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Abstract 

Interaction of fluctuating vortex shedding with blade vibration can lead to a new class of aeromechanical 

instability referred as Non-synchronous vibrations. Investigating a well-known case that shows similar NSV 

features such as a circular cylinder can develop the understanding of physics behind NSV. A common 

approach to further investigating the vortex induced vibration is to control the motion of the cylinder and 

allowing the response of the wake to the motion to be studied in isolation. It has been found very important 

to carefully match the experimental conditions between free and controlled vibration. Many of research in the 

field of vortex induced vibration apply a rigid cylinder mounted horizontally and moving transversely to the 

flow stream as a paradigm for understanding the physics behind this phenomenon. Regarding the difficulties 

of implementation of vertically moving cylinder in experimental study, vortex dynamic and lock-in behavior 

of eccentrically rotating cylinder is studied in this M.Sc. Thesis. The main focus of this research is to 

understand to what extend a general feature of free vortex-induced vibration can be observed in the case of 

eccentrically rotating cylinder. If the present case captures the essential characteristics of freely oscillating 

cylinder the results of the forced motion via eccentrically rotating cylinder can be applied to predict the 

motion of an elastically mounted body. To do so a CFD model is established to predict the response, vorticity 

structure in near wake, timing of vortex shedding and the range of lock-in region over specific parameter 

space of the introduced alternative case. A commercial CFD code, Ansys/CFX, was implemented to perform 

this numerical study. Existences of synchronization region, striking similarity in lift force coefficient and wake 

mode have been observed in the current study. 
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Nomenclature 
A Amplitude of vibration, value of eccentricity 

�� Drag force coefficient 

�� Lift force coefficient 

�� Oscillating drag force coefficient 

�� Oscillating lift force coefficient 

D Cylinder diameter 

�� Oscillating part of drag force 

�� Oscillating part of lift force 

����� Mean Drag, in-line force 

���  In-line component of friction force per unit length 

���  In-line component of pressure force per unit length 

f0s Natural Karman vortex shedding frequency 

fe Forcing frequency 

fs Vortex shedding frequency for oscillating cylinder 

ft Frequency of Transition 

Re Reynolds Number 

St Strouhal Number 

U Velocity of free stream 

Vr Reduced Velocity 

Y+ Yplus, dimensionless distance from the wall 

µ Dynamic viscosity 

λ Wave length of the cylinder trajectory 

ν  Kinematic viscosity 

φ Phase difference 
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1 Introduction 

Fluid-structure interaction phenomenon can be investigated under a wide general classes including: 

forced vibration, futter, galloping and buffeting. To design turbomachinery blading two FSI 

phenomena are of the most interest, forced response and flutter. Recently, a new form of 

aeromechanical problem has reported by engine manufacturers as it was observed in the front stages 

of high pressure compressor and fan blades, vanes and blisks. This new form of challenge includes 

Non-synchronous vibration (NSV) and in some cases leads to high cycle fatigue failures of blades, 

(Kielb, et al., 2003). It was observed that in turbine engine interaction of fluctuating vortex shedding 

with blade vibration can lead to such an aeromechanical instability referred as Non-synchronous 

vibrations. Vortex shedding from opposite side produces an unsteady periodic pressure fluctuation 

that can lead to structure vibration. In case of blade fracture, modifying and redesigning new blade 

leads to dedicating huge amount of time and money. A very fundamental step to better 

understanding the physics behind NSV issues in turbomachinery applications is to investigate a well-

known case that shows similar NSV features such as a circular cylinder, (Kielb, et al., 2006). 

This work discusses the most important features of the NSV phenomena through studying the force 

characteristics and vorticity pattern over circular cylinder. Vortex shedding behind flexible bluff 

bodies occurs in many engineering situation. It is of interest in civil engineering structure like bridge, 

towers as well as designing the transmission lines, offshore platform, heat exchangers, 

turbomachinery blade, marine cables and other marine application, (Belivins, 1990) and (Williamson 

& Govardhan, 2004) .Fundamental study in this field shows that vortex wakes tends to be very 

similar regardless of the structure. The so-called lock-in phenomenon is observed in vortex-induced 

vibration, where the shedding process is being greatly affected by the motion of the elastic structure. 

When the frequency of the energy input to the system due to fluctuating vortex approaches enough 

to the natural vibration frequency of the structure, synchronization happens. This synchronization 

effect was first reported by (Bishop & Hassan, 1964). In the synchronization range the frequency of 

the vortex shedding locks at the structural motion frequency (forcing frequency) and the magnitude 

of the fluid force on the structure increases abruptly. This can lead to the destruction of the 

structure. Lock-in phenomena is sometimes called “resonance”, “synchronization”, “wake capture” 

and “Strouhal excitation” in literature and can be categorized as “self-excited” phenomena, as no 

external unsteadiness collaborates into the system, (Fransson). Due to the practical importance of 

vortex induced vibration, there is a wide Literature on VIV and it is still growing. 

A common approach to further investigating vortex induced vibration is to control the motion of 

the body and allowing the response of the wake to the motion to be studied in isolation. It has been 

concluded that carefully matching the experimental conditions between free and controlled vibration 

is very important (Morse & Williamson, 2006). Many of research in the field of vortex induced 

vibration apply a rigid cylinder mounted horizontally and moving transversely to the flow stream as 

a paradigm for understanding the physics behind this phenomenon. Where the free vibration 

follows a sinusoidal motion the controlled sinusoidal motion leads to the fluid forces conforming 



13 
 

the free oscillating results. This thesis develops a simple tool to predict force characteristics and 

wake mode of NSV excitation.  Regarding the difficulties of implementation of vertically moving 

cylinder in experimental study, vortex dynamic and lock-in behavior of eccentrically rotating cylinder 

is studied in this Master thesis. The main focus of this research is to understand to what extend a 

general feature of free vortex-induced vibration can be observed in the case of eccentrically rotating 

cylinder. If the present case captures the essential characteristics of freely oscillating cylinder the 

results of the forced motion via eccentrically rotating cylinder can be applied to predict the motion 

of an elastically mounted body. To do so a CFD model is established to predict the response 

including vorticity structure in near wake, timing of vortex shedding and the range of lock-in region 

over specific parameter space for the new introduced case. A commercial CFD code, Ansys/CFX, 

was implemented to perform this numerical study. 
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2 Flow around a circular cylinder 

2.1 Vortex shedding 

One on the important feature of the flow in the current study is the vortex-shedding phenomenon, 

which is seen in the flow regime for Re>40. In this Re range, flow separation is occurred due to 

adverse pressure gradient and leads to formation of shear layer. As seen from Figure 2-1 the 

boundary layer formed along the cylinder contains a large amount of vortices. This vorticity is fed 

into the shear layer to roll up into a vortex with a similar sign of the incoming vorticity. The same 

procedure is done in the opposite side. The unstable nature of these two vortices in the presence of 

any disturbances for Re>40 causes, one vortex grows larger than the other. Further development of 

this process is the basic mechanism of vortex shedding formation, (Gerrard, 1966). 

 

Figure 2-1 The shear layer from both sides roll up to form the lee-wake vortices. 

As shown in Figure 2-2, if the vortex A becomes strong enough can draw the vortex of opposite 

side across the wake. These two vortex are in contrast with rotating direction. The approach of 

oppositely-signed vorticity cuts of further supply of vortices to the vortex A. at this stage we can 

name the vortex A as being shed. As (Gerrard, 1966) postulated, this is the basic mechanism 

determining the frequency of vortex shedding. Vortex A is a free vortex now and convected 

downstream by the flow. After shedding of vortex A, a new vortex is seen at the same side of the 

cylinder, namely vortex C. in this step vortex B play the same role as vortex A had, as it grows in size 

and strength to be able to draw the vortex C out of the wake. This will lead to the shedding of 

vortex B. This process will continue whenever a new vortex is shed at one side of the cylinder where 

the shedding will continue to occur in a repetitive manner between the sides of the cylinder, 

(Summer & Fredsoe, 1997). 
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Figure 2-2 vortex formation sequences. Picture from (Summer & Fredsoe, 1997). 

Photographs presented in Figure 2-3 shows the time development of the vortex shedding process. 

One important understanding of the foregoing discussion is that the vortex shedding occurs only 

when the two shear layer interacts with each other. By preventing this interaction such as using 

splitter plate at the downstream side of the cylinder between the two shear layers, we expect the 

cross-flow resulting in the shedding of the eddy to be less easily set up and some of the cross-flow 

will be deflected away from the other side of the wake, this results in an increased period and leads 

to the weakening of the vortex strength in the early stages of its growth which would result in a 

decreased frequency, (Gerrard, 1966). 

 

Figure 2-3 time development of vortex shedding motion- Re=7x103,  the photographs shows 
two-third of shedding period 
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2.1.1 Vortex-shedding frequency 

As discussed already a uniform flow will generate a vortex street when encounters a bluff body such 

as a circular cylinder perpendicular to the flow stream. If we normalized the vortex shedding 

frequency with the flow velocity U and the cylinder diameter D we can obtain a dimensionless 

frequency of vortex shedding, referred as Strouhal number (St).  

 

 St=St(Re) 
 

2-1 

 St=
���
�  2-2 

The discussion of vortex shedding explains that the physical configuration of the flow regime 

around a smooth circular cylinder varies with the flow Reynolds number. It is therefore reasonable 

to find that the Strouhal number also is a Reynolds number dependence, reflecting as it does the 

physical characteristic of vortex shedding process. Figure 2-4 shows the Strouhal number as a 

function of Reynolds number. 

 

Figure 2-4 . Strouhal number as a function of Reynolds number for smooth circular cylinder 

2.1.2  Correlation length 

Experimental evidence suggests that for the case of long static cylinder, the vortex shedding process 

does not generally remain in phase or correlated with itself along the cylinder lenght. Figure 2-5 

shows the time evolution of the vortex formation along the length of cylinder in plane view. (King, 

1977) describes the vortex shedding occurs in cells along the length of the cylinder. The length of 

each cell is termed the correlation length. Shedding does not occur uniformly along the cylinder 

length, while uniform feature can be recognized to some extend in cells. As can be seen in Figure 

2-5, the cells along the length of the cylinder are out of phase, so if the cylinder is long compared 
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with the correlation length the resultant force imposing on the total length of the cylinder may be 

smaller than the force acting on the cylinder over the length of a single cell. (King, 1977) quoted the 

following value for the correlation length. Values are expressed as multiples of the cylinder diameter, 

D. Regarding Table 1, for flow regime in the range of 40<Re<150, the correlation length should be 

theoretically infinite, since the vortex regime is actually two dimensional in this flow regime. 

However, purely two dimensional shedding cannot be achieved in practice because of the end 

condition. (Williamson, 1989), discusses the so-called oblique shedding resulting from divergence 

from purely two-dimensional shedding. In the present work due to choosing the symmetry 

condition for channel walls, we can ignore the end effect. This assumption gives us a benefit of 

having a coarse mesh in the spanwise direction and running the simulation faster. 

Table 1 correlation length and Reynolds number of smooth cylinder 

Reynolds Number Correlation Length 
40<Re<150 15D-20D 
150<Re<105 2D-3D 

Re>105 0.5D 
Re=2x105 1.56D 

 

Figure 2-5 time evolution of spanwise cell structure. Re=6x103 for smooth cyl inder 
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2.2 Forces on a cylinder in steady flow 

Any body of any shape when immersed in a fluid stream will experience forces and moments from 

the flow. It is customary to choose one axis parallel to the free stream and positive downstream. The 

force on the body along this axis is called drag or in-line force, (White, 2011). This force consists of 

pressure drag added to integrated shear stress or friction drag. According Figure 2-6 the in-line 

component of pressure form per unit length is defined by: 

 

 ��� � � �	���
�

cos� !"#
  2-3 

 

While the in-line component of friction force is: 

 ��� � � $#	����
��
�

sin� ! "#
  2-4 

Thus the total in-line force is the sum of these two forces and is called mean drag: 

 ����� � ��� ' ���  2-5 

 

Figure 2-6 schematic view of f low passing a cylinder 

The second and very important force is perpendicular to the drag force and usually performs a 

useful job, such as bearing the weight of the body. It is called the lift. Due to the symmetry in the 

flow the cross-flow component of the resultant force (lift force) will be zero. However, the 

instantaneous lift force on the cylinder is non-zero and its value can be remarkably large. 

Except for very small Reynolds number (Re<40), vortex shedding is a common feature of flow 

existing in all flow regimes. Vortex shedding phenomenon imposes a periodically changing pressure 

distribution around the cylinder as the shedding process progresses. The aforementioned 

characteristic leads to periodic variation in the force component acting on the cylinder. Figure 2-7 

shows a sequence of flow pictures of the wake together with the measured pressure distributions 

and the corresponding force components. Time series of drag and lift force of measured pressure in 

the preceding experiment can be seen in Figure 2-8. 
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Figure 2-7 sketch of vortex shedding development as well as pressure distribution and force 
components during progress of shedding process. Picture from (Summer & Fredsoe, 1997). 

 

Figure 2-8 f luctuating drag and l ift force in time domain. Picture from (Summer & Fredsoe, 
1997). 
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2.2.1 Mean Drag Force 

As mentioned before, friction drag and pressure drag are two force forms contributing in total drag 

force. Figure 2-9 shows the relative contribution of the fraction force to the total mean drag force 

versus Reynolds number. The figure shows that in practical application (Re>104) the contribution of 

friction drag to the total drag force is negligible and can be ignored in many cases and total mean 

drag can be considered to be composed of only one component. 

 

Figure 2-9 Ratio of fr iction coefficient to the total drag coefficient. Picture from (Achenbach, 
1968). 

Figure 2-10 depicts the pressure drag and wall shear stress distribution around a circular cylinder. 

One of the interesting features of the presented pressure distribution is that the pressure at the rear 

side of the cylinder is always negative in contrast with the potential flow theory due to separation. 

Because the flow in the wake zone is remarkably weak compare to the outer flow region, the 

pressure remains constant across the cylinder wake. Figure 2-11 shows the position of the separation 

point as a function of Re for circular cylinder, (Achenbach, 1968). In the next chapter, to validate 

the numerical simulation results we will investigate the appropriate boundary condition and 

turbulence model to meet the similar separation point position as in Achenbach s works. 
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Figure 2-10. Comparison of pressure distribution and wall  shear stress distribution at different 
Re numbers for a smooth cylinder. Picture from (Achenbach, 1968). 

Re=1x105 

Re=2.6x105 

Re=3.6x106 

Re=8.5x105 

Re=8.5x105 

Re=3.6x106 

Re=2.6x105 

Re=1x105 

Separation Point 
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Figure 2-11 Position of the separat ion point as a function of the Reynolds number for circular 
cylinder. Picture from (Achenbach, 1968).  

The general expression for the drag force is as the form of equation 2-6. Rewriting equation 2-6 in 

the form of equation 2-7 defines mean drag coefficients, since both terms in the right hand side are 

a function of Reynolds number, the mean drag coefficient is a function of Re. In equation 2-7, D 

was substituted with 2"�. �̅� is called the mean drag coefficient and can be expressed by equation 

2-8. 

 

 ��� � � ��	���
�

cos� ! ' τ��sin� !! "� 
  2-6 

 ���12,	-�
� � �./� 0 /�,-� 1

��
�

cos� ! ' 2 τ��,-�3 sin� !! 
  2-7 

 ��̅ � ���12,	-�
 2-8 

Figure 2-12 represents the drag coefficient of circular cylinders as a function of the Reynolds 

number. The experimental points for the drag coefficient of circular cylinders of widely differing 

diameters fall on a single curve. 
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Figure 2-12. Drag coefficient of smooth circular cylinder as a function of Re number at low 
Mach number 

As clearly seen in Figure 2-12 , �D decreases monotonously with Reynolds number until the value of 

300. From this Reynolds number �D shows a practically constant value around 1.2, throughout the 

subcritical Re range. When the Re reaches the value of 3x105, a drastically change in �D is recognized 

and drag coefficient decreases abruptly and get a much lower value, about 0.25. This phenomenon is 

known as a drag crisis.  
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2.2.2 Oscillating drag and lift 

For Re>40, where the wake flow becomes time-dependent, a cylinder experiences oscillating forces. 

The oscillating force originates from the vortex shedding concept. As discussed in section 2.1, 

vortex shedding imposes an unsteady pressure distribution on the cylinder surface, resulting in 

periodic external force. Investigating Figure 2-7 in more details shows that the upward lift associated 

with the growth of the vortex at the lower edge of the cylinder (t=0.87-0.94 s), while downward lift 

is associated with that at the upper edge of the cylinder (t=1.03-1.10 s). The frequency of the drag 

force is twice of the vortex shedding frequency while lift force oscillates at the vortex shedding 

frequency. In addition to Figure 2-7, Figure 2-13 taken from (Sarpkaya, 1979) shows a schematic 

view of relationship of the lift coefficient to the vortex shedding process. 

 

Figure 2-13 fluctuat ing vortex shedding relation to the l ift force-Picture from (Sarpkaya, 
1979) 

Figure 2-8 shows that the amplitude of the oscillating force is not constant in value and varies from 

one period to the other. The magnitude of the oscillation can be characterized by their statistical 

properties such as the root mean square (r.m.s.) value of the oscillation. The magnitude of oscillating 

forces is a function of Re. Figure 2-14 shows oscillating force data represented by (Hallam, et al., 

1977). The oscillating force coefficient, ��and �� are defined as follow: 
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�� and �� are the oscillating part of drag and lift force respectively: 

 �� � �� 0 ��� 
 

2-11 

 �� � �� 0 ��� ��� � 0 

So             �� � �� 
2-12 

 

 

Figure 2-14 R.m.s. Value of drag and l ift oscil lation. Picture from (Summer & Fredsoe, 1997). 

5�������67/�and 5�������67/�are the r.m.s. values of fluctuating drag and lift coefficient. As Figure 2-14 

shows the magnitude of the oscillating forces is a function of Reynolds number. A noticeably 

decrease in �� in the range of critical flow regime reminds the same behavior of CD and St Number 

in this flow regime.  
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2.2.3 Inline oscillation 

There have been very few cases which cylinders in air flow have oscillated in the direction of flow 

but these have been due peculiarities of their installation. In water, marine piles, submarine 

periscopes and braced members of offshore can be excited to experience both oscillations in the in-

line and cross flow direction. The in-line oscillations can be seen at the flow velocities much lower 

than the critical velocities for cross-flow motion. The difference between the onset of cylinder 

motion in the two fluid media is probably due to differences in energy balance within the two 

systems. 

The in-line component of the fluid force is due to the pressure differentials which are induced 

between the upstream and downstream faces of the cylinder each tine an individual vortex forms 

and is shed into the wake. The cylinder therefore experiences a similar in-line excitation force 

whether a given vortex is shed from the top or bottom of the cylinder. Therefore, the in-line 

oscillation frequency is equal to the frequency of shedding of individual vortices from the cylinder. 

In other words, the fluctuation frequency of the in-line force component is equal to 2fs, meaning 

twice the vortex pair shedding frequency.  

3 Flow around an oscillating circular cylinder 

3.1 Flow-induced vibration of a cylinder free to move 

As discussed in section 2.2 a cylinder exposed to the flow stream at Re>40 experiences a fluctuating 

force caused by vortex shedding. If the cylinder is elastically mounted it can exhibit various forms of 

oscillation. The lift force leads to cross-flow vibration while the drag force results in in-line 

vibration. These two vibrations are generally considered as a vortex-induced vibration (VIV). 

(Feng, 1968) performed some important classical measurement of response and pressure for an 

elastically mounted cylinder. The experimental set up employed by Feng is shown in Figure 3-1. The 

system is exposed to the air. Figure 3-2 shows the measured vortex shedding frequency fs, vibration 

frequency f, vibration amplitude A and the phase angle as a function of normalized reduced velocity. 
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Figure 3-1 Experimental setup by (Feng, 1968) 

 

Figure 3-2 Feng’s experiment. Free vibration of an osci llating mounted cyl inder at high mass 
ratio in air. Picture from (Summer & Fredsoe, 1997). 
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Figure 3-2 shows that the vortex-shedding frequency follows the stationary-cylinder Strouhal 

frequency until the reduced velocity Vr reaches the value of 5. With a further increase in the velocity 

beyond this point, the vortex shedding frequency diverges from Strouhal frequency and follows the 

natural frequency of the system. as is seen, this phenomenon takes place over a rather broad range 

of Vr. This phenomenon is known as the lock-in phenomenon in which the shedding frequency is 

controlled not by Strouhal frequency, rather the cylinder oscillation frequency has an important 

effect on the shedding frequency. This phenomenon is also referred as resonance, synchronization 

and wake capture in literature. 

3.2 Flow-induced vibration of a cylinder forced to move 

Elastically mounted rigid cylinder that is confined to move perpendicular to the flow stream 

direction is often used as a paradigm for understanding the problem of vortex-induced vibration. 

(Morse & Williamson, 2006) showed such a system for low mass and damping has three branches of 

response as the normalized velocity is increased. In this case the relevant parameters which describe 

the flow are A/D and 9:. Here 9: is based on the cylinder vibration frequency, f, namely 9:=U/fD. 

9: may be viewed as the ratio of the wave length of the cylinder trajectory, λ, to the diameter D, if 

the cylinder is towed in still fluid with constant velocity U. Figure 3-3 gives a clear view about wave 

length parameter λ. Emphasizing the trajectory in the point of view is often useful to better 

understand the cylinder-vortex interaction, as has been pointed out by (Williamson, & Roshko, 

1988). (Williamson, & Roshko, 1988) have made an extensive study of flow around a circular 

cylinder oscillating in a flow stream. They investigated the forced oscillating cylinder’s features. They 

found several flow regimes as a function of A/D and λ/D. Their main diagram summarizing these 

flow regimes is shown in Figure 3-4. (Morse & Williamson, 2009) represented a high resolution 

counter plot of map of vortex flow regime. The result of their recent experiment is remarkably close 

to (Williamson, & Roshko, 1988). 

There is a wide range of studies in the field of controlled oscillating cylinder in literature. (Bishop & 

Hassan, 1964), (Mercier, 1973), (Sarpkaya, 1979) and (Carberry, et al., 2001) and (Carberry, et al., 

2005) measured the fluid forcing on a vibrating cylinder, over a range of frequencies and at selected 

fixed values of amplitude. A crucial conclusion from these prior studies is the existence of a distinct 

jump in the phase and magnitude of the lift force as the frequency is closed enough to the natural 

vortex-shedding frequency for a stationary cylinder. (Carberry, et al., 2005) have considered a change 

from a “low frequency wake states” (equivalent to 2P mode) to a “high-frequency wake state” 

(equivalent to the 2S mode) as a source of this jump. Their conclusion is in agreement with earliest 

suggestion of (Williamson, & Roshko, 1988) that these jumps correspond to a change from the 2P 

mode to the 2S mode, or vice versa. Numerical studies by (Leontini, et al., 2011) at Monash 

University and (Willden & Graham, 2001) at Imperial college have studied the wake mode formation 

and contours of energy transfer for low Reynolds numbers. (Leontini, et al., 2006) noted that 

experimental work had been unable to capture all the characteristics of vortex-induced vibration, 

especially the energy transfer. One important question, mentioned earlier, is to what extent can 

measurements from controlled vibration be applied to the case of a freely vibrating, elastically 
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mounted cylinder? (Carberry, et al., 2004) compared forces and wake modes found for controlled 

vibration and for free vibration, finding some similar wake modes and jumps in the force and its 

phase. However, they also measured regimes of negative excitation from controlled vibration 

(suggesting that free vibration should not occur) under conditions at which free vibration has been 

readily found. They concluded that sinusoidal controlled motion does not simulate all the key 

components of the flow-induced motion. This seems reasonable based on the results that were 

available at the time from different facilities or groups. However, (Morse & Williamson, 2006) 

carried out direct comparisons between free and controlled oscillations and showed that if the 

experimental conditions are matched, controlled vibration can yield fluid forces which are in very 

close agreement with results from free vibration, over an entire response plot. It is possible that this 

careful matching of conditions is a key point in these studies. (Morse & Williamson, 2009) presented 

further amplitude-response predictions, which are in close agreement with measured free-vibration 

response, at both high and low mass damping. This indicates that the use of controlled vibration is 

indeed quite reasonable to predict free-vibration response. 

3.2.1 Pattern of vortex shedding from a oscillating cylinder 

The dynamic of vortex shedding from a forced oscillating cylinder is more complicated than that of 

fixed cylinder. For instance in the range of 300<Re<1000, investigations by (Williamson, & Roshko, 

1988) and (Blackburn & Henderson, 1999) shows the following summarized key points as depicted 

in Figure 3-4 and Figure 3-5: 

• In a limited range of forcing frequency and amplitude, the shedding pattern is 

qualitatively not modified. Two vortices of opposite sign are shed in a period of motion. 

This is referred to as “2S” mode. 

• For higher frequencies and amplitudes, an alternative mode including two pairs of 

vortices is shed per period.  This mode is called “2P” mode as they form in pairs of 

opposite mode. 

• Outside the range of amplitude and frequency corresponding to these two modes, much 

more complicated interaction was observed. This nonsymmetric “P+S” mode, which is 

not able to excite a body into free vibration, was reported by (Williamson, & Roshko, 

1988), Figure 3-4. 

• Mode C(2S) and C(P+S) mean that near the cylinder we have the 2S and P+S modes but 

the smaller vortices coalesce either immediately behind the body or within about 15 

diameter, into large scale structure, (Williamson, & Roshko, 1988) 

 

Figure 3-3 schematic view of the wave length parameter. 
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Figure 3-4 a)Map of vortex synchronization region in the wavelength-amplitude plane b) 
sketch of vortex shedding pattern that are found in the map in (a), “P” means a vortex pair and 
“S” means a single vortex. The dashed l ine encircles the vortices shed in one complete cycle. 

Picture from (Will iamson, & Roshko, 1988). 

 

Figure 3-5. Map of vortex synchronizat ion region in the wavelength-ampli tude plane. Picture 
from (Morse & Williamson, 2009). 
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Figure 3-6. Vorticity field for each of the main vortex-shedding Mode (2S, 2P, P+S and 2Po). 
Picture from (Morse & Will iamson, 2009). 

The preceding figures show that when the amplitude of motion is of the order of a diameter and the 

frequency close to the original shedding frequency, the vortex-shedding pattern may remarkably vary 

by the motion of cylinder. This is expected to play a role in the coupling between wake and cylinder 

free to move, (Paidoussis, et al., 2011). As mentioned before (Williamson, & Roshko, 1988) 

investigated the forced moving cylinder. In this case the frequency of vortex formation may not be 

synchronized with the cylinder-oscillation frequency, depending on the value of A/D and λ/D. This 

region of non-synchronization is clearly observed in Figure 3-4 and Figure 3-5. 

Figure 3-9a and c show the vortex pattern evolving during the course of one cycle of oscillation for 

the case of “2S” mode for value of λ/D=4.5 and case of “2P” mode for value of  λ/D=5.5, both 

figures show constant value of A/D=0.5 and Re=392. The small change in value of amplitude ratio, 

A/D, changes the shedding mode from “2S” to “2P” mode. What can be seen as a quick view is the 

fact of formation of four vortices in each cycle. The key to understanding the flow comes from 

noting how the dynamics of a certain vortex is affected by an increase in the wavelength of the body 

trajectory. Emphasizing the trajectory in the point of view is often useful to better understand the 

cylinder-vortex interaction, as well as the effect of the cylinder acceleration on the vortex formation 

as has been pointed out by (Williamson, & Roshko, 1988). 
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3.2.2 Wake change through the lock-in region 

In order to understand the vortex dynamic causing the mode change, schematic diagram have been 

drawn by tracing the vortex position onto correctly scaled plots of the cylinder path, (Williamson, & 

Roshko, 1988). As stated before four vortices are formed each cycle. This feature is fundamental to 

the mode jump. We look at the vortices marked E1, D and D1 in Figure 3-7 through Figure 3-9 as 

these are all vortices that start growing in one half cycle and shed in the next half cycle. They are 

equivalent vortices in each figure which give us the possibility to compare them and understand the 

essential changes in wake formation as the wavelength is increased. 

At low λ/D=4.5 in Figure 3-7, vortex E1 rolls up in the wake as the cylinder moves upward in (a) 

and subsequently is convected round the cylinder anti-clockwise in (b) and (c). As can be seen in (c) 

and (d), when the cylinder accelerates downward a pair of vortices F1 and E2 are formed while E1  is 

still convecting round the cylinder. At the bottom of the trajectory in (e) and (f) vortex E1 convects 

vortex E2 of the same sign between itself and cylinder. As following these two vortices merge 

together and cause one vorticity region to shed. Vortex F1 follows the same procedure to be shad as 

vortex E1. The resulting mode is therefore of the 2S mode which each region of vorticity is the 

result of merging of two like-signed vortices. When the cylinder reaches the end of half cycle in (f), 

vortex E including E1 and E2 is shed. The wide lateral distance between vortices in the wake stree is 

seen. This feature leads to larger upstream vortex street velocity than would be found for smaller 

lateral spacing (Williamson, & Roshko, 1988). 

To see the effect of increasing wavelength on the formation of such a vortex as E1, we look at the 

Figure 3-8 and follow the formation of vortex D at larger wavelength at value of λ/D=5. Vortex 

forms when the cylinder moves downwards in (a) and convects around the body clockwise in (b). In 

this case the convecting vortex (D) reaches the rear of the cylinder earlier compare to the previous 

case with smaller wavelength as the trajectory is longer at larger wavelength. Vortex D sheds, 

roughly, when the cylinder passes the wake center line. The important difference in vortex street 

characteristic compare to case with λ/D=4.5 is decreasing the lateral vortex spacing as well as the 

upstream vortex street velocity.  

In Figure 3-9 the wavelength is increased more to the value of λ/D=5.5. The motion of our 

equivalent vortex is now remarkably different. We follow the formation of vortex D1 forming in one 

half cycle and shedding in the next. The affirmation vortex reaches the rear of the cylinder during 

the cycle faster than E1 or D for two main reasons. First, longer trajectory gives the vortex more 

time during the cycle to reach any places, and secondly as seen in (b), (c) and (d), its convection 

round the cylinder is accelerated by the effect of C2, so it sheds early in the upward-moving half 

cycle in (d), (e), and the acceleration upwards leads to forming a pair of trailing vortices, D2 and E1 

in (e), (f), while vortex D1 is getting pair up with C2. Following the same procedure D2 and E1 

forming a pair, followed by E2 and F1. Subsequently the resulting 2P mode wake includes a group of 

vortex pairs moving outwards from the wake centerline. 
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As a brief summary regarding the relation between vortex pattern and wavelength, we look at the 

vortex position near the body at the acceleration phase when the cylinder is moving upward and 

crossing the wake centerline in Figure 3-10. We concentrate our attention to the vortex D1 beginning 

to form in one half cycle, to shed in the next one. At low wavelength (a), the acceleration phase of 

cylinder motion causes two vortices (D2 and E1) to be formed before the vortex D1 reaches the rear 

of the body. However in section (b) the vortex D1 reaches the same place during the acceleration 

phase. This precise wavelength represents a single and more concentrated region of vorticity 

referred as resonant synchronization. In case (c) the wavelength is beyond critical value in (b). As 

can be seen vortex D1 is shed much earlier during the half cycle, so in the acceleration phase the two 

vortices are formed after D1 is shed.  

The critical curve shown in the wavelength-amplitude plane in Figure 3-4 represents the condition 

where there is a transition of the vortex formation from 2S mode to 2P mode. This figure shows 

that the occurrence of resonant synchronization depends both on the amplitude as well as the 

wavelength of the body’s trajectory. This curve of resonant synchronization is close enough to the 

(Bishop & Hassan, 1964)’s curves defining the conditions for a peak in the body forces. (Williamson, 

& Roshko, 1988) discussed this as a plausible reason for the force maxima in the Force-Frequency 

plane, as the more concentrated vorticity at this precise wavelength causes the largest body forces. 
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Figure 3-7. Sketch of “2S” mode of vortex motion for λ/D=4.5 and A/D=0.5, Re=392. Picture 
from (Will iamson, & Roshko, 1988) and (Summer & Fredsoe, 1997). 
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Figure 3-8. of “2S” mode of vortex motion for λ/D=5 and A/D=0.4, Re=392. Picture from 
(Will iamson, & Roshko, 1988) and (Summer & Fredsoe, 1997). 
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Figure 3-9. Sketch of “2P” mode of vortex motion for λ/D=5.5 and A/D=0.5, Re=392. Picture 
from (Will iamson, & Roshko, 1988) and (Summer & Fredsoe, 1997). 
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Figure 3-10 Motion of vortex D and other near wake vortices as the cylinder is moving upward 
and crossing the wake centerline Picture from (Williamson, & Roshko, 1988). 

3.2.3 Shedding frequency in the case of forced oscillating cylinder 

Even when the pattern of shedding doesn’t vary according to amplitude and frequency of motion, 

the shedding frequency may be influenced by the motion of the cylinder. As reported by (Sarpkaya, 

2004), at a constant Reynolds number the shedding frequency, fs, may deviate from its nominal 

value f0s when the frequency of cylinder motion (forcing frequency), fe, approaches the f0s. Beyond 

this point the shedding frequency follows the frequency of the external forcing and shows 

synchronizing feature. This phenomenon is referred to lock-in or wake capture. As discussed in 

section 3.1  such a term is also observed in the study of cylinder free to move, although differs in 

many aspects, e.g. varying flow velocity instead of varying forcing frequency. The range of lock-in 

zone depends on the amplitude of vibration (forcing). A bigger range of lock-in zone is observed in 

the case with bigger amplitude of vibration. Figure 3-11 shows a schematic view of preceding 

discussion. An overall view of the effect of both dimensionless parameters is depicted in Figure 

3-12, (Paidoussis, et al., 2011). 
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Figure 3-11. Schematic definit ion of lock-in of the shedding frequency, fs, on the external 
forcing frequency, ff .  a) A/D=	0.05, b) A/D=0.25 and Re=1500. Picture from (Paidoussis, et 

al., 2011). 

 

Figure 3-12. Schematic view of the effect of the forcing frequency fe and amplitude A on the 
shedding frequency fs. Picture from (Paidoussis, et al., 2011). 

3.2.4 Characteristics of Lift and Drag force in the case of forced oscillating cylinder 

The lift force on the cylinder may vary remarkably if the boundary between different region in the 

A/D and λ/D plane are crossed. A comprehensive study has been performed by (Bishop & Hassan, 

1964) on the lift and drag on cylinder oscillating in flowing fluid. They oscillate a cylinder with 

selected amplitude and frequencies in water channel and recorded the corresponding amplitude and 

phases of the force. They observed somewhat complicated features in the general behavior of the 

system in the case of forced oscillation. They conclusions can be summarized as following: 

• Lift and drag forces act on the oscillating cylinder with the Strouhal frequencies of f0s -

and twice 2 f0s respectively. This frequency is different from the frequency of oscillation, 

fe. Rather than this force there is also inertia and other effect which act on the cylinder 
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with the frequency value of f (oscillation frequency). These two set of forces which act 

simultaneously produce records with Complex wave-forms, Figure 3-13. 

• When the frequency of oscillation, fe, approaches the Strouhal frequency, f0s, these two 

set of forces become synchronized. As is discussed before in this situation the natural 

Strouhal frequency is removed and the system of cylinder and wake (shedding of 

vortices) oscillates at the forcing frequency, fe. This phenomenon as already discussed in 

section 3.2.3 is referred to as lock-in or wake synchronization. Figure 3-11 shows the 

range of this synchronizing behavior depends on the value of A/D. In this range the 

recorded wave-forms have fairly constant amplitude when the frequency is fixed. 

• Within the synchronization range the lift and drag force show changes in amplitude and 

phase as the forcing frequency is changed. These changes are comparable with the 

response of simple oscillator to the imposed harmonic force. Figure 3-14 shows that lift 

force continually increases until the reduced velocity reaches the value of 5.3. At this 

point a sudden drop is observed in the value of force amplitude which can be explained 

by the mode change from “2S” mode to “2P” mode. A close view to this mode change 

is presented in Figure 3-15. This mode change produces a similar jump in the phase 

depicted in Figure 3-16. (Zdravkovich, 1982) studied the works by other researcher in 

this area and concluded that the vortex shedding modes are not the same on the two side 

of the jump. Similar behavior is also observed in the drag force.  

• Further study even shows a hysteresis effect in drag and lifts force, Figure 3-17. This 

important characteristic means the critical forcing frequency at which the jump occurs 

differs according to whether the frequency is increasing or decreasing. According to 

(Brika & Laneville, 1993) the history of the flow can be important only if the value of 

A/D increased or decreased in small increment. 

• It has been seen that the synchronization of lift and drag force occurs when the forcing 

frequency is near an integral multiple of the Strouhal frequency. This feature is termed as 

frequency multiplication or frequency division. It was found that synchronization and 

wake entrainment could be observed at the 1/2 and 1/3 the forcing frequency. Since the 

forcing mechanism oscillated with frequency f while the vortex shedding frequency is 

f/n, the frequency of the force acting on the cylinder are f and f/n. the resulting 

recorded signal would be complex and composed of two components whose frequencies 

were related, being in the ratio 1/2 or 1/3, (Bishop & Hassan, 1964). Figure 3-18 shows 

an example of actual recording of lift force with the frequency demultiplication with ratio 

2/1, for an amplitude ratio of 0.1 and Re=5850 in water stream. 

• The ratio of the maximum force measured in the case of oscillating cylinder to the force 

imposed on the stationary cylinder can be termed as a force amplification factor. Figure 

3-19 shows that the fluctuating lift is first increased by increasing the forcing frequency 

up to approximately A/D=0.5. The amplification factor begins to decrease from 

A/D=0.5 and become zero when A/D=1.5-2. This must be linked to the change in the 

mode of vortex synchronization patterns summarized in Figure 3-15.  
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• Figure 3-20 gives the same analysis on drag force by (Sarpkaya, 1978). It is clear that the 

drag force increases with the amplitude ratio A/D. This may be related to the fact that 

the cylinder oscillating in the flow stream experiences a larger projected area in the mean 

flow. Sarpkaya yield a formula for calculation the in-line force based on the steady flow 

drag coefficient for a stationary cylinder and the modified projected area. This equation 

shows a good agreement with experiment done by (Sarpkaya, 1978), Figure 3-20. (Bishop 

& Hassan, 1964) also reported almost the same increasing trend in the fluctuating drag as 

a function of A/D, Figure 3-21. 

 

 

  

Figure 3-13. Total force in the lift (a) and drag (b) direction outside the synchronization 
range. Picture from (Bishop & Hassan, 1964). 

 

 
 

Figure 3-14. a) Variation of l i ft  force for a cylinder force to osci llate versus osci llation 
frequency, (Bishop & Hassan, 1964) b) reproducing of the graph in (a) in terms of reduced 

velocity by (Will iamson, & Roshko, 1988). 
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Figure 3-15. Vortex pattern map near the lock-in region. The cri t ical curve is the boundary of 
transition from “2S” mode to “2P” mode. Picture from (Summer & Fredsoe, 1997). 

  

Figure 3-16. a) Variation of phase of l i ft  force for a cylinder forced to oscil late versus 
osci llation frequency, (Bishop & Hassan, 1964). b) Reproducing of the graph in (a) in terms of 

reduced velocity by (Williamson, & Roshko, 1988). 
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Figure 3-17. Hysteresis characteristic of l i ft and drag force. Picture from (Bishop & Hassan, 
1964). 

 

Figure 3-18. An example of actual records relating to the l ift direction showing frequency 
demutiplication with ration 2/1 for fs=2.06 Hz. An examination of three records in this figure 

reveals that synchronization occurs over a frequency range accompanied by a phase shift . 
Picture from (Bishop & Hassan, 1964). 
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Figure 3-19: amplification in the l ift force for the case of forced oscil lating cylinder. Circle: 
Vickery and Watkins (1962), Re=104. Square and cross: King (1977) with different cylinder 

roughness, Re=4x104. Picture from (Summer & Fredsoe, 1997). 

 

Figure 3-20 Amplification in the mean drag for a cylinder oscil lating in cross-flow direct ion 
for Re=5x103-2.5x104. Picture from (Summer & Fredsoe, 1997). 

 

Figure 3-21. Amplification in the fluctuating drag coefficient for a circular cylinder vibrating 
in cross-flow direction by (Bishop & Hassan, 1964). Picture from (Summer & Fredsoe, 1997).  
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• Study of instability and phase shift of lift within the range of synchronization shows that 

at higher frequency lift force lags behind the cylinder motion. As forcing frequency is 

reduced a smooth phase change as well as amplitude change takes place until the critical 

frequency is reached, upon which a phase angle changes abruptly through about 90◦. So 

we can say there is a gradual change in phase for approximately the first 90◦, and in the 

second 90◦ the motion is unstable and the phase angle jumps from about 90◦ to 180◦ 

without having an intermediate value. Figure 3-22 gives a view about preceding 

discussion. 

  
Figure 3-22–a) vector diagram for five different forcing frequencies. S represents the recorded 

l ift  force in static water and T the total  li ft  force recorded in running water. b) shows the 
response diagram of the l i ft force and corresponding phase diagram. Picture from (Bishop & 

Hassan, 1964). 

• The angle, by which lift forces lags behind the motion when the driving frequency is 

higher than the critical frequency, decreases as the amplitude ratio is increased. Figure 

3-23 shows the relative position of the lift vectors and motion vector for different 

amplitude ratios. It is drawn for Re=6000 and for a decreasing forcing frequency.    
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Figure 3-23 Schematic view of the relative positions of the li f t vectors and motion vector for 
different amplitude ratio. Picture from (Bishop & Hassan, 1964). 
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4 Numerical Study 

4.1 Stationary cylinder 

4.1.1 Domain geometry 

A rectangular domain was considered to simulate the flow over the cylinder. This domain can be 

considered as a wind tunnel or water channel in the experimental study. In order to simulate the 

available wind tunnel, dimensions of the rectangular domain was chosen as follow: height 300 mm, 

length 600 mm and widths 10 mm.  A circular cylinder was placed in the mid-height of the channel 

such that its center coordinate is shown in Figure 4-1. A Circular cylinder having a diameter D of 

38.1 mm was applied in the simulation. The center of the cylinder is the origin of the Cartesian 

coordinate system in present CFD model. 

 

 

 
 

 

Figure 4-1a) A rectangular CFD domain corresponding to Wind tunnel/ Water channel in 
experimental study-b) Dimension of the Numerical rectangular domain 
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4.1.2 Grid generation 

4.1.2.1 Yplus 

Yplus is the dimensionless distance from the wall. It shows the location of the first node away from 

the wall. One of the important issues for the optimal performance of turbulence modes is the 

proper resolution of the boundary layer. The judgment about the near wall mesh spacing is based on 

the standard yplus definition. The definition of the y+ in terms of ∆y, the mesh spacing between the 

wall and the first node away from wall, flow velocity at the wall, ut and fluid kinematic viscosity, ν is 

as follow: 

 B' � CB. EF  4-1 

According the SST turbulence model criterion we need fine mesh near wall boundary to obtain a 

y+<1. Regarding the equation 4-1 to keep y+ below 1, the height of the first node must be less than 

8e-6. Since the velocity on the cylinder surface is higher than the flow stream the value of 5e-6 was 

applied in this study to meet the y+ criteria. Figure 4-2 shows three different values for y+ starting 

from the ∆y=8e-6 at the left picture and ends with ∆y=5e-6 for the picture at the right side. 

Figure 4-2 contour of yplus at the cylinder surface for three different distances of the first 
node from the wall. Contours show y+<3, y+<1.5 and y+<1 from left to right respectively. 

 

Figure 4-3 View of grid distr ibution around Cylinder. ICEM has been applied for grid 
generation. 
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4.1.2.2 Grid Sensitivity Analysis 

A grid independency study was performed to confirm the result independence and accuracy of the 

grid number. The comparison of the result was down regarding the time average drag coefficient 

and Strouhal number (dimensionless vortex shedding frequency) of the stationary cylinder as the 

most interesting variables in this work. Six different models each with certain number of nodes were 

generated to find the optimum mesh number. The tabulated result in Table 2 shows a grid 

independence behavior for node number of 205400. As it is evident no significant variation are 

shown in time averaged parameters listed in Table 2. Since Strouhal number converged for the 

certain value at Model3 afterward, this model was chosen to apply in the current work. 

Table 2 correlation length and Reynolds number of smooth cylinder 

Model No 
Number of 

nodes 
Drag r.m.s Lift r.m.s Cd Cl St Number 

Model1 153800 0.00420 0.00311 1.16 1.574 0.235 
Model2 177600 0.00417 0.00305 1.14 1.564 0.235 
Model3 205400 0.00419 0.00309 1.16 1.573 0.240 
Model4 237200 0.00418 0.00308 1.16 1.566 0.240 
Model5 273000 0.00423 0.00307 1.15 1.586 0.239 
Model6 512000 0.00419 0.00314 1.17 1.572 0.239 

 

 

 
Figure 4-4 Time tracing of fluctuating drag on the circular cylinder for different number of 

nodes- results are presented for 100s of simulation time.  
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Figure 4-5 Time tracing of f luctuating l i ft on the circular cylinder for different number of 
nodes- results are presented for 100 s of simulation time. 

 

Figure 4-6 drag and l ift coefficient as well as Strouhal number for di fferent number of nodes. 
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4.1.3 Analysis Type 

Analysis type settings specify whether the analysis is Steady, Transient or Transient blade row. 

Transient analyses models time-dependent flows. Regarding the inherit time dependence of the flow 

characteristics in present work e.g. vortex shedding development, transient simulation was applied in 

flow analysis. Time dependent behavior of flow for transient simulation is specified through time 

step and time duration. Time step size must be small enough to resolve time dependent features. 

Courant number is often used to estimate a time step and is a fundamental importance for transient 

flow. This gives the number of mesh elements the fluid passes through in one time step. Typical 

values are 2-10, but in some cases higher values are allowed, (ANSYS, 2011). For one dimensional 

grid, courant number is defined as follow: 

 �GE"HI� � EC�CA  4-2 

Where u is the fluid speed, ∆t is the time step and ∆x is the mesh size. To keep the courant number 

within acceptable range, the desired time step must be small enough. In the present case the 

calculated time step for Re=8.4x104 is ∆t=1e-5 s which keeps the courant number in the range of 2 

to10. This value is also rechecked to see if it gives enough resolution to study one cycle of vortex 

shedding. According to the Reynolds and Strouhal number, the frequency of vortex shedding is the 

value of 188.6 Hz, so time needed to pass one frequency is 0.0053 s. Now we can decide how many 

steps we want to reach this time. In the case of 10 steps, the calculated time step will be ∆t=5.3e-5 s. 

Comparing this with the former calculated one, ∆t=1e-5 s was applied in the current transient 

simulation.  

4.1.4 Boundary conditions 

Boundary conditions must apply to all bounding surface of the numerical domain. In this work, 

boundary conditions including inlet, openings, wall and symmetry were applied. Since the flow is 

predominately directed into the domain an inlet boundary condition was used for inlet surface. A 

uniform velocity was imposed at domain inlet in such a way that the desired Reynolds number was 

obtained. In this work two different flow velocities were applied. First, in order to simulate the 

condition of available wind tunnel, the inlet velocity was chosen as the value of 34.22 m/s 

representing the maximum wind speed obtaining in our wind tunnel. The calculated Reynolds 

number is 8.4x104 which lies within the range of subcritical flow regime as discussed in Figure 2-4. 

In the second flow regime, the simulation has been repeated for the both stationary and oscillating 

cylinder in water channel. In this case in order to compare the results with (Morse & Williamson, 

2009), (Williamson & Govardhan, 2004), (Carberry, et al., 2001) and (Carberry, et al., 2005) the value 

of 0.1185 m/s was considered for water stream velocity corresponding to Re=4000 at which 

experimental results were already presented in literature review.  

Since the only known value for domain exit is pressure, opening boundary condition was assigned to 

the domain exit and the value of 1 atm was applied for relative pressure. Ansys/CFX treats the value 

of input pressure as static pressure since the flow is directed out of the domain. 
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In a preliminary investigation no-slip adiabatic wall boundary conditions had been considered for 

the upper and lower domain surfaces. As we proceeded, in order to minimize the wall effect on the 

vorticity development the upper and lower B.C. were changed to the opening boundary condition 

allowing the fluid flows simultaneously in and out of the domain. Entrainment with the static 

pressure option was used for determining mass and momentum in opening boundary tab.  

 

 

 
 

Figure 4-7 Defined boundary condition in the current study 

 

4.1.5 Fluid model 

Setting up a simulation needs appropriate physical models. To do so some changes was made to the 

default options in fluid model tab.  

4.1.5.1 Heat transfer 

Heat transfer model is used to predict the temperature throughout the flow. An Isothermal option 

was used for Heat Transfer model. This model requires entering an absolute uniform temperature 

for the fluid. A value of 25 ◦c was applied in both wind tunnel and water stream channel. 

4.1.5.2 Reference pressure 

In order to work with absolute values a reference pressure of 0 Pa was used. 

4.1.5.3 Turbulence model 

Since accurate simulation of boundary layer, beginning and the amount of flow separation is highly 

important in the present study a brief investigation has been performed to choose the most practical 

turbulence model for present case. K-epsilon model as one of the most general and prominent 

Symmetry 

Symmetry 

Opening 

Opening 

Opening 

Interface Inlet 

Cylinder 



52 
 

turbulence model was the first choice. K-epsilon is considered the industry standard model and has 

proven to be stable, numerically robust and well predictive capability. For general purposes k-epsilon 

model shows a good balance between accuracy and robustness, (ANSYS, 2011). Although k-epsilon 

model as a standard two equation model provide good prediction for many engineering flows, there 

are application for which this model is not suitable. Flows with boundary layer separation and flows 

over curved surfaces are such examples. In general turbulence models based on the epsilon model 

predicts the separation point too late.  

The models developed to solve this problem have shown a remarkably more accurate prediction of 

separation in number of test and industrial cases. Currently the most eminent two-equation model to 

capture the flow separation phenomenon more accurate is k-omega based models of (Menter, 1992). 

The K-omega based shear stress transport (SST) model was designed and developed to highly 

accurately predict the beginning and amount of flow separation under adverse pressure gradients. 

Ansys CFX-Solver Modeling Guide recommends the SST model for high accuracy boundary layer 

simulations which is the case in our study. The transitional turbulence check box is selected and 

Gamma Theta model was applied. To predict transition, Ansys has designed and developed a locally 

formulated transport equation for intermittency, which can be used to trigger transition. The full 

model is based on two equations one for the intermittency and one for the transition onset criteria 

and called the Gamma Theta model which is a recommended transition model for general purposes 

application. Ansys validated an empirical correlation used in this model together with SST 

turbulence model through a wide range of transitional flows. Figure 4-8 shows a comparison 

between k-epsilon and the k-omega based shear-stress-transport (SST) model with and without 

Gamma Theta transitional model. The results are being evaluated based on the experimental work 

by (Achenbach, 1968). 

 

Figure 4-8 Wall shear stress distribution around cylinder through applying different 
turbulence model 

Separation Point 
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4.1.6 Validating the numerical results 

Although this work mainly doesn’t focus on flow parameters such as drag coefficient, Strouhal 

number or vorticity contour for the case of stationary cylinder, results are included here as a basis 

for comparison with similar results in literature in order to validate the applied CFD model. 

4.1.6.1 Frequency Spectra of the fluctuating Lift force 

(Schewe, 1983) studied the shape of power spectra at different Reynolds Number. His wide study 

shows that at the subcritical Reynolds number, a narrow band of spectrum is taken at Strouhal 

number of the value of 0.2. The FFT analysis of the fluctuating lift force for the circular cylinder in 

the current study shows a dominant peak at the frequency of the value of 0.734 Hz. This peak 

corresponds to the frequency of vortex shedding for the stationary cylinder at St=0.22. Figure 4-9 

shows the spectra analysis for lift and drag force. As already discussed in section 2.2.2 the frequency 

of the drag force is twice of the vortex shedding frequency while lift force oscillates at the vortex 

shedding frequency. These characteristics can be seen in the following figure confirming the 

accuracy of the applied CFD model. 

 

Figure 4-9 Frequency spectra of the l i ft and drag fluctuat ions for stationary circular cylinder 
at subcrit ical Reynolds Number of the value of 4000.  

4.1.6.2 Wake mode 

Figure 4-10 and Figure 4-11 show the alternate shedding of vortices in near wake, in classical vortex 

street configuration. As can be seen like a typical Karman vortex street the regions of concentrated 

vorticity are shed into the downstream flow from alternate sides of the body, giving the appearance 

F=0.7446 HZ 
A=0.0022 

F=1.489HZ 
A=0.00015 
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of an upper row of negative vortices and lower row of positive vortices. As shown in Figure 4-10, if 

the vortex becomes strong enough can draw the vortex of opposite side across the wake. These two 

vortex are in contrast with rotating direction. The approach of oppositely-signed vorticity cuts of 

further supply of vortices to the vortex of opposite side. At this stage we can name the vortex as 

being shed (Gerrard, 1966). 

 

 

Figure 4-10 Time development of vortex shedding motion for the stationary cylinder at 
Re=4000 compared with experimental result. a) Contour of Velocity.Curlz of the current study 

b) experimental result  by (Will iamson, 1996) 

As discussed in the preceding paragraph, a forming vortex draws the shear layer (of opposite sign) 

from the other side of the wake across the wake center line, eventually cutting off the supply of the 

vortcity to the growing vortex. This process is in agreement with (Gerrard, 1966) suggestion and can 

be seen in Figure 4-11.  

a) 

b) 
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Figure 4-11 Time development of vortex shedding motion for the stationary cylinder at 
Re=4000- it takes 1.34 s to shed a vortex to downstream flow. 
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Considering vortex shedding timing reveals that 1.34s is the time of shedding one vortex to the 

downstream. The calculated Strouhal number is 0.22 and the experimental results show the value of 

0.20. So the calculated Strouhal number is in the acceptable range. Capturing wake mode with 

desirable resolution compared to the experimental result and calculating a frequency of fluctuating 

lift and Strouhal number in an acceptable range confirms the accuracy of the applied CFD model. In 

the next chapter the verified CFD model will be implemented to study the response characteristics 

of the eccentrically rotating cylinder in the flow stream. 

 



57 
 

5 Eccentricity rotating Cylinder 

A common approach to further investigating the vortex-induced vibration is to control the motion 

of the body, allowing the response of the wake to the motion to be studied in isolation. (Morse & 

Williamson, 2006) concluded that it is very important to carefully match the experimental conditions 

between free and controlled vibration. Regarding the difficulties of implementation of vertically 

moving cylinder in experimental study, vortex dynamic and lock-in behavior of eccentrically rotating 

cylinder is studied in this Master work. In this research we set out to answer a number of questions, 

such as the following. What mode of vortex formation can be observed in this configuration? What 

is the shape of response diagram? How does the lock-in region lock like in this case? What is the 

relation between vortex modes and fluid excitation? To what extend can we use the eccentricity 

rotating cylinder to precisely predict the behavior and response of a freely oscillating cylinder. This 

work tries to answer these questions by considering the time and hardware limitation. To discuss an 

aforementioned questions, the lift coefficient and wake mode are investigated in the following 

amplitude-frequency ratio plane. The boundary of synchronization region is being determined 

through a comprehensive spectral study. To investigate the force characteristics, wake modes and 

transition between wake modes, it is important to describe the manner in which the wake state was 

stablished. In the present study, for each simulation the value of fe/fs is constant and the initial 

value for the transient simulation is the result file of stationary cylinder in a free stream. So in fact in 

each simulation the wake state at t=0 was the Karman wake state and for t>0 the cylinder was 

oscillated at a constant desired frequency until end of simulation to form a new wake state. In this 

investigation force characteristics, wake mode and range of synchronization region have been 

studied through varying the frequency of rotation (forcing frequency) for a range of A/D at 

Re=4000. Several points were picked to study and some points have been identified as a boundary 

of lock-in region. Figure 5-2 presents the space parameter of the current study. 

 

 

 

 

 

 

 

Figure 5-1 Schematic view of vertically moving cylinder and eccentrically rotating cyl inder. 
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Figure 5-2 Distribution of simulation points in Amplitude-Frequency plane. 

5.1 Lift and drag force characteristics 

A vey vast effort has been devoted to characterization of the unsteady lift force acting on a cylinder 

forced to oscillate. (Mercier, 1973), (Staubli, 1983), (Gopalkrishnan, 1993) and (Sarpkaya, 1979) have 

made a wide study in this area. In some cases, these lift characteristics are represented in terms of 

amplitude and phase, �� and φ versus fe/fs. Figure 5-3 shows results from number of previous 

studies adopted from (Carberry, et al., 2005) and Figure 5-4 shows the results of current 

investigation. As can be seen at low values of fe/fs the amplitude of the lift force is small and out of 

phase with the cylinder motion. As oscillating frequency approaches the natural Karman frequency 

fs, the lift force experiences an abrupt jump in amplitude and phase shift of the order of 180. So at 

higher value of frequency ratio fe/fs lift force has a larger amplitude and approximately in phase 

with the oscillation of cylinder. (Carberry, et al., 2005) discussed this change in amplitude and phase 

as a transition from low-frequency lift force to high-frequency lift force and the frequency 

experiencing this sudden change is called transition frequency ft. According Figure 5-4, the CFD 

model of the eccentrically rotating cylinder shows almost the same general shape in lift coefficient 

versus frequency ratio compared to the experimental data. Figure 5-5 shows ��	as a function of 

frequency ratio. The result is plotted for a range of A/D and Re values adopted from (Carberry, et 

al., 2005). As can be seen �� has a wide peak around transition but in general doesn’t change 

remarkably with frequency ratio and the value of �� either side of transition are very similar. In 

Figure 5-6, �� of the eccentrically rotating cylinder is plotted versus frequency ratio. As can be seen 

�� doesn’t vary strongly with fe/fs at low frequency state, while at higher value of fe/fs the drag 
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coefficient shows large amplitude, which is in contrast with the characteristics of �� in the case of 

transversely oscillating cylinder. 

 

  JSarpkaya (1995) 
○Gopalkrishnan (1993) 
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Carberry (2005) 
Carberry (2005) 
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Re=9100 
Re=44100 
Re=2300 

Figure 5-3 Experimental results of previous studies adopted from (Carberry, et al., 2005). Lift 
coeff icient �� and Phase shift ��K�L as a function of frequency ratio fe/fs. 

 

Figure 5-4 Numerical results of Current study. Lif t force coeff icient �� for two different 
amplitude ratios as a funct ion of frequency rat io fe/fs.  

MN 
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Figure 5-5 Experimental results of previous studies adopted from (Carberry, et al ., 2005). 
Drag coefficient �� as a function of frequency ratio fe/fs. 

 

Figure 5-6 Numerical results of the Current study. Drag force coefficient �� for two different 
amplitude ratio as a function of frequency ratio fe/fs. 

 

M< 
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5.2 Vortex shedding frequency spectral analysis 

Occurrence of lock-in is estimated by study the spectral analysis of fluctuating lift force. Figure 5-7 

shows the fluctuating lift force and their corresponding frequency spectrum.  

 

 

Figure 5-7 Time tracing of fluctuating l i ft force for 0<t<150s- Close view of synchronized l ift 
force for 140<t<150. A/D=0.13, F=0.88 and Re=4000. 

 

Figure 5-8 Spectral analysis of fluctuating l i ft force for 100 s of rotation corresponding to 
almost 62 cycle of rotations. A/D=0.13, F=0.88 and Re=4000. 

F=0.62Hz

F=1.24Hz 

F=1.86Hz 
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When lock-in does not occur, a peak can be observed at the vortex shedding frequency (Strouhal 

Frequency). While in the lock-in region the peak at the vortex shedding frequency disappears. Figure 

5-7 and Figure 5-8 show the time tracing of the fluctuating lift force and frequency spectra of lift 

force respectively. It is clear that for the case at A/D= 0.13, frequency ratio of value of 0.88 and 

Re=4000 there is no peak at Strouhal frequency, 0.73 Hz, and the only visible peaks occurs at the 

forcing frequency, 0.62 Hz, and its multiples. This characteristic along with synchronized shape of 

lift force can be interpreted as an existence of lock-in or synchronization region in the case under 

investigation. The same analysis must be done for the other selective points to specify the bounds of 

lock-in region  

To develop understanding about lock-in region, it is worthy to study the wake mode inside the 

boundary of synchronization region. The effect of lock-in on the flow field and wake state is 

investigated in more details in the following sections. 

5.3 Study of wake mode and vortex timing 

As discussed in previous section according to (Williamson, & Roshko, 1988) and (Carberry, et al., 

2001) the jump in the phase and amplitude of the lift coefficient corresponds to a change in both 

phase and mode of the vortex shedding. These changes show a transition from one near wake state 

to another. For a small band of frequency it seems that there could be a two wake states at the 

constant frequency and the low frequency wake state transforms to high frequency wake mode. This 

phenomenon has observed when the first state wake has reached after many oscillation cycles. This 

is a so called self-excited transition. 

Figure 5-10 through Figure 5-13 show the instantaneous vorticity fields. One of the purposes of this 

section is to study the type of wake synchronization that may occur throughout the lock-in region. 

In the case of vorticity field study, (Bearman, 1984), (Williamson, & Roshko, 1988) and (Carberry, et 

al., 2005) reported repeatable vortex shedding patterns, each one occurring within a certain range of 

amplitudes. (Williamson, & Roshko, 1988) found that the process of pairing of vortices is a 

fundamental not only for repeatability of the patterns but also for enabling vortices to convect away 

under their own induced vortices. Figure 5-10 shows time development of vortex shedding for the 

case of A/D=0.13 corresponding to 5 mm of eccentricity at F=0.88 in one cycle of rotation.  The 

low frequency wake, shown in Figure 5-10 produces a long attached shear layer at the bottom. Due 

to higher relative velocity at the upper side, timing of vortex formation at this side is less than the 

stationary case. As can be seen in slide #1 of Figure 5-10 at t=151.612 s a negative vortex is about to 

shed and a shear layer is going to form at the lower side. As moving through time steps the lower 

shear layer is growing and shed in slide#9 while a positive vortex has been shed already. It is clear 

that the pattern of vorticity field at slide#9 resembles the pattern of slide#1. So it can be concluded 

that the vortex shedding pattern repeats after each cycle and became periodic and synchronized in 

specific mode. Since two single vortex has been shed in one cycle the wake mode is named 2S which 

means that two single vortex is fed into the downstream wake in each cycle of rotation. In Figure 

5-11 the flow is visualized at slightly larger amplitude. The amplitude is A/D=0.26 corresponding to 

10mm eccentricity. This figure shows vorticity field at the neighborhood of fundamental lock-in 



63 
 

region at F=0.79. Although the appearance and general configuration of near-wake vortices remains 

very similar to Figure 5-10, the timing of vortex formation is smaller in the case with larger 

amplitude of oscillation. 

Figure 5-12 and Figure 5-13 show two consecutive cycles of rotation in the case of A/D=0.5 and 

F=0.6. The formation of more than two vortices per cycle is apparent in these figures. In each cycle 

of rotation a vortex pair fed in to downstream with the single vortex. This vortex pattern defines the 

P+S mode (in accordance with the terminology introduced in (Williamson, & Roshko, 1988)). 

There is a change from one mode to another mode as the frequency ratio increased. Figure 5-16 was 

generated by imposing a new larger forcing frequency to the case of Figure 5-11. So a vortex pattern 

at the same amplitude ratio with Figure 5-11 but at frequency ratio of the value of 1.24 is now fed to 

the downstream flow. Following slide#1 to slide#18 reveals that this wake mode repeats itself after 

two consecutive cycles. This new wake mode is quite distinct from the known modes in vortex 

induced vibration.  This new mode of vortex formation comprises a negative vortex in one cycle 

followed by two single positive vortices in next cycle. Figure 5-18 originates from Figure 5-11 by 

increasing the amplitude ratio. This figure shows the wake structure at the point of A/D=0.26 and 

F=2.19. This point is the boundary of the lock-in region at the A/D=0.26. This figure shows a 

repeatable vortex shedding pattern after each two consecutive cycles. This wake mode fed one 

negative vortex in to downstream flow at the first cycle of rotation and three vortexes in the next 

cycle of rotation. 

 

Figure 5-9 red circles show the points picked for wake mode study. 
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Figure 5-10 Time development of vortex shedding motion, for A/D=0.13, Vr=5.0, F=0.88 and 
Re=4000. Vortex street type of wake 2Smode. 
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Figure 5-11 Time development of vortex shedding motion, for A/D=0.26, Vr=5.5, F=0.79 and 
Re=4000. Vortex street type of wake 2Smode. 
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Figure 5-12 Cycle 1- Time development of vortex shedding motion for A/D=0.5, F=0.6 and 
Re=4000. Vortex street type of wake P+S mode. 
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Figure 5-13 Cycle 2- Time development of vortex shedding motion for A/D=0.5, F=0.6 and 
Re=4000. Vortex street type of wake P+S mode. 
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Figure 5-14 Cycle 1 Time development of vortex shedding motion, for A/D=0.13, Vr=3.5, 
F=1.24 and Re=4000. 
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Figure 5-15 Cycle 2 Time development of vortex shedding motion, for A/D=0.13, Vr=3.5, 
F=1.24 and Re=4000. 
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Figure 5-16 Cycle 1 Time development of vortex shedding motion, for A/D=0.26, Vr=3.5,  

F=1.24 and Re=4000. 
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Figure 5-17 Cycle 2 Time development of vortex shedding motion, for A/D=0.26, Vr=3.5, 
F=1.24 and Re=4000. 
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t=394.084 s 

13) 
t=394.324 s 

4) 
t=393.684 s 

12) 
t=394.244 s 

3) 
t=393.604 s 

11) 
t=394.164 s 

14) 
t=394.404 s 

5) 
t=393.754 s 
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Figure 5-18 Time development of vortex shedding motion, for A/D=0.26, Vr=2, F=2.19 and 
Re=4000. 

 

 

 

 

6) 
t=393.834 s 

8) 
t=394.004 s 

7) 
t=393.924 s 

15) 
t=394.484 s 

9) 
t=394.084 s 

17) 
t=394.644 s 

16) 
t=394.564 s 

18) 
t=394.724 s 
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5.4 Conclusion 

In this thesis work existence of lock-in or synchronization region in the case of eccentrically rotating 

cylinder has been investigated. Determining lock-in bounds have been performed through study of 

drag/lift force characteristics, spectral analyses of fluctuating lift force and exploring vortex 

synchronization in frequency-amplitude plane. The manner in which the wake mode varies with the 

frequency of rotation (forcing frequency) was studied for a range of A/D at Re=4000. This value for 

Re has been chosen due to available experimental results for transversely oscillating cylinder in water 

channel. Besides that, over a very wide range of Re, namely 300<Re<3x105 the wake structure is 

almost similar and frequency of vortex shedding and fluctuating force coefficient remains constant, 

Figure 2-4 and Figure 2-12. For this namely subcritical range the boundary layer over the cylinder 

surface remains laminar and the wake is completely turbulent. This fact can lead to extend the results 

of current work to higher and more practical Re values. 

Several points in amplitude-frequency plane were picked to study and some points have been 

identified as boundaries of lock-in region. At the neighborhood of lock-in bounds different vortex 

pattern are synchronized each within the certain range of amplitude and frequency ratio and some of 

them are similar to those pattern found previously for a transversely oscillating body. Despite some 

symmetry wake mode a couple of very asymmetric wake mode was observed. A typical synchronized 

vortex wake which has been observed here involves the generation of two single counter-rotating 

vortex in each cycle of rotation. This so-called ‘2S’ wake mode was observed in two different 

amplitude ratio, A/D=0.13 and A/D=0.26 at the vicinity of the left boundary of synchronization 

region. In contrast with typical ‘2S’ mode in transversely moving cylinder feeding a single vortex in 

each half cycle and in total two counter-rotating vortex in each cycle, the aforementioned observed 

‘2S’  mode in eccentrically rotating cylinder sheds two counter-rotating vortex in each cycle but not 

essentially in each half cycle. At the higher A/D at left bound of synchronization region, the 

formation of more than two vortices per cycle was observed. This vortex pattern defines the P+S 

mode, in accordance with the terminology introduced in (Williamson, & Roshko, 1988). At constant 

A/D, increasing forcing frequency through lock-in region leads to transition from one wake mode 

to another wake mode. By increasing rotating frequency from 0.79 to 2.19 at constant A/D wake 

mode transition is observed. The interesting phenomenon about this transition in the wake mode is 

that it coincidences with abrupt change in the fluid force that was observed by (Bishop & Hassan, 

1964). 

According to Figure 5-4 sharp jump in lift force can be interpret as a resonant synchronization 

within the lock-in region. It has been concluded that the sudden jump and large force are induced by 

shedding of more concentrated region of vorticity. To examine the exact position of resonance 

between the cylinder motion and wake formation, more resolution in amplitude-frequency plane is 

needed. It is worthy to do such a wide study in the future, since the highest vibration amplitude 

occurs at the resonant point for freely oscillating cylinder.  
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It is common to study the forced oscillating cylinder at the constant amplitude ratio A/D while the 

frequency of motion is varied about the point where fe/fs=1. Although in this work bounds of the 

synchronization region were specified around fe/fs=1, it is possible that further resonance between 

the motion of the cylinder and the vorticity field and thereby further resonance in the cylinder forces 

exist in other parts of the frequency-amplitude plane.   

One of the major questions for this class of fluid-structure interaction research is whether the results 

of controlled oscillating experiment can be applied to predict the vortex-induced vibration of a body 

that is free to oscillate. Whilst the current study didn’t seek to answer this question a number of 

literatures have published in this area. The relationship between an eccentrically rotating cylinder and 

an elastically mounted cylinder is very complicated. However there are striking similarities in the 

wake mode and lift force characteristics for the eccentrically and freely moving cylinder. In both 

cases the wake transition is observed around fe/fs=1. Therefore, despite some very good similarities 

in the wake states of the eccentrically rotating and freely moving cylinder, further work is required to 

determine how the case of rotation with eccentricity can be used to predict the vortex-induced 

motion. 

As discussed in the preceding paragraphs exploring the existence and shape of synchronization 

region has been the main objective of this Thesis work. The following figure shows the bounds of 

lock-in region in the case of eccentrically rotating cylinder. It is clear that the range of 

synchronization region in the current case is larger than the transversely oscillating cylinder. 

Simultaneous occurrence of cross-flow and In-line oscillation can justify the large range of 

synchronization region, since lock-in happens at the frequency of twice of the Strouhal frequency in 

the case of in-line oscillation. Figure 5-19 shows the synchronized wake mode at the bounds of lock-

in region. 

 
Figure 5-19 Bounds of synchronization region in eccentrically rotat ing cylinder 
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