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Asymmetric wake of a horizontal cylinder in close proximity to a solid
boundary for Reynolds numbers in the subcritical turbulence regime
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The near-wake dynamics developed behind a horizontal cylinder with wall proximity
effects are elucidated from laboratory experiments and large-eddy simulations (LES).
Fixed vertical gap to diameter (G/D) ratios of 0.5 and 1.0 were investigated for Reynolds
numbers equal to 6 666, 10 000, and 13 333. The LES results agreed well with the
experimental measurements for the time-averaged flow quantities and captured the upward
flow motion developed over the lower half of the flow depth as a consequence of the
near-wall effect. The presence of a narrow gap between the cylinder and the bed, i.e.,
G/D = 0.5, significantly influenced the dynamics of the vortex generation and shedding
which, in consequence, led to an increasingly pronounced asymmetric wake distribution
with increasing Reynolds number. In the wider gap case of G/D = 1.0, the wake remained
relatively symmetrical, with reduced impact of ground proximity. Kelvin-Helmholtz insta-
bilities developed in the upper and lower shear layers were shown to be decoupled as their
instantaneous laminar-to-turbulent transition occurred at different downstream distances
at any given time. Spanwise rollers were shown to form with an undulating pattern and
presented irregularly located vortex dislocations. Furthermore, a ground vortex induced
during the early stages of the lower roller’s generation in the wake lifted off the ground and
merged with the von Kármán vortices to form a single vortical structure. For G/D = 0.5,
a positive upwards force was present, and experimental and LES Strouhal number values
ranged between 0.28–0.32, while computed drag coefficient values were lower than those
typical for unbounded cylinder flows. As for G/D = 1.0, Strouhal numbers decrease to a
0.26–0.30 range while drag coefficient increases, further demonstrating the effects on the
cylinder wake structure dynamics due to the proximity to a solid boundary.

DOI: 10.1103/PhysRevFluids.4.104604

I. INTRODUCTION

The wake structure around a vertically orientated cylinder has been the subject of research for
more than a century due to the abundance of curved bodies in nature as well as in civil, mechanical,
and aeronautical engineering. Recent research efforts have also focused on the flow structure in
the wake of a horizontal-orientated cylinder [1,2], i.e., its main axis is parallel to a close wall and
perpendicular to the flow direction as depicted in Fig. 1. The dependency of the wake dynamics
on the Reynolds number (Re = UD/ν) has been studied extensively for vertical cylinders and to
a lesser extent for horizontal cylinders. This knowledge is critical to our understanding of how the
dynamic forces imposed by the fluid on the body change as a function of flow regime and fluid
viscosity, as pertaining to fluid-body interactions.

*ourop@cardiff.ac.uk
†muhawenimanav@cardiff.ac.uk
‡wilsonca@cardiff.ac.uk

2469-990X/2019/4(10)/104604(28) 104604-1 ©2019 American Physical Society

https://orcid.org/0000-0001-6411-8241
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.4.104604&domain=pdf&date_stamp=2019-10-15
https://doi.org/10.1103/PhysRevFluids.4.104604


OURO, MUHAWENIMANA, AND WILSON

FIG. 1. Schematic of the wake dynamics in horizontal cylinder flows in proximity to a wall and with
logarithmic approaching velocity profile. The main instantaneous wake dynamics phenomena, such as the
ground-vortex (GV) or von Kármán vortices (VK), are depicted together with the time-averaged wake
characteristics, such as recirculation length Lr , separation angles θ .

Flow around a horizontal cylinder can exhibit different behavior compared to a vertical cylinder,
depending on the flow conditions in which is embedded, such as in a boundary layer flows [1],
or be influenced by its proximity to the ground [2]; resulting in altered wake dynamics as shown
in Fig. 1. Some of these changes are related to asymmetric vortex shedding, modification of the
separation angles or the appearance of a ground vortex. This ground vortex notably interacts with
the von Kármán vortices shed from the bottom shear layer as these turbulent structures feature an
opposite vorticity sign [3].

Nonetheless, the Reynolds number governs the flow features developed around both vertically
and horizontally oriented cylinders. Several laboratory experiments and numerical simulations
focusing on the subcritical flow regime (3 × 102 < Re <1 × 105) have highlighted the higher
shedding frequency of the shear layer generated vortices ( fSL) compared to that of the large-scale
von Kármán-type (VK) vortices ( fK ), where the frequency of the former vortices can occur at
a factor of 6.7 to 8.0 times greater than the wake ones [4–7], and Prasad and Williamson [8]
demonstrated the correlation between the ratio fSL/ fK and Reynolds number. Furthermore, at
Reynolds number around 1 200 the shear layers separating from the cylinder’s sides become unstable
undergoing laminar-to-turbulent transition due to Kelvin-Helmholtz instability [8]. A transition
in the subcritical wake dynamics occurs at a Reynolds number around 5 000 to 5 500 where a
distinct change in the shedding typology has been observed in both experimental and numerical
studies [7–9]. This transition is distinguished by the presence of undulations in the vortex filaments
shedding across the cylinder span and the occurrence of vortex dislocations [7,9] which also leads to
a change from parallel to oblique vortex shedding [8]. With increasing Reynolds number greater than
5 000 the wake typology remains unchanged up to a Reynolds number of 2 × 105, which marks the
beginning of the supercritical flow regime where a significant change in the flow separation reduces
the drag coefficient from values ranging from 1.0–1.4 to 0.2–0.4 [10–12]. A detailed summary of
the wake dynamics dependency on Reynolds number is given in Williamson [13] and Sumner [14].

A cylindrical body is often in close proximity of a solid boundary, for example, a pipeline across
an erodible river or sea bed, a bridge pier close to an abutment or a mast located close to a building.
Only a few studies have examined the close proximity of a solid boundary on a horizontal cylinder
wake’s flow structure [1–3,15–19]. In this configuration, the ratio of the horizontal cylinder diameter
(D) and the vertical gap between the bottom wall and the cylinder (G), referred to hereafter as the
gap ratio (G/D), is highly influential on the vortex dynamics developed downstream. For small
gap ratios, e.g., G/D � 0.5, the wake is asymmetric as a result of the difference in acceleration of
the flow over and under the cylinder, and the interaction of the under flow with the wall boundary
layer. As the gap ratio decreases, the ground effect increases, which causes the separation point
on the upper cylinder wall to move upstream while the separation point on the lower cylinder wall
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moves downstream [3]. Furthermore, the frontal stagnation point moves toward the bottom wall and
an upwards force which increases with decreasing gap ratio is generated on the cylinder [1,20,21]
while the lower vortex is drawn upwards in the vertical direction immediately behind the cylinder
[2,3]. This leads to a separation bubble forming close to the bottom bed immediately downstream of
the wake bubble, which rapidly reduces in vertical and longitudinal extent with increasing gap ratio
[3]. At smaller gap ratios (G/D = 0.25) and relatively low Reynolds numbers, a bubble can also
be formed at the wall immediately upstream of the cylinder which rapidly reduces in extent with
increasing G/D ratio [3]. As the gap ratio approaches unity, the ground effect vanishes causing the
flow separation sequence and the recirculation bubble to become more symmetric, i.e., the upper
and lower laminar shear layers becoming unstable at a similar distances downstream [2,3].

The proximity of the wall alters the hydrodynamic forces on the horizontal cylinder and the von
Kármán-type vortex shedding frequency depends on both the thickness of the boundary layer and
the gap ratio [22,23]. The upwards force on the cylinder is accompanied by a reduction in the drag
coefficient which decreases with decreasing gap ratio [21]. The proximity of the wall also alters the
dominant vortex shedding frequency, resulting in complex vortex-boundary interactions. At lower
Reynolds numbers (1.2 × 103 < Re <1.44 × 103) and gap ratios (G/D < 0.5), two distinct peaks
observed in the power spectra of the root-mean-square streamwise velocity have been attributed
to the difference in motion between the upper and lower vortices shed from the upper and lower
cylinder sides respectively, resulting in vortex-boundary interactions different from the unbounded
cylinder condition [3,16]. Indeed, for smaller gap ratios, the rms of the fluctuating lift coefficient
is significantly lower for higher G/D ratios as a consequence of the suppression of the VK vortex
shedding at the smaller G/D ratios [3]. The higher values of Strouhal number reported in these
studies than those from unbounded cylinder flow are therefore a result of the different development
of the vortex shedding and shear layers instability. With increasing gap ratio, the two peaks in
the shedding frequency merge into one single dominant peak [3] and periodic symmetric vortex
shedding occurs. Hence, at a critical gap ratio in the range of 0.5 � G/D � 1.0, the Strouhal
number becomes independent of the gap ratio, approaching a value of around 0.2 commonly found
in cylinder flows unaffected by boundary effects [3,16,21,24,25].

Additionally, at higher Reynolds numbers (4 × 104 < Re <1 × 105) a small gap ratio can not
only suppress VK vortex shedding but completely stop it [1]. For a cylinder with aspect ratio (L/D)
of 8.33, the VK vortex shedding becomes intermittent at a gap ratio of 0.4 before completely ceasing
at a gap ratio of 0.3. At this lower gap ratio, a larger recirculation zone is bounded by two nearly
parallel shear layers from the cylinder sides, with no VK vortices observed and only small-scale
vortices generated from shear layers. The change in wake dynamics at a gap ratio of 0.3 is reflected
in the drag coefficient reduction, which reaches a minimum at this gap ratio, and remains constant
with decreasing G/D ratio [1].

Irrespective of the experimental measurement technique and numerical model, it is commonly
agreed that the accurate measurement and prediction of the time-averaged high-order flow statistics
in the near wake is highly challenging [6,14,26]. It has been postulated that there are different modes
of low-frequency meandering of the near wake that may be responsible for the large scattering of
flow statistics [6], which need to be resolved together with the high-frequency turbulence in the
flow. Therefore, emphasis has been placed on the need to perform direct numerical simulations
(DNS) or large-eddy simulations (LES) capable of resolving these flow characteristics conducted
over a large number of shedding cycles in order to capture all the high- and low-frequency periodic
motions. Numerical studies using LES and DNS have identified the wake’s three-dimensionality by
using different spanwise-length domains to capture the wavelength of the vortical structures across
the cylinder span. For Reynolds numbers lower than 5 000, a minimum spanwise length of 2πD
is required to accurately capture even the longest wavelengths developed in the wake, which can
influence the dynamic forces on the cylinder [7], whereas a spanwise length of πD would only
capture the turbulence structures in the shear layer and near-wake regions [6,27,28].

There are few experimental and numerical test cases that have investigated a horizontal cylinder
wake in the close proximity of a bottom wall boundary at moderate Reynolds numbers. The

104604-3



OURO, MUHAWENIMANA, AND WILSON

TABLE I. Details of the flow conditions studied: flow discharge (Q), Reynolds number based on cylinder
diameter (Re), bulk Reynolds number (ReR), bulk velocity (U0), Froude number (Fr), and estimated friction
velocity (u∗).

Q [ls−1] Re ReR U0 [ms−1] Fr u∗ [ms−1]

6 6 666 10 000 0.1333 0.110 0.020
9 10 000 15 000 0.2000 0.165 0.027
12 13 333 20 000 0.2667 0.220 0.033

present study combines an experimental study with high-fidelity large-eddy simulations (LES) to
further elucidate the three-dimensional near-wake flow structure of a horizontal cylinder with wall
proximity effects. The LES were conducted for gap ratios (G/D) of 0.5 and 1.0 and for Reynolds
numbers (Re) equal to 6 666, 10 000 and 13 333 while the experimental tests were conducted for
the smaller gap ratio (G/D = 0.5). To the best of our knowledge, these specific gap ratios have
not been investigated for Reynolds numbers higher than the threshold Re = 5 000 at which there
is a distinct shift in the vortex shedding dynamics found in cylinder flows unaffected by boundary
effects.

II. EXPERIMENTAL SETUP AND DATA PROCESSING

The experiments were conducted in a recirculating flume with glass sidewalls in the hydraulics
laboratory at Cardiff University, United Kingdom. The flume had a rectangular cross-section, and
was 10 m long, 0.3 m wide and 0.3 m deep. A horizontal cylinder of diameter (D) 0.05 m and
length 0.3 m was fixed 3.85 m downstream from the upstream inlet. The vertical gap (G) between
the flume bottom wall and the cylinder wall was 0.025 m giving a G/D ratio of 0.5. The flow
structure in the cylinder wake was examined for three different flow discharges (Q) of 6, 9, and
12 ls−1, which equated to cross-sectional bulk velocities of U0 = 0.1333, 0.20 and 0.2667 ms−1,
respectively. The mean flow depth (H) along the flume center line remained fixed at 0.15 m for
each flow condition and this was achieved by adjusting the downstream tailgate weir. The bed slope
of the flume remained fixed at 1:1000. Table I presents details of the Reynolds numbers based
on the cylinder diameter (Re = U0D/ν), bulk Reynolds number (ReR = U0R/ν, where R = A/P
is the hydraulic radius, A is the cross-section area and P is the wetted perimeter) and Froude
number [Fr = U0(gH )−0.5, where g is the gravity acceleration] for the different flow conditions
studied.

Velocity measurements were collected using a Nortek 10 MHz Vectrino Plus acoustic Doppler
velocimeter (ADV) at a sampling rate of 200 Hz and 300 s sampling time. This time period of
ADV measurements are equivalent to approx. 255 shedding cycles for Q = 6 ls−1 and 483 events
for Q = 12 ls−1, based on the frequencies shown later in Sec. IV F. The cylindrical sampling
volume (6-mm diameter and 7-mm height) was located at 50 mm from the probe transmitter.
Thresholds of sound-to-noise ratio (SNR) and correlation (COR) >20 dB and >70%, respectively,
were maintained by seeding the water with silicate powder (10 μm average diameter and 1.1 kg m−3

density) and used for filtering the velocity time series. Despiking of time series used the Phase-Space
Thresholding (PST) method by Goring and Nikora [29] as well as a 12-Point polynomial (12PP)
[30]. Furthermore, by examining the velocity variances, data points identified as weak spots,
which are errors resulting from acoustic pulse-to-pulse interference [31] were removed from the
dataset. A velocity measurement grid resolution of 0.005 and 0.02 m was used in the vertical (z)
and streamwise (x) directions, respectively, in the cylinder wake. This spatial resolution of the
experimental data allowed effective capture of the dynamics of the wake structure. The velocity
structure in the wake was measured along the channel center line over a downstream distance of
0.3 m, i.e., 6D. In the following, the symbols 〈·〉 indicates time-averaging operation.
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FIG. 2. Approaching inflow experimentally measured at a distance of 3D upstream of the cylinder where
(a) plots the bulk velocity (U0) against shear velocity (u∗) derived from the velocity logarithmic profile fit
[Eq. (1)] for five flow conditions ranging from 3 333 < Re < 16 666; and vertical profiles of: (b) time-averaged
streamwise velocity normalized by the bulk velocity, (c) streamwise velocity fluctuation normalized by shear
velocity, and (d) vertical Reynolds shear stress normalized by the shear velocity squared for the three Reynolds
number modeled in this study.

Approach flow conditions

At a longitudinal distance of three diameters (3D) upstream of the cylinder, vertical velocity
profiles (z direction) were measured as well as the lateral velocity distribution (y direction) at
the midflow depth (0.5H) to capture the upstream flow boundary conditions. Figure 2 presents a
comparison of the measured approach flow profiles for the three discharges. The friction velocity
(u∗) was obtained from the best-fit of the velocity measurements to a log-law [Fig. 2(b)] that
were measured for five flow conditions which included the three flow conditions modeled in this
paper (i.e., Re = 6 666, 10 000, and 13 333). Figure 2(a) shows that the friction velocity increased
linearly with the bulk velocity and thus the velocity profile approaching the cylinder can be defined
according to a log-law distribution as

u(z)

u∗
= 1

κ
ln

( zu∗
ν

)
, where u∗ = 0.1036U0 + 0.00568 (1)

Here κ is the von Kármán constant equal to 0.41, z is the vertical coordinate considered and ν is
the kinematic viscosity. Levels of streamwise velocity fluctuations were similar for all discharges,
being largest close to the flume’s bed and decreased with increasing elevation [Fig. 2(c)]. The depth-
averaged turbulence intensity, 〈u′〉/U0, was found to be around 10% for all cases. Figure 2(d) shows
that values of the cross-correlation of streamwise and vertical velocity fluctuations were largest for
the lowest Reynolds number (Re = 6 666) while similar magnitudes were found for the Re = 10 000
and 13 333. Velocities measurements in the transverse direction showed a negligible variation in
streamwise velocities, therefore the flow was assumed uniform across the flume width.

III. COMPUTATIONAL METHOD AND SETUP

A. Numerical framework

Eddy-resolving simulations are accomplished using the in-house code Hydro3D which has
been well-validated in hydraulic and environmental flows [32–37]. Hydro3D adopts the large-
eddy simulation (LES) approach to explicitly resolve the energy-containing flow structures while
modeling the scales smaller than the grid size using a subgrid scale model. The governing equations
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FIG. 3. Schematic of the computational domain with the imposed boundary conditions showing location
of horizontal cylinder and laboratory ADV measurement control volume.

are the spatially filtered Navier-Stokes equations for incompressible, viscous flow that are solved in
a Eulerian coordinate system, and are as follows:

∂ui

∂xi
= 0, (2)

∂ui

∂t
+ ∂uiu j

∂x j
= − ∂ p

∂xi
+ ν

∂2ui

∂x jx j
− ∂τi j

∂x j
+ fi. (3)

Here, ui = (u, v,w) and xi = (x, y, z) are the filtered fluid velocity and position in the three
coordinates of space respectively, p denotes filtered pressure, ν is the fluid kinematic viscosity, ρ is
the fluid density, and τi j is the subgrid scale stresses. The subgrid scale stress tensor is approximated
using the WALE subgrid scale model [38] considering a filter size equal to the grid size. The forcing
term fi represents external forces calculated using the direct forcing immersed boundary method
[39], here used to represent the cylinder geometry [40].

In Hydro3D the fluxes are calculated using a pure second-order central differencing scheme with
staggered storage of the velocity components on a rectangular Cartesian grid. The fractional-step
method is used with a three-step Runge-Kutta predictor to approximate convective and diffusive
terms, and an efficient multigrid technique is adopted to solve a Poisson pressure-correction
equation as a corrector at the final step. Hydro3D uses the domain decomposition technique to
divide the computational domain into rectangular subdomains and is parallelized with message
passing interface (MPI) [41]. It also features a local mesh refinement method [42] that permits a
higher spatial grid resolution near the cylinder and a coarser grid resolution with increasing distance
away from the cylinder, thus reducing the computational expense.

B. Computational setup

The schematic of the computational domain presented in Fig. 3 comprises 30D in the streamwise
direction, 6D in the cross-streamwise direction, and 3D in the vertical direction, therefore replicating
the full flume width and the uniform flow depth used in the experiments. Note the spanwise domain
length (6D) is very close to the proposed length of 2πD required to fully capture the spanwise
wavelength of the vortical structures in the cylinder wake [7]. The downstream end of the cylinder
is located 7D from the upstream inlet and considered as the origin of the x coordinates. Two cylinder
locations were studied with LES, one adopting the gap ratio as studied in the experimental study and
another case with a gap ratio of 1.0, which is indicative of the case twhere the cylinder is unaffected
by proximity to the bottom wall.

The same grid resolution is adopted for the two lower Reynolds numbers (Re = 6 666 and
10 000), while the resolution is doubled for the highest Reynolds number case (Re = 13 333) due to
an increase in the friction velocity and the requirement to keep the first grid cell off the wall within
the viscous sublayer [43]. The grid resolution adopted is the same in x and z directions (	x = 	z),
while it was doubled in the spanwise direction, i.e., 	y = 2	z. The resolution in the computational
domain is non uniform in the streamwise direction, as local mesh refinement is adopted [42], but
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TABLE II. Specification of the computational grid resolution used and total number of fluid cells for each
of the cases analyzed.

Re U0 [ms−1] 	z [m] 	z+ Grid cells

6 666 0.1333 6.250 × 10−4 6.25 14.32 × 106

10 000 0.2000 6.250 × 10−4 8.44 14.32 × 106

13 333 0.2666 3.125 × 10−4 5.16 82.94 × 106

uniform in the spanwise and vertical extensions. A fine grid size is adopted in the region embedding
the cylinder and the near wake between x = −1D and 5D, while the grid size is doubled in the
remaining domain to reduce the computational burden of the simulations. Table II details the mesh
resolution in the fine grid region (	z) for three flow conditions examined, grid resolution of the first
cell off the wall in wall-units (	z+), and millions of fluid cells comprising the entire computational
domain. In the far wake after x/D > 20, the resolution in wall units of 	y+ and 	z+ reach values
up to 2 and 18, respectively.

The log-law velocity profile [Eq. (1)] is prescribed at the inlet of the domain and adjusted for each
of the examined flow discharges. A convective condition is used at the outlet and no-slip conditions
were imposed at the bottom and lateral walls, which is justified from the values of 	z+, indicating
that the first point off the wall is within the viscous sublayer. A shear-free rigid-lid condition [44] is
employed to represent the water surface as the influence of free-surface effects is considered small
when the maximum Fr is relatively low (0.22), and this is defined as

∂u

∂z
= 0,

∂v

∂z
= 0, w = 0, for z = H (4)

The simulations are initially run until flow transients have vanished. First order statistics are then
collected for a total simulation time in terms of nondimensional time t∗ = tD/U0 of 260 equating
to 32 eddy turn-over time (te = H/u∗). Second-order statistics are collected after t∗ = 60 for a
total of 200D/U0 representing approximately 170 shedding cycles. A Courant-Friedrichs-Lewy
(CFL) condition of 0.7 is set to ensure numerical stability. The computations are performed on
170 Intel Skylake Gold 6148 @2.40 GHz cores using Supercomputing Wales facilities with a total
computational load of 225 000 CPU hours for the highest Reynolds number case (Re = 13 333).

IV. RESULTS AND DISCUSSION

A. Time-averaged nature of the flow

Results of the time-averaged flow developed around the cylinder for the G/D and Re = 6 666
case are shown in Fig. 4 along the channel center-line plane, i.e., y/D = 3. The distribution of
streamwise velocities evidences how the approaching flow impinges the cylinder and accelerates
over and beneath it, as depicted from Fig. 4(a). Flow streamlines indicate that the recirculation
area immediately behind the cylinder is mostly symmetric and extends until approximately 1D
downstream. After x/D = 1, the streamwise velocities significantly diminish outside of the wake
bubble on the lower side of the wake, i.e., z/D < 0.5, compared to the high-momentum region
located above the wake (z/D = 1.5). Figure 4(b) presents the contours of time-averaged vertical
velocities showing the asymmetry in the flow influenced upstream by the logarithmic distribution of
the approaching flow and downstream by the closer proximity of the cylinder to the channel bottom
than free-surface layer. The area of high vertical velocities in the lower part of the near wake is a
result of the bed effect as the fluid accelerates through the vertical gap between the cylinder and
flume bed.

The lack of a more pronounced asymmetry in the recirculation bubble despite the small gap ratio
G/D of 0.5 is somewhat expected as this G/D ratio corresponds to the intermediate range in which
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FIG. 4. Side elevation contour plots of the LES computed (a) streamwise velocity, (b) vertical velocity,
(c) streamwise turbulence intensity with lines denoting 〈u′〉/U0 = 0.6, (d) vertical turbulence intensity with lines
denoting 〈w′〉/U0 = 0.7, and (e) Reynolds shear stress with the solid lines corresponding to 〈u′w′〉/U 2

0 = ±
0.15, normalized by the bulk velocity for the Re = 6 666 and G/D = 0.5 case.

the influence of the ground effect in the time-averaged flow field is deemed small [1,2]. This can
be observed from the streamlines in Fig. 4(a) which show the lower half of the wake extending
over the wake center line, i.e., z/D > 1, until a distance x/D = 5, while in the upper layer near
the free-surface layer the streamlines are nearly parallel. This asymmetric flow pattern is further
indicated by the distribution of the vertical velocities whose magnitude becomes notably reduced
after x/D = 1.5. It is worth noting that no wall boundary layer separation upstream of the cylinder
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occurs, as the Reynolds numbers of the present flow conditions are well above the threshold of
Re = 1 400 at which such separation vanishes [16].

The examined cases are for Reynolds numbers within the subcritical cylinder flow regime in
which the shear layers are laminar while the wake is fully turbulent, i.e., the present unsteady
wake lies within the shear-layer transition regime identified in Williamson [13], in which shear
layers remain laminar immediately after departing from the cylinders sides. As shown later in
Sec. IV E, these start to become unsteady at a closer distance to the cylinder with increasing Re,
due to Kelvin-Helmholtz instability. This laminar-to-turbulence transition of the turbulent structures
is accompanied by the turbulent nature of the near wake enclosed to the downstream side of the
cylinder. Levels of computed streamwise turbulence intensity [Fig. 4(c)] are larger than 〈u′〉/U0 =
0.6, indicating that the near wake is remarkably unsteady. There is also an uneven distribution of 〈u′〉
along the center line of the cylinder wake (z/D = 1) with the turbulent region below this elevation
extending almost twice the length than in the region higher up in the wake. Interaction between the
cylinder-induced near wake and the ground can be appreciated from the distribution of high 〈u′〉
values near the bed between 0 < x/D < 2 reaching values up to 0.65.

The asymmetry of the turbulent wake in the downstream direction is again depicted in the
distribution of 〈w′〉 presented in Fig. 4(d) with a well-defined area of 〈w′〉/U0 > 0.7 found between
0.4 < x/D < 2.2. Interestingly, a larger portion of this high vertical turbulence intensity region
is located above the cylinder center line, z/D = 1, while predominantly below the center line
for the streamwise turbulence intensity [Fig. 4(c)]. This evidences that the ground effect renders
the nature of the near wake significantly more unsteady by changing the dynamics of the vortex
generation and shedding which, in consequence, leads to an asymmetric wake distribution. A similar
pattern is found in the distribution of vertical Reynolds shear stress (〈u′w′〉), where higher Reynolds
shear stresses values above z/D = 1 result from the higher momentum exchange between the flow
overtopping the cylinder with the near wake than that with the flow moving under the cylinder.
Overall, the time-averaged second-order statistics (〈u′〉, 〈w′〉, 〈u′w′〉) indicate that until x/D = 2 the
wake is very turbulent, followed by a region between 2 < x/D < 5 over which turbulence decays
and is distributed uniformly over the water depth, as the wake expands over the entire water column.
Moreover, negligible differences in these time-averaged flow statistics with increasing Reynolds
number are observed, as shown in Fig. 20 for the G/D = 0.5 and Re = 13 333 case.

The main hydrodynamics developed for the case with gap ratio G/D equal to 1.0 for Re =
6 666 are presented in Fig. 5. Increasing the distance from the cylinder to the ground leads to the
recovery of the wake symmetry, as seen in the distribution of the main velocity components 〈u〉 and
〈w〉. Contours of 〈u′〉, which represent the streamwise fluctuations derived from the shear layers
and near-wake dynamics, are again symmetric and notably different from their distribution in the
G/D = 0.5 case [Fig. 4(c)]. A small deviation from the center line is observed in the 〈w′〉 contours
at x/D = 3, these fluctuations being larger in the upper part of the wake owed to the logarithmic
inflow velocity distribution. Similarly, the two regions of Reynolds shear stress 〈u′w′〉 attached to
the cylinders downstream face have different length, which indicate that even with G/D = 1.0 the
wake is not precisely as that in unbounded cylinder flows.

Figure 6 presents the vertical profiles of 〈u〉 and 〈u′〉 at nine locations downstream of the cylinder
obtained from the experiments and the LES for the cases of Re = 10 000 and 13 333 and G/D =
0.5. At the locations closest to the cylinder, i.e., x/D < 1.2, there is a significant velocity deficit
behind the cylinder. LES captures well the distribution of 〈u〉 and 〈u′〉 over the water depth. The
slight vertical offset of the computed wake is attributed to the fact LES treats the free surface as
a shear-free rigid lid while water surface waviness was present in the experiments, particularly
immediately after the cylinder. Further downstream, the streamwise velocity tends to recover and
approach the unperturbed log-law profile found upstream of the cylinder. Until a distance of x/D ≈
3, the profiles of 〈u′〉 feature one peak over the cylinder top (i.e., z/D > 1.5) and another that is larger
in magnitude at z/D ≈ 0.5. Such asymmetrical distribution of 〈u′〉 evidences the ground effect in
the von Kármán street as also observed in Fig. 4(c). A more uniform distribution along the water
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FIG. 5. Side elevation contour plots of the computed (a) streamwise velocity, (b) vertical velocity,
(c) streamwise turbulence intensity with lines denoting 〈u′〉/U0 = 0.6, (d) vertical turbulence intensity with lines
denoting 〈w′〉/U0 = 0.7, and (e) Reynolds shear stress with the solid lines corresponding to 〈u′w′〉/U 2

0 = ±
0.15, normalized by the bulk velocity for the Re = 6 666 case and G/D = 1.0.

column is found after x/D = 3, indicating that the shed vortices have merged as explained later in
Sec. IV C.

The vertical distribution of mean vertical velocity 〈w〉 and turbulence intensity 〈w′〉 from the
experiments and LES at the channel center plane, i.e., y/D = 0.0, is shown in Fig. 7 for the
Re = 10 000 and 13 333 cases and G/D = 0.5. Profiles immediately behind the cylinder show a
marked upwards fluid motion below the cylinder center line resulting from the flow acceleration
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FIG. 6. Vertical profiles of mean streamwise velocity 〈u〉 (top) and turbulence intensity 〈u′〉 (bottom)
at different locations downstream of the cylinder for the Re = 10 000 and 13 333 cases and G/D = 0.5.
Comparison between experimental (symbols) and LES (lines) results.

FIG. 7. Vertical profiles of mean vertical velocity 〈w〉 (top) and turbulence intensity 〈w′〉 (bottom) at
different locations downstream of the cylinder for the Re = 10 000 and 13 333 cases and G/D = 0.5.
Comparison between experimental (symbols) and LES (lines) results.

104604-11



OURO, MUHAWENIMANA, AND WILSON

FIG. 8. Mean recirculation region computed using LES with G/D = 0.5. Red line indicates the cylinder
center line at z/D = 1.0. Flow is from left to right.

through the bed-cylinder gap. Vertical turbulence intensity profiles show that near the bluff body
the maxima are attained along the cylinder center line; however, further downstream the peak of
〈w′〉 shifts toward the free surface as a result of the von Kármán vortices moving to the region
of highest momentum. LES overpredicts the values of 〈w〉 close to the bed immediately behind
the cylinder while there is a good match with the experimental results above the cylinder center
line (z/D = 1.0). A similar pattern is found for 〈w′〉 in the near wake, although LES achieves an
good match with experimental results immediately behind the wake bubble (x/D > 1.2). Overall,
the normalized distribution of these mean quantities follows a very close distribution for the three
cases, the remaining sources of data disparity are probably related to not modeling the free-surface
deformation and the fact that inflow conditions used in the LES differed from the fully developed
flow attained in the experiments which can affect the near-wake results.

B. Recirculation region

Further insights into the asymmetric wake enclosed behind the cylinder for the different flow
rates studied with G/D = 0.5 are given in Fig. 8. The flow streamlines indicate that in all cases
the two recirculating cells are not symmetrically distributed about the cylinder center line and are
slightly shifted toward the free surface. This shift is more pronounced with increasing Reynolds
number. The spatial resolution of the flow streamlines used to deduce the separation point off the
cylinder sides is approximately half of the grid size. The recirculation length (Lrec/D) shortens with
increasing Reynolds number as presented in Table III, and its values are similar to those reported
for unconfined cylinder flows [6,7]. Results also show that increasing the gap ratio decreases the
recirculation length due to the change in the wake recovery dynamics [26]. Similarly, the streamwise

TABLE III. Characteristics of the recirculation area for the different cases analyzed: normalized recircu-
lation length (Lrec/D), location of the upper and lower recirculation cores (xc, zc) and upper (θup) and lower
(θ low) separation angles.

Re G/D Lrec/D xc
up xc

low zc
up zc

low θ up [deg] θ low [deg]

6 666 0.5 1.389 0.837 0.895 0.303 −0.218 95.7 101.3
6 666 1.0 1.118 0.760 0.747 0.252 −0.259 93.4 90.6
10 000 0.5 1.348 0.792 0.876 0.316 −0.200 92.9 97.6
10 000 1.0 1.117 0.728 0.737 0.252 −0.256 91.7 85.6
13 333 0.5 1.233 0.785 0.855 0.307 −0.198 86.6 95.7
13 333 1.0 1.066 0.741 0.697 0.246 −0.276 85.0 83.5
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FIG. 9. Comparison of the mean recirculation region (top) and spanwise vorticity from the LES of the
cylinder at G/D = 1.0 (left) and 0.5 (right) for Re = 13 333. Red line indicates the cylinder center line at
z/D = 1.0. Flow is from left to right.

location of the upper and lower recirculation cores, xc
up and xc

low, is closer to the cylinder for larger
Reynolds numbers, while the vertical core location, zc

up and zc
low, increases as a result of a larger mean

wake asymmetry. For the G/D = 1.0 case, the loci of both upper and lower recirculation cores are
symmetric to the wake center line, the upper cell being slightly longer as shown in Table III. Flow
streamlines allow the precise location at which the boundary layers separate on both upper and lower
halves of the cylinder. Both separation points move upstream with increasing Reynolds number, as
shown in previous studies [2], and coincide with the successive reduction of the separation angles at
the upper (θup) and lower (θ low) half of the cylinder, as presented in Table III. From Fig. 8, it is also
observed that the locus of the upper cell is closer to the cylinder than the bottom cell as the fluid
flows faster under the cylinder than over it, which is again reflected in values of θ low being larger
than θup. Interestingly, for the three flow conditions studied, two laminar separation bubbles appear
enclosed between the lee-side of the cylinder and the recirculation cells.

Comparison of the impact of the proximity to the ground in the recirculation area behind the
cylinder is shown in Fig. 9. For the largest gap ratio, the streamlines distribution is symmetric to
the wake center line, while for G/D = 0.5 the asymmetry is observed even at distances larger than
x/D = 4 downstream. Another representation of the time-averaged dynamics of the vortex shedding
is the mean spanwise vorticity (ωy) presented in Fig. 9(b). In both cylinder positions, two regions
of high vorticity are developed in the shear-layer region, and this is mostly symmetric for G/D =
1.0. For the case with the cylinder impacted by the ground effect, the upper region of high vorticity
extends slightly longer than the bottom one which is influenced by the ground vortex, as explained
later in Sec. IV E.

C. Centreline profiles

The distribution of the mean flow field along the cylinder center line (z/D = 1) with increasing
downstream distance from the cylinder for G/D = 0.5 is shown in Fig. 10 with longitudinal profiles
of mean streamwise and vertical velocities, and turbulence intensities from both the experiments
and LES. Figure 10(a) shows the velocity reversal in the attached recirculation area with a peak
reversal of −0.4U0. The recirculation area ends by 1D downstream of the cylinder as indicated
by the positive streamwise velocity. For all cases analyzed, the streamwise momentum has nearly
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FIG. 10. Center-line profiles of normalized 〈u〉, 〈u′〉, 〈w〉, and 〈w′〉 from experiments and LES for the three
Reynolds numbers and G/D = 0.5.

recovered, i.e., 〈u〉/U0 ≈ 0.8, by a downstream distance of 3D, and there is a good agreement
between measured data and LES. Fig. 10(b) shows that there is a similar trend in the evolution
of 〈u′〉 for cases of Re = 6 666 and 10 000, with experiments and LES data almost coinciding to a
value close to 〈u′〉 = 0.4U0 at a downstream distance of 3D, after which the streamwise turbulence
intensities progressively decay with increasing downstream distance. However, in the near wake the
computed streamwise turbulence intensities are lower than the experiments, attributed to the lack of
resolving the free surface which may lead to a slight change in the vortex generation dynamics.

Centreline plots for 〈w〉 from Fig. 10(c) show that in the region between 1–2D immediately
downstream of the wake bubble, i.e., where the large-scale vortices are shed, there is a peak in
positive 〈w〉 denoting predominant upwards fluid motion. The ground effect is responsible for
suppressing the symmetry in the vortex shedding mechanism compared to unbounded cylinder
flows, which feature zero values of 〈w〉 along the cylinder center line. By a downstream distance
of 2D, the vertical velocities decrease and by 10D these are essentially zero for all three flow
conditions. Regarding the distribution of vertical turbulence intensity [Fig. 10(d)] the maxima are
achieved at x/D = 1 for the LES and at x/D = 1.5 in the experiments, which are significantly larger
than those found for the streamwise turbulence intensity. Close agreement between computed and
measured results is observed by a downstream distance of 2D with 〈w′〉 attaining a value of nearly
0.7U0 and progressively decaying until 0.2U0 further downstream.

D. Continuity equation terms analysis

The asymmetric near-wake recovery can be further characterised by considering the mean
velocity terms in the continuity equation:

∂〈u〉
∂x

+ ∂〈v〉
∂y

+ ∂〈w〉
∂z

= 0. (5)

In an unbounded environment these terms should be symmetric to the cylinder center line but are
expected to change in the present case due to the proximity of the cylinder body to the flume bed.
The term ∂〈v〉/∂y is deemed much smaller than the other two as the main flow direction is in the xz
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FIG. 11. Contours of the continuity equation terms for the Re = 13 333 case with G/D = 1.0 (left) and 0.5
(right).

plane. Figure 11 presents the contour plots of the terms ∂〈u〉/∂x and ∂〈w〉/∂z for the Re = 13 333
case for both gap-to-diameter ratios. For the short gap case, the regions of highest rate-of-change
of 〈u〉 in the streamwise direction are found in the core of the near wake between 0 < x/D < 2 and
0.5 < z/D < 1.5. For this configuration, the streamwise change of 〈u〉 is asymmetric to the wake
center line due to its proximity to the ground, while with G/D = 1.0 the term ∂〈u〉/∂x is symmetric
to the center line. In both cases, these regions coincide with those with the largest negative rate-of-
change of ∂〈w〉/∂z, as both terms need to balance in Eq. (5). A region of negative ∂〈u〉/∂x develops
over the upper shear layer until x/D ≈ 0.5 indicating a decrease in x velocities along the streamwise
direction, irrespective of the cylinder position. However, with G/D = 0.5, in the gap between the
flume’s bed and cylinder such a region of ∂〈u〉/∂x < 0 extends until x/D < 1.5 as a result of the
wake dynamics affected by the close proximity to the ground.

Upstream of the cylinder, an area of ∂〈u〉/∂x > 0 is present as the approach flow accelerates
on its upper and lower sides, while a reduction of 〈u〉 is seen near the stagnation point. A reverse
distribution is found for ∂〈w〉/∂z in the near wake of the cylinder. Both terms from the continuity
equation show minor variations amongst the three flow discharges analyzed for both geometries
analyzed, with the mass conservation [Eq. (5)] being satisfied.

E. Instantaneous flow structures

The unsteady nature of the flow structures developed behind the cylinder are shown in Fig. 12
with contours of y vorticity at three different spanwise locations (y/D = 0.5, 3.0, and 5.0) for the
case Re = 6 666 with G/D = 0.5, which shows the spanwise variation of the vortical structures.
Shear layers are developed along the cylinder surface and separate on the lee-side featuring a
laminar nature until becoming unstable due to the shear caused by the low-momentum near wake
and the fast-flowing fluid over the cylinder. Following a Kelvin-Helmholtz instability, the shear
layers breakdown into small vortices (or KH vortices) that are convected downstream, eventually
merging with the fully turbulent near wake between 0 < x/D < 1. Such flow separation is expected
at these Reynolds numbers as they correspond to the subcritical regime.

The transition from the shear layers to the generation of KH vortices is non uniformly distributed
across the entire spanwise length of the cylinder as observed from the spanwise-vorticity contours.
Such three-dimensional variation of the shear layers’ roll-up is known as intermittency that is a
function of the spanwise distance [45,46]. The onset of KH instabilities developed in the upper and

104604-15



OURO, MUHAWENIMANA, AND WILSON

FIG. 12. Contours of normalized spanwise vorticity at three different spanwise locations across the cylinder
for the Re = 6 666 and G/D = 0.5 case. Flow is from left to right.

lower shear layers are decorrelated, i.e., there is no syncronisation in their generation, e.g., at y/D =
0.5 the first roller developed from the lower shear is observed at x/D ≈ 0.2, while the upper shear
layer has rolled up shortly after its separation point from the cylinder transitioning to turbulent flow.
Here, only the Reynolds number 6 666 case is shown for brevity. Nonetheless, similar instantaneous
flow patterns in the near wake are observed for all Reynolds numbers examined although there
are some differences, e.g., more rapid breakdown of the shear layers with a higher Reynolds
number, as indicated by the different separation angles show in Fig. 8 and the values presented
in Table III.

In the region between 1 < x/D < 2, the attached unstable near-wake transitions to large-scale
von Kármán vortices, characteristic of the far wake behind bluff bodies. Here the proximity of the
cylinder to the flume bed for the case G/D = 0.5 leads to the generation of a wall shear layer and
a subsequent ground vortex (GV) as depicted in Fig. 12. This region of flow separation originates
from the low-pressure generated by the unsteady wake during the formation of the rollers off the
lower shear layer of the cylinder. Three regions can be distinguished: a stable shear layer until
x/D = 1, a separation bubble and the eventual generation of the GV. The latter eventually grows
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FIG. 13. Contours of normalized spanwise vorticity at a plane at y/D = 3.0 for the Re = 13 333
and G/D = 1.0 case. Flow is from left to right. Same color range as in Fig. 12.

and detaches, lifting off the ground and interacting with the vortical structure generated behind the
cylinder, constraining the formation of the lower roller while pairing with the energetic structures,
i.e., von Kármán vortices, of oppositely signed vorticity as it is convected downstream to form a
single vortical structure after x/D > 2.

This complex GV-cylinder wake interaction occurs at G/D = 0.5 for all three Reynolds numbers
analyzed and is very similar to those found at lower Re in previous studies [3,16]. However, it is
more pronounced for the highest Reynolds number case as the near wake becomes more unstable,
thus leaving more space for the GV to develop. Conversely, increasing the gap ratio to 1.0 leads
to a notable reduction in the instantaneous cylinder flow dynamics attributable to proximity to the
bottom wall. Fig. 13 shows spanwise vorticity contours for Re = 13 333 at y/D = 3.0 in which
the GV appears but has no effect on the generation of the von Kármán vortices inmediatly behind
the cylinder. Increasing the gap ratio reduces flow acceleration close to the ground, which leads to
a more uniform GV in the spanwise direction, contrary to its changing shape for G/D = 0.5 shown
in Fig. 12. Further details on the generation of the GV are discussed in Sec. V.

This ground-effect phenomenon has previously been observed in experimental studies
[1,2,16,21] and motivated computational analyses using Reynolds averaged Navier-Stokes [17],
detached-eddy simulation [26], LES [3], and DNS in the laminar regime [18,19]. The gap-to-
diameter ratio (G/D) setup of 0.5 corresponds to the intermediate gap regime which relates the
influence of the ground effect on the cylinder’s near-wake structure and more specifically regulates
whether large-scale von Kármán vortices are shed or not [1,2]. For G/D = 0.5, the ground influence
is relatively small allowing the large-scale vortices to be shed but their active interaction with each
other, as shown in Fig. 12, is in contrast to unbounded cylinder flows.

Prasad and Williamson [45] described two main of intermittent secondary instabilities developed
in the shear layers and roll-up vortices in addition to the classic primary instability which is the
shedding of von Kármán vortices. Two main secondary instabilities modes can be found in the
cylinder flow in the subcritical regime: mode A resulting from the vortex dislocations in narrow
spatial regions, also referred to as “3D instability,” and mode B as an oblique convection of the
KH vortices during their early shedding, i.e., before rolling up to von Kármán vortices, known as
“quasi-2D instaiblity” [47]. Both modes appear in the present cases. Figure 14 shows the top view
of isosurfaces of normalized Q criterion [48] (Q∗ = QD2/U 2

0 = 21) colored with relative elevation
z/D for the Re = 13 333 case and G/D = 0.5.

The Kelvin-Helmholtz instability developed by the transition of shear layers coming off the
edge of the cylinder to smaller rollers is shown to occur closer to the cylinder’s wall for the
Re = 13 333 case than the Re = 6 666 case. Thereafter, in the near-wake region spanwise rollers

104604-17



OURO, MUHAWENIMANA, AND WILSON

FIG. 14. Top view of isosurfaces of Q criterion (Q∗ = QD2/U 2
0 = 21) colored by the relative elevation z/D

for the Re = 13 333 case and G/D = 0.5. Arrows indicate the location of the vortex discontinuities. Flow is
from left to right.

are formed with an undulating shape instead of being parallel to the cylinder edge (as marked
with dotted line in Fig. 14), which exhibits a wavelength λ of approx. πD/2, in agreement with
the findings from Braza et al. [49] who quantified that this wavelength can vary from 3.0–4.5D.
Interestingly, vortex discontinuities caused by the large-scale von Kármán vortices are irregularly
distributed across the whole spanwise length, as mode A instabilities [47]. There is some correlation
between the undulated spanwise roller and vortices dislocations [13], as those dislocations found at
y/D ≈ 3.8 or 1.0 are located further downstream in-line with low-momentum regions developed in
the downstream roller at x/D ≈ 1. At the time instance shown in Fig. 14, the large-scale structures at
elevations z/D > 1 found between 3 < x/D < 5 are convected downstream in an oblique manner,
i.e., with an angle relative to the cylinder edge. This is a well-known feature of the far wake in
cylinder flows [13] and interestingly occurs in the present case even though the flow is laterally
constrained by the flume sidewalls, which also induce flow separation although its effect on the
main wake structure is thought to be minimal.

Figure 15 gives further insight into the instantaneous vortex shedding for the Re = 13 333 and
G/D =0.5 case with isosurfaces of pressure fluctuation (p′ = p − 〈p〉) and Q-criterion at time
instants every T/6, where T = 1/ fp, T and fp being the vortex shedding period and frequency,
respectively. Figure 15(a) depicts the roller R1 coming off the upper surface of the cylinder is
somewhat coherent over the spanwise direction as a unique structure and features an undulating
or wavy shape and sheds in a slightly oblique manner as mode B instability. Shortly after, at 2T/6
[Fig. 15(b)], at x/D = 1.0 the roller R1 develops a discontinuity, D1, and is divided into main two
finite spanwise long rollers that are convected downstream with the mean flow and whose size
increases at the next time instant 3T/6. This sequence is analogous to the vortex splitting identified
in Fig. 14. At x/D = 2 [Fig. 15(d)], the rollers start to feature smaller scale, localized instabilities as
a result of their interaction with the turbulent flow going over the cylinder, which is linked to mode A
instabilities. These small scale vortices result from the change in vorticity [49], which was observed
during experiments [50], and grow in size during their downstream convection, as seen in Figs. 15(e)
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FIG. 15. Snapshots of isosurfaces of instantaneous pressure fluctuation, p′, and Q criterion colored with
vertical elevation (see contour label in Fig. 14) for the Re = 13 333 and G/D = 0.5 case. An interval of T/6,
with T being the vortex shedding period, is kept between snapshots. Flow is from left to right.

and 15(f). Note that despite these turbulent structures originating with the roller, they appear to be
connected to the vortical structures shed from the bottom half of the cylinder, as shown in Fig. 12 in
the far-wake region at x/D > 2. Instantaneous flow structures in Figs. 15(g), 15(h) and 15(i) capture
the formation of a new roller, R2, which is again shed obliquely to the transverse direction similarly
to previous experimental observations [45]. Interestingly, this roller again features a dislocation D2

but at a different spanwise location to that shown in Fig. 15(a), identifying the intermittent nature of
the shear layer breakdown.
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TABLE IV. Values of time-averaged drag (CD) and lift (CL) coefficients and their root-mean square, peak
frequencies ( fp), and Strouhal number (St) obtained in the experiments and LES.

Re G/D CD rms(CD) CL rms(CL ) fp (LES) [s−1] fp (Exp) [s−1] St (LES) St (Exp)

6 666 0.5 0.443 0.062 0.014 0.142 0.819 0.85 0.307 0.32
6 666 1.0 0.447 0.059 −0.019 0.059 0.801 – 0.300 –
10 000 0.5 0.414 0.062 0.015 0.155 1.105 1.21 0.276 0.30
10 000 1.0 0.441 0.054 −0.015 0.064 1.087 – 0.271 –
13 333 0.5 0.400 0.059 0.017 0.158 1.490 1.61 0.279 0.30
13 333 1.0 0.424 0.053 −0.014 0.064 1.372 – 0.257 –

F. Dominant shedding frequency and hydrodynamic coefficients

The hydrodynamic forces generated on the cylinder are impacted by the asymmetric flow field
developed around the cylinder owing to both its proximity to the bed and the upstream velocity
logarithmic distribution. The cylinder forces are directly calculated from the immersed boundary
method [36] in the horizontal and vertical directions, Fx and Fz, respectively, and are used to
calculate the drag (CD) and lift (CL) coefficients given by

CD = Fx

1/2ρAU 2
0

, (6)

CL = Fy

1/2ρAU 2
0

, (7)

where ρ is the fluid density and A is the cylinder’s cross-sectional area. Values of the time-averaged
hydrodynamic coefficients and their root-mean-square (rms) values are presented in Table IV.
The drag coefficient decreases with increasing Reynolds number, with values considerably lower
than those found in unbounded cylinder flows due the proximity of the cylinder to the bed
[21,23], and the shallow flow conditions that increase the relative flow blockage of the cylinder.
Time-averaged fluctuations of CD for G/D = 0.5 are similar for the Re = 6 666 and 10 000 cases
but decrease for the highest Reynolds number case (Re = 13 333), the same trend is present for
G/D = 1.0. The ground effect is responsible for the upwards force with time-averaged CL values
ranging from 0.014–0.017 for G/D = 0.5, while similar CL magnitudes are present for G/D = 1.0
as the force now acts in a downward direction. This is a consequence of the cylinder being immersed
in the boundary-layer inflow, leading to a higher momentum flowing over the cylinder than beneath
it [22]. The time-averaged fluctuations of the CL are more than double the magnitude for the G/D
= 0.5 than for the G/D = 1.0 due to the ground effect. For both gap ratio cases, the rms(CL ) values
increase with increasing Reynolds number.

Figure 16 presents the power spectral distribution (PSD) of the vertical forces (Fz) experienced
by the cylinder under the flow conditions considered with gap ratios 1.0 and 0.5. For each geometry
configuration, energy peaks collapse into Strouhal numbers (St = fpD/U0) between 0.257 and
0.307, summarized in Table IV, with values for G/D = 1.0 constantly smaller than those with a
narrower gap ratio [24]. In the former configuration, the St are closer to those attained in unbounded
cylinder flows, i.e., St ≈ 0.21 [15], due to a reduced influence of proximity to the wall, although
these remain slighly higher due to effects from the confined domain. These distinct energy peak
are observed at the vortex shedding peak frequency ( fp), which becomes higher with increasing
Reynolds number as shown in Table IV. Harmonics of these frequencies observed at 2 fp and 3 fp

are more pronounced in the configuration with the cylinder closer to the ground specially for the
Re = 13 333 case. Experimental Strouhal values presented in Table IV were obtained from the
PSD of the time-history of vertical velocities at the sampling point located at x/D = 6, z/D = 1.5

104604-20



ASYMMETRIC WAKE OF A HORIZONTAL CYLINDER IN …

FIG. 16. Spectral energy distribution of the vertical forces (Fz) in the cylinder computed from the LES for
the three Reynolds number cases studied with gap ratios 1.0 (left) and 0.5 (right).

for G/D = 0.5 and these are very close to the values from the simulations. These experimental
and LES-modelled results show a slight decline in Strouhal number with increasing Reynolds
number which has been observed in lower Reynolds number studies [3,16]. Furthermore, previous
experimental tests reported increases in St as the G/D ratio decreased with values ranging between
0.18–0.28 with G/D = 0.5 although for lower Reynolds numbers [16,21,24]. It should be noted that
the logarithmic distribution of the approaching flow also affects the values of the hydrodynamic
forces even for G/D = 1.0 [22,23], which also explains the present St values and hydrodynamic
coefficients.

V. DISCUSSION ON THE GENERATION OF THE GROUND VORTEX

To give new insights into the ground-vortex formation and its lift up, the main interactions
observed in the wake in cylinder flows in proximity of a solid wall with G/D = 0.5 are summarized
in Fig. 17, based on the mean and instantaneous wake distribution shown in Figs. 9(d) and 12,
respectively. As the flow approaches the cylinder, it accelerates over its upper and lower sides. For
small gap-to-diameter ratios, e.g., G/D = 0.5, the flow going under the cylinder is accelerated akin
to a jet-flow as a result from an adverse pressure gradient, which is larger over the region between
the bed and the cylinder’s underside [51]. This is supported by the distribution of ∂〈u〉/∂x in Fig. 11.

Upon passing the cylinder’s underside, there is a favorable pressure gradient and the flow is able
to expand vertically [15]. In this region the velocity profile is influenced by the solid cylinder and
bottom walls, which induce the flow to exhibit a parabolic velocity profile [52]. Hence, the gradient

FIG. 17. Schematic of the mechanisms responsible for the appearance and progression of the ground vortex
for small gap-to-diameter ratios.
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FIG. 18. Contours of normalized pressure fluctuation, p′/ρU 2
0 , with flow streamlines at a xz plane at

y/D = 4 for cases with Re = 6 666 (left) and 13 333 (right) with G/D = 0.5.

∂〈u〉/∂z is positive near the bottom and negative in the cylinder’s lower shear layer (Fig. 11). The
generation of the bottom shear layer due to this velocity gradient can be well-explained by the
definition of spanwise vorticity:

ωy = ∂u

∂z
− ∂w

∂x
(8)

In the contribution to the generation of ωy, the term ∂w/∂x is smaller than ∂u/∂z, thus the
vorticity field near the bottom wall is nearly proportional to the vertical gradient of streamwise
velocities of positive sign, as seen in Fig. 9 d. As observed in Fig. 12, there is a region of high-
vorticity attached to the bottom boundary identifying the bottom shear layer that starts to separate,
i.e., increase its thickness, after surpassing the cylinder’s lee side at x/D = 0, as a result of the
favorable pressure gradient [15,53]. This explains that, when the bottom boundary moves [1,26]
or approach flow boundary layer thickness is relatively small [53], the bottom shear layer is either
attenuated or not formed due to reduced velocity gradients.

To provide further understanding of the bottom shear layer transition and interaction with the
cylinder’s wake, Fig. 18 presents contours of pressure fluctuation, p′, together with isolines of
spanwise vorticity and flow streamlines at an xz-plane at y/D = 4 for cases with Re = 6 666
and 13 333 with G/D = 0.5. The flow streamlines allow to visualise the onset of a separation
bubble in the bottom shear layer that rolls up, growing in size further downstream. At x/D =
1.0 for both Re cases, this bubble eventually becomes large enough to generate the GV, as also
depicted in Fig. 12(a). The cylinder’s shear layer becomes unstable rapidly after separation with
Kelvin-Helmtholtz or roller structures being formed and growing in size with increasing distance
downstream.

In the area occupied by the roller (R) the values of p′ are negative, where this instantaneous
pressure field responsible for the quick GV liftoff, which also exhibits negative values of pressure
fluctuation. This R-GV coupling is observed for both Reynolds numbers, while it is obvious in the
Re = 13 333. The mechanisms driving the near-wall flow transition, separation and instabilities is
somewhat similar to those in flows over flat plate under adverse pressure gradient boundary layers
but, in this case, the cylinder-shed vortical structures trigger suction areas, i.e., of negative pressure,
causing the liftoff of the GV to occur relatively close to the cylinder. These observations agree very
well with experimental visualisations from Bearman and Zdravkovich [15] and Grass et al. [53].
Finally, it is worth to mention that the GV has a clockwise rotation while the cylinder’s shear layer
rollers have an opposite rotational direction. Thus, once both structures merge and are shed, they
form the von Kármán vortex that is convected downstream with the flow, as observed at x/D = 2.0
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FIG. 19. Contours of spanwise vorticity at elevations z/H = 0.00667, 0.020, 0.033, 0.0466, and 0.060 for
the cases with Re = 6 666 (top) and 13 333 (bottom), and G/D = 0.5.

for the Re = 13 333 case, but whose expected clear counterclockwise motion is damped as result of
the GV.

To better explain the detachment of the bottom shear layer off the bottom wall, Fig. 19 presents
contours of spanwise vorticity at five horizontal planes at elevations z/H in the range of 0.00667–
0.060 for Re = 6 666 and 13 333 with G/D = 0.5. At the plane closest to the bottom, it is seen
that the transition from the wall shear layer to the separated bubble is accomplised after x/D = 0,
being more subtle for the lower Re. However, it is appreciated that the location of the transition
point is heterogeneous in the spanwise direction, resulting from its intermittent motion upstream
and downstream analogously to the cylinder’s shear layer. It is also observed that the lateral walls
induce flow separation and hence play are role in the transition of the bottom laminar shear layer to
the GV formation at the ends of the domain.

Comparing the vorticity distribution for both Re, it is clear that in this near-wall region the flow
separation phenomena depends on the Reynolds number. At Re = 13 333, three vortex dislocations
are developed, similar to those mode A instabilities found in the cylinder shear layers, with two
of them, GV -D1 and D2, already found near the bottom wall at z/H = 0.00667 while GV -D3 is
observed at elevations above z/H = 0.0466. Figure 19 allows to observe that the GV, at an elevation
z/H = 0.060 for Re = 6 666, features some spatial coherence as a long roller of high-vorticity
spaning between 2 < y/D < 5 at x/D ≈ 0.5, while for the higher Reynolds number discontinuities
in the GV are observed at z/H = 0.0466.

For cases with G/D = 1.0 the mechanisms responsible for connecting and merging the R and
GV are almost negligible as seen in Fig. 13. Increasing the distance between the cylinder and the
wall reduces the negative pressure fluctuations and their impact on the roller R interference with
the GV formation and subsequent liftoff. Planviews of spanwise vorticity near the bed show that the
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GV is fairly uniform across the domain length (not shown here for brevity). The bottom wall affects
the far wake for the larger gap ratio in that the von Kármán vortices impingement on the ground
constrains their vertical expansion. Hence, the near-wake dynamics developed behind the cylinder
with G/D = 1.0 are similar to those in unconfined cylinder flows, while the far wake can slightly
differ due to the limited freedom of the large-scale vortices to move vertically in their downstream
convection.

VI. CONCLUSIONS

The nature of the turbulent wake behind a circular cylinder in close proximity to a solid boundary
have been investigated using a combined experimental and large-eddy simulation study for Reynolds
numbers in the range 6 666 to 13 333 with gap-to-diameter ratios of 0.5 and 1.0. The LES results
agreed well with the experimental measurements for the time-averaged flow quantities and captured
the streamwise velocity, its fluctuation in the recirculation bubble, and the upward flow motion. The
presence of a narrow gap between the wall and cylinder, at a ratio of 0.5, significantly influenced
the dynamics of the vortex generation and shedding which, in consequence, led to an increasingly
pronounced asymmetric wake distribution with increasing Reynolds number. The boundary layer
separation points on both the upper and lower halves of the cylinder move upstream with increasing
Reynolds number, which is consistent with previous studies. Likewise, the enclosed recirculation
bubble, was found to be slightly asymmetric by being larger in its lower part and decreasing in
longitudinal extent with increasing Reynolds number consistently with cylinder-wake flows. This
impact on the wake asymmetry reduced for cases with gap ratio of 1.0. From the continuity equation,
the rate of change of the mean velocity terms further characterised the asymmetric near wake in the
cases with the cylinder close to the ground, whose distribution was similar for the three Reynolds
numbers.

The Kelvin-Helmholtz instabilities developed in the upper and lower shear layers were shown
to be decoupled in that these shear layers followed a laminar-to-turbulent transition at different
downstream distances. A more rapid breakdown of the shear layers occurred for the Re = 13 333
case than the Re = 6 666 case. In the near-wake region spanwise rollers were formed with an
undulating pattern instead of being parallel to the cylinder edge, which was linked to the appearance
of vortex dislocations. The ground vortex formed as a result of the lower vortex inducing a difference
in pressure near the bottom wall which allowed the former structure to lift off the ground and merge
with the von Kármán vortices to form a single vortical structure. This phenomenon was present for
all three Reynolds numbers examined for the gap ratio of 0.5, and became more pronounced for the
highest Reynolds number case as the near wake became more unstable closer to the cylinder.

Spectral analysis revealed Strouhal numbers varied between 0.28–0.32 for the gap ratio of 0.5
for both the experiments and LES while varied in the range of 0.25–0.30 for the gap ratio of 1.0.
For all these scenarios, the Strouhal numbers remain higher than the value of 0.21 commonly found
for unbounded cylinder flows owing to changes in the vortex shedding dynamics from the ground
effect. In this line, drag coefficients increased when the gap between the cylidner and the ground
was greater while remaining lower than those for unbounded cylinder flows. An upwards force was
present on the cylinder for the gap ratio of 0.5, due to the proximity to the bottom boundary, while a
mean vertical downforce was present for the case with larger gap ratio owed to the boundary layer
flow carrying more momentum over the cylinder than below it.
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APPENDIX: TIME-AVERAGED FLOW HYDRODYNAMICS
FOR THE Re = 13 333 AND G/D = 0.5 CASE

The influence of the Reynolds number in the wake behind the cylinder in proximity to the wall
with G/D = 0.5 is presented in Fig. 20 for Re = 13 333.

FIG. 20. Side elevation contour plots of the LES computed (a) streamwise velocity, (b) vertical velocity,
(c) streamwise turbulence intensity with lines denoting 〈u′〉/U0 = 0.6, (d) vertical turbulence intensity with lines
denoting 〈w′〉/U0 = 0.7, and (e) Reynolds shear stress with the solid lines corresponding to 〈u′w′〉/U 2

0 = ±
0.1, normalized by the bulk velocity for the Re = 13 333 and G/D = 0.5 case.
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