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Abstract. The objective of the present study is the numerical simulation of the two-dimensional laminar flow around a circular
cylinder that oscillates harmonically in the stream-wise direction. The problem is solved for a non-inertial frame of reference that is
moving with the cylinder and, for this reason, the associated pseudo-force and pseudo-work terms are included as sources in the
compressible Navier-Stokes equations. These equations are solved using a finite volume formulation, where the fluxes are
calculated using the fourth-order skew-symmetric form of Ducros’ algorithm, while the time marching is achieved using the third-
order Runge- Kutta scheme proposed by Shu. For all cases studied, the Reynolds number is 100 and the Mach number is 0,20. In the
present work, the impact over the flow topology of two parameters is analyzed. The first one is the maximum linear velocity of the
oscillating cylinder and the second one is the frequency of the harmonic oscillation. Depending on the combinations of these
parameters the structure of the wake presents three distinct forms: (i) periodic and symmetric, where a symmetric vortex pair is
emitted in each cycle of oscillation resulting in a null normal force; (ii) periodic and anti-symmetrical, resulting in a superposition
of the previous mode over the von Karmdn vortex street and (iii) chaotic, where the vortex systems are emitted with no regularity in
each cycle of oscillation.
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1. Introduction

Usually, when vortices inducing oscillations on rigid bodies are mentioned the primordial thought is of a cylinder
oscillating in the normal direction of the flow, since the emission of vortices for a compressible flow produces periodic
forces that act primordially in the transversal direction of the flow. The component in the parallel direction of the flow
has frequency next to two times the frequency of emission of vortices, number of Strouhal (S7), and typically its
magnitude is less than the component in the normal direction and incapable to excite the structure. The Strouhal number
is a dimensionless parameter that represents the frequency with which consecutive vortices of same signal are emitted
and is defined as St = f D/U,_ , where f represents the characteristic frequency of emission of vortices, D represents the

characteristic length of the system and U, indicates the velocity of the non-disturbed region. In this context, one of the
pioneers in the experimental analysis for this configuration of the flow was Griffin and Ramberg (1976), it was
evidenced that the flow submitted to harmonic oscillations depends strongly on the Keulegan-Carpenter, KC,
nondimensional number that represents the relation between the frequencies of oscillation by the convective time scale.
Was noticed that to the measure that KC increases, remaining constant the Reynolds number, the format of the emitted
vortices was modified. Tastsuno & Bearman (1990), in an experimental work and based in visualization, describe the
several regimes.

Under purpose of the present research project, Ongoren & Rockwell (1988), had carried through extensive
experiments on the forced oscillation of an in-line circular cylinder with the incident flow, two basic modes of emission
of vortices had been observed, the symmetrical form and the anti-symmetrical form, this last one with four possible
configurations as shown in Fig. 01, in which modes A-III and A-IV only occur when the cylinder describes a harmonic
oscillation, they had evidenced that the dominant model of emission of vortices is the symmetrical case, observed in
Fig. 1(a). Ongoren & Rockwell (1988), had noticed that initially when the cylinder describes a sine movement, have a
transient emission of vortices that is characterized by the symmetrical mode, which decay gradual for the anti-
symmetrical mode, however, it’s possible for certain configuration of the parameters to have the steady symmetrical
form. In general lines, they had concluded that the excitement of the cylinder in the direction of the flow generates
symmetrical disturbances, while the natural and predominant occurrence in the normal direction generates anti-
symmetrical disturbances. Consequently, it will have competitions between the phenomena, symmetrical and anti-
symmetrical mode, consequently under certain conditions one in the modes it will prevail, producing the
synchronization it enters the structure of the flow near to the cylinder and its movement.
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Figure 1:Modes of emission of vortices, removed from Ongoren & Rockwell (1988). (a) Symmetrical mode; (b) Anti-
Symmetrical mode A-I; (c) Anti-Symmetrical mode A-II; (d) Anti-Symmetrical mode A-III; (e) Anti-
Symmetrical mode A-IV; Forms of topology of wake observed by Ongoren & Rockwell (1988).

Later, Cetiner & Rockwell (2001) had carried through focused experimental study in the Lock-on state, or
synchronization, in the formation of the vortices. This phenomenon occurs when the frequency of emission of vortices
is determined primordially by the frequency of oscillation of the cylinder. They had noticed that this phenomenon
occurs for the harmonic ones of the basic frequency of emission of vortices, in the case where the cylinder remains
static. Additionally, some analyses of numerical simulations has been proposals for the cylinder oscillating in the
direction of an incident flow, carried through for Justesen (1991) that confirms some regimes described for Tatsuno &
Bearman (1990) for a static fluid; Guilmineal et. al (2002) simulating oscillations in the direction of the flow for
Re=100 and KC=5, however for static flow; Song et. al (2002) that they argue a flow in the limit of the laminar flow,
Re=200; beyond Diitsch et. al (1998), had confirmed numerically all regimes of flow argued by Ongoren & Rockwell
(1988). Two new concepts are added to the introduction; the reduced velocity, and the reduced frequency, of the
cylinder. The reduced velocity represents the rate between the maximum velocity of displacement of the cylinder by the
velocity of the flow not disturbed. Therefore, if the displacement of the cylinder is a harmonic function of the type
presented in Eq. 1.1:

xc(t):%sin(Zm’ 7). (1.1)

The velocity of the cylinder is given by the first derivative of Eq. 1.1, in the form that follows:

U, (t)= 7 A cos(27f 1). (1.2)
¢

The point of maximum of the function represented by the Eq. 1.2 occurs when ¢ =0, where cos(27g” t) = cos(O) =1.
Therefore, the reduced velocity is given by:

U, =aA . (13)

The reduced frequency is defined as the rate between the oscillation frequency of the cylinder by the vortex-
emission frequency in the static case, where f; represents the oscillation frequency of the cylinder.

Se
=Le 1.4
e o (1.4)

2. Methodology
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The physical formulation of the problem considers a compressible and two dimensional Newtonian fluid over a
non-inertial frame. This aspect of the flow is added to the mathematical formulation as a pseudo-force in momentum
equation and as a pseudo-work in the energy equation, Batchelor (2000). Therefore, the governing equations of the
problem are presented in Einstein notation and non-dimensional form of its propertys as: the conservation mass,
momentum and energy equations, respectively:

P49 (pu)=0; 2.1
oo, loug =0 @D
LR R . . B 22
61,‘( i)+6xj (P”i”j)* 6xi+6xj +0 (2.2)
o o o o aq, :

a(ﬂer)*'afxi(.oerui):*aTci(P”i)*'aTci(Ty“j)* o, + ;s (2.3)
xc(z)zgsin(w ) (24)

where x; represents the spatial cartesian coordinate in i-direction; p , the specific mass; ¢, temporal coordinate; p, the

ij >

represents the velocity component in i and j-direction; ¢; is the density heat transfer in i-direction; and pf; represents

thermodynamic pressure; 7, the viscous tensor for a Newtonian fluid; ey , is the total energy by mass unit; u; and u;

the pseudo-force in i-direction. This collection of equations is named as Navier-Stokes equations and is normalized as
suggested by Anderson (2001). Additionally, the hypothesis of a gas caloric and thermally perfect is accepted;
moreover the perfect gas state equation is used to connect the pressure and the temperature.

The pseudo-force is attached to the oscillatory movement of the circular cylinder represented by x, (t); resulting in

the above equation,
2
;= p 25 0] o2 (1 sinorf o) 2.5)

where, f'and A represents, respectively, the non-dimensional frequency of oscillation and amplitude of displacement of
the cylinder.

The boundary conditions consist of imposing the non-slip condition in the solid wall of the cylinder, condition of
adiabatic wall and null gradient of pressure in the normal direction to the wall, approximation of boundary layer, which
implies at, respectively;

or op
. ==0, £-o, (2.6)
7 o > on
where the subscript is corresponds to the component of the velocity vector in the i-direction on the solid surface and n
represents the normal direction to the surface.
The Eq. 2.2, 2.3, 2.4 can be written in vectorial notation as follows:

N @)
o ox 0oy

where, U, represents the conservative variable vector in a non-dimensional form; E and F represents the flux vectors of
the properties in a non-dimensional form; and R represents the source term, Anderson et al (2000), which is responsible
for the pseudo-force, originated by the oscillatory displacement of the cylinder. However, the movement of the cylinder
occurs only in the x-direction, therefore, the vector R results in:

0
RS (2.8)
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To numerically solve the described system the explicit method of Ducros is used, the formulation uses a finite
volumes approach which was demonstrated in Mendonga (2004). Then, to make the spatial discretization a flux tensor
IT was defined, with the following property:

V.H:67E+87F. 2.9
ox Oy

Therefore, the Eq. 2.9 can be rewritten in the form that follows:

N,y n=r. (2.10)
ot

The equation above is integrated for an arbitrary control volume ¥, resulting in the following equation:
ﬁj Udv—j V~Hd¥+I RdV . 2.11)
ot Jv v v

Thus, under the hypothesis of that the control volume is invariant with the time the divergent theorem is applied to
the flux terms, transforming the integral of volume into an integral of surface, resulting in:

%Luwz_jsn.ndmLRw, (2.12)

where n represents the normal vector to the surface of the control volume .

If the volumetric averages of the vectors Uand R can be defined for arbitrary control volume ¥, the following
equations are obtained:

= 1 1
=— AvA =—| R 2.1
U LUd e L av, (2.13)

which, if replaced in the Eq. 2.12, results in:

a—U—iJ' M-ndS+R. (2.14)
o W¥Js

For a two dimensional control volume a first order approach is realized, inducing a temporal variation of the
vector U , shown in the Eq. 2.15.

U AU,
[aa_‘jj ~ 2 (o, (2.15)
is]

where, AU represents the variation of the vector U in the time step, A¢. Resulting in a temporal approach of the Eq.
2.14, which for a quadrilateral bidimensional control volume, results in:

i+1/2 Si1/2 S j+1/2 Sj-1/2

Aﬁ:—é—t“H-ndS+IH-na’S+IH-ndS+J‘H-ndS}+Atﬁi’j, (2.16)
ij LS j

where ;155812584125 Si-yj2 » represents the surfaces that define the faces of the quadrilateral, shown in Fig. 2.

The sub-index represent the adjacent control volumes with which the control surfaces are shared, it means, the surface
S;41/» are shared by the volume (i, j) with the volume (i +1,/ )

However, to numerically solve the Eq. 2.16, it is necessary to approach the integrals of surface. Therefore, the
consideration of the flux tensor IT is a constant in the surface S are used, as follows;

IH~ndS;H~J. ndS=1-S, 2.17)
S S
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where, S represents the surface vector associated to the surface S . The approximation is necessary because, in a finite
volume formulation, only the volumetric averages of the properties are known.

i-1, LE)
S;ﬂfz Sﬁlﬁf
(i-1j+1) G.j+D (+1Lj+D
. »
S:fl.f% ‘_ _’ S!;f,/g
i-L) G i+ )

i-1, -1 e
‘S;-lfé A _>S:+f,f21
i-1j-1 i.j-1 (i+Lj-1)
-1,7-1 i, -1
8 Sj—Jlfz
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Figure 2: Control volume contend a point of the mesh for the bidimensional case with fourth order of spatial precision.
The solid line of bigger thickness involves the volume around of the mesh point; the volume shading

represents the discretization in finite volumes.

It is defined, then, the function of liquid flux, F (ﬁ),., ;»of the tensor IT on the control surface, in the form;

2.18)

5J

F(ﬁ> j :%[(H.S)H—I/Q + (H'S)H/Q + (H'S)j+1/2 + (H'S)A/71/2]~

LJ

Then, the Eq. 2.16 can be rewritten as follows:

(2.19)

AU, = —[F(ﬁ)i’j + D(ﬁ)i’j]+ AR,

where, D(ﬁ) - represents an artificial dissipation in the volume (i, J ) This dissipation is explicitly imposed to stabilize

the numerical method.
To carry out the temporal evolution of the Eq. 2.19, a variation of the Runge-Kutta method with a third order

precision is used, proposal by Shu and described by Yee (1997), as follows:

U' =[F(U")+D(U")+ A R"]; (2.20)
T =20+, U - [F(0)+ DO ) R (2.21)
(2.22)

U =10 20 2[R0 0 ar R,

In the previous equations, U' and U? are intermediate vectors used to the accomplishment of the calculation of

U™ and the respective fluxes, F (ﬁ"), and dissipations, D(ﬁ” )

The numerical simulation uses a structuralized grid with O format and resolution of 360 points in the angular
direction and 315 points in the radial direction, totalizing 113400 volumes. The time-step, Af, are determined using the
criterion of entrance of Courant-Friedrichs-Lewis (CFL), Anderson et al (2000), considering the velocity of propagation
of the sound. Moreover, the boundary conditions of the computational domain considers the hypothesis of that the flux

of any property, ¢, of the fluid is invariant on the surface, 7, of the border. It means;

o9 =0. (2.22)
ony
These conditions are used in the border of the domain because the imposition of non-disturbed properties of the

flow in the computational border would cause the reflection of the waves of pressure generated by the oscillation
movement of the cylinder and it would cause interference in the near region to the cylinder.
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3. Results
3.1 Static Cylinder

The numerical simulation of the laminar flow around of a fixed circular cylinder, Re =100, was executed in order
to use the output parameters, as the number of Strouhal, f,. The following figure, Fig. 3, represents the power
spectrum of the lift coefficient, where the peak indicates the dominant frequency that the alternating emission of
vortices occurs and defines the number of Strouhal, f, = 0.15 .
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Figure 3: Power Spectrum of the lift coefficient on the left side and the drag coefficient on the right side, component
that acts in the normal direction to the flow on the cylinder, Re=100. In the upper right corner the signal of the
lift coefficient in function of the nondimensional time.

Can be observed from the figures that the dominant frequency of the drag coefficient it’s about two times the
frequency of the lift coefficient, as expected from the literature. The flow around a static cylinder presented itself
steady, has emission of alternating and symmetrical vortices, characterizing the wake of the type presented by von
Karman, the Fig. 4 shows the temperature gradient visualization.

«

Figure 4: Temperature gradient visualization for the static cylinder at Re=100.

This type of configuration of wake is a typically defined as von Karman wake and in this case the temporal average
of the lift coefficient is null, but the r.m.s (root mean square) average have the value of C - =0.1033 and in the

other hand the temporal average of the drag coefficient is C, =0.1033. The power spectra of the output were obtained
applying to the output a FFT (Fast Fourier Transform).

3.2 Oscillatory Cylinder

In the hypothesis of the cylinder oscillating in-line with the flow, some simulations with different configurations of
reduced velocity, reduced frequency and non-dimensional amplitude are proposals. The purpose of these simulations is
topologically group the possible types of wake, inside of the executed simulations, using as analysis tool the generated
graphs, from the output signals of the lift and the drag coefficient, and the visualization of the temperature gradient.
Leaving of this premise, are presented the data of the simulations executed for the different configurations of the
considered flow, varying the reduced velocity and the reduced frequency.
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U,

Figure 5: Demonstrative of executed simulation.

The graphic of the Fig. 5 shows the executed simulations on this work, the shading part of the graphic means the
periodic symmetrical region, P.S; C.A means chaotic anti-symmetrical; and P.A means periodic anti-symmetrical.
These symbols represent the topology of wake found in this present work and shows its tendency to become.

3.2.1 Periodic Symmetrical

In this configuration of the flow, pairs of vortices are emitted to each cycle of oscillation of the cylinder, having
become the flow completely symmetrical. The consequence of this symmetry reflects in the extinguishing of the
component of normal force on the cylinder, lift force, only acting the in-line component with the flow. This
characteristic of the flow is the greater point and importance of the present study, once to certain parameters a
component of force that normally would act on the system is annulled.

The emission dynamics of vortices can be described in the following way: In accordance with the movement of the
cylinder in the negative direction of the oscillation axle, a zone of recirculation in the boundary layers in the upper and
lower side of the cylinder is formed, which separates in the same place above and in a low position of the surface of the
cylinder, Fig. 6(a); it forms then two zones of recirculation of same intensity and size, resulting in a same format
downstream of the cylinder, Fig. 6(b); however, with appositive rotation. The increase of this zone of recirculation
arrives to the end when the cylinder reaches the position _, />, position in which is initiated the contrary movement of
displacement, positive direction in relation to the oscillation axle, Fig. 6(c); as the cylinder covers the positive direction,
a new boundary layer is generated, must be noticed that if it didn’t have an incident flow the formation of the vortices
would be that described by Tatsuno & Bearman (1990), however, the incident flow functions as a barrier to the
formation of these “opposite vortices” in relation to the vortices of bigger intensity, confining them as seemed in the
Fig. 6(d); additionally, the emission of the pairs of vortices occurs when it has the inversion of the movement from the
point of maximum of the displacement of the cylinder, Fig. 6(¢).
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Figure 6 : Visualization of vorticity iso-lines, for: g =247, .¢; (@) 0~90°, (b) 9~180°, (¢) 9~270°, (d) 6~360°, (€) 6~ 450°.



The following figures show the temperature gradient visualization for the shading region of the graphic of Fig. 5.
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Figure 7: Temperature gradient visualization, (a) U,=1.0 and f,=1.5; (b) U,=1.5 and f,=1.5; (c) U,=1.0 and £,=2.0;

(dU,=1.5 and £=2.0; (e) U,=1.0 and £,=2.5; (f) U,=L.5 and f,=2.5.

The following figures illustrate the power spectrum of the drag coefficient;
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Figure 10: Power spectrum of the drag coefficient, (a) U,=1.0 and f,=1.5; (b) U,=1.5 and f,=1.5; (c) U,=1.0 and £,=2.0;
(d) U,=L.5 and /,=2.0; (e) U,=1.0 and £,=2.5; (f) U,=1.5 and f,=2.5.

In this case all the dominant frequencies showed by power spectrum are harmonics of the frequency of excitation of
the system. The analysis of the signal of lift coefficient was omitted because

3.2.2 Periodic Anti-Symmetrical

This configuration of the flow presents an interesting characteristic, in the near region of the cylinder the wake has
similar topology to P.S mode, periodic symmetrical. However, the vortices generated by the displacement of the
cylinder combine themselves for form a vortex of bigger intensity and that will give beginning to a wake with typical
characteristic of the von Karman wake. Composing itself by two distinct regions: the first one near to the cylinder that
shares characteristics with P.S mode; and the other region away from the cylinder that has the characteristic of the von
Karman vortices, however the disturbance that provokes the decline for P.A mode, has origin in a region away from the
cylinder, dislocating itself from the downstream of the wake until the near region to the cylinder inducing, then, the
coalescence of the vortices and forming the described topology, as exposed in the following graphics of Fig. 9.

The disturbance that support the decline to P.A mode evolve temporarily in the downstream direction of the flow,
from a distant point of the cylinder, L >> D . The vorticity field grows with the time and that increase of magnitude that
initially forms a great steady region of vorticity with opposite rotational direction, although for some reason the whole
structure comes down because the disturbance travels in the downstream direction and when it approaches to the region
of influence of the cylinder, near wake region, occurs the rupture of this zone of recirculation and consequence of that is
the emission of vortices.

By the power spectrum can be seem that the output signals of the system with the excitation of the cylinder has
many frequencies as response for principal excitation of the cylinder, producing a highly modulated signal.
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Figure 9: Temperature gradient visualization, (a) U,=1.0 and £,=3.0; (b) U,=1.0 and £,=3.5
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Figure 10: Power spectrum of the output signals for U,=1.0 and £=3.0.
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Figure 11: Power spectrum of the output signals for U,=1.0 and £,=3.5; (a) lift and (b) drag coefficient.

3.2.3 Chaotic Anti-Symmetrical

In this flow configuration the vortices are generated and emitted aleatorily without any synchrony or regularity, and
in which the interaction mechanism between the vortices, cylinder and flow is extremely complex and a non linear
configuration, the disturbance that induces the decline for C.A mode has origin in the near wake region to the cylinder,
the Fig. 12, as show below that illustrate two visualizations of this chaotic regime;

The Fig. 15 explains the time average values of the lift and drag coefficient for comparison.
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Figure 12: Temperature gradient visualization, (a) U,=1.0 and /,=0.5; (b) U,=2.0 and f,=2.0
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Figure 13: Power spectrum of the output signals for U,=1.0 and £=0.5; (a) lift and (b) drag coefficient.
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Figure 14: Power spectrum of the output signals for U,=2.0 and £,=2.0; (a) lift and (b) drag coefficient.
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Figure 15: The temporal averages of the output coefficient; (a) lift (r.m.s) and (b) drag coefficient.
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4. Conclusions

The present study had as main proposal, the topological analysis of a laminar flow around a circular cylinder with
streamwise oscillation, through the analysis of the data of the numerical simulations. Ahead on this, it was observed the
existence of three main and distinct ways of topology: the main way is called periodic symmetrical, P.S, where the
symmetry in relation to the x-axle promotes the extinguishing of the normal component of operating force on the
cylinder, without affect or increases the magnitude of in-line component acting on the cylinder, its main characteristic,
in P.S mode, is the emission of pairs of vortices in each cycle of oscillation of the cylinder. The secondary ways are
characterized by the decline of P.S mode to: chaotic anti-symmetrical, C.A; and periodic anti-symmetrical, P.A, modes.

In the secondary mode, C.A, the characteristics of the flow are chaotic anti-symmetrical, this means that the
topology of the wake doesn’t present a permanent configuration, throughout the time, additionally in this mode the
component of normal force to the flow, doesn’t present a null temporal average. in the secondary mode, P.A, the wake
are divided in two regions, the first one near to the cylinder which has similar characteristics with the mode P.S, and
other region away from the cylinder, in the wake, and that have topology of the type von Karman.

On this work was found some possible topology wake, becoming it successful in its initial proposal. However,
could be possible that other configurations of the parameters reduced velocity and reduced frequency may promote the
sprouting of other types of wake topology, once that the literature on the subject mentions endless configurations for the
wake topology.
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