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The paper analyzes how the structure of the flow past solid (porosity P = 0%) and
porous (P = 36%) plates containing parallel solid elements changes with increasing gap
distance from the bottom surface. Fully three-dimensional large-eddy simulations are
conducted in a straight channel with a horizontal smooth bottom surface and a vertical thin
plate of height H positioned at a distance G from the channel bottom for 0 � G/H � 1.
For small G/H values, the main features of the wake flow are the formation of a bottom-
attached recirculation region behind the plate and of corotating vortices originating from
eddies shed inside the separated shear layer at the top edge of the plate. For sufficiently
high G/H values, the wake flow is dominated by the shedding of counter-rotating wake
vortices behind the plate (antisymmetric vortex shedding). For G/H � 1, the wake vortices
originating in the bottom separated shear layer lose their coherence after they start
interacting with the bottom surface. The effects of increasing G/H on the turbulent kinetic
energy, nondimensional streamwise drag force acting on the plate and friction velocity
distributions on the bottom surface are analyzed. The paper also discusses how the bleeding
flow present in the porous plate cases affects the dynamics of the large-scale coherent
structures and its effect on the spectral content of the flow, streamwise drag force, and bed
friction velocity distributions.
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I. INTRODUCTION

Placing a vertically oriented, solid or porous plate close to a horizontal bottom surface induces
regions of flow acceleration and deceleration and generates large-scale coherent structures. Their
characteristics and dynamics depend on the porosity of the obstacle [1]. If the plate porosity is fairly
low and the plate is situated very close to the bottom surface, the flow separates and a recirculation
region or bubble forms immediately downstream of the plate. Typical examples of such plates used
in engineering applications are wind and snow fences and sand barriers positioned close to the
ground. The main purpose of snow fences and sand barriers is to trap particles (e.g., snow, sand) on
their downstream side by inducing regions of small velocity magnitude that favor particle deposition
[2,3].

In most practical applications, the main challenge is to design the porous fence (e.g., snow fence,
windbreak barrier, shelter belt) such that it reduces adverse effects induced by snow storms and
severe winds [2,4,5]. This reduction can be achieved by a properly designed fence by favoring snow
deposition away from the road that it protects [6], by reducing air velocity in the region used as
a shelter during hurricanes, or by reducing the wind-blown particle emissions to the environment
at industrial sites [2]. In many cases, the width of the fence is much larger than its height, the
thickness of the fence is very small compared to its height, and the ground surface is relatively
flat. These assumptions simplify the problem, while retaining the main physics. As such, a deep
understanding of flow past porous two-dimensional high-aspect-ratio rectangular obstacles is a
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prerequisite for developing effective designs of porous fences used to control particle drifting,
blowing, and deposition in various engineering applications.

Information on the flow structure and on the effect of varying the main geometrical parameters
of the porous fence or plate is available mainly from field and wind tunnel investigations [7–12].
Many of these studies focused on determining the effect of the plate or fence porosity on the
streamwise drag coefficient and the threshold value of the plate porosity above which the main
recirculation bubble is no longer in contact with the plate or fence [7,12–15]. Typically this happens
for porosities P close to 30%, where the porosity is defined as the total open area of the fence or
plate (e.g., fence holes, spacing between solid elements of a fence or plate) divided by its total
frontal area excluding the bottom gap. At very large porosities, no bottom-attached recirculation
bubble is generated downstream of the fence.

Previous laboratory and field experiments of these flows provided velocity and turbulence
measurements in only a limited number of vertical cross sections. Friction velocity distributions
on the bottom surface were seldom measured, and this variable was estimated from velocity
measurements away from the surface assuming that the law of the wall accurately describes
the velocity distribution near the bottom surface. This is generally not the case in the wake of
the plate where flow recirculation, adverse pressure gradients, and highly energetic eddies are
present. Additional information on the flow field was obtained from Reynolds-averaged Navier-
Stokes (RANS) simulations [4,16–18] and two-dimensional (2D) large-eddy simulation (LES) of
laboratory-scale experiments (e.g., [19]). For complex separated flows, the RANS approach is not
always very accurate and does not provide information of the dynamics of the coherent structures,
which is essential to understand the flow physics [20]. The same is true for 2D LES, which does not
account for vortex stretching in the spanwise direction. Recently, Basnet and Constantinescu [21]
reported a series of 3D LES of flow past 2D solid and porous plates placed on the channel bottom
with no bottom gap. The simulations provided quantitative information on the unsteady forces acting
on the plate, the spectral content of the wake, the dynamics of the coherent structures, and the role
of the bleeding flow.

A major task when designing porous fences for engineering applications is to determine the
optimum bottom gap ratio G/H (G is the distance between the ground surface and the lower
edge of the fence) for a given porosity P, such that the particle-retaining capacity of the fence is
maximized. For example, without a bottom gap, snow particles will rapidly accumulate close to the
downwind face of the snow fence, drastically reducing the capacity of the fence to further retain
snow particles in its vicinity. From a fluid mechanics perspective, the presence of a bottom gap
induces additional flow complexities and mechanisms for the generation of large-scale coherent
structures. As G/H increases, part of the incoming flow is deflected downwards and passes the
fence beneath it. As this happens, the flow accelerates and creates a jetlike flow attached to the
ground surface, which is the main reason why particles cannot deposit in the immediate vicinity
of the fence for sufficiently large bottom gaps. A too large bottom gap will reduce the efficiency
of the fence, as the capacity of the fence to induce a region of relatively small velocities close to
the ground decreases. Moreover, the general wake structure may also be affected as the separated
shear layer (SSL) induced by the flow passing the fence close to its bottom edge starts interacting
with the SSL forming at its top edge. As this happens, one expects counter-rotating vortices will
be shed in the wake, and the dynamics of these vortices will be similar to that of vortices forming
the von Karman vortex street observed past isolated, solid bluff-body obstacles. The presence of a
porous obstacle further complicates the problem. Some main results for flow past thin plates and
rectangular cylinders with a bottom gap are discussed next.

Durão et al. [22] experimentally investigated the mean flow around a square solid cylinder
situated in the vicinity of a channel bed for 0 < G/H < 3.3 at a cylinder Reynolds number,
Re = 1.36 × 104. The axis of the cylinder was oriented along the spanwise axis of the channel
such that the incoming flow was perpendicular to the upstream face of the cylinder. The onset of
large-scale vortex shedding was observed to take place for G/H close to 0.35. The antisymmetric
shedding Strouhal number defined with the cylinder height was close to constant (St = 0.133) for
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FIG. 1. Sketch showing main variables characterizing a porous plate with a bottom gap (left) and
computational domain containing a solid or a porous vertical plate placed in the vicinity of a horizontal surface
(right).

G/H � 0.35. Bosch et al. [23] investigated the effect of bottom gap on flow past a square cylinder
for different values of the bottom gap. In agreement with Durão et al. [22], the experimental
study of Bosch et al. [23] found that the critical value of G/H for suppression or onset of
antisymmetric vortex shedding is between G = 0.35H and G = 0.5H . In a similar experimental
study conducted for Re = 18 900, Martinuzzi et al. [24] found that the bottom SSL reattaches
permanently on the channel bed and the large-scale periodic fluctuations are completely suppressed
for G/H < 0.3. Based on experiments conducted for square cylinders with 0.2 < G/H < 1 at
Re = 11 075, Panigrahi [25] identified three different types of flow regimes in the wake of the
cylinder: (1) complete suppression of vortex shedding at low G/H , (2) transitional regime, where
the channel bottom affects the large-scale vortex shedding behind the cylinder (0.3 < G/H < 0.6),
and (3) (antisymmetric) vortex shedding regime at high G/H , for which the effect of the channel
bottom on vortex shedding is negligible.

The case of high-aspect-ratio solid cylinders placed in the vicinity of a channel bed was much
less investigated. Cho [26] measured mean flow and turbulence statistics in the wake of a porous thin
plate with a bottom gap. Unsteady RANS simulations were reported by Najjar and Vanka [27] for
flow past a solid vertical plate placed in uniform flow. An in-depth experimental investigation of the
flow past a porous thin fence was performed by Kim and Lee [28] for a fence with P = 38.5% and
G/H = 0, 0.1, 0.2, and 0.3. The plate Reynolds number (ReH = HU0/ν where U0 is the incoming
velocity and ν is the molecular viscosity) was close to 104. Besides providing measurements of the
mean velocity and turbulence variables in several vertical sections, they determined the distance
from the plate where the SSLs forming at the top and bottom edges start interacting as a function of
G/H . Two-dimensional LES was performed by Fang and Wang [29] for flow past porous barriers
with G/H = 0.1. Two-dimensional LES with a dynamic Smagorinsky model was performed by
Huang et al. [19] for flow past porous plates with a different porosity over the upper half and lower
half of the plate.

In the present study, the physics of turbulent flow past a thin, wide, vertical rectangular plate
placed in the vicinity of the ground is investigated as a function of the bottom gap ratio, G/H . The
study considers both solid plates and porous plates with a uniform porosity of 36%. The porous
plates contain an array of spanwise-oriented (horizontal), identical solid cylinders of rectangular
cross section (Fig. 1). The approaching flow is perpendicular to the face of the thin solid cylinders.
The height of the solid cylinders and the spacing between them, d , are kept constant. The limiting
case in which the plate is in contact with the bottom surface (G/H = 0) was already investigated
using 3D LES by Basnet and Constantinescu [21].

Two other relevant parameters for flow past porous regions containing cylinders are the ratio
between the cylinder diameter d , and a characteristic length scale (e.g., height of the porous plate,
H) and the arrangement of the cylinders inside the porous region [30,31]. For example, a regular
nonstaggered arrangement of the cylinders inside the porous region induces the formation of high-
velocity corridors and is characterized by very different wake-to-cylinder interactions compared
to a staggered or random arrangement. This effect is not important for porous regions containing
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only one vertical array of cylinders (e.g., porous plates). Even if the porosity of the porous region
(e.g., porous plate containing rectangular parallel cylinders) is kept constant, the flow paths will
be different if a large number of small-diameter cylinders or a smaller number of larger-diameter
cylinders is used. So, d/H may be a relevant parameter for flow past porous plates. Basnet and
Constantinescu [21] have investigated the effect of varying d/H while maintaining the plate porosity
constant for plates in contact with the bottom surface. Though some differences were observed in
the instantaneous and main flow fields, varying d/H for constant porosity had a fairly small effect
on the main flow features away from the plate and on the main variables of engineering interest
(e.g., mean force acting on the plate). Though in the present study the ratio d/H was kept constant,
it will be of interest to investigate the effect of d/H for porous plates with a bottom gap and also
the effect of using other types of porous plates (e.g., plates containing circular holes that are used
for temporary plastic snow fences).

The numerical method, boundary conditions, and code validation are discussed in Sec. II.
Section III discusses the main flow and geometrical parameters of the simulations and provides
information on the computational domain and computational meshes used to perform the simula-
tions. Section IV investigates the effects of varying the gap aspect ratio, G/H , on the mean flow
and turbulence structure around the solid plate, unsteady forces action on the plate, and bed friction
velocity distributions on the bottom channel surface. Section V discusses a similar investigation
performed for porous plates with P = 36%. Section VI summarizes the main results and provides
some concluding comments.

II. NUMERICAL MODEL, BOUNDARY CONDITIONS, AND CODE VALIDATION

The numerical method used to conduct the simulations and the boundary conditions are the same
as those used to perform simulations reported in the related study of Basnet and Constantinescu
[21]. The finite-volume code [32] solves the conservative form of the incompressible Navier-
Stokes equations on nonuniform, Cartesian meshes and discretely conserves the kinetic energy
in the computational domain [33]. Periodic boundary conditions are applied in the spanwise (z)
direction, as the mean flow is assumed to be two dimensional. The fractional step algorithm uses a
staggered, conservative space-time discretization with a semi-implicit iterative method to advance
the equations in time. A Poisson equation is solved for the pressure. Central schemes are used to
discretise the spatial derivatives in the Navier-Stokes equations. Time discretization is achieved
using a Crank-Nicholson scheme for the convective and viscous operators in the momentum
(predictor step) equations. The successive over-relaxation (SOR) method is used to solve the system
of equations after the governing equations are discretised in both space and time. A blanking
technique is used to account for the presence of solid obstacles inside the computational domain. The
dynamic Smagorinsky model is used to estimate the subgrid-scale viscosity. The code is parallelized
using message passing interface (MPI).

The instantaneous velocity fields at the inflow section of the computational domain (see
Fig. 1) are obtained from a preliminary channel flow simulation (no plate) with periodic boundary
conditions in the streamwise direction. The velocity is set equal to zero on the channel bottom
and on the surfaces of the plate. A symmetry boundary condition is used at the top boundary and a
convective boundary condition is used at the outflow boundary [20]. The code was already validated
for a wide range of flows including channel flow and flow past obstacles (e.g., isolated circular
or rectangular cylinder, arrays of square solid cylinders or dunes mounted at the channel bottom,
circular array of solid cylinders) in a straight channel (e.g., see [34–41]).

Of direct relevance for the present study in which antisymmetric wake vortex shedding is
expected to occur for cases with a large G/H is the capacity of the code to accurately predict mean
velocity and turbulence statistics in the wake of 2D bluff bodies placed at relatively large distances
from the domain boundaries. A 3D LES of flow past a wide square cylinder was conducted with the
present code. The computational results are compared in Fig. 2 with the experimental results of Lyn
et al. [42] obtained at a cylinder Reynolds number defined with the length of the cylinder’s edge,
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FIG. 2. Comparison of streamwise velocity, vertical velocity, streamwise normal Reynolds stress, vertical
normal Reynolds stress, and primary shear Reynolds stress profiles for flow past a square solid cylinder at
Re = U0Hs/ν = 21 400. 3D LES results, present study: solid line; experimental results of Lyn et al. [42]: red
squares; LES results of Wang and Vanka [43]: green triangles; and LES results of Srinivas et al. [44]: blue
circles. (a) x = 1Hs; (b) x = 5Hs where the center of the square cylinder is situated at x = 0 and its edge length
is Hs.

Hs, of 21 400. The streamwise length of the computational domain in the present LES was 35Hs, its
width was 3.5Hs, and its height was 14Hs. The cylinder was placed at equal distances from the top
and bottom extremities of the channel, the same as in the corresponding experiment. Also included
in Fig. 2 are LES results reported by Wang and Vanka [43] and by Srinivas et al. [44]. The blockage
ratio was 0.07 in the present LES, which is close to the values in the other simulations reported
for this case. The flow was steady and uniform in the inflow section and a convective boundary
condition was used at the outflow boundary.

044604-5



K. BASNET AND G. CONSTANTINESCU

The mean velocity profiles together with those of the normal and main shear Reynolds stresses
are compared in Fig. 2 at two streamwise locations, x = 1Hs and x = 5Hs, where x = 0Hs

corresponds to the center of the square cylinder. Only half of the domain is shown (y > 0), as
the mean flow is symmetrical with respect to the center line of the cylinder (y = 0Hs). The profile
at x = 1Hs cuts through the mean flow separation bubble at the back of the cylinder. The level
of agreement between the present LES and experiment is good for the mean velocity components
(error with respect to the experiment is less than 0.05U0 at most locations). Present LES results are,
in general, very close (e.g., within 0.02U0) to those of Wang and Vanka [43]. The peak streamwise
normal stresses occur in the SSLs forming on the sides of the square cylinder. As one moves away
from the back of the cylinder, the peak moves closer to the center line. Larger differences between
the present LES and experiment are observed for the primary mean shear stress at x = 1Hs where
present LES predictions are very close to those of Wang and Vanka [43]. Meanwhile, the predictions
of Srinivas et al. [44] are closer to the experimental measurements. However, the opposite is true
at x = 5Hs where the profiles of the Reynolds stresses predicted by the present LES and Wang
and Vanka [43] are closer to the experimental measurements compared to Srinivas et al. [44]. The
mean value of the drag coefficient corresponding to the streamwise force acting on the square
cylinder predicted by the present 3D LES is 2.11. Lyn et al. [42] obtained a value of 2.1 based
on their measurements, while the other 3D LES predicted 2.03 and 2.14. The Strouhal number
(St’ = f ’Hs/U0, where f ’ is the frequency) corresponding to the antisymmetric shedding frequency
was 0.132, which is very close to the experimentally determined value (0.132) and the values
predicted by the other two LES (0.13 and 0.135). No experimental values were reported for the
root-mean-square (rms) fluctuations of the streamwise drag and vertical drag (lift) coefficients, but
the values predicted by the present LES (0.21 and 1.50) are close to those predicted by the other two
LES. Basnet and Constantinescu [21] report validation results for the flow past a 2D solid thin plate
placed perpendicular to the incoming flow in a wide channel at a plate Reynolds number of 21 400.
The predictions of the mean streamwise drag coefficient and the rms fluctuations of the streamwise
and vertical drag coefficients were also found to be very close to the experimentally determined
values.

III. SIMULATIONS SETUP AND PARAMETERS OF THE TEST CASES

In a streamwise-vertical (x-y) plane, the origin of the system of coordinates is situated on
the channel bottom at the intersection with the vertical line cutting through the middle of the
plate (Fig. 1). The plate of height H and thickness t = 0.02H is placed at a distance G from
the channel bottom. The plate is located at a distance Lu = 10H from the inflow section and at
a distance Ld = 25H from the outflow section. The domain height is Lv = 10H and the domain
width is Lz = 3H . All simulations were conducted with ReH = HU0/ν = 20 000 where U0 is the
mean (section-averaged) incoming velocity in the channel. These simulations mimic experiments
conducted at a laboratory scale (e.g., for H = 0.1 m and U0 = 2 m/s, which is typical of small wind
tunnels where such experiments are conducted). At field scale, the Reynolds numbers are about
two orders of magnitude higher [6]. The solid elements of the porous fence are disposed along the
spanwise direction and have a rectangular shape (0.06H height and 0.02H width). The distance
between the solid elements is d = 0.04H .

Two series of five simulations were conducted. A first series of simulations was performed for
solid plates (P = 0%) for G = 0H , 0.1H , 0.2H , 0.5H , and H to investigate the effect of the bottom
gap ratio, G/H , on the flow structure. Then, a similar series of five simulations was performed for
porous plates with P = 36%.

The computational domain was meshed with close to 19 million grid points. The mesh spacing
was uniform in the spanwise direction. The mesh point distributions along the x and z directions
were such that the viscous sublayer on all solid surfaces, including the surfaces of the solid elements
of the porous plate, were resolved. The wall-normal nondimensional distance corresponding to the
first mesh point off each solid surface was less than 2 wall units at all locations. Away from the
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FIG. 3. Mean flow structure visualized using 2D streamline patterns for the solid plate (P = 0%) cases.
The blue and green lines indicate the end of the separation bubble at the back of the solid plate and the end of
the main bottom-attached recirculation bubble for cases with low G/H , respectively. Also shown are the mean
spanwise vorticity, ω̄z/(H/U0 ), distributions.

plate, the average dimensions of the 3D cells were close to 0.06H . This resolution corresponds
to close to 100 wall units. The time step was �t = 0.001H/U0. Though the instantaneous eddy
viscosity values predicted by the dynamic Smagorinsky model in the regions containing turbulent
eddies and/or high shear were relatively low (e.g., of the order of the molecular viscosity, which is
also an indication of a well-resolved LES), the dissipation provided by the subgrid-scale model was
critical to obtain a converged solution.

IV. EFFECT OF BOTTOM GAP RATIO FOR SOLID PLATES

A. Mean flow and turbulent kinetic energy

In the case where the plate is in contact with the channel bottom (G = 0H), there is only one
SSL forming at the top edge of the plate. For the other cases, a second SSL forms at the bottom
edge of the plate. They will be referred to as the top SSL and the bottom SSL, respectively. As
shown by the 2D streamline patterns in Fig. 3, a recirculation bubble forms in between the plate and
the channel bottom for G/H � 0.2 and a separation bubble forms behind the plate for G/H � 0.5.
The length of the main recirculation bubble, l1, decreases monotonically with the increase in G/H
(see Table I), while its maximum height, h1, remains close to constant (1.8H). Even in the P = 0%
G = 0.2H case where the antisymmetric shedding is not present, a separation bubble containing
two eddies forms behind the plate and is contained within the recirculation bubble. The length of
the separation bubble, l2, decreases monotonically with the increasing G/H (Table I). In the P = 0%
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TABLE I. Effect of bottom gap ratio, G/H , on the variables characterizing the streamwise force acting on
the solid plate (P = 0%), the size of the separation bubble forming behind the plate or of the recirculation
bubble attached to the channel bed, and the nondimensional frequency of the passage of billow vortices
associated with the antisymmetric wake shedding, Stw.

Case C̄D Crms
D l1 h1 l2 Stw

P = 0%, G = 0H 0.78 0.03 16.2H 1.8H
P = 0%, G = 0.1H 0.89 0.04 14.0H 1.8H
P = 0%, G = 0.2H 0.93 0.045 12.5H 1.8H 4.2H
P = 0%, G = 0.5H 1.11 0.06 3.8H 0.12
P = 0%, G = H 1.57 0.2 2.0H 0.14

G = 1H case, its length is very close to that predicted for G/H � 1. For G/H = 0.5, the size of
the bottom eddy inside the separation bubble is larger. For G = 1H , the sizes of the two eddies are
approximatively equal.

The spanwise vorticity distributions in Fig. 3 show that the largest amplification of the vorticity
in the mean flow occurs over the upstream part of the SSLs. The penetration length of the region of
high spanwise vorticity magnitude associated with the top SSL increases monotonically with G/H
until G/H = 0.2 and then starts decreasing with increasing G/H . A similar behavior is observed
for the bottom SSL whose strength (e.g., as characterized by the vorticity magnitude levels inside
it and its length) peaks around G/H = 0.5. Due to the larger flow acceleration occurring in the gap
region, the lower SSL is stronger than the top SSL for G/H � 0.5.

The distributions of the turbulent kinetic energy (TKE) in Fig. 4 show a significant amplification
of the turbulence inside the region where billows are shed from the top and bottom SSLs. Once
the antisymmetric vortex shedding occurs, the highest TKE values are predicted in the region
where the wake billows form. A strong decay of the TKE is observed on the bottom side of the wake
downstream of the location where the billows originating in the bottom SSL lose their coherence
(e.g., at x = 6H for G = 0.5H and at x = 8H for G = 1H ; see Fig. 4). Downstream of this location,
the TKE increases with increasing G/H (see TKE profiles at x/H = 8 in Fig. 4).

B. Instantaneous flow fields

Among the five cases, the P = 0% G = 0H case is the one where the mean shear across the
top SSL is the highest because all the incoming flow is diverted upwards and then past the top
edge of the plate. This induces a strong flow acceleration on the outer-flow side of the top SSL.
As a result, the production of turbulence inside the top SSL is the largest and the SSL vortex tubes
are more coherent compared to G/H > 0 cases (see ωz distributions in Fig. 5). Merging of vortex
tubes results in the formation of larger vortical eddies and the thickening of the top SSL. At the end
of the main recirculation bubble forming immediately behind the plate, these large vortical eddies
start interacting with the channel bed. At times, part of the core of these eddies is injected into the
recirculation bubble at the back of the plate. These vortical eddies are then advected toward the plate
and then toward the upstream part of the top SSL, where they strongly disturb the eddies advected
inside the SSL. This creates a feedback mechanism that induces strong disturbances and stretching
of the vortex tubes shed over the upstream part of the top SSL.

As G/H increases, the mean vorticity magnitude inside the bottom SSL increases monotonically.
Even for relatively small values of the gap aspect ratio (G/H = 0.1), the bottom SSL curves toward
the top SSL. At times when the end of the bottom SSL approaches the top SSL [see ωz distribution
in Fig. 5(b) where the bottom SSL interacts with the top SSL around x = 2H], the evolution of the
corotating eddies advected in the top SSL is affected. This favors the merging of several of these
corotating eddies into a larger eddy that resembles a wake billow generated for flows where the
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FIG. 4. Turbulent kinetic energy, K/U 2
0 , in an x-y plane for the solid plate (P = 0%) cases. Also shown are

vertical profiles of K/U 2
0 at x/H = 8 and x/H = 20.

antisymmetrical vortex shedding is observed. The top SSL in the P = 0% G = 0.1H case contains
several of these large billows. The coherence of the billows forming in the top SSL increases with
G/H as stronger interactions are observed between the bottom and the top SSLs. For G/H � 0.5,
the top SSL curves sufficiently toward the bottom SSL such that counter-rotating wake billows form
quasiregularly and the antisymmetric vortex shedding mode is observed. For G/H = 0.5, the wake
billows form at a larger distance from the plate compared to the case (G/H � 1) where the channel
bottom has a negligible effect on the flow.

For G/H = 1, the acceleration of the flow through the bottom gap is not significantly larger than
that of the flow around the top edge of the plate and the billows originating from the bottom and
top SSLs form fairly close behind the plate, similar to what is observed for G/H � 1. Though very
close to the plate, the flow in the P = 0% G = 1H case resembles the one for plates with G/H � 1;
this is not the case at larger distances [e.g., for x/H > 2 in Fig. 5(d) showing ωz] where the billows
shed from the bottom SSL start interacting with the channel bottom. As a billow approaches the
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FIG. 5. Instantaneous spanwise vorticity, ωz/(H/U0 ), and spanwise velocity, w/U0, in an x-y plane for the
solid plate (P = 0%) cases. (a) G = 0H ; (b) G = 0.1H ; (c) G = 0.5H ; (d) G = 1.0H .
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FIG. 6. Power spectra of the vertical velocity at point P1 and point P2 for the solid plate (P = 0%) cases.
The positions of points P1 and P2 are shown in Fig. 5. The power spectra are compared for the G = 0H ,
G = 0.1H , G = 0.5H , and G = 1.0H cases.

channel bottom [e.g., this happens around x/H = 4 in Fig. 5(d)], it slows down and its capacity to
rotate around its axis is reduced. The billow starts losing its coherence via vortex stretching. For the
P = 0% G = 1H case, the passage of two successive billows from the top SSL is enough to destroy
most of the coherence of a bottom SSL billow trapped in the bottom boundary layer. This is why for
x/H > 8, the wake flow in the P = 0% G = 1H case contains only large billows originating in the
top SSL. For cases where billows originating in the bottom SSL form (G/H � 0.5), the coherence
of the billows originating in the top SSL is significantly larger with respect to cases with a relatively
small G/H (�0.2).

Given that the mean flow is 2D, the distributions of the instantaneous spanwise velocity in
Fig. 5 give an indication on the degree of flow three dimensionality inside the SSLs and the wake.
Elongated patches of high positive and negative spanwise velocity are observed in all P = 0%
cases inside the wake region. The velocity magnitude inside these patches is of the order of 0.3U0,
which means that the spanwise transfer of momentum is significant. By comparison, the spanwise
velocity magnitude in the incoming fully developed, free stream flow (no obstacle) is about six times
lower. In the simulations with G/H < 0.5, a patch of positive spanwise velocity is situated in the
immediate vicinity of a patch of negative spanwise velocity, at most locations. Most of these patches
are situated in the region where the billow from the top SSL are advected. Only in the P = 0%
G = 1.0H case, strong patches of high and low spanwise velocity are also observed in the bottom
SSL. The formation of coherent billows originating in either the top or bottom SSLs is the main
mechanism responsible for the amplification of momentum transport in the spanwise direction.

In the P = 0% G = 0H case, the two most energetic frequencies in the top SSL, close to its
origin, correspond to a Strouhal number, St = f H/U0 ( f is the frequency), of 0.62 and 0.85,
respectively (see velocity power spectrum at point P1 in Fig. 6). These two frequencies are induced
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by the most energetic SSL vortex tubes. In the P = 0% G = 1H case, the velocity spectrum at
point P1 contains one dominant frequency, St = 0.14, which is the shedding frequency of the
counter-rotating billows and is denoted Stw in Table I. This frequency is so energetic close to
the origin of the top SSL because the wake billows are forming very close to the plate in the
P = 0% G = 1H simulation, which is not the case in the P = 0% G = 0.5H simulation where
the antisymmetric wake mode is also observed.

In the P = 0% G = 0H case, the largest vortical eddies in the top SSL continue to grow and
eventually start interacting with the bed as the mean flow reattaches around x = 16H . Downstream
of this location, the dominant frequency in the velocity spectra associated with the passage of the
largest eddies generated in the top SSL is St = 0.08 (see spectrum at point P2 for G = 0H in Fig. 6).
Vortex merging between successively shed eddies is the main mechanism responsible for the growth
of these eddies until around x = 12H , downstream of which no vortex merging events are observed.
In the P = 0% G = 0.1 case, the dominant frequency in the velocity spectra is St = 0.04 at locations
situated downstream of the main recirculation bubble (e.g., see spectrum at point P2 in Fig. 6). The
bottom SSL interacts with eddies shed in the top SSL. These interactions occur at around x = 2.0H
and the dominant frequency associated with these interactions is close to St = 0.08. In between
x ≈ 2.0H and x ≈ 14H , where the mean flow reattaches, one merging event occurs within the top
SSL, such that the dominant frequency associated with the passage of the large billows advected
parallel to the channel bottom (e.g., at point P2; see Fig. 6) is St = 0.04.

For G/H � 0.5, the mechanism responsible for the formation of large billows inside the top
and bottom SSLs is basically the same as that observed for plates with G/H � 1 for which
counter-rotating wake billows of comparable circulation are shed with a frequency close to Stw =
0.14–0.15 [21,45]. For the P = 0% G = 0.5H and P = 0% G = 1H cases, the billows shed from
the bottom SSL are of comparable circulation to that of the billows shed from the top SSL in the
formation region. Their shedding frequency is Stw = 0.12 in the G = 0.5H case and Stw = 0.14
in the G = 1H case (see main peaks in the corresponding power spectra at point P2 in Fig. 6).
The main difference between the G = 0.5H and G = 1H simulations and the limiting case with
G/H � 1 ratio is that the billows shed from the bottom SSL start interacting with the channel
bottom [Figs. 5(c) and 5(d)]. As this happens, their advection velocity and circulation decays. Severe
vortex stretching occurs as the billows that are shed from the top SSL approach the slowly moving
billow trapped into the boundary layer on the channel bottom.

C. Forces acting on the plate

Figure 7 shows the effect of varying G/H on the net width-averaged mean nondimensional
pressure distribution over the plate. The presence of the bottom gap results in decreasing the pressure
difference between the front and back faces of the plate close to its bottom edge. Away from the two
edges, the pressure distribution on the plate is fairly symmetrical with respect to the middle of the
plate for G/H > 0.

Table I and Fig. 8 show the effect of increasing G/H on the mean streamwise drag coefficient
acting on the plate,C̄D, and its rms fluctuations, Crms

D , for the P = 0% cases. The mean drag
coefficient increases monotonically with increasing G/H toward the value (C̄D = 2.13–2.17)
expected for G/H � 1 [21,46]. Still, the effect of the bottom wall on C̄D is not negligible even
for the P = 0% G = 1H case as its value (1.57) is still significantly smaller than the one predicted
for G/H � 1. This is not surprising given that significant interactions take place between billows
forming from eddies shed in the bottom SSL and the channel bottom for G/H = 1. The rms
of the drag coefficient fluctuations, Crms

D , increases monotonically with increasing G/H . Once
the antisymmetric vortex shedding occurs (G/H � 0.5), the rate of increase of Crms

D is larger. In
the P = 0% G = 1H case, the billows form immediately behind the plate, as also observed for
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FIG. 7. Spanwise- and time-averaged net pressure distribution on the plate for the solid plate (P = 0%)
cases, where y/H represents the vertical distance from the bottom edge of the plate.

FIG. 8. Effect of varying the bottom gap, G/H , on the mean drag coefficient and the rms fluctuations of
the drag coefficient for the solid plate (P = 0%) cases.
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FIG. 9. Effect of G/H on the (a) nondimensional, spanwise-averaged bed friction velocity magnitude in
the mean flow and (b) nondimensional rms fluctuations of the bed friction velocity, uτSD for the solid plate
(P = 0%) cases.

G/H � 1. This is why the predicted value of Crms
D (= 0.2) for G/H = 1 is quite close to the value

(0.24) expected for G/H � 1 [21].

D. Bed friction velocity

The spanwise-averaged distributions of the nondimensional mean bed friction velocity magni-
tude in Fig. 9(a) allow estimating the spatial extent of the region where the bed friction velocity, uτ ,
is amplified with respect to the mean value in the incoming fully developed flow, uτ0, which is close
to 0.04U0. The flow advected through the bottom gap leads to a significant amplification of uτ /uτ0

over some distance from the plate. For G/H � 0.1, the peak value within this region decreases
monotonically with increasing G/H (e.g., from about 3.5 for G = 0.1H to about 2.0 for G = 1H).
The length of the region where ut/ut0 � 1 is the largest for G/H ≈ 0.2. For the P = 0% G/H = 1
case, a second region of amplification of uτ is observed around the location where the billows shed
from the bottom SSL reach the channel bottom. As expected, uτ /uτ0 < 1 in the wake of the plate
for the P = 0% G = 0H case where a large bottom-attached recirculation bubble forms.

Besides inducing regions of large uτ , the interaction of the incoming flow with the plate also
induces regions of large rms bed friction velocity fluctuations, uτSD. These latter regions are
situated where energetic coherent structures are advected in the vicinity of the channel bottom. The
passage of such coherent structures (e.g., billows originating in the bottom SSL for G/H � 0.5)
can substantially amplify the capacity of the flow to entrain particles in the case of a loose channel
bed compared to that estimated based only on the mean uτ . The length of the region situated
downstream of the plate where uτSD is larger than the value associated with the fully developed
incoming turbulent flow (uτSD0 = 0.0025U0) increases from 4.5H for G/H = 0.1H to 15H for
G/H = 1.

Figure 10 shows the distributions of the streamwise velocity in a plane parallel to the channel
surface situated at a distance of 0.0055H from the channel bottom. The magnitude of uτ is
strongly correlated with the distribution of the near-bed streamwise velocity. As expected, streaks
of high and low near-bed streamwise velocity form upstream of the plate. For the low G/H cases,
where a recirculation eddy forms starting at the back of the plate, no streaks are observed inside
and immediately downstream of the main recirculation bubble. Rather, patches of large negative
streamwise velocity are present over the downstream half of the main recirculation bubble close to
the bed. They are induced by the energetic eddies forming as a result of the interaction of the large
billows in the top SSL with the channel bottom. Part of these billows is reinjected into the main
recirculation bubble. For G/H > 0.2, the streaks become stronger in the flow acceleration region
starting at the plate location (e.g., 0H < x < 2H for G/H = 1 in Fig. 10). Then irregular patches of
high positive near-bed streamwise velocity are observed at locations where billows from the bottom
SSL hit the channel bottom (e.g., around x = 6H for G/H = 1).
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FIG. 10. Instantaneous streamwise velocity, u/U0, distribution on a horizontal plane situated at a distance
of 0.0055H from the bottom surface for the solid plate (P = 0%) cases. (a) G = 0H ; (b) G = 0.1H ; (c) G =
0.2H ; (d) G = 0.5H ; (e) G = 1.0H .

V. EFFECT OF BOTTOM GAP RATIO FOR POROUS PLATES

A. Mean flow and turbulent kinetic energy

As opposed to the P = 0% G = 0H case, where a large recirculation bubble forms behind the
plate [Fig. 3(a)], the main recirculation bubble in the P = 36% G/H = 0 case forms far from the
plate [Fig 11(a)]. It extends from x = 8.5H to x = 13H and its maximum height is 0.5H (Table II).
For G/H > 0, a recirculation bubble does not form at the channel bottom.

A second plate-attached recirculation bubble forms at a lower height, where the bleeding flow
through the fence divides into a component that is advected toward the top SSL and a component
that is advected toward the bottom SSL (Fig. 11). For G/H � 1, the point on the plate where the flow
splits is situated slightly beneath the middle height of the plate. For 0.1 � G/H � 1, the percentage
of the discharge advected toward the lower SSL with respect to the total bleeding flow discharge is
fairly constant (≈31%). For G/H � 1, the ratio of the two components is expected to approach one
and the recirculation bubble to be symmetrically positioned with respect to the middle height of the
plate. The size of this bubble increases monotonically with G/H .

The distributions of the spanwise vorticity in the mean flow (Fig. 11) show that the top SSL
is stronger (e.g., in terms of the size of the high vorticity magnitude region) than the bottom SSL
until G/H ≈ 0.3. This is because, for very small G/H values, only a small part of the incoming
flow approaching the upstream side of the porous plate is diverted through the bottom gap. As G/H
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FIG. 11. Mean flow structure visualized using 2D streamline patterns for the porous plate (P = 36%) cases.
The blue lines indicate the end of the separation bubble at the back of the solid plate. Also shown are the mean
spanwise vorticity, ω̄z/(H/U0 ) distributions.

increases, a larger percentage of this part of the incoming flow is diverted into the bottom gap.
Moreover, the channel bottom limits the opening through which this flow can pass the plate, which
results in a further acceleration of the flow through the gap opening. The maximum difference in
the strengths of the two SSLs is observed for G/H = 0.5 [Fig. 11(c)]. As G/H is further increased,
the length of the bottom SSL decreases [Fig. 11(d)]. It is expected that for G/H � 1, the length
and vorticity magnitude levels inside the two SSLs will become equal. For the cases where the

TABLE II. Effect of bottom gap ratio, G/H , on the variables characterizing the streamwise force acting on
the porous plate (P = 36%), the size of the separation bubble forming behind the plate or of the recirculation
bubble attached to the channel bed, the nondimensional frequency of passage of the billow vortices associated
with the antisymmetric wake shedding, Stw, and the volumetric flow rate per unit width of the bleeding flow
through the plate, q.

Case C̄D Crms
D l1 h1 l2 Stw q/(U0H )

P = 36%, G = 0H 0.56 0.06 4.5H 0.5H 0.085
P = 36%, G = 0.1H 0.62 0.06 0.25H 0.089
P = 36%, G = 0.2H 0.65 0.07 0.45H 0.090
P = 36%, G = 0.5H 0.78 0.08 0.95H 0.13 0.092
P = 36%, G = H 0.88 0.09 2.3H 0.16 0.097

044604-16



EFFECT OF A BOTTOM GAP ON THE MEAN FLOW AND …

FIG. 12. Turbulent kinetic energy, K/U 2
0 , in an x-y plane for the porous plate (P = 36%) cases. Also shown

are vertical profiles of K/U 2
0 at x/H = 6 and x/H = 20.

antisymmetric wake vortex shedding is present, the length of the bottom SSL and the distance at
which wake billows are forming increase with increasing plate porosity for constant G/H [Figs. 3(d)
and 11(d)].

For the same G/H , the TKE in the SSLs and the wake region are, on average, about two times
smaller in the porous plate simulations compared to the solid plate simulations (Figs. 4 and 12). For
porous plates with G/H � 0.5, the TKE levels in the bottom SSL are comparable to those observed
in the top SSL (Fig. 12). For cases where the antisymmetric wake vortex shedding is observed (e.g.,
case P = 36% G = 1H), the TKE levels in the region where billows from the top and bottom SSLs
interact increase with increasing G/H [Figs. 12(c) and 12(d)]. These results are consistent with
those observed for solid plates. In the downstream part of the near wake, the TKE amplification in
the top SSL is the largest in the cases where the antisymmetric vortex shedding is not present and
peaks for G/H = 0.1.

B. Instantaneous flow fields

In the P = 36% cases, only a fraction of the incoming flow is deflected around the plate; the
other part is advected through the plate and forms the bleeding flow. Results in Table II show that
the bleeding flow rate increases mildly with increasing G/H for constant porosity (Table II). The
mean shear driving the growth of the Kelvin-Helmholtz instabilities in the top SSL is smaller in the
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porous plate cases compared to the corresponding solid plate cases. This is why, for the same value
of G/H , the top SSL is always weaker for a porous plate compared to a solid plate.

The eddy structure of the top SSL in the P = 36% G = 0H case [see ωz distributions in
Fig. 13(a)] looks qualitatively similar to the one observed for a solid plate [Fig. 5(a)]. The large
billows generated in the downstream part of the top SSL interact with the channel bottom past the
downstream end of the main recirculation bubble. The bleeding flow is characterized by the presence
of highly energetic eddies generated by the jets forming in between the solid elements of the porous
plate. The streamwise momentum of the bleeding flow decays with the distance from the plate. Its
main role is to impede the rapid reattachment of the top SSL to the channel bottom. Compared
to the P = 0% G = 0H case, the main recirculation eddy forms at a large distance from the plate
(x = 9H).

For the G/H > 0, part of the incoming flow is diverted into the bottom gap, where the flow
acceleration is large for relatively small bottom gaps [e.g., see Fig. 13(b) for G/H = 0.1]. Though
the bottom SSL curves toward the top SSL, as also observed for solid plates with small G/H , its
effect on the dynamics of the eddies shed in the top SSL is small for G/H < 0.3. The relatively
strong bleeding flow in between the two SSLs impedes their interactions in the P = 36% cases.
The vortical flow structure changes qualitatively as G/H is increased to 0.5. The upstream part
of the bottom SSL is no longer in contact with the channel bottom. Though no clearly defined
wake billows form from eddies shed in the bottom SSL, the top and bottom SSLs interact around
x = 8H [Fig. 13(c)]. The wake flow behind the plate starts resembling that of the flow past a porous
bluff body with G/H � 1, in which the lengths of the two SSLs are increasing monotonically
with the bluff body porosity [31]. The billows advected inside the bottom SSL start interacting
with the channel bottom around x/H = 4. The coherence of these billows decays fairly rapidly
via vortex stretching. No large billows originating in the bottom SSL are observed for x/H > 12.
For even larger bottom gaps (e.g., P = 36% G = 1H case), the antisymmetric wake shedding is
much stronger [Fig. 13(d)]. Wake billows form around x = 5H . By comparison, such billows were
generated around x = 1.5H in the corresponding solid plate case [Fig. 5(d)]. This is simply an effect
of the bleeding flow [31]. In the P = 36% G = 1H case, the wake billows originating in the bottom
SSL start interacting with the channel bottom around x/H = 7 and lose most of the coherence
before reaching x = 16H . The mechanism responsible for the loss of coherence of the bottom SSL
billows is essentially the same as that observed in the P = 0% G = 1H case.

For cases with G/H < 0.3, elongated patches of positive and negative spanwise velocity gener-
ated mainly by the passage of the large billows from the top SSL are present in the instantaneous
velocity fields [e.g., see Figs. 13(a) and 13(b)]. Compared to the corresponding solid plate cases
(Fig. 5), the magnitude of the spanwise velocity inside these patches is smaller by about 30% and
the patches form at a larger distance from the plate [e.g., for x/H > 8 in Figs. 13(a) and 13(b)].
For G/H > 0.3 [Figs. 13(c) and 13(d)], the average velocity magnitude inside these patches does
not increase. This suggests that for porous plates with G/H > 0.3, the momentum transport in the
spanwise direction does not vary significantly with G/H .

For all P = 36% cases, the velocity power spectra at locations situated close to the origin of the
top SSL [point P1 in Fig. 13(a)] contain a band of relatively high frequencies associated with the
formation of the first vortex tubes (see spectra at point P1 in Fig. 14). The dominant frequency
associated with the passage of the vortex tubes varies little between G = 0H (St = 0.75) and
G = 1H (St = 0.81), but the energy associated with the dominant frequency increases significantly
with increasing G/H once the antisymmetric wake vortex shedding starts. For G/H < 0.3, there is
little variation in the value of the Strouhal number associated with the passage of the large billows
forming in the top SSL downstream of the main recirculation bubble (e.g., St = 0.095–0.1 for the
velocity spectra at point P2 situated at x = 22H). As opposed to what was observed for solid plates,
no significant change is observed in the dominant passage frequency of the large billows in the top
SSL in the P = 36% G = 0.1H case compared to the P = 36% G = 0H case. This is because the
bleeding flow significantly reduces the interactions between the bottom and top SSLs for small G/H
values. Similar to what was observed for solid plates with G/H � 0.5 (see Table I), the Strouhal
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FIG. 13. Instantaneous spanwise vorticity, ωz/(H/U0 ), and spanwise velocity, w/U0, in an x-y plane for
the porous plate (P = 36%) cases. (a) G = 0H ; (b) G = 0.1H ; (c) G = 0.5H ; (d) G = 1.0H .
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FIG. 14. Power spectra of the vertical velocity at point P1 and point P2 for the porous plate (P = 36%)
cases. The positions of points P1 and P2 are shown in Fig. 13. The power spectra are compared for the G = 0H ,
G = 0.1H , G = 0.5H , and G = 1.0H cases.

FIG. 15. Spanwise- and time-averaged net pressure distribution on the plate for the porous plate (P = 36%)
cases, where y/H represents the vertical distance from the bottom edge of the plate. The gray rectangles
indicate the position of the openings between the solid elements.
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FIG. 16. Effect of varying the bottom gap, G/H , on the mean drag coefficient and the rms fluctuations of
the drag coefficient for the porous plate (P = 36%) cases.

number associated with the antisymmetric wake vortex shedding increases with increasing G/H
(Stw = 0.13 for G = 0.5H and Stw = 0.16 for G = 1.0H). The Stw value in the P = 36% G = 1H
case is slightly larger than the one predicted in the P = 0% G = 1H case (Stw = 0.14) and for solid
plates with G/H � 1 (Stw = 0.14–0.15).

C. Forces acting on the plate

For the porous plate cases, the width-averaged net mean pressure distributions on the plate
(Fig. 15) show qualitative differences as G/H increases. For G/H = 0, the maximum value of the
net pressure is observed close to the top part of the plate. The net pressure decays in a nonmonotonic
way as the bottom edge of the plate is approached. In the cases with G/H > 0, the net pressure also
peaks close to the top edge of the porous plate. It then remains approximatively constant in the
region where the bleeding flow is advected toward the top SSL before decaying sharply around
the location where the second recirculation bubble touches the back of the porous plate. The net
pressure increases again in the region where the bleeding flow is advected toward the bottom layer
before decaying again in the vicinity of the bottom edge of the plate.

Similar to the P = 0% cases, an overall increase of the net pressure acting on the plate is
observed with increasing G/H . This also translates into a monotonic increase of the mean drag
coefficient,C̄D, with increasing G/H (Fig. 16). The increase of the rms of the drag coefficient
fluctuations, Crms

D , is due to the increase of the interactions between the top and bottom SSLs and the
onset of antisymmetric shedding for G/H � 0.5. For the same G/H , the values of C̄D are smaller
in the porous plate simulations (Table II) compared to the solid plate simulations (Table I). For
G/H < 0.5, Crms

D is larger in porous plate simulations due to the turbulence generated by the jets
forming in between the solid elements of the plate. For G/H � 0.5, Crms

D is larger in the solid plate
simulations. This is because the main contributor to the oscillations of the drag coefficient is the
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FIG. 17. Instantaneous streamwise velocity, u/U0, distribution on a horizontal plane situated at a distance
of 0.0055H from the bottom surface for the porous plate (P = 36%) cases. (a) G = 0H ; (b) G = 0.1H ;
(c) G = 0.2H ; (d) G = 0.5H ; (e) G = 1.0H .

advection of billow vortices. These billow vortices are more coherent and form closer to the plate
for low porosity plates.

D. Bed friction velocity

As for the solid plate cases, the flow advected through the bottom gap leads to a significant
amplification of the near-bed streamwise velocity and thus of the bed friction velocity beneath the
plate and over some distance from it (Fig. 17). For G/H � 0.2, the streamwise velocity streaks
behind the plate are not destroyed. For G/H � 0.5, the near-bed flow is accelerated or decelerated
due to the wake billows originating in the bottom SSL.

For G/H > 0, the mean bed friction velocity magnitude, uτ /uτ0, is strongly amplified beneath
the porous plate as the flow passing the gap region accelerates. The values of uτ /uτ0 predicted
beneath the gate in the P = 36% cases are 30–60% lower than those predicted for solid plates
[Figs. 9(a) and 18(a)]. This is because the part of the incoming flow approaching the upstream face
of the plate that is diverted beneath its bottom edge is always smaller in the case of a porous plate.
In the P = 36% cases with G/H > 0, a region of nonmonotonic decay toward a minimum value
that is less than uτ0 is present in Fig. 18(a). The distance between the plate and the location of
the minimum of uτ /uτ0 is the largest for G/H = 0.5 (≈22H ), where the wake billows form at the
largest distance from the plate.
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FIG. 18. Effect of G/H on the (a) nondimensional, spanwise-averaged bed friction velocity magnitude in
the mean flow and (b) nondimensional rms fluctuations of the bed friction velocity, uτSD, for the porous plate
(P = 36%) cases.

The distributions of uτSD/uτSD0 in Fig. 18(b) are qualitatively different in the G/H > 0 cases with
and without antisymmetric wake vortex shedding. In the former cases, uτSD is strongly amplified
beneath the porous plate and then decreases fairly rapidly until x = 8H–11H before starting to
recover toward the value corresponding to fully developed channel flow, which is reached around
x = 20H . In the cases where vortex shedding is present, there is no amplification of uτSD beneath the
plate. Rather uτSD increases to about 1.5uτSD0 around x = 5H . Downstream of this location, uτSD

starts decaying slowly and approaches uτSD0 around the location where the wake billows advected
in the bottom SSL have lost most of their coherence (e.g., x ≈ 16H for the P = 36% G = 1H case).

VI. SUMMARY AND CONCLUSIONS

High-resolution, three-dimensional LES were used to study how the physics of turbulent flow
past a thin plate situated in the vicinity of a solid, no-slip boundary changes as a function of the
bottom gap ratio for 0 � G/H � 1 for both solid plates (P = 0%) and porous plates with P = 36%.
Analysis of the 3D flow fields clarified how the wake structure gradually approaches the canonical
case of flow past a solid plate with G/H � 1.

In the P = 0% cases with G/H � 0.2, a recirculation bubble formed in between the plate and
the channel bottom, while for G/H � 0.5, a separation bubble containing two eddies formed at
the back of the plate, similar to cases with G/H � 1. Even for cases with relatively small G/H
values, the bottom SSL had a strong effect on the coherence of the large-scale billows forming in
the top SSL. In simulations where a recirculation bubble formed and G/H > 0, a merging event
occurred between successively shed billows inside the top SSL before these billows were advected
past the end of the bottom-attached recirculation bubble. Thus, the dominant frequency in the wake
past the reattachment location was two times lower than the frequency of passage of the large billows
in the downstream part of the top SSL.

In the P = 36% cases, no bottom-attached recirculation bubbles were present except for G/H =
0, where a small recirculation bubble formed away from the plate. Meanwhile, several recirculation
eddies formed at the back of the porous plate. The main recirculation eddy touched the back of the
plate at the location where the bleeding flow splits into two components that are advected toward the
top and bottom SSLs, respectively. Due to the bleeding flow, the natural interaction of the two SSLs
was impeded close to the porous plate. This explains the much larger length of the SSLs observed
for large G/H in the porous plate cases compared to the corresponding solid plate cases.

For both solid and porous plates, there is a threshold value of G/H for which the wake structure
changes from a wake containing mainly corotating vortices originating in the top SSL to a wake
containing counter-rotating billow vortices generated by the interaction of the top and bottom SSLs.
This value is close to 0.5 for plates with P = 36% and slightly smaller for plates with P = 0%. Once
the antisymmetric wake shedding is present, the Strouhal number associated with the shedding of
counter-rotating wake vortices was found to increase with increasing G/H for both solid and porous
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plates. For solid plates, the shedding frequency predicted for G/H = 1 was very close to the value
expected for solid plates with G/H � 1. For the same G/H , the Strouhal number corresponding to
the shedding frequency was slightly higher in the P = 36% cases compared to the P = 0% cases.
For both solid and porous plate cases with antisymmetric wake vortex shedding, the coherence of the
billows shed from the top and bottom SSLs was initially comparable. Once the billows originating
in the bottom SSL approached the channel bottom, their streamwise advection was slowed down
and their coherence decayed rapidly due to interactions with the large billows originating from the
top SSL.

For both solid and porous plates, the mean drag coefficient and its rms fluctuations increased
monotonically with increasing G/H . Even for solid plates with G/H = 1 the effect of the bottom
gap was not negligible, as the predicted value of the drag coefficient was about 25% smaller than the
one expected for solid plates with G/H � 1. For the same G/H , the predicted mean drag coefficient
was smaller in the porous plate case, an effect associated with the bleeding flow.

For plates with G/H � 0.1, the flow advected through the bottom gap induced a strong increase
of the bed friction velocity and its rms fluctuations around the plate location. The increase in the
rms fluctuations of the bed friction velocity at locations situated downstream of the plate is mostly
related to eddies generated in the bottom SSL that approach the channel bottom. There is no clear
trend in terms of how the total particle entrainment capacity of the flow varies with increasing
G/H for solid plates positioned above a loose bed. For porous plates with P = 36%, simulation
results suggest that the total particle entrainment capacity of the flow behind the plate peaks around
G/H = 0.5, where high values are predicted for both the mean bed friction velocity and its rms
fluctuations, and is the smallest for small values of G/H .

At a more general level, information obtained from simulations containing a porous plate
contributed to enhancing the general understanding of the effect of installing wind barriers offering
protection against hurricanes, barriers controlling Aeolian sand transport in arid and coastal regions,
and snow fences used to reduce snow drifting on roads. Such an understanding is a prerequisite
toward developing methods to control particulate dynamics in the vicinity of these structures.
Another issue that has to be addressed is that of scale effects between laboratory and field conditions.
Hybrid RANS-LES approaches such as detached eddy simulation [20] offer an alternative to LES
to conduct high-resolution simulations at field-scale conditions that can be used to investigate scale
effects for practical applications.
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