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In the BWR subjected to an earthquake, the oscillating acceleration attribute to the seismic wave may cause the 
variation of the coolant flow rate and void fraction in the core, which might result in the core instability due to the 
void-reactivity feedback. Therefore, it is important to properly evaluate the effect of the seismic acceleration on the 
core stability from a viewpoint of plant integrity estimation. In the present study the numerical code analyzing the 
behavior of nuclear power plant under the seismic acceleration is developed based on the three-dimensional neu-
tron-coupled thermal hydraulic code, TRAC-BF1/SKETCH-INS. The coolant flow in the core is simulated with 
introducing the oscillating acceleration attributed to the earthquake motion into the motion equation of the two-phase 
flow as external force terms. The analyses are performed on a real BWR4-type nuclear power plant (Peach Bottom #2) 
with the sinusoidal acceleration and the acceleration obtained from the response analysis to the El Centro seismic wave 
of Imperial Valley earthquake. The behaviors of the core and coolant are calculated in the various parameters of ac-
celeration. The effects of the frequency, amplitude and direction of the oscillating acceleration are discussed. 
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I. Introduction1

When a nuclear power plant is subjected to a huge earth-
quake, the seismic vibration propagates through the core 
internals and shakes the coolant water with measurable os-
cillating acceleration compared with the gravitational one. 
So far, the effects of seismic vibration on a nuclear power 
plant have been researched mainly on the viewpoint of the 
integrity of structure or equipments, whereas only a few re-
searches concerning the effects of the vibration on coolant 
flow has been performed. In a boiling water reactor (BWR), 
the coolant flow rate and void fraction will fluctuate under 
the oscillating acceleration. It will cause the fluctuation of 
the core power through the void-reactivity feedback and in-
duce the core instability. Hirano et al. have modified the best 
estimate code, TRAC-BF1, to take into account the external 
acceleration and investigated the BWR instability due to 
seismically induced resonance within the scope of a point 
kinetics model.1) They have displayed that the instability was 
caused by the resonance between the oscillating acceleration 
and the core-wide oscillation, of which period was about 5 
seconds, due to the nuclear-coupled thermal hydraulic insta-
bilities. It has been clarified that the long-period and 
large-amplitude oscillation beyond the previous expectation 
will continue for a long term if the massive earthquake an-
ticipated in Japan today occurs. It is important to evaluate 
the core instability under such oscillating condition from the 
view point of plant integrity.  

 

In the present study, the numerical code is developed 
based on the three-dimensional neutron-coupled thermal 
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hydraulic code, TRAC-BF1/SKETCH-INS to calculate the 
nuclear plant behavior under seismic oscillation. The ana-
lyses are performed on a real BWR4-type nuclear power 
plant with the sinusoidal acceleration and the acceleration 
obtained from the response analysis to a real earthquake 
wave. The behaviors of the core and coolant are calculated in 
the various parameters of acceleration. The effects of the 
frequency, amplitude and direction of the oscillating accele-
ration are discussed. 

II. Methods and Models 
1. Code Overview 

The TRAC-BF1 developed by the US NRC is the 
best-estimate two-fluid model thermal-hydraulic code, where 
the mass, momentum and energy equations are solved for 
both gas and liquid phases.2) This code also includes 
1-dimensional neutron kinetics model for nuclear calculation, 
however, the 1-D kinetics models significantly limit the 
best-estimate capabilities of the code. To remove this limita-
tion a coupling with a 3D neutron kinetics code 
SKETCH-INS has been performed. The SKETCH-INS, re-
fined version of the SKETCH-N code,3) solves neutron 
diffusion equations in X-Y-Z geometry for steady-state and 
neutron kinetics problems.  The code can treat an arbitrary 
number of neutron energy groups and delayed neutron pre-
cursors. TRAC-BF1/SKETCH-INS code is assembled by 
coupling between the TRAC and SKETCH codes using the 
interface module based on the message-passing library Pa-
rallel Virtual Machine (PVM). The interface module is 
responsible for data transfer between the codes, mapping of 
the data between different spatial meshes and synchronization 
of the time stepping. 
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2. Code Modification 
Assuming that the plant oscillates as a whole like a rigid 

body, we can introduce the external acceleration term by 
adding to the gravitational acceleration term in the motion 
equation. In TRAC-BF1, an analysis model is composed of 
3-dimensional components (e.g. pressure vessel) and 
1-dimensional components (e.g. fuel bundles and piping). 
For the 3-dimensional components, the external acceleration 
vector is directly added to the gravitational acceleration vec-
tor. For the 1-dimensional components, the coordinate 
transformation of the acceleration and the modification of a 
pressure term attributed to the difference of void fraction 
between horizontally adjacent cells are needed. The differen-
tial form of the motion equation for the 1-dimensional 
components in TRAC-BF1 can be written for the gas mo-
tion, 
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and for the liquid motion, 
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where g and l denote the gas and liquid phases respectively, 
n is the time step, j is the cell number, V is velocity, kvm is 
the virtual mass coefficient, Ci is the interfacial shear coeffi-
cient, Cw is the wall shear coefficient, ρ is the density, P is 
the pressure, ∆t is the time difference, α is the void fraction, 
∆x is the distance between adjacent cells, θ is the angle of 
z-axis in a vertical plane, and gcosθ is the component of 
gravity in the flow direction. A component of the external 
acceleration vector ( )x y za a ,a ,a=

  in the flow direction is 

written as 

( )z x yn a a cos a cos a sin sinθ φ φ θ⋅ = + +
   (3) 

where, n  is the unit vector in the flow direction expressed 
by 

( )n sin cos ,sin sin ,cosθ φ θ φ θ=
  (4) 

and φ is the angle of x-axis in a horizontal plane. Subtracting 
Eq. (3) from the left-hand sides of Eqs. (2) and (3), the ex-
ternal acceleration as a body force can be introduced.1) 

In addition, the pressure difference in Eq. (2), sP∇ , attri-

buted to the difference of void fraction between horizontally 
adjacent cells written in following, 

( ) ( ) θααρρ sin12 −∆−=∇ ZgP gls
 (5) 

is affected by the horizontal component of the external acce-
leration. Therefore, Eq. (5) is substituted by following 
equation, 

( )( ) ( ) θααρρ sin12 −∆−−=∇ ZagP zgls
 (6) 

3. Plant Modeling 
The analyses are performed on a real BWR4-type nuclear 

power plant (Peach Bottom #2) consists of two recirculation 
loops, twenty jet pumps and 764 fuel bundles. Plant geome-
try, pipe alignment, operating condition and so forth were 
modeled by using reference from the OECD’s turbine trip 
benchmark.4) In the present study the plant was modeled by 
1-dimensional components, whereas the pressure vessel was 
modeled by 3-dimensional components as shown in Fig. 1(a). 
The vessel was nodalized into 4 circumferential sections, 
4 radial sections, and 15 axial sections. Six inlets of the feed 
water line and two recirculation loops with 2 outlets and 10 
inlets were modeled as shown in Fig. 1(b). All the fuel bun-
dles were modeled individually by CHAN components 
axially nodalized into 27 cells. So far only a full power 

(a) Plant nodalization 

 

(b) vessel noding and alignment of piping installation 
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Fig. 1 Plant modelling 
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(3293 MW) operation condition without scrum and pump 
trip was taken into consideration. 

  
III. Results and Discussion 
1. Sinusoidal External Acceleration  

Calculations were performed under sinusoidal external 
acceleration to avoid a complexity. The acceleration can be 
written as 

2 2 2* * *
x x y y z za a sin t , a a sin t , a a sin tπ π π

τ τ τ
     = = =     
     

 (7) 

where, ax
*, ay

*, az
* and τ were varied as Table 1. 

 
Table  1 Condition of applied acceleration 

 ax
*(m/s2) ay

*(m/s2) az
*(m/s2) τ (s) 

Case 1 
Case 2 
Case 3 
Case 4 
Case 5 
Case 6 

0.0 
0.0 
9.8 
9.8 
9.8 
4.9 

0.0 
9.8 
0.0 
9.8 
9.8 
4.9 

9.8 
0.0 
0.0 
9.8 
9.8 
4.9 

2.0 
2.0 
2.0 
2.0 
1.0 
2.0 

 
Cases 1 to 4 were performed to investigate the effects of the 
acceleration direction. Cases 4 to 6 were to investigate the 
effects of the oscillation period and amplitude. 
(1) Effects of Acceleration Direction 

Figure 2 shows the time variation of the cell power dis-
tribution in Case 1, i.e., only the vertical acceleration was 
applied. The vertical location is the 14th cell from the bot-
tom of the channel, that is, the center of the core length. The 
horizontal location is shown by a line in the schematic of the 
core cross section in the figure. The cell power oscillated as 
a whole with the period of about 2 seconds equal to the ac-
celeration period and kept the initial distribution profile 
through the analysis duration. According to the result, the 
vertical acceleration causes the power oscillation all over the 
core in a same phase. Therefore, if the frequency of the ver-
tical acceleration approaches that of core-wide instability, 
the amplitude of power would increase with time by reson-
ance. 

Figure 3 shows the time variation of the cell power dis-
tribution in Case 3, i.e., only the horizontal (x-direction) 
acceleration was applied. The vertical location is the same as 
Case 1 and the horizontal location is on the core center line 
in the x-direction. The amplitude of the variation is smaller 
than that of Case 1, therefore, the effect of the horizontal 
acceleration on the core power is weaker than that of the 
vertical acceleration. The period of cell power oscillation 
was about 2 seconds, however, the phase is different de-
pending on the location. Figure 4(a) and (b) shows the cell 
power and void fraction variation respectively at the both 
ends (x_1 and x_30) and center of the core (x_15). The 
phase of the cell power variation at the both ends is almost 
opposite each other. The horizontal acceleration causes the 
horizontal distribution of flow rate at core inlet, and then this 
distribution induces the difference of void fraction among 
the channels as shown in Fig. 4(b). It causes the phase lag of 

the cell power through the void-reactivity feedback. From 
the result, the horizontal acceleration causes the out-of-phase 
oscillation of the cell power. Therefore, the resonance be-
tween regional instability and acceleration would occur if the 
frequency of them approaches each other.  

Figure 5 shows the time variation of the cell power dis-
tribution in Case 4. The horizontal location is on the 
x-direction center line. As the general profile of the variation 
is analogous with that of Case 1, the effect of the vertical 
acceleration is clearly strong. However, some difference can 
be seen. The first peek around 2 second is obviously smaller 
and the amplitude of the second peek is larger than those of 
Case 1. And the initial distribution profile is not kept. These 
would be caused by the nonlinear interaction between the 
effects of the vertical and horizontal acceleration. 

Figure 6 shows the core total power of Cases 1 to 4. It is 
displayed that the amplitude of power depends strongly on 
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Fig. 2 Time variation of cell power (Case 1) 
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Fig. 3 Time variation of cell power (Case 3) 
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the vertical acceleration. The effect of the horizontal accele-
ration is relatively weak, however, it causes the nonlinear 
interaction with the vertical effect according to the result of 
Case 4. 
(2) Effects of Amplitude and Period of Acceleration 

Figure 7 shows the effects of amplitude and period of the 
acceleration on the total core power. Comparing Case 4 with 
Case 5, the power response to the acceleration drastically 
changes depending on the period. When τ = 1 sec, the profile 
of power variation is sinusoidal and the amplitude is rela-
tively small. When τ = 2 sec, the power response is 
nonlinear, in which the amplitude is different at every peek 
and is significantly large at the second peek. From the results 
of Case 4 and Case 6, the amplitude of the acceleration 
mainly affects the amplitude of the power and has less in-

fluence on the profile of power variation. 
 

2. Actual Seismic Acceleration  
Sensitivity analyses were performed by using the oscil-

lating acceleration obtained by the response analysis of the 
bottom part of a pressure vessel to the El Centro wave of 
Imperial Valley earthquake, which is the original wave 
shown in Fig. 8. Variation of the amplitude and period are 
shown in Table 2. For example, in Case 11, the amplitude of 
the wave was doubled in any direction and the wave shape 
was stretched double to the time direction. 

Figure 9 shows the time variation of the total core power 
for every case. The longer the period increased, the larger 
the amplitude of core power became. Comparing Case 7 and 
Case 10, the power amplitude of Case 10 was slightly larger 
than that of Case 7. According to the result, the period of 
acceleration significantly influenced on the core power. 
Therefore, it is important to evaluate the effect of the earth-
quake with long-period oscillating acceleration on the core 
stability. 
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Fig. 8 Time variation of acceleration (Case 7) 
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Table  2 Multiplication factor for acceleration 

 
 

Multiplication factor 
x y z τ 

Case 7 
(Original wave) 

1 1 1 1 

Case 8 1 1 1 2 
Case 9 1 1 1 4 

Case 10 2 2 2 1 
Case 11 2 2 2 2 

 
IV. Conclusion 

The analysis code was developed based on the 
3-dimensional neutron-coupled thermal hydraulic analysis 
code, TRAC-BF1/SKETCH-INS, in order to calculate the 
nuclear plant behavior under seismic oscillation. 

Through the analyses with the 3-dimensional neutron ki-
netics and the full channel core modeling, the external 
acceleration had the capability to cause the resonance with 
the both core-wide and regional instability. Especially the 
vertical acceleration strongly influence on the core power 
oscillation. Although the horizontal acceleration alone 
caused the small power fluctuation, it caused the large effect 
by the nonlinear interaction with the effect of the vertical 
acceleration.  

Through the parametric calculations with varying the am-
plitude and period of the acceleration, the period had a 
significant influence on the core power oscillation. It indi-
cates that the evaluation of the effect of the earthquake with 
long-period oscillation on the core stability is necessary to 
keep the integrity of the nuclear power plant.  
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