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1. Introduction

Korea’s severe accident regulation relies on codes
developed under the sponsorship of the U.S. Nuclear
Regulatory Commission (NRC), such as MELCOR [1].
The NRC stopped sharing their source codes. This
makes it inconvenient to adjust the current approach to
severe accident regulations for Korea. Consequently,
the development of an analysis code for severe accident
regulations is required. As part of this initiative, a
module designed to predict the thermal-hydraulic
behavior of ex-vessel is under development. This
module has been tentatively named SAVANNAH.

SAVANNAH is a lumped-parameter-based code that
partitions the containment into two phases: the water
pool and the atmosphere. And it adopts the numerical
scheme similar to those of MELCOR. The code
assumes that the water pool contains only liquid water
and water vapor, whereas the atmosphere comprises
solely water vapor and non-condensable gases. To
verification SAVANNAH in this study, several
conceptual problems were selected, and the calculation
results obtained from SAVANNAH were compared
with those of MELCOR.

2. Discretized Governing Equations

Fig. 1 illustrates an example of the connectivity
between compartments and flow paths in SAVANNAH.
A single compartment can be linked to multiple flow
paths, with their positions flexibly specified within the
compartment. This chapter presents the discretized
governing equations of SAVANNAH.
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Fig. 1. Example connections between compartments and flow
paths

2.1 Discretized Mass Equation
Ml = Ml = X 0400 P VT A AL + SM; (1)

Eq. (1) expresses the discretized mass conservation
equations for each material within compartment i. Here,
the subscript i denotes the compartment index, m
represents the material index (where 1 corresponds to
pool water, 2 to water vapor in the atmosphere, and 3
onward to non-condensable gases), ® indicates the
phase (either pool or atmosphere), and j signifies the
flow path index. The superscript d denotes the upstream
(donor) compartment value, n represents the current
time step, and o indicates the previous time step. The
variable M;,, denotes the mass of material m in
compartment i, 8M;;, represents the external mass
source, and 0j describes the connectivity between
compartment i and flow path j. The value of ¢;; depends
on this connectivity: it is — 1 if compartment i is linked
to the 'from' direction of flow path j, 1 if linked to the
'to' direction, and 0 if no connection exists. The primary
unknowns in this discretized mass conservation
equation are the mass of each material (M{,) and the
velocity of each phase in the flow path (vj).

2.2 Discretized Energy Equation
Elp — Elp = X 050 (P mhim)V]pAiAt + 8E; 4 (2)

Eq. (2) expresses the discretized energy conservation
equations for each phase within compartment i. Here,
E;  represents the total internal energy of phase @ in
compartment i, and 8E; 4, denotes the external energy
source. The primary unknowns in this discretized
energy conservation equation are the internal energy of
each phase (E{}y), and the velocity of each phase in the

flow path (vjy).

2.3 Discretized Momentum Equation
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Eq. (3) describes the discretized momentum
conservation equation for each phase in flow path j,
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indicating that the momentum of flow path j is
influenced by the pressure of the adjacent volumes i and
k(P[*, P1). In this equation, AP, represents the pressure
change due to the pump, f'is the friction coefficient, and
K is the minor loss coefficient.

The momentum change in the flow path is governed
by the pressure (including local head) of adjacent
compartments, whereas the pressure and water level in
each compartment are influenced by the velocity along
the flow path. Consequently, the momentum of the flow
path is closely coupled with the mass and energy of the
compartments. Among the variables in Eq. (3), those
denoted with superscript 7 vary due to the convection
term. For instance, P] represents the pressure updated
by incorporating the pressure change due to the mass
and energy transfer through flow path, based on the
previous pressure value.

2.4 Numerical Scheme

As depicted in Fig. 2, SAVANNAH employs two
iteration steps: an inner iteration to calculate the
velocity and an outer iteration to determine the thermal-
hydraulic state corresponding to the mass and internal
energy of the cell.

Fig. 2. Numerical scheme of SAVANNAH [2]

3. Verification
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Fig. 3. Major phenomena during a severe accident [3]

Fig. 3 illustrates the key phenomena that occur
during a severe accident. These phenomena impact the
thermal-hydraulic behavior of the containment. As the
reactor vessel ruptures, a portion of the molten fuel is
released to the containment. Most of the released
molten fuel falls into the containment cavity, while
some remains suspended in the atmosphere of the
containment in the form of aerosols. These materials
carry decay heat, which transfer heats and generates
various gases as they interact with the concrete within
containment structure. Additionally, engineering safety
features such as containment spray, passive
autocatalytic recombiner (PAR), and heat exchangers
also influence the thermal-hydraulic behavior of the
containment.

3.1 Conceptual Problem Selection

For SAVANNAH to analyze the thermal-hydraulic
behavior of the containment during a severe accident, it
must accurately predict the thermal-hydraulic behavior
in response to changes in mass and energy, or gas
composition. To verify this, the following conceptual
problems have been selected:

- Cooling process in a closed system

- Mixing of two gases

- Natural circulation based on density differences
- Gas injection and advection

Fig. 4 depicts a conceptual problem within a closed
system, where superheated steam at a pressure of 1.0
MPa and a temperature of 523.15 K is cooled at a rate
of 53.95 kW. This problem enables the verification of
SAVANNAH’s ability to accurately predict
thermodynamic states based on energy variations. Fig. 5
illustrates a conceptual problem involving the
interconnection of two volumes containing air and H,,
respectively, to evaluate the gas mixing process. This
tests SAVANNAH’s capability to correctly predict
temperature and pressure in accordance with the
convection term. Fig. 6 presents a natural circulation
problem driven by a heat sink and source. Finally, Fig.
7 depicts a scenario in which air is injected into a
steam-filled volume during 300 seconds.

Vol = 0.1 m*

Steam

P1: 1.0 MPa I::> P2: 0.35 MPa
T1:523.15K T2:411.15K

-53.95 kl/s

Fig. 4. Case 1: cooling process in a closed system

Air H,
V=10n’ :N: V=20m’
P=0.5MPa P=02MPa
T=423.15K T=293.15K

Fig. 5. Case 2: mixing of two gases
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Fig. 6. Case 3: natural circulation based on density differences
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Fig. 7. Case 4: gas injection and advection
3.2 Conceptual Problem Calculation

Figs. 8 and 9 present the calculation results for
conceptual problem Case 1, obtained using MELCOR
and SAVANNAH. These results confirm that
SAVANNAH predicts thermodynamic states according
to energy change with equivalence to MELCOR. Figs.
10 and 11 compare the analysis results of both codes for
conceptual problem Case 2, demonstrating that they
predict pressure and temperature equivalently based on
variations in mass and energy.

Figs. 12 and 13 display the analysis results for Case 3.

These graphs illustrate that the temperature of Cell #1,
initially increases, and then decreases as the natural
circulation flow rate rises, ultimately stabilizing at a
steady state. Finally, Figs. 4 to 18 depict the analysis
results for Case 4. Figs. 4 to 16 show the mass flow
rates of FL#2, #4, and #5, respectively. These figures
reveal that fluid descends at the center of the
compartments (Cells #3 and #4) and ascends at both
ends. In the analysis of both codes, a downward flow
occurs at the center of the compartment, resulting from
the omission of momentum flux. Consequently, the
fluid flow is governed by the pressure difference. Figs.
17 and 18 present the N, and H,O mass changes in Cell
#6, respectively. During the initial 300 seconds of air
injection, SAVANNAH predicts the steam mass with
slight deviations from MELCOR; however, beyond this
period, the predictions of both codes converge closely.
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Fig. 9. Case 1: temperature
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Fig. 10. Case 2: pressure
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Fig. 11. Case 2: temperature
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Fig. 13. Case 3: mass flow rates between cell #1 and cell #2
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Fig. 16. Case 4: mass flow rates of FL#5
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Fig. 17. Case 4: N2 mass of cell #6
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Fig. 18. Case 4: steam mass of cell #6

4. Conclusion

Korea’s reliance on NRC-sponsored codes like
MELCOR for severe accident regulations has been
challenged by the NRC’s decision to withhold source
codes. SAVANNAH, a lumped-parameter-based code
currently under development, addresses this by
predicting ex-vessel thermal-hydraulic behavior with
numerical methods akin to MELCOR. Verification
through conceptual problems (Figures 4—18) confirms
that SAVANNAH predicts conceptual problem similar
with MELCOR. For Case 4, SAVANNAH predicts
flow behavior similarly to MELCOR, though slight
differences in values are observed. This discrepancy is
attributed to variations in the procedures for
determining flow path velocities when complex flow
path connections are involved.
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