
CHAPTER VII

FLOW INDUCED MOTION OF TWO

CYLINDERS IN TANDEM

In Part A of this dissertation, FIM of multiple-cylinders has been studied ex-

tensively with variable spacing, position of PTC, and number of cylinders. In all

tests with PTC, all cylinders achieved back-to-back VIV and galloping. Cylinder

oscillatory amplitude reached up to 2.2−2.9D, which was the maximum achievable

amplitude experimentally due to the free-surface and the safety-stops which limited

the travel. Ding et al. (2013) studied FIM of two rigid circular cylinders in tan-

dem which were free to oscillate transversely to the flow by using two-dimensional

Unsteady Reynolds-Averaged Navier-Stokes simulation. The simulation results are

in excellent agreement with the experimental data presented in this dissertation and

show that the oscillatory amplitude in galloping can reach up to 3.5D which is beyond

the achievable amplitude with the old Low Turbulence Free Surface Water (LTFSW)

Channel in the MRELab. The new VIVACE converters in the new LTFSW Channel,

however, can achieve an oscillation amplitude up to 6D and thereby we can inves-

tigate the response of the cylinder in galloping further. FIM of two-cylinders with

surface roughness (PTC) for high Re has been studied only by the MRELab to the

best of the authors’ knowledge (Kim et al., 2011). In this chapter, FIM of two cylin-

ders is studied further in the range of 23,600<Re<104,200, which falls in the high-lift
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TrSL3 regime. The spacing between the cylinder centers varies from 1.43D to 4.0D

whereas the spacing of 2D was the closest experimental setup in Part A. Moreover,

effects of the spring stiffness and mass ratio on FIM are investigated, which were not

considered as parameters in the tests in Part A.

7.1 Apparatus

7.1.1 New Low Turbulence Free Surface Water Channel

The LTFSW Channel was replaced by the new LTFSW Channel as shown in Fig-

ure 6.1 in May, 2012. The new channel recirculates about 38,000 liters of fresh water

at speed up to 1.5m/s by an impeller powered by a 20hp induction motor and enables

a continuous flow of water through the test section. In Chapter 6, the measurement

results of the velocity distributions of the test section flow were presented and indirect

methods to determine the mean velocity were proposed. The test section is made of

plexiglass and is 2.44m long, 1m wide, and 1.542m deep. All tests presented in this

chapter were conducted in the new LTFSW Channel using the newly built oscillators

7.1.2 Instrumentation and data collection

The cylinder oscillatory displacement is measured by a cable extension position

transducer. The displacement data is measured for 60 seconds after the flow in the

test section reaches steady state. For amplitude plots, the RMS of the 60 largest

(positive and negative) amplitude values is calculated. The oscillatory frequency is

calculated by the Fast Fourier Transform over the recoded period.

7.1.3 Oscillators and reference Pitot tube

A simple schematic of the new single-cylinder VIVACE Converter and details of

two oscillators are shown in Figure 7.1. In the new devices, a rigid circular cylinder is
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Figure 7.1: Simple schematic of the new VIVACE Converter (left) and details of two-
cylinders VIVACE Converter and reference Pitot tube in the new LTFSW
Channel (right)

attached to the sliding blocks which are constrained to move transversely to the flow.

A linear extension spring is connected at each side of the sliding block and thereby

the cylinder-sliding block system is suspended by four linear extension springs while

the old device used two linear extension/compression springs. The vertical distance

between the cylinders can be set by spring mount systems, which are adjustable

by 25.4mm (1”) increment. The longitudinal center-to-center distance between the

cylinders is adjustable in increments of 12.7mm (0.5”) starting at 1.43D (D=3.5”)

using the notches of the new rail system. The details of the new device were presented

in Chapter 5. The reference Pitot tube is placed at the entrance of the test section

permanently to measure the free stream velocity and at the same time to monitor

the reliability of the Vmean - fmotor relationship which was proposed in Chapter 6.

Stiffness of springs and system damping are measured by a series of free decay tests

in air. In this chapter, all tests have been done with real extension springs and two
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identical circular cylinders made by 6061 aluminum alloy. The diameter and length

of the cylinder is 0.089m (3.5”) and 0.889m (35”), respectively. The added mass

coefficient is assumed to be the ideal flow added mass coefficient which is equal to

1.0.

7.1.4 Passive turbulence control

The effect of the Passive Turbulence Control (PTC) on FIMs of multiple-cylinders

was investigated in Part A. In this chapter, for all tests with PTC, the 0.5” wide

roughness strip P60 is attached starting at 30◦ from upstream stagnation point sym-

metrically on both sides of the cylinder. The details of the P60 PTC are shown in

Table 3.2.

7.2 Effect of Spacing of Two Smooth Cylinders in Tandem

on FIM

FIM of two smooth cylinders in tandem has been studied experimentally in Chap-

ter 4 and was discussed further with observations by other researchers in Section 5.1.6.

In this chapter, the effect of spacing on two smooth cylinder in tandem is investigated

further experimentally with the lower mass ratio and a closer longitudinal distance

compared to the experimental conditions in Chapter 4. Tests are conducted with

two different spring stiffness values and the results are compared with the previous

observations.

7.2.1 Experimental setup

Two identical rigid cylinders arranged in tandem are free to oscillate transversely

to the flow. The longitudinal center-to-center spacing between the two PTC-cylinders,

d/D, is changed from 1.43D to 4.0D. Details of experimental setups are described in
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in Table 7.1.

Table 7.1: Details of experimental conditions

7.2.2 Results and discussion

Figures 7.2and 7.3 show the amplitude ratio, A/D, and frequency ratio, fosc/fn,w,

of both cylinders in two different setups of tests at various U∗. For comparison,

responses of the smooth single cylinder are plotted in the figures.

1st Cylinder

The designation 1st and 2nd cylinder indicates the upstream and downstream

cylinder, respectively. The A/D results are in good agreement with the measurements

in Chapter 4. For d/D≥2.57, The 1st cylinder is not affected by the presence of the

2nd cylinder and the A/D response of the 1st cylinder in for d/D≥2.57 follows the

single cylinder response. The maximum A/D slightly increases and the upper branch

becomes wider with decrease in the spacing. The frequency ratio for d/D≥2.57 is

a little higher than that of the single cylinder. For d/D=2.0, however, the trend

deviates compared to the previous results due to the effect of the spring stiffness.

For K=290.3N/m, the maximum A/D for d/D=2.0 is 17% higher than that of other
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Figure 7.2: Effect of center-to-center spacing of two smooth cylinders in tandem on
A/D - Setup 1

Figure 7.3: Effect of center-to-center spacing of two smooth cylinders in tandem on
A/D - Setup 2

spacings as shown in Figures 7.2 and 7.3, while in the previous tests it was smaller

compared to other spacings as shown in Figure 4.1. This discrepancy becomes smaller

with increase in the spring stiffness as shown in Figures 4.1, 7.2 and Figures 7.3. The

maximum A/D increases and the upper branch becomes narrower with increase in the

spring stiffness. For K=744.3N/m, 524.2N/m and 290.3N/m, the maximum A/D is

1.69, 1.17, 1.00, respectively. This trend was also observed in experiments of a single
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Figure 7.4: Effect of center-to-center spacing of two smooth cylinders in tandem on
f ∗ - Setup 1

Figure 7.5: Effect of center-to-center spacing of two smooth cylinders in tandem on
f ∗ - Setup 2

143



smooth cylinder by Lee (2010[19]). The frequency ratio at this spacing is lower than

that of other spacings and the discrepancy increases as the spring stiffness decreases

as shown Figures 7.4 and 7.5. The response for d/D=1.43 will be discussed separately

later in this section. An interesting point is that the oscillation of the 1st cylinder

starts around U ∗=4.0 regardless of the spacing and spring stiffness. It means that

initiation of VIV only depends on the U ∗.

2nd Cylinder

The trend of response of the 2nd cylinder is very different from the results of the 1st

cylinder. For d/D≥2.57, the oscillatory amplitude in the upper branch was suppressed

and the maximum A/D and synchronization region decrease with increasing in the

spacing as shown Figures 4.1, 7.2, and 7.3. The maximum A/D occurs at higher U*

as the spring stiffness decreases. For two high spring stiffness, the first A/D bump

appears in the region of 4.5<U ∗<7. This is due to the change of vortex shedding mode

in the upstream cylinder from 2S to 2P. This phenomenon was investigated by some

researchers (Zdravkovich and Pridden, 1977; Brika and Laneville, 1999; Laneville

and Brika, 1999; Kim et al. (2009)). Laneville and Brika conducted experiments

with two flexible cylinders in tandem arrangement and both free to vibrate with

various longitudinal spacing values in a wind tunnel. They measured the amplitude

response of both cylinders and the phase angle between vortex shedding from the

upstream cylinder and the displacement of the downstream cylinder. They observed

three discontinuities in the amplitude response of the downstream cylinder as shown

in Figure 7.6. The first discontinuity concurs with that of the upstream cylinder

where the vortex shedding mode of upstream cylinder changes from 2S to 2P. At this

point the phase jumps from -135◦ to 0◦. The second discontinuity happens at the

end of the upper branch of the upstream cylinder and it is only clearly observed in

the previous tests shown in Figure 4.1. The third one occurs at the end of the lower

branch and it is not observed in the author’s tests because the lower branch is not
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clearly shown in the results. It is observed that the amplitude bump decreases as the

longitudinal spacing increases both in Laneville and Brike, and the author’s tests.

For K=287.5N/m, the first discontinuity is still observed in the amplitude response

of the 2nd cylinder but the A/D around U ∗=5 is very small compared to that of other

spring stiffness. The oscillatory frequency of the 2nd cylinder is almost synchronized

with that of the 1st cylinder and shows fluctuation only near the end of the lower

branch. The amplitude of the 2nd cylinder is lower compared with the results shown

in Chapter 4. This could be due to the effect of the under water structures. The

under water structures disturb the flow and the flow becomes highly 3-dimensional

and the separation of the boundary layers on the 2nd cylinder is not parallel to the

cylinder axis. This oblique separation can decrease the lift force on the cylinder.

Response of two cylinders in tandem for spacing of d/D = 1.43

For d/D=1.43, the amplitude and frequency response of both the 1st and 2nd

cylinder are very different from those of other spacings. This is because of the ef-

fect of the strong wake interference between the two cylinders. Zdravkovich (1987)

classified five different regimes of the wake interference for two cylinders in tandem

arrangement based on behavior of the free shear layer and vortex shedding; (a) Single

slender body, (b) Alternate reattachment, (c) Quasi-steady reattachment, (d) Inter-

mittent shedding, and (e) Two vortex street regimes. Kim et al. (2009) identified

their own five regimes which depend on the L/D, fluctuating lift force and vibration

characteristics. Here L indicates the gap between cylinders rather than the distance

between centers of cylinders, d/D, used in this dissertation (d/D=1+L/D). They vi-

sualized the flow structures of two oscillatory cylinders in different regimes as shown

in Figure 7.7. The spacing of d/D=1.43 is in Regime II based on Kim et al.’s classifi-

cation. In this regime, two shear layers separate from the upstream cylinder, reattach

to the surface of the downstream cylinder and finally, a Karman vortex street is

formed behind the downstream cylinder. One of the free shear layers separates from
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Figure 7.6: Response of upstream (A1/D) and downstream (A2/D) cylinders and
phase difference between vortex shedding from upstream cylinderand the
response of the downstream cylinder; d/D=10 (left) and response of
downstream cylinder at different tandem spacings (right) [Reproduced
from Laneville and Brike, 1999]
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the upstream cylinder bifurcates in to two and rolls in the gap between cylinders.

This bifurcation causes an unsteady lift on the upstream cylinder.

Alam et al. (2003a) further investigated experimentally the alternate reattach-

ment and quasi-steady reattachment regimes by measuring fluctuating lift and drag

forces of two stationary cylinders and vortex shedding patterns at Re=6.5×104. As

shown in Figures 7.8, they measured the fluctuating lift and drag coefficient of two

cylinders in tandem arrangement and a single cylinder at various tandem spacings.

Before discussing the results it is important to be noted that the characteristics of

the flow regimes depend on Reynolds number (Gartshore, 1984; Xu and Zhou, 2004).

These results show that the fluctuating lift force of both cylinders depend on the

tandem spacing and it changes dramatically in the region of 0<L/D< 2.0. Their

testing Reynolds number corresponds to U ∗=10.9 and 8.5 for the experimental Setup

1 and 2, respectively. The trend in the fluctuating lift and drag coefficient plots of

two stationary cylinders corresponds well with author’s A/D plots. In the plot of the

fluctuating lift coefficient the first peak appears at L/D=0.4 where the fluctuating

drag coefficient of the upstream cylinder is relatively low. At this spacing, the A/D of

the 1st cylinder shows almost its maximum values in the author’s tests for both exper-

imental setups 1 and 2 at L/D=0.43 (d/D=1.43). The amplitude response depends

on both the fluctuating lift and drag forces so even though the higher fluctuating lift

coefficient of the downstream cylinder at this spacing is much higher than that of the

upstream cylinder, the A/D of the 2nd cylinder is lower than that of the 1st cylinder

due to the relatively high fluctuating drag coefficient. This feature was also observed

by Kim et al. (2009).

There are, however, some discrepancies between their results and the author’s

results. First, the A/D is much lower than that of author’s tests as shown in Fig-

ure 7.9. Second, the A/D of both the upstream and the downstream cylinders is

higher than that of L/D=1.0 in the range of 1.2<L/D< 1.8. As shown in Figure 7.2,
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Figure 7.7: Visualized flow structures and corresponding sketches: (a) L/D=0.1, (b)
L/D=0.3, (c) L/D=1.5, (d) L/D=2.0, and (e) L/D=3.2 [Reproduced
from Kim et al, 2009]
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Figure 7.8: Variation in fluctuating fluid forces with increase in tendem spacing (L:
gap spacing, D : diameter of cylinder); (a) fluctuating lift coefficient, (b)
fluctuating drag coefficient [Reproduced from Alam et al., 2003a]

Figure 7.9: Amplitude response of two oscillatory cylinders in various tandem spacing
[Reproduced from Kim et al, 2009]
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Figure 7.10: Amplitude response of two oscillatory cylinders for various Reduced ve-
locity; L/D=0.3 [Reproduced from Kim et al, 2009]

the A/D of both 1st and 2nd cylinders decreases with increasing L/D in this region.

This is because of the difference in the mass-dapping ratio. They used the reduced

mass-damping factor, Cn = 2mδ/(ρD2) where m is the cylinder mass per unit length

and δ is the logarithmic decrement, rather than the traditional mass-damping ratio.

Their reduced mass-damping factor is 6.36 while it is between 0.259 and 0.267 in the

author’s tests. As the mass-damping ratio decreases, A/D increases and at the same

time the upper branch becomes wider (Govardhan and Williamson, 2002).

Kim et al. (2009) also investigated the cylinder response at various reduced ve-

locity values, U ∗, as shown in Figure 7.10. Their results show that for L/D=0.3, the

A/D of the upstream cylinder gradually increases up to U ∗=12 while the A/D of

the downstream starts to decrease beyond U ∗=10. This tendency is also observed in

Figures 7.2 and 7.3. For the experimental setup 1, the A/D of the 1st cylinder reaches

its maximum value of 1.57 at U ∗=11.2 and then its value decreases to 1.2 in the range

of 11.2<U ∗<14.0. TheA/D of the 1st cylinder remains unchanged until U ∗ reaches

the allowable limit of the facility. For the Setup 2, the A/D of the 1st cylinder also

shows somewhat similar trend and the value of A/D reaches and remains at almost

1.2 for U ∗>11.5. For both setups 1 and 2, the oscillation of the 2nd cylinder gradually
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Figure 7.11: Beating FIM phenomenon of two cylinders in tandem; L/D=1.43 and
U ∗=7.75
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increases without any discontinuity until its maximum A/D of 1.24 and then keeps

decreasing at the end of desynchronization.

A discontinuity is observed around U ∗=5.5 in the A/D plots of the 1st cylinder

where the vortex shedding mode changes from 2S to 2P. The phase between the 1st

and 2nd cylinder oscillation keeps changing from in phase to out of phase. The beating

phenomenon was observed in the amplitude time history plots of both cylinders in the

region of 6.0<U ∗<9.0 as shown in Figure 7.11. In this region, the 2nd cylinder has

higher oscillatory amplitude compared to the 1st cylinder and forms its own vortex

shedding, while the vortex shedding of the 1st cylinder is suppressed by the oscillation

of the second cylinder and thereby the oscillatory amplitude of the 1st cylinder also

suppressed.

The oscillatory frequency of both 1st and 2nd cylinders is synchronized and much

lower compared to that of wider spacings as shown in Figures 7.4 and7.5. The fre-

quency ratio gradually increases with increase in U ∗ and it slightly drops around U ∗

=6.0 where the change in the vortex shedding mode occurs. It decreases in the region

of 10<U ∗<12 which is the end of the upper branch. The frequency ratio gradually

increases again near the natural frequency of the system in water like galloping.

As we discussed in this section, the response of two oscillatory cylinders in tan-

dem arrangement are very interesting and especially, for d/D<2.0, the results are

distinguishing. In this rang of the spacing, the fluctuating lift and drag forces are

dramatically change due to the flow structures sensitively change with the spacing.

However, only one spacing of d/D=1.43 was tested in this dissertation and more

observation are needed with visualization to understand the flow structures in the

region of d/D<2.0.
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7.3 Effect of Tandem Spacing on FIM of Two Cylinders with

PTC

The effects of PTC and tandem spacing on FIM of multi-cylinders have been

investigated in Chapter 4. By introducing PTC, all multi-cylinders were able to

achieve back-to-back VIV and galloping with high amplitude response no matter

how close the cylinders were. Moreover, the upstream cylinder was not significantly

affected by the presence of the downstream cylinders. In this section, the effect of

tandem spacing is further investigated with a closer spacing and three different spring

stiffness values.

7.3.1 Experimental setup

For all tests, the half-inches wide P60 strips were attached starting at 30 degrees

from upstream stagnation point symmetrically on both sides of the cylinder. The d/D

was changed from 1.43 to 4.0. All tests were conducted in the LTFSW Channel in the

range of 0.32m/s<U<1.39m/s and 23,000<Re<104,000. Details of the experimental

setups are described in Table 7.2.

7.3.2 Results and discussion

A/D of the 1st cylinder: Figures 7.12 to 7.14

• A/D response is distinguished by the spacing of d/D=2.0.

• For d/D≥ 2.0,A/D response in VIV is similar for all spacings and not signif-

icantly affected by the presence of the downstream cylinder. VIV initiates at

U ∗ ≈ 4.0.

• For d/D=1.43, VIV starts at higher U ∗ and A/D in the initial branch is smaller

than that of other d/D values.
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• For all spacing and spring stiffness values, A/D in the upper branch gradually

increases with increasing U ∗ and reaches its maximum value of 0.85-0.99.

• Transition from VIV to galloping starts earlier as d/D decreases and for K=286

and 800N/m, separation between the upper branch and galloping was observed

as d/D increases and at this point A/D dramatically drops and then shoots up.

For d/D=1.43 and 2.00, no separation was observed.

• In the fully galloped region, for K=280N/m, A/D reaches up to 2.89 3.36 and

for the two closest d/D values A/D is lower in this region but as K increases

the discrepancy decreases.

• For d/D>2.0, the upper branch is clearly separated from galloping in the Setup

Table 7.2: Details of experimental conditions
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Figure 7.12: Effect of center-to-center spacing of two PTC-cylinders in tandem on
A/D - Setup 3

3. At U ∗=12 there is a big drop just before initiation of galloping, whereas

A/D of the Setup 4 doesn’t show any drop between the upper branch and the

initiation of galloping.

• For d/D=1.43 and 2.00, A/D of the first cylinder is lower than those of the 2nd

cylinder in galloping.

A/D of the 2nd cylinder: Figures 7.12 to 7.14

• The 2nd cylinder is in the wake of the 1st cylinder and its A/D is much lower.

• A/D starts to increase from U ∗=7 where the A/D of the 1st cylinder is greater

than 0.8. As shown in the frequency plot, the oscillatory frequency of the 2nd

cylinder follows the frequency of the 1st cylinder and is separated from it at

U ∗=7 or 8 where the A/D of the 1st cylinder passes 0.8. The 2nd cylinder

experiences its own VIV until U ∗=10.
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Figure 7.13: Effect of center-to-center spacing of two PTC-cylinders in tandem on
A/D - Setup 4

Figure 7.14: Effect of center-to-center spacing of two PTC-cylinders in tandem on
A/D - Setup 5
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Figure 7.15: Effect of center-to-center spacing of two PTC-cylinders in tandem on f ∗

- Setup 3

Figure 7.16: Effect of center-to-center spacing of two PTC-cylinders in tandem on f ∗

- Setup 4
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Figure 7.17: Effect of center-to-center spacing of two PTC-cylinders in tandem on f ∗

- Setup 5

• For d/D=1.43, A/D is higher than those in the other cases from U ∗=6 and

reach its maximum value 1.27 and 1.38 at U ∗=8 and 9.3 for K=528.99N/m and

284.99N/m, respectively. For K=284.99N/m, the amplitude gradually decreases

and reaches 1.20 at U ∗=11.5 before galloping is initiated.

• Galloping of the 2nd cylinder starts at U ∗=10.5 11, while it starts at U ∗=12 for

the 1st cylinder.

• Fluctuation of A/D of the 2nd cylinder in galloping is bigger than that of the

1st cylinder.

• Maximum A/D of the 2nd cylinder in galloping is lower than that of the 1st

cylinder except for d/D=1.43 and 2.00.

• For d/D=1.43 and 2.00, the amplitude responses are very different from those

of the wider spacings. The A/D of the two closest cases are much higher from
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U ∗=6.0 than those of other cases and max A/D of d/D=2.0 reaches 3.5 which

is even bigger than any max A/D of the 1st cylinder in galloping.

• Amplitude response of the 2nd cylinder decreases as the tandem spacing increase

in galloping. This is different from the results in Chapter 4. In Chapter 4, the

oscillatory amplitude of the 2nd cylinder didn’t vary much with the tandem

spacing for d/D≥3.0 and the maximum A/D was almost same with that of

the 1st cylinder. This may be the effect of air bubbles in the water. As shown

in Figure 7.18, the air bubbles start to appear in the flow and their fraction

increases with increasing velocity and the flow becomes two phase of water and

air bubbles. Hara and Iijima (1988) studied experimentally the effect of air

bubbles in cross flow on the vibrational response of two cylinders in tandem,

having the tandem spacing of d/D=3.0. They conducted experiments by chang-

ing the air bubble fraction in water flow from 0% to 20% for various U ∗ and

two cylinder were allowed to oscillate in both lift and drag directions. They

concluded that (i) the air bubbles increase the vibrations of both cylinders for

U ∗< 3, (ii) the air bubbles enhance the oscillation of the upstream cylinder

for 3<U ∗<4, and (iii) for U ∗>4, a small amount of the air bubbles suppressed

the large lift direction of oscillation especially of the downstream cylinder as

shown in Figure 7.19. They presumed that the large amount entrainment of

the air bubbles within the region between the two cylinders suppress the large

lift direction of oscillation of downstream. This can be the reason why the A/D

of the 2nd cylinder is suppressed for d/D≥ 3.0 in galloping compared to the

results in Chapter 4.

f ∗ of the 1st cylinder: Figures 7.15to 7.17

• Three frequency plots show very similar trend each other.
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Figure 7.18: Fraction of air bubbles in new LTFSW Channel at various flow speeds;
(a) U=0.92m/s, (b) U=1.07m/s, and (c) U=1.33m/s

Figure 7.19: Amplitude response of two circular cylinder in tandem arrangement as a
function of air bubble fraction; (a) U ∗=2.0, (b) U ∗=3.48, (c) U ∗=4.04,
and (d) U ∗=7.05
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• The frequency ratio increases gradually in VIV and decreases in the transition

region from VIV to galloping.

• The 1st cylinder in the fully galloped region oscillates very close to the natural

frequency of the system in the water.

• As the tandem spacing decreases, the oscillatory frequency decreases and espe-

cially for d/D≤ 2.0, the frequency ratio in the fully galloped region is almost

10 12% lower than that of other spacings. This is because the vortex shedding

from the upstream cylinder is suppressed by the 2nd cylinder (Wu et al. 1999;

Alam et al. 2003a).

• For the experimental Setup 5, the frequency ratio of d/D=1.43 shows a different

trend in the VIV upper branch. For this spacing, the oscillation of the 1st

cylinder is significantly affected by the 2nd cylinder and both cylinders show the

beating phenomenon. For most of the cases, the vortex shedding frequency of

the 1st cylinder is dominant in the beat of the 1st cylinder, but for this case,

the oscillatory frequency of the 2nd cylinder is more dominant.

f ∗ of the 2nd cylinder: Figures 7.15to 7.17

• The oscillation of the 2nd cylinder is significantly influenced by the 1st cylinder

regardless of the tandem spacing.

• Due to the effect of the 1st cylinder in the oscillation of the 2nd cylinder, two ma-

jor frequencies appear in its frequency plot before the fully developed galloping

region.

• The oscillatory frequency of the 1st cylinder is dominant in the frequency plots

of the 2nd cylinder until the A/D of the 1st cylinder reaches 0.8.
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• Once the A/D of the 1st cylinder is larger than 0.8, the oscillation frequency of

the 2nd cylinder becomes more dominant than that of the 1st cylinder.

• The frequency fluctuates in the transition region from VIV to galloping.

• In the fully developed galloping region, the trend of the oscillatory frequency is

almost same as that of the 1st frequency.

Time history of A/D and frequency plot: Figures 7.20 to 7.26

Time history of the A/D and frequency for d/D=1.43 and 4.0 were plotted at

various U ∗’s in order to investigate the beating phenomenon.

Figure 7.20: U ∗=5.03 (Re=31,000)

• This is in the transition region from TrSL2 to TrSL3 and the initial branch to

upper branch of VIV.

• For d/D=1.43 and 4.0, the A/D of the 1st cylinder is 0.691 and 0.742, respec-

tively. For the 2nd cylinders, the A/D is nearly equal to zero.

• Frequency plots of the 2nd cylinders for both spacings shows a peak at the same

major frequency of the 1st cylinder due to the wake of the upstream cylinder.

• For d/D=1.43, a super harmonic frequency which is twice of the major frequency

is clearly shown in both frequency plots of up and downstream cylinders whereas

it is not shown in the plots of d/D=4.0. This super harmonic frequency indicates

the alternating free shear attachment effect as discussed in Section 7.3.2 and

this feature was also observed by Alam et al. (2003a) as shown in Figure 7.25.

Figure 7.21: U ∗=6.83 (Re=42,000)

• This is in TrSL3 region and the upper branch of VIV.

162



Figure 7.20: U ∗=5.03 (Re=31,000); A/D and fosc for d/D=1.43 (a-column) and
d/D=4.00 (b-column)
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Figure 7.21: U ∗=6.83 (Re=42,000); A/D and fosc for d/D=1.43 (a-column) and
d/D=4.00 (b-column)
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Figure 7.22: U ∗=9.89 (Re=60,800); A/D and fosc for d/D=1.43 (a-column) and
d/D=4.00 (b-column)
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Figure 7.23: U ∗=11.78 (Re=72,700); A/D and fosc for d/D=1.43 (a-column) and
d/D=4.00 (b-column)
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Figure 7.24: U ∗=15.25 (Re=94,000); A/D and fosc for d/D=1.43 (a-column) and
d/D=4.00 (b-column)
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Figure 7.25: Power spectrum distribution obtained from fluctuation in pressure on
the surface of the downstream cylinder; (a) d/D=1.40 and (b) d/D=2.50
[Reproduced from Alam et al., 2003a]

• For d/D=1.43 and 4.0, the A/D of the 1st cylinder is 0.818 and 0.847, respec-

tively and only one major frequency appears in the plot.

• For the 2nd cylinders, the A/D beats for both spacing values due to the effect of

two different FIMs. Two major frequencies are shown up in the frequency plot

for both spacings. One is the frequency of the upstream vortex shedding and

the other is the frequency of the downstream vortex shedding. The frequency

of the upstream vortex shedding is still dominant

Figure 7.22: U ∗=9.89 (Re=60,800)

• This is in the TrSL3 region and almost the end of the upper branch of VIV.

• For d/D=1.43, both up and downstream cylinders show the beating phenomenon

and in their frequency plots, both have two major frequencies but the beating

is caused by different reasons for the up and downstream cylinders. For the up-

stream cylinder, the beating is caused by the transition from VIV to galloping
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while the downstream cylinder beats due to the effects of its own VIV and the

upstream wake.

• Frequency of the downstream vortex shedding is dominant in the frequency

plots of downstream cylinders for both setups.

• For d/D=4, the upstream cylinder is still in VIV and A/D is almost sinusoidal.

Figure 7.23: U ∗=11.78 (Re=72,700)

• This is at the end of the transition region from VIV to galloping.

• For d/D=1.43, both the upstream and the downstream cylinders are in gallop-

ing. A/D is almost sinusoidal and only one major frequency appears near its

natural frequency in the water and two super harmonic frequencies also show

up. The downstream cylinder oscillates independently and not much affected

by the upstream wake. The A/D of both cylinders are 2.4.

• For d/D=4.0, the oscillation of the upstream cylinder is unstable and no major

frequency is shown in its frequency plot. This is the end of the lower branch

of VIV. This region is clearly separated from the galloping region. As shown

in Figure 7.12, as the distance between upstream and downstream cylinders

diminishes, the separation gap becomes smaller and disappears when d/D is

smaller than 2. The downstream cylinder still shows the beats because it is also

in the transition region to galloping.

Figure 7.24: U ∗=15.25 (Re=94,000)

• This is in the fully developed galloping region for all cylinders and oscillations

of all cylinders are almost sinusoidal and independently.

• For d/D=1.43, A/D of the upstream and downstream cylinders is 2.89 and 3.07,

respectively. The downstream cylinder has higher oscillatory amplitude.
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Figure 7.26: Flow structure of a single cylinder with PTC at U ∗=11.53 (Galloping
branch) [Reproduced from Chang, 2010]

• For d/D=4.0, the A/D of the up and downstream cylinders are 3.24 and 2.68.

• Many super harmonic frequencies appear in all frequency plots. This is be-

cause of high number of vortices shedding. Chang(2010) investigated the vortex

shedding mode of a single cylinder with PTC in galloping by visualization and

observed that a total of 10 vortices shed per cylinder of oscillation at U ∗=11.53

as shown in Figure 7.26.

7.3.3 Effect of mass ratio

The effect of the mass ratio on a single cylinder in VIV were discussed in Section

5.1.1. Previous observations (Khalak and Williamson, 1997b, 1999; Govardhan and

Williamson, 2002; Williamson and Govardhan, 2004) show that lower mass ratio

broaden the upper branch with higher oscillatory amplitude and for the critical mass
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ratio of 0.52, VIV oscillations never stop (Govardhan and Williamson, 2002). These

investigations were all for a single smooth cylinder in VIV at low Reynolds numbers.

There is, however, no investigation of the effect of the mass ratio on two circular

cylinders with PTC in galloping to the best of the authors’ knowledge. In this section,

the effect of the mass ratio on FIMs of two cylinders with PTC in tandem arrangement

is studied experimentally with three different mass ratios. Additional mass plates

made of brass were attached at both ends of the cylinders to increase the oscillatory

mass and there by the mass ratio as shown Figure 7.16.

Figure 7.27: Additional mass attached at the end of the two cylinders

7.3.3.1 Experimental setup

Details of the experimental setups are described in Table 7.3. All experiments

were conducted in the Reynolds number (Re=UD/ν) range of 36,000 102,000. The

spring stiffness and damping ratio were kept as close as possible in the tests.

7.3.3.2 Results and discussion

The results of the Setup 5 are compared to those of the Setup 7. From this section

to next section, comparisons are made among three systems with different properties

in the same graph. Therefore, the dimensionless quantity, U ∗, cannot be used as an
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Table 7.3: Details of experimental conditions

independent variable because it depends on the system’s spring and mass parameters.

Instead, Reynolds number is used to plot the figures for comparison.

Figure 7.28: Effect of the mass ratio on A/D of two cylinders with PTC - d/D=1.43
- Setup 5 to 7
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Figure 7.29: Effect of the mass ratio on A/D of two cylinders with PTC - d/D=2.00
- Setup 5 to 7

Figure 7.30: Effect of mass ratio on f ∗ of two cylinders with PTC - d/D = 1.43 -
Setup 5 to 7
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Figure 7.31: Effect of mass ratio on f ∗ of two cylinders with PTC - d/D=2.00 - Setup
5 to 7

A/Dand f ∗ of the 1st cylinders: Figures 7.28 to 7.31

• The effects of high mass ratio is different between VIV and galloping regions.

• As previously observed by other researchers (Khalak and Williamson, 1997b,

1999; Govardhan and Williamson, 2002; Williamson and Govardhan, 2004), in

the VIV region, the maximum A/D increases and the upper branch becomes

wider as the mass ratio decreases. The difference of the maximum A/D between

m*=0.65 and 1.66 is 5% 8% in VIV.

• However, as the mass ratio increases, the A/D of the 1st cylinder in galloping

increases. The difference of the maximum A/D between m*=0.65 and 1.66 is

15.8% for d/D=2.0 and it is 29.7% for d/D=1.43.

• For d/D=1.43, the oscillatory frequency fluctuates due to the strong interference

between the 1st and 2nd cylinder and it is difficult to find a trend.
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• For d/D=2.0, the frequency ratio is higher for higher mass ratio in the VIV re-

gion and it is 0.92 for m*=0.65 and 1.66 but for m*=1.34, it is 0.99 in galloping.

A/Dand f ∗ of the 2nd cylinders: Figures 7.28 to 7.31

• For d/D=1.43, the maximum A/D increases with decrease in the mass ratio

before galloping region but it increases with increase in the mass ratio in the

fully galloped region. The A/D in galloping shows fluctuation.

• For d/D=2.0, the upper branch of the 2nd cylinder was suppressed and the A/D

in galloping doesn’t show a trend. The A/D of two high mass ratios are still

higher than that of the lowest mass ratio.

• For d/D=1.43, the frequency plot doesn’t show any trend.

• For d/D=2.0, the frequency response shows the same trend found in the 1st

cylinder.

7.3.4 Effect of spring stiffness

The effect of spring stiffness is studied experimentally with three different spring

stiffness values. For comparison, results of three previous setups of tests, Setup 3,

Setup 4, and Setup 7 are plotted in Figures 7.21to 7.24.

A/Dand f ∗ of the 1st cylinder: Figures 7.32 to 7.35

• VIV starts at lower Re and the synchronization region broaden as the spring

stiffness decreases.

• The maximum A/D in VIV isn’t influenced by the spring stiffness.

• For U ∗=525N/m, the galloping is initiated earlier than other spring stiffness.

• The A/D in fully galloped region increases with decrease in spring stiffness.
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Figure 7.32: Effect of spring stiffness on A/D of two cylinders with PTC - d/D=1.43

• The oscillatory frequency ratio is higher for lower spring stiffness and it is re-

versed in the fully galloped region.

A/Dand f ∗ of the 2st cylinder: Figures 7.32 to 7.35

• A/D is higher for the softer spring in most of the regions.

• Galloping is initiated at lower Re as the spring stiffness decreases.

• The oscillatory frequency ratios fluctuate in the transition region of the 1st

cylinder from VIV to galloping.

• The trend in the frequency ratio plot is very similar to that of the 1st cylinder.

7.4 Main Findings

Several observations were made based on the test results throughout this chapter.

The major findings are summarized below.
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Figure 7.33: Effect of spring stiffness on A/D of two cylinders with PTC - d/D=2.00

Figure 7.34: Effect of spring stiffness on f ∗ of two cylinders with PTC - d/D=1.43
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Figure 7.35: Effect of spring stiffness on f ∗ of two cylinders with PTC - d/D=2.00

FIM of two smooth cylinders in tandem arrangement

• The A/D results were in good agreement with the measurements in Chapter

4. The 1st cylinder was not affected by the presence of the 2nd cylinder and

the A/D response of the 1st cylinder for d/D≥2.57 followed the single cylinder

response. For d/D=2.0, the trend of the amplitude response deviates compared

to the previous results in Chapter 4 due to the effect of the spring stiffness. This

discrepancy became smaller with increase in the spring stiffness. The oscillation

frequency of the 1st cylinder in tandem arrangement was slightly higher than

that of the single cylinder for most tandem spacings excepted for d/D=1.43.

• The trend of response of the 2nd cylinder was very different from the results of

the 1st cylinder. For d/D≥2.57, the oscillatory amplitude in the upper branch

was suppressed and the maximum A/D and synchronization region decreased

with increasing in the tandem spacing. The A/D bump was observed in the

region of 4.5< U∗ <7. This might be due to the change of vortex shedding
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mode in the upstream cylinder.(Laneville and Brike, 1999).

• For d/D=1.43, the amplitude and frequency response of both the 1st and 2nd

cylinder were very different from those of other spacings due to the effect of

the strong wake interference between the two cylinders. The upper branch of

the 1st cylinder was suppressed while in the lower branch, the 1st cylinder kept

oscillating with almost constant amplitude of 1.2D until the flow speed reached

the maximum allowable limit of the LTFSW Channel.

• For d/D=1.43, the amplitude of 2nd cylinder reached a maximum value of 1.2D

for both spring stiffness values, and this value is two times higher compared

to that of other spacings. Strong beating phenomenon was observed in the

amplitude time history plots of both the 1st and the 2nd cylinders in the region

of 6.0< U∗ <9.0. For the smallest spacing values, the oscillation frequencies of

both the 1st and the 2nd cylinders were clearly lower than that of other spacing

values.

FIM of Two Cylinders with PTC

• Both cylinders with the PTC achieved back-to-back VIV and galloping regard-

less of the tandem spacings, mass ratio, and spring stiffness.

• The dynamic response of both cylinders with PTC in tandem arrangement were

distinguished by the tandem spacing of d/D=2.0. For d/D≥2.0, the amplitude

response of the 1st cylinder was not significantly affected by the presence of the

downstream cylinder while for d/D=1.43, the amplitude of the 1st cylinder in

galloping was much lower compared with that of other tandem spacing values.

• For d/D=1.43, the amplitude of the 2nd cylinder with the PTC was signifi-

cantly higher for most reduced velocities compared with that for other tandem

spacings. The discrepancy increased with increasing spring stiffness.
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• For d/D=1.43 and 2.0, the frequency response of both the 1st and the 2nd

cylinders with PTC was relatively low compared with that of other spacings for

most reduced velocities.

• The effects of high mass ratio was different between VIV and galloping regions.

The maximum amplitude of both the 1st and the 2nd cylinders in VIV region

slightly increased with decreasing the mass ratio, where the amplitude was

higher for the higher mass ratio in the galloping region.

• The amplitude responses of both cylinders in galloping were considerately in-

fluenced by the spring stiffness and the maximum amplitude increased as the

spring stiffness decreased. For K=285N/m and d/D=2.0, the amplitudes of the

1st and the 2nd cylinders at U∗ = 17 reached 3.04D and 3.49D, respectively.
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CHAPTER VIII

ENERGY CONVERSION

In this chapter, the effects of parameters such as the tandem spacing, staggering,

PTC, mass ratio, spring stiffness, and number of cylinders on the energy conversion

from hydrokinetic in the flow to mechanical in VIVACE are studied. The hydrokinetic

energy in the flow is converted to the mechanical energy in VIVACE by the inter-

ference between the flow and the cylinders. In previous studies on a single cylinder

VIVACE (Lee and Bernitsas, 2011; Lee et al. 2011; Chang and Bernitsas, 2011) the

energy conversion of a single cylinder VIVACE was presented in terms of the total

mechanical power. The total mechanical power is defined as the work done by the

fluid force per time period T and given by

Pmech =
1

T

T∫
0

Ffluid,Total(t)ẏ dt (8.1)

where Ffluid,Total is the total time dependent transverse fluid force acting on an

oscillating cylinder in the transverse direction of the flow. The equation of motion of

the cylinder oscillating transversely to the flow is given by

moscÿ + cmechẏ +Ky = Ffluid,Total(t) (8.2)

where mosc, cmech, and K are the mass of the oscillating parts, total mechanical
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damping coefficient, and spring stiffness. The mechanical damping is a linear sum of

the structural damping, csys, and the harness damping, charness, that is an additional

linear viscous damping is introduced in to the system to harness power from the flow.

Thus, the mechanical damping is given as

cmech = csys + charness (8.3)

Substituting Eqn. (8.2) into Eqn. (8.1)), the power equation can be rewritten as

Pmech =
1

T

T∫
0

(
moscÿ + (csys + charness)ẏ +Ky

)
ẏ dt (8.4)

The dynamic response of the cylinder of VIVACE in VIV or galloping can be

assumed as a sinusoidal oscillation. By this assumption, the only nonzero term

in Eqn. (8.4) is the velocity-square dependent term and thus by subtracting the

Eqn. (8.3) for the Eqn. (8.4), the equation can be rewritten and divided into two

components, which are the harnessed power due to the harness damping and the

dissipated power due to the structural damping, as follows

Pharness =
1

T

T∫
0

charnessẏ
2 dt (8.5)

Pdiss =
1

T

T∫
0

csysẏ
2 dt (8.6)

In previous studies on a single cylinder VIVACE (Lee and Bernitsas, 2011; Lee

et al. 2011; Chang and Bernitsas, 2011), the harnessed power was obtained by intro-

ducing the additional harness damping into the VIVACE system by using the virtual

damper-spring (Vck) system. The Vck system replaced the real damper and real

springs of the VIVACE system by a servo-motor and electric control system. Further
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details of the Vck system can be found in the paper by Lee et al. (2011).

The Vck system for a multiple-cylinder VIVACE is still in development, and thus

the additional harness damping couldn’t be introduced in the multiple-cylinders VI-

VACE system, and only the real spring-damper system was used for all experiments

in this dissertation. Therefore, the energy conversion cannot be measured because

the total mechanical power calculated by using Eqn. (8.4) presents only the dissipated

power due to the structural damping.

In order to evaluate, however, the effect of the various parameters on the energy

conversion, a quantitative comparison in terms of energy between the test results

should be conducted. For that purpose, the total converted energy, EMech, is intro-

duced and defined as

EMech =
1

2
KA2 +

T∫
0

csysẏ
2 dt (8.7)

where A is the amplitude of the oscillation. On the right hand side of Eqn. (8.7),

the first term accounts for the total mechanical energy of the VIVACE system in VIV

or galloping where the amplitude response has been assumed to be sinusoidal, and

the second term is the work done by the structural damping per cycle.

Assuming that the sinusoidal oscillation has a constant amplitude A, the equation

can be rewritten as

EMech =
1

2
KA2 +

T∫
0

csys (2πfA cos(2πft))2 dt

=
1

2
KA2 + 2csysπ

2f 2A2 (8.8)

where f is the oscillation frequency.

It should be emphasized that the concept of the total converted energy could not

be theoretically accurate but it is still useful to present the effects of the parameters on
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Figure 8.1: Total converted energy by two smooth-cylinders VIVACE Converter with
different tandem spacing and spring stiffness

the energy conversion from the flow to the multiple-cylinders VIVACE system. It can

be justified though based on free oscillation tests conducted in water. Those showed

that the mechanical power stored in the springs by an initial static displacement in

the free oscillation test is dissipated in less than a cycle.

8.1 Energy Conversion by Two-Smooth-Cylinders VIVACE

Converter

Figure 8.1 shows the total converted energy by two smooth VIVACE cylinders

calculated based on the results presented in Section 7.3. The designations of # C,

K000, and 000D indicate the number of cylinders, spring stiffness in N/m, and the

center-to-center spacing between two cylinders in tandem.

a. The total converted energy for the two cylinders VIVACE increases with de-

creasing the spacing between the two cylinders in tandem.

b. For d/D=1.43D and 2.00D, the total converted energy for the two cylinders

184



VIVACE is much higher than that of larger spacing.

c. The total converted energy for the two cylinders VIVACE is almost equal with

that for the one cylinder VIVACE in the region of the flow speed lower than

0.6m/s because the oscillation of the downstream cylinder is very small in that

region.

d. Most peaks of the total converted energy for both the one-cylinder and two-

cylinder VIVACE occurs in the region of 0.7<U<0.85m/s.

e. For d/D=1.43, the two-cylinders VIVACE can harness energy in the region of

U>1.0.

f. For both spring stiffness values, the largest total converted energy for the two

cylinders VIVACE is shown at 0.8m/s for the spacing of 2.0D.

g. The total converted energy for both the one-cylinder and the two-cylinders

VIVACE increases with increasing the spring stiffness at most of the flow speed.

h. Based on the test results, for the two-smooth cylinder VIVACE, the best config-

uration of the center-to-center spacing and spring stiffness to achieve the highest

total converted energy is 2.0D and 525N/m.

8.2 Effect of PTC on Energy Conversion by Two-Cylinders

VIVACE Converter

In order to investigate the effect of the PTC on the total converted energy for the

two-cylinder VIVACE, the experimental data for two center-to-center spacing values

in Sections 4.1 and 4.2 are used. The total converted energy of the two-cylinder

VIVACE with the PTC are calculated for three different configurations of the PTCs,

and results are compared with those of the two smooth-cylinder VIVACE converter.
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In Figures 8.2 and 8.3, the legend related to P60:α−β indicates that sandpaper with

roughness P60 is attached starting at α degrees symmetrically on both side of the

upstream cylinder and at β degrees symmetrically on both side of the downstream

cylinder. The following conclusions can be drawn:

a. The total converted energy for the two cylinders with the PTC is significantly

increased compared with that of the total converted energy for the two cylinders

without the PTC.

b. For d/D=2.0, the total converted energy for the two cylinders with PTC reaches

up to 53.8J at U=1.337m/s regardless of the position of the PTC while 18.4J

is the highest value for two cylinder without the PTC at U=1.05m/s.

c. For d/D=2.0, in the region of 0.58<U<0.86m/s, the total converted energy for

the two cylinders without the PTC has slightly higher value than that for the

two cylinders with the PTC. For d/D=2.5, the region is 0.58<U<0.98m/s, and

the different between the total converted energy for two cylinder with the PTC

and without the PTC is larger.

d. For d/D=2.0, the total converted energy with the PTC configuration of P60:20-

30 shows slightly higher values in most of the flow speeds than those for other

PTC configurations. A similar trend is shown for d/D=2.5 but the values are

fluctuating in the galloping region, and the maximum value of 54.5J is achieved

at 1.337m/s for the PTC configuration of P60:30-30.

e. For both spacing values, P60:20-30 is the best choice among three PTC con-

figurations for U<1.12m/s in terms of the total converted energy except for

the case of no PTC. In the galloping region, the PTC configuration does not

significantly influence the energy conversion.
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Figure 8.2: Effect of PTC on total converted energy by two-cylinders VIVACE Con-
verter for d/D=2.5 and K=745N/m: data from Sections 4.1 and 4.2

8.3 Effect of Mass Ratio on Energy Conversion by Two-PTC-

Cylinders VIVACE Converter

Based on the experimental data from Section 7.4.2, the total converted energy by

a two-cylinder VIVACE converter with PTC for three different mass ratios was cal-

culated and compared with each other. For comparison, two tandem spacing values

of d/D=1.43 and 2.00 were selected because for these two spacing, the total con-

verted energy is higher than that of other spacing values. The results are plotted in

Figure 8.4.

a. The total converted energy considerably increases as the mass ratio increases

in the region of U>0.89m/s.

b. For d/D=1.43 and m∗=1.66, the total converted energy is considerably higher

than that of other cases, and it reaches its maximum value of 50.8J at U=1.33m/s
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while the maximum value is 21.57J at 1.20m/s for d/D=1.43 and m∗=0.65.

c. In the region of 0.45<U<0.89m/s, the differences in the total converted en-

ergy among the three mass ratios are small. It is the contrary result to the

expectation which the lower mass ratio could increase the energy conversion by

achieving higher amplitude than the higher mass ratio does. In fact, the ampli-

tude was slightly higher for the lower mass ratio in the VIV region as shown in

Figures 7.28 and 7.29, but it is compensated by the mass in the calculation of

the total converted energy.

Figure 8.3: Effect of PTC on total converted energy by two-cylinders VIVACE Con-
verter for d/D=2.5 and K=745N/m: data from Sections 4.1 and 4.2
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Figure 8.4: Effect of mass ratio on total converted energy by two-PTC-cylinders VI-
VACE Converter for d/D=1.43 and 2.0, and K=737−800N/m: data from
Section 7.4.2

8.4 Effect of Spring Stiffness on Energy Conversion by Two-

PTC-Cylinders VIVACE Converter

The effect of the spring stiffness on the total converted energy of two cylinders

VIVACE with the PTC is studied. The plot was produced from the experimental

data in Section 7.4.3.

a. The total converted energy is higher for the stiffer spring in the VIV region as

previously noticed in Section 8.1. In the fully developed galloping region, the

trend is reversed for d/D=2.0 because the amplitude increases with decreas-

ing the spring stiffness and the total converted energy is proportional to the

amplitude-square while it linearly increases with increasing the spring stiffness.

b. As the spring stiffness increases, the total converted energy is generally higher in
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Figure 8.5: Effect of spring stiffness on total converted energy by two-PTC-cylinders
VIVACE Converter for d/D=1.43 and 2.0, and m∗≈0.64: data from Sec-
tion 7.4.3

the region of 0.65<U<0.87m/s. But for K=525N/m, the total converted energy

suddenly jumps at U=0.95m/s and it is considerably higher than that of other

cases until it suddenly drops at U=1.04m/s for d/D=1.43 and at U=1.11m/s

for d/D=2.0.

8.5 Effect of Tandem Spacing on Energy Conversion by Multiple-

PTC-Cylinders VIVACE Converter

In this section, the effect of the tandem spacing on the total converted energy

for two, three, and four-cylinder VIVACE with PTC is investigated. Figure 8.6

are plotted based on the data produced from the 3rd generation of the two-cylinder

VIVACE in Section 7.4.2. In Figure 8.7, the plot was generated by the data of the

2nd generation two-cylinder VIVACE in Section 4.3. For Figures 8.8 and 8.9, the
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Figure 8.6: Effect of tandem spacing on total converted energy by two-PTC-cylinders
VIVACE Converter for K=800N/m and m∗ ≈1.66: data from Section
7.4.2

data of three and four-cylinders VIVACE in Section 4.5 were used to produce the

plots. In each figure, the total converted energy of each cylinder was plotted to

see the contribution to the total converted energy for the multiple-cylinder VIVACE

converters. The designation of Old and New indicates the 2nd generation VIVACE

and the 3rd generation VIVACE, respectively. In all figures, the legend related to

#’st Cyl. indicates the sequence number of a cylinder from upstream.

Figure 8.6: Two cylinders with PTC: 3rd generation of VIVACE

a. The total converted energy increases with decreasing tandem spacing in most

of the flow speeds. Particularly, for d/D=1.43, the total converted energy is

considerably higher in the region of U>0.9m/s.

b. Compared to the results of the 2nd generation devices, the total converted energy

of the 3rd generation is much lower in the galloped region (U >1.1m/s) for
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Figure 8.7: Effect of tandem spacing on total converted energy by two-PTC-cylinders
VIVACE Converter for K≈745N/m and m∗≈1.68: data from Section 4.3

d/D=2.0. This seems to be the resistance from the additional mass on the

outside of the cylinder.

c. Each cylinder almost equally contributes to the total converted energy of the

two cylinders for d/D=1.43.

Figure 8.7: Two cylinders with PTC: the 2rd generation of VIVACE

a. The tandem spacing slightly influences the total converted energy except for

d/D=3.0.

b. For all tandem spacing values, the total converted energy reaches 52.7-57.0J at

U=1.30m/s.

c. The converted energy for each cylinder was plotted in a dashed line. For

d/D=2.0, the contribution of the upstream cylinder on the total converted

192



Figure 8.8: Effect of tandem spacing on total converted energy by three-PTC-
cylinders VIVACE Converter for K≈745N/m and m∗≈1.68: data from
Section 4.5

energy is higher in the region of U<0.76m/s but in the region of U>0.76m/s,

the downstream cylinder contributes more or almost equally to the total energy.

Figure 8.8: Three cylinders with PTC: the 2rd generation of VIVACE

a. The total converted energy increases as the tandem spacing increases in the

region of 0.94<U<1.12m/s but in the remaining region, the effect of the tandem

spacing is not significant.

b. For all tandem spacings except for d/D=3.0, the value of the total converted

energy reaches 79-84.0J at U=1.37m/s.

c. The contribution of the upstream cylinder on the total converted energy is dom-

inant in the region of U<0.72m/s, each cylinder almost equally contributes on

generation of the converted energy in the region of 0.72<U<0.97m/s, and in the

193



Figure 8.9: Effect of tandem spacing on total converted energy by four-PTC-cylinders
VIVACE Converter for K≈745N/m and m∗≈1.68: data from Section 4.5

region of U>1.19m/s, the contribution is lower for further downstream cylin-

der. It is because the free surface significantly decreases toward downstream

and thus the amplitude of the downstream cylinders is limited by the lower free

surface.

Figure 8.9: Four cylinders with PTC: the 2rd generation of VIVACE

a. As shown in Figures 8.7 to 8.9, for the tandem spacing d/D=3.0 or 3.5, the

total converted energy is relatively low. This tandem spacing can be the crit-

ical spacing for the wake induced vibration in which the fluctuating lift force

decreases as illustrated in Figure 2.17.

b. For all tandem spacings except for d/D=3.5, the value of the total converted

energy reaches 84-90.0J at U=1.30m/s.

c. The contribution of each cylinder on the total converted energy shows the very
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similar trend of the three cylinders. The contribution of the fourth cylinder is

lower than that of upstream cylinders due to the effect of the free surface.

8.6 Effect of Staggering on Energy Conversion by Multiple-

PTC-Cylinders VIVACE Converter

The total converted energy is calculated based on the data presented in Section 4.4

and the results were plotted in Figure 8.10. To investigate the effect of staggering on

the total converted energy, the results of three different vertical spacings are compared

at three different tandem spacing.

Figure 8.10: Effect of staggering on total converted energy by two-PTC-cylinders VI-
VACE Converter for K≈745N/m and m∗≈1.68: data from Section 4.4

a. The effect of staggering on the total converted energy is not significant.
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b. As the staggering increases, the total converted energy increases for the same

tandem spacing in the region of 0.58<U<1.12m/s.

c. In the region of U>1.12m/s, the total converted energy of the two staggered

cylinders is lower. This is because the amplitude was limited by both the device

and the free surface. For example, for h/D=1.0, the positions of the upstream

and downstream cylinders was raised and lowered by 0.5D, respectively, and

thus the maximum allowable amplitude decreased by 0.5D and the upstream

cylinder was more likely subjected to the effect of the free surface.

8.7 Synergy of Multiple Cylinders for Hydrokinetic Energy

Harnessing

Lastly, the synergy of multiple cylinders on the total energy conversion is evalu-

ated. The total converted energy was calculated for one, two, three, and four cylin-

ders, and compared in Figure 8.11. For this comparison, all multiple cylinders were

in tandem arrangement with d/D=2.5 which is the smallest tandem spacing for the

three and four cylinder tests, the roughness P60 was attached starting at 30 de-

grees symmetrically on both sides of all cylinders, the spring stiffness was kept close

to 740N/m, and the damping coefficient was in the range of 2.667<csys<3.464. As

shown in Figure 8.11(a), the total converted energy increases with the number of

cylinders. The latter is an obvious result. Figure 8.11(b) shows more notable results.

The total converted energy of a single cylinder very slightly increases with increas-

ing the flow velocity in the VIV region. In that region, for multiple cylinders, the

total converted energy gradually increases. As discussed earlier, the amplitude of the

downstream cylinders in WIV is greater than that of the 1st cylinder. As a result, the

total converted energy normalized by the value of the single cylinder is greater than

the number of cylinders in the region of 0.8<U<1.12m/s as shown in Figure 8.11(b).
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Figure 8.11: Synergy of multiple cylinders on total energy conversion: (a) total con-
verted energy and (b) normalized total converted energy as a function
of free stream velocity

For instance, the normalized total converted energy of the four cylinders reaches 6.38

at U=1.08m/s, which is 1.6 times larger than the number of cylinders. This means

that the synergy of multiple cylinders on harnessing energy can be greater than the

sum of the energy converted by each cylinder acting in isolation. Moreover, this is

achieved for the smallest tandem spacing of 2.5D for the three and four cylinder tests,

which indicates that the energy volume density can be increased compared with the

estimation of the previous works (Lee and Bernitsas, 2011; Lee et al. 2011; Chang

and Bernitsas, 2011).

In the previous estimation of power volume density (Lee and Bernitsas, 2011 ; Lee

et al. 2011; Chang and Bernitsas, 2011), a staggered configuration was selected and

the longitudinal distance between two cylinders was 4.0D. Therefore, the total con-

verted energy of two cylinders normalized by the total converted energy for d/D=4.0

and the results are shown in Figure 8.12. The results show that the normalized to-
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Figure 8.12: Total energy conversion for two cylinders at different tandem spacings
as a function of free stream velocity: (a) total converted energy and
(b) normalized total converted energy by the total converted energy at
d/D=4.0

tal converted energy of two cylinders VIVACE Converter increase as the longitudinal

spacing decreases. Particularly, for d/D=1.4, the normalized total converted energy is

greater than 1.5 in the region of U>0.66m/s, even in the galloping region, and reaches

a maximum value of 8.12 (the region of 0.91<U<0.97m/s was excluded in the com-

parison). This clearly indicates that the energy volume density of multiple-cylinder

VIVACE Converters can be increased significantly from the previous estimation (Lee

and Bernitsas, 2011; Lee et al. 2011; Chang and Bernitsas, 2011).

Based on this research, it can be concluded that a multiple-cylinder VIVACE

Converter can harness more energy than the same number of cylinders acting in

isolation.
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CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

9.1 Conclusions

The goal of this research was to maximize the synergy of multiple parallel cylin-

ders in Fluid Induce Motion (FIM) for hydrokinetic energy harnessing. In order to

achieve this goal, the effects of tandem spacing, staggering, Passive Turbulence Con-

trol (PTC), mass ratio, spring stiffness, damping, and number of cylinders on FIM of

multiple cylinders were experimentally studied. For these experimental studies, two

different generations of VIVACE converters were designed and built. At the same

time, the old Low Turbulence Free Surface Water (LTFSW) Channel was replaced

by the new LTFSW Channel, allowing for higher amplitudes of oscillation. Based on

the test facility, this dissertation is divided into two parts: Part A and Part B.

In Part A, all tests were conducted with the 2nd generation of VIVACE in the

old LTFSW Chanel described in Chapter 3, and with high Reynolds numbers in the

range of 28,000<Re<120,000 which primarily covers the TrSL2 and TrSL3 regimes.

As discussed in Chapter 4, up to four of the 2nd generation devices were used to study

FIM of multiple cylinders, which all were identical cylindrical tubes with diameter

D=3.5” and length L=36”. In this study, the variable parameters were the tandem
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spacing, staggering, PTC, and number of cylinders. Results from this study brought

to light the fact that by introducing the PTC all four cylinders can achieve back-

to-back VIV and galloping regardless of the tandem spacing and staggering. In the

galloping region, all four cylinders oscillated like pistons in a reciprocating engine and

reached maximum amplitude of 2.2D-2.8D which was the limit of the old LTFSW

Channel.

The 2nd generation of VIVACE had many advantages such as a simple structure

and motion mechanism, as well as easy setup and use. There was, however, a crit-

ical drawback to investigate galloping instability since the oscillatory amplitude of

VIVACE was limited to about 3D. The oscillatory amplitude was also restricted by

the depth of the LTFSW Channel. In order to overcome the limitations of the facil-

ities and, thus, to further investigate FIM, the 3rd generation VIVACE and the new

LTFSW Channel were designed and built.

In Part B, the design process of the 3rd generation of VIVACE was discussed in

Chapter 5, and the flow calibration process and results were presented in Chapter 6.

The results of flow calibration of the new channel showed that the velocity distribution

of the flow is highly symmetric and nearly uniform across the test section. In Chapter

7, FIM of multiple cylinders was further investigated with two 3rd generation of

VIVACE cylinders in the new LTFSW Channel. In this investigation, the variable

parameters were the tandem spacing, PTC, mass ratio, and spring stiffness and tests

were conducted in the range of 28,000≤ Re≤120,000. The smallest tandem spacing

was 1.43D while it was 2.0D in the tests in Chapter 4. For this smallest spacing, both

smooth and roughened cylinders exhibited distinct response with higher amplitude

and lower oscillation frequency compared with those of other spacings. The effect

of the mass ratio was notable. The amplitude of cylinders in VIV increased with

decreasing the mass ratio which has been observed by many researchers. This feature

was, however, reversed in the galloping region, and higher mass ratio resulted in
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higher amplitude in both upstream and downstream cylinders. The spring stiffness

significantly affected on the dynamic response of both upstream and downstream

cylinders.

Finally, in Chapter 8, the energy conversion from horizontal hydrokinetic to me-

chanical in VIVACE were discussed based on measurements and observations made

in this dissertation. In previous studies in the MRELab on power assessment, Lee et

al. (2011[6]) and Chang and Bernitsas (2011[40]) used the Virtual damper and spring

(Vck) system, which replaced real linear springs and damper by a servo-motor and

an electric control system, to introduce an additional damping into the system. As a

result they calculated the envelope of harnessed power of a single cylinder VIVACE.

Unfortunately, the Vck system for multiple-cylinder VIVACE converters in the new

LTFSW Channel and with the third generation of VIVACE converters is still under

development. Thus, the harnessed power could not be measured in this research.

Instead, the concept of total converted energy was introduced in order to assess the

effects of the parameters studied in Chapters 4 and 7 on the energy conversion. Re-

sults of this assessment on the energy conversion reveal that the multiple-cylinder

VIVACE Converters can synergistically work in close proximity to each other and

considerably increase the power volume density of VIVACE Converter.

Summary of the conclusions:

a. By introducing PTC, all cylinders (2,3,4 tandem configurations) achieve gal-

loping increasing the range of FIM synchronization with high amplitudes (2.2-

3.49D) regardless of other parameters.

b. For tandem spacing of 1.43D, FIM of two cylinders in tandem is distinct: gallop-

ing starts earlier, amplitude is higher for the 2nd cylinder, oscillation frequency

is lower for both cylinders, and energy harnessed is 60% higher.

c. For two cylinders in close tandem proximity (d/D<2.0), contrary to single cylin-
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der studies, energy envelope points in galloping may not correspond to the

highest spring stiffness.

d. Higher mass ratio (m* ) results in higher marine hydro-kinetic energy conversion

in galloping with practically no change in the VIV region. Increase by a factor

of 2.5 was measured for 0.65<m*<1.66.

e. Multiple cylinders in tandem can be in synergistic FIM in close proximity of

d/D<2.0.

f. 2, 3, and 4 cylinders in synergistic FIM can harness more marine hydro-kinetic

energy than the sum of the energy harnessed by each cylinder acting in isolation.

9.2 Contributions

Summary of the contributions:

a. Effect of PTC on FIM of two cylinders: Experimental investigation and demon-

stration that galloping can be triggered on both cylinders by introducing PTC.

b. Effect of PTC on FIM of three cylinders: Experimental investigation and

demonstration that galloping can be triggered on all three cylinders by intro-

ducing PTC.

c. Effect of PTC on FIM of four cylinders: Experimental investigation and demon-

stration that galloping can be triggered on all four cylinders by introducing

PTC.

d. Effect of tandem spacing: Experimental demonstration that the smaller spacing

enhances FIM of multiple cylinders.

e. Effect of mass ratio: Experimental demonstration that higher mass ratio en-

hances galloping.
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f. Synergistic FIM of two cylinders can harness up to 1.6 times the MHK energy

than two cylinders can harness acting in isolation.

g. Synergistic FIM of three cylinders can harness up to 1.8 times the MHK energy

than three cylinders can harness acting in isolation.

h. Synergistic FIM of four cylinders can harness up to 1.6 times the MHK energy

than two cylinders can harness acting in isolation.

9.3 Recommendations to Future Work

From this research we learned that FIM can be enhanced in two ways: (a) Optimiz-

ing system parameters such as the mass ratio and spring stiffness; and (b) optimizing

multiple-cylinder arrangement. Even though the effect of several different configu-

rations of parameters on FIM of multiple cylinders were studied in this research,

those studies are not still enough to fully understand the effects of those parame-

ters on FIM and determine optimal configuration and parameter combinations for

hydrokinetic energy harnessing. Therefore, the following work is recommended:

a. Further investigation on tandem spacing for d/D≤2.0: As discussed in Chap-

ter 7, the dynamic response of both upstream and downstream cylinders in

this region showed promising results for hydrokinetic energy harnessing but in

this dissertation only two tandem spacings were studied. Extensive study in

this region will give optimal tandem spacing to maximize the power density of

VIVACE.

b. Extensive study on mass ratio: Based on the results of Chapter 8, the mass

ratio is a critical parameter to enhance FIM and thereby hydrokinetic energy

conversion.
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c. Investigate Flow Induced Motion in multiple circular cylinders with PTC using

visualization: As shown in the completed research there are various kinds of

FIM induced by the interference between cylinders. Investigation of the FIM

in downstream cylinders is needed to understand the underlying mechanism by

proper visualization method.

d. Studies on wake-boundary layer interaction: For downstream cylinders, it is

expected to be a serious issue as also evident in the current research results.

The boundary layers of downstream cylinders are undeniably subjected to the

action of upstream cylinder wakes contributing to cylinder dynamics. But, this

aspect has not been studied so far. Many features of cylinder oscillations could

be made clear through this study and it is planned for the future.

e. Extending staggered configurations for increased power harnessing: In the tests

conducted so far, only two h/D values were considered, viz., 0.5 and 1.0. More

experiments to confirm the effect of staggered configuration on the FIM of

cylinders are needed. In the new LTFSW Channel more tests on the staggered

configurations at additional vertical spacing ratios should be conducted. It is

expected that more vertical spacing can cause more oscillation amplitude in

downstream cylinders in the range of Re<70,000. That will improve the power

density of multiple-cylinder VIVACE Converters at relatively low current speed.

f. Effect of spring stiffness for improved power density: The spring stiffness in the

model tests was decided randomly and was not controllable. Previous studies

(Bernitsas et al. 2008, 2009) showed that power harnessing can be improved by

changing the spring stiffness at different speeds of current (Lee and Bernitsas,

2011; Chang and Bernitsas 2012). However, the effect of spring stiffness in

multiple cylinder VIVACE Converters has not been conducted. This will be

carried out with the Vck system. Optimal spring stiffness for each device can
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be derived to improve power density.

g. Effect of damping for improved power density: Damping is another important

parameter, which affects both the phenomenon of FIM and performance of

the VIVACE Converter. Therefore, damping should be carefully controlled to

improve power density. Various damping values will be applied by the Vck

system to maximize power density.

h. Power envelope for optimal power harnessing: The VIVACE Converter aims to

maximize power harnessing from river or ocean currents. Its performance de-

pends on the combination of damping and spring stiffness and speed of current

besides the location and roughness of PTC. Therefore, it is important to con-

trol damping and spring stiffness at each current speed to maximize the power

harnessing.
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