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ABSTRACT

A phenomenological Wake Oscillator Model (WOM) isidied
to capture the coupling effects between the fluid the structure.
The Vortex-Induced Vibration (VIV) phenomenon is detied to
describe the motion imposed by the lift forces ba structure.
The influence of the aspect ratib/D) was introduced into the
model to characterize the VIV phenomenon for firgjdinders.
The proposed model captured the basic featureseo¥/tV such
as the amplitude of vibration, frequency, and difiefficient by
coupling the structural equation to the wake egumatPredictions
of the WOM are discussed and compared with the rexpatal
data in order to establish a relationship desagibiV as a factor
of aspect ratios.

KEY WORDS:. Vortex-Induced Vibrations; Wake Oscillator
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1.0 WAKE OSCILLATOR MODEL

Offshore structures such as jacket platform, risaioring lines,
Spars, and pipelines, are subject to severe cliraate ocean
conditions. These structures undergo unremittimge® from the
current or wave which resulting in fatigue due tbration. One
of the identified problem is due to Vortex-Induck¥tbrations
(VIV). VIV is a phenomenon in a fluid flow caused; tthe
shedding of vortices behind the structures dud¢ointeractions

of fluid and structure. Comprehensive review hagerbdone by
King [1], Sarpkaya [2], Bearman [3], Pantazopolo{#,
Williamson and Govardhan [5], and books of Chen HEgvins
[7], and Sumer and Fredsoe [8], to name a few.

Studies of the VIV have been carried out usingedéht
approaches such as experiments, numerical andtiaalstudy.
Each one of the approach contribute significarglthie expansion
of the knowledge in prediction of VIV. In the presestudy, the
main interest is on Wake Oscillator Model (WOM), asemi-
empirical model for a prediction of the VIV phenama in a
fluid flow. There are three main types of semi-etispi model,
as summarized by Gabbai and Benaroya [9] which \Atake-
body coupled models or wake oscillator model (WOBngle
degree of freedom models (SDOF), and Force decatigos
models.

Bishop and Hassan [10], Hartlen and Currie [11]ofSknd
Griffin [12], lwan and Blevins [13], Landl [14], @fin [15],
Facchinetti et al. [16] are among the contributdos the
development of WOM. Meanwhile, Simiu and Scanla7][1
Goswami et al. [18] use SDOF models to describebttaviour
of the structural oscillator. Sarpkaya [19] is ¢red for the force
decomposition models and succeeded later by Grifird
Koopman [20].

The prediction models are based on the equationation of
a flexible mounted structure in the transversedativa with 2D
flow as defined by [8]. The equation for a singlegree of
freedom system can be generally written as:

Mass term + Damping term + Stiffness term = For¢ergn

my+cy+ky=F Q)
wherem is the total mass of the systemjs the structural

damping,k is spring stiffnessy is the cross-flow displacement

and F is the forcing term. A dot over the symbols demote
differentiation with respect to time. This equatinknown as
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@
structure oscillator. Figuré shows a schematic diagram for ii. Dimensionless time
elastically supported rigid cylinder. Kk (5)
r=t,|— =t
m
iii. Damping ratio
_cC (6)
2maw),
iv. Dimensionless parameter
DL )
a=—
8r°S'm
v. Frequency ratio
Figure 1: Elastically supportedyid cylinder[13]. ‘ U @)
wetes()
Birkhoff and Zarantanello[21] first introduced a model fa f,D

called wake oscillator in order to dat@ne the vortex sheddir

frequency by theoretical formula. Following thisopeering

contribution, numerous works have proposed solvivity
problems by analytical approaches. Bishop and Hhia[10]

suggested representing the tinagying forces on a cylinder di

to vortex shedding by using a van der Pol typellasoi. Hartlen

and Currie [11]proposed a lift oscillator model by coupling 1

lift force to the cylinder motion (equatior(2) and (3)) that

satisfies the following characteristics:

i. The oscillator should be sedfciting and se-limiting which
means the lift force in the lock-inegion is periodic an
infinite.

ii. The natural frequency of the oscillator should bepprtional
to the uniform flow velocity and coincide with thertex

shedding frequency.
iii. The cylinder motion and the oscillator must be @mted
dynamically.
Y, +20y, +y, =aw0, @
) @)

r

€ —aw,C, +a)L(C.L)3 + chL =by,

(]

where y, is the dimensionless amplitudc, is the lift
coefficient,é is the damping factorw, the frequency ratio, ar
a,a, b,y are parameters defined to best fit the equatioth&
experimental datax andy are the linear and nonlinear term
damping. Both equations were made dimensionlessth
following definition;

i. Dimensionless displacement

Y, = @

U<

The model captures most of the features of VIV,hsas
amplitude response, frequency r and hysteresis as shown i
figure 2, where stable branches of the periodic motiores
represented by solid lines, while unstable brancles
represented by dotted lines. Hysteresis phenomenardicated
by arrows on the plots.

Amplitude

Frequency
>

©

Figure 2:Amplitude and frequency response from Hai
and Qurrie model[9]

Facchinetti et al. [L6gxamine three different coupling tern
namely displacement coupli, f = Ay, velocity couplingf =
Ay and acceleration couplinf = Ay, wheref is defined as the
forcing term, to be coupled with the wake equa The nonlinear
fluctuating lift equaibn or wake oscillator defined by Nayf[22]
can be written as:

q+£Qf(q2_1)q+qu=F ©)

whereq is the dimensionless wake variak®; is the angular
frequencyg¢ is the structure reduced damping & is the forcing
term. The wake oscillator was coupled with the citree
oscillator equation by the introduction of dimemdéss time an
space. It vas found that acceleration coupling succeeds Ine
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predicting the VIV response. The stable solution thie
acceleration coupling covered most the data ceteétom the
experiments. Meanwhile, the velocity and displacemeupling
fails to predict the phase compared to the experiabelata.

Due to the complexity of vortex shedding in the meake
region, an exact solution for the fluid structunéeraction is yet
to be found. Therefore, an approximate model must b
constructed to predict the physics of the VIV [1Bbwever, in
most of these wake oscillator models, the 3D effegere not
considered [9]. Hence, in this paper, the reliapilif the van der
Pol equation to capture the 2D phenomenon has &dended to
a 3D model with the influence of aspect ratio ined for a better
prediction of the dynamic response of structure¥. To the
authors’ knowledge, there are only few studies féects of L/D
have been conducted in water channel for low cglindspect
ratio (e.g.,L/D < 10). For some latest work along this line, see
Rahman et al. [23] and Goncalves et al. [24]. Tlannobjectives
in developing this phenomenological model are tbdate our
VIV experimental data from [23] and to capture agmplex
behaviour of the VIV phenomenon observed in expenits.

In the present study, a coupled WOM from the liiem@ have
been examined to predict the behaviour of the Viiénmpmenon
and compared with the experimental results. Foagbect ratios,
the WOM was solved using the parameters in tabldeanwhile,
the value of C, and C_ over U, was extracted from the
experimental results by Rahman et al. [23].

Table 1:Parameters for aspect ratio examined. (Extractad fr
Rahman et al. [23])

Symbol L/D | L D k m f, ¢ S

Exp.1| 13 | 0.78 0.06 | 245| 5.734 0.99 | 0.0310.1455
Exp.2| 10 | 0.6| 0.06| 245 4.4111.12 | 0.0310.1292
Exp.3| 7.5| 0.6| 0.08] 245 7.8410.865| 0.0360.11043
Exp.4| 5 | 0.4| 0.08| 245 5.2281.035| 0.0320.0983
Exp.5| 3 |0.33 0.11| 52| 8.1540.508| 0.0260.1111
Exp.6| 2 |0.22] 0.11| 52| 5.43¢0.569| 0.0210.1003
Exp.7| 1 |0.16| 0.16 | 52 | 5.92¢ 0.543| 0.0300.091(
Exp.8| 0.5| 0.08 0.16 | 52 | 4.1820.695| 0.0340.067(

2.0 Modified Wake Oscillator M odel

Coupled WOM by Facchinetti et al. [16] was introddcand
modified to suit the flow problem, in order to cam the
behaviour of the VIV based on the present experiatetata. The
coupled model considered the aspect ratio effectthé model
with the inclusion of a few assumptions and paransett should
be emphasized that the development of the WOMnaillcapture
the whole behaviour of the VIV. However, the présaitempts
are to model the VIV phenomenon based on the datined in
our experiments. Additionally, the attempts arepdts interpret
some of the behaviour observed in the experimerith the
various parameters included in the present WOM.

Facchinetti et al. [16] discussed the importanceaipling
effects on the wake oscillator model performandss Pprovided
significant improvements in the WOM from the classimodel
introduced by Hartlen and Currie [11] and othereegshers
before. Coupling equations of structure and wakmv fifrom

Facchineti et al. [16] were used to investigatedtfiects of aspect
ratio in the fluid-structure interaction model. Teelection of the
acceleration coupling term was based on the coioclugiven by
Facchinetti et al.[16], who succeeded to modeldhk in domain
for single degree of freedom case. The structurd aake
oscillators equations defined by Facchinetti efl#] were;

y{z‘(mﬁijzws 4o

§+e(a* -Dg+q=Ay (1)
where¢ is the structure reduced dampinigis the reduced
angular frequency of the structugeis the stall parameteny* is
the mass ratio, anlandA are tuning parameters.
The dimensionless fluctuating lift force terepn the RHS of
equation (10) is defined as

s=Mq (12)
yoCo 1 (13)
2 8n*X’m*

where C, is the reference lift coefficientM is the mass
number which scales the effects of the wake orsthesture, and
q is the fluid variables (refer Fachhinetti et dl6] for details). In
this coupled term, Facchinetti et al.[16] recomnezhd value of
CLo= 0.3 for a large range of Reynolds number (300 <Re5 x
10°). In an attempt to solve the coupled equations dar
oscillating cylinder, the value af 0 is chosen as the lift values
derived from free oscillating cylinder experimentasults instead
of reference values for stationary cylinder, asgested by [16].
The same consideration was applied to the calouladf the stall
parameter. The stall parametgiis related to the mean sectional
drag coefficient of the structure and given by

Co

_ (14)
Ta|

y

Facchinetti et al. [16] suggested amplified dragfficient,
Cp = 0.2 to simplify the model, based on the motionthe
transverse direction. However, to improve the vglicbf the
model in comparison with the experimental data,vihlee ofCp
in the equation was defined as the mean drag ceeffi value
acquired from single degree of freedom free ogBidp
experiments presented in Rahman et al. [23]. Biithand Cp
were varied for each reduced velocity examinedt Tieans the
behaviour of the wake can be specifically captuetdeach
Reynolds number by solving the coupled equations.

The coupled system equation was solved using noaieri
techniques in MATLAB. The parameters used to sotkie
coupled equations (10) and (11) were derived frapeemental
results for differentL./D by [23]. The equations were solved to
capture the structural responses for the aspe&ot iratestigated.
The value of the van der Pol parameterand the scaling of
coupling force,A were varied to obtain a best fit with the
experimental plot.
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3.0 RESULTS AND DISCUSSIONS

Figure 3 shows a series of the results obtaineah §olving the
coupled equations. Based on the results acquirésl,seen that
there was a good agreement between the preserniedampdels
and the experimental values. The WOM captured #spanse
amplitudes of the structure over reduced velocitigsstigated in
the experiments, and established the best fit doying values of
¢andAin each case.
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The results comparing the model with the experirderdlues
such as plotted in figure 3. Experimentl8 = 0.5) in figure 3
(h) shows a higher value of the amplitude respaatséigher
reduced velocities. This is possibly due to threeethsional
effects captured by the present WOM. Note that $truhal
values used in the present WOM development weligeatkefrom
the experiments and significantly lower from thélmhed value
of *=0.2.
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Figure 3: (a) — (h). Comparisons of present coupled WOM witherimental data for each aspect ratio investhat
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These lower values @& corresponded to the behaviour of the
lock-in region and three-dimensional effects of ¢éimel condition.
However, there are similarities in the curve shapd pattern in
most of the aspect ratios compared to the expetsnéhe model
has been tuned to find the best values in orderafmure the
stable solutions for the present WOM model. Tabkh@ws the
value of model parameters corresponding to eaclecagpatio
plotted in figure 3 (a) — (h). Although the presentipled model
shows a fairly good agreement with our experimedtth, the
suitability of the model is highly dependent on th&rameters
used. It should be noted that in the present stadyeffort has
been made to validate the model with other experiaiedata
from other literature.

Table 2: Model parameters value for eadéb.

L/D 13 10 7.5 5 3 2 1 0.5
A 04| 02| 05| 03 02 005 005 01
e 055| 1.0/ 05| 0.6 0.8 0.7 0.3 p
Good agreement was observed for all aspect ratios

investigated which validated the present couplediehdor the
VIV prediction, except fot./D = 0.5 (figure 3 a-h). The success
of the present WOM to capture most of the behavigiuthe
response amplitude in VIV phenomenon solely dependshe
model parameters. This is supported by observatifstom
experiments and WOM where &tD =13 there is remarkable
agreement whereas bfD = 0.5, VIV was completely disturbed
by the flow. These observations were discussedeearnthere the
aspect ratio influenced the disturbance in the floWhis is
supported by observation in the experiments, wiree surface
and end conditions were more dominant in the caémnoaspect
ratio compared to high aspect ratio.

The values of lift and drag coefficients, Stroulmaimber,
damping ratio, and a mass ratio from the experimemre used
in the present WOM. The model also depends on timéing
parameters used. As mentioned before, the vanalgraPameter,
¢ and the scaling of coupling fora@® were varied to obtain the
best fit to the experimental plot. A relationship the tuning
parameters can be drawn in order to capture therdkgmcy of
the model on the tuning parameters. Figure 4 sttbevplot for
the model parameter ratidye over the aspect ratio tested. It

appears that the values Afe decreased when the aspect ratio

decreases fdt/D = 7.5 to 0.5. Howevet,/D = 13 and 10 yield a
slightly lower value compared oD = 7.5, apparently limiting
the trend. This result for/D = 7.5 to 0.5 shows an interesting
relationship between the coupling equations ané#pect ratio.
The scaling of the coupling forcé, was proportional to the
response amplitude of the structure in the modek flesponse
amplitude was shown in previous chapters to beedsed as the
aspect ratio reduced and suggest that the couplirge was
reduced correspondingly. However, the relationdiepween the
model parameter and the aspect ratio remains uneeathe
results obtained fot/D =13 and 10 differ from the expected
relationship. This is possibly due to scaling forceupling
parameterA which is lower than that used fofD = 10 as shown
in table 2. Figure 5 shows the plots for the SteduRumber
values over model parameter ratio. It can be seanthere is no
definite relationship demonstrated by the plot.sThs possibly
due to the model parameter being fitted in the #ouos in order
to capture the VIV response, which could be an ifigoéon of

the WOM presented. These results should support
observations made for the Strouhal number in erp@ris for the
VIV responses with different aspect ratio.

It can be concluded that for high aspect ratig® (= 5 — 13),
VIV is well established and the WOM models proviseund
predictions of the VIV behaviour, as evidenced loy findings of
this study. Meanwhile, for low aspect ratios, thelVV
phenomenon competes with both free surface ancects. As
the aspect ratio decreases, the WOM model becaragsédlevant,
as VIV is less established and the free surfaceeffdiminish the
accuracy of the model. Thus, for high aspect raifds and above,
the WOM approaches may be used to predict VIV oatihg
structures. However, for aspect ratios less thaexperimental
scale model are needed to predict the extent @) ah VIV
behaviour. WOM come into the picture when the fundatal
understanding of VIV required in the investigatiomnd
considerably satisfied with the experimental datd eompleting
the VIV investigation with further understanding oflV
phenomenon. These significant results in this stbdye been
produced by solving the wake and structure equatwimich
extend the available analytical model for low as$peatios
structures in water.

2
15 y=-0.0067*% + 0.13*+ 0.01 |
$ 1 . ’
o e
0.5 e .
° ® ® °
0-® : ‘
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Figure 4:Model parameter ratio from modified WOM over
structure aspect ratio. The dash red line represemte fit using
a single quadratic function.
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Figure 5:Strouhal Number relationship with the model paramnet
ratio from modified WOM. The dash red line represesurve fit
using a single quadratic function.
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4.0 CONCLUSION

In this paper, a phenomenological model using thakew
oscillator model was developed. A wake oscillatardel were

examined and modified to include the influence gfext ratio in
the prediction model. Comparisons with the expenialedata
were provided to draw a solid conclusion on thefedént

approaches implemented in this work. The followaugnclusion

may be summarized.

i. The model parameters in [16] was modified accoflglirig
suit the experimental data. The comparison is ivelgt in
agreement for the response amplitude of the asgid
investigated except fdt/D = 0.5 where the model was a bit
off at higher reduced velocities. This is due te fifee surface
and end effects which disturbed the vortex fornmatiae to a
reduction of the correlation length.

ii. Present analytical study has shown the importardarpeters
affecting the results were the empirical parametiasved
from the experiments together with the tuning pasams.
There is no approach identified in this model tolude the
parameter of aspect ratio by itself. The valuestlod
parameters used were corresponded to the influehdke
aspect ratio from the experimental works.

iii. The WOM presented in this study shows a differapiability
to capture VIV phenomenon. Most of the model eftety
captured VIV of a high aspect ratio or it was siifigdl as 2D
problem. However, it failed to predict VIV of a aydler with
very low aspect ratio, where 3D problems involved
significantly.
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