data transferred from a
ship motion analysis software. This feature can be applied effec-
tively to the safety analysis of marine reactors in the case of acci-
dents, such as the stranding or sinking of ships.

4.2. Update of volume inclination information for flow regime map
determination

When theMARS dynamic motionmodel is used to simulate ship
motion, the inclination of the volume varies with time. In this case,
the code must reflect the change in inclination to relevant physical
models, e.g., the flow regime map. The MARS code comprises two
flow regime maps: vertical and horizontal ones. If the volume is

Table 3
User-supplied table input form.

Time (s) Angular acceleration (rad/s2) Translational acceleration (m/s2)

Rolling Pitching Yawing Surging Swaying Heaving

e e e e e e e
Fig. 11. Verification result of user-supplied table.
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inclined 0
� � jqj � 45

�
, it applies the horizontal flow regimemap; if

it is 45
�
< jqj � 90

�
, it applies the vertical flow regime map [12]. If a

horizontal pipe filled with a two-phase flow rotates by 90� and
becomes a vertical pipe, the code must handle the change in the
flow regime map from horizontal to vertical to reflect the change in
the pipe inclination. To verify that the flow regime map changes
according to the change in the pipe inclination caused by the dy-
namic motion, a conceptual problem was devised, as shown in
Fig. 14.

The geometries of this pipe are the same as those of the vertical
pipe in the example of Section 4.1; however, the inlet liquid and
steam mass flow rates were 1.0 kg/s each for two-phase flow
simulation. The calculation started with the horizontal pipe con-
dition and a steady state was achieved for the first 100 s. Subse-
quently, the pipe was rotated for 60 s to change the inclination of
the pipe from horizontal to vertical, and then the motion was
stopped. A new steady state was achieved after the rotation, and
the calculation result was compared with the stationary calculation
results obtained from the initially horizontal and vertical pipes.
Table 4 shows the flow regimes determined by MARS-KS in the
stationary cases and rotation case. In the stationary cases, the flow
regimes under the imposed flow conditions are the horizontal
stratified flow and slug flow in the horizontal and vertical pipes,
respectively. In the rotation case, the flow regime was the hori-
zontal stratified flow initially, and was supposed to become a slug
flow after the rotation. As shown in Table 4, however, the flow
regime remained as the horizontal stratified flow even after the

rotation. Accordingly, the calculated void fraction after the rotation
does not converge to the vertical pipe under stationary conditions,
as presented in Fig.15-(a). This problem arises as the currentMARS-
KS determines the flow regime map only once at the beginning of
the calculation. Therefore, even if a volume inclination change is
caused by the dynamic motion and, consequently, the other flow
regime map should be selected, it does not reflect the change in the
code calculation and continues to use the regime map determined
initially.

To address this issue, a code modification was performed. The
volume inclination information is calculated at every time step and
reflected in determining the flow regime map. To verify the
modification, the same simulation was repeated for the conceptual
problem described previously. The verification was intended to
check whether the pressure at the inlet and the void fraction at the
outlet are identical between the vertical stationary pipe and the
pipe with the initially horizontal inclination, and finally the vertical
one. In addition, a similar analysis was repeated for the initially
vertical pipe that becomes the horizontal pipe after the rotation.

The result is shown in Fig. 15. The pressure and void fraction
before the codemodification showed a large discrepancy compared
to the stationary cases when the pipe inclination becomes vertical
from horizontal (Fig. 15-(a)). The void fraction is significantly
influenced by the flow regime and it contributes to the pressure
calculation results. In the other case (vertical to horizontal), the
void fraction showed a significant difference from the stationary
horizontal case but the pressure showed reasonable convergence
even without the modification (Fig. 15-(b)). This is because the
pressure drop in the horizontal pipe is insignificantly affected by
the void fraction as the hydraulic head becomes inactive. The
pressure drop can be influenced by wall and interfacial friction
forces as the void fraction changes but the wall friction was not
considered in the present simulation in order to investigate the
hydraulic head effect and the magnitude of interfacial friction is
relatively small compared with the hydraulic head in the vertical
condition. This is why the pressure transition after the rotation

Fig. 12. Simulation result of flooded ship [14].

Fig. 13. Result of MARS calculation using user-supplied table.

Fig. 14. Two-phase flow conceptual problem.

Table 4
Result of flow regime change.

Flow regime Stationary state Horizontal / Vertical

Flow regime of horizontal pipe HST HST
Flow regime of vertical pipe SLG HST

* HST: Horizontal Stratified flow, SLG: Slug Flow.
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showed reasonable convergence even before the modification. Af-
ter the modification, the void fraction results in the rotation cases
converged to the stationary cases, as expected. In addition, the
results of this improvement were applied to other flow conditions
such as bubbly, slug, and annular mist flows by repeating similar
procedure. Hence, it was confirmed that the inclination variation
information is well reflected in the flow regimemap determination,

and MARS-KS can handle the flow regime change followed by the
inclination change.

5. Conclusion

In this study, the dynamicmotionmodel implemented inMARS-
KS was revisited and its mathematical basis was reviewed. The

Fig. 15. Result of MARS code modification (a) horizontal / vertical (b) vertical / horizontal.
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body force was calculated using the additional acceleration
generated by the dynamic motion, and was reflected in the mo-
mentum equation. Subsequently, a series of conceptual problems
were analyzed for the verification of the model, and it was
concluded that the code could simulate the motion of the fluid by
the dynamic motion with reasonable accuracy. Two improvements
were performed to the dynamic motion model. The user-supplied
table input environment was completed. Consequently, MARS-KS
could simulate a motion with arbitrary acceleration, and if the
ship motion data were provided from real measurements or the
code simulation results, it could handle the realistic motions that
may occur in oceanic conditions. The second improvement caused
the volume inclination information to be updated at every time
step if the dynamic motion model was activated; consequently, the
flow regime map in accordance with the volume inclination could
be determined accurately.

In performing this research related to the dynamic motion
model in MARS, some limitations and long-term research needs
were suggested for the thermal hydraulic analysis of marine re-
actors. The present MARS code contains only two flow regime
maps, i.e., vertical and horizontal, and it is necessary to verify
whether it is valid for an inclined flow. Likewise, the verification of
two-phase flow correlations for inclined flows is also required.
Depending on the verification results, it is necessary to study the
materialization of the flow regime map. It is also necessary to study
the frictional pressure drop and heat transfer characteristics and
develop single-phase and two-phase flowmodels under a dynamic
motion. After that, a systematic validation needs to be followed
based on experimental database such as Kim et al. [3], Yan and Yu
[5], Tan et al. [6], Yan et al. [7], and Murata et al. [17].

Acknowledgement

This work was supported by the Seoul National University
Electric Power Research Institute and the Korea Radiation Safety
Foundation (KORSAFE) grant funded by the Korean government
(MSIP& NSSC) (Nuclear Safety Research Center Program: 1305011).
The authors wish to express their appreciation to Prof. Myung-Il
Roh and Mr. Ki-Su Kim in the Department of Naval Architecture
and Ocean Engineering at Seoul National University for their
valuable support, and Dr. Young Jin Lee who developed the dy-
namic motion model in MARS.

Nomenclature

A amplitude of oscillation
anet net body force acceleration
a(i) i-th acceleration input in the user-supplied table (m/s2)
a0 initial body acceleration (m/s2)
aT translational acceleration (m/s2)
ax,y,z acceleration of each axis (m/s2) or az is the amplitude of

the heaving motion
Bx body force acceleration (m/s2)
FWG gas wall drag coefficient (/s)
FWF liquid wall drag coefficient (/s)
g gravitational acceleration (m/s2)
h height of the pipe (m)
i unit vector of x-axis
j unit vector of y-axis
k unit vector of z-axis
M rotation matrix
P pressure (Pa)
Pa atmospheric pressure (Pa)
Px,y,z position of x/y/z-axis

R position vector of non-inertial frame
T period (s)
t current time step (s)
t(i) i-th time input in the user-supplied table (s)
u fluid velocity
vf liquid velocity (m/s)
vg gas velocity (m/s)

Greek letters
Gg volumetric vaporization rate (kg/m3s)
q0 initial angle (rad)
qx rolling angle (rad)
qy pitching angle (rad)
qz yawing angle (rad)
r density (kg/m3)
rf liquid density (kg/m3)
rg gas density (kg/m3)
rm mixture density (kg/m3)
t shear stress (Pa)
f phase angle for acceleration (rad)
U; u angular velocity (rad/s)
ua angular acceleration (rad/s2)
uc centrifugal force (N)
uT tangential force (N)
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