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1. Introduction

The most of NPPs (Nuclear Power Plants) are
designed for high energy production, typical ones are not
suitable for city-states requiring less energy. Recently,
SMR (Small Modular Reactor) has been considered as an
alternative about this issue. The reactor has various
forms depending on the operating environment. Among
them, flexblue® supplying 160 MWe is futuristic reactor
operated under the sea. The model can supply a suitable
amount of energy to the city-state, a prototype has been
currently proposed [1].

In general, SMR adopts simple protection system due
to its inherent features. For instance, an only simple
exterior wall made of carbon steel is being considered in
the SMR contrast to larger typical commercial NPPs with
multiple ones. Questions have been raised about the
safety of the SMR and torpedo explosion was assumed

as a severe human-induced accident in structural analysis.

In this study, the analysis considering the underwater
explosion was conducted to assess the structural integrity
of SMR. JWL (Jones-Wilkins-Lee) EOS (Equation Of
State) was applied for explosion load and postulated
flexblue® model was used. Explosion analysis was
implemented using the commercial program LS-DYNA
[2]. As results, effective plastic strain and pressure of
SMR were derived.

2. Analysis Methods
2.1 JWL EOS

JWL EOS, shown in Eg. (1), is adopted for
demonstrating TNT (TriNitroToluence) explosion in LS-
DYNA.
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where P is the pressure caused by the explosion,
A, B, Ry, R,, and w are material constants by experiment,
E is the internal energy per unit volume, and V is the
initial relative volume. Table | shows the material
constants of the JWL for TNT explosives. As shown in
Fig. 1, the relationship between relative volume and
pressure is depicted.

Table I: Constants of JWL EOS used in this study [3]

A(GPa) 371.2
B(GPa) 323.1
R, 4.15
R, 0.95
w 0.3
E(GJ/m3) 7

Pressure

Explosive volume

Fig. 1. Pressure-explosive volume histories [3]
2.2 Griineisen EOS

Griineisen EQS, shown in Eg. (2), is used to calculate
the internal characteristics of seawater. It handles
shockwave propagation in an underwater explosion by
incorporating a non-linear shock velocity — particle
velocity relationship [4].
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where p, is initial density, E,, is internal energy per unit
mass, n is nominal volumetric compressive strain by
n =1—py/p. Table 1l shows the material property of
water used in the analysis.

Table 1l: Material property of water [5]

Density (kg/m3), po 1,000

Dynamic viscosity (N -s/m?), u 0.0089
Speed of sound (m/s), ¢, 1,483
Fitting constants, s 1.75
Griineisen constant, T 0.28

3. Explosion Analysis
3.1 Numerical Models

Water
Number of element : 400,267
umber of node : 421,969

SMR
Number of element : 5,522 |
Number of node : 8,280 i

Fig. 2. FE model of explosive and water
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The FE (Finite Element) model used in explosion
analysis and its mesh information was shown in Fig. 2.
SMR, water and explosive are made of solid elements.
According to the SMR operating condition, the water
depth was set to 70 m. Points A, B and C, shown in Fig.
2, were set to measure the internal pressure of SMR
during the explosion.

3.2 Analysis Conditions

To consider the failure of SMR’s exterior wall, the
erosion option was set to 0.24 for failure strain [6]. If
effective plastic strain exceeds the criterion, the SMR’s
elements are deleted.

The explosive was in contact with SMR to derive
conservative analysis results. The outer surface of the
water was fully fixed as boundary condition and gravity
was applied to simulate water pressure.

4. Analysis Results

4.1 Variation of Pressures
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Fig. 4. Pressure - time histories at points A, B and C

Fig. 3 shows contours of water pressure following the
explosion. Over time, the pressure contours spread in a
spherical shape. When t = 5.0 ms, contours were
reflected from the bottom.

The pressure - time histories at points A, B, C were
shown in Fig. 4. In points A and C, The maximum
pressure was about 200 MPa at 4 ms following explosion.

4.2 Variation of Strains
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Fig. 5. Effective plastic strain contours

Fig. 5 represents an effective plastic strain of the SMR
at each time. Elements exceeding the failure strain began
to be deleted after 0.5 ms and the number of deleted
elements increased until 4 ms. Partial failure of the outer
walls was observed.

5. Summaries

In this study, underwater explosion analysis of a
conceptual submarine SMR was performed and the
following results were derived.

(1) The water pressure propagated in a spherical
shape. After the explosion, the pressure at points
A and C were increased up to 200 MPa.

(2) Strains of the conceptual SMR, near the
explosion location, exceeded the failure criterion
of 0.24. Thereby, an optimum protection system
is being conceived based detailed numerical
analysis.
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