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Roughness with thickness about equal to the thickness of the boundary layer has 

drastically reduced the synchronization range of cylinder oscillations (Fig. 7.3). Chang 

(2011) also reported that roughness height as low as 1/3 of the thickness of the boundary 

layer can cause transition from VIV to galloping. 

In Fig. 7.4, for all roughness cases (P60, P120 and P180), response frequency 

registers an overall increase with increasing reduced velocity but with a sudden dip at the 

beginning of the desynchronization range. Also, the cylinder oscillations are faster 

(higher frequency) in these cases compared to smooth cylinder response. Especially for 

P60, the cylinder motion was suppressed very well and a dominant oscillation frequency 

was not found (8.5<U*<10.0). 

T7 rougher cylinders also have a tendency to “hard VIV” or “hard excitation”. That 

is, a minimum threshold static displacement is required to trigger VIV at U*=5.5; 

otherwise, VIV will start at U*=6.5 for P60.  

 

Fig. 7.3. Effect of surface roughness on the cylinder amplitude response 
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Fig. 7.4. Effect of surface roughness on the cylinder frequency response 

 

7.2.3. Effect of location 

 

To study the effect of strip location, strips are placed at various locations in the range 

60°-80° and the results are plotted in Figs. 7.5 and 7.6. All cases pertain to configuration 

T7 with strips of half-inch width. Out of many cases studied (Fig. 7.5), except for the 

case with strip location at 90°, all the other cases exhibit very similar amplitude profiles 

though finer differences could be observed between them. For strip configuration T7: 

90°-106°, amplitude trend is very similar to that of the smooth cylinder but with 

significantly subdued amplitude values. The response branches are quite similar to those 

of the smooth cylinder with nearly the same synchronization range in both cases. This is 

in agreement with the PTC-to-FIM map presented in Chapter 6. At other locations, the 

general response is characterized by much shortened range of synchronization with 

oscillatory amplitudes severely curbed for U*>7.0. The effect of location on excitation 

amplitude is highly nonlinear as evidenced in Fig. 7.5. There is a general tendency that, 
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for strip angles ≤80°, as strip position angle increases (farther away from the front 

stagnation point), the synchronization range decreases but with higher amplitudes for 

U*>7.0. At high U* values (≅13.0), amplitudes are brought to negligible levels by the 

application of roughness. The aforementioned non-linearity could be seen in the trend of 

response frequency also in Fig. 7.6. Overall, the oscillatory frequency reduces with 

increasing strip angle for lower reduced velocities (U*<8.0) and thereafter, this trend 

reverses, i.e., smaller strip angles favor lower oscillation frequency. Except for 

configuration T7:90°-106°, all other roughness configurations induce oscillation 

frequency higher than that of the smooth cylinder as could be seen in Fig. 7.6.  

 

 

Fig. 7.5. Effect of strip location on the cylinder amplitude response 
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Fig. 7.6. Effect of strip location on the cylinder frequency response 

 

7.2.4. Effect of roughness strip orientation 

 

As part of this investigation, the effect of orientation of the PTC with 1.27cm width is 

studied. Each of the three strips on each side of configuration T7, has from left to right a 

starting-point and an end-point along the cylinder. The leading edge of the end-point is 

located at 60° (upstream edge of the strip is at an angle of 60° from the front stagnation 

point). The leading edge of the starting-point is located at 76°, 86° and 96°. Results are 

presented in Fig. 7.7 showing that amplitude A* is substantially reduced in cases of PTC 

coverage compared to that of the smooth cylinder. The maximum amplitude is about 45% 

of that of the smooth cylinder. Furthermore, the greater the coverage, the shorter is the 

synchronization range but with the maximum amplitude nearly the same in all cases. For 

U*>8.5, broader area coverage gives rise to higher amplitude of oscillation, though in 

general, the excitation amplitudes are significantly reduced in all cases. In the range 

6.0≤U*≤8.5, a reverse trend is observed, i.e., broader area coverage results in lower 
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amplitudes of excitation. The corresponding oscillation frequency trends are shown in 

Fig. 7.8. More or less, similar trends could be observed for oscillation frequency also. 

That is, in the range 6.0≤U*≤8.5, higher is the oscillation frequency for lower strip angles 

and for U*>8.5, this trend is reversed. Response frequency trends exhibit a non-linear 

behavior with respect to U*.    

Results presented in Figs. 7.3-7.8, show that for the T7 configuration, in the lower 

range of reduced velocity (U*≤7.5), cylinder undergoes vibrations with A*≅0.75 

suppressed by a factor of 2. Beyond U*≅7.5, vibrations are severely suppressed up to a 

factor of 6. Figs. 7.3-7.8 also show that selective application of roughness is very 

effective in significantly reducing the cylinder oscillations, partially over a portion of the 

synchronization range and totally over the rest. To recall, in all these cases, the strip angle 

is varied from 60° to 106°. This range of suppression closely matches with the strong 

suppression zone (SS) of the PTC-to-FIM map developed in Fig. 6.1.  

 

 

Fig. 7.7. Effect of strip area coverage on the cylinder amplitude response	  
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Fig. 7.8. Strip area coverage on the cylinder frequency response 

 

The PTC-to-FIM map in Fig. 6.1 was developed based on experimental tests 

performed with straight roughness strips with half-inch width attached to the cylinder 

surface parallel to the cylinder axis unlike in the present study where the strips are 

attached inclined to the cylinder axis for T7 configuration. The range of the zone assures 

robustness, a feature that is particularly useful in using PTC in design for suppression or 

enhancement. The compliance of the present suppression results with the PTC-to-FIM 

map indicate that the zonal coverage of roughness is the key factor deciding the 

suppression response and not the design of roughness application, though the style of 

strip application has proved to influence the response features to a certain extent. To 

reiterate, strip position is most important in FIM suppression. Basically, the effective 

geometry of the section is altered with strip placement at various circumferential 

locations giving rise to various forms of FIM including suppression.  

 

7.2.5. Wake vortex structure 
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From the flow visualization experiments conducted as part of the present study, the 

wake structure undergoes drastic changes when PTC is introduced on the cylinder 

surface. For a typical case (T7:60°-76°), where the flow is suppressed to a considerable 

extent, two typical wake structures are presented in Figs 7.9 (a) & (b). It is found that for 

the T7 configuration, the vortices shed are much weaker (less circulation) compared to 

those shed from a smooth cylinder at the same reduced velocity. From visualization, poor 

roll up of shear layers is evident giving rise to weaker (less circulation) vortices.  

For PTC cylinder with roughness, for 5.5<U*<7.5 maximum amplitude is about 0.75 

and vortex size to body size ratio is reduced to about 0.65. For 7.5<U*<9, wake structure 

becomes disorganized and amplitude reduces to less than 0.3. Frequently, the shedding 

process loses consistency; sometimes regular alternate shedding is observed behind the 

cylinder and other times, vortices are shed nearly simultaneously from the top and bottom 

shear layers (Fig. 7.9 (a)). Both these facts, that is poor roll up of shear layers leading to 

weaker (less circulation) vortices and near-simultaneous generation of vortices from the 

top and bottom shear layers contribute to low lift and consequently to low amplitudes of 

excitation as reflected in Figs 7.3, 7.5, and 7.7. It is contemplated that, roughness induces 

turbulence in the separating boundary layers, which diffuses the resulting vorticity 

generation giving rise to weaker (less circulation) vortices. For the shedding mechanism 

suggested by Gerrard (1966) to operate in the wake, the formed vortex (on one side of the 

body, Side-A) should be of sufficient strength to pull the shear layer from the opposite 

side (Side-B) enabling the oppositely-signed vorticity (from Side-B) to cut the vorticity 

supply of Side-A and shed the vortex on Side-A. Once the formation and roll up of shear 
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layer is adversely affected due to roughness, obviously Gerrard’s mechanism cannot 

successfully operate thereby leading to weaker and irregular shedding process, with 

varying shedding cycle timings. As pointed out, this could possibly be a direct 

consequence of the roughness-induced changes in the boundary layer of the cylinder.  

At higher reduced velocities (U*>9), wake structures become still more vague 

characterized by the absence of stable vortex shedding. Most of the times, the wake 

shows either partially rolled up extremely weak (less circulation) vortices or very small 

(in core size), irregular, turbulent eddies depicted in Fig. 7.9(b). Additionally, the wake 

becomes narrower compared to smooth cylinder. Correspondingly, only negligible 

amplitudes are observed at higher reduced velocities as shown in Figs. 7.3, 7.5, and 7.7. 

Though visualization is carried out systematically for one case of T7 configuration, 

similar wake vortex structures are observed at identical amplitudes of vibration for other 

configurations as well, including T6. It should be noted that flow visualization analysis is 

carried out and the wake structures are obtained at a particular span-wise location of the 

cylinder. At other span-wise locations of the cylinder, wake structures might vary but not 

significantly. Another salient feature of T6 and T7 PTC is that they possibly break the 

span-wise correlation of vortex shedding which is not conducive for strengthening VIV 

since lose of shedding correlation essentially reduces the total fluid dynamic lift force 

acting on the cylinder Bernitsas et al. (2008b). Also, the higher the excitation amplitude, 

the higher is the span-wise correlation of vortex shedding Bearman (1984). In other 

words, span-wise correlation of shedding becomes weaker at lower amplitudes of 

vibration. Hence, lower amplitudes resulting out of weaker vortex shedding due to 

roughness would be further subdued due to lose of span-wise correlation of shedding. 
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The major advantage of the T6 (helical) configuration is that it is omni-directional and 

hence not affected by the flow direction. On the other hand, T6 exhibits longer 

synchronization range compared to the T7 configuration. 

 

 

Fig. 7.9 Typical wake structures behind the cylinder with PTC configurationT7 

 

7.3 MAIN FINDING 

 

From the results presented in Chapter 7 we can draw the following conclusions: 

(i) Passive Turbulence Control in the form of roughness strips with thickness 

close to that of the boundary layer was applied in the high-lift, TrSL3 flow 

regime and tested experimentally. PTC has major impact on the cylinder FIM 

in spite of the minimal geometric change implemented. 
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(ii) Response of cylinders with PTC configuration T7 exhibits a narrow range 

peak near the system natural frequency with A* about half the corresponding 

A* of the smooth cylinder in VIV. Past this peak, amplitude A* is reduced by 

as much as a factor of 6 compared to A* of the smooth cylinder.  

(iii) Beyond the peak U*>7.5, a high suppression branch is achieved. This is not in 

nature similar to the lower branch of VIV as confirmed by visualization 

showing that the wake is disorganized not exhibiting the typical 2P structure 

of the lower branch.  

(iv) Wake structures indicate that roughness markedly influences the 

characteristics of shear layer roll up and consequent vortex shedding. 

Compared to smooth cylinder, shedding becomes substantially weaker, 

consequently giving rise to significantly lower amplitudes of vibration. Vortex 

shedding becomes irregular with sharp changes in the shedding timing apart 

from becoming disorganized and weakly rolled up. 

(v) For U*>7.5, visualization further shows two new wake structures which are 

compatible with the lift reduction notion. The first wake structure shows two 

weaker (less circulation) vortices shedding almost simultaneously rather than 

periodically alternating resulting in total circulation reduction. According to 

the Kutta-Joukowski theorem, this total circulation reduction results in 

proportional drop in the lift force. The second wake structure shows the 

cylinder near-wake confined between two flow lines forming a foil-like 

hydrodynamic tail with small eddies escaping into a narrow wake.   
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CHAPTER 8 

 

MULTI-ZONE PTC 

 

8.1. INTRODUCTION 

 

From the results presented in Chapters 6 and 7, the map of PTC-to-FIM is very robust 

and different configuration applied on the cylinder show only minor changes. However, 

at the boundaries of zones, the response is very sensitive to PTC width because PTC may 

then cover multiple zones. In this Chapter 8, multi-zone coverage effect on the cylinder 

response is presented using staggered PTC configuration. To verify multi-zone effects, 

the PTC zone coverage is increased by one additional zone at a time from the WS1 zone 

to the WS2 zone. After PTC has covered all zones, the process is reversed and one zone 

is removed at a time starting with WS1. Using the results of the process of progressively 

covering and uncovering zones, suppression devices are design and tested which are 

independent of the flow direction. 

 

8.2. RESULTS, OBSERVATIONS, AND DISCUSSION 
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The results of progressive zone coverage and un-coverage are discussed in Sections 

8.2.1 and 8.2.2, respectively. In Section 8.2.3, the results of flow direction independent 

suppression devices are presented. 

 

8.2.1. Progressive zone coverage 

 

For progressive roughness coverage, T8 (staggered) PTC configuration is used and a 

zone is added in the order of a clockwise direction in the map of PTC-to-FIM shown in 

Fig. 6.1 starting from WS1. Fig. 8.1 shows the amplitude response of the progressive 

coverage. In the legend, the coverage angles show which zones are included and the final 

effect of cylinder response is also shown next to the zone coverage. For example, T8:0°-

56° indicates that the T8 configuration covers 0°-56° and that means that WS1, HG1, and 

SG zones are covered by the T8 configuration and the final cylinder response is soft 

galloping.  

For the T8:0°-8° configuration covering only the WS1 zone, the PTC-cylinder 

response is weak suppression with some amplitude modulation. This small increase is 

due to nonlinear property of VIV. Roughness may modify the spanwise relation, 

correlation length, and so on and these change cause slight amplitude modulation. For 

T8:0°-24° configuration wrapping WS1 and HG1 zones, the final roughness cylinder 

response is hard galloping and the general trend is almost the same as in the HG1 case 

introduced in Chapter 4. However, this configuration also shows slight amplitude 

increase in VIV region (5.5<U*<11) same as T8:0°-8° configuration compared to HG of 

T7. Before the onset of galloping, at U*≅14.5, the roughness cylinder exhibits a small 
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oscillation which is exactly the same for HG1 and the PTC-cylinder oscillation suddenly 

jumps to A*≅3 when given a threshold displacement of about 1�D. For the T8:0°-56° and 

T8:0°-72° configurations, the rough-cylinder response is soft galloping and the initial 

branches start at U*≅5. When the HG2 zone is included (T8:0°-72° configuration), the 

amplitudes between 5.5<U*<12 (VIV region and VIV-galloping transition region) are 

slightly decreased compared to those of the T8:0°-56° configuration. Regardless of 

amplitude magnitude, the onset of the synchronization and the VIV-galloping transition 

regions are identical. For the T8:0°-104° and T8:0°-180° configurations, strong 

suppression results are observed and the rough-cylinder oscillations are dramatically 

reduced compared to those of the smooth cylinder. T8:0°-104° configuration which 

covers the WS1, HG1, SG, HG2, and SS zones, has slightly higher amplitude at 

5<U*<10 than that of the T8:0°-180° configuration, which covers the WS1, HG1, SG, 

HG2, SS, and, WS2 zones, and maximum amplitudes of both cases are reduced more 

than 50% compared to that of the smooth cylinder. Especially, the maximum amplitude 

of the T8:0°-180° configuration is reduced up to 60% of the maximum amplitude of the 

smooth cylinder. After U*>10, the cylinder oscillations are negligible for both cases and 

totally suppressed at high reduced velocity. 

The correlation length is measured as the length along the cylinder span where vortex 

shedding occurs within a small phase difference. Theoretically, the higher the correlation 

length is, the higher the average fluctuating lift force and the amplitude of oscillation are. 

T8 configuration that has unequally distributed roughness along cylinder spanwise would 

theoretically break the correlation length of vortex shedding. As shown in Fig. 8.1, 

however, the T8 configurations initiate galloping at high reduced velocity. This may 
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appear as a contradiction to the correlation length notion. It should be kept in mind 

however, that the cause of galloping is not vortex shedding but system instability. 

 

 

Fig. 8.1. Amplitude response for progressive coverage 

 

As shown in Fig. 8.2, the frequency ratio for the rough cylinders is generally higher 

than that of the smooth cylinder similarly to other PTC-cylinder cases studied in this 

dissertation. The T8:0°-8° configuration has very similar frequency ratio to that of the 

smooth cylinder for 4<U*<7.5 and U*>7.5. For the T8:0°-24° configuration - enfolding 

zones WS1 and HG1 – the frequency ratio follows that of the smooth cylinder at 

4<U*<7.5 and deviate from that of the smooth cylinder at U*>8. At 11<U*<13, the 

frequency ratio becomes constant. As the reduced velocity increases, the cylinder 

oscillation becomes negligible and no dominant frequency is present. Given a threshold 

amplitude, a dominant frequency reappears and the frequency ratio becomes close to 

unity in the fully developed galloping region. For the T8:0°-56° and T8:0°-72° 
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configurations, the frequency ratio is higher than that of the smooth cylinder in the VIV 

region (4<U*<10). Beginning with the VIV-galloping transition region, the frequency 

ratio starts decreasing and reaches near unity in the fully developed galloping region. For 

the T8:0°-104° and T8:0°-180° configurations, overall the frequency ratio is very high 

compared to that of the smooth cylinder. A high frequency ratio is characteristic of strong 

suppression. The maximum frequency ratio of 1.7 is observed at U*≅12.5. 

 

 

Fig. 8.2. Frequency ratio for progressive coverage 

 

From the progressive zones tests, the following conclusions can be drawn.  

(a) The SS zone is the most dominant zone in the Map of PTC-to-FIM. When the SS 

zone is covered by the PTC, the amplitude response of rough cylinders is always 

strong suppression.  

(b) The SG zone has stronger effect than the WS1, HG1, and HG2 zones. If four zones 

(WS1, HG1, HG2, and SG) were covered by roughness, soft galloping is manifested.  
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(c) The HG1 zone is more effective than the WS1 zone. If both are covered by 

roughness, the resulting FIM is hard galloping.  

(d) Covering all zones with the T8 configuration is a better suppression means than a 

cylinder with all zones except WS2 covered. Even though WS2 has similar response 

with a smooth cylinder and roughness is located mostly behind the cylinder, it may 

create more three-dimensional flow over the whole cylinder and interrupt the already 

formed vortices. 

 

8.2.2. Progressive zone uncoverage 

 

In this section, a zone is eliminated in the order of a clockwise direction in the Map of 

PTC-to-FIM from the last progressive zone coverage model covering up the WS1, HG1, 

SG, HG2, SS, and WS2 zones. In other words, the experiment is started from the T8:0°-

180° configuration and the legends in Figs. 8.3 and 8.4 also show the final results of the 

rough cylinder response.  

As seen in Fig. 8.3, the T8:8°-180° configuration which covers the HG1, SG, HG2, 

SS, and WS2 zones has maximum amplitude of A*≅0.7 at U*≅5.2 and the cylinder 

amplitude is negligible at U*>11. Amplitude response of the T8:8°-180° configuration is 

almost identical to the T8:0°-180° configuration. Excluding slight amplitude dissimilarity 

at the initial branch, both configurations have similar amplitude response at the same 

reduced velocities – same maximum amplitude point, identically the same initial, upper, 

and lower branch ranges in terms of reduced velocity. It is believed that WS1 has minor 

effect on reducing the amplitude. For the T8:24°-180° configuration removing the WS1 
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and HG1 zones, amplitude gradually decreases from the maximum amplitude (A*≅0.7) at 

U*≅5.5 to A*≅0.55 at U*≅9.3 and is negligible for U*>12. For the T8:56°-180° 

configuration covering the HG2, SS, and WS2 zones, the maximum amplitude of A*≅

0.65 is obtained at U*≅6.0 and the rough cylinder displacement is negligible for U*>14. 

High amplitude region (upper branch) (5.5<U*<6.5) is significantly reduced compared to 

previous T8 configurations. The rough cylinder, however, still has a small amplitude of 

A*≅0.2 at high reduced velocities and this amplitude is higher than that of the T8:0°-

180°, T8:8°-180°, and T8:24°-180° configurations. This “trade off” is also seen in 

T8:72°-180° configuration. For T8:72°-180° configuration covering only the SS and 

WS2 zones, the least maximum amplitude of A*≅0.45 is observed with a significant 

change in the upper and lower branch range. The upper and lower branches are extended 

to U*≅9.5 and U*≅14, respectively. At high reduced velocities, there is also “trade off” 

between cylinder amplitude and response range. The rough cylinder still reaches A*≅0.3 

of amplitude up to U*≅14. From progressive un-coverage tests, covering only SS and 

WS2 is a very effective means to minimize the maximum cylinder amplitude. However, 

it increases the upper branch range and keeps small amplitude at high reduced velocity. 

The T8:104°-180° configuration, which covers only the WS2 zone has maximum 

amplitude A*≅1.1 and the frequency increases for all reduced velocity values. This is 

typical WS2 response discussed in Chapter 5 and the staggered configuration does not 

change the FIM type. As shown in Chapter 5, depending on a certain sandpaper location 

in WS2, a rough cylinder response could be very close to that of the smooth cylinder. 

Therefore, this zone was defined as WS in Chapter 5. From the results so far, all the 
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rough cylinders have less amplitude in the VIV synchronization regions when compared 

to the smooth cylinder. It is believed that roughness protrusions could enhance boundary 

layer mixing and affect the resultant vortices to be more diffused and weaker (less 

circulation). 

 

 

Fig. 8.3. Amplitude response for progressive un-coverage 

 

As shown in Fig. 8.3, all roughness cylinder responses except for the T8:104°-180° 

configuration are classified as SS cases. For a typical strong suppression frequency ratio 

graph as discussed in Chapter 5, either the frequency ratio keeps increasing and very high 

frequency ratio is observed at high reduced velocities or the frequency ratio is only 

observed in a very short range of U*. As shown in Fig. 8.4, as proof of strong 

suppression, for all PTC cylinders but the T8:72°-180° configuration which shows weak 

suppression, frequency ratio keeps increasing and  reaches high values between 1.6 and 

1.8 at U*≅12. The frequency ratio of the T8:72°-180° configuration is lower than that of 
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the smooth cylinder in the upper branch region (5<U*<9) and then increases slightly after 

U*≅9. Same as in previous results in Chapter 5, WS1 (0°-8° configuration in Figs. 5.3 

and 8.2) has slightly higher frequency ratio and WS2 (104°-180° configuration in Figs. 

5.3 and  8.4) has generally lower frequency ratio than that of a smooth cylinder. 

From progressive coverage and un-coverage results in Figs. 8.1 and 8.3, hysteresis is 

not observed from the initial branch to the upper branch. All rough cylinders jump to the 

upper branch earlier when compared to the smooth cylinder case. It is worthy to note that 

Hover et al. (2001) studied tripping wire on an oscillating circular cylinder and they 

found that frequency lock-in of the cylinder with tripping wire shifts to earlier reduced 

velocity. As seen in Figs. 8.2 and 8.4, all roughness configurations except for the two WS 

zones (0°-8° and 104°-180°) have earlier frequency lock-in as observed by Hover et al. 

(2001). In the present study, vivid premature lock-in is observed not only in frequency 

response but also in amplitude response. Sandpaper used in this study has enough total 

thickness (roughness height plus paper thickness) to disturb the flow around the cylinder 

and this disturbance causes earlier synchronization in the rough cylinders. Thus, sharp 

edge and proper thickness of the sandpaper roughness might play same role as tripping 

wire and cause disturbance in the boundary layer.  
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Fig. 8.4. Frequency ratio for progressive un-coverage 

 

From progressive un-coverage results, the following conclusions are drawn and 

reconfirmed.  

(a) When the SS zone is covered, the influence of the SS zone is the most powerful 

among zones and the SS zone dominates the response of the roughness cylinder.  

(b) Perfect suppression means is not found in all ranges of U* and there is “trade off” 

between the cylinder suppression and reduced velocity range. The T8:72°-180° 

configuration has a least maximum amplitude of A*≅0.45 (at U*≅6) among T8 

configurations but is not perfectly suppressed at 11<U*<14. In other hands, the 

T8:8°-180° configuration has negligible amplitude at high reduced velocity but has 

the maximum amplitude of A*≅0.7 at U*≅5.5. Our results are similar to Bearman & 

Brankovic (2004) who tested straked and bumpy cylinders. Both prototypes had 

lower maximum amplitude than a plain cylinder. Bumpy cylinder has higher upper 
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branch region than the straked one but at U*≅12 the two amplitude graphs cross each 

other so that the straked cylinder reached higher amplitude at U*>12.  

(c) Removing the HG1 and SG zones increases the cylinder amplitude in the upper 

branch but reduces the amplitude at high reduced velocities.  

 

8.2.3. Omni directional flow suppression devices 

 

In Chapters 4 to 6, sandpaper strips were attached at a specific angle of cylinder 

surface and the configurations are not symmetric to relative change of a flow direction. 

Hence, the configurations introduced in Chapters 4 to 6 are flow direction dependent 

suppression devices, that is, they are effective only for unidirectional flow. In this 

section, three roughness configurations are studied by wrapping roughness around 

circular cylinders in symmetric patterns regardless of the flow direction. Thus, these 

configurations are omni-directional suppression devices and they are applicable to all 

flow directions.  

First, a full roughness model is a roughness cylinder covered fully with uniformly 

distributed roughness. This model is different from the T8 staggered and T6 helically 

applied configurations in which roughness is selectively placed on the cylinder.  

Second, the T8 configuration used in this section is the same model as the T8:0°-180° 

configuration which was introduced in Sections 8.2.1 and 8.2.2. Consequently, the T8 

configuration in this section is covered full angles in symmetric pattern by roughness and 

the model is a flow direction independent suppression device.  
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Third, the T6 model consists of four strips, equally spaced circumferentially. They are 

wound around the cylinder in a helical fashion like helical strakes that are a very good 

suppression device in industry.  

Fig. 8.5 shows the amplitude response of flow direction independent devices and all 

three are effective on VIV suppression. For all three roughness models, the onset of VIV 

shifts to lower reduced velocity compared to that of the smooth cylinder and hysteresis is 

not observed unlike hysteresis occurring when covering only the SS zone. Moreover, 

long flat branches observed in T7 and T8 results in Figs. 7.1, 8.1, and 8.3 are not 

distinctive in omni-directional suppression devices. For the full roughness model, the 

roughness cylinder maintains almost a constant oscillation at 6<U*<13 and maximum 

amplitude of the roughness cylinder is reduced by about 50% of that of the smooth 

cylinder. At U*>13, desynchronization begins and the amplitude becomes trivial. The 

main reason is because roughness induces premature transition to turbulence in lower 

Reynolds number. Transition to a turbulent boundary layer provides more energy to the 

flow retarding separation and the shift of separation points instigates narrow wakes 

behind the roughness cylinder. This results in lower lift forces and oscillation in the fully-

covered roughness cylinder. This full roughness model is the same configuration used by 

Kiu et al. (2011) with similar grit size. They reported that the amplitude of the roughness 

was around A*≅0.5-0.7 and on-set of roughness cylinder response was delayed when 

compared to their smooth cylinder. These differences may be attributed to the fact that 

their Reynolds number (8.3×104) is lower than the one used in the study (1.2×105) and 

their mass ratio (m*=2.36) is higher than this study as well (m*=1.725). For the T8 

model, the rough cylinder oscillation starts slightly earlier than those of other rough 
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cylinders. At U*≅5.5, the maximum amplitude of A*≅0.7 is achieved and the amplitude 

begins to drop off slowly between 5.5<U*<9. After U*≅9, the oscillation amplitude drops 

rapidly and becomes negligible. In the overall range of reduced velocity, the T8 

configuration is the best suppression device even though it has slightly higher maximum 

amplitude than that of rough cylinders. The T6 configuration has the least maximum 

amplitude of A*≅0.6 than any other rough cylinder. However, an amplitude of A*≅0.5 

persists until U*≅11. Beyond U*≅11, the amplitude starts to drop and the cylinder 

oscillations become negligible.  

 

Fig. 8.5. Amplitude response for flow independent suppression devices 

 

The T6 and T8 configurations are very effective in VIV suppression as they cause 

three-dimensional vortex shedding. Since the rough cylinder is moving, the separation 

point is altered due to the roughness. The latter also influences the local forces on the 

cross section. Moreover, three-dimensional effects caused by roughness alters the 

correlation of vortex shedding along the span of the cylinder. 



	  

	   201	  

Fig. 8.6 shows frequency ratios of flow direction independent suppression devices. 

Similarly to previous strong suppression results (Figs. 5.5, 7.2, 8.2, and 8.4), all three 

have generally higher frequency ratio than that of the smooth cylinder. T8 configurations 

have similar frequency trend to fully-covered roughness models with slight higher 

frequency ratio. For T8 and fully-covered roughness cylinders, the frequency ratios jump 

at U*≅5.0 and slowly increase until U*≅13. Frequency ratios of the T8 configuration have 

the highest frequency ratio among the three suppression models at 4<U*<5. From U*≅5, 

the frequency ratio increases slowly until U*≅11.0. After U*≅9, modulation is observed 

until U*≅11. This modulation is considered to be due to the effect of the lower branch and 

desynchronization regions. Hysteresis from the initial branch to upper branch for the SS 

zone is not noticed for flow direction independent suppression devices. 

 

 

Fig. 8.6. Frequency response for flow independent suppression devices 

 

8.3. MAIN FINDINGS 
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From the results presented in Chapter 8 we can draw the following conclusions: 

(i) From multi-zone tests (progressive zone coverage and un-coverage), the SS zone 

is the most dominant zone. When the SS zone is covered in multi-zone coverage, 

the cylinder response is always strong suppression. 

(ii) From multi-zone tests, a configuration covering all zones in a staggered T8 form is 

an effective suppression device. The upper branch region is shorter with maximum 

amplitude by 56% of that of the smooth cylinder. Also the desycnhronization region 

starts at lower U* compared to the smooth cylinder.  

(iii) For suppression devices, trade off between amplitude and response range are 

important. The T8:72°-180° configuration has the least maximum amplitude of 

A*!0.45 (at U*!6) among T8 configurations but is not perfectly suppressed at 

11<U*<14. On the other hand, the T8:8°-180° configuration has negligible 

amplitude at high reduced velocity but has maximum amplitude of A*!0.7 at U*!5.5.  

(iv) For the flow-direction independent configurations T6 and T8, amplitude A* is 

reduced by as much as a factor of 3 compared to A* of the smooth cylinder.  
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CHAPTER 9  

 

SUPPRESSION OF MULTIPLE CYLINDER FIM 

 

9.1. LITERATURE REVIEW 

 

A single cylinder has been studied widely but in practice arrays of multiple cylinders 

are used more frequently, such as in heat exchangers, offshore structures, buildings, 

chimneys just to name a few. Flow around multiple cylinders is much complicated than 

that around a single cylinder because of interactions between shear layers, shedding 

processes, vortices, wake and Karman vortex streets (Sumner 2010). As Reynolds 

number is an important variable for a single cylinder, new parameters significantly 

influence the flow around multiple cylinders. For the multiple cylinders, the center-to-

center distance (L′/D, T/D, and P/D) between the cylinders shown in Fig. 9.1, the angle 

(α′) of the orientation of the cylinders in the x-y plane, and the Reynolds number are 

important parameters (Sumner 2010; Bearman 2011). Multiple cylinder configurations 

most commonly used in application are tandem configuration, side-by-side configuration, 

and staggered configuration. Fig. 9.1 shows three configurations of two circular cylinders 

in cross flow. 
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Fig. 9.1. Two circular cylinders of equal diameter in cross-flow: (a) tandem configuration; 
(b) side-by-side configuration; and (c) staggered configuration (Sumner 2010) 

 

When two stationary cylinders arranged in tandem, side-by-side, or staggered in close 

proximity, two types of interference may occur (Zdravkovich 1977, 1985, 1987, 1988).    

(i) When a downstream cylinder is submerged fully or partially in the wake of an 

upstream cylinder, wake interference occurs.  

(ii) When two cylinders are located close enough but not in the wake of each other 

proximity interference is occurred.  

As shown in Fig. 9.2, Zdravkovich (1985) studied the interference regions for various 

cylinder arrangements as a function of center-to-center distances. A schematic drawing of 

the corresponding flow interference regions is also shown in Fig. 9.3. The scope of the 

present study is the response of the two oscillating cylinders in tandem configuration. So, 

only the relevant literature for only two cylinders in tandem and staggered configuration 

is reviewed. 
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Fig. 9.2. Classification of interference regions (Zdravkovich 1985) 

 

 

Fig. 9.3. Flow interference regions (Zdravkovich 1985) 

 

(a) Two cylinders in tandem configuration 

When two cylinders with equal diameter are placed in tandem, the wake of the 

upstream cylinder induces unsteady flow to the downstream cylinder. In addition, the 
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presence of the downstream cylinder modifies the vortex formation process and wake 

dynamics of the upstream cylinder. According to Zdravkovich (1987), the flow pattern 

around two cylinders can be divided into three regions depending on center-to-center 

distance.  

(i) Single bluff-body behavior: For small L′/D (1<L′/D<1.2-1.8), which slightly varies 

with Reynolds number, the shear layers from the upstream cylinder are elongated 

compared to a single cylinder and wrap around the downstream cylinder without 

reattachment to the surface of the downstream cylinder. Since the downstream 

cylinder is positioned inside of the vortex formation region of the upstream cylinder, 

vortex roll up starts behind the downstream cylinder. Hence, two cylinders behave 

like a single cylinder as seen in Fig. 9.4 (pattern A) and Fig. 9.5(a) and (b).  

(ii) Shear layer reattachment behavior: For intermediate L′/D (1.2-1.8<L′/D<3.4-3.8), 

which slightly varies with Reynolds number, the separated two shear layer in the 

upstream cylinder continuously reattach to the surface of the downstream cylinder as 

shown in Fig. 9.4 (Pattern B, C, D, and E) and Fig. 9.5 (c) and (f) (Igarashi 1981, 

1984; Ljungkrona 1992). Reattached shear layers interact with boundary layer 

development and separation of the downstream cylinder. In the gap region between 

the two cylinders, eddies form and shed.  

(iii)  Kármán vortex shedding from each cylinder: For large L′/D (L′/D>3.4-3.8), which 

slightly varies with Reynolds number, each cylinder has its own vortex shedding. 

Since the downstream cylinder is located outside of the vortex formation region of the 

upstream cylinder, shed vortices from the upstream cylinder interfere with vortices of 
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the downstream cylinder and influence the vortex size (Ishigai et al. 1972; Zhou & 

Yiu 2006).  

 

Fig. 9.4. Classification of flow patterns for two tandem cylinders (Igarashi 1981; 
Ljungkrona et al. 1991; Sumner 2010) 
 

 

Fig. 9.5. Flow past two tandem circular cylinders. Single bluff body behavior: (a) 
L′/D=1.25, Re=1×104; (b) L′/D=1.25, Re=1.2×104; Shear layer reattachment: (c) L′/D=2, 
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Re=1×104; (d) L′/D=2, Re=1.2×104; (e) L′/D=4, Re=1×104; Kármán vortex shedding 
from each cylinder: (f) L′/D=4, Re=1.2×104 (Ljungkrona & Sundén 1993; Sumner 2011) 
 

(b) Two cylinders in staggered configuration 

For two cylinders in a staggered configuration, flow patterns are more complicated 

than those around two cylinders in tandem since the downstream cylinder can be exposed 

to wake interference and/or proximity interference. Gu & Sun (1999) investigated two 

cylinders in a staggered configuration and found three interference patterns – interference 

of wake, shear layer, and neighborhood as shown in Fig. 9.6. 

Later, Sumner et al. (2005) extended their study and found that flow patterns around 

two cylinders in staggered arrangement are influenced by interaction of four separated 

free shear layers, two Kármán vortex formation and shedding process, and interactions 

between the two Kármán vortex streets. Depending on these interactions, they sorted flow 

patterns around a staggered arrangement as three patterns.  

(i) Single bluff body flow pattern: For small pitch ratios (P/D=1-1.25), two cylinders 

behave like a single bluff body. Only a single vortex street occurs with vortex 

shedding from the outer shear layer.  

(ii) Small incidence angle flow patterns: For pitch ratios (P/D=1.125-4) with small 

incidence angles (0°-30°), a shear layer of the upstream cylinder can be reattached to 

the downstream cylinder (Fig. 9.7(d)) or deflected through the gap between the 

cylinders (Fig. 9.7(e)). Even for a larger longitudinal distance between two cylinders, 

the downstream cylinder can be exposed to impingement from the vortices shed by 

the upstream cylinder (Fig. 9.7(f)).  
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(iii) Large incidence angle flow patterns: For pitch ratios (P/D=1.25-5) with large 

incidence angles (15°-90°), similar to a tandem configuration, vortex shedding 

occurs in each cylinder with enveloping of the vortex (Fig. 9.7(g)-(h)) or 

synchronized vortex shedding (Fig. 9.7(i)). 

 

 

Fig. 9.6. Three flow patterns of two cylinders in staggered configuration (Gu & Sun 1999) 
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Fig. 9.7. Flow patterns around two cylinders in staggered configuration. G: gap, R: 
reattachment (Sumner et al. 2005; Sumner 2010) 
 

(c) Oscillating cylinder in a tandem configuration 

Since multiple cylinder motions are significantly more complex than a single cylinder 

motion, both oscillating cylinders have not been researched extensively. A lot of  

research published in the literature restrict parameters by fixing either the upstream or the 

downstream cylinder. When two cylinders are placed close enough and either the 

upstream or the downstream cylinder is moving, vortex shedding may be hindered and/or 

suppressed. Hence lift force due to vortex shedding is decreased or suppressed. Rather 

than VIV, as shown in Fig. 9.8, similar to galloping response may be observed in the 

moving cylinder.  

Bokaian & Geoola (1984a, 1984b) investigated two cases.  
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(i) The upstream cylinder was free to oscillate and the downstream cylinder was fixed. 

In this case, the proximity of cylinders creates asymmetry in the flow and thus, 

produces lift forces. This vibration is called as proximity-induced galloping.  

(ii) The upstream cylinder was fixed and the downstream cylinder was elastically 

mounted. In this case, downstream cylinder is exposed to wake of upstream cylinder. 

These vibrations are called wake-induced galloping or wake-induced vibrations. For 

these two cases, VIV and galloping can occur simultaneously in the moving cylinder.  

It should be noted that the term galloping used in proximity and wake galloping has 

different mechanism from the definition used for the cross sectional-shape of the body 

(Bearman 2011). For the cross-sectional shape of the body such as a square cylinder, the 

hydrodynamic damping from the relative fluid motion induces instability to the system 

and the body motion of the structure even increases the amplitude of vibration by 

generating additional force (Den Hartog 1956; Blevins 2001). For tandem cylinders, 

when the downstream cylinder is placed in transverse direction from the x axis defined in 

Fig. 9.1, the hydrodynamic restoring force acts to return the rear cylinder in the original 

position (Assi 2009; Bearman 2011). Assi et al. (2010) found that the restoring transverse 

force on the downstream cylinder came from vortex interactions between vortices shed 

from the upstream and downstream cylinders. As shown in Fig. 9.10, Assi et al. (2010) 

also investigated that shed vortices from the upstream and downstream cylinders 

interacted and could enhance or reduce the transverse force of the downstream cylinder. 

Especially for the downstream cylinder, VIV and wake-induced vibrations caused by 

interactions of the shed vortices from both cylinders occurred.  
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Fig. 9.8. Transverse response amplitude versus reduced velocity for the downstream 
circular cylinder of a pair of cylinders in a tandem arrangement: �, L′/D=4 (Assi et al. 
2006); ¯, L′/D=4.75 (Hover & Triantafyllou 2001); Reproduced from Bearman (2011). 
 

 

Fig. 9.9. Sketches showing the generation of an unsteady transverse force on the 
downstream cylinder for a reduced velocity above vortex resonance (Assi et al., 2010) 
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Thorough reviews of multiple cylinder interaction and response were published by 

Zdravkovich (1977, 1987, 1993, 2003), Nishimura (1986), Chen (1987), and Sumner 

(2010). In the current study, only two cylinders mounted on linear springs in a tandem 

configuration are studied. Since amplitude response of the cylinder does not increase like 

galloping, proximity-galloping or wake-induced galloping is not observed. 

 

9.2. RESULTS, OBSERVATIONS, AND DISCUSSION 

 

In this chapter, two flow-direction independent suppression models (T6 and T8) 

suggested in Chapter 8 are studied. The results of two cylinders with PTC suppression 

means in a tandem arrangement are presented along with the results of the two smooth 

cylinders. The lowest available center-to-center distance (L′/D) in the present study is 2.5 

and the highest one is 5.0. As defined earlier, this L′/D range is either the shear layer 

reattachment region or the region of the Kármán vortex shedding from each cylinder. 

Because of the limited view of the laser sheet, flow patterns around cylinders are not 

presented. 

 

9.2.1. Amplitude and frequency response 

 

(a) Two smooth cylinders in tandem configuration 

Figs. 9.10-9.15 show amplitude response of two T6 in a tandem configuration with 

varying center-to-center distance. For an upstream smooth cylinder at L′/D=2.5, the upper 

and lower branches are wider with slight amplitude difference than that of the single 
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smooth cylinder as shown in Fig. 9.10. As L′/D increases from 2.5 to 4.0, the 

synchronization region decreases and the amplitude response of the upstream smooth 

cylinder at L′/D=4.0 is close to the amplitude response of the single smooth cylinder. 

That is, proximity interference from the downstream cylinder is reduced. Further increase 

of L′/D as shown in Figs. 9.14 and 9.15, results in amplitude response of the upstream 

cylinder similar to that of the single smooth cylinder with delayed onset of the upper 

branch.  

For the downstream smooth cylinder, the following observations are made regardless 

of L′/D:  

(i) Gradual amplitude increase in the initial branch  

(ii) Amplitude modulation in the upper branch  

(iii)  Lower amplitude in the upper branch and higher amplitude in the lower branch than 

that of the smooth cylinder. As L′/D increases from 2.5 to 5.0, proximity interference 

from the upstream cylinder is reduced and the amplitude modulation is gradually 

decreased. 

Frequency response is shown in Fig. 9.16–9.21 and the oscillation frequency for both 

cylinders is normalized by the natural frequency of the upstream device. The frequency 

ratios for the upstream and the downstream cylinders at L′/D=2.5 (Fig. 9.16) are lower 

compared to the single smooth cylinder. As L′/D increases from 2.5, the frequency ratio 

of the upstream cylinder approaches to the values of the single smooth cylinder and 

becomes close to that of the single smooth cylinder after L′/D≥3.5. For the downstream 

cylinder, the frequency response in the upper and lower branches is lower than that of the 

single smooth cylinder and f* in the lower branch is almost constant regardless of L′/D 
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values. It is worthy to note that oscillation frequency synchronization is observed at some 

range of U* in the tandem arrangement. This will be discussed in Section 9.2.2. 

 

(b) Two T6 cylinders in tandem configuration 

Figs. 9.10-9.15 also show the amplitude response of two T6 cylinders (helically 

applied roughness strip) in a tandem arrangement. For the upstream T6 cylinder, because 

of proximity interference the onset of the upper branch is delayed more than that of single 

T6 cylinder. The amplitude of upstream T6 cylinder is higher than that of the single T6 

cylinder over all U* range. As L′/D increases from 2.5 to 5.0, the amplitude of T6 

reduces and the response becomes close to the single T6 cylinder. General amplitude 

response of the downstream T6 is the same regardless of L′/D and the amplitude is 

increased compared to the single T6 in the entire U* range. As L′/D increases, the 

amplitude in the upper branch is decreased slightly and the upper branch range is 

becomes slightly shorter. This shows that for the downstream T6 cylinder, wake 

interference has significant effect on the amplitude response and proximity interference 

effect is minor. It should be noted that for all L′/D, as the amplitude response of the 

upstream cylinder approaches desynchronization, the downstream cylinder amplitude is 

decreased and the downstream cylinder response becomes the lower branch. This is 

clearly an effect of the upstream cylinder and the upstream cylinder influences the 

amplitude response range of the downstream cylinder. 

Regarding the frequency response, both T6 cylinders in the tandem configuration 

have lower values than that of the single T6 cylinder. Interestingly, as shown in Figs. 

9.16-9.20, the frequencies of the upstream and the downstream T6 cylinders are 
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synchronized for a broad range of U*. For side-by-side arrangement of stationary 

cylinders, synchronization of vortex shedding frequency or phase was observed (Sumner 

2010). According to Zdravkovich (1987), synchronization between the vortex shedding 

processes and vortex streets of the upstream and downstream cylinder may happen at 

L′/D<6-8. But the synchronization of the body oscillation frequency is not reported in 

literature. 

 

 

Fig. 9.10. Amplitude response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=2.5 
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Fig. 9.11. Amplitude response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=3.0 
 

 

Fig. 9.12. Amplitude response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=3.5 
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Fig. 9.13. Amplitude response of two smooth and two T6 cylinders in tandem 
arrangement at L′/D=4.0 
 
 

 

Fig. 9.14. Amplitude response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=4.5 
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Fig. 9.15. Amplitude response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=5.0 
 
 

 

Fig. 9.16. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=2.5 
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Fig. 9.17. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=3.0 
 

 

Fig. 9.18. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=3.5 
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Fig. 9.19. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=4.0 
 

 

Fig. 9.20. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=4.5 
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Fig. 9.21. Frequency response of two smooth cylinders and two T6 cylinders in tandem 
arrangement at L′/D=5.0 
 

(c) Two T8 cylinders in tandem configuration 

Figs. 9.22-9.27 show amplitude response of T8 cylinders. Similarly to the T6 

cylinders upstream, the synchronization region and the amplitude response of the 

upstream T8 cylinder decreases as L′/D increases from 2.5 to 5.0. For the T8 cylinder 

upstream for all L′/D spacing values, the onset of the upper branch is delayed compared 

to a single T8 response. Same as the T6 cylinder downstream, the T8 cylinder 

downstream has higher amplitude at 5<U*<15 and broader upper branch than that of the 

single T8 cylinder. As L′/D increases (less proximity interference), the upper branch 

range and the amplitude in the upper branch are slightly decreased. For the downstream 

cylinders (T6 and T8) with suppression means, wake interference dominates the cylinder 

response. For both T6 and T8 cylinders downstream, the amplitude at high U* is much 

higher than that of the smooth cylinder downstream. From visualization results, the 

upstream cylinder with PTC suppression means has narrower and twice longer wake 

region than that of the smooth cylinder while wake of the upstream smooth cylinder is 
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short and diffused very quickly. Thus, a PTC cylinder downstream is exposed more to the 

wake regions at the same center-to-center distance compared to the smooth cylinder and 

this wake interference causes more amplitude vibration in the cylinder with PTC 

suppression means. Vickery & Watkins (1964) also noticed that helical strakes used on 

the upstream cylinder were not effective in suppression of amplitude in downstream 

cylinders. Zdravkovich (1981) also noticed that for suppression devices, vortices do not 

vanish but merely occur further downstream. 

 

 

Fig. 9.22. Amplitude response of two T8 cylinders in tandem arrangement at L′/D=2.5 
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Fig. 9.23. Amplitude response of two T8 cylinders in tandem arrangement at L′/D=3.0 

 

 

Fig. 9.24. Amplitude response of two T8 cylinders in tandem arrangement at L′/D=3.5 
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Fig. 9.25. Amplitude response of two T8 in tandem arrangement at L′/D=4.0 

 

 

Fig. 9.26. Amplitude response of two T8 cylinders in tandem arrangement at L′/D=4.5 
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Fig. 9.27. Amplitude response of two T8 cylinders in tandem arrangement at L′/D=5.0 

 

As seen in Figs. 9.28-9.33, The synchronization of the two-body oscillation 

frequencies is even more severe in the T8 cylinders. At 2.5≤L′/D≤3.5 (Figs. 9.28-9.30), 

the oscillation frequencies of the upstream and downstream cylinders lock in together 

almost through the entire range of U*. As L′/D increases from 4.0 to 4.5 (Figs. 9.31 and 

9.32), the two frequency ratios separate from each other and variation of frequency ratio 

between the two T8 cylinders is observed at 11.0≤U*≤15.0. At L′/D=5.0 (Fig. 9.33), the 

frequency ratio of the upstream T8 cylinder is close to that of the single T8 cylinder and 

more frequency variation between two T8 cylinders is found. When PTC was located in 

the soft galloping zone for the two tandem cylinders, the frequency synchronization was 

not observed (Kim et al. 2011). Hence, two cylinders with PTC in the SG zone are like 

two independent systems and two cylinders with PTC suppression means are more or less 

two dependent systems. Two smooth cylinders can be considered as two intermediate 

systems. Coupled oscillators are often found in nonlinear systems and Huygens 
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(Blekhman 1988; Benett 2001) first found frequency synchronization of pendulum clocks 

with 180° out of phase.  

 

 

Fig. 9.28. Frequency response of two T8 cylinders in tandem arrangement at L′/D=2.5 

 

 

Fig. 9.29. Frequency response of two T8 cylinders in tandem arrangement at L′/D=3.0 
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Fig. 9.30. Frequency response of two T8 in tandem arrangement at L′/D=3.5 

 

 

Fig. 9.31. Frequency response of two T8 cylinders in tandem arrangement at L′/D=4.0 
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Fig. 9.32. Frequency response of two T8 in tandem arrangement at L′/D=4.5 

 

 

Fig. 9.33. Frequency response of two T8 cylinders in tandem arrangement at L′/D=5.0 

 

9.2.2. Synchronization of oscillation frequency 

 

As shown in the frequency response results, synchronization of the oscillation 

frequencies of two cylinders is observed in smooth cylinders and cylinders with PTC 
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suppression means. Fig. 9.34 shows the phase difference between displacements of the 

two smooth cylinders in a tandem configuration. For L′/D=2.5, three regions (5≤U*≤7, 

8.5≤U*≤11, and 13≤U*≤14.5) of synchronization are found. The phase difference 

between two smooth cylinders in first two regions is very small placing the two cylinders 

almost in phase. In the third region, the phase difference is around 90°. It should be noted 

that the two cylinders have different traveling distance (amplitude value) at the same U* 

so that the phase angle cannot be exactly 0° or 180°. As L′/D increases from 2.5 to 3.0-

3.5, the synchronization regions are decreased from three to two. For further increase of 

L′/D, the synchronization region is only observed at 4.5≤U*≤7.5. That is, as center-to-

center distance is increased, interactions between the two cylinders are decreased. At 

4.5≤U*≤7.5, as L′/D increases, the phase angle is changed from in-phase to out-of-phase. 

 

 

Fig. 9.34. Phase difference between time displacement histories of the two smooth 
cylinders  
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As shown in Fig. 9.35, for the T6 cylinders, frequency synchronization is obvious and 

broad range of frequency synchronization (5.0≤U*≤13.0) is observed. As U* is 

increased, the phase angle is shifted from in-phase to out-of-phase regardless of L′/D. In 

the initial branch, variation of phase angle is found and the reason is that the cylinder 

motion is not synchronized. At 9.0≤U*≤13.0, the closer the distance between the two 

cylinders (L′/D) is the more out-of-phase their motions are.  

 

 

Fig. 9.35. Phase difference between time displacement histories of the two T6 cylinders  
 

Similarly to the T6 cylinders, for the T8 cylinders, a broad range of frequency 

synchronization is found as seen in Fig. 9.36. Same as for the T6 cylinders, the phase of 

the T8 cylinders is changed from in-phase to out-of-phase as U* increases. More 

variation in the phase angle is observed at 4≤U*≤6 for L′/D=5. Frequency 

synchronization is not observed at high reduced velocities for L′/D=5. 
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Fig. 9.36. Phase difference between time displacement histories of the two T8 cylinders 
 

9.2.3. Displacement and power spectrum 

 

In this section, time histories of displacement and power spectra are presented. As 

L′/D varies, the ranges of the initial, upper and lower branches change. The time histories 

of displacement and the power spectra within each branch change slightly. So only one 

L′/D is chosen as example for the smooth and suppression cylinders. Since two 

suppression models (T6 and T8) have similar results, only the T6 is selected as an 

example. 

(i) Two smooth cylinders in a tandem arrangement 

Time histories of displacement and power spectra for two smooth cylinders at 

L′/D=3.0 are presented in Fig. 9.37. At U*=4.86 (Fig. 9.37(a)), both cylinders are in the 

initial branch. The amplitude of the two cylinders exhibits modulation and they are not 

fully synchronized. As shown in Fig. 9.37(a), the frequencies of the two smooth cylinders 
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are about equal. The two smooth cylinder oscillations become stable in the upper branch 

(Fig. 9.37(b)). For further increase of U* in the upper branch (Fig. 9.37(c)), oscillation 

modulation is observed in the downstream cylinder. The modulation shows two different 

frequencies in the displacement plot with high and low amplitude groups. These two 

frequencies also appear in the power spectra. This modulation of downstream cylinder in 

the upper branch is observed at all L′/D values. As U* is increased further in the upper 

branch (Fig. 9.37(d)), the modulation in the downstream cylinder decreases. As the 

upstream cylinder moves to the lower branch (Fig. 9.37(e)), oscillations in the upstream 

cylinder become less stable and the amplitude decreases. It is believed that this amplitude 

decrease in the upstream cylinder also reduces the amplitude of the downstream cylinder. 

As shown in Fig. 9.37(f), at desynchronization, the upstream cylinder has higher 

amplitude than that of the single smooth cylinder. This higher amplitude is due to 

proximity interference by the presence of the downstream cylinder. When both cylinders 

are at desynchronization (Fig. 9.37(g)), the upstream cylinder amplitude is negligible. 

The downstream cylinder amplitude is very small but higher than that of the single 

smooth cylinder at desynchronization because of the wake interference from the upstream 

cylinder. 
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(a) U*=4.86; initial branch 
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(b) U*=5.98; upper branch 

	  

	  
(c) U*=7.85; upper branch 
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(d) U*=10.09; upper branch 
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(e) U*=11.58; upstream cylinder in lower branch and downstream cylinder in upper 

branch 

	  

	  
	  
(f) U*=13.82; upstream cylinder in desynchronization and downstream cylinder in lower 

branch 
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(g) U*=14.57; desynchronization 

Fig. 9.37. Time histories of displacement and power spectra for two smooth cylinders in 
tandem arrangement at L′/D=3.0 
 
 
(ii) Two T6 cylinders in a tandem arrangement 

As shown in Fig. 9.38, time histories of displacement and power spectra for the two 

T6 cylinders at L′/D=3.5 are presented. When both cylinders are at their initial branch 

(Fig. 9.38(a)), time histories of displacement show modulation and the downstream 

cylinder has higher amplitude than that of the upstream cylinder. Frequency 

synchronization is observed at the initial branch. At U*=5.98 (Fig. 9.38(b)), where the 

upstream cylinder is in the upper branch and the downstream cylinder is in the initial 
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branch, the upstream cylinder has steady oscillation while the downstream cylinder 

exhibits modulation with groups of high and low amplitude. As U* increases (Fig. 

9.38(c)), steady and stable oscillations are observed for both cylinders in their upper 

branch. For further increase of U* in the upper branch (Fig. 9.38(d)), amplitude 

modulation is not observed unlike the smooth cylinder downstream (Fig. 9.37(c)). At 

U*=14.57 (Fig. 9.37(d)), the upstream cylinder is in the desynchronization and the 

amplitude is negligible. For the downstream cylinder, the amplitude response is in the 

lower branch and oscillation modulation increases. 

 

 

(a) U*=4.86; initial branch 
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(b) U*=5.98; upstream cylinder in upper branch and downstream cylinder in initial 
branch 
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(c) U*=7.47; upper branch 

 

 

(d) U*=11.58; upper branch 
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(e) U*=14.57; upstream cylinder in desynchronization and downstream cylinder in lower 
branch 
 
Fig. 9.38. Time histories of displacement and power spectra for two smooth cylinders in 
tandem arrangement at L′/D=3.5 
 

To check wake interference and proximity interference, two simple tests were 

performed.  

(i) As shown in Fig. 9.39, the upstream T6 cylinder was manually lifted for a while so 

that the downstream T6 cylinder was not exposed to the upstream cylinder wake. The 

cylinder amplitude in the downstream was almost suppressed.  
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(ii) The downstream cylinder was manually held for a while so that proximity 

interference was eliminated. As seen in Fig. 9.40, the upstream cylinder amplitude 

slightly decreased.  

From these results, we may conclude that the wake interference influences more than 

proximity interference in the present study.  

 

Fig. 9.39. Time history of displacement with manually lifting the upstream cylinder 

 

Fig. 9.40. Time history of displacement with manually holding the downstream cylinder 

 
9.3. MAIN FINDINGS 
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(i) For the T6 and T8 cylinders, the upstream cylinder has higher amplitude and 

broader upper branch than that of the single suppression device. As L at L′/D 

increased, proximity interference decreased and the amplitude response of the 

upstream cylinder approached that of the single cylinder. The downstream 

cylinder has much broader upper branch than that of the single cylinder and the 

amplitude is not suppressed at U*=15 (desynchronization region for the smooth 

cylinder).  

(ii) For the T6 cylinder at all L′/D values tested, as the upstream cylinder reaches 

desynchronization, the amplitude response in the downstream cylinder goes into 

the lower branch. Hence, the response of the upstream cylinder can change the 

response region of the downstream cylinder. 

(iii) The upstream cylinder with suppression means has longer wake region than that 

of the smooth cylinder. At high U*, this longer wake interacts with the 

downstream cylinder and causes significantly higher amplitude than that of the 

smooth downstream cylinder. Hence, for suppression models T6 and T8, wake 

interference dominates the cylinder response over proximity interference. 

(iv) For both smooth cylinders and cylinders with suppression means, the response of 

the downstream cylinder is affected by the upstream cylinder. Specifically, the 

galloping of the downstream cylinder decreased in amplitude.  

(v) For the cylinders with PTC suppression means, synchronization of the two-body 

oscillating frequency is observed for a broad range of U*. As U* increases, the 

two oscillating cylinders move from in-phase to out-of-phase. 
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CHAPTER 10 

 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

The flow induced motions (FIM) of a single, rigid, circular cylinder on linear elastic 

springs with passive turbulence control (PTC) were studied experimentally at mass ratio 

m*=1.725, mass-damping ratio m*ζ=0.0273, with high Reynolds numbers in the range 

3×104≤Re≤1.2×105 which primarily covers the TrSL3 high-lift regime. PTC consists of 

two roughness strips placed parallel to the cylinder axis and applied systematically at a 

varying circumferential location on the surface of the cylinder. From the PTC study, the 

“Map of PTC-to-FIM” was developed. The Map of PTC-to-FIM provides the 

information needed to design VIV suppression devices or ways to enhance FIM. 

Suppression devices effective regardless of the flow direction were studied in a two-

cylinder tandem arrangement. The present study on the amplitude, frequency, and near-

wake vortex-structures of the cylinder led to several conclusions and observations 

reported at the end of each chapter. The major conclusions are summarized in Section 

10.1 and recommendations for future work are stated in Section 10.2. 

 

10.1.  CONCLUSIONS 
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1. PTC-to-FIM Map:  The presence of PTC alters the FIM of the cylinder. FIM was 

found to depend strongly on the circumferential location of the roughness strips 

constituting the PTC. Each type of FIM was found to occur over a range of the 

circumferential angle of placement of the PTC defining an FIM zone. Two types of 

commercial sandpaper were used to set the PTC, a smooth one P180 and a rough one 

P60, exhibiting minor variations in the zonal ranges between the two resulting maps. 

Response features within each zone are nearly independent of the height of the roughness 

element. These measurements led to the development of the PTC-to-FIM Map in Figure 

27. 

Flow induced motions: The following FIM zones were established as a function of 

the starting point of the PTC location angle in clock-wise order from the forward 

stagnation point: Weak suppression WS1, hard galloping HG1, soft galloping SG, hard 

galloping HG2, weak suppression WS2, and strong suppression SS. It should be noted 

that for any location of the PTC - based on the PTC-to-FIM Map - the cylinder response 

changes with Reynolds number Re and reduced velocity U* exhibiting different response 

from a smooth cylinder such as longer or shorter VIV branches, possibly transition from 

VIV to galloping, and galloping. 

 PTC can act as an FIM amplifier or FIM suppressor: This satisfies the intended goal 

of the present research. As the PTC-to-FIM Map shows, PTC acts as an FIM amplifier in 

the HG1, SG, and HG2 zones over a circumferential range of about 58° for P180 and 60° 

for P60 at higher reduced velocities U*>12.0. PTC acts as an FIM suppressor in the SS 
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zone for a circumferential range of about 46° for P180 and 44° for P60 over a broad 

range of U*.  

2. Smooth Cylinder Baseline: Tests were conducted using a smooth circular cylinder 

with the same m* and Reynolds number range to establish a baseline for comparison with 

the PTC cylinder. The results are in agreement with the original tests performed by 

Bernitsas et al. (2008, 2009). The upper branch is strong with oscillation amplitudes 

exceeding 1.5•D and overtaking the lower branch. The latter is weak and has 

characteristics of desynchronization. That is, non-steady oscillations are observed unlike 

stable and steady oscillations reported in the literature for Re≤104. In the present study, 

stable and steady oscillations are observed in the upper branch while in the initial branch 

oscillations are steady with modulated amplitude.  

3. Weak Suppression: Response features in the weak suppression zones (WS1 and 

WS2) are closely similar to those of the smooth cylinder but exhibit smaller amplitudes. 

The onset of the initial and upper branches in the weak suppression zones are identical to 

those of the smooth cylinder. The frequency ratio f* is higher in the WS1 zone and lower 

in the WS2 zone with respect to f* in the upper branch of the smooth cylinder.  

4. Hard Galloping: In the HG1 and HG2 zones, galloping is initiated at high 

reduced velocities by applying manually an initial threshold static displacement of 1•D. 

In the HG1 zone, the amplitude response exhibits a broader VIV upper branch and higher 

amplitude at galloping than the corresponding values in the HG2 zone. In HG2, the VIV 

and galloping regions are separated by almost complete suppression. Thus, prior to the 

onset of hard galloping at high reduced velocities, there is small amplitude motion in 

HG1 while the cylinder remains nearly stationary in HG2. Prior to the onset of hard 
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galloping, the frequency ratio f* in HG2 cases is generally higher than that of HG1 and 

both exhibit higher f* than that of the smooth cylinder.  

5. Soft Galloping: There is one broad soft galloping zone. For any point of PTC 

location in that zone, the PTC cylinder response is divided into three major regions; VIV, 

transition from VIV to galloping, and galloping. In the VIV synchronization range, 

amplitude is partially suppressed. In transition from VIV to galloping, the oscillation 

frequency value starts to decline. In the galloping region, the cylinder amplitude reaches 

the limit of the experimental facility at A*≅2.9. It should be noted that for high damping 

used in energy harnessing, the VIV and the galloping regions can be separated and 

reconnected by increasing the spring stiffness (Chang et al 2012). 

For strip placement angles <40°, the larger the angle is, the earlier (at lower reduced 

velocities) the initiation and full development of galloping occurs. For strip placement 

angles ≥40°, the larger the roughness location angle (closer to the strong suppression 

zone) is, the later the initiation of galloping occurs, and the less the amplitude in VIV and 

the galloping region is.  

For both hard galloping and soft galloping, the closer to the front stagnation point the 

PTC is located, the higher is the response amplitude in the VIV upper branch. When 

galloping is initiated, frequency ratio (f*) approaches unity and higher harmonics are 

present.  

6. Strong Suppression: Strong suppression (SS) was defined arbitrarily as at least 

25% reduction in amplitude compared to the smooth cylinder response at the same m* 

and Reynolds number Re. At the beginning of the SS zone (α<80°), a single dominant 

frequency is observed only in the narrow region 5.5≤U*≤7.8 closely related to the natural 
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frequency of the system in still water. The corresponding amplitude is about half that of 

the smooth cylinder. Away from that U* range, amplitude is nearly suppressed. Near the 

end of the SS zone (α≥80°) as we approach the WS2 zone, amplitude is about 50%-60% 

of the smooth cylinder response over the entire range of U*. 

7. Zone Robustness: Results with different strip widths showed that the strip area 

coverage does not significantly influence the amplitude and frequency response of the 

cylinder if the roughness strip is located inside any specific zone as defined by the PTC-

to-FIM Map. Response is primarily zone-dependent, i.e., dependent on the 

circumferential location of the strip. Tests with staggered roughness configurations also 

led to the same conclusion. These results clearly indicate that correlation of vortex 

shedding is not a significant factor deciding the VIV or galloping oscillations.   

When PTC is located on the boundary of two zones including the strong suppression 

zone (SS), amplitude of hard or soft galloping is significantly reduced. By removing the 

PTC segment in the SS zone, galloping amplitude is recovered. PTC should be applied 

very carefully around zone boundaries. 

8. Wake Structures:  

Smooth cylinder: For a smooth cylinder at these high Reynolds numbers, vortex 

structures were found to be a function of the ratio fosc/fs besides U* and Reynolds number. 

Investigating wake vortex structures at the same Reynolds number Re!4.33×104 and U* 

but at different values of fosc/fs due to different spring stiffness, the vortex structures vary 

from shedding of 3 individual vortices per cycle at fosc/fs=0.64 to 7 at fosc/fs=0.74 

confirming previous investigations at lower Reynolds numbers that acceleration is an 
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important factor in formation of wake structures (Honji & Taneda 1969; Williamson & 

Roshko 1988). 

In the present study for a smooth cylinder, vortex structures assumed conventional 

patterns 2P+S and 2S, and other non-conventional patterns as follows: At the onset of the 

initial branch, 2S is observed while at the upper end of the initial branch 3 individual 

vortices are shed per oscillatory cycle. In the upper branch, the 2P+S pattern is observed. 

In the lower branch, 6-7 vortices are shed per cycle with notable cycle-to-cycle variation 

in the near-wake structures. Vortices are much weaker (less circulation) and smaller (in 

core size) than those shed in the initial and upper branches. 

Weak suppression: Flow visualization indicates that the vortex formation length is 

longer than that of the smooth cylinder though the vortex structures are quite similar but 

vortices are weaker (less circulation) and smaller (in core size) at identical reduced 

velocity values. However, the cause of longer vortex formation length would be different 

for WS1 and WS2. In WS1 cases, the flow separated at the upstream edge of the strip 

reattaches and the boundary layer is more diffused (thicker) due to interaction with the 

roughness elements. For WS2, the roll up of shear layers is adversely affected when PTC 

is located further downstream of the cylinder and leads to the formation of weaker (less 

circulation) and disorganized vortices. Diffusion of boundary layer and improper shear 

layer roll up cause drop in amplitude.  

Galloping: Once the cylinder is excited to galloping oscillations, the wake structures 

over a cycle assume nearly the same pattern regardless of the type of galloping, i.e., SG, 

HG1 or HG2. At the same time, galloping wake structures are markedly different from 

the conventional vortex shedding modes in VIV with much higher number of vortices 
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shed per cycle (up to 10). Galloping is due to the effect of angle of incidence brought 

about by the asymmetry in geometry of the section. 

Strong suppression: For U*>7.5, two new wake structures are observed supporting 

the lift reduction. The first wake structure shows two weaker (less circulation) vortices 

shedding almost simultaneously rather than alternating periodically resulting in total 

circulation reduction. According to the Kutta-Joukowski theorem, this total circulation 

reduction results in proportional drop in the lift force. The second wake structure shows 

the cylinder near-wake confined between two flow lines forming a foil-like 

hydrodynamic tail with small eddies escaping into a narrow wake.   

9. Map Robustness:  

Response of cylinders with PTC configuration T7 show the effect of roughness 

height, location, and strip orientation. Even though there are minor changes in the 

response, the response zones of the Map of PTC-to-FIM are impervious to such changes.  

10.  Multi-zone effect: 

From the progressive zone coverage and un-coverage, two designs are effective in 

VIV suppression. (a) Covering strong suppression zone: Strong suppression zone has the 

most influence among the zones. When the SS zone is included, strong suppression is 

always observed. (b) Covering all zones with specific PTC patterns: When all zones are 

covered with helically applied or staggered PTC, the least maximum amplitude is 

observed but amplitude at high reduced velocity is not fully suppressed unlike covering 

only the SS zone. 

11.  Two-cylinder FIM:  
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For two cylinders in a tandem configuration, longer wake region from the upstream 

cylinder with PTC suppression causes significant amplitude of the downstream cylinder 

at high reduced velocity. The suppression device in the upstream cylinder may not be 

good for amplitude suppression of the downstream cylinder. In the present study, wake 

interference has more influence than proximity interference. 

For two cylinders in a tandem configuration, synchronization of two-body oscillating 

frequency is observed for the smooth and PTC cylinders. For PTC cylinders, 

synchronization is observed over a broad range of U*. The two cylinders oscillate in-

phase for small U* and out-of-phase for higher U* values for all tested spacing between 

the two cylinders. 

 

10.2.  RECOMMENDATIONS FOR FUTURE WORK 

	  
The following studies should be undertaken in future research: 

1. PTC definitely affects the boundary layer, the separation point, and the shedding 

process. By measuring forces, we can find out: (a) How PTC changes lift and drag forces 

on a cylinder depending on PTC location. (b) Which flow region is triggered (subsritical, 

critical, super-critical, trans-critical). (c) What is the exact reason for the existence and 

robustness of the map of PTC-to-FIM. (d) By comparing the two end-forces on the 

cylinder, correlation of forces can be studied in enhancement and suppression of motions. 

Furthermore, for suppression devices, measuring the drag force is necessary to identify 

the drag penalty for any PTC suppression device. 

2. Bifurcation is usually derived from the equation of motion. The reverse way should 

work for mathematical modeling of hard galloping and strong suppression. For strong 
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suppression, bifurcation was found in Chapter 5. From this bifurcation, we can derive the 

equation of motion. This will provide data on how to model the force terms in galloping 

and strong suppression. 

3. For hard galloping, as the cylinder amplitude jumps from almost full suppression to 

A*≅3, vortex structures change from small eddies to 10 vortices per cycle. By taking 

shots using a high-speed camera, the vortex transition can be studied. This study will help 

the understanding of the two equilibrium positions. 

4. The map of PTC-to-FIM provides ideas on how to control the cylinder motions. In 

towing tank tests at MHL (Marine Hydrodynamic Laboratory), enhancement of the 

cylinder motion was successful for larger scale of the circular cylinder with PTC. More 

scales of application are needed to verify the effectiveness of map in enhancement and 

suppression of motions. 

5. The PTC-to-FIM map can be extended to multiple cylinders. By applying PTC on the 

cylinder surface of two cylinders in a tandem arrangement, the motion of each cylinder 

can be studied. 

6. Calculate lift force on a single cylinder. Based on the developed mathematical model 

in Chapter 3, reconstruct the lift force and phase lag based on the displacement time 

histories. Use this information to compare the relative magnitude of forces between the 

various branches of VIV and galloping. 

7. Two-cylinder synchronization: From the time histories of displacement and our 

observations of synchronization of the oscillation frequency of the two cylinders - even 

though their natural frequencies differ by about 7% - the possibility of common flow 

patterns was identified. Flow patterns around oscillating cylinders have not been studied 
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so far and flow visualization is needed to understand interaction of the cylinder free shear 

layers, vortex formation and shedding process, and interactions between the vortex streets 

of the two cylinders. 

8. Two-cylinder mathematical modeling: From the synchronization of the two oscillating 

frequencies, the mathematical modeling of the coupled motions of the two cylinders can 

be derived. The coupled equations of motion for two pendulums resulting in 

synchronization of the two pendulum oscillation frequencies are available in the 

literature. Similar equations for the frequency synchronization between two cylinders can 

be derived based on the data generated in this thesis.  
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