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Abstract
Unsteady Reynolds-averaged Navier–Stokes (URANS) simulations and detached-eddy simulations (DES) were
performed of ﬂow around a circular cylinder placed near and parallel to a moving ground, on which substantially no
boundary layer developed to interfere with the cylinder. The results were compared with experiments previously
reported by the authors to examine how accurately the URANS and DES can predict the cessation of von Kármán-type
vortex shedding and the attendant critical drag reduction of the cylinder in ground effect. The DES, which were
performed in a three-dimensional domain with spanwise periodicity imposed, correctly captured the cessation of the
vortex shedding, whereas both two- and three-dimensional URANS also predicted it but at a much smaller gapto-diameter ratio compared with the experiments. The wake structures of the cylinder predicted by the DES were in
good agreement with the experiments in both large- and small-gap regimes, and also in the intermediate-gap regime,
where the DES captured the intermittence of the vortex shedding in the near-wake region. Based on the results
obtained, further discussions are also given to the reason why the von Kármán-type vortices in the URANS solutions
incorrectly ‘survived’ until the cylinder came much closer to the ground.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Unsteady RANS (URANS); Detached-eddy simulation (DES); Circular cylinder; Ground effect; Vortex shedding; Wake
instability

1. Introduction
Large-scale, von Kármán-type (i.e., asymmetric, alternating) vortex shedding from cylindrical bluff bodies is of
fundamental interest as well as of great importance in ﬂuid mechanics. It is of crucial importance in many engineering
applications to fully understand the characteristics of, and to accurately predict the behaviour of, this type of vortex
shedding since its variation may signiﬁcantly alter various ﬂuid–mechanical properties of practical interest, such as
ﬂow-induced forces, vibrations and noise, and the efﬁciencies of heat and mass transfer. There are many cases in which
a signiﬁcant change can be seen in the behaviour of this type of vortex shedding, and one of the simplest—the
mechanisms of which, however, are still unclear—is that observed when a circular cylinder is located near a plane
boundary or ground; the focus of the present study is on this ﬂow conﬁguration.
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Strouhal number, fd/UN
time
Cartesian components of velocity
free-stream velocity
Cartesian coordinates
scaled wall distance
time step
size of control volume
angle
separation angles (+: upper side, :
bottom side)
kinematic viscosity
nondimensional spanwise vorticity,
(qV/qx@U/@y)d/UN

The ﬂow around a circular cylinder placed near and parallel to a ground has been experimentally investigated by
Bearman and Zdravkovich (1978), Zdravkovich (1985), Lei et al. (1999), and the present authors (Nishino et al., 2007),
among others [see Nishino et al. (2007) for a more extensive review]. The characteristics of the ﬂow and force acting on the
cylinder in this case are governed not only by the Reynolds number Re but also by the gap ratio, i.e., the ratio of the
distance between the cylinder and the ground, h, to the cylinder diameter d (Bearman and Zdravkovich, 1978). However,
the mechanisms of the ﬂow and force variations caused by different h/d, or ‘ground effect’, are in general rather
complicated since they can be signiﬁcantly affected by the state of the boundary layer formed on the ground (Zdravkovich,
1985; Lei et al., 1999). Hence the present authors recently carried out a series of experiments on a circular cylinder placed
near a moving ground running at the same speed as the free-stream (Re ¼ 0.4 and 1.0  105 based on the cylinder diameter
d) to avoid the confusing effects of the boundary layer and thereby to elucidate the essence of the ground effect (Nishino
et al., 2007). The cylinder was equipped with a pair of end-plates to ensure quasi-two-dimensionality of the ﬂow. As a
result, the characteristics of the ﬂow were classiﬁed into three fundamental regimes: large-gap (h=d40:5), intermediate-gap
(0:35oh=do0:5), and small-gap (h=do0:35) regimes. In the large-gap regime, large-scale, von Kármán-type vortices were
generated just behind the cylinder, whereas in the small-gap regime, the vortex shedding ceased and instead a dead-ﬂuid
zone was created, bounded by two nearly parallel shear layers each producing only small-scale vortices, as shown in Fig. 1.
Also of particular interest in the study was that the drag coefﬁcient of the cylinder rapidly decreased as h/d decreased from
0.5 to 0.35 but became constant for h=do0:35, suggesting that the rapid drag reduction of the cylinder in ground effect is
primarily related to the cessation of the von Kármán-type vortex shedding in the near-wake region.

Fig. 1. Typical instantaneous wake structures (spanwise vorticity ﬁelds) behind a circular cylinder in ground effect, measured by PIV,
Re ¼ 4.0  104 [reproduced from Nishino et al. (2007)]. (a) h/d ¼ 0.6; (b) h/d ¼ 0.2.
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The numerical investigation reported in this paper is a subsequent study of the experiments described above. The ﬂow
around a circular cylinder at Reynolds numbers greater than 103–104, however, is still a challenging subject in today’s
computational ﬂuid dynamics (CFD) even if the cylinder is outside the ground effect. Steady and even unsteady
Reynolds-averaged Navier–Stokes (SRANS and URANS, respectively) simulations cannot reproduce with sufﬁcient
accuracy the wake structures of wide-ranging spatial and time scales, whereas direct numerical simulations (DNS) of
this type of ﬂow are not currently feasible due to the huge computational costs required (Spalart, 2000). A further
difﬁculty for simulating the ﬂow around a circular cylinder arises from the fact that the ﬂow separation points are not
ﬁxed or determined by the geometry (Shur et al., 1996), in comparison with, for example, a square cylinder, for which
the separation points are ﬁxed at the two front corners and the ﬂow can be reasonably predicted, at least in the mean
sense, by URANS [with a special care to avoid the excessive production of turbulence in the front stagnation region,
e.g., Kato and Launder (1993), Bosch and Rodi (1998); see also Section 3.3]. Some promising results of large-eddy
simulations (LES) have been reported by Breuer (1998, 2000) on a circular cylinder in a uniform cross-ﬂow
(Re ¼ 3.9  103 and 1.4  105, respectively), but an essential problem in the use of LES is again the computational cost
required to sufﬁciently resolve the near-wall region, especially in high-Re cases. A possible alternative to LES is the
detached-eddy simulation (DES), which is one of the hybrid methods that combine URANS and LES to obtain realistic
solutions of practical high-Re ﬂows at acceptable computational costs [Shur et al. (1999); see also Breuer et al. (2003)
and Squires (2004) for recent progress on DES]. Travin et al. (2000) performed the DES of ﬂow around a circular
cylinder in a uniform cross-ﬂow in the subcritical (laminar-separation) and postcritical (turbulent-separation) ﬂow
regimes. The results were in good agreement with experiment and also with LES, especially at a subcritical Reynolds
number of 5.0  104.
The objective of the present study, where the ﬂow around a circular cylinder placed near a moving ground is
numerically simulated, is twofold. The ﬁrst goal is to examine whether, and how accurately, URANS and DES can
reproduce the cessation of the von Kármán-type vortex shedding and consequently the rapid or critical drag reduction
of the cylinder in ground effect. This ﬂow conﬁguration might be considered, from the viewpoint of CFD researchers, as
one of the simplest (but still challenging) test cases that contain the problem of large-scale vortex shedding and its
cessation or suppression, and hence the results of the present validation may serve as a primary criterion for the
applicability of URANS and DES to such vortical ﬂows often encountered in engineering applications. The second
objective, on the other hand, is to investigate the predicted ﬂow ﬁelds in more detail, and thus to provide further insight
into the physical mechanisms of the ground effect as well as into the reason why the DES and URANS can/cannot
correctly capture the cessation of the vortex shedding. The DES in the present study, which is based on the
Spalart–Allmaras one-equation model [S–A model; Spalart and Allmaras (1992)], is performed in a three-dimensional
domain with periodicity imposed in the spanwise direction, basically following the DES by Travin et al. (2000).
Meanwhile, the URANS simulations are carried out in both two- and three-dimensional domains, where the S–A model
and also a classical, low-Reynolds-number k–e model of Launder and Sharma [LS k–e model; Launder and Sharma
(1974)] are employed for the purpose of comparison. The results reported in this paper are restricted to a subcritical
ﬂow of Re ¼ 4.0  104 to focus on the issues relevant to the ground effect rather than to the Reynolds number effect.

2. Computational details
2.1. Overview
Fig. 2 summarises the computational domain and boundary conditions employed in this study; the ground effect was
simulated by changing the gap ratio h/d from 1.0 to 0.1. The computations were conducted using a commercial CFD
package, FLUENT6 (Fluent Inc., 2005), in which a ﬁnite volume method was used to discretise the governing/model
equations for incompressible turbulent ﬂows to be solved. The equations were spatially discretised with second-order
accuracy on multi-block structured grids (Fig. 3), temporally discretised using a second-order fully implicit scheme, and
then iteratively solved. Further details of the computation are described below.
2.2. URANS simulation
The concept of URANS is based on the triple decomposition of time-dependent variables (Hussain and Reynolds,
1970), where each instantaneous variable, such as velocity and pressure, is decomposed into long-time-averaged,
periodic, and turbulent (or stochastic/random) components. The sum of the ﬁrst two is often referred to as a coherent
(or ensemble-averaged) component, for which the Reynolds-averaged Navier–Stokes (RANS) equations are derived
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Fig. 2. Computational domain and boundary conditions.

Fig. 3. Example of computational grids (h/d ¼ 0.2).

and solved by using some turbulence closure models. It should be noted, however, that most closure models of today,
including the S–A and LS k–e models used in this study, are basically adjusted to reproduce the spreading rate of mixing
layers in steady RANS simulations, i.e., the Reynolds stresses predicted by the models implicitly contain contributions
not only from the turbulent or random motions but also from the coherent motions of the ﬂow (Spalart, 2000), and
therefore, in general, the models are ‘overly dissipative’ (Menter et al., 2003) when used in URANS simulations. It
should also be noted that, in most real ﬂows, including the cylinder wakes studied here, the turbulent and coherent
motions cannot be explicitly distinguished as the scales of the two motions do not differ enough in nature.
2.3. Detached-eddy simulation
The main feature of the DES performed in this study is that a single turbulence model (a slightly modiﬁed version of
the S–A model) serves as a statistical model (i.e., URANS mode) in near-wall regions, and also serves as a subgrid-scale
model (i.e., LES mode) in far-wall regions. Speciﬁcally, the nearest-wall-distance n that governs the eddy viscosity in the
original S–A model is replaced in the DES by a new length scale n~ deﬁned as
n~ ¼ min ½n; 0:65Dmax ;

Dmax ¼ max ½Dx; Dy; Dz,

(1)

where Dx, Dy and Dz denote the size of a control volume (or the grid spacing) in each direction. This simple formulation
of the DES, however, raises an issue concerning the physical interpretation of the ‘grey area’ (nE0.65Dmax), where the
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operation mode is switched between URANS and LES, and the justiﬁcation of this switch solely relies on the disparity
in the scales between the attached- and detached-eddies (Spalart, 2001). In practice, the switch between the URANS
and LES modes can take place inside the boundary layers when using excessively ﬁne computational grids, and
this often causes a premature or grid-induced separation (Menter et al., 2003). It follows that the grid spacing in
DES should be carefully decided so that the boundary layers are analysed in the URANS mode rather than in the
LES mode.
2.4. Computational grids
Two- and three-dimensional multi-block structured grids were created in this study, the former of which were only
for URANS and the latter of which were for both URANS and DES. An example of the two-dimensional grids is
shown in Fig. 3, where the gap ratio h/d ¼ 0.2. This grid topology, which basically follows that used for a circular
cylinder in free-stream by Menter et al. (2003), was employed because of its simplicity and applicability to the current
ﬂow conﬁguration (i.e., with a nearby ground). Note that this grid topology is not ‘optimal’ in the sense that the angles
between grid lines change on the block interfaces; this, however, did not appear to cause any problems or inﬂuence the
results signiﬁcantly in the current work. In order to investigate the ground effect, 14 different grids (seven for twodimensional and the other seven for three-dimensional cases, for h/d ¼ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1.0, respectively)
were created but keeping the same grid topology.
For the two-dimensional (x–y) grids, 200 grid points were equidistantly located around the cylinder, whereas 180
points were non-equidistantly distributed on the ground. The distance from the cylinder and ground surfaces to the
nearest grid points is 0.0002d, which ensures a sufﬁcient spatial resolution of y+p0.6 in this study. The number of the
grid points for the two-dimensional grids ranges from 27 200 (for h/d ¼ 0.1) to 35 300 (for h=d ¼ 1:0). The threedimensional grids were then created by simply extending the two-dimensional grids in the spanwise (z) direction. The
spanwise length of the domain was set at 2d with periodic boundary conditions imposed on the ends, following the DES
by Travin et al. (2000), and 40 grid points were equidistantly located in that direction, i.e., the total number of the grid
points ranges from about 1.1 to 1.4 million (depending on h/d), and the spanwise grid spacing Dz ¼ 0.05d. It should be
noted that this spanwise grid spacing was selected considering the thickness of the boundary layer on the cylinder
surface (about 0.03d at the maximum) since Dz is the largest grid spacing (i.e., larger than Dx and Dy) around
the cylinder and hence in the DES directly affects the switching between the URANS and LES modes in that region
[cf. Eq. (1)]. Speciﬁcally, for the region around the cylinder, a thin URANS layer of 0.0325d thickness was formed, in
which 30 grid points were allocated in the direction normal to the cylinder surface.
In addition to these 14 grids for the main part of the study, another ﬁve grids of different spatial resolutions (in the
x–y plane and also in the z direction) were also created to examine the grid dependency of the simulations. Although a
problem of explicit grid dependency in DES has been pointed out by Menter et al. (2003) and other researchers, a
certain degree of grid convergence was achieved in this study due to the rather simple geometry of the ﬂow simulated;
details will be described later in the Appendix.
2.5. Numerical methods and procedures
The governing/model equations derived from the URANS and DES formulations were spatially discretised on the
structured grids described above. Basically the convection terms were discretised using a second-order upwind scheme,
whereas the diffusion terms were discretised using a second-order central difference scheme. An exception to this,
however, was the convection term in the momentum equations in the DES, for which the central difference scheme was
used rather than the upwind scheme, in order to reduce the inﬂuence of numerical diffusion [see, e.g., Ferziger and Peric
(2002)]. The equations were further discretised in time by using a second-order (or three-time-level) fully implicit
scheme, and then iteratively solved using the ‘segregated’ solver in FLUENT6 (Fluent Inc., 2005), in which the
SIMPLE algorithm (Patankar, 1980) was used to derive the pressure-correction equations.
For most computations in this study, 20–30 iterations were found to be enough for the solution at each time instant
to be converged. The dimensionless time step DtUN/d was set at 0.021, which ensured sufﬁciently small CFL numbers
of less than 2 for most part of the computational domain. A smaller DtUN/d of 0.0042 was preliminarily tested for
comparison, and the differences between the two cases were found to be very small, as shown in the Appendix. The
iteration process was ﬁrst continued until the ﬂow ﬁeld had sufﬁciently developed, i.e., the inﬂuence of initial conditions
had become negligible, and then was further continued to obtain the time-averaged data of the ﬂow ﬁeld. At least 100
dimensionless time units (tUN/d), which corresponded to about 20–30 vortex-shedding cycles, were taken at this stage
so as to obtain reliable statistical information.
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2.6. Boundary conditions
At the inlet boundary of the domain (see Fig. 2), a steady uniform ﬂow (UN ¼ 6 m/s) of low turbulence level
(corresponding to a turbulence intensity of 0.3% and a turbulent viscosity ratio of unity, with the former condition
applicable only to the LS k–e URANS) was given so as to simulate the subcritical ﬂow (Re ¼ 4.0  104) around the
cylinder. For the DES and S–A URANS simulations, however, the so-called ‘trip-less approach’ (TLA) was
additionally used, following Travin et al. (2000), in order to obtain more ‘plausible’ results for the subcritical ﬂow of
this Re range [i.e., the transition to turbulence taking place just after the ﬂow separation from the cylinder, see, e.g.,
Zdravkovich (1997)]. Speciﬁcally, the turbulent viscosity ratio at the inlet was reduced from unity to 109 after the ﬂow
ﬁeld had sufﬁciently developed under the original boundary conditions. This modiﬁcation provides a ‘self-sustaining’
eddy-viscosity ﬁeld behind the ﬂow separation from the cylinder, i.e., the (almost) zero eddy viscosity values from the
inlet propagates to the region before the separation but the nonzero values behind the separation are sustained as they
diffuse into the separated shear layers and cause a rapid production of themselves, and thus the sudden increase in the
eddy viscosity after the ﬂow separation can be imitated without giving any information on the transition point a priori.
After the change of the inlet turbulent viscosity ratio, the computation was further continued until the ﬂow ﬁeld had
developed again, and thereafter the time-averaged data of the ﬂow were collected.
At the outlet boundary, a condition of zero-diffusion-ﬂux in the streamwise direction (which assumes no velocity
gradient in that direction and is referred to as the ‘outﬂow’ boundary condition in FLUENT6) was applied. It was
justiﬁed because the distance from the cylinder to the outlet boundary was sufﬁciently long for the outlet boundary
condition to have negligible inﬂuence on the near-wake region of the cylinder ﬂow. As concerns the upper boundary of
the domain (cf. Fig. 2), a symmetry (or slip) condition was imposed also because the distance from the cylinder to the
boundary was long enough. For the side boundaries, periodic conditions were imposed as mentioned before. As for the
cylinder and ground surfaces, no-slip conditions (U ¼ V ¼ W ¼ 0 for the cylinder, whereas U ¼ UN and V ¼ W ¼ 0
for the moving ground) were employed.

3. Results and discussion
Computational conditions are summarised in Table 1. Four types of simulations were performed in this study,
hereafter simply referred to as ‘2-D k–e’, ‘2-D S–A’, ‘3-D S–A’, and ‘DES’. Note that the 2-D k–e and 2-D S–A were
carried out on the same two-dimensional grids, whereas the 3-D S–A and DES were performed on the same threedimensional grids, for h/d ¼ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1.0, respectively.

3.1. Drag reduction and the cessation of von Kármán-type vortex shedding
Fig. 4 compares the time-averaged drag coefﬁcient of the cylinder in ground effect. The results of the experiments
conducted at the same Reynolds number (Nishino et al., 2007) are also shown in the ﬁgure for comparison. An
important feature of the ground effect to be focused on here is the critical change in CD due to the cessation of the largescale von Kármán-type vortex shedding at h=do0:35 (as illustrated in Fig. 1). As can be seen from the ﬁgure, both 2-D
and 3-D URANS predicted a critical change in CD but at much smaller h/d of 0.2–0.1 (as they incorrectly predicted the
large-scale vortex shedding at h/d of down to 0.2, as will be shown later). Meanwhile, the drag behaviour predicted by
the DES agreed better with the experiments: the critical drag reduction was qualitatively correctly captured at h/d of
0.4–0.3, although the predicted values of CD were slightly higher than the experimental values at all h/d investigated.
Table 1
Summary of computational conditions
Case

Type

2-D k–e
2-D S–A
3-D S–A
DES

2-D,
2-D,
3-D,
3-D,

a

URANS
URANS
URANS
DES

Model

TLAa

h/d

Re

LS k–e
S–A
S–A
(Modiﬁed) S–A

No
Yes
Yes
Yes

0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 1.0

4.0  104

TLA: Trip-less approach (cf. Section 2.6).
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Fig. 4. Time-averaged drag coefﬁcient versus gap ratio.

Fig. 5. Time variation of drag and lift coefﬁcients (DES); solid and dashed lines indicate CD and CL, respectively. (a) h/d ¼ 1.0;
(b) h/d ¼ 0.6; (c) h/d ¼ 0.4; (d) h/d ¼ 0.3; (e) h/d ¼ 0.2; (f) h/d ¼ 0.1.

Fig. 5 shows the time variations of the drag and lift coefﬁcients of the cylinder predicted by the DES for different gap
ratios. Note that the solid and dashed lines indicate the variations of CD and CL, respectively. It is obvious from the
ﬁgures that the DES captured the cessation of the large-scale vortex shedding between two h/d of 0.4 and 0.3, which is
consistent with the experiments. The Strouhal number St obtained was around 0.21–0.22 for all h/d of greater than 0.3,
which is comparable to the well known St value of about 0.2 for a circular cylinder outside the ground effect in this Re
regime [see e.g., Zdravkovich (1997)]. Fig. 6 shows typical instantaneous wake structures of the cylinder predicted by
the DES. A clear difference can be seen between the two cases: three-dimensional large-scale vortex shedding was
predicted behind the cylinder at h=d ¼ 0:6, whereas two nearly parallel shear layers (but still having embedded threedimensional turbulent structures) were formed at h/d ¼ 0.2. The mid-span sections of these two instantaneous ﬂow
ﬁelds are shown in Fig. 7(a) and (b), respectively, where the contours of nondimensional spanwise vorticity are plotted.
A comparison with the PIV results (Fig. 1) suggests that the DES successfully captured the main features of the wake
structure of the cylinder in both the large- and small-gap regimes.
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Fig. 6. Isosurfaces of the magnitude of instantaneous vorticity (DES). (a) h/d ¼ 0.6; (b) h/d ¼ 0.2.

Fig. 7. Typical instantaneous spanwise vorticity ﬁelds at two different gap ratios (DES). (a) h/d ¼ 0.6; (b) h/d ¼ 0.2.

Of further interest in the time variation of the ﬂow predicted by the DES is that the periodic shedding temporarily
ceased at h=d ¼ 0:4 [Fig. 5(c), at tU 1 =d  75], and was only temporarily awakened at h/d ¼ 0.3 [Fig. 5(d), at tU 1 =d 
60 and 110]. This qualitatively agrees with the experimental observation that the von Kármán-type vortex shedding was
intermittent in the intermediate gap regime (Nishino et al., 2007). Fig. 8 shows instantaneous spanwise vorticity ﬁelds
behind the cylinder at h=d ¼ 0:4 at two different time instants. It can be seen that at tU 1 =d ¼ 75:6 [Fig. 8(a)], around
which time the ﬂuctuations of the forces almost diminished to zero [cf. Fig. 5(c)], a small dead-ﬂuid zone was
temporarily generated behind the cylinder. At tU 1 =d ¼ 136:5 [Fig. 8(b)], however, large-scale vortices were formed just
behind the cylinder, similar to those observed at h=d ¼ 0:6 [cf. Fig. 7(a)].
Figs. 9 and 10 show the time variations of the force coefﬁcients predicted by the 2-D and 3-D S–A simulations,
respectively, at h=d ¼ 1:0, 0.4, and 0.2. The ﬁgures clearly show that, in contrast to the DES, both 2-D and 3-D S–A
predicted a periodic vortex shedding even at h=d ¼ 0:2, where the shedding is supposed to cease according to the
experiments (note that at h=d ¼ 0:1 the vortex shedding ceased and a steady solution was obtained in both 2-D and 3-D
S–A and also in the 2-D k–e). The Strouhal number obtained from the 2-D S–A was slightly higher than those from the
3-D S–A and DES (cf. Table 2 in the Appendix). Also of interest here is that the 2-D S–A (and also the 2-D k–e) yielded
fully periodic time variations at all h/d of greater than 0.1, whereas the 3-D S–A showed some low-frequency
modulations but only at h=dX0:4 [cf. Fig. 10(a) and (b)]. Fig. 11 shows instantaneous wake structures of the cylinder
predicted by the 3-D S–A at h=d ¼ 0:6 and 0.2. It can be seen that at h=d ¼ 0:2 the 3-D S–A yielded an almost twodimensional wake, whereas at h=d ¼ 0:6 it yielded a three-dimensional wake consisting of not only spanwise vortices
but also streamwise ‘rib’ vortices, although these three-dimensional vortical structures are still much coarser than those
predicted by the DES [cf. Fig. 6, see also Travin et al. (2000) for a circular cylinder in free-stream]. In this connection,
Shur et al. (2005) recently reported, for a circular cylinder in free-stream, that this type of low-frequency modulation
and moderate three-dimensionality in 3-D URANS may or may not be observed depending on the spanwise size of the
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Fig. 8. Instantaneous spanwise vorticity ﬁelds at two different phases at h=d ¼ 0:4: (a) tU 1 =d ¼ 75:6 and (b) tU 1 =d ¼ 136:5 (DES).

Fig. 9. Time variation of drag and lift coefﬁcients (2-D S–A); solid and dashed lines indicate CD and CL, respectively. (a) h/d ¼ 1.0;
(b) h/d ¼ 0.4; (c) h/d ¼ 0.2.

Fig. 10. Time variation of drag and lift coefﬁcients (3-D S–A); solid and dashed lines indicate CD and CL, respectively. (a) h/d ¼ 1.0;
(b) h/d ¼ 0.4; (c) h/d ¼ 0.2.

domain and also on the turbulence model employed. The present results are of interest in showing that it may also
depend on a geometric parameter of the ﬂow simulated, even though the relevance of this to real physics is still unclear.
3.2. Mean flow characteristics
Fig. 12 compares the time-averaged separation angles on both upper (open) and bottom (gap) sides of the cylinder in
ground effect. The separation angles estimated from oil ﬂow visualisation tests [at a higher Reynolds number of
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1.0  105 (Nishino et al., 2007)] are also shown here for the purpose of comparison (note that this Reynolds number in
the oil ﬂow tests is still within the subcritical regime and thus comparing the results should still be reasonable). Also
note that ysep plotted in this ﬁgure indicates the magnitude of the angle from the front position (x=d ¼ 20:5, y=d ¼ 0)
to the separation position. It can be seen that the DES agreed better with the experiments, whereas the URANS
simulations predicted larger angles compared with the experiments (note that the angles predicted by the 2-D S–A, not
presented here, were slightly larger compared with those by the 3-D S–A; cf. Table 2 in the Appendix).
Fig. 13 shows the mean pressure distributions around the cylinder predicted by the DES for different gap ratios.
These results describe the mechanisms of the drag and lift behaviours in ground effect. That is, the rapid drag reduction
at h/d ¼ 0.4–0.3 occurs primarily due to an increase in the base pressure, whilst the lift gradually increases as the gap
decreases mainly because the high pressure region around the front stagnation point shifts to the bottom side of the
cylinder. There are, unfortunately, no experimental data available to be compared with, although a good accuracy of
DES on a pressure distribution around a circular cylinder in free-stream (i.e., outside the ground effect) has been
reported by Travin et al. (2000) and also conﬁrmed by the present authors (not presented here).
Fig. 14 show the time-averaged streamwise velocity contours obtained by the DES and 3-D S–A simulations. It can
be seen that the DES predicted the recirculation region behind the cylinder to be signiﬁcantly elongated as h/d
decreased from 0.4 to 0.3 and below, due to the cessation of the von Kármán-type vortex shedding. This agrees with the
results of the PIV measurements performed at the same Reynolds number (Nishino et al., 2007), and is consistent with
the increase in the base pressure described above. In contrast, the recirculation region predicted by the 3-D S–A remains
small even at h=d ¼ 0:2, primarily because the 3-D S–A failed to capture the cessation of the vortex shedding as
mentioned before. Fig. 15 compares the length of the recirculation region, Lr, predicted behind the cylinder. The results
from the PIV measurements are also plotted here for comparison. As is obvious from the ﬁgure, all URANS
simulations in this study predicted smaller Lr compared with those by the DES and the experiments, especially at
smaller gap ratios.
Fig. 16 compares the mean streamwise velocity proﬁles behind the cylinder at h=d ¼ 0:6 and 0.2. Note that the
proﬁles at x=d ¼ 0:5, 1.0, 1.5, 2.0, and 2.5 predicted by the DES and 3-D S–A are shown in each ﬁgure, and those
obtained by the PIV measurements (but only at x=d ¼ 1:0, 1.5, 2.0, and 2.5) are also plotted for comparison. It can be
seen that the DES successfully captured the mean wake proﬁle of the cylinder at both larger and smaller gap ratios, i.e.,
the parabolic-like proﬁles because of the vortex shedding at h=d ¼ 0:6 and the top-hat-like proﬁles due to the cessation
of the vortex shedding at h=d ¼ 0:2. In contrast, the 3-D S–A showed some discrepancies in the near-wake region at
h=d ¼ 0:6, but totally failed to predict the correct proﬁle at h=d ¼ 0:2, again primarily because the 3-D S–A failed to
capture the cessation of the vortex shedding at this smaller gap ratio. This was also the case with the 2-D URANS
simulations (not presented here).
3.3. Further discussion on the cessation of von Kármán-type vortex shedding
After comparing the accuracy of the URANS and DES in the preceding sections, the focus of the discussion is now
back to the cessation of the von Kármán-type vortex shedding. As demonstrated in this study the capability of
turbulence models/techniques to correctly predict the formation and cessation of large-scale vortex shedding is of
crucial importance when they are applied to this type of bluff body ﬂow. It is therefore worthwhile—not only from the
physical but also from the computational point of view—to address the question: ‘‘Why did the von Kármán-type
vortices incorrectly ‘survive’ in the URANS simulations until the cylinder came much closer to the ground?’’
The ﬁrst thing to be noted here is that the incorrect shedding observed in the URANS in this study contradicts the
general view in CFD that vortex shedding should tend to be suppressed when the predicted ﬂow is ‘overly dissipative’
(cf. Section 2.2) or the predicted eddy viscosity is excessively large. In fact, comparing the results between the 3-D S–A
URANS and DES, the URANS yielded a much larger eddy viscosity than that by the DES in the region after the
separation from the cylinder (note that in the region before the separation the eddy viscosity was kept almost zero in
both URANS and DES due to the TLA, cf. Section 2.6). This shows that the accuracy of the prediction of the vortex
shedding cannot be simply or directly linked with the difference in the level of eddy viscosity predicted.
A possible explanation for the ‘delayed’ cessation in the URANS, however, can be found in the mean wake proﬁles
predicted by the URANS and DES at the smallest gap ratio of 0.1, where not only the DES but also the URANS
captured the cessation of the vortex shedding due to the strong inﬂuence of the nearby ground. Fig. 17 compares the
mean streamwise velocity proﬁles at x=d ¼ 1:0 and 1.5 predicted by the 3-D S–A URANS and DES for h=d ¼ 0:1. It
can be seen that the DES predicted a wider top-hat-like wake proﬁle with a smaller backﬂow velocity in this region,
whereas the 3-D S–A still yielded a narrower parabolic-like wake proﬁle with a larger backﬂow velocity despite having
captured the cessation of the vortex shedding. This difference in the mean velocity proﬁles in the near-wake region may
be of crucial importance when considering the stability characteristics of the wake.

ARTICLE IN PRESS
28

T. Nishino et al. / Journal of Fluids and Structures 24 (2008) 18–33

Fig. 11. Isosurfaces of the magnitude of instantaneous vorticity (3-D S–A). (a) h/d ¼ 0.6; (b) h/d ¼ 0.2.

Fig. 12. Time-averaged separation angle versus gap ratio.

Fig. 13. Time-averaged pressure distributions (DES).

From the viewpoint of hydrodynamic stability theory of spatially developing ﬂows, the key to the formation of von
Kármán-type vortices behind two-dimensional bluff bodies is the existence of absolutely unstable regions in the nearwake region, which allows local disturbances to propagate both upstream and downstream, resulting in a resonance
between the travelling instability waves [see Huerre and Monkewitz (1990) and Oertel (1990) for further descriptions].
Of interest here is that, a linear stability analysis of simpliﬁed wake proﬁles in ground effect (Nishino and Roberts,
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Fig. 14. Contours of nondimensional mean streamwise velocity: (a–e) DES, and (f–j) 3-D S–A. (a, f) h/d ¼ 1.0; (b, g) h/d ¼ 0.4; (c, h)
h/d ¼ 0.3; (d, i) h/d ¼ 0.2; (e, j) h/d ¼ 0.1.

2007) indicated that the state of the wake tends to change from being absolutely unstable to being convectively unstable
as the relative ground distance H/B, where H is the distance from the wake centreline to the ground and B is the width
of the wake, is reduced, as well as when the reverse or backﬂow velocity of the wake is reduced. Comparing these trends
with the results shown above in Fig. 17, it is speculated that the near-wake proﬁles predicted by the 3-D S–A URANS
are more absolutely unstable than those predicted by the DES, and thus are more susceptible to the formation of the
von Kármán-type vortices.
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Fig. 15. Recirculation length versus gap ratio.

Fig. 16. Comparison of mean streamwise velocity proﬁles. (a) h/d ¼ 0.6; (b) h/d ¼ 0.2.

The above interpretation of the incorrect vortex shedding turns out to be more probable when one compares the
present results with the 2-D URANS simulations of ﬂow past a square cylinder placed near a ﬁxed ground by Bosch
and Rodi (1996), where the standard k–e model predicted an ‘earlier’ cessation of the vortex shedding in ground effect
(i.e., the shedding was predicted to cease at a higher gap ratio than that observed in experiments), in contrast to the
URANS simulations in the present study. Bosch and Rodi (1996) showed that the prediction of the cessation could be
improved by employing an ad hoc modiﬁcation of the k–e model proposed by Kato and Launder (1993) to prevent the
excessive production of turbulence, and thus suggested that the ‘earlier’ cessation of the vortex shedding in ground
effect predicted by the standard k–e model was due to the excessive damping caused by the excessive eddy viscosity in
the wake. However, these results may also be interpreted, from the stability point of view, that the wider wake predicted
by the standard k–e model was less absolutely unstable than the narrower wake predicted by the model with the
Kato–Launder modiﬁcation (note that the relative ground distance H/B decreases as the wake width B increases). That
is to say, it is inferred that in the present study all URANS simulations predicted ‘delayed’ cessation of the vortex
shedding behind a circular cylinder primarily because they predicted narrower wakes and therefore larger H/B in the
near-wake region, whereas in the study by Bosch and Rodi (1996) the standard k–e model predicted ‘earlier’ cessation of
the vortex shedding behind a square cylinder primarily because the standard k–e model predicted wider wakes and
therefore smaller H/B in the near-wake region.

4. Conclusions
Unsteady RANS and detached-eddy simulations were performed for a subcritical ﬂow (Re ¼ 4.0  104) around a
circular cylinder placed near and parallel to a moving ground. The DES, based on a modiﬁed S–A model, were
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Fig. 17. Comparison of mean streamwise velocity proﬁles in the near-wake region (h=d ¼ 0:1).

performed in a three-dimensional domain with periodicity imposed in the spanwise direction, whereas the URANS,
employing the S–A model and also the LS k–e model, were conducted in both two- and three-dimensional domains. The
simulations were performed at seven different gap ratios (h/d) of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1.0, and then compared
with the experiments previously reported by the authors. The main ﬁndings are as follows.
First of all, the DES successfully captured the main features of the ﬂow past the cylinder in ground effect, whereas the
URANS did not. The DES predicted the cessation of the large-scale von Kármán-type vortex shedding behind the
cylinder between two h/d of 0.4 and 0.3, which was consistent with the earlier experiments, whereas both two- and
three-dimensional URANS also predicted it but at a much smaller h/d of 0.2–0.1. The wake structures of the cylinder
predicted by the DES were in good agreement with the experiments in both large- and small-gap regimes, and also in the
intermediate-gap regime, where the DES captured the intermittence of the large-scale vortex shedding in the near-wake
region. The time-averaged drag coefﬁcients, separation angles, and velocity proﬁles in the near-wake region predicted
by the DES were also in good agreement with the experiments. These results may suggest the promise of DES to ﬂows
involving the problem of large-scale vortex shedding and its control or suppression often encountered in engineering
applications.
Secondly, an interesting difference was also observed between the 2-D and 3-D S–A URANS solutions. That is, the
former yielded fully periodic time variations in CD and CL at all h/d of greater than 0.1, whereas the latter showed some
low-frequency modulations at h=dX0:4, where moderately three-dimensional wake structures consisting of not only
spanwise vortices but also streamwise ‘rib’ vortices were predicted. The vortical structures resolved in the 3-D S–A
URANS, however, were still much coarser than those by the DES despite the same grid employed and hence almost the
same computational costs required. As far as the time-averaged properties of the ﬂow were concerned, the difference
between the 2-D and 3-D URANS seemed less signiﬁcant than those between the 3-D URANS and the DES.
Finally, the reason of the ‘delayed’ cessation of the vortex shedding in the URANS simulations was examined
by comparing the mean wake proﬁles predicted at the smallest gap ratio of 0.1, at which even the URANS captured
the cessation of the vortex shedding. It was inferred that the near-wake proﬁles predicted by the URANS were
more absolutely unstable than those predicted by the DES basically because the URANS predicted narrower wakes,
which effectively increased the relative gap distance between the wake and the ground. Further investigations are
needed, however, to fully understand the stability characteristics of wakes in ground effect, which may give more insight
into the mechanisms of the cessation of von Kármán-type vortex shedding in URANS and DES as well as in real
physics.
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Appendix A. Inﬂuence of spatial and time resolution in DES
Table 2 summarises the major results of preliminary computations that were performed to examine the inﬂuence of
spatial and time resolution on the results (DES, h/d ¼ 1.0). Note that ‘Baseline’ in the table indicates the case with the
spatial and time resolution that was eventually adopted in the main part of the study. Also note that the results of the
URANS simulations on the same ﬂow conﬁguration (h/d ¼ 1.0) are also listed at the bottom of the table for the
purpose of comparison.
Cases A1, A2 ( ¼ Baseline), and A3 compare the inﬂuence of spatial resolution in the x and y directions. In Case A1
the number of grid points in each (x and y) direction was reduced by 40% from the baseline, whereas in Case A3 that
was increased by 40% from the baseline. It can be seen from the results that the differences between Cases A2 and A3
are smaller than those between Cases A1 and A2, suggesting a certain degree of grid convergence in the x and y
directions.
Cases B1, B2, B3 ( ¼ Baseline), and B4 compare the inﬂuence of spatial resolution in the z direction. Note that Dz
(2d divided by the number of grid points in the z direction) is the largest grid spacing (i.e., larger than Dx and Dy)
around the cylinder and thus directly affects the switching between the URANS and LES modes in that region in the
DES in this study (cf. Section 2.4). Hence, compared with the thickness of the boundary layer around the cylinder
(about 0.03d at the maximum), the thickness of the URANS region around the cylinder (0.65Dz) is slightly larger in
Case B3 ( ¼ Baseline, 0.0325d), much larger in Cases B1 and B2 (0.13d and 0.065d, respectively), and smaller in Case B4
(0.01625d). It is therefore unsurprising that some discrepancies from the baseline are observed not only in Case B1,
where the spanwise resolution is simply too coarse, but also in Case B4, where the switch between the URANS and LES
modes undesirably takes place inside the boundary layer due to the ﬁne spanwise resolution. Of interest, however, is
that there is little difference in the results between Cases B2 and B3 ( ¼ Baseline). This shows that even in DES a certain
degree of grid convergence could be achieved in an ‘appropriate’ resolution range, although this is not easy to be
achieved for general industrial ﬂows of complex geometry, as pointed out by Menter et al. (2003), who alternatively
proposed a so-called scale-adaptive simulation (SAS) model to remedy the problem of the explicit grid dependency in
DES.
Cases C1 ( ¼ Baseline) and C2 compare the inﬂuence of time resolution on the results. Note that in Case C2 the time
step size is reduced to one-ﬁfth of that used in the baseline case. It is obvious from the results that the differences
between the two cases are very small.

Table 2
Summary of computations with different spatial and time resolution (Re ¼ 4.0  104, h=d ¼ 1:0)
Case

Grid (x, y)

Grid (z)

DtUN/d

CD

St

yþ
sep (1)

y
sep (1)

Lr/d

DES (Baseline)

35 300

40

0.021

1.33

0.210

79.2

85.5

1.35

Different resolutions in (x, y)
A1
12 708
A2 ( ¼ Baseline)
35 300
A3
69 188

40
40
40

0.021
0.021
0.021

1.03
1.33
1.41

0.242
0.210
0.200

86.1
79.2
81.4

87.9
85.5
87.0

1.44
1.35
1.21

Different resolutions in z
B1
35 300
B2
35 300
B3 ( ¼ Baseline)
35 300
B4
35 300

10
20
40
80

0.021
0.021
0.021
0.021

1.40
1.34
1.33
1.47

0.205
0.211
0.210
0.201

84.6
80.1
79.2
81.9

90.0
86.4
85.5
87.3

1.01
1.29
1.35
1.11

Different resolutions in time
C1 ( ¼ Baseline)
35 300
C2
35 300

40
40

0.021
0.0042

1.33
1.32

0.210
0.212

79.2
80.1

85.5
84.6

1.35
1.36

Unsteady RANS results
2-D k–e
35 300
2-D S–A
35 300
3-D S–A
35 300

1
1
40

0.021
0.021
0.021

0.74
1.50
1.46

0.292
0.237
0.215

107.1
89.1
87.3

108.9
93.6
92.7

1.34
0.79
0.85
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