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Abstract. The present work deals with the Vortex Method to study the vortex shedding suppression which occurs when
a circular cylinder is placed near a plane surface that moves with the same velocity as the incident flow, this situation
is particular important in practical engineering problems since it works with relative motion. Experimental data
available in the literature show that in this kind of flow there is practically no boundary layer developed on the ground
surface; using these observations in this work the ground plane motion is represented by the absence of vorticity
generation on it. The numerical results obtained show that the above numerical strategy represented successfully the
vortex shedding suppression.
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1. INTRODUCTION

The flow around bluff bodies causes interesting fluid dynamics phenomena such as separation, vortex shedding and
turbulence transition; the vortex shedding mechanism has been studied frequently since it affects many fluid dynamic
properties like drag and lift forces, vortex induced vibration, noise and heat and mass transfer efficiency. A particular
interesting situation occurs when a circular cylinder is close to a plane boundary; in this case it can be observed that as
the cylinder comes close to the ground the vortex shedding frequency decreases until its suppression what means that
the gap between the cylinder and the ground, 7%, characterized by the gap-ratio 4/d (d is cylinder diameter), is an
influential parameter.

One of the first researches that investigate the influence of the distance between the cylinder and the ground was
made by Taneda (1965) in a water tunnel at Re=170. In this test the ground had the same speed as the water flow
(moving ground configuration) and Taneda (1965) observed a decrease on the vortex shedding frequency when the gap
ratio was less than 0.1.

Bearman and Zdravkovich (1978) performed velocity measurements to study the vortex shedding frequency when
the circular cylinder is close to a fixed ground at Re = 4.8x 10" . The authors verified a constant value for the Strouhal
number (a dimensionless parameter used to measure the vortex shedding frequency), St = 0.2, for any h/d <0.3.

Contradicting the results of Bearman and Zdravkovich (1978), Buresti and Lanciotti (1979) measured the Strouhal
number when the cylinder is near to a fixed ground at Re=1.9x10° and found a critical gap-ratio (#/d ) of 0.4 and a
Strouhal value about 0.2 when #/d > 0.4 . Therefore the critical gap-ratio and the Strouhal number depend on the flow

regime and it seems to be impossible to define exact values for these variables. However it can be stated that for high
Reynolds number flows the Strouhal number decreases as the gap-ratio decreases.
Nishino (2007) studied drag and lift coefficients acting on a circular cylinder placed near a moving ground at

Re=4.0x10" and Re=1.0x10’; the ground had the same speed as the air flow. In this experimental configuration the
author observed that practically no boundary layer was developed on the ground surface and found three ranges of gap-
ratio where important phenomena happen: (a) if #/d > 0.50 , larger vortex structures are generated at the rear part of the

cylinder; (b) if 0.35<h/d <0.50 the vortex shedding is intermittent; (c) if 4/d <0.35 the vortex shedding is

suppressed. Nishino (2007) also studied the end effects on the aerodynamic loads behaviour using end-plates, making
possible comparisons between two-dimensional and three-dimensional flows.
The present work uses a two-dimensional Lagrangian Vortex Method to analyse the vortex shedding suppression

that happens when a circular cylinder is close to a moving ground at subcritical Reynolds number (Re = 1.0x10°).

The Vortex Method used in this work discretizes the vorticity present in the fluid domain using discrete vortices
which are followed individually throughout the numerical simulation. As a consequence it is a mesh-free method and
the governing equations are solved only where vorticity is present; thus the far away boundary condition is
automatically satisfied. The previously mentioned advantages make the Discrete VVortex Method capable to be applied
for the analysis of complex, unsteady and vortical flows; some of the most important works using the Vortex Method
are: Chorin (1973), Leonard (1980), Sarpkaya (1989), Lewis (1991), Kamemoto (2004).
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Considering the conclusions obtained by Nishino (2007), since there is practically no boundary layer developed on
the ground (once the ground has the same velocity as the free stream), in the present work the moving ground is
represented by the absence of vorticity generation on the ground, what means that the ground surface remains fixed.
This numerical strategy was successfully used by Bimbato et al. (2011).

2. GOVERNING EQUATIONS

Figure 1 schematically represents the two-dimensional, incompressible and unsteady viscous flow around a circular
cylinder placed near a surface (the ground surface) whose movement is represented by the absence of vorticity
generation according to Bimbato ez al. (2011); U =1 is the free stream velocity, d =/ is the cylinder diameter, #/d is
the distance between the circular cylinder and the ground plane (the gap-ratio), © is the fluid domain defined by
S=5,uS,uUS, where S, is the body surface, S, is the ground surface and S, is defined far away.
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Figure 1. Definition of fluid region.

The studied phenomenon is governed by the continuity and the Navier-Stokes equations, which can be written:

V-u=0 1)
a—u+u~Vu:—in+ﬁV2u (2)
ot p p

where u is the velocity vector, p is the density, p is the pressure field and u is dinamic viscosity.

It is necessary to impose the boundary conditions. The impenetrability condition (Eg. (3)) demands that the normal
velocity component of the fluid particle (u,) should be equal to the normal velocities components of the surfaces S,

and S, (v,); on the other hand, the no-slip condition (Eq. (4)) demands that the tangential velocity component of the
fluid particle (u, ) should be equal to the tangential velocity component of the surface S, (v, ), since there is no discrete
vortex been generated on S, (Bimbato et al., 2011). Thus:

u,-v,=0,0nS, and S, ®)
u,-v,=0,onlyonS, (4)
Finally, one assumes that, far away, the perturbation caused by the body and the ground plane fades as:

|u| —>U on S, (®)

3. SOLUTION METHOD

Taking the curl of Eq. (2) and considering Eq. (1), Batchelor (1967) obtained the 2-D vorticity equation:
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In order to simplify the numerical implementation of the Vortex Method, Chorin (1973) proposed the “Viscous
Splitting Algorithm” to separate the vorticity convection (Eq.(7)) from the vorticity diffusion (Eq.(8)). Thus:

Dw Ow
—=—+(u-Vio=0 7
Dt ot ( ) ( )
a_wzivzw ©)
Ot Re

where Dw)/ Dt indicates the lagrangian description.
In order to solve vorticity convection the velocity field must be calculated in the position of each discret vortex j
present in the fluid domain, which is composed by three contributions: (i) the incident flow, ui(x,t); (ii) the solid

boundaries, ub(x,z); (iii) the vortex-vortex interaction, uv(x,).
The velocity induced by the incident flow is given by:

ui,=1 and wui,=0 9)

The present work deals to the Panel’s Method (Katz and Plotkin, 1991) to represent the solid boundaries. For this
purpose, the circular cylinder and the ground plane are discretized by source flat panels with constant density. Thus, the
velocity induced by the solid boundaries in the position of ; discrete vortex is given by:

ub[(x/,t): ft//kc;k (x‘/.(t)-xk) yi=1,2and j=1,7 (10)
k=1

where, NP is the total number of source flat panels, y, =const is the source density per unit length and
cly [ %, (£)-x, ] is the i component of the velocity induced at discrete vortex j by k panel.
Finally, the vortex cloud contribution is given by:

A
w,(x,,6)= Y e [, ()-x, ()], i=1,2 and j=1,2 (11)

where I, is the intensity of the & vortex and ¢/, [xj (1)-x, (t)] is the ; component of the induced velocity in a discrete

vortex j by a & discrete vortex.
With the velocity field, Eq. (7) is solved using a first order Euler scheme (Ferziger, 1981):

X; (t+At) =X, (t)+u/. (x,t)At J=1,7Z 12)

where At is the time increment of the numerical simulation.

Ultimately, to completely solve the 2-D vorticity equation is necessary to deal with the diffusion equation. The most
common method to take into account the vorticity diffusion with the Vortex Method is the Random Walk Method
(Lewis, 1991), which is used in this work. This simple method requires simultaneous radial and circumferential
displacements for each discrete vortex such as:

Ve (XU:ij' ) = %Zn [%) [cos(ZnQ) +isen(27rQ)] (13)

where P and Q are random numbers with 0 <P <] and 0<Q < 1.

Finally, with the vorticity and velocity fields it is possible to compute the pressure field. Kamemoto (1993) used a
Bernoulli function defined by Uhlman (1992) and starting from Navier-Stokes equations was able to write a Poisson
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equation for the pressure; this equation was solved using a finite difference scheme. Here the same Poisson equation
was derived and its solution was obtained through the following integral formulation (Shintani and Akamatsu, 1994):

HY,~ [ YVE,-e,ds = Ljvsi ~(uxw)d9—é!:(v5i x)-e,dS (14)

S§,+S,

where i is the point where the pressure is computed, H = 1.0 in the fluid domain, H# =0.5 on the boundaries, = is a
fundamental solution of Laplace equation and e, is the unit vector normal to the solid surfaces.
The drag and lift coefficients are expressed by:

NP NP

Cp=>.2(p, - py) AS,sinp, = > C, A4S, sinp, (15)
=1 =1
NP NP

C, =- Z(pk - Dy )ASkcosﬁk = -Z C,4S,cosp, (16)
k=1 k=1

where p_ is the reference pressure (at S;), 4S8, isthe length and g, is the angle and both of the k& panel.

4. NUMERICAL SIMULATION OF THE FLOW AROUND A CIRCULAR CYLINDER
4.1. Isolated Circular Cylinder

In order to study the vortex shedding suppression phenomenon which occurs, among other situations, when a
circular cylinder is placed near a moving ground, it is convenient to understand the vortex shedding phenomenon in an
isolated circular cylinder.

Table 1 shows the comparison between the present results with the experimental ones made by Blevins (1984). In
numerical experiments, the circular cylinder is discretized in NP = 300 source flat panels, the time increment of the

numerical simulations is 4¢ = 0.05 , the Lamb vortex core is o, = 0.001 and the Reynolds number is Re = 1.0x 10’ .

Tablel. Mean values of drag and lift coefficients and Strouhal number of an isolated circular cylinder.

Re=1.0x10° Co C. St
Blevins (1984) £ 10% 1.20 - 0.19
Present Simulation 1.210 -0.003 0.216

The mean values are computed after the numerical transient is reached, between 50.00 <7 <100.00 and agree well
with the experimental results obtained by Blevins (1984) which is 10% of uncertainty. The Strouhal number, which is a
dimensionless parameter that represents the frequency of vortex structures shedding is about 0.217 and is defined as:

_J
T 17)

where f'is the frequency of vortex structures shedding.

Since the flow around a circular cylinder is well predicted, the computational code is considered able to simulate the
situation where the cylinder suffers the influence of a plane boundary; more details of the study of the flow around an
isolated circular cylinder is discussed in Bimbato et a/. (2011).

4.2. Circular Cylinder near a Moving Ground

The first mechanism that governs the ground effect phenomenon is the wake interference effect which consists of
the interference between the wake formed behind the body and the boundary layer developed on the ground. The
purpose of using a moving ground is to eliminate the discussed interference which is probably one of the most crucial
mechanisms that governs the physics involved in the ground effect problem but that makes its understanding difficult.

The present work deals with the VVortex Method to simulate numerically the two-dimensional, unsteady and viscous
flow around a circular cylinder in the vicinity of a moving ground using the same numerical parameters validated in
Section 4.1. It is important to emphasize that the main purpose of this work is to study the vortex shedding suppression.
The analysis starts with Tab. 2, which shows that the end effects are very significant. The experimental data obtained by
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Nishino (2007) show that for //d > 0.40 the longer the flow is two-dimensional, i.e., the greater y,/d (where y,/d is

the distance between the end-plate border and the circular cylinder), the higher the values of the drag force (compare the
drag force values, for a given /d , when y,/d =0.0, y,/d =0.2 and y,/d =0.4). This happens because in three-
dimensional flows there is momentum changes in the axial direction and then the drag force falls; besides it can be
observed large differences in the drag force between approximately two-dimensional flows (when the end-plates are
used) and three-dimensional ones (when the end-plates are not used). Still as 4/d decreases (//d < 0.40) the drag
force computed with the end-plates tends to the value of three-dimensional configuration, what means the end-plates
lose their ability to make the flow two-dimensional when the body is close to the ground. It can be inferred also the
importance of the three-dimensional effects so it can be classified as the second mechanism that governs the ground
effect phenomenon.

Table 2. Summary of results for drag and lift coefficients on the flow around a circular cylinder near a moving ground.

h/d Nishino (2007) — | Nishino (2007) Nishino (2007) Nishino (2007) Present Simulation - two-

three- (y./d=0.0) (y./d=0.2) (y,/d=0.4) dimensional

dimensional

Cp C, Cp C, Cp C, Cp C, Cp C, St
0.50 0.924 0.045 1.282 0.034 1.298 0.064 1.323 0.090 - - -
0.45 0.926 0.060 1.242 0.054 1.245 0.090 1.311 0.102 - - -
0.40 0.922 0.074 1.145 0.084 1.187 0.116 - - 1.416 0.132 0.200
0.35 0.931 0.092 0.929 0.078 1.031 0.132 - - 1.451 0.032 0.200
0.30 0.930 0.117 0.941 0.111 0.954 0.164 - - 1433 | -0.015 | 0.200
0.25 0.933 0.144 0.951 0.154 0.956 0.198 - - 1.458 | -0.002 | 0.200
0.20 0.939 0.177 0.954 0.188 - - - - 1.409 0.015 0.167
0.15 0.952 0.231 0.957 0.247 - - - - 1.314 0.043 0.150
0.10 0.958 0.308 0.953 0.306 - - - - 1.114 0.387 0.133
0.05 0.965 0.429 0.941 0.477 - - - - 0.675 0.415 0.050

Numerical simulations present higher values for drag force as expected since it study a two-dimensional flow an as
shown by Nishino (2007), the drag force in this flow configuration must be higher than the ones obtained in three-
dimensional cases (for h/d >0.40). Although the numerical code exhibit a delay as regards the lift force trend, it

follows the experimental results what means the lift force increases as 4/d decreases. This behaviour occurs due to the

viscosity effects which causes an additional circulation around the body and a change in the stagnation point providing
a positive lift to the cylinder. Thus, it can be noticed that the results obtained numerically agree with the approximately
two-dimensional ones obtained by Nishino (2007).

Since the main purpose of this work is to study the vortex shedding suppression a special attention must be given to
the last column of Tab. 2 which shows the Strouhal number proceeding as the cylinder comes close to the ground. It can
be noted from Tab. 2 a decrease in Strouhal number (consequently a decrease in vortex shedding) as 4/d decreases. In

order to explain the causes of this reduction the analysis is focused on two gap-ratios: /#/d = 0.35 and h/d = 0.05 .

Figure 2 shows the time evolution of the aerodynamic forces for the two gap-ratios mentioned above. In order to
study in detail the physics involved on vortex shedding suppression five points are highlighted in the charts.
When the distance between the cylinder and the ground is 4/d = 0.35 the same sequence of events described for the

isolated circular cylinder occurs (see Bimbato et al. (2011)). However it can be seen in drag curve (Fig. 2(a)) peaks
sometimes bigger, sometimes smaller; this happens due to the third mechanism that governs the ground effect
phenomenon: the blockage effect imposed by the ground surface. The upper vortex structure has total freedom to grow
up to be fully incorporated by the viscous wake (see, in the sequence, Figs. 3(a), 3(b), 3(c) and 3(d)), which results in
bigger peaks in the drag force (see Fig. 2(a)). On the other hand, the growth of the lower vortex structure is limited by
the ground surface when this vortex structure is been incorporated by the viscous wake (see, in the sequence, Figs. 3(c),
3(d), 3(a) and 3(b)), which causes smaller peaks in the drag force (see Fig. 2(a)).

Figure 2(b) shows the time evolution of the aerodynamic forces acting on the circular cylinder when it is
h/d =0.05 away from the moving ground. It can be noted that the periodic and alternate vortex shedding almost
disappears for this gap-ratio (see the Strouhal number in Tab. 2). Since the body is too close to the ground the viscosity

effects and the Venturi effect work together to cause radical changes in the aerodynamic behaviour of the circular
cylinder.
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Figure 2. Time evolution of the aerodynamic loads for a circular cylinder in ground effect.

The viscosity effects generate an additional circulation around the body and a great change in the stagnation point
(see Fig. 4) providing a high lift force to the cylinder (for #/d = 0.05, C, =0.415). Compare the pressure distribution
at instants represented by point 4 in Figs. 4(a) and 4(b) to see how the stagnation point moves downstream.

(a) Point A (t,

=71.80)

<t o e e e

(c) Point C (t, =74.00)

(b) Point B (t

5 =73.00)

(d) Point D (t,

=75.95)
Figure 3. Near field velocity distribution for a circular cylinder in ground effect (#/d = 0.35).

On the other hand the great Venturi effect contribution is to draw the counter-clockwise vortex structure
downstream; as consequence the clockwise vortex structure detachment and its incorporation by the viscous wake is
delayed (compare Figs. 3(c) and 3(d) with Figs. 5(c) and 5(d)). Due to delay in clockwise vortex structure detachment
the counter-clockwise vortex structure becomes larger causing a deformation in the next clockwise vortex structure that
is borning at the instant represented by point 4 (compare Fig. 3(a) with Fig. 5(a)). As this clockwise vortex structure is
growing deformed it does not have enough energy to attract the lower shear layer at this moment. In fact the upper
vortex structure is fed by the large counter-clockwise vortex structure; when the upper structure grows enough it causes
the counter-clockwise vortex structure detachment and its incorporation by the viscous wake (see Fig. 5(b). Thus the
proximity between the body and the ground modify all the mechanism of vortex shedding causing its suppression as can
be seen by the Strouhal number (compare the Strouhal number values for 4/d = 0.35 and h/d = 0.05 in Tab. 2).
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(@) h/d=0.35 (b) h/d=0.05
Figure 4. Instantaneous pressure distribution for a circular cylinder in ground effect.

When the gap-ratio is h/d = 0.05 it is difficult to define the exact moment of the clockwise vortex structure birth

(see again, Fig. 2(b) and compare Fig. 5(a) with Figs. 3(a)). Since the Venturi effect is strong it takes a relatively long
time until the counter-clockwise vortex structure birth (compare the time it takes from point 4 to point C in Figs. 2(a)
and 2(b)). During this time the clockwise vortex structure grows overmuch (see Fig. 5(b)); as consequence the counter-
clockwise vortex structure is almost all confined by the presence of the ground and the larger clockwise vortex structure
(see Fig. 5(c)). Once the counter-clockwise vortex structure is confined it starts to feed the clockwise vortex structure
until its detachment (see Fig. 5(d)). As soon as starts the clockwise vortex structure detachment the counter-clockwise
structure begins to go through the space formed between the ground and the upper vortex structure (see Figs. 5(d) and

5()).

DL DS = <R
(c) Point C (t. =73.95) (d) Point D (t, =74.55)
Figure 5. Near field velocity distribution for a circular cylinder in ground effect (#/d = 0.05).

As it can be seen, the vortex shedding still exists but it is weaker and delayed. In fact due to Venturi Effect the
interaction between the upper and lower structures which is a necessary condition for the vortex structures detachment
is weakened causing a decrease in drag force as #/d decreases (Tab. 2). Although the total vortex shedding suppression
has not been captured it is expected that it will happen as the body comes closer to the moving ground. Figure 6 shows
the vortex shedding suppression effect development as the gap-ratio decreases.
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Figure 6. Position of discrete vortices in the wake of a circular cylinder in ground effect until position x =25.

5. CONCLUSIONS

The vortex code developed in this work represented successfully the vortex shedding suppression which occurs
when a circular cylinder is placed near a moving ground. The numerical strategy used to represent the ground plane
motion is particular important to save CPU time and it is shown its ability to study relative motion. The numerical
results agree well with the experimental ones obtained by Nishino (2007) and show that the Venturi effect in addition
with the viscous effects are the responsible for the decrease on drag force and the increase on lift force as the cylinder
comes close to the moving ground. It is shown that the ground effect phenomenon is governed by three mechanisms:
the wake interference effect, the three-dimensional effects and the blockage effect. The numerical simulations presented
in this work are an initial study of the vortex shedding suppression. In a near future, it will be study the wake
interference effect which was despised in this work; besides, the study of the flow around an aerodynamic profile placed
near a fixed ground and near a moving ground will be considered. Finally, the roughness effects are under development.
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