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1. Introduction

As various countries have a spotlight on the nuclear
energy as a power for the commercial ship propulsion
and the floating power plant, several domestic
institutions are developing the marine reactors [1, 2].
They have distinct hydrodynamic features from those of
land-based reactors as they operate in the motion.
Therefore, the advanced safety analysis code is required
to evaluate the performance of the reactor by modeling
external motion effects on the thermal-hydraulic
phenomena. The ultimate goal of the code is to develop
and verify the physical models under motion conditions,
however, improving the governing equations must be
preceded first. In the previous studies, the dynamic
motion model was implemented in MARS-KS [3] by
modeling external forces for dynamic motion in the
momentum equations. Specifically, Beom et al. [4]
modified the input option for the arbitrary motion and
determination procedure of the flow regime map under
motion condition. Subsequently, Beom et al. [5] and Park
et al. [6, 7] revised the cross-flow model by generalizing
the concept of the junction connection and showed the
possibility that the motion model can also work in the
MULTID component.

Nevertheless, the applicability of the motion model is
still restricted in MULTID components. In order to
analyze the three-dimensional flow behaviors in the
reactor vessel or the steam generator of the marine
reactor, the motion model should be extended for the
MULTID components. Therefore, in this study, the
calculation of the pressure in the junctions was modified
to reduce the numerical errors. Then, the Coriolis force
was modeled in the momentum equations for MULTID
component allowing the simulation of the multi-
dimensional flow affected by dynamic motion. Followed
modifications were verified or tested with the conceptual
problems consisting of the MULTID component under
rotating conditions.

2. Modification of MARS-KS motion model for
MULTID component

In this section, two main modifications of the code will
be discussed to extend the motion model for MULTID
components. Firstly, the formula for calculating the
pressure head was improved to have better accuracy.
Secondly, Coriolis force was also modeled considering
the multi-dimensional effect. The modified code has
been verified with the conceptual problems.

2.1. Pressure head calculation with enhanced accuracy

The dynamic motion makes the additional acceleration
including the frame acceleration, centrifugal acceleration,
tangential acceleration and Coriolis acceleration. They
can be arranged into the total acceleration (a,,,) as:

Aoty = X(0)%2 + 0,2) + y(—w0, + B,) +
Z(_wxwz - ﬁy) — Qcorx — Qtranx (1)

Atoty = y(wxz + wzz) + x(_wxwy - ﬂz) +
Z(_wywz + ,Bx) - acor,y - atran,y (2)

Aror, = 2(@y " + wy?) + x(~wyw, + ﬁy) +
y(_wywz —Bx) — Qcor,z — Atranz — 9 (3)

where R = (x,y,z) is a position vector of the volume,
@ = (wy, wy,w;) is a angular velocity vector, _ﬁ =
(Bx, By, B2) is a angular acceleration vector, @, is a
Coriolis acceleration vector, @;,, is a translational
acceleration vector, and g is the gravity.

These accelerations generate the extra pressure head
in the momentum equations. Supposing the volume K
and L are connected with a junction, it can be analytically
derived in integral form as Eq. (4) where p is a density

and H is a volume connection vector.

AP(K > L) = [ pliyg; - dH
L L L
= fK Patotxdx + fK Patotydy + fK pator,zdz (4)

From Eg. (1)~(3), the total acceleration in each axis
can be interpreted as a linear function of x, y, and z
respectively. For example, the theoretical calculation of
integrals along the x-axis appears as Fig. 1-(a) where f(x)
is a function of the density times the total acceleration.
However, it was found that the existing motion model
had bad accuracy in calculating integrals in some
conditions. This is because MARS-KS took a numerical
scheme of the rectangular sum integration in the pressure
head calculation as Eqg. (5) and Fig. 1-(b). It could
generate the truncation errors when connected volumes
have different size or density.

L
fK PArotxdx = pragHg + pLa H, (5)

Since the MULTID component often consists of the
different sized volumes or multi-phase flow, it is
important to enhance the accuracy of computing pressure
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in the motion model for MULTID component. Thus, the
integration formula has been modified as shown in Eq.
(6) using the constant S which is a slope of f(x).

L
fK PAotxdx
= %pKHK(ZaK + SiHk) + %pLHL(ZaL —S.Hy) (6)
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Fig. 1. Pressure head calculation between two connected
volumes with (a) analytical integration (b) rectangular sum
integration

2.2. Verification of the pressure calculation

The rectangular slab problem in Fig. 2-(a) was
selected to verify the pressure calculation in the modified
code. In this conceptual problem, the slab rotates on the
z-axis with constant speed of 120°/s under zero gravity
condition.

The simulations were conducted for the single-phase
(Case 1) and the two-phase (Case 2) conditions using two
kinds of meshes. Mesh A and B in Fig. 2-(b) have a
different size of the grid, but the colored volumes are in
the identical positions. Therefore, the pressure difference
between them should be same.

The calculated pressure differences are shown in Fig.
3 and 4. In the both cases, there were disagreement in the
results before the modification. However, the modified
code showed consistent results within 0.2% no matter
which mesh it used. It also calculated the same void
fraction distribution in the slab for the both meshes as
shown in Fig. 4-(c).
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Fig. 2. Conceptual problem of rotating rectangular slab (a)
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Fig. 3. Simulation results of Case 1 (a) before modification (b)
after modification
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Fig. 4. Simulation results of Case 2 (a) before modification (b)
after modification (c) void fraction distribution result from the
modified code

2.3 Coriolis force

The Coriolis force is a fictitious force that appears
when the frame of reference rotates. By definition, its
direction is always perpendicular to the rotation axis and
the flow direction. In previous model, it has been
neglected because the model was developed focusing on
one-dimensional momentum equation. However, to
demonstrate the effect of dynamic motion on fluid flow
in MULTID component, the momentum equation should
be modified by modeling the Coriolis force as an
additional acceleration term.

The governing equation in MARS-KS is a sum of
differential momentum equations for liquid and vapor
phases. The external body force by the dynamic motion
is also modeled in a form of summing the forces in each
phase. It is determined from the acceleration and the

mixture density in Eq. (7). Thus, the Coriolis
acceleration should be defined considering the
calculation with the density as expressed in Eq. (8).

Pm = agpg + afpf (7)

— ~ — arp ~ —
Pm@cor = Pm [% (20 x vg) + ﬁ(zn X vf)] (8)
2.4 Verification of the Coriolis force

Y channel problem described in Fig. 5 was simulated
to verify the effect of the Coriolis force in the modified
code. It contains the channels modeled with the
MULTID component, and the water constantly flows
through the inlets while the channel rotates on the z-axis.
Since it is complex to derive the analytical solution for
the Coriolis force, the simulation results of the problem
have been qualitatively analyzed. It can be expected that
the flow in the channel 2 will increase because of the
Coriolis force as described in Fig. 5.
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Fig. 5. Conceptual problem of Y channel
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Fig. 6. Mass flow rate ratio at the outlets (w = 10°/s,v;, =
0.05m/s) (a) before modification (b) after modification
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Fig. 7. Mass flow rate ratio according to (a) angular velocity
(vin = 2.0m/s) (b) inlet velocity (w = 10°/s)
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Fig. 8. Mass flow rate ratio according to Rossby number

Figure 6 shows the calculation results of the mass flow
rate ratio in each channel which is normalized by the inlet
mass flow rate. The modified code calculated the bigger
mass flow in the channel 2 due to the Coriolis force
acting in the positive x direction as expected, whereas
this effect did not show up in the result without the
modification.

In addition, the following parametric effects were
tested. The Coriolis force increased as the Y channel
rotated with faster angular velocity under the fixed inlet
velocity. The asymmetric flow in two outlets became
severe (Fig. 7-(a)). On the other hand, when the inlet
velocity increased with constant rotating speed, the effect
of Coriolis force weakened (Fig. 7-(b)).

This parametric effect of Coriolis force also can be
described with Rossby number in Eq. (9):

Inertial force U
Ro = Coriolis force = E (9)
where U and h is a characteristic velocity and length, and
f is a Coriolis frequency. Figure 8 shows the mass flow
rate in the channels with Rossby number. As Rossby
number increased, the flow inertia force became
dominant rather than the Coriolis force. Then it makes
the mass flow in two channels become similar. The
difference between two mass flow rate ratios was under
3.5% if the Rossby number is above 10. Assuming the
marine reactor under ocean conditions, the Rossby
number is found to be bigger than a few ten. Therefore,
it is expected that the Coriolis force will not be
significant in the reactor.

3. Conclusions

In the present work, the dynamic motion model of
MARS-KS has been improved with two code
modifications to extend its capability in MULTID
component. First, to enhance the accuracy in calculating
the pressure head by the acceleration, the numerical
scheme for computing the integrals has been modified.
The slab conceptual problem verified the improved
formula worked for any volume conditions. Second, the
Coriolis force was newly added in the governing
equations of the MULTID component. In the Y channel
problem, the asymmetric flow appeared as a result of the
Coriolis force after the code modification. Rossby
number can describe the Coriolis effect compared to the
flow inertia. In future works, it is necessary to verify the
Coriolis force model quantitatively.

In this study, the extended model enables MARS-KS
to analyze the multi-dimensional flow in the marine
reactors on a fundamental level. However, the dynamic
motion model has a number of things to be improved
further including the models for special components or
processes in the system code. Moreover, various physical
models for thermal-hydraulics under the dynamic
condition should be developed by experimental studies
in the future.
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