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요  약

미국 원자력규제위원회 규제지침 1.20은 원자로 냉각재의 유동유발진동에 의한 신규 건설원전

의 안전성 확인을 위해 원자로 내부구조물 종합진동평가를 요구한다. 원자로 내부구조물 종합진

동평가는 해석, 측정 및 검사로 구성된다. 이 논문은 신고리4호기 원자로 내부구조물 종합진동평

가를 수행한 결과에 근거하여 APR1400 원자로 내부구조물의 구조적 건전성을 확인한 것이다. 

유동 및 구조 해석결과는 측정결과보다 크게 보수적으로 예측되어 수립된 해석방법론은 적절하

게 개발되었다. 또한, 해석된 최대응력은 허용응력보다 낮게 나타났으며 검사결과 어떠한 결함도 

나타나지 않아 APR1400 원자로 내부구조물의 구조적 건전성을 확인하였다. 

1. Introduction

The U.S. Nuclear Regulatory Commission regu-

latory guide (NRC RG) 1.20 requires a compre-

hensive vibration assessment program (CVAP) for 

the reactor vessel internals (RVI) before commercial 

operation of nuclear power plants (NPP). The CVAP 
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ABSTRACT

The U.S. Nuclear Regulatory Commission Regulatory Guide 1.20 requires a comprehensive vibration 

assessment program to verify the structural integrity of the reactor vessel internals of newly constructed 

nuclear power plants for flow-induced vibrations. The comprehensive vibration assessment program main-

ly comprises analysis, measurement, and inspection programs. This paper performs a flow-induced vi-

bration evaluation of the structural integrity of the APR1400 reactor vessel internals by reviewing the 

analysis, measurement, and visual inspection results obtained at the Shin-Kori Unit 4 nuclear power 

plant. As the analysis data were predicted to be conservatively higher than the measurement data, it 

was confirmed that the analysis methodology was developed properly. As the predicted maximum stress-

es of the reactor vessel internals were lower than the allowable stress and the inspection results showed 

no indication of defects, the structural integrity of the APR1400 reactor vessel internals was verified.
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should evaluate the structural integrity of the RVI 

for steady-state and anticipated transient conditions 

that correspond to preoperational, startup test, and 

normal operating conditions(1). The CVAP consists 

of the vibration and stress analysis program, the vi-

bration and stress measurement program, and the in-

spection program. The vibration and stress analysis 

program is to verify theoretically the structural in-

tegrity of the RVI and to provide the basis for se-

lecting the locations monitored in measurement and 

inspection programs(2). The analysis program pre-

dicts the hydraulic loads inducing structural vi-

bration of the RVI and the responses of the 

internals. The objective of the vibration and stress 

measurements program is to obtain sufficient data to 

confirm predictions at operating conditions of steady 

state and transient. This confirmation requires the 

measurement data related to both the hydraulic loads 

and the dynamic responses of the RVI(3). The in-

spection program checks the integrity of the stress 

concentration areas and vulnerable parts after the 

hydraulic vibration(1). NRC RG 1.20 requires pro-

grams such as analysis, extensive measurement, lim-

ited measurement, or full inspection according to the 

RVI configuration. We, Korea Hydro & Nuclear 

Power Co. Ltd. (KHNP), conducted the CVAP for 

the APR1400 RVI as a non-prototype category II 

consisting of analysis, limited measurement, and full 

inspection to independently verify the structural in-

tegrity of the RVI even if the APR1400 RVI were 

licensed as a non-prototype category I consisting of 

analysis and full inspection. The inspection and 

measurement of the CVAP for the APR1400 RVI 

was performed from January 2016 to December 

2016 at Shin-kori (SKN) unit 4 NPP.

This paper describes the results of evaluation on 

analysis, measurement, and inspection programs for 

the APR1400 RVI. In analysis program, we pre-

dicted deterministic and random hydraulic loads as 

the nature of the loads and two types of structural 

responses caused by those hydraulic loads. The hy-

draulic loads in the internals and dynamic responses 

were also measured and the measured data were 

compared with predicted data to confirm the val-

idity of the analysis results. After the internals had 

experienced sufficient flow-induced vibration, the 

internals were inspected to detect evidence of ex-

cessive motion.

2. Comprehensive Vibration Assessment 

Program

2.1 Vibration and Stress Analysis Program

The vibration and stress analysis program con-

sists of hydraulic load analyses and structural re-

sponse analyses. The program was performed before 

hot functional test of SKN unit 4 NPP and was per-

formed additionally to reflect the measurement re-

sults after the vibration and stress measurement.

The hydraulic loads include the deterministic hy-

draulic loads caused by the pump pulsation and the 

random hydraulic loads induced by the turbulent 

flow. The deterministic loads and the random loads 

are assumed to be caused by independent sources. 

Therefore, those hydraulic loads can be calculated 

separately(2,4~8). Fig. 1 shows the method of hydraul-

ic and structural analysis(2,4~8). 

The deterministic hydraulic load is due to the 

pulsations caused by the reactor coolant pumps. The 

pulsations propagate through the RVI as acoustic 

Fig. 1 Summary of hydraulic and structural analysis 
method 
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waves, independent of fluid velocity. The pulsations 

also occur at multiples of the rotor revolution fre-

quency (20 Hz) and the blade passing frequency 

(120 Hz) of the reactor coolant pump. Therefore, the 

deterministic hydraulic loads were predicted with 

acoustic analysis for 6 frequencies (20 Hz, 40 Hz, 

120 Hz, 240 Hz, 360 Hz and 480 Hz). The structural 

response analysis to the deterministic hydraulic 

loads was performed with the spectrum response 

analysis for the 6 frequencies. The total determin-

istic response was combined by the square root of 

the sum of squares (SRSS) method(2,4,5,9~11).

The random hydraulic loads are due to the turbu-

lent flow in the reactor vessel and were predicted 

with computational fluid dynamics in our study. 

Since random nature of the turbulence, a statistical 

method was used to define both the magnitude and 

frequency of the turbulence. Therefore, power spec-

tral density (PSD) was used for both the random 

hydraulic load analysis and the structural response 

analysis. The flow except for the nearly stagnant 

flow in the upper guide structure (UGS) was se-

lected as a turbulence analysis scope in the reactor 

vessel, because the bypass flow of the APR1400 re-

actor vessel is less than 3 % of total coolant flow 

and the flow in the inner barrel assembly (IBA) is 

too expensive to simulate. Natural frequencies and 

mode shapes of the RVI were calculated with block 

Lanczos method which is used a lot in commercial 

structural analysis programs and the spectrum analysis 

was used for the structural response analysis. The fre-

quency range of the analysis was up to 500 Hz and 

the scale of the analysis results was 3-sigma. The 

hydrodynamic mass was considered, since the RVI 

are submerged by the coolant. Therefore, the added 

mass for each internal was calculated according to 

ASME B&PV Section III Appendix N(2,4,6,9,10,12).

The analysis and test conditions of SKN unit 4 

RVI CVAP presented in prior Ko’s papers(3,13), 

which are composed of 18 conditions based on the 

operation configurations of the pumps, operating 

pressures and temperatures. The transient state in 

the test conditions of the RVI CVAP corresponds to 

the start and stop of the reactor coolant pump. 

Since the hydraulic loads on the transient state do 

not give substantial effect on the results of the 

structural analysis in comparison with the loads on 

the steady state, the greater hydraulic load of the 

steady states before/after the transient was used(8).

2.2 Vibration and Stress Measurement 

Program

The vibration measurement program includes a 

data acquisition and reduction system as well as test 

conditions, consistent with the SKN unit 4 general 

guidelines for the vibration measurement program 

delineated in the US NRC RG 1.20 for prototype 

RVI. This program incorporates appropriate in-

strumentation to define the hydraulic loads and the 

responses of the internals that have been modified 

relative to the valid prototype, and demonstrates 

that the test acceptance criteria have been satisfied. 

In addition, the measurement program incorporates 

sufficient and appropriate instrumentation to mon-

itor those RVI components that have not been 

modified relative to the valid prototype(1).

The vibration measurement program for the 

APR1400 RVI consists of twenty-three sensors 

(twenty-three data channels) located on the UGS 

assembly. In detail, two accelerometers (ACC.) and 

four strain gages (SG) for the IBA top plate, eight 

Fig. 2 Locations where 23 instruments were installed 
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strain gages and one pressure transducer (PT) for 

the control element assembly (CEA) shroud assem-

bly, and two accelerometers, two pressure trans-

ducers, and four strain gages for the UGS were in-

stalled as shown in Fig. 2(3,13~17). 

The installation locations of the sensors were se-

lected to provide, to the extent possible, data com-

parable to those from the measurement and in-

spection programs for Palo Verde 1 and OPR1000. 

There were restrictions on the APR1400 measure-

ment program, however, which resulted from the 

necessity to minimize the risk of damage to the in-

ternals during site installation of the sensors and 

their leads, and hardware to protect them from 

flow-induced vibrations during the pre-core hot 

functional test (HFT)(8,13). Fig. 3 shows two strain 

gages welded on a CEA guide tube and an accel-

erometer installed on the UGS support plate. 

The measurement for the APR1400 RVI was per-

formed from April 13, 2016 through May 18, 2016. 

Although fifteen hard-lines for strain gages were 

unfortunately damaged and their data were not able 

to be acquired, the measurement for one strain gage 

(SG12), three pressure transducers, and four accel-

erometers for the APR1400 CVAP were carried out 

as a measurement procedure and the useful data 

were able to be acquired(13).

2.3 Vibration and Stress Inspection Program

The inspection program follows the related guide-

lines delineated in the US NRC RG 1.20 for a pro-

totype RVI. The NRC RG 1.20 requires that the 

non-prototype RVI components be subjected to at 

least 1.0E6 cycles of vibration before the final in-

spection of the RVI. The minimum time duration of 

the hydraulic loads applied to the RVI was decided 

by the first natural frequency of the CSB. Therefore, 

the inspection program consists of a comparison of 

data gathered during the baseline (pre-HFT) in-

spection and data gathered during the post-HFT in-

spection to determine conformance with the accept-

ance criteria. The inspection program was performed 

for the high stressed areas of the RVI and interfaces 

between internals. The RVI to be inspected were a 

core support barrel, an in-core instrument support 

structure, a lower support structure, a core shroud, 

CEA guide tubes, a UGS barrel, a CEA shroud, an 

IBA, a hold-down ring, a reactor vessel, and a re-

actor vessel closure head. The baseline inspection 

for the APR1400 CVAP was conducted from 

January 4, 2016 to January 16, 2016 and the 

post-HFT inspection was conducted from December 

9, 2016 to December 20, 2016(18).

2.4 Comparison of Predicted and Measured 

Data

The comparisons of predictions and measured da-

ta were done for the IBA top plate, the CEA shroud 

assembly, and the UGS. The test conditions selected 

for evaluation were representative test cases, consist-

ing mostly of operating conditions which provided 

the larger loading conditions for evaluation.

There are two hydraulic loads of interest: the 

pump-induced pressure pulsations and the random 

turbulence pressures. Table 1 and Table 2 presents 

the comparisons between predicted and measured 

pump-induced pressure pulsations at the pump forc-

ing frequencies and rotor revolution frequencies for 

several test cases. As shown in Table 1, the meas-

ured pump-induced RMS (root mean square) pres-

sure pulsations are very small for the pump forcing 

frequencies of 20 Hz, 40 Hz, 120 Hz, 360 Hz, and 

480 Hz. The maximum RMS pressure pulsations 

Fig. 3 Strain gages and accelerometer installed on 
CEA guide tube and UGS support plate 
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Table 1 Comparison of predicted and measured pump-induced pressure pulsations for PT1

Test
condition

Temp.
[℃]

No.
of pump

Source*
RMS pressure pulsation [psi]

20 Hz 40 Hz 120 Hz 240 Hz 360 Hz 480 Hz Total Det. RMS

3 93.3
3 P 0.215 0.023 0.000 0.006 0.003 0.095

0.236
M 0.003 0.000 0.000 0.014 0.000 0.000 0.014

6 126.7
3 P 0.613 0.062 0.001 0.085 0.000 0.049

0.624
M 0.000 0.000 0.000 0.010 0.000 0.000 0.010

10 262.8
3 P 0.198 0.052 0.084 0.522 0.084 0.439

0.722
M 0.000 0.000 0.000 0.004 0.000 0.000 0.004

14 291.3
3 P 0.650 0.008 0.001 0.008 0.030 0.007

0.651
M 0.004 0.000 0.000 0.077 0.000 0.003 0.077

15 291.3
1 P 0.754 0.001 0.001 0.002 0.008 0.100

0.761
M 0.000 0.000 0.000 0.006 0.000 0.002 0.006

16 291.3
3 P 0.650 0.008 0.001 0.008 0.030 0.007

0.651
M 0.002 0.000 0.000 0.061 0.000 0.005 0.061

18 291.3
4 P 0.369 0.012 0.002 0.002 0.036 0.000

0.371
M 0.000 0.000 0.000 0.052 0.000 0.001 0.052

Table 2 Comparison of predicted and measured pump-induced pressure pulsations for PT3

Test
condition

Temp.
[℃]

No.
of pump

Source*
RMS pressure pulsation [psi]

20 Hz 40 Hz 120 Hz 240 Hz 360 Hz 480 Hz Total Det. RMS

3 93.3
3 P 0.087 0.032 0.011 0.131 0.043 0.045

0.172
M 0.024 0.012 0.002 0.003 0.000 0.001 0.027

6 126.7
3 P 0.228 0.091 0.140 0.318 0.002 0.095

0.436
M 0.003 0.001 0.001 0.005 0.000 0.000 0.006

10 262.8
3 P 0.021 0.006 0.009 0.055 0.009 0.046

0.076
M 0.002 0.001 0.000 0.009 0.000 0.002 0.010

14 291.3
3 P 0.166 1.480 0.023 1.480 0.205 0.191

2.120
M 0.012 0.006 0.009 0.136 0.000 0.009 0.138

15 291.3
1 P 0.285 0.006 0.013 0.092 0.148 0.807

0.873
M 0.000 0.000 0.000 0.003 0.000 0.001 0.003

16 291.3
3 P 0.166 1.480 0.023 1.480 0.205 0.191

2.120
M 0.009 0.008 0.004 0.142 0.000 0.003 0.143

18 291.3
4 P 0.139 0.052 0.026 0.011 0.103 0.188

0.263
M 0.003 0.001 0.002 0.070 0.000 0.003 0.070
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measured at 0.077 psi at 240 Hz in the test con-

dition 14 as 0.077 psi. The maximum measured to-

tal deterministic load also shows 0.077 psi in the 

test condition 14 too, and the maximum predicted 

RMS pressure presents 0.761 psi in the test con-

dition 15. Although the measured data are higher 

than the predicted values in some test conditions, 

the total measured pump-induced RMS pressures 

are higher than the predicted pressures. In general, 

the total measured pump-induced RMS pressures 

are smaller than predicted those by approximately 

one order of magnitude or more for the locations 

PT1 within the CEA shroud assembly. From Table

2, the pump-induced RMS pressure pulsations for 

frequencies of 20 Hz, 40 Hz, 120 Hz, 360 Hz, and 

480 Hz are very small. The highest measured RMS 

pressure occurred at 240 Hz. The maximum RMS 

pressure at 240 Hz in the test condition 16 was 

0.143 psi. The maximum measured total determin-

istic load also shows 0.143 psi in the test condition 

16 too, and the maximum predicted RMS pressure 

presents 2.12 psi in the test condition 14 and 16. In 

general, the measured values for pump-induced 

pressure pulsations are substantially smaller than the 

predicted values, especially at 240 and 480 Hz forc-

ing frequencies.

For random turbulence pressure in the UGS sup-

port plate region, Fig. 4 shows comparisons of pre-

dictions versus measurements on location PT3 for 

the test condition 18(19). The figure indicates that 

the predicted PSD trend matches or envelopes the 

measured random turbulence pressure. Meanwhile, 

we do not compare the measured values with the 

predicted values for random hydraulic loads inside 

the UGS in this paper, because the flow in the 

CEA shroud assembly isn't the main flow of reactor 

coolant and so the flow wasn’t predicted with CFD. 

Also due to the reason, the conservative hydraulic 

loads among the hydraulic loads predicted on the 

UGS support plate were used for the structural 

analysis of the CEA shroud assembly.

The total hydraulic loads predicted and measured 

are shown in Table 3. Comparing Table 3 to Table 1 

or Table 2, the deterministic hydraulic loads are 

generally smaller than the random hydraulic loads. 

The hydraulic loads (PT1) in the CEA shroud as-

Table 3 Comparison of the predicted and measured total RMS hydraulic loads

CVAP test 
condition 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

PT1
(psi)

P 0.44 0.35 0.37 0.79 0.71 0.72 0.92 1.41 1.04 0.86 1.26 0.84 0.71 0.95 0.88 0.95 0.72 0.71

M 0.80 0.97 0.95 1.10 0.43 0.40 0.36 0.44 0.40 0.39 0.84 0.34 0.41 1.04 0.36 1.00 0.43 0.45

PT3
(psi)

P 1.74 1.89 1.10 1.45 0.45 1.45 1.71 1.39 0.40 1.25 1.84 1.21 3.26 3.26 2.03 3.26 5.48 0.83

M 0.73 0.87 1.21 0.92 0.38 0.50 0.33 0.65 0.36 0.48 1.19 0.51 0.59 1.26 0.31 1.22 0.53 0.59

Fig. 4 Comparison of measured and predicted pressure 
PSD distribution at PT3 in test condition 18

Fig. 5 Measured strain PSD distribution in narrow 
band at SG12 in test condition 6
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sembly were measured to be considered even if the 

flow in the CEA shroud assembly isn't the 

mainstream. The predicted values are generally larg-

er than the measured values. However, the random 

hydraulic loads used for the structural response anal-

ysis of the CEA shroud assembly need to be applied 

more conservatively for the test condition 1 ~ 4.

Table 4 show the natural frequencies of the CEA 

shroud assembly predicted from the first to the fifth 

mode. Fig. 5 shows measured strain PSD distribution 

in narrow band of the SG12 in the test condition 6.

This plot shows peaks at approximately 29.5 Hz, 

as com-pared to the predicted value of 30.8 Hz 

(126.7℃, test condition 6). However, several peaks 

are observed at frequencies different from the natural 

frequencies in Fig. 5. Those frequencies are about 

10.5 Hz, 12.2 Hz, 14.7 Hz, 20 Hz, and 38.5 Hz. Similar 

results were seen in other test conditions. strain PSD 

distribution in narrow band at SG12 in test condition 6.

The frequency ranges for those peaks are 10.5 Hz

∼ 11.5 Hz, 12 Hz ∼ 13.5 Hz, 14.5 Hz ∼ 17 Hz, 20 Hz

∼ 22 Hz, and 38.5 Hz ∼39.5 Hz. The peaks of 20 Hz 

∼ 22 Hz and 38.5 Hz∼ 39.5 Hz are judged to be 

from the deterministic hydraulic loads. For the other 

peaks, it is estimated that the responses of the UGS 

and the CSB have an effect on the CEA shroud as-

sembly, since the CEA shroud assembly is welded 

to the UGS assembly and is fixed with the CSB as-

sembly by alignment keys, or those peaks can be 

generated by rigid body motion induced by fluid 

coupling between the UGS assembly and the CEA 

shroud assembly.

The total RMS responses of the UGS assembly 

in the SKN unit 4 RVI CVAP tests and the re-

sponses of the internals in the analysis are shown in 

Table 5. The responses of the UGS assembly to the 

deterministic and random hydraulic loads are the re-

sults of structural responses of entire UGS assembly 

as well as of individual components such as the 

UGS barrel, the UGS support plate, the IBA barrel, 

the IBA top plate, the CEA guide tubes, the CEA 

shroud tubes, and the CEA shroud webs. The struc-

tural responses of the UGS assembly were meas-

ured by the strain gages and the accelerometers. 

From Table 5, it is clear that the measured re-

sponses in the UGS assembly are generally lower 

than predicted values. The maximum strain was 

measured by the SG12 in the test condition 11 at 

7.17 με (micro-strain) RMS. This is smaller than the 

maximum predicted value of 9.92 με. The maximum 

measured displacement is 4.54 mils for the IBA top 

plate (A1) in the test condition 14. This is lower 

Table 4 Natural frequencies of CEA shroud assembly

Natural
frequency 

(Hz)

Temperature (℃)

65.6 93.3 126.7 182.2 262.8 291.3

Mode

1 30.2 30.4 30.8 31.6 32.526 33.257

2 33.5 33.7 33.9 35.5 35.587 36.299

3 56.0 57.3 58.6 60.5 62.684 63.526

4 75.1 76.5 77.5 76.9 79.389 79.986

5 88.5 89.9 99.0 99.0 99.575 99.883

Table 5 Comparison of the predicted and measured total RMS responses of UGS assembly

CVAP test 
condition 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

SG12
(uɛ)

P 3.46 4.89 5.81 3.17 2.62 3.17 2.09 7.23 5.24 8.21 8.21 5.43 5.11 9.92 6.95 9.92 6.41 11.0

M 4.61 4.70 4.89 5.68 2.04 2.09 1.97 2.62 4.87 5.49 7.17 4.76 2.52 6.03 3.04 5.85 2.68 2.51

A1
(mils)

P 7.47 14.4 17.7 24.7 22.0 24.7 14.4 35.7 26.2 20.2 22.7 22.7 20.0 30.4 36.9 30.4 29.5 18.9

M 3.10 2.36 2.22 2.18 1.13 1.28 0.87 1.50 0.87 1.00 2.47 1.02 1.65 4.54 1.23 4.15 1.32 1.68

A4
(mils)

P 1.93 2.44
14.7

9 8.55 1.02 8.55 1.01 9.72 3.25 15.6 15.6 15.2 8.99 8.99 0.72 8.99 6.37 5.59

M 1.40 1.84 2.92 1.29 0.57 0.87 0.47 0.96 0.75 1.39 3.81 1.51 1.71 3.60 0.71 4.28 1.67 1.98
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than the predicted value of 36.9 mils RMS in the 

test condition 15. The maximum measured displace-

ment of the UGS support plate (A4) is 4.28 mils in 

the test condition 16. This is smaller than the pre-

dicted value of 15.6 mils in the test conditions 10 

and 11. This shows that the response analysis for 

the UGS assembly was performed conservatively. 

Unlike the measurement, the predicted displace-

ments of the A1 are much larger than those of the 

A4. This is due to very conservative hydraulic load 

input method used for the structural response analy-

sis for the IBA top plate.

3. Discussion

The measured deterministic hydraulic loads were 

significantly less than predicted deterministic loads 

for the UGS and the CEA shroud assembly, and the 

measured random hydraulic loads were mostly lower 

than the predicted random loads. The measured natu-

ral frequencies agreed well with predicted natural fre-

quencies in all internals for the CVAP in this study.

The measured strains on the CEA shroud assem-

bly were mostly smaller than calculated those in the 

structural analysis and much smaller than the ac-

ceptance criteria (165 με(20)). Meanwhile, the pre-

dicted displacement for the IBA top plate (A1) 

were much higher the measured data.

This is due to the assumption that random hy-

draulic loads act only to bottom of the IBA top 

plate conservatively in the structural response analy-

sis of the IBA top plate. The predicted displace-

ments for the IBA top plate and the UGS assembly 

were higher the measured data respectively. After 

comparing the analysis results with the measure-

ment results, we performed the random response 

analyses additionally since it has been found that 

the random hydraulic loads for some structures 

have not been calculated conservatively compared 

to the measured loads.

Table 6 shows the predicted maximum stress in-

tensity in the CVAP conditions for the APR1400 

RVI and the allowable stress from ASME Boiler 

and Pressure Vessel Code, Section III, Division 1 - 

Appendices, Fig. I-9.2, design fatigue curve(21). 

Since the predicted hydraulic loads and structural 

responses for the APR1400 RVI mostly shows con-

servative results and the maximum stresses of the 

RVI are lower than the allowable stress, it means 

that the structural integrity of the RVI was 

con-firmed for flow-induced vibration.

The inspection of the RVI was performed after 

sufficient hydraulic vibration. After the completion 

of pre-core HFT, the overall external views of the 

RVI surfaces were throughout the metallic charcoal 

color. Most of close views revealed that components 

were more gold / bronze in colors and coated with 

dusty powders of the charcoal color. It is judged 

that the stainless steel would change color after be-

ing exposed to the high temperature associated with 

HFT. There was also no loose part, debris or ex-

cessive motion of the RVI during the HFT(18).

Moreover, the inspection results showed no evi-

dence of damage to the instrumentation or support-

Table 6 Predicted maximum stress intensity in CVAP conditions for APR1400 RVI(19)

Component
Maximum stress condition Predicted stress

intensity (psi)
Allowable
stress (psi)Normal operation condition

CSB
2 pumps, 260 ℉ 8577.3

13 600
4 pumps, 555 ℉ 2917.9

LSS
3 pumps, 260 ℉ 5777.3

13 600
4 pumps, 555 ℉ 1296.2

UGS
3 pumps, 260 ℉ 7738.3

13 600
4 pumps, 555 ℉ 4590.9

IBA
4 pumps, 555 ℉ 12 308.7

13 600
4 pumps, 555 ℉ 12 308.7
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ing hardware installed for the RVI CVAP. Therefore, 

it is confirmed that the results of visual inspection 

are consistent with the results of the analysis and 

measurement program.

4. Conclusions

We had completed the comprehensive vibration 

assessment program for the APR1400 reactor vessel 

internals with the analysis, inspection, and limited 

measurement based on the U.S NRC regulatory 

guide 1.20, Rev. 2. The measurement and inspection 

program were performed during pre-core hot func-

tional test at Shin-kori unit 4 nuclear power plant. 

The prediction, measurement and inspection results 

were compared and evaluated. It is confirmed that 

the analysis results were higher than measurement 

results and the maximum stresses of the reactor 

vessel internals for flow-induced vibration were 

lower than the allowable stress. Moreover, there 

was no evidence of damage of the internals in the 

visual inspection. Therefore, we verified that the 

APR1400 reactor vessel internals have structural in-

tegrity for flow-induced vibration and are accept-

able for long term operation.
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