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Abstract 

 

In LMR (Liquid Metal Reactor) core seismic behavior, the fluid coupling between closely spaced hexagons is known 

to have a very strong effect on the natural frequencies and the seismic responses. In this paper, an experimental study is 

carried out to investigate the fluid coupling effects with reduced scale mock-ups with three types of hexagonal duct 

systems and three types of input seismic motions such as the ElCentro 1940 time history, the artificial time history (Reg. 

1.60), and the Kobe time history by using a one-dimensional shaking table facility. The results of the experimental 

studies are compared and discussed with those of the analyses performed by using the SAC-CORE code, which 

implements a numerical algorithm of the CFAM (Consistent Fluid Added Mass) matrix proposed in a previous paper. 

From the results, it is found that the fluid coupling between closely spaced hexagons becomes stronger with an 

increasing number of the neighboring hexagonal ducts, and this causes the natural frequency to be significantly 

changed and it affects the seismic time history responses too.
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1. Introduction 

To describe the complicated LMR (Liquid Metal 

Reactor) core seismic behavior with an appropriate 

mathematical model, several kinds of modeling 

approaches have been proposed (Horiuchi, 1991; 

Morishita, 1993; IAEA, 1995; 1996). The principal 

mathematical technique used in most modeling 

methods is based on the fluid added mass approach 

by the Fritz formula (Fritz, 1972). This method 

considers a core system as a co-cylinder structure 

filled with a fluid between the inner cylinder and the 

outer cylinder. The whole core assemblies become an 

inner cylinder as a single cluster and the core shroud 

becomes an outer cylinder. This method is very 

simple but there is a lack of a detailed description of a 

fluid coupling effect, especially between closely 

spaced duct hexagons. As is well-known in previous 

studies (Chen, 1976; Yang, 1980), the size of a fluid 

gap significantly affects the fluid coupling forces. 

Therefore, it is necessary to consider the fluid 

coupling forces between the ducts in the case of a 

closely spaced hexagonal core system of an LMR. To 

overcome a simple clustering fluid added mass 

approach, a new numerical application algorithm by 

applying the CFAM (Consistent Fluid Added Mass) 

matrix, which includes off-diagonal terms by con-

sidering the coupling terms between all neighboring 

duct hexagons, has been proposed with a simplified 

core seismic analysis model in a previous paper (Koo, 

2004). 

In this paper, an experimental study is carried out to 

investigate the fluid coupling effects with reduced 
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scale mock-ups with three types of hexagonal duct 

systems and three types of input seismic motions such 

as the ElCentro 1940 time history, the artificial time 

history (Reg. 1.60), and the Kobe time history by a 

using one-dimensional shaking table facility. To do 

this, three types of mock-up arrangement such as a 

single-Hex system, a 3-Hex system with a center row, 

and a 7-Hex system are experimented in air and water 

conditions. From the experimental results, the fluid 

coupling effects on the seismic time history responses 

and the natural frequencies are discussed for each 

mock-up in detail and compared with the simulation 

results calculated by the SAC-CORE code (Koo, 

2002). 

 

2. Descriptions of experiments 

2.1 Configurations of the experimental mock-up 

Figure 1 shows the configuration of the experi-

mental mock-up used in this paper. As shown in the 

figure, the main body of the ducts has a uniform 

hexagonal section and the lower parts of the ducts are 

fabricated as a nosepiece with cylindrical sections that 

is fixed at the lower plate called the diagrid. As shown 

in Fig. 2, there are two types of ducts. One type is the 

center duct (symbol A), which has a 1.0 cm outer 

diameter of a nosepiece, and the other type is that 

surrounding the center duct, which has a 1.4 cm 

diameter of a nosepiece. Therefore, a more flexible 

center duct surrounded by six relatively stiff ducts is 

fabricated to be able to invoke impacts with the 

neighboring ducts during the seismic excitations. The 

full length of the duct is 70 cm including the 10 cm 

nosepiece and the length of the flat-to-flat is 4.1 cm. 

The fluid gap distance between all the ducts is 0.2 cm 

and the diameter of an outer cylinder containing the 

fluid is 32.4 cm. Actually, it is difficult to set up and 

adjust the gap size to be exactly 0.2 cm for all the 

gaps between the ducts in the experiments. Due to the 

sensitivity of the gap size on the seismic time history 

responses, the slightly misarranged gap sizes are 

measured and considered in the seismic response 

analysis. 

 

2.2 Threet types of experimental mock-up 

To investigate the fluid coupling effects between 

the closely space hexagonal ducts with small fluid 

gaps, three types of experimental mock-ups such as 

the 1-Hex system, the 3-Hex system, and the 7-Hex  

 

Fig. 1. Experimental core mock-up. 

 

 

 
(a) Top view 

 

 

(b) Front view 

Fig. 2. Dimensions and arrangement of the experimental 

mock-up. 



1010        Gyeong-Hoi Koo and Jae Han Lee / Journal of Mechanical Science and Technology 21(2007) 1008~1017 
 

Table 1. Overall experimental conditions. 

Experimental Type 
Input Seismic 

Motions 
Conditions 

In-Air 
1-Hex System 

- ElCentro 
- ATH 
- Kobe In-Water 

In-Air 3-Hex System 
(Single-Row) 

- ElCentro 
- ATH 
- Kobe In-Water 

In-Air 
7-Hex System 

- ElCentro 
- ATH 
- Kobe In-Water 

1-Hex System

1 21 3 14 7

3 2

5 6

3-Hex System 7-Hex System  
 

 

Fig. 3. Schematics of the one-directional shaking table used 

in the experiments. 

 

system are used. For each mockup, three types of 

seismic input motions and two types of fluid 

conditions are experimented. Therefore, as shown in 

Table 1, a total of 18 types of experiments are carried 

out.  

For the 1-Hex system, there are no closely spaced 

neighboring hexagons around the central duct. 

Therefore, this mock-up represents a one duct system 

submerged in an infinite confined fluid without the 

fluid coupling effects between the ducts. For the 3-

Hex system, the central duct is closely placed 

between the left and right side ducts in the direction 

of the seismic excitation. Actually, this model is 

selected to be the single row model conventionally 

used in a core seismic analysis. For the 7-Hex system, 

the central duct is surrounded by six hexagons with 

0.2 cm fluid gaps. The main purpose of this system is  

 

Fig. 4. Overall procedures of the experiments. 

 
Table 2. Mechanical properties used in the analysis model. 

 

 

to investigate the fluid gap effects on the fluid 

coupling forces between the hexagonal ducts. 

Furthermore, this system can be used to verify a 

single-row seismic analysis method including the 

CFAM matrix obtained from the finite element 

analysis for the 7-Hex system (Koo, 2004). 

 

2.3 Generation of seismic table motions 

Three types of seismic input motions such as the 

ElCentro (1940 El Centro earthquake), the ATH (the 

Artificial Time History corresponding to US NRC 

Reg. 1.60), and the Kobe (1995 Kobe earthquake) are 

used in this study. Figure 3 shows the schematic of a 

one-dimensional shaking table facility actuated by a 

SCHENK actuator (2.5 tons) with a Labtronic-8800 

controller. Figure 4 shows the general procedures 

performed in this core seismic experiment. To ge-

nerate the seismic input table motions corresponding 
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to the input control motions, the input acceleration 

seismic data is transformed to displacement seismic 

data through a baseline correction process. To assure 

correct input table motions, the feedback test pro-

cedures are performed before starting the main core 

seismic experiments.  

Through several measurements and validations of 

the table motions, it is confirmed that the acceleration 

time history data measured on the shaking table by 

the accelerometer (B&K 4380) coincides with the 

input seismic wave motions. Figure 5 shows the 

verified comparison results of the displacement time 

history data between the input motion and the real 

table motion. As shown in the figure, the displace-

ment seismic table motion acquired by the position 

sensor installed in the actuator is exactly coincident 

with that of the input motion. Therefore, it is assumed 

that the friction effect of the roll bearing guide type of 

shaking table may be neglected in the core seismic 

experiments.  

 

3. Mechanical properties for core seismic 

analysis 

The mechanical properties for the center duct and 

the outer ducts used in the simplified lumped mass 

and stiffness model are shown in Table 2. The 

structural damping values are extracted through the 

 

 

(a) Elcentro 

 

(b) ATH 

 

(c) Kobe 

Fig. 5. Used seismic table motions. 

impact response tests for each input seismic motion. 

In this work, it is found that the mock-up used, which 

is a small structural damping system, reveals non-

linear structural damping characteristics depending on 

the maximum seismic displacement response. The 

structural damping values used are 0.23% for the 

ElCentro, 0.45% for the ATH, and 0.07% for the 

Kobe input seismic motions. 

For the modeling of the impact behavior between 

the closely spaced ducts, it is assumed that the 

impacts only occur at the top end location of the ducts 

and this can be modeled with the gap elements 

consisting of the impact spring and a damping. Since 

the input values of an impact stiffness and damping 

between the ducts may significantly affect the core 

seismic behavior during a seismic event, these have to 

be determined cautiously by experiments or analyses. 

In this paper, the numerical analysis method by a 

conventional unit stiffness finite element analysis is 

used for determining the impact stiffness (Koo, 2004). 

The impact stiffness, Kgap between the neighboring 

ducts can be determined simply by using both the 

duct stiffness values and the impact damping, and 

Cgap can be determined from the determined impact 

stiffness for the gap. 

For a more detailed analysis modeling of the 

experimental mock-up system, the gap sizes are 

adjusted for each experimental mock-up, consistent 

with the slight changes of the fluid gap sizes 

occurring in the settings. These effects are also 

considered in the calculation of the CFAM matrix. 

 

4. Results and discussions 

4.1 Time history responses in water 

Among the time history responses in the LMR core 

seismic behavior, the displacement seismic responses 

are so important from the point of view of a control 

rod insertion to secure the safe shutdown of a reactor 

and an accurate prediction of the reactivity insertion 

of a core during seismic excitations. Thus, the 

investigation of the seismic responses is focused on 

the displacement time history responses. In actuality, 

the bottom end of duct subassemblies (i.e., nosepiece) 

is just connected to the receptacle without any 

horizontal grid supports like a cantilever. It is ex-

pected that the top end of the duct reveals the 

maximum displacement responses during the seismic 

input motions. Therefore, the measurement location  
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of the responses is selected to be the top end of ducts. 

 

4.1.1 For the 1-hex system 
Figure 6 shows a schematic of the experimental 

mock-up for the 1-Hex system and its seismic 

analysis model. To obtain the CFAM matrix for a 

single hexagonal system submerged in a fluid, a finite 

element analysis model for a fluid field is used as 

shown in Fig. 6(c). Table 3(a) presents the calculated 

CFAM matrix by using the FAMD code (Koo, 2003). 

In this table, the symbols “OL” and “OR” indicate the 

left and right sides of the outer cylinder containing the 

fluid, respectively, and the symbol “C” means the 

central duct. This model is a very simple one without 

an interaction of the neighboring ducts. The off-

diagonal terms in the CFAM matrix are not effective 

for the seismic responses. Therefore, the fluid will act 

like a lumped added mass on the hexagonal duct. 

Figures 7 and 8 show the seismic displacement time 

history responses at the top location in the water 

condition by the experiments and the analyses, 

respectively. When comparing these results for each 

seismic input motion, we can see that the analysis 

results are in very good agreement with those of the 

experiments for the maximum response values and 

the whole time history responses due to no complex 

fluid coupling with the neighboring ducts.  

 

4.1.2 For the 3-hex system 
Figure 9 shows the schematic of the experimental 

 

 

(a) Experimental mock-up    (b) Seismic analysis model 

 

(c) CFAM analysis model 

Fig. 6. Analysis model for the 1-hex system. 

mock-up for the 3-Hex system and its simplified 

seismic analysis model, which is arrayed in the 

direction of the seismic input motion. In setting the 

experimental mock-up in the water condition, the 

measured gaps are slightly changed to be 3.2 mm for 

gap-2 and 3.5 mm for gap-3, respectively. To obtain 

the CFAM matrix for this model, the finite element 

analysis model is used as shown in Fig. 9(c). As 

shown in Table 3(b), the fluid added mass per unit 

length of the central duct itself is 2.74 kg which is 

larger than 1.72 kg of the 1-Hex system due to the 

small fluid gaps between the closely spaced adjacent 

ducts. The fluid added mass per unit length of the 

outer duct L itself is 2.23 kg, which is slightly larger 

than 2.18 kg of the outer duct R due to the different 

gap sizes. Figure 10 shows the displacement time 

history responses at the top of the central duct by the 

experiments. From the results, we can see that the 

seismic responses of the central duct in the case of the 

3-Hex system are significantly different from those of 

the 1-Hex system (Fig. 7). From the time history 

responses, it is shown that the overall peak dis- 

 
Table 3. Calculated CFAM matrix for each system (kg/m). 

86.0-3.7586.0OR

-3.751.72-3.75C

86.0-3.7586.0OL

ORCOL

86.0-3.7586.0OR

-3.751.72-3.75C

86.0-3.7586.0OL

ORCOL

 

(a) For the 1-hex system 

 

(b) For the 3-hex system 

 

(c) For the 7-hex system 
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Fig. 7. Displacement responses for the 1-hex system by ex-

periments in water. 

 

 

Fig. 8. Displacement responses for the 1-hex system by 

analyses in water. 

 

placements of the central duct are relatively smaller 

than those of the 1-Hex system due to the fluid 

coupling effects. However, we can see that the 

impacts occur between the central duct and the 

neighboring ducts at early time points of around 2.3 

to 3.2 seconds for an example of the ElCentro input  

 

(a) Experimental mock-up    (b) Seismic analysis model 

 

(c) CFAM analysis model 

Fig. 9. Analysis model for the 3-hex system. 

 

 

Fig. 10. Displacement responses for the 3-hex system by 

experiments in water. 

 

motion. Figure 11 shows the analysis results. As 

shown in the figure, the analysis results show a good 

agreement with the experimental results over the 

whole time history wave motion and the maximum 

displacement responses throughout the seismic input 

types. 

Figure 12 shows the analysis results of the impact 

responses in the air and water conditions for the ElCen- 
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Fig. 11. Displacement responses for the 3-hex system by 

analyses in water. 

 

 

(a) In air condition 

 

(b) In Water Condition 

Fig. 12. Impact responses for the 3-hex system by analyses 

for the ElCentro input. 

 

tro input motion. As shown in the figure, there are 

severe impacts in the air condition during a whole 

seismic motion, while the impacts in the water 

condition only occur for the early time points as men- 

 

(a) 7-hex system in air 

 

(b) 7-hex system in water 

Fig. 13. Photos of the 7-hex system used in the experiments. 

 

C

4

R

21

L

3

OL ORC

4

R

21

L

3

OL OR

 
Fig. 14. Fluid coupling analysis model for the 7-hex. 

 

tioned in the above paragraph. 

 

4.1.3 For the 7-hex system 
The seismic analysis model for the 7-Hex system is 

the same as that of the 3-Hex system except for the 

CFAM matrix in the water condition. Figure 13 

exhibits the real photos of the 7-Hex system setting 

on the shaking table in air and water. 

To obtain the CFAM matrix for this model, a fluid 

coupling analysis is carried out with the detailed finite 

element model shown in Fig. 14. The measured fluid  
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Fig. 15. Displacement responses for the 7-hex system by 

experiments in water. 

 

 

Fig. 16. Displacement responses for the 7-hex system by 

analyses in water. 

 

gap sizes are the same as those of the 3-Hex system. 

Table 3(c) presents the calculated CFAM matrix for 

all the ducts and the cylinder containing the fluid. As 

shown in the table, the fluid added mass per unit 

length of the central duct C itself is 7.18 kg, which is 

a 260 % increase when compared with 2.74 kg of the  

 

Fig. 17. Displacement responses for the7-hex system by 

analyses without the off-diagonal fluid coupling terms. 

 

3-Hex system. This means that the six hexagonal 

ducts surrounding the central duct with small gaps 

invoke a significant fluid coupling and cause the 

CFAM matrix of the central duct to increase. 

Furthermore, the CFAM matrix of the outer ducts of 

L and R also increase when compared with those of 

the 3-Hex system due to the effects of the additional 

adjacent ducts. When investigating the off-diagonal 

fluid coupling terms in Table 3(c) related with the 

central duct, it is found that the fluid coupling masses 

between the ducts of the central row (L, C, R) and the 

off-ducts (1, 2, 3, 4) are relatively small when 

compared with those between the ducts of a single 

row (L, C, R). Therefore, the CFAM matrix for a 

single row model can be selected from all the results 

in Table 3(c) and it can be used in a simplified seismic 

analysis model for the 7-Hex system with a more 

detailed fluid coupling consideration than the 

conventional methods. 

Figures 15 and 16 show the displacement time 

history responses of the central duct for each seismic 

input motion by the experiments and analyses, 

respectively. From the results, we can observe a 

distinctive impact behavior throughout the time 

history responses. When comparing the analysis 

results with the experimental results, it can be 

confirmed that the proposed simplified seismic 

analysis model with the fluid coupling of the CFAM 
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matrix can predict the nonlinear core seismic 

behavior well including the severe impacts of the 

hexagonal duct system submerged in a fluid. To 

investigate the effects of the off-diagonal terms in the 

CFAM matrix, seismic analyses are carried out 

without the off-diagonal terms in the CFAM matrix. 

As shown in the analysis results of Fig. 17, this 

analysis method results in overestimated seismic 

responses when compared with those of the 

experiments. This result is consistent with a previous 

study (Koo, 2004). 

 

4.2 The maximum displacements 

Table 4 summarizes the comparison results of the 

maximum displacement values obtained by the ex-

periments and the analyses for all kinds of ex-

periments. As shown in the results, the maximum 

responses in the air condition are larger than those of 

the in-water condition for the ElCentro and the ATH 

input motions. But for the Kobe input motion, the 

maximum displacement responses are larger in the  

 
Table 4. Summary of the maximum displacement responses. 

AnalysisTestAnalysisTestAnalysisTest

4.394.324.384.383.543.50
7-Hex

(In-Water)

3.633.545.995.314.134.38
7-Hex

(In-Air)

3.853.214.944.964.354.00
3-Hex

(In-Water)

3.282.154.004.602.903.23
3-Hex

(In-Air)

4.254.9912.1211.147.696.88
1-Hex

(In-Water)

3.123.3714.5814.709.108.89
1-Hex

(In-Air)

Kobe (mm)ATH (mm)ElCentro (mm)

AnalysisTestAnalysisTestAnalysisTest

4.394.324.384.383.543.50
7-Hex

(In-Water)

3.633.545.995.314.134.38
7-Hex

(In-Air)

3.853.214.944.964.354.00
3-Hex

(In-Water)

3.282.154.004.602.903.23
3-Hex

(In-Air)

4.254.9912.1211.147.696.88
1-Hex

(In-Water)

3.123.3714.5814.709.108.89
1-Hex

(In-Air)

Kobe (mm)ATH (mm)ElCentro (mm)

 

 

 

Fig. 18. Maximum displacement vs input seismic levels by 

the experiments in water. 

water condition than in the air condition for all the 

mock-up systems. It is surmised that the lower natural 

frequency in the water condition may be well tuned 

with the Kobe input motion, which contains relatively 

lower excitation frequency components. 

Figure 18 shows the experimental results of the 

maximum displacement values versus the intensities 

of the ElCentro seismic input load in the water 

condition. In the case of the 7-Hex system, the 

maximum seismic displacement values significantly 

increase as the seismic loads increase, but in the case 

of the 3-Hex system, the changes of the maximum 

displacements of the central duct are small when 

compared with those of the 7-Hex system. 

 

4.3 Vibration modal characteristics 

Figure 19 shows the fluid coupling effects on the 

natural frequencies obtained by the experiments and 

the analyses in the air and water conditions. As shown 

in the figure, the fundamental natural frequency of the 

central duct is 4.64 Hz in air by the experiment. It 

decreases to 4.35 Hz for the case of the in-water 

condition (1-Hex system). When there are adjacent  

 

 

(a) For central duct 

 

(b) For outer duct 

Fig. 19. Fluid coupling effects on the natural frequencies. 
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ducts such as the 3-Hex system in water, the natural 

frequency of the central duct steadily decreases to 

4.15 Hz. However, for the case of the 7-Hex system 

for which the central duct is surrounded by six 

adjacent hexagonal ducts, the natural frequency 

significantly decreases to 3.62 Hz. It is the same for 

the outer duct. This means that the fluid coupling 

effects increase as the number of the neighboring 

hexagonal ducts increases with small gaps, and it can 

significantly affect the vibration modal characteristics 

of the core system. To conclude, this experimental 

result clearly shows the reason why a detailed 

consideration of the fluid coupling effects is required 

in the LMR core seismic analysis method. 

 

5. Conclusions 

In this paper, the experimental study to investigate 

the LMR core seismic behavior was carried out to 

verify the core seismic analysis method with the 

fluid-structure coupling effects between closely 

spaced hexagonal duct assemblies. From the ex-

perimental studies with various mock-up types and 

the input motions carried out in this paper, it is shown 

that a fluid coupling between closely spaced he-

xagons becomes stronger with an increasing number 

of neighboring ducts. It causes a change of the natural 

frequencies and affects the seismic time history 

responses. Thus, it is strongly recommended that the 

CFAM matrix of the fluid coupling forces between 

closely spaced hexagonal ducts be obtained by a 

detailed finite element analysis and included in the 

core seismic analysis model to assure accurate core 

seismic analysis results. 
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