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CHAPTER I 

INTRODUCTION 

I. I The Background of Vortex Shedding 

Phenomena Behind the Bluff Body 

When a flow passes bluff bodies such as cylinder, tube, _bridge, or 

structure, there occur vortices in a periodic or sometimes comp I icated 

manner, which leads to the so-cal led vortex-shedding frequency. One 

serious structural problem should be considered when the eddy shedding 

frequency of the Karman Vortex Street is at or near the natural frequency 

of the structure. 

Quantitative study started with the experiments of Strouhal and led 

to an empirical correlation of the periodicity f, the diameter D, the 

stream velocity U through the dimens1onless Strouhal number S = fD/U. 

In the theoretical point of view, al I previous attempts seem to 

have been solving the Navier-Stokes equations based on the assumption of 

two-dimensionality in terms of stream function and vorticity. 

The stream function and vorticity were defined as: 

u = 

w = 

a~ 
ay 

(!.I l 

(I .2l 
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Substituting these equations into the momentum equation, the govern-

ing equation can be expressed as: 

aiµ aw 
+ ay ax 

aw 
ay 

2 2 
=v(~+~) 

ax 2 a/ 
(I .3 l 

Introducing the reference length L or D and reference velocity U and 

Re= UL/v or Re= UD/v, the equation (I .3) becomes: 

aw + .... 
+ 'V " WV at ( 1.4) 

Pearson (I) tried to solve this equation (I .4) by finite differ-

ence methods at low Reynold number, imposing the proper boundary condi-

tions. 

However, as the Reynold number increases, we cannot get the unique 

solution of the flow past the bluff body. This is due to the fact that 

if separation takes place, there wi I I be additional shear layers whose 

shape and position are unknown. In other words, there is no rigorous 

mathematical discription to investigate the asymptotic behavior of 

vortex-shedding phenomena as the Reynolds number approaches infinity. 

Being relatively unguided by sufficient theory, many researchers 

have, for the most part, resorted to the experiments and instrumentation-

al technique making almost the same type of measurements of velocity 

fluctuations with respect to the Reynolds numbers and geometry. 

I .2 Literature Survey 

There has been a lot of studies (4, 5, 6, 7l about Von Karman 

vortex street for nearly a century. Because of the di~ficuJties 

in obtaining the precise mechanism of fLow separation and 

vortex shedding phenomena, most part of research has been done by 
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experimental methods rather than theoretical approaches. But some re-

searchers demonstrated the f I ow pattern behind the cy Ii nder or rectangu-

lar at the low Re number, say, Re < 100, by solving Navier-stokes 

equation in vorticity and stream function form using digital computers (I, 

2' 3). 

The vortex shedding frequencies at various Re numbers have been in-

vestigated by many authors (4, 5, 6, 7). Their results shows that there 

are three different ranges to be considered based on the Reynolds number: 

subcritical, transition, and transcritical range. And there is a super-

critical range within the transition range. Figure I shows the vortex 

shedding frequencies at various Re numbers (7). 

I Transition Ranoe I 
I I 
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Figure I. Strauhal Number of Vortex Shedding Frequency 

In the subcritical range ( 100 <Re< 2 x 105 ), the Strauhal number 
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is approximately 0.2 which is almost the same value among many authors. 

In the beginning of the transition range, the Strouhal number has a 

tendency to increase abruptly. Richter and Naudasher (6) explained this 

trend by the fact that because of the downstream shift of the separation 

I ines with transition from a laminar to a turbulent boundary layer the 

wake is contracted. 

On the other hand, the pressure drag coefficinet CD is decreased 

abruptly in this range. It is interesting to note that the Strouhal 

number is reciprocally proportional to the approximate relationship be-

tween the Strouhal number and the pressure drag coefficient by the equa-

ti on ( 41: 

I 
CD = 0.222 S - 0.0028 52 (I .5) 

The supercritical range is characterized by the more non! inear and 

irregular vortex shedding behavior and in this range the Strouhal number 

is going to be lower than the beginning of the transition range. 

In 1961, Klebanoff et al. (8) studied this non! inear behavior and 

the actual breakdown of the laminar boundary layer. An interesting be-

havior was drawn from their experiments that there occurred the same 

patterns of intense high frequency fluctuations which have something to 

do with the hairpin eddies. Furthermore, it was pointed out that the 

spikes of fluctuation occur intermittently rather than continuously, but 

most frequently at the spanwise position corresponding to the peak in 

the velocity fluctuations. 

Bearman (4) studied the vortex shedding from a circular cylinder in 

the critical Re number range. The results reveals the fact that the 

reason for regular shedding ceasing is due to the increase in the three-



5 

dimensionality of the flow caused by turbulent wedges from the front of 

the cylinder disrupting the separation bubbles. 

Roshko (5) also explained the nature of the transitions as follows: 

At the subcritical Re numbers the separation occur early on 
the front of the cylinder. With increasing Re number, tran
sition in the boundary layer moves ahead of the laminar sep
aration point, so separation moves to the rear of the 
cylinder, with a consequent decrease in the drag coefficient 
( p. 355 ) 

In the transcritical range, the Strouhal numbers were lower than 

supercritical range, those values are somewhat scattered and there are 

some differences from each author. 

I .3 The Objective of this Thesis 

It is well known that the dimensionless Strauhal number Sis about 

0.2 below the critical range. And there is a general agreement that 

there is, in the transition range, a predominant frequency in the wake, 

which leads to the irregularity and nonlinearity instead of the accurate 

periodicity. Furthermore, Levine (9) investigated this phenomena in the 

viewpoint of intermittent behavior due to large burst of turbulent f luc-

tuations in the turbulent gas flow. 

Here are two main purposes in this present study. The first one is 

to investigate the basic vortex shedding at the low Reynolds numbers on 

the water table. In this flow visualization experiment, two interesting 

features were focused. One of them is to get the optimum condition for 

flow visualization method, and the other one is to study the asymmetry 

ef feet of gap area between cy Ii nder and the water tab I e wa I I on the for-

mat ion of the Von Karman vortex street. 

The second objective of this thesis is to develop the method for 

analyzing the nonlinearity and intermittency of vortex shedding in the 
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beginning of the transition area by using active filters and instrumen

tation technique on hot-wire signals. It was hoped to obtain answeres to 

a few interesting and important quations: What kind of fluctuations lead 

to the irregularity and non I inearity in the beginning of transition re

gion? What is the amount of turbulent fluctuations? How does the inter

mittency affect the vortex shedding? Is there any quantitative character

istics in the turbulent fluctuation? 

I .4 Out I ine of the Thesis 

In the previous sections, the scope and objectives of this study 

were introduced. Various ranges of vortex shedding characteristics with 

respect to Reynolds number were also introduced. 

Chapter II describes the flow visualization technique with dye on 

the water table. The main objectives of this chapter are to investigate 

the effect of Reynolds number and depth of water table on the condition 

of vortex shedding visualization and to explain the effect of asymmetry 

on the formation of Von Karman vortex street. 

Experimental apparatus for hot-wire measurements are introduced in 

Chapter 111. Expecial ly, the instrumentation procedures for detecting 

various signals resulted from the transition phenomena are described. 

In Chapter IV, the qua I itative and quantitative aspects of detect

ed signals are explained. A separate documenation in Appendix B con

tains some photographs taken from the osci I loscope and spectrum analyzer. 

Results for Strauhal number and turbulent fluctuations are also included 

in this chapter. 

Chapter V summarizes al I of these results and suggest further ~e

search. 



CHAPTER I I 

FLOW VISUALIZATION ON THE WATER TABLE 

2.1 Experimental Arrangements 

A water table of a test section 7.75 inches wide, 40 inches long 

and 5 inches high was used. The water was circulated by a smal I centrif

ugal pump, and the velocity in the test section was control led by a roto

meter installed at a return pipe. The schematic diagram is shown in 

Figure 23 !Appendix Cl. 

In order to reduce the free-stream turbulence level, the leading 

edge was rounded. The vortex-shedding visualization was performed at 

various hights of test section. Also, the Reynolds number was dependent 

on the depth of the water because the flow volume was I imited. 

The diameters of test cylinders were from 1.3 inches to 4.5 inches. 

That is, the range of cylinder diameter to channel width was from 0.17 

to 0.58. The dye used in developing flow-visualization was rhodamine 

dye. 

In order to investigate the effect of asymmetry, the gap between 

the cylinder and the wal I was varied up to one-half of the width of the 

test section. 

In the investigation of the effect of the height in test section, 

the 2-inch diameter cylinder positioned 20 diameters downstream of the 

leading edge of the plate was used, and the velocity of water was cal i

brated by stop-watch. 

7 



2.2 The Effect of Re and Depth 

In order to find the good condition for vortex-shedding visual iza-

tion on the water table, this experiment was performed. The parameters 

included in this experiment are shown in Figure 2. 

/ 
w ® 

d / 

H 

Figure 2. The Shape of Test Section of 
Water Table w =Width of 
Test Section, H =Depth of 
Test Section, h =the Vari
ous Depth to be Changed, 
D =Diameter of Test Cyl in
der, d =Gap Between Cyl in
der and Test-Section Wa I I 

8 

The results from this experiment are shown in Figure 3. In the ef-

feet of Reynolds and depth, h/D = 1.0 and h/D = 1.5 was perferable. 

Furthermore, at the Re< 2000, the visualization was good. But, the 

author would suggest that we can see vortex street more cleary at 

Reynolds number between 500 and 1000, or if possible below 500. In this 

case, the dye should be more I ight (not heavier than water). Perry et al. 

( 19) method of visualization, or the frequency of wake was detected by 

a hot-wire probe or hot fi Im. 
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2.3 The Effect of Asymmetry 

This experiment was performed at h/D = I .O, Re= 1000 and 5000. The 

diameters of test cylinders are: 

DI I . 3 in.; 

D2 2 in; 

D3 I .3 in; 

D4 3 in; 

D5 = 3.5 in; and 

06 = 4.5 in. 

In the effect of asymmetry, as shown in Figure 4, there are three 

regions, existence of vortex shedding, non-existence of vortex shedding 

and unstable- (irregular) region. 

At d/D = 0.1 only a single row of vortices were observed (Figure 5 

[a]I, but at d/D = 0.6 a regular Von Karman vortex street was seen (Fig

ure 5[b]I. At d/D = 0.3 and 0.4, there were sometimes irregular and 

perturbed vortex streets (Figure 5[c]I. In this situation, the three

dimensional effect was also observed intermittently. This is a conse

quence of vortex break-down and has something to do with transition to 

turbulent fluctuation due to the boundary-layer effect on the wal I. 
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CHAPTER I I I 

METHODS OF HOT-WIRE MEASUREMENTS 

3. I Experimental Arrangements 

The experiments were performed in a high-speed wind tunnel which is 

located at the Mechanical Engineering Laboratory, Oklahoma State 

University (Figure 6). 

t I 
12t in 10in 

Al 10 C• u+ B• 24tin I I 
I I 

I 
I -1-0 _, ,- D 

I I 

D=6_l_in 
2 

Wind Tunnel Wall 

Figure 6. Arrangement of Cylinder in the Wind 
Tunnel 

The test section of the channel was of a rectangular shape measur-

ing 24-1/2 inches in width, 16-1/8 inches in depth and 106 inches in 

length. A 6-1/2 inch diameter of circular cylinder was installed in the 

middle of the test section and hot-wire probe was located one diameter 

13 



14 

behind the test cylinder to measure the velocity fluctuations and vortex 

shedding frequencies generated by the cylinder. 

The bridge is connected to the hot-wire probe, and the bridge is 

also connected to the osci I loscope and the spectrum analyzer. Some pie-

tures were taken at the various situations. 

3.2 The Free Stream Condition 

The velocity was measured by DISA single type hot-wire annemometer 

and verified by pitot-tube measurement from velocity level I to 3 !Table 

I l. 

TABLE 

THE VELOCITY AND Re FOR EACH LEVEL 

Level Velocity (LJ) Re 

58 ft/sec I .65 x 105 

2 73 ft/sec 2.08 x 105 

3 93 ft/sec 2.65 x 105 

The hot-wire calibration was performed based on the King''s Law: 

( 3. I l 

After finding the coefficinets A0 , A1, and A2 by the least-square curve 

fitting method, the velocity was obtained by solving the quadratic equa-

tion. The intesity of the free stream turbulence was less than 0.5 per-

cent. 
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The hot-wire was positioned from center to near the wal I. There 

were some differences in r.m.s. turbulence level, however, the differences 

were so smal I that it is not necessary to account for them in this experi-

ment. But, in order to make sure that the perturbations present were not 

of such a level as to introduce qua! itative changes in the corresponding 

flow past a cylinder spanning the whole wind tunnel, a special effort was 

made that the test cylinder was polished smooth and a 4 mm hot-wire hold-

er was used. 

3.3 lnstrumentational Technique for Analysis of 

Vortex Shedding in the Transition Region 

The data recorded herein were performed at the position A in Figure 

6. The velocity of free stream was 58 ft/sec and the Re number was 

5 I .65 x 10 based on the 6.5 inch diameter. As mentioned in the introduc-

tion of this thesis, this situation i$ the beginning of the transition 

range. The typical example of recorded signal trace and the power spec-

tra of fluctuating velocity in the wake of a circular cylinder is shown 

in Figure 7(a), also the pictures taken in this situation are provided 

in Figure 17 (Appendix 8). 

It is evident that the wake velocity Fluctuations are composed of 

many sinusoidal waves, which result in a single or several sharp spec-

tra1 peak at the dominant frequencies. But Figure 7(b) shows that there 

is no visible dominant frequency, and it leads to the fol lowing assump-

tion that due to the large amount of turbulent fluctuation and intermft-

tant behavior, the expected low frequency signal was swamped. 

So, it is necessary to design a special filter to detect this char-

acteristics, Figure 8 shows instrumentation I equipment and the fi iters 
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Figure 8. The Instrumental Procedure for Detecting Various Signals --J 
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to be used. According to the experiments in the wind-tunnel at position 

A, velocity level I, the range of the voltage fluctuations reading from 

the voltmeter was approximately 0.2V. Also, it is expected that there 

will be some amount of voltage drop. So, two inverting amplifiers are 

used before the high-pass filter and low-pass filter. The detailed cir

cuit diagram is provided in Figure 16 (Appendix Al. 

The cut-off frequency of the high-pass filter is 500 Hz. This f i It

er permits of passing the intermittent turbulent high-frequency fluctua

tions. The typical signal passing this filter is shown in Figure 9, and 

the photograph is provided in Figure 18 (Appendix Bl. 

The cut-off frequency of the low-pass filter is 200 Hz. This filter 

permits of passing the new low frequency signal which was resulted from 

the high-pass filter. That is, the high frequencies inside the period of 

the turbulent fluctuations were removed. The typical signal in this 

situation is shown in Figure 10, and the photograph is provided in Fig

ure 19 (Appendix Bl. 
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Figure 9. The Typical Signal Passed the 
High-Pass Filter 
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Figure 10. The Typical Signal Passed the 
High-Low Pass Filter 
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CHAPTER IV 

ANALYSIS OF THE EFFECTS OF TURBULENT FLUCTUATIONS 

ON THE VORTEX SHEDDING IN THE BEGINNING 

OF THE TRANSITION RANGE 

4. I The Qua I itative Aspects of the Signals 

Figure I I is an idealized signal from osci I loscope passing various 

path in Figure 8. 

Figure I l(al shows the original signal from the hot-wire. This is 

composed of three parts, the large period of fluctuations (Al, the very 

short period of fluctuations (BJ, and the medium period of fluctuations 

which is formed by a bundle of very short period of flucuations (CJ. 

The velocity fluctuation component U can be divided by: 

U = 0 + U' 

where: 

U =dominant velocity fluctuation; and 

U' = intermittant turbulent fluctuation. 

(4.1) 

It is interesting that the turbulent fluctuations have the period 

intermittently. Klebanoff (8J demonstrated that the intermittency occurs 

because the probe is sometimes inside and sometimes outside a fully de

veloped turbulent layer. In the viewpoint of a vortex shedding behind 

a cylinder, the reason why we cannot obtain the regular vortex frequency 

20 
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is due to the fact that there occur a superposition of part (bl and part 

(dl in Figure I I. 

The idealized signal passed only low-pass filter demonstrates the 

part (d) in Figure 11, of which a photograph is provided in Figure 20 

(Appendix Bl. 

One more thing to be considered at this point is the three-dimension

al ity. As was discussed in the flow-visualization, low-frequency irregu

larities are caused by the three-dimensionality. Figure 20 in Appendix B 

shows the tow frequency irregularity, and in this experiment the three

dimensional velocity flucutation was detected by changing the hot-wire 

direction. 

4.2 The Quantitative Aspects of Signals 

4.2.I Strauhal Number 

The first one to be considered among the quantitative analysis of 

signals is the dominant low frequency and the value of Strauhal number. 

Figure 12 shows the power spectra of low frequency which p~ssed the rou

tine (I l in Figure 8. Namely, the intermittent turbulent behavior is 

removed, however, the low frequency irregularity caused by the three

dimensional ity sti 11 exist. Also, the photograph taken from the spectrum 

analyzer is provided in Figure 21 (Appendix Bl. 

The dominant frequency is approximately 27 Hz, and the Strauhal num

ber is approximately 0.25, which is very similar to the value obtained 

by Roshko (51. The Strauhal number was also calculated by measuring the 

period r from the photograph taken (Figure 20, Appendix Bl. The value 

is almost consistent with the value calculated fran the power spectra. 

At this point, it is worth while to introduce the effect of hot-wire 
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position. As the hot-wire is moved from position A to B (mean the center 

of wind tunnel), the amount of turbulent fluctuations are decreased, also, 

the intermittent phenomena are decreased. From this fact, it can be con-

eluded that the inner part of fluctuation is more stable than outside in 

the transition region. 

Of much importance also is the fact that the calculated Strouhal 

number from the low-pass filtered signal is 0.25 which is different from 

0.2. This means that it proves the fact that in the beginning of the 

transition area, the Strouhal number has a tendency to increase as point-

ed out in the Ii terature survey. 

4.2.2 Turbulent Frequency 

The Figure 22(al and (bl (Appendix Bl shows the original signal and 

I ow-frequency part of the turbu I ent s i gna I. Susan BI oor (I I l suggested 

the relationship between ratio of transition waves ft to fundamental 

shedding frequency f and Reynolds number. 

ft u213 

-f- a ( vd l I / 2 
d 

u (4.2) 

Figure 13 demonstrates this relation that as the Reynolds number 

increases the turbulent frequency has a tendency to increase. 

Another trial was made to investigate the effect of the.length of 

downstream on the burst of turbulent fluctuations. The turbulent fluctu-

at ions at position C decreased a I ittle bit but not much. Schaefer and 

Eskimazi ( 14) proposed the empirical relation of the stable region: the 

start of the stable region is governed approximately by: 

(4.3l 
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and the end of stable region is governed approximately by: 

150 (4.4) 

where x is the length from the test cylinder to downstream location. 

For large Reynolds number, Equations 4.3 and 4.4 are almost meaningless. 

For example, if Re= I .6 x 105 and d = 6.5 inches, the length of stable 

region is approximately 0.05 inches, which is an almost meaningless 

value. This can be interpreted as saying that, in the transition range, 

the effect of the length of downstream on the vortex shedding is of I it-

tie importance. 

4.2.3 lntermittency Factor (y) 

As seen in Figure 9, the turbulent spots appears to be contained in 

quite sharply defined lumps or burst, instead of being uniformly distrib-

uted in time. Because the traces shown were arbitrarily selected, the 

number of lumps implied from the figures may not be exactly representa-

tive. However, from the statistical point of view, the intermittency 

factor needs to be considered. 

They is termed the intermittency factor (3). For y = 0 the flow 

is laminar, and for y =I the flow is turbulent al I the time. Electron-

ical ly, it is possible to obtain a measure of y directly from the hot-

wire signal on the osci I loscope. 

Figure 14 shows the simplified trace of Figure 18 (Appendix 8). 

The intermittent turbulence is occurring about 33 percent of the time; 

that is, the intermittency factor y is equal to 0.33. 

Also, the quantitative change of intermittency factor due to the 

movement of hot-wire from A to B is calculated. Figure 15 shows this 

aspect. 
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The intermittent turbulence occurring is about 25 percent of the 

time. That is intermittency y is equal to 0.25. That is, 24 percent of 

intermittency decrease is observed. 

According to the explanation up to now, it is obvious that the rea

son why we cannot obtain a steady and regular vortex shedding frequency 

in the beginning of transition range is the interaction between low fre

quency and high intermittent turbulent fluctuation. Though an apparent 

relationship between several parameters f, ft' y, and S cannot be obtain

ed right now, it is reasonable to guess that a superposition of low fre

quency and high frequency turbulent phenomena occurs; therefore, the 

intermittency factor is one of the important factors to be considered. 



CHAPTER V 

CLOSURE 

5. I Summary 

This study covers development of flow visualization techniques on 

the water table, and the analysis of the intermittent turbulent fluctua-

tions at the beginning of the transition range. 

In the development of flow visualization techniques on the water 

table, the effect of the Reynolds number, the depth of water table, and 

the degree of asymmetry were investigated. The range of h/D for good 

flow visualization for the formation of Von Karman vortex street was 

found to be from 1.0 to 1.5 at Re~ 1000. The criterion for existence 

of a Von Karman vortex street was shown to be d/D ~ 0.5; for d/D ~ 0.2 

there occurred no Von Karman vortex street; and there was an unstable 

region 0.2 < d/D < 0.5. 

5 In the wind tunnel experiment at Re= I .65 x 10 , the low-frequency 

fluctuation was overlaid by bursts of high-frequency turbulent fluctua-

tions; as a result the spectral analysis did not give any explicit data. 

The intermittent turbulent fluctuations, the low-frequency large 

fluctuation, and the low-frequency of turbulent fluctuations were detect-

ed by using active filters on the hot-wire signal. The vortex-shedding 

phenomena ln the beginning of the transition range are characterize& as 

the combination of these three kinds of signals. 

The data from spectrum analyzer of low-pass filtered signal gave the 
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Strouhal number =0.25 for the intermittent bursts of turbulence. The in

termittency factory was approximately 0.33 behind the edge of the test 

cylinder, and 0.25 in the middle of the wake. 

5.2 Recommendations for Future Research 

The vortex-shedding phenomenon in the high Reynolds number stil I 

has uncertainties. Certainly, one of the main reasons is the introduc

tion of the turbulent flow to the separation. The author would suggest 

some problems which are worthy of study: 

I. In the experiment on the water table, it might be helpful to in

vestigate the intermittency and three-dimensionality using a hot fi Im 

probe because of the low Reynolds number and the possibi I ity of visibi 1-

ity with naked eye. 

2. The study of the effect of downstream distance of various hot

wire locations, using several hot-wires in the transtion range, is 

recommended. 

3. The study of the effect of asymmetry on the i ntermi ttency and 

turbulent fluctuation in the wind tur:ine I is recommended. 

4. If the empirical relation among the Strouhal number s, inter-

mi ttency factor y, low frequency f , high turbulent frequency ft and 

Reynolds number can be obtained, it wi 11 be very useful. 
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APPENDIX A 

THE CIRCUIT DIAGRAM FOR DETECTING SIGNALS 
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APPENDIX B 

PHOTOGRAPHS TAKEN FROM OSCILLOSCOPE AND 

SPECTRUM ANALYZER 
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Figure 17. Photograph Corresponding to 
Figure 7(al 

Figure 18. Photograph Corresponding to 
Figure 9 
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Figure 19. Photograph Corresponding to 
Figure 10 

Figure 20. The Signal Trace of Low Frequency Fluctuation 
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Figure 21. Photograph Corresponding to 
Figure 12 
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Figure 22. Photograph Corresponding to 
Figure 12 
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APPENDIX C 

THE SCHEMATIC DIAGRAM OF WATER TABLE 
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Figure 23. The Schematic Diagram of Water Table 
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