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Abstract. This numerical study is related to the determination of aerodynamic loads of a circular cylinder near a moving 
ground by using a two-dimensional purely Lagrangian vortex method. The purpose of this paper is to discuss a numerical 
techniques to impose improved boundary conditions on solid walls, and then reduce the time spend to satisfy the 
boundary conditions on solid walls. The body surface is discretized into M small straight panels. At each time step of the 
simulation, M new nascent Lamb-Oseen vortices are created a small distance � off the body surface, just above of the 
panel control points, and M new sources with constant density are created on the M panels. The strengths of these new 
vortices elements and sources distributions are determined by imposing the no-slip and the impermeability conditions 
respectively. Two additional equations are necessary to ensure global circulation and mass conservation. The procedure 
above described yields in two different kind of algebraic systems to be solved independently. The flow past a circular 
cylinder in the subcritical flow regime (�� = 1.0 ∙ 10	) is simulated and the results obtained, using each kind of 
algebraic system, are compared with experimental results available in the literature to validate the two numerical 
techniques. 
 
Keywords: Vortex Method, Moving Ground, Aerodynamic Loads, reduction of the computational cost, Lagrangian 
Description. 
 

 
1. INTRODUCTION  

 
When a bluff body moves in close proximity to the ground, the plane boundary will have an influence on the flow 

close to the body. In this case, the pattern of flow depends, not just the Reynolds number, but also on the gap-ratio h/d (d 
is cylinder diameter), where ℎ is the gap between the cylinder and the ground. A well kwon practical example in 
engineering application is the flow around a motor car; the calculation of such flows is very complex because of the large 
separated regions and the additional ground effect. 

The relative motion between body and ground was usually neglected in experimental investigations; Roshko et al. 
(1975) studied the fundamental effects of the gap-ratio but did not consider the relative motion between the body and the 
ground. 

Nishino (2007) studied the aerodynamic behavior of a circular cylinder placed near a moving belt in a wind tunnel, 
where the velocity of the moving belt was the same as the oncoming flow. With that, the author concluded that there was 
practically no boundary layer developed on the ground. In his study the vortex shedding from a circular cylinder was 
investigated by visualizing air flows around it at Reynolds numbers of 4.0 ∙ 10� 	− 	1.0 ∙ 10	. In order to inhibit the three-
dimensional effects was used end-plates on the cylinder edges. Nishino (2007) classified the flow into three regimes: 
large-gap (ℎ/� > 0.5), intermediate-gap (0.35 < ℎ/� < 0.5), and small-gap (ℎ/� < 0.35) regimes. In the large-gap 
regime, large-scale, kármán-type vortices were generated just behind the cylinder, resulting in higher values of CD around 
1.3. In contrast, in the small-gap regime, the large-scale vortex shedding totally ceased and instead a dead-fluid zone was 
created, bounded by two nearly parallel shear layers each producing only small-scale vortices in the near wake region. 
No substantial effect of h/d was observed in this regime: CD was almost constant at a lower value of about 0.95. In the 
intermediate-gap regime, the kármán-type vortex shedding was found to be intermittent, i.e., typical instantaneous wake 
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patterns of both the large and small-gap regimes were intermittently observed, and CD rapidly decreased as h/d decreased 
from 0.5 to 0.35.  

Follow the conclusion of Nishino (2007), that if the ground runs at the same velocity of the incoming flow, there is 
practically no development of boundary layer, Bimbato et al. (2009) developed a numerical approach that uses a fixed 
ground, where is necessary to impose only the impermeability condition. As consequence, only on the body surface, near 
the ground plane, vortices are shedding in order to ensure the no-slip condition. On the other hand, on the ground, only 
the impenetrability condition is satisfied and a linear system of algebraic equations for the unknown source strengths is 
formed.  

The aim of the present work is to show the efficiency of the algorithm in decreasing the time of calculation of the 
adherence condition and the ability to predict the drag coefficient of the circular cylinder near the ground. For that, a 
stationary cylinder in the subcritical flow regime (Re=105) is simulated using a two-dimensional Lagrangian Vortex 
Method. The local turbulence effects are taking into account through a second order velocity structure function model 
adapted to a Lagrangian Vortex Method (Alcântara Pereira et al., 2002) together with the boxes structure model (Andrade 
et al., 2016), which accelerates this calculation. The mass and the global circulation are simultaneously conserved using 
a source panel method and generation of vortex elements along the body surface. The aerodynamic loads are calculated 
using an integral formulation derived from the pressure Poisson equation (Shintani & Akamatsu, 1994).   

The idea of the technique used here is to take into account the vortex strengths and the source strengths in the same 
linear system of algebraic to ensure the no-slip condition and the impenetrability condition at once. Therefore, in this 
paper are compared two versions of a Lagrangian vortex method implementation to simulate the two-dimensional, 
incompressible, unsteady flow around a circular cylinder in moving ground effect at a high Reynolds number: the one 
proposed by Bimbato et al. (2009) and with this new technique. 

 
2. MATHEMATICAL FORMULATION 
 
 

Figure 1 presents schematically the two-dimensional unsteady and incompressible flow of a Newtonian fluid with 
constant properties. As one can see, a circular cylinder is placed near a plane surface (ground), which has the same speed 
as the oncoming flow. The incident flow is given by �, and the semi-infinite fluid domain by Ω = �� ∪ �� ∪ ��, where �� is the body surface, �� is the plane surface and �� is the surface defined far from the body. 

 

 
 

Figure 1. Definition of the fluid region 
 
 

The problem is governed by the Navier-Stokes equations, which can be written in the form: 

����
� � = 0, (1) 

����
�! + #$% �

� � #$& = − �
'

�
� � (̅ + 2 �

� + ,-. + .!/�%̅&0, (2) 

where #$% is the velocity filtered field or the macro-scale field (Smagorinsky, 1963), (̅ is the pressure filtered field, 1 is 
the density, . is the molecular viscosity coefficient, .! is the eddy viscosity coefficient and �%̅& is the deformation tensor 
of the filtered field given by Eq. (3). 
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Métais and Lesieur (1992) considered that the small scales may not be too far from isotropic and proposed to use the 

local kinetic-energy spectrum 678 at the cut-off wave number -9:/ to define the eddy viscosity, .!. 
Using a relation given by Batchelor (1953), Lesieur and Métais (1996) proposed to calculate the local spectrum at 9: 

with a second-order velocity structure function ;$� of the filtered field: 
 ;$�-<, ∆?, @/ = ‖B�-<, @/ − B�-< + C, @/‖|C|E∆F� . (4) 

 
From the Kolmogorov spectrum, the eddy viscosity can be written as a function of ;$�: 

.G = 0.105H7I�/�∆?J;$�-<, ∆?, @/, (5) 

where H7 = 1.4 is the Kolmogorov constant. In Eq. (4) is important to note that in three-dimensions the “average operator” 
is applied in the velocities B�-< + C, @/ calculated under the surface of a sphere with the center in < and radius |C|.  

With the Navier-Stokes equations and the method to simulate the micro-scales, it is necessary to impose the boundary 
conditions. This is the adherence condition, which is divided in: (a) The impenetrability condition, which demands that 
the normal velocity component of the fluid particle (#$K) should be equal to the normal velocities components of the 
surfaces �� and �� (LK) (Eq. (6)); (b) The no-slip condition which demands that the tangential velocity component of the 
fluid particle (#$M) should be equal to the tangential velocity component of the surfaces  �� and �� (LM), (Eq. (7)); 

#$K − LK = 0, on  �� and ��, (16) 

#$M − LM = 0, on  �� and ��   (17) 

Therefore, the approach of this work is to simulate the phenomena that occur in the macro-scales by using the Navier-
Stokes equations, Eq. (1) and Eq. (2), and the phenomena that occur in the micro-scales through the eddy viscosity 
coefficient (.G). For simulation of the Navier-Stokes equations, the present study uses Lagrangian Vortex Method that 
simulates the vorticity dynamic. The next section more detail about this method is given. 

3. PRELIMINARY RESULTS 

3.1. Flow around an isolated circular cylinder 
 

The first step to validate the code was to simulate the flow around a stationary circular cylinder. This is a classical 
problem in fluid mechanics so it is a great starting point to validate the code. To obtain the result shown is Tab. 1, the 
same numerical parameter used by Bimbato (2012) were employed here: number of source flat panels used to represent 
the cylinder surface (NO = 300), time increment (∆@ = 0.05) and the Lamb vortex core (PQ = 0.001�). All the 
aerodynamic loads computations were evaluated between 10 ≤ @ ≤ 75, and the Reynolds number studied was 1.0 × 10	.  

As defined, the frequency of the detachment of vortices is measured by the Strouhal number defined as �@ = U�/�, 
being U  the detachment frequency of vortices structures. 

As can be seen in Table 1, the present numerical results agree very well with the experimental ones obtained by 
Blevins (1984), which have an uncertainty of about ±10%. Also for that case, the time-averaged lift coefficient, although 
very small, is not zero which is due to numerical approximations. It can be seen that there is no loss of information with 
the acceleration performed in the structure of satisfying the boundary condition since the results present by Bimbato 
(2012) disagree only in 3.19%, which can be due to accumulated truncation or rounding errors in the calculation process. 

 
Table 1. Mean values of drag and lift coefficients and Strouhal number for an isolated circular cylinder (�� = 10	) 

 
Authors HV̅ HW̅ �@�  

Blevins (1984) 1.20 - 0.19 
Bimbato (2012) 1.22 0.021 0.21 
Present result 1.18 0.020 0.21 

 
In Figure 5, the vortex shedding period can be seen in oscillations of the lift and drag coefficients. As found in the 

characteristic of an isolated circular, the drag coefficient oscillates two times more than the lift coefficient. This means 
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that for each vortex structure detachment, the lift coefficient completes a period, while the drag coefficient completes two 
periods. 

 
 

Figure 5. Time evolution of the aerodynamic forces for the isolated circular cylinder (�� = 10	). 
 
As the code is able to simulate flow around an isolated circular cylinder, we pass to the next step, which is to validate 

the code for the simulation of the ground effect phenomenon, and to predict the aerodynamic forces on circular cylinder. 
In the simulations made in order to study the ground effect, the numerical parameters used in the isolated circular cylinder 
case were maintained, and the moving ground surface was represented by NO� = 200 sources flat panels. It is necessary 
to point out that the same numerical parameters used by Bimbato (2012) employed here, as we want to compare with his 
work, which were successfully validated.  

 
3.2. Circular cylinder in ground effect 

 
In order to validate the numerical technique to satisfy the boundary condition, here we compared the present results 

with those present by Bimbato (2012), which were successfully validated by using the Lagrangian Vortex Method. We 
also compared the present results with the approximately two-dimensional experimental ones obtained Nishino (2007). 
In his experimental study, Nishino (2007) shows the influence of the tip effect on the aerodynamic behavior of the body, 
and in order to study the approximately two-dimensional flow, the author fixed end-plates on the cylinder extremities 
(Fig. 6). The configuration XY/� = 0.4  (where XY is the distance between the edge of the end-plate and the edge of the 
circular cylinder) represents the configuration in which the flow is closer to a 2-D configuration. Thus, we mainly compare 
the numerical results of the present work with the experimental ones obtained by Nishino (2007) with this configuration.  

 

 
 

Figure 6. Experimental apparatus used in wind tunnel tests (adapted from Nishino, 2007). 
 

In Figure 7 is shown the variation of the mean drag coefficients with ℎ/� presented by Zdravkovich (2003), Nishino 
(2007), Bimbato et al. (2012a, b) and the present simulation. In all this work the ground moves with the same velocity of 
the incident flow. From Figure 7, one can check that: 
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Figure 7. Comparison between the results obtained for the average drag coefficient for the circular cylinder subjected to 
the ground effect. 

 
(a) Firstly, as discussed by Nishino (2007), one of the mechanisms that govern the phenomenon of the ground effect 

is related to the three-dimensionality of the flow. Thus, as can be observed in the experiments in which the three-
dimensional effects were important, the drag coefficient increases smoothly as the circular cylinder come close 
to the ground. In the other hand, in the case where the flow is approximately two dimensional (XY/� = 0.0, 0.2 
and 0.4), there was a rapid reduction in the coefficient of drag with the decrease of ℎ/� to less than 0.5 which 
also occurred with the present simulation; 

(b) Comparing the results of the present simulation with those presented by Nishino (2007), it is verified that the 
higher the value of XY/�, the smaller the difference between the presented values. This highlights that the larger 
the distance between the edge of the end-plates and the edge of the circular cylinder, the greater the efficiency 
of it in inhibiting the three-dimensional effects. It can be seen that for ℎ/�	 ≥ 	0.45, the results of the present 
simulation differ from the experimental ones by 8% on average, which is acceptable for numerical simulations. 
For distances ℎ/� ≤ 0.40, the difference between the experimental and numerical results increases. However, 
as the end-plates must not touch the ground, XY/� decreases and, as well as the effectiveness of the end-plates in 
producing two-dimensional flow, justifying the increase in the difference between the results. 

(c) It is verified that the results presented in the present simulation and those presented by Bimbato et al. (2012a, b) 
differentiate, on average, 6% from each other. However, there are cases, such as	ℎ/� = 0.4, where the results 
differ by 2%. This is due to numerical calculations and rounding. 

To explain this mechanism of shedding vortex near a moving ground, a more detailed analysis is made of the flow 
around the circular cylinder at a distance of 0.45 from the ground (ℎ/� = 0.45). This gap ratio is chosen as it is possible 
to compare the results of the present simulation with the one made by Nishino (2007) where the end-plates have the best 
efficiency to produce two-dimensional flow.  In Table 2 the average values of the drag and lift coefficients and the 
Strouhal number for this case are presented. It is observed that the result obtained for the drag coefficient in the present 
simulation differs by approximately 4.6% in relation to the result presented by Bimbato (2012) and 7.32% in relation to 
the experimental result presented by Nishino (2007). The discrepancy with respect to the experimental result is acceptable 
since even using the end-plates, the flow is not perfectly two-dimensional. 
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Table 2. Mean values of drag and lift coefficients and Strouhal number for a circular cylinder near the ground (�� =10	 and ℎ/� = 0.45) 
 

Authors HV̅ HW̅ �@�  
Nishino (2007) – XY/� = 0.4 1.311 0.102 - 

Bimbato (2012) 1.474 0.154 0.205 
Present result 1.407 0.003 0.200 

 
For that case, time-averaged pressure coefficient and the temporal series of drag and lift coefficients on the circular 

cylinder are presented in Figure 8. The time-average pressure distribution on the surface for the simulation of the isolated 
circular cylinder is also shown in Figure 8 (a). Comparing the two curves in Fig. 8 (a) it is possible to verify that the 
pressure at the back of the circular cylinder under the ground effect is smaller than in the case of the isolated cylinder, 
which justifies the increase of the drag coefficient of 1,184 (isolated circular cylinder) to 1,407. 

Comparing now the curves representing the evolution of aerodynamic forces for the case of the isolated circular 
cylinder (fig. 5) and for the case of the circular cylinder under the ground effect (Fig. 8 (a)), it can be seen that, unlike the 
first case, for the cylinder under the ground effect, in a period of oscillation of the drag coefficient, there is an amplitude 
of higher peak and another smaller. This occurs due to the blocking effect imposed by the ground presence, which is one 
of the mechanisms that govern the ground effect phenomenon. 

 

 
 

 
(a) time-averaged pressure coefficient. 

 
(b) temporal series of drag and lift coefficients 

 
Figure 8. Aerodynamic loads acting on a circular cylinder in ground effect (�� = 10	 and ℎ/� = 0.45). 

 
This effect causes the anticlockwise vortex (lower) to have its development limited by the presence of the ground, 

while the clockwise vortex (upper) has complete freedom to develop until it is finally incorporated by the wake vortex. 
Thus, larger amplitude peaks are generated in the drag coefficient curve in the development of a upper vortex structure 
and smaller amplitude peaks in the development of an anticlockwise (lower) vortex structure (see fig. 9 (a)). 

For the evolution of the lift coefficient (fig. 9 (b)), in general, the same dynamics of generation and detachment of 
vortex structures observed for the isolated circular cylinder is verified. At instant represented by point A in fig. 9 (b), 
there is a low-pressure distribution at upper cylinder surface due to the growing of a vortex structure near the cylinder, 
which is at an initial stage of development. This explains the maximum lift force in that moment. The upper clockwise 
vortex structure continues growing fed by the vorticity of the boundary layer to which it is connected.  

At instant represented by point B, the lower vortex structure, which is larger than that the opposite side, attracts the 
upper vortex, which cuts off the vorticity supply of the lower one, causing it to shed on the lower side of the cylinder, 
becoming a free vortex (see Fig. 9 (b)).  

At instant represented by point C, an anticlockwise vortex structure, that was shed on the lower side of the cylinder 
at instant B, is on its initial stage of development. Therefore, there is a low-pressure distribution at lower cylinder surface, 
which explains the minimum lift force (Fig. 9 (b)). This structure grows and is attracted by the opposite shear layer which 
is feeding the clockwise vortex structure causing its detachment. That moment corresponds to the instant D.  
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Despite the similarity of the dynamics of generation and detachment of vortex structures in the isolated circular 
cylinder, it is possible to verify that under the ground effect the anticlockwise (lower) vortex structure develops closer to 
the body (figure 9 (b), point C) than in the isolated case. Thus, there is a lower pressure in the back of the body, which 
justifies the increase of the average drag coefficient in relation to the case in which the body is isolated.  

 

 
 

(a) In the period of the drag coefficient 
 

 
 

(b) In the period of the lift coefficient 
 

Figure 9. Temporal series for the near wake structures for the flow past a circular cyinder in the ground effect (�� =10	). 
 
The most important point here is to show that the technique applies here to compute the boundary condition effectively 

decrease the simulated time. Bimbato (2012) state that the simulations presented in his work had a duration of 584h 
(approximately 25 days) in a computer with the following configuration: INTEL CORE I7 - 2.8GHZ (BOX) 8MB 
CACHE (i7-860), MB INTEL DH55TC, 8GB RAM DDR3 1333 MHZ. The author simulates until @ = 75.0, reaching a 
wake vortex with 450,000 vortices. Using a computer with the same configuration, reaching a wake vortex with the same 
number of vortices at @ = 75.0, this present simulation spent 294h (approximately 13 days), which represent about 50% 
of time consumed by Bimbato (2012). It is necessary to point out that about 51% of the decrease of the time spent in 
simulation is due to the new numerical technique used to compute the boundary condition. Thus, the decrease of the time 
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is also due to the box structure build to compute the eddy of viscosity to simulate the turbulence (for more detail see 
Andrade et al., 2016).     

In conclusion, it is important to see that present program is able to simulate numerically the flow around a circular 
cylinder near the ground more efficiently, which mean in a smaller computational cost. 
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