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Three-dimensional simulations of an oscillating rectangular cylinder
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ABSTRACT: In order to understand the physical mechanism about the aeroelastic instability of bluff cylinders,
the two-dimensional simulations have been mainly used for computational approach because the flow structure
around the oscillating cylinder is expected to become two-dimensionalized due to the effects of the body
motions. However, through the comparison with the experimental data, there is a little quantitative difference in
the predicted values. We investigate the necessity of the three-dimensional simulation for the unsteady
problems on forced-oscillating rectangular cylinders in uniform flow.

1. INTRODUCTION

For the physical understanding of fundamental
aspects about the aeroelastic instability of bluff
cylinders, the computational approach, which has
some advantage to examine the detail of flow
structures, has been applied to the unstable
oscillations of a rectangular cylinder due to the
coupling of vortex resonance and self-excited forces
in a uniform flow. Thus far we have computed the
two-dimensional incompressible flows around an
oscillating rectangular cylinder which is mounted by
the spring and the dash pot, and the aeroclastic
characteristics have been qualitatively investigated for
a rectangular cylinder. The reason for using two-
dimensional simulations is that the flow structure
around the cylinder becomes two-dimensionalized
duc to the oscillation, Certainly the computational
results show that the coupling phenomena of the
vortex-induced and the self-excited oscillations can be
simulated[1]. We can also show by computation the
branch off for the phenomena of nonlinear
oscillations duc to the initial conditions and the
existence of the unstable limit cycle(Fig. 1).
However, through the detailed comparison with the
previous experimental data, there is a little quantitative
difference in the predicted values cach other.
According to the three-dimensional computational
result for the flow around the cylinder at rest, the
vortex structures are distorted in the leeward region
on the side and gradually changed due to the
spanwise length and discretizations(Fig. 2). It is
confirmed that the shear layer instability finally
generate the three-dimensional structures in the near
wake.
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The objective of the present study is to clarify the
necessity of the three-dimensional simulation of the
acroclastic problem. Accordingly we apply the direct
finite difference technique[2],[3] of the three-
dimensional incompressible Navier-Stokes equations
to thc unsteady flow problems on oscillating
rectangular cylinders. Investigations arc presented of
the pressure fluctuations on the surface of the
rectangular cylinder with side ratio equal to 2.0,
which is forced to oscillate transverse to the
approaching flow in heaving mode. In addition we
discuss the possibility of the computational method to
simulate the unstcady acrodynamic forces, whose
accuracy and errors can be checked by examining the
predicted values and the mechanism on the basis of
the behavior of the shear layers and the wake
structures of the cylinder.

2. PROBLEM FORMULATION

The interaction between the unsteady fluid flow and
the dynamic behavior of a body plays an important
role in decision of aerodynamic forces. The
governing equations of the three-dimensional
incompressible flow are given by the continuity
equation and the Navier-Stokes equations as follows:

iAu ,
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WHU grad)u grad p + Re
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D =divu=0, (2)
where u, p, { and Re denote the velocity vector,
pressure, time and the Reynolds number respectively,
non-dimensionalized by Uy (reference velocity), B
(reference length), p (density) and v (kinematic
viscosity).
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Fig. 2 3-D simulation of the flow around a cylinder at
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These equations arc approximated by means of the
finite difference method. In order to compute the
unsteady flow around a moving body, the original
governing cquations are transformed by applying the
generalized coordinate system including time[2]. The
grid system of the physical domain moves with the
motion of a body at cach time step, although that of
the computational domain 1s fixed. The
computational domain is connected with the physical
domain as:

s=dlxy.zt),

=n(x.y.zt),
cloyzd);
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The transformation of the coordinate derivatives is
given based on (3) as follows:

fe= fx"g’* fyy;»+fzz€»+ftrgvl
by =Tty Myl ey iy,
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where f, stands for ax Cte.
The time variable is treated as:

t=1, (5)

. =1. (6)
The time derivative is presented as:
frzfxxr+fyyr+fzzr+fr' 0

The Navier-Stokes cquations in the computational
domain are rewrited as follows:

.
i ((ufxr)- grad ] u= —gradp+ %A” v (8

where X stands for the velocity of the physical

coordinate system (xr, yr, z7 ). This equation(8)
means that the convection velocity in the
computational domain is replaced by the relative
velocity with respect to the moving coordinate
system.

The time variable is specificd to be constant for any
space coordinates. Therefore the space derivatives of
time should be equal to be zero in the computational
domain as the following cquation(9):

t=t,=t,=0 9)
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Morcover as we only deal with the flow around the
cylinder-type structure here, some geometric factors
can be cancelled on the basis of the two-dimensional
geometry. By the relation of equation(10), the
conditions (11) can be obtained.

¢=¢(2)

Z,=2s=2,=X;=y,=0

(10)
(1

As a result of applying the conditions (9) and (11),
the first- and sccond-derivatives in space and the
first-derivative in time are represented as the
following equations (12),(13),(14),(15) and (16).
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The numerical procedures are based on the MAC
method[4]. The regular mesh system is employed.
All quantitics are defined at the same location for a
grid. The pressure field is determined by solving the
Poisson equation as follows:

Ap=- div({(u—xr)- grad] u) ~@D 4 1 ap.a7)



Providing that the effect of the viscous term is
neglected at the high Reynolds number and the
velocity vector of the next time step must satisfy the

divergence-free condition, namely D=0, the
pressure equation is shown as follows:

Dﬂ
Ap" T = —div (u™-X e grad Ju" + )

where A, n and &t are the Laplace operator, the time
step and the non-dimensionalized time increment. The
velocity field is computed by the semi-implicit
temporal integration of the Navier-Stokes cquations.
The scheme is equivalent to the Euler backward
scheme except the convection term.,
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where the convection term is linearized by use of the
value at the previous time step for the convective
velocity as follows:

(u=X9™ " gradu™" = (u - X7)"gradu™". (20)
Equations (18) and (19) are respectively solved at
each time step by SOR method.

In order to overcome the numerical instability at
high Reynolds numbers, the third-order upwind
scheme is incorporated for the convection terms[5].
No turbulence model is adopted. For example,

(U%i)z Uﬁ:ﬁ+2+8(ﬁ+1'fi—1)+fi—2
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3. COMPUTATIONAL MODEL
Fig. 3 displays a computational model. An

rectangular cylinder has the depth-breadth ratio(D/B,
D: the depth of a cylinder, B: the breadth) equal to
2.0. The cylinder 1s placed in the circular cylinder
region(the diameter = 605, the height = B ) for
computation. The total number of the mesh points is
280x100x10 = 280000. The approaching flow is
assumed to be uniform(U/). The Reynolds number

is equal to 104, For the boundary condition around
the computational region, the Dirichlet condition is
given for the velocity of in-flow and the Neumann
condition is imposcd for the velocity of out-flow and
the pressurc. On the surface of the cylinder, the
vclocity of the moving grid at boundary is given and
the Neumann condition are employed for pressure.
The the non-dimensionalized time increment is equal
to 0.005.

184

4. FLOW PATTERNS AROUND AN
OSCILLATING RECTANGULAR CYLINDER IN
HEAVING MODE

Several types of the flow-induced instabilities are
recognized for a rectangular cylinder as a function of
the reduced velocity, Vr =U0/Bfin , where fm is
cylinder oscillation frequency. According to the
previous experimental data[6] in Fig. 4, under the
conditions of D/B = 2.0 and the mass damping ratio
of 5.0, the vortex-induced heaving oscillation and
the galloping are obscrved at ¥r = 3.5~6.5 and above
Vr = 20.0 respectively. In order to examine the
detailed flow pattern in aerodynamically unstable
oscillations, three-dimensional simulations are carried
out for a forced-oscillation of a rectangular cylinder in
heaving mode(y0 = 0.18, y0: the amplitude of
heaving oscillation). Oscillation displacement is
shown as follows:

y (1) = y0*sin2af1) . (22)
With regard to the reduced velocity, Fr =5.5, 13.5
and 24.0 are selected for computation on the basis of
the above experimental data.

The vorticity contours of horizontal section, the
pressure contours of the side surface of the cylinder
and the velocity vector ficlds of yz- section are
illustrated in Figs. 5, 6 and 7 respectively.
Instantaneous flow patterns of each reduced velocity
arc shown for three displacement phases of

oscillation , namely 2nfmr = 0°, 90°, 180°. All flow
patterns of three reduced velocitics in Fig. 5 indicate

that the vortex structures of 2mfm;t =0° arc

symmetrically same as that of 2nfp,r =180°. It can be
realized that the cylinder oscillations almost control
the separated flow from the leading edge and the
wake.

Here the details of the flow patterns are examined
for the respective reduced velocities as follows. In
the case at Fr =5.5, it can be scen that the separated
flow reattaches to the afterbody on the lower side

surface of the cylinder at 2rf;t = 0° and the
separation bubble is generated. The formation of
vortices, which stem from the motion of the cylinder,

are recognized on the lower side at 2wfyt = 90°.

According to the pressure contours of the side
surface at Fr =5.5 in Fig. 6 it is found that the
spanwize structurcs of pressurc are two-
dimensionalized. Especially the reattaching flow,
which can be observed on the lower side at 2nfit =
07, make two-dimensional pressure structures on the
side surface. On the other hand in case of more
elongated rectangular cylinder(D/B=5.0) it was
pointed out that the two-dimensional structures of the
separated shear layer change into three-dimensional
structures by the vortex instability[7]. They are quite
different from each other on the reattached zone.

The three-dimensional structures of flow around the
oscillating cylinder at ¥r =5.5 arc shown in Fig. 7.
Inside the scparation bubble, which can be obscrved
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on the lower side at 2ntf;nt = 07, the velocity of z-
dircction, namely w is much larger than that of the
other directions, nevertheless surface pressure is two-
dimensional. On the other hand this remarkable
three-dimensional structures of the separation bubble
can not be observed at rest and the other reduced
velocities. In these cascs the velocities are lower
inside the separated shear flow and the three-
dimensional structures become to appear toward the
leeward.

In the cases of 7 =13.5 and 24.0 of Fig. 5 the
shear layers separated from the leading edge do not
reattach to the afterbody and form the wide wake.
Therefore the pressure distributions on the side
surface in Fig. 6 are almost constant. The three-
dimensionality of flow structures inside the separated
flow gradually increases toward the leeward of the
cylinder. The longitudinal vortices can be observed
near the trailing edge of the cylinder. These are likely
to the flow around a stationary cylinder.

The wake of the oscillating cylinder at V7 =13.5 is

compared with that of Fr =24.0 at 2nfpr =0°. At
Fr =13.5 the scparated shear flow of the lower side is
located closer to the side surface of the cylinder than
that of the upper side. The wake of Fr =13.5
extends to the right upper side. On the other hand at
Jr = 24.0 that of the upper side is closer than that of
the lower side. The wake extends to right lower side.

As taking it into account that the cylinder is moving
toward the upper side at 2nfyt = 0°, it is recognized
that the behavior of the separated shear flow at Fr =
24.0 is consistent with the behavior obtained by the
quasi-steady theory.

5. COMPARISON WITH EXPERIMENTAL DATA
CONCERNING PRESSURE DISTRIBUTIONS

In this section, the distributions of the pressure on
the side surface of a cylinder are compared with the
previous experimental data[6]. Here the pressure
cocfficient Cp is defined as the pressure divided by
0.5pUp2.

First the mcan and fluctuating pressurcs on a
cylinder are shown in Fig. 8. The computed pressure
distribution of the oscillating cylinder at Vr = 5.5,
13.5, 24.0 are good agreement with the previous
experimental data.

At Fr = 5.5 the negative pressure recovers on the
side surface, although the pressure coefficients on a
stationary cylinder is constant along the side surface.
While, at Fr = 13.5 and Vr = 24.0 the ncgative
pressurc on the side surface does not recover,
because there 1s not a reattaching flow as shown in
Fig. 6.

Next the contribution of the unsteady pressures to
the aerodynamic oscillations is clarified. The
unsteady pressure Cpyy, is defined as a component of
the pressure coefficient at the cylinder oscillation
frequency as following equation:

Cpm = Cp0*sin(2nfint +¢ ) (23)
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where Cp0 and ¢ stand for the amplitude of the
unsteady pressurc and the phase angle( —
180°<¢<180") by which the suction on the side
surface leads the displacement. The total energy
distribution of the unsteady pressure during a period
is expressed by equation(24).

W ep = Wep(*sing (24)

If sing is positive, the unsteady pressure is capable of

increasing the oscillation. If sing is negative, it
damps the oscillation.

In addition the drag and the 1ift coefficients are
defined as the drag and the lift per unit span divided

by 0.5pU023. Torque coefficient is non-

dimensionalized by 0.5pU02B2. The unsteady lift
CLm is defined as a component of the lift coefficient
at the cylinder oscillation frequency as follows:

CLm = CLm0 *sin(2rfint +¢) (25)

Cp0 and ¢ of the unsteady pressure are presented
in Figs. 9 and 10 respectively, Time histories of the
drag, the lift and the torque coefficients are shown in
Fig. 11.

The distribution of amplitude of the unsteady
pressure at ¥r = 5.5 has two peaks. Taking the
phase angle into consideration, the windward and the
leeward peaks have cffects of damping and exciting
the oscillation respectively. The combination of the
two unsteady pressure at Fr = 5.5 gencrates larger
torque coefficient than that of the other reduced
velocities. With regard to an unstcady lift there is the
force capable of sustaining the vortex-induced
oscillation, because the phase angle of lift at Fr = 5.5
1s 24.4°,

At Vr=13.5 and 24.0 the amplitude and the phase
angle of unstcady pressure are almost constant along
the side surface. Taking the phase angle into
consideration, the unsteady pressurc at Vr =13.5
damps the oscillation within the range -180°<¢ <0° .
On the other hand in case of Vr = 24.0 it causes the
galloping to appear. These results are confirmed by
the fact that the phase angle of lift at ¥r = 13.5 and
24.0 are -97.9" and 6.4 respectively.

The distributions of the computed unsteady
pressure at Fr = 55,135 and 24.0 are good
agreement with the experimental ones. According to
the time historics in Fig. 11 it is found that the
fluctuation of the lift at V'r = 24.0 is not locked on
the oscillation of a cylinder. Due to the irregular
fluctuation the discrepancy of Cp0 between the upper
side and the lower side at ¥ = 24.0 is larger than that
at the other reduced velocitics.
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6. COMPUTED UNSTEADY AERODYNAMIC
FORCES AND WAKE STRUCTURES

The phase-averaged pressure distribution on the side
surface of the oscillating cylinder at 2nfmt = 0°(At
that time the cylinder is moving upward.) is shown in
Fig. 12. Here we focus on the relations between the
unsteady pressure distributions on the side surface
and the wake structures.

In casc of Vr = 5.5 the extreme negative low value
is found near the trailing edge of the upper side.
While on the lower side the negative pressures
sharply recover there. Above two characteristics of
pressurcs causc to sustain the vortex induced
oscillation. These originate from the collision of
vortex corc and the reattachment of the scparated flow
in Fig. 5.

At Vr=13.5 and 24.0 the pressurc cocfTicients are
almost constant along the side surface. The
magnitude of the negative pressure on the lower side
is larger than that on the upper side at Fr = 13.5.
Therefore the acrodynamic forces have an cffect of
damping the oscillation. On the other hand at Fr =
24.0 the magnitude of the negative pressurc on the
upper side is a little larger than that on the lower side.
As a result the acrodynamic forces have an cffect of
unstable oscillations. Tt is recognized from the wake
patterns in Fig. 5 that as the shear layer is closer to
the side surface of the cylinder, the magnitude of
negative pressure is larger.

In view point of the quasi-steady theory the phase-
averaged pressure distribution at Fr = 24.0 is
compared with the mean pressure distribution of the
stationary cylinder with the angle of attack(1.5%).
Except near the trailing edge of the lower side the
pressure distribution of both cases arc as a whole
coincident with cach other. This computational result
confirms that thc quasi-stecady thcory can be
applicable to the acrodynamic forces at Vr = 24.0.

Fig. 13 shows instantancous pressure distributions

which is four times sampled at 2xfmt = 0°. At Vr =
3.5 and 13.5 because the fluctuation of lift is locked
on the oscillation of a cylinder as shown in Fig. 11,
the instantancous pressure distributions do not scatter
very much. The tendency of the instantaneous
pressures is coincident with that of the phase-
averaged pressures. On the other hand at Vr = 24.0
although the fluctuation of lift is not lock on the
oscillation, it is found that the sclf-excited force can
be simulated as shown in Fig. 13.

7. CONCLUSIONS

Three-dimensional simulations of the flow around the
oscillating rectangular cylinder in heaving mode are
carricd out. The following conclusions arc obtained.

1. With regard to the pressure distribution of the side
surface of the rectangular cylinder with a section of
the depth / width of 2.0 the computational results are
good agreement with the experimental oncs,
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2. At Fr = 5.5 the separation bubble on the lower side
surface at 2rfmt = 0 and the scparated vortices from

leading edge on the lower side surface at 2nfmt = 90°

can be observed. The scparation bubble has more
three-dimensional structures than that of other
reduced velocities and rest. The wake structures are
two-dimensionalized in other region.

3. At Fr = 3.5 the collision of vortex core near the
trailing edge of the upper side and the reattaching

flow on the lower side at 27/t = 0 are capable of
sustaining the vortex-induced oscillation.

4. At Vr = 13,5 and 24.0 the separated flow does not
reattach afterbody and forms the wide wake. The
threc-dimensionality of flow structures inside the
separated flow gradually increases toward the leeward
of the cylinder.

5. At Fr=13.5 the acrodynamic forces have an cffect
of damping the oscillation.

6. Although the flow at Fr — 24.0 is not locked on the
oscillation of a cylinder, the cach instantancous
pressure distribution on the side surface gencrates the
self~excited force. It is confirms that the quasi-steady
theory can be applicable to the aerodynamic forces at
Vr = 24.10.
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