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ABSTRACT 

The mechanism of fatigue failure caused by flow-induced vibration was studied by using a small wind tunnel. The 
necessary conditions of flow-induced vibration for a 0.45% carbon steel specimen attached to a larger Styrofoam 
cylinder were investigated. Possible methods of detecting the symptom of fatigue crack initiation and propagation 
were sought. The change in natural frequency and displacement amplitude of the test cylinder during fatigue test 
was investigated. The strain history at the anticipated crack initiation sites was monitored. Specimens containing 
an artificial small hole were used to localize the crack initiation site. A small portable service strain histogram 
recorder developed in another project was used to monitor the variation of strains due to crack growth from the 
small hole. Fatigue damage accumulation based on Miner's rule was calculated and compared with the 
experimental results. 

INTRODUCTION 

The liquid sodium leakage accident which happened in the fast breeder reactor, MONJU on 8th December 1995 is 
one of the most serious accidents related to nuclear reactor in Japan. The cause of this accident was the fatigue 
failure caused by flow-induced vibration of a thermometer fixed in the pipe of the secondary cooling system with 
liquid sodium [l]. Recently, 6th July 1999, the traffic sign pole of emergency parking area and an emergency 
telephone guidance pole (weight 300kg) at the Tokyo urban highway were broken, and dropped onto the city road 
under the highway and damaged a car running. The cause of accident in the case was also fatigue failure by flow- 



induced vibration of a traffic sign pole in strong wind [2]. Several examples of fatigue failure by flow-induced 
vibration have been reported in the past [3-51. According to the authors’ survey, there is no research paper 
reporting the mechanism of fatigue failure by laboratory flow-induced tests. The aim of this study is to clarify the 
mechanism of fatigue failure by flow-induced vibration. First, the conditions for exciting flow-induced vibration 
were analyzed. A small wind tunnel for fatigue failure by flow-induced vibration was produced. In order to detect 
fatigue crack in the early stage of test, we paid particular attention to three parameters: ( l)  variation of natural 
frequency, (2) variation of displacement amplitude of the specimen system, (3) variation of strain histogram at the 
anticipated crack initiation site. An artificial small hole was introduced to the specimens so that monitoring crack 
growth behavior became easy. A small portable service strain histogram recorder (Mini Rainflow Corder, MRC 
[6,7]) developed in another project was used to monitor the relationship between crack growth and the variation of 
strain frequency near the artificial small hole. Natural frequency was determined from the data of MRC. The 
displacement amplitude of test cylinder was measured from the picture taken by video camera. The strain 
histogram was acquired directly by the MRC. Fatigue life was predicted based on Miner’s rule [S] by using the 
data at the early stage of test. 

MATERIAL AND TEST PROCEDURE 

The material used was 0.45C steel turned after annealing at 844°C for lhr. The chemical composition was (wt. %) 

0.47C, 0.21Si, 0.82Mn, O.OlSP, O.O18S, O.OlCu, 0.01 8Ni and 0.064Cr. The mechanical properties were 620MPa 
tensile strength, 339MPa lower yield strength, 1105MPa true fracture strength and 53.8% reduction of area. Figure 
l(a) shows the shape and dimensions of the specimen which contains a drilled small hole of 200 ,U m diameter and 
depth at the minimum cross section. Specimens were then annealed in a vacuum at 600°C for lhr to relieve 
residual stress caused by drilling. The Vickers hardness after vacuum annealing was H P 1 7 8  which is a mean 
value of each specimen measured at 4 points with load of 0.98N. The scatter in HV was within 5%. Figure l(b) 
shows the configuration of the wind tunnel made in this study. The suction fan was equipped with a lattice net 
attached at the entry of a fan in order to reduce swirl velocity and to obtain a uniform flow around the test cylinder. 
The test cylinder consists of a core cylinder of S45C steel partially covered with a Styrofoam cylinder and 
polyurethane, a specimen and a base. The wind velocity in the wind tunnel can be controlled in the range from 
Om/s to 12ds .  The measurements were made at every 30 min from start to specimen failure. Strain histogram 
history was measured by MRC based on the rainflow algorithm for last 5 min in an every 30 min measurement 
block. Vibration behavior of the test cylinder was recorded for lmin by video camera from the top of the wind 
tunnel. After stopping the fan at every 30 min, crack length was measured by the replica method. This procedure 
was repeated until final failure of specimen. 
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(a) Shape and dimensions of specimen. 

Figure 1: Shape and dimensions of 

MKC 
(b) Experimental equipment composed with a wind tunnel, 
specimen and a small portable strain recorder.(mm) 

specimen and Experimental equipment 



The Strouhal number, S, controls the condition of flow-induced vibration. Figure 2 shows S must be in the specific 
ranges to obtain flow-induced vibration [9]. S is defined by 

S=fP/U 

,where f, is von Karman vortex shedding frequency in Hz, D the diameter of test cylinder in m, U free flow 
velocity in d s .  In the case of the MONJU accident, f,=265Hz, D=O.Olm, U=5.0m/s and S=0.53 which 
corresponds to the domain No.3 of Fig.2 [lo]. Therefore, symmetric vortices shed from both sides of the 
thermometer sheath, and the thermometer sheath vibrated parallel to flow direction [ 101. The lift force acting on 
test cylinder per unit length is expressed by 

F= p U2DCL12 

where p is fluid density in kg/m3, and C, lift coefficient. From the viewpoint of fatigue crack observation, air 
was used as fluid for wind tunnel. The density of air is approximately 111000 of water. Although the condition of 
U=S.Om/s and S0.37 corresponds to the domain of No.2 of Fig.2, fatigue crack is not expected to initiate due to 
small lift force calculated by Eqn.2. Thus, the condition of the domain No.1 in which large amplitude can be 
obtained was adopted. On the other hand, von Karman vortex shedding frequency must agree with natural 
frequency of test cylinder. In this study S0 .17  was adopted to obtain the largest amplitude of cylinder in the 
domain No. 1. The condition leading fatigue failure for short time was found by preliminary tests in which several 
shapes and dimensions of test cylinders and specimens, and free flow velocity were examined. Thus, the test 
condition was finally determined asf,=f,=l0.8Hz, BO.15m and U=9.7m/s. 
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Figure 2 : The relationship between S (Strouhal number) and amplitude (Blevins‘’)). 0 is the domain of the vibration transverse to flow 
direction. @ and @l are the domain of the vibration parallel to flow direction. Vortex shape changes depending on Strouhal number. 

Figure 3 : Crack at small hole after W l . 3  X 106cycles. Crack length F723 P m. 

The portable strain histogram recorder, MRC, was used for data acquisition of strain history. Figure 3 shows crack 
propagation almost perpendicular to the axis of specimen. Strain gauge No.1 was attached to the site where the 
variation of strain history due to crack initiation and propagation were expected. Figure 4 shows the positions of 
strain gauges No.1 and No.3 in relation with the small hole. The distance from the center of the small hole to 
Strain gauge No. 1 was 1660 ,U m. Strain gauge No.3 was attached at the opposite side of specimen with respect to 
the small hole. MRC counts strain frequency by the Rainflow counting algorithm. The maximum strain range 



which can be measured by MRC is 7000 X 10“ and the total range is divided into 256 levels based on a rainflow 
algorithm. The acquired data were analyzed by a personal computer. 
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(a) Strain gauge No. 1 (b) Strain gauge No.3 
Figure 4 : Strain gauge positions with respect to the location of the small hole ( p  m). (a) Strain gauge 
No. 1 viewed from horizontal direction. (b) Strain gauge No.3 at the opposite side to the small hole. 

RESULT AND DISCUSSION 

Trace of the vibration of test cylinder 
Vibration behaviour of test cylinder was recorded by video camera from the top of the wind tunnel. A mark was 
put at the top of the test cylinder. Figure 5(a) illustrates the observation method. Figure 5(b) and (c) shows the 
observed trace of the mark at the beginning of the test and after 1260 min. The vibration behaviour is extremely 
irregular. Figure 5(b) shows the vibration behaviour after the first 30 min interval when no crack exists. The 
direction of vibration is almost perpendicular to flow direction. The variation behaviour of test cylinder 
approximately belongs to the condition of Fig.2. Figure 5(c) shows the vibration behaviour after 1260 min testing 
when the crack has length 1=1110 ,U m. There is no apparent difference between the amplitude and vibration 
direction of Fig.S(b) and (c). It follows that the amplitude of cylinder hardly changes until crack grows to lmm 
and it is very difficult to predict the symptom of fatigue failure by vibration amplitude. 
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(a) Observation mark at the top of test cylinder (b) The first 30 min (c) After 1260 min, crack length /=l 110 LI m 
Figure 5 : Trace of the mark during the last lmin at the measurement interval, 30 min. (b) After first 30 
min interval with no crack, (c) After 1260 min test intervals with crack. Crack length /=l 110 D m. 

Variation of natural frequency 
Variation of natural frequency with crack growth may be thought to capture the symptom of fatigue failure by 
flow-induced vibration. Natural frequency is defined from strain frequency for 5 min measurement by MRC at 
strain gauge No.3. Number of cycles N is defined by those of reversals based on the Rainflow algorithm [ 1 1,121 
and as twice as ordinary counts. Thus the natural frequencyf, (Hz) is defined by 

S” = 
Strain frequency measured at strain gauge No.3 for 5 min l 2 

5 x 60sec 



Figure 6 shows the relationship between variation of natural frequencyf, (Hz) and crack length 1 ( p m). The crack 
initiated at the edge of the hole at Nc=3.5 X lo5 cycles and the specimen failed at N72.3 X lo6 cycles. However, 
natural frequency hardly varied almost until final fracture. Particularly, the lack of change of natural frequency at 
crack length lmm, demonstrates the difficulty of predicting the beginning of fatigue failure at an early stage of the 
test [1,13,14]. 
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Figure 6 :Variation of natural frequency and crack growth. f, : Natural frequency. l : Crack length. 
N, : Cycles to crack initiation, N,: Cycles to failure. 

cy distribution 
Variation of strain frequency distribution was investigated to capture a symptom of fatigue failure when the crack 
size was small (less than lmm). Figure 7(a) and (b) shows the strain frequency distributions measured by MRC. In 
these histogram, the abscissa is strain E , the ordinate is strain frequency n for 5 min measurement. Figure 7(a) 
shows strain frequency distribution measured at strain gauge No.3. This strain gauge was attached at the opposite 
side of specimen with respect to the small hole (Fig.4(b)). In this histogram the strain frequency distribution hardly 
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(b) Variation of the histogram at Strain gauge No. 1 with crack length (c) 
Figure 7 : Histogram of  strain frequency for 5 min measurement at various crack length. (a) Measurement at strain gauge No.1, 
Measurement at strain gauge No.3. (c) Variation of  the mean value of strain range with crack growth at strain gauges No. 1 and No.3 (see Fig 



varied with crack growth. On the other hand, Fig.7(b) shows the peak of strain frequency distributions at strain 
gauge No.1 (Fig.4(a)) shifted to the smaller value of abscissa with crack growth. It follows that the strain at strain 
gauge No, 1 decreased with crack growth. 
For more clear detection of crack growth, a quantitative expression of variation of strain frequency distribution 
was attempted in relation with Fig.7(b). From strain frequency distribution of Fig.7(a) and (b), the parameter as 
the mean value of strain range A E m was defined by 

where E I is individual strain level made by dividing 7000 X lo4 into 256 levels, n, strain frequency (reversals) 
and NSfin total frequency (reversals) for 5 min measurement. Figure 7(c) shows that A E calculated with 
strain frequency distribution at strain gauge No.3 is kept almost constant with crack growth. However, d E m,No,, 

at strain gauge No. 1 shows decrease of 100 X 1 O4 as crack grows from 700 ,U m to 900 ,U m. Thus, the symptom of 
fatigue crack growth and fatigue failure can be captured and identified by the variation of strain near crack 
initiation site. 

Analysis of strain jield near crack 
Natural frequency and displacement amplitude of the test cylinder hardly varied until final fracture. However the 
strain frequency distribution near the small hole shifted to smaller value approximately at crack length lmm. 
Therefore, the change of strain field at strain gauge No. 1 with crack growth was analyzed. Crack growth direction 
was assumed to be perpendicular to the specimen axis. Figure 8(a) shows the 2D crack model for approximation. 
Stresses at the strain gauge are calculated by [ 151 

where the quantities 8, 8 I ,  8,, r, rl  and r2 are defined in Fig.S(a). With stresses ox and o,, , strain E is calculated 

by 
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Figure 8: Analysis of strain field near 2D crack. (a) Coordinates of strain field at a crack in a two 
dimensional infinite plate. (b) Variation of c J E with crack growth at strain gauge No. 1. 



,where E ym= aym/E, E Young’s modulus and v Poisson’s ratio, 0.3. Figure 8(b) shows the change of normalized 
strain E ~ /  E y m  with crack growth. E ~ /  monotonically decreases as crack grows and the decrease is 
evident at crack length k700 y m. The value of d E in experiment also decreases as crack grows as shown 
in Fig.7(c). Therefore, it can be concluded that shift of strain frequency distribution to smaller value with crack 
growth is incorporated with relief of axial stress at the position of the strain gauge near the crack. 

Fatigue lve evaluation based on Miner ’S rule 
The possibility of fatigue life evaluation by Miner’s rule was examined. The total fatigue damage D from the start 
of the test to the k-th measurement block was calculated only with first 30 min measurement data in order to 
examine the possibility of predicting fatigue life with the data at the start of the test. Thus, the value of D is 
defined by 

where k is the sequence number of measurement block, n,, frequency of individual strain level in 256 divided 
levels of 7000 X 10“ during the first 30 min measurement, Nfi is fatigue life for individual strain level E , . N$ for 
the same material containing an artificial small hole with diameter 200 y m is formulated by Cofin-Manson type 
equation by [ 161 as 

d E ,‘.77N,=0.538 (0.46%C steel, h 2 0 0  y m> (8) 

’where N’=2N’. The relationship between N’and total strain range d E , can be derived by the following three 
equations (9)’ [ 161. 

Figure 9 shows the accumulation of fatigue damage D calculated by the above method with crack length which 
was experimentally measured. Two specimens tested in this study failed at D less than unity. The cause for the 
value of D may be that flow-induced vibration is extremely random and includes over-stress and under-stress 
higher and lower than fatigue limit [ 171. 
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CONCLUSION 

Fatigue testing by flow-induced vibration was performed by a small wind tunnel. The conclusions obtained can be 
summarized as follows. 
(1) Fatigue failure by flow-induced vibration transverse to flow direction occurred under Strouhal number S 

ranging from 0.10 to 0.22. 
(2) Early prediction of the symptom of fatigue failure by variation of vibration amplitude was very difficult, 

because the vibration amplitude of the test cylinder hardly changed until the crack grew to lmm. 
(3) Early prediction of the symptom of fatigue failure by variation of natural frequency was also difficult, because 

natural frequency did not change until the crack grew to lmm. 
(4) It is possible to predict the symptom of fatigue failure at crack length lmm by monitoring the variation of 

strain frequency distribution near crack initiation site. 
( 5 )  Fatigue damage accumulation based on Miner’s rule by using the strain histogram obtained by the first 30 min 

measurement interval was B0 .4 .  
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