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ABSTRACT
In this work, the flow normal to a rectangular flat plate with sharp angles in the presence of the free surface and gravity has been studied
numerically, using a three dimensional (3D) large Eddy simulation methodology. Most of the previous studies on this geometry consider
either periodic assumptions or laminar regime Re ∼ O(103). The numerical study described here, with a fully 3D simulation of the flat
plate in turbulent regime Re ∼ O(105), had not been reported earlier. Important differences have been found with respect to the laminar
case or when periodic boundary conditions are assumed. The influence of the gravity force and the free surface interface on the hydrody-
namics of the problem is extremely relevant for industrial applications. The simulations are initially validated using a reference case with
a plate with sharp corners and a single phase laminar 3D-periodic configuration. The time averaged drag force, the velocity, and pressure
fields are compared as well against the case of the plate with smooth corners. Finally, in the case of the two-phase 3D numerical simu-
lations, the drag force and the vorticity fields in the near wake of the plate are compared to recent experimental work [S. Satheesh and
F. J. Huera-Huarte, “Effect of the free surface on a flat plate translating normal to the flow,” Ocean Eng. 171, 458–468 (2019)]. These experi-
ments were used as a guideline for the computational setup; consequently, the values of most of the dimensionless parameters are the same.
A second scenario where the free surface is replaced by a solid wall is considered. Two important observations show up after this research:
first, the characteristic unsteady frequencies that are found associated with two periodic regimes disappear when 3D cases are evaluated.
In such a scenario, no dominant frequencies are found. Second, a critical submergence depth (distance) between the upper part of the
plate and the free surface (or solid wall) has been found, where the drag force shows a maximum value. These observations are discussed
in relation to the pressure distribution, the vortex structures formed at the wake, and the gap flow formed between the plate and the free
surface.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5111525., s

I. INTRODUCTION
Canonical bluff bodies such as circular or rectangular cylinders

have important implications and significant relevance in engineer-
ing problems. They are frequently found, for instance, in energy-
harvesting devices that extract energy from the ocean waves and
sea currents, ocean structures, bridges, offshore rigs, etc. Most of
these complex engineering applications involve the presence of
the free surface as well. In the past, researchers have dealt with
such problems numerically, using different simplifications, i.e., lim-
iting geometries to 2D domains, using single phase models, or
assuming low Reynolds numbers that imply the absence of turbu-
lence. Sheridan et al. (1997) and Reichl et al. (2005) studied the

influence of the free surface in a 2D submerged circular cylinder.
They both showed the strong asymmetry created by the free sur-
face in the vortex dynamics. These authors observed that if the
free surface is taken into account, the Froude number defined as
Fr = U

√

gD
, where U is the free stream velocity flow, g is the

gravity acceleration, and D is the cylinder diameter, is crucial in
order to understand the problem. Other numerical methods such
as Smooth Particle Hydrodynamics (SPH) were used by Bouscasse
et al. (2017) who continued the work started by Reichl et al. (2005),
studying the wake behavior at a Reynolds number of 180. In
those works, different free surface deformations were observed
depending on the Froude number, where supercritical to subcritical
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transitions take place in the near wake resulting in localized free-
surface sharpening and wave breaking. Miyata et al. (1990) stud-
ied the fluid forces and the free surface influence on a submerged
circular cylinder in turbulent regime Re = 4.96 × 104. Numeri-
cal simulations and experiments were performed showing a simul-
taneous decrease in the drag coefficient and an increase in the
Strouhal number when the depth of the circular cylinder was grad-
ually reduced. Malavasi and Guadagnini (2007) showed experimen-
tally the influence on the hydrodynamic forces of the relative posi-
tion of a rectangular cylinder, asymmetrically placed between the
free surface and the channel floor. This effect had a large impact
on the transverse force but barely affected the drag coefficient.
The influence of the free surface on the fluid-structure interactions
showed by a circular cylinder with an elastic plate has been recently
studied, at Reynolds numbers in the range from 100 to 1000, by
Díaz-Ojeda et al. (2018; 2019).

Different numerical approaches for solving the wake behind a
normal flat plate have been used in the past. Najjar and Balachandar
(1998) studied numerically the 3D-periodic version of a flat plate
in a laminar regime (Re = 250) in a single phase flow and captured
low-frequencies unsteadiness with periods approximately 10 times
smaller than the primary shedding period. This behavior was asso-
ciated with two different flow states: an H regime of high mean
drag and an L regime of low mean drag. Narasimhamurthy and
Andersson (2009) solved the same problem in the laminar regime
using Direct Numerical Simulations (DNSs) at a Reynolds num-
ber of 750, exploring the coupling between the base pressure and
the vortex formation process. Hemmati et al. (2016b) compared
simulations of 3D-periodic flow against 3D flow, for a particu-
lar aspect ratio flat plate with sharp corners and Re = 1200. Note
that 3D-periodic means that the computational domain is 3D, but
there is a periodic boundary condition on the spanwise direction
which implies the constant z planes; also, the length of the compu-
tational domain in the Z direction is equal to the spanwise length
of the plate. The results they obtained showed very different fea-
tures in terms of wake dynamics, vortex structures, frequencies in
the wake, and averaged drag values. Apparently, the presence of side-
edge shear layers suppressed the spanwise instabilities responsible
for the 3 distinct flow regimes that were observed in the wake of
3D-periodic plates. A vortex peeling mechanism linked to the vor-
tex detachments in the shear layers on the shorter sides seems to
appear only in 3D flows. Moreover, the peeling mechanism leads to
the formation of interlocked vortex loops outside the base region.
Another important finding was the single dominant shedding fre-
quency observed in the wake, which indicated that the two shear lay-
ers were rolling up at the same frequency at adjacent plate edges. In
the work of Hemmati et al. (2016a), the 3D-periodic normal flat plate
was studied again using DNS at Reynolds numbers of 1200 and 2400,
and a distinct period of reorganization M was identified following
regime H.

In the work of Hemmati et al. (2018), the same 3D-periodic
problem is studied using DNS and large Eddy simulation (LES) for
a extended Reynolds range up to Re = 1.5 × 105, where the author
suggests that for Re > 1000, the influence of the Reynolds number on
the drag and pressure coefficient as well as on the Strouhal number
and the mean recirculation length was limited.

Tian et al. (2014) studied numerically the 3D-periodic case
using a LES model at turbulent Reynolds numbers of 1.5 × 105,

in a plate with smooth corners. This work showed that the corner
configuration and the reduction in the radius of curvature of the
plate edges heavily altered the flow patterns. It increased the mean
and the fluctuating part of the drag and the lift forces on the plate, as
well as the kinetic energy in the near wake. The work complements
the previous research performed by Tian et al. (2012) and Najjar and
Balachandar (1998) where the authors showed how their 2D simu-
lations resulted in different hydrodynamic forces when compared to
3D LES or experimental results.

Although most of the studies performed with rectangular plates
have been carried out without considering the free surface (a sin-
gle phase flow), some exceptions are found in the literature. One
of the numerical studies that includes free surface is the work of
Liu et al. (2016). This 2D RANS study, based on the k − ω SST model
at a Reynolds number of 5 × 104, considers the free surface influ-
ence on the plate dynamics for turbulent flows with a free surface.
Even at their highest submergence depth case, where the free sur-
face influence is expected to be minimal or negligible, the authors
showed different mean drag values when compared to those found
in other numerical studies, in which the free surface was not taken
into account (Tian et al., 2014). Despite the geometry is different, it
shows similar vortex dynamics and similar drag trends with depth,
as shown in the work of Miyata et al. (1990). When the cylinder is
placed closer to the free surface, the drag force decreases and the
dimensionless frequency increases.

Satheesh and Huera-Huarte (2019) found a relevant depen-
dence on the aspect ratio and submergence depth, when they studied
experimentally rigid plates of different aspect ratios, at Reynolds
numbers of 3 × 104, 4.5 × 104, and 6 × 104, near the free surface.
In general, they have showed how the drag force acting on the plate
has a maximum value when near the free surface as the gap flow
modifies the wake reducing recirculation length. They also showed
that the mean drag force was independent of the Reynolds num-
ber, except when the aspect ratios of the plate (span to chord ratio)
were in the range from 0.625 to 1.6 and the plate was near the free
surface.

In this work, we study the problem of the hydrodynamics
of a flat plate normal to the flow in the turbulent regime, con-
sidering the effect of the free surface. This is, in fact, a poorly
understood canonical problem with great industrial implications
that has not received the deserved attention, neither experimen-
tally nor numerically. Even without free surface, very few results
have been found for practical Reynolds numbers Re > 104 and 3D
isolated plates. Furthermore, questions still remain related to the
importance of the free surface in the problem and how much it
could affect this kind of flow, which is crucial for marine appli-
cations such as energy-harvesting devices. Very few works have
been found where simple geometries are tested in the turbulent
regime with the free surface, compared to the cases with a single
fluid.

The paper is organized as follows: First, the problem descrip-
tion is presented in 2 where the mesh details and the main parame-
ters are introduced, together with the computational methodology
(described in Sec. III). In Sec. IV, the methodology is validated
for the 3D-periodic case as in the work of Tian et al. (2014). The
effects of the free surface on the drag and lift forces, on the pressure
field, and on different hydrodynamic aspects are discussed. Finally,
concluding remarks are presented in Sec. VI.
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FIG. 1. Schematic of the computational
domain. The air phase is only present in
the case that involves free surface sim-
ulations, not in the case with the rigid
wall.

II. PROBLEM DESCRIPTION
The dimensions of the computational domain, depicted in

Fig. 1, are K, G, and J in the streamwise (x), chordwise (y), and span-
wise (z) directions, respectively. The cross section of the plate has a
height b (y-axis) and a width c (z-axis) with a thickness t≪ b, c. The
center of coordinates is located at the center of the plate. We have
studied two different cases, a 3D-periodic case with a single phase
and a pure 3D normal flat plate. The 3D case is studied using two
different configurations with a single phase flow (no free-surface but
a rigid wall) and a two phase flow (free surface). The results obtained
with the last configurations are compared with recent experiments
(Satheesh and Huera-Huarte, 2019). The height of the air phase,
if present, is R/b > 1. When two immiscible Newtonian fluids, air
and water, are involved in the problem, gravity and free surface are
obviously a part of the problem.

Different meshes were studied in order to have an accurate
computation of the different flow fields produced and converged
measurements of the forces acting on the plate. The mesh structure
is always the same as depicted in Fig. 2, with the mesh size and con-
sequently the number of cells varied to obtain the different meshes
used. The number of cells on each side depends on the value a single
mesh parameter which increases the number of cells. The mesh strat-
egy used for the 3D-periodic case is the same as in the 3D case with

the addition of the air phase in the upper domain. Notwithstanding
the mesh convergence study, a time step study was also performed.
We conclude that a time step Δt > 1 × 10−3 induces numerical insta-
bilities that lead failures in the simulation. The time step selected for
all the simulations is Δt = 5 × 10−3, leading to errors that are similar
to those obtained with smaller time steps, but less expensive from a
computational point of view.

We use ⟨⟩t to indicate time averaged quantities, ⟨⟩s for span-
wise averaged values, and ⟨⟩ when quantities are spatiotemporally
averaged. The ⟨⟩ average is performed in two steps. First, the time
average is performed for each cell and then a spatial average on the
selected cells with the previously time averaged values. Both averages
are computed as arithmetic mean values.

III. METHODOLOGY
The problem described in Sec. II is studied numerically using

the free source code OpenFOAM (2018). This code uses a spatial
discretization based on the Finite Volume Method (FVM).

First, the case of a flat plate in cross-flow is used as a valida-
tion exercise, in order to test the computational tool. After this initial
validation, the geometry proposed in the experiments performed by
Satheesh and Huera-Huarte (2019) was chosen for a comparative

FIG. 2. Scheme of the computational domain for the plane z = 0.
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TABLE I. Summary of the different parameters of the geometries proposed by Tian et al. (2014) and Satheesh and Huera-Huarte (2019) and the ones used in this work; see
Fig. 1. For the case proposed in the work of Satheesh and Huera-Huarte (2019), G/b and J/b are nondimensionalized with the height of the plate b = 0.16 m

b (m) t/b K1/b K/b c/b d/b G/b J/b AR

Tian et al. (2014) 1 0.02 7.5 27.5 4 . . . 4 16 0.25
Satheesh and Huera-Huarte (2019) 0.16, 0.115 0.0063 2.5 12.5 1, 2 0–1.25 3.75 3.75 0.5, 1

study; see Fig. 1. A summary of the different geometrical parameters
used appears in Table I.

A. Fluid dynamics solver
The equations to be solved for the fluid phases are the incom-

pressible Navier-Stokes equations. Large-Eddy simulation (LES) is
used to model the subgrid scale (SGS) in the present study. This tech-
nique solves large scale motions that contain most of the turbulent
kinetic energy. Small scale eddies are modeled with a subgrid scale
(SGS) model to represent the effects of unresolved motions on the
resolved scales. LES uses a spatial average of the transport equations
using a filter of size Δ that separates the large scales solved and the
small scales modeled.

In order to define a velocity and pressure field that has only the
large fluctuations of the instantaneous velocity, the variables of
the Navier-Stokes equations are filtered providing a local mean of
the turbulent flow.

Therefore, the filtered incompressible LES equations for the
filtered variables are

∇ ⋅ vi = 0, (1)
ϑ(ρvi)
ϑt

+∇(ρvi vj) = −∇p +∇(μ∇vi) − ∇τij, (2)

where the term τij = ρ[vivj − vi vj] is modeled. The algebraic model
chosen is that developed by Smagorinsky and Lilly (Smagorinsky,
1963), which computes directly the SGS stresses τij from the filtered
variables with the following formulation:

τij − 1
3
τkkδij = μsgsSij, (3)

where Einstein convention is used for repeated indices. Further-
more, Sij is the mean strain rate tensor Sij = 1

2( ϑvi
ϑxj

+ ϑvj

ϑxi
), δij is

Kronecker’s delta, and μsgs is the artificial viscosity calculated as

μsgs = −2(CsΔ)2 ∣ S ∣, (4)

where ∣ S ∣ = (2SijSij)1/2 and Cs = 0.18 are predefined values that
result from assuming that the energy spectrum has an inertial range
defined by the Kolmogorov −5/3 power law. An alternative model,
known as the WALE model (Nicoud and Ducros, 1999), was also
used to compare the LES results and to quantify the dependence on
the subgrid scale modeling.

A transient PISO (Pressure Implicit Splitting of Operators)
algorithm implemented in OpenFOAM (2018) was used to solve the
unsteady filtered Navier-Stokes [Eq. (2)]. This algorithm, which is an
improved version of the SIMPLE algorithm, contains an additional

corrector step with one predictive step and two correction steps;
see the work of Versteeg and Malalasekera (2007) and Oro (2012).
For the time discretization, an Euler scheme was used. The spatial
scheme for interpolation is Gauss linear for the gradient, Gauss lin-
ear corrected for the Laplacian, and Gauss linear upwind for the
divergence. The convection term has been discretized using a second
order upwind scheme.

The Volume of Fluid (VOF) method is based on the idea of a
scalar fraction function α defined locally on each cell of the mesh
whose value depends on the fraction of volume occupied by each
fluid. As the two fluids A and B are separated by the free surface,
the value of α is zero when a cell is filled with the fluid A, α = 1
when the cell is full of fluid B, and 0 < α < 1 when a cell contains
both fluids and the interface divides the cell. The equation to model
the volume fraction of one phase α, without mass sources or mass
transfers between phases, is

∂α
∂t

+ v ⋅ ∇α = 0. (5)

Once the fraction function α is known, the local values of the
density ρf and the viscosity μf are computed for each finite volume.

B. Dimensionless parameters
The plate is submerged in the lower phase fluid of density ρb

and viscosity μb. The upper phase has a density ρt < ρb and a viscosity
μt . Several nondimensional numbers are used to study the problem,
namely, the Reynolds number (Re), Strouhal number (St), Froude
number (Fr), density ratio (ρb/ρt), and viscosity ratio (μb/μt). The
first three are defined as

ReDh =
ρbUDh

μb , St = fb
U

, Fr = U√
gb

, (6)

where g is referred as the acceleration of gravity. Its value is 9.8 m
s2 .

ReDh is based on the hydraulic diameter, defined as Dh = 2⋅b⋅c
b+c when

results are compared to those presented by Satheesh and Huera-
Huarte (2019) or defined as Dh = b when comparing results to those
of Tian et al. (2014). In the Strouhal number, f is the lift force fre-
quency. Because the fluid properties are fixed, the nondimensional
ratios ρb/ρt and μb/μt will not be changed throughout this work
and are fixed to 1000 and 55.24, respectively. The hydrodynamic
forces acting on the streamwise and chordwise directions, Fx and
Fy, respectively, are nondimensionalized in the form of drag CD and
lift CL coefficients

CD = Fx
1
2ρU2bc

, CL = Fy

1
2ρU2bc

. (7)
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TABLE II. 3D-periodic LES setup validation.

Grids in Grids in z
Author ⟨CD⟩t Mesh Cells xy-plane direction Scheme △tU

b

Fage and Johansen (1927) 2.13 . . . . . . . . . Experiment . . .

Tian et al. (2014) 2.20 9 868 800 102 760 96 Smagorinsky 6× 10−4

Present work 1.90 1 450 880 45 500 32 Smagorinsky 5× 10−4

Present work 2.42 4 863 600 108 410 45 Smagorinsky 5× 10−4

Present work 2.34 5 709 150 127 260 45 Smagorinsky 5× 10−4

Present work 2.20 5 709 150 127 260 45 WALE 5× 10−4

Present work 2.2408 5 709 150 127 260 45 Smagorinsky 6× 10−4

Present work 2.1429 5 709 150 127 260 45 Smagorinsky 8× 10−4

Finally, the boundary conditions are mean velocity U for the
inflow velocity, and pressure is set as zero normal gradient. A no slip
boundary condition for the velocity and a zero normal gradient for
pressure are imposed on the plate. The top and bottom boundaries
and the two planes in the spanwise direction are considered as walls,
and then no slip boundary condition for the velocity and a zero nor-
mal gradient for pressure are imposed. A zero-velocity gradient and
zero-pressure condition are used for the outlet.

IV. RESULTS: VALIDATION OF THE NUMERICAL SETUP
Before analyzing the dynamics of the 3D flow around the sub-

merged flat plate in cross-flow with the two phases involved, a single
phase scenario is studied for validation. The validation case involves
the flow around a 3D-periodic flat plate normal to the stream cur-
rent. An LES simulation is performed at high Reynolds numbers
O(105), as in the work of Tian et al. (2014). The drag coefficient, the
characteristic flow frequencies, and the pressure on the plate surface
will be compared to the previous numerical results and with exper-
iments found in the literature (Fage and Johansen, 1927). Other
features, such as the variation of the vortex dynamics produced at
the wake of the plate with the proximity to the free surface, are also
described.

The 3D-periodic case studied in the work of Tian et al. (2014)
with a single fluid is compared with the corresponding solutions
obtained here. The characteristic length used in this problem is
the height of the plate b. The dimensions of the global computa-
tional domain are consequently K = 27.5b, J = 16b, and c = 4b,
identical to Tian et al. (2014). The flow inlet boundary is located
7.5b upstream from the center of the plate, and the flow outlet is
located 20b downstream from the center of the plate. The plate has
a flat rectangular cross section with sharp corners and a thickness
t = 0.02b. The Reynolds number based on b is Re = 150 000, and the
rest of the geometric values can be found in Table I. It is important to
remark that in the geometry used in the work of Tian et al. (2014),
the corners are smooth with different curvatures of different radii,
and in our case, simulations are performed with sharp corners. As
corners play a relevant role in this kind of flow, see Tian et al. (2014),
some differences in the results are expected. A time step and mesh
convergence process has been previously performed using several
meshes and time steps in order to find global values such as the drag

coefficient and the Strouhal number. For the sake of brevity, we are
not including details of the whole extensive set of convergence tests
performed; only the most representative results are referenced. The
3D computational domain has the same dimensions in the x, y, and
z directions, and the sharp corners have been maintained.

A brief selection with some of the meshes used during the con-
vergence process is presented in Table II. The finest grid is computed
twice using two different subgrid models, Smagorinsky and WALE,
finding very little differences between them. The convergence trend
in terms of the drag coefficient is clear. The time step used in these
simulations Δt = 5 × 10−4 is very similar to the one used by Tian
et al. (2014). Results show good agreement with the experimental
results described by Fage and Johansen (1927). The small differ-
ences between the results presented here are comparable to those
found in the experiments and in previous computations even though
the geometry is not identical because of the round corners. We evi-
dence here how meshes with less than 4.8× 106 cells [for 3D-periodic
case proposed by Tian et al. (2014)] lead to large errors in the drag
coefficient.

FIG. 3. Spectrum of the resolved streamwise velocity fluctuations obtained at the
point x/b = 1, y/b = 0.5 and −5/3 slope.
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FIG. 4. Evolution of the drag (left) and lift
(right) coefficients for a single fluid in the
3D-periodic case.

The spectrum of the resolved chordwise velocity fluctuations
obtained at the midspan point x/b = 1, y/b = 0.5 is shown in Fig. 3. As
shown, the resolved scales appear to reach the inertial subrange, with
a slope of approximately −5/3 (Kravchenko and Parviz, 2000), which
indicates that the turbulence spectrum has been correctly captured.
In Fig. 3, a clear peak St = 0.169 can be identified with the primary
vortex shedding frequency, which is very close to the value 0.155
computed in the work of Tian et al. (2014).

The evolution of the drag CD and lift CL coefficients is plot-
ted in Fig. 4. Similarly to what was first presented by Najjar and
Balachandar (1998), a high (H) and a low (L) drag regimes can
be distinguished with the drag coefficient switching between them.
The geometry of the plate corners has a very important role in

the time evolution of the drag and lift coefficients, as shown by Tian
et al. (2014). The authors reported how similar plates with different
corners showed very different power spectra and characteristic fre-
quencies. Despite this geometrical difference, as presented in Fig. 4,
results are very similar to the ones in the work of Tian et al. (2014).
Particularly, the drag and lift ranges observed, CD ∈ [1.7, 3] and
CL ∈ [−0.32, 0.3], and their corresponding time averaged values of
2.34 and 9.97× 10−6 for drag and lift, respectively, compare very well
with the magnitudes reported by Tian et al. (2014). Another impor-
tant feature observed by Tian et al. (2014) and observed as well in
the present results is that the drag and lift fluctuations are closely
related, with high drag intervals associated with large fluctuations of
lift coefficient, as can be seen in Fig. 4.

FIG. 5. Power spectra of the time evolu-
tion of the drag (left) and lift (right) coef-
ficients for the single fluid 3D-periodic
case.
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FIG. 6. Time and spanwise averaged streamwise velocity u along the wake
centerline y = 0.

The power spectrum of the drag CD and lift CL coefficients is
plotted in Fig. 5. The low frequency unsteadiness that appears clear
in the figures was also observed by Tian et al. (2014), Najjar and
Balachandar (1998), and Najjar and Vanka (1995), with the values
of the amplitudes and the frequencies of the drag and lift spectra,
being similar to the ones obtained at the same Reynolds number by
Tian et al. (2014).

The distribution of the time and spanwise averaged streamwise
velocity ⟨u⟩/U along the wake centerline y = 0 is shown in Fig. 6.
This curve shows the same trend as in the work by Tian et al. (2014),
where the velocity changes its sign from negative to positive at the

FIG. 7. Time and spanwise mean pressure coefficient ⟨Cp⟩ distribution on the front
and back sides of the plate for the 3D-periodic case.

end of the recirculation bubble, x/b ≈ 2.4. For larger values of x,
the averaged streamwise component grows and finally stabilizes its
value.

Figure 7 shows the mean pressure coefficient ⟨Cp⟩ distribu-
tion, with Cp = p−p∞

1
2 ρU2 , on the upstream and the downstream sides

of the rigid plate. The results by Tian et al. (2014) obtained with
plates with smooth corners are also plotted for comparison. As it
can be observed, the ⟨Cp⟩ distributions are very similar. For the
present work, the pressure is just represented on both sides of the
plate and not on the lateral surfaces, and as a consequence, a jump
appears at y/D = ±0.5. As we explained before, the small differences
found in the pressure distribution could be justified by the geomet-
rical differences due to the presence of round corners in the work by
Tian et al. (2014).

V. RESULTS: FULL 3D SIMULATIONS INVOLVING FREE
SURFACE

In this section, 3D LES numerical simulations are conducted
on the rectangular flat plate in cross-flow near the free surface. A
previous validation of this code in a typical free surface problem can
be found in the work of González-Gutiérrez et al. (2019). The work
presented here is inspired by the experiments described in the work
of Satheesh and Huera-Huarte (2019), where a rectangular flat plate
was towed in a water tank with a cross section of 0.6 × 0.6 m2. In our
computational domain, dimensions match those in the experiments
as indicated in Fig. 1.

The aspect ratio of the plate is defined as AR = b/c, where b is
the vertical dimension and c is the horizontal dimension (parallel to
the free surface). Two aspect ratios are simulated here, in-between
those appearing in the experiments by Satheesh and Huera-Huarte
(2019). The first is 0.5 (b = 0.115 m and c = 0.23 m), and the
second is 1 (b, c = 0.16 m), chosen because they showed a very
different drag coefficient trend in the experiments. All plates have
the same thickness t = 5 × 10−3 m, as detailed in Fig. 1. Three
inflow velocities have been investigated, with values 0.2, 0.3, and
0.4 m/s, leading to Reynolds numbers of 30 × 103, 45 × 103, and
60 × 103, if based on the hydraulic diameter, and corresponding
Froude numbers of 0.16, 0.24, and 0.32, respectively. Following the
experimental design by Satheesh and Huera-Huarte (2019), for each
AR, the same submergence depths for the plates have been com-
puted. Depths (d) are measured from the upper edge of the plate
to the undisturbed free surface. For AR = 0.5, the depths in dimen-
sionless form (d/b) are 0, 0.0870, 0.2174, 0.4348, 0.6087, 0.7826,
1.2609, and 1.9130, whilst for the case with the plate of AR = 1,
the depths are 0, 0.0625, 0.1250, 0.1875, 0.3125, 0.6250, and 1.25.
Note that instead of using the chord c for nondimensionalization
like in the experimental work by Satheesh and Huera-Huarte (2019),
here and particularly in Sec. IV, the span b is used as reference
length.

Different meshes have been constructed following the valida-
tion exercise presented in Sec. IV. The number of cells varies from
3.5 × 106 to 6 × 106 depending on the plate aspect ratio AR. In order
to better understand the effect of the free surface, a case in which
the free surface is replaced by a horizontal solid wall has been also
included. For this case, the distance d/b represents the distance from
the top of the plate to the solid wall.
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FIG. 8. Averaged drag coefficients CD for different depths
when the plate aspect ratio AR = 1 and Re = 30 × 103 (top),
Re = 45 × 103 (middle), and Re = 60 × 103 (bottom). For
Re = 60 × 103, the results for the complementary problem
using a top wall instead of the free surface have been added
for comparison.

The results obtained for the plate of AR = 1 appear in
Fig. 8, where a comparison between the experimental and the
computational mean drag coefficient values is presented for dif-
ferent Reynolds numbers and submergence depths. The data sug-
gest that the drag coefficient dependency on the Reynolds number
is very small. Moreover, both the experimental and the compu-
tational results present a saturation behavior when submergence

depth is large, implying a very limited influence of the free surface,
as expected. In general, mean drag increases monotonically as the
submergence depth is reduced from the domain center, up to a posi-
tion at which drag is maximum, to start decreasing again until the
upper edge of the plate is at the free surface. The numerical simu-
lations show that the location of the maxima in drag is Re depen-
dent but always takes place at d/b < 0.3. The experimental data

FIG. 9. Averaged drag coefficient CD against depth d/b
when the plate aspect ratio AR = 0.5 and Re = 30 × 103

(top), Re = 45 × 103 (middle), and Re = 60 × 103 (bottom).
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reported in the work of Satheesh and Huera-Huarte (2019) showed
how, in general, for all the aspect ratios and Re investigated, the
peak in the drag coefficient took place as well at d/b < 0.3, well in
agreement with the numerical results presented here. A very sim-
ilar drag trend is observed if the aspect ratio is reduced to AR =
0.5; see Fig. 9. Again, as the plate is moved away of the free sur-
face, drag increases up to a maximum to start decreasing to the
stable values found at the center of the domain. In order to fur-
ther understand the role of free surface, a series of numerical cases
were computed after removing the problem of the gravity force and
changing the free surface by a rigid wall. This was only done for the
plate with AR = 1 at Re = 60 000 as it can be seen the lower plot
of Fig. 8. Under these circumstances, d/b is the dimensionless dis-
tance from the top part of the plate to the fixed upper wall. The
results show a similar trend in the drag coefficient if compared to
the free surface case although the highest drag value takes place at a
smaller submergence depth (d/b ≈ 0.0625). The discrepancies found
in Figs. 8 and 9 could be justified by the presence of the experimental
setup necessary to hold and tow the plate along the channel which
has a relevant influence on the measurements, of course those ele-
ments are not considered in the numerical approach. We should
also remark that no error bars are reported in the experimental
results.

The analysis of the pressure distribution around the plate can
help in elucidating the origin of the drag coefficient trends observed.
In Fig. 10, spatiotemporal averaged dimensionless pressure coeffi-
cient ⟨Cp⟩ difference between the upstream and the downstream
sides of the AR = 1 plate along y/b appears for the different depths, at
Re = 60 000. The drag coefficient is dominated by the pressure force
component, with the ratio between the pressure and the friction drag
components in order O(105) (Tian et al., 2014). The pressure differ-
ence between the front and the back sides of the plate, Δ⟨Cp⟩, can
be associated with the pressure contribution to the drag value, and
in order to visualize the influence of the depth on it, Δ⟨Cp⟩ appears

FIG. 10. Time and cross averaged dimensionless pressure coefficient ⟨Cp⟩ dif-
ference between front and back sides along y/b for AR = 1 and Re = 60 000 for
different depths d/b.

plotted against y/b in Fig. 10. The larger the values of d/b are, the
more symmetric the Δ⟨Cp⟩ distribution is, meaning that the free sur-
face influence is negligible at large depths. On the other side, for
low values of d/b, the influence of the free surface is represented
by a clear asymmetry in the curve, with a clear increment on the
part of the plate closer to the free surface (positive range of y/b).
Another important fact is the variation of the quantity ∫b/2

−b/2 Δ⟨Cp⟩dy
for different immersion depths, which represents the pressure com-
ponent of the drag coefficient. As it can be observed in Fig. 11,
the maximum takes place at d/b = 0.3125, which is in good agree-
ment with the results previously shown in the lower plot of Fig. 8.
The case of the plate near the solid wall is also shown in the plots
for reference. The first difference is that due to the absence of the
hydrostatic component ⟨Cp⟩, values only contain the dynamic part
and the difference between the front and back sides of the plate is
more evident. The values of Δ⟨Cp⟩ and ∫b/2

−b/2 Δ⟨Cp⟩dy are also rep-
resented. In contrast with the free surface case, the maximum value
of the integral term is found at d/b = 0.0625, with a maximum value
almost equal to the case with the free surface. The trend of the curve
in Fig. 12 matches well with that presented in the lower plot of
Fig. 8.

Regarding frequencies, the spectra of the resolved cross-stream
velocity fluctuations obtained at the midspan for x/b = 1 and z/b = 0,
for three different depths with dimensionless value of 0, 0.125, and
0.625, are shown in Fig. 13. According to the turbulence spec-
trum presented, the present simulations capture the inherent tur-
bulent cascade where the resolved scales reach the inertial subrange
described by the −5/3 Kolmogorov slope.

In Fig. 14, the evolution of the drag and lift forces is presented
for the case with AR = 1 and Re = 60 000, at the largest depth inves-
tigated of d/b = 1.25, either with a free surface or with a solid wall.
The drag values are CD = 1.57% ± 2.5% for the free surface case and
CD = 1.43% ± 2.7% for the wall case. Fluctuations are very small if
compared to their mean value. This result is completely different to

FIG. 11. Integral value of the pressure coefficient difference between both sides of
the plate along the vertical direction.
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FIG. 12. Time and cross averaged dimensionless pressure
coefficient ⟨Cp⟩ along y/c for AR = 1 and Re = 60 000 for
different wall distances d/b. Circles represent the front side,
−v letter when the d/b case is indicated, while asterisks rep-
resent the back side, a letter when the d/b case is indicated.
Right: Time and cross averaged dimensionless pressure
coefficient ⟨Cp⟩ difference between front and back sides
along y/b for AR = 1 and Re = 60 000 for different depths
d/b.

the one shown for the periodic validation case in Sec. IV or those
that appear in any of the 2D or 3D-periodic cases available in the
literature; see, for example, the work by Hemmati et al. (2016a)
where with Re of either 1200 or 2400, two regimes H and L can
be distinguished. In the present 3D simulations, with no periodic
assumption between the lateral walls and conducted at higher Re,
those regimes do not appear as the drag oscillates with a very
small amplitude close to its mean value. The same applies to the
case computed with the plate with a top rigid boundary, also pre-
sented in Fig. 14. In the case with the rigid wall, the drag and
lift fluctuations are again very small. As expected, the amplitudes

FIG. 13. Spectra of the resolved cross-stream velocity fluctuations obtained at the
midspan x/b = 1 and z/b = 0 for three different depths; d/b = 0, d/b = 0.125, and
d/b = 0.625 when AR = 1 and Re = 60 000.

represented in the spectral analysis of the drag and lift signals, see
Fig. 15, are orders of magnitude smaller than those obtained in
the validation case of Sec. IV; see Fig. 5. This low amplitude spec-
trum does not allow to consider any characteristic frequencies to
be compared to the crosswise periodic case, neither for the drag
nor for the lift forces. This scenario with drag and lift forces that
barely oscillate around their mean value is consistent at all depths
studied.

Following the detailed analysis of the forcing terms and the
comparisons made with previous experiments and numerical work,
the wake dynamics is studied, with the objective to further dis-
cuss the physics of the free surface interaction with the plate.
Figures 16 and 17 depict the time averaged streamline distribution
for the case with the free surface and the case of the solid wall, respec-
tively. In both figures, the Reynolds number ReDh = 60 000 and the
aspect ratio AR = 1. The dimensionless time window used for aver-
aging process is tU/b ∈ [0–300], with data that were saved every
Δ(tU/b) = 0.1.

When the distance to the upper boundary is maximum (d/b =
1.25), the streamlines on the wake show two symmetric counter-
rotating vortices with a streamwise recirculation length Lrx ∼ 2.5b.
The flow at the maximum depth is practically the same for the
case with the free surface (Fig. 16) and the one with the rigid wall
(Fig. 17), with the main difference being the upward bending of
the streamlines in the far wake for the case with the free surface,
as a result of the pressure distribution created by the gravity field,
which is nonexisting in the rigid wall case. Very similar results were
obtained by Hemmati et al. (2016a) and Taneda and Honji (1971) for
laminar flows and by Tian et al. (2014) for turbulent flows. The wake
vortex dynamics change considerably when the plate approaches
either the free surface or the solid wall. The counter-rotating pair
tends to deform, breaking the previously observed symmetry. In the
case involving the free surface, both vortices remain in the wake at
all depths, but their relative positions are heavily dependent on the
depth. Secondary vortices appear at the upper part of the plate, due
to the free surface deformation, when depths are 0.3125, 0.187, and
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FIG. 14. Evolution of the drag (left) and
lift (right) coefficients when AR = 1, Re
= 60 000, and d/b = 1.25.

0.1125. At these specific depths, the main upper vortex and the sec-
ondary one form a counter-rotating pair near the free surface that
creates a jetlike flow (or gap flow) accelerating the flow between the
upper edge of the plate and the boundary. The free surface is able
to deform and to create a small depression behind the plate that
modifies the flow characteristics at the top part of the plate and
allows some streamlines to overpass the plate following the free
surface distortion.

With a top solid wall boundary, this complex dynamics between
the counter-rotating vortices disappears at depth d/b = 0.3125, where
the upper side vortex vanishes and only the lower one dominates. If
the depth is further reduced, the upper vortex appears again. Finally,
when the plate contacts the wall, this top vortex is barely observed
and a large counterclockwise recirculation bubble dominates the
wake. As the top boundary cannot be deformed, the flow through
the gap is limited and tends to the formation of a stagnation point

FIG. 15. Power spectra of the time evolu-
tion of the drag (left) and lift (right) coef-
ficients when AR = 1, Re = 60 000, and
d/b = 1.25.
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FIG. 16. Streamlines of the time and spanwise averaged flow field in the near wake at different depths d/b. (a) d/b = 0, (b) d/b = 0.0625, (c) d/b = 0.1125, (d) d/b = 0.187, (e)
d/b = 0.3125, (f) d/b = 0.625, and (g) d/b = 1.25.

as the gap decreases. In the limit case d/b = 0, no flow circulates
between the top part of the plate and the solid wall.

In Fig. 18, initial formation and steady state snapshots of
the computed dimensionless spanwise stage of the vortex ωz are
compared to the experimental results shown by Satheesh and Huera-
Huarte (2019) for depths d/b of 0, 0.217, 0.434, and 1.913 for the

plate of AR = 0.5 and ReDh = 45 000. The dimensionless size of the
PIV domain reported by Satheesh and Huera-Huarte (2019) was
limited to (y/b, z/b) ∈ [−1, 1] × [0, 2.5] because of the measurement
setup, whilst the computational domain shown here is larger (x/b,
y/b) ∈ [−1.8, 1.8] × [−0.5, 4] as the same limitations do not apply
to the computations. Experiments and numerical simulations show
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FIG. 17. Streamlines of the time and spanwise averaged flow field in the near wake at different wall distances d/b. (a) d/b = 0, (b) d/b = 0.0625, (c) d/b = 0.125, (d) d/b =
0.1875, (e) d/b = 0.3125, (f) d/b = 0.625, and (g) d/b = 1.25.

the same features. Vorticity tends to have a symmetric distribution
as depth is increased; see d/b = 1.913 in Fig. 18 as an example. As
the plate is moved closer to the free surface, the vortex distribution
looses symmetry. For the cases d/b = 0.434 and d/b = 0.217 in Fig. 18,
the vorticity created near the free surface modifies the evolution of

the upper shear layer. The generation of vorticity at the deformed
free surface creates the jetlike flow described before, leaving a very
weak upper shear layer, and a flow channeled toward the lower part
of the plate. The same phenomena take place again at a depth d/b
= 0.434. When the plate is located at the free surface, with d/b = 0,

Phys. Fluids 31, 102108 (2019); doi: 10.1063/1.5111525 31, 102108-13

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 18. Comparison between the computed dimensionless vorticity ωZ (top and third rows) vs PIV experiments (second and bottom rows) in the work of Satheesh and
Huera-Huarte (2019) regarding to initial and final state images for d/b = 0, 0.217, 0.434, 1.913. The color scale is ωZ ∈ [−16, 16] for both results. Snapshot of the vorticity
contour at when Re = 45 000 and AR = 0.5.
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the injection of fluid through the gap flow becomes so small that no
vorticity is generated in the upper part of the plate. The modification
of the free surface is small as well, and the secondary vortex disap-
pears. The size of the region that the shear layer encloses when the
upper edge of plate is at the free surface is considerably bigger than
in the case with d/b = 1.913. The enlargement of this region moves
away from the plate, the low pressure region, resulting in a drag
reduction.

An analysis of the pressure field explains why the low (L)
and high (H) drag regimes described by Tian et al. (2014) and
Hemmati et al. (2016a), at Re = 150 000 and Re = 1200, respec-
tively, are missing in the full 3D simulations presented here. In
Fig. 19, an example of instantaneous dimensionless pressure field
(p∗ = p

ρU2 ) for the case of the plate with AR = 1, ReDh = 60 000,

and d/b = 1.25 is shown. In the lower plot, instantaneous stream-
lines are presented for the same case. Two high and low pressure
regions are found at the bow and the aft of the plate, respectively;
the stability of these regions causes the low drag coefficient varia-
tion previously reported. These regions can be seen in Fig. 19, in the
form of two counter-rotating vortices at x/b ∼ 1 in the streamline
plot.

FIG. 19. Snapshot of the dimensionless pressure field p∗ (left) and streamlines at
Re = 60 000, AR = 1 and d/b = 1.25.

Finally, the Q criterion (Jeong and Hussain, 1995) has been
used to present the vortex structures in the turbulent wake. In par-
ticular, the differences in the flow between the case with the solid
wall and its free surface counterpart are highlighted. Figures 20
and 21 show the instantaneous isosurface of vorticity (Q = 1.0),
for cases with depth d/b = 1.25 and Re = 60 000. Generally, the
wake structures that appear in Fig. 20 are much more complex
than those resulting from the 3D-periodic cases presented by Hem-
mati et al. (2016b) for lower Reynolds numbers in the order of
1200. A separation distance between consecutive vortex loops can-
not be well identified, showing the typical complexity of a tur-
bulent wake. The xz perspective in Fig. 20 presents an alternat-
ing global structure similar to the 3D-periodic case presented by
Tian et al. (2014), where the width of the vortex street increases
as the flow moves downstream; this global trend is not so evident
when the free surface is considered. Vortex structures for the free
surface case are stretched in the streamwise direction, whilst in
the case with the rigid wall, in Fig. 20, smaller vortex structures
are formed in the near wake at x/b ∼ 1. The dynamics described
by Hemmati et al. (2016b) and (2016a) appear as well here, with
the alternate shedding of large scale structures at each side of the
wake. The peel off process is also observed, with a streamwise
flow induced away from the plate by the main vortices that car-
ries out the smaller vortices formed on the plate edges parallel to
the z axis. As suggested in the work of Hemmati et al., 2016b, this
process generates two secondary spanwise (out-wash) and chord-
wise (in-wash) flows, carrying the peeled off structures toward
the wake, while pushing the newly detached structure (main vor-
tex roller) away from the wake. Interlocked vortex-loops formed
by the combination of these secondary flows are appreciated in
Fig. 20. Other phenomena such as wake-split are also observed
when the induced out-wash flow separates the two vortex loops
formed on opposite chordwise edges of the plate, splitting the wake
at its centerline. In contrast to what happens at Re = 1200 in
the work by Hemmati et al. (2016b), for larger Reynolds num-
bers as the ones used in this work, the peel off mechanism is
not dominant and therefore no single shedding frequencies can be
identified.

In Fig. 22, the Q-criteria isosurfaces are presented for the case
in which the plate is in contact with the top solid boundary. The
confinement effect generated by the solid wall results in a wake that
is wider in both the spanwise and the chordwise directions, when
compared to the case with the plate away from the wall in Fig. 20. In
fact, the near wake is characterized by a large recirculation bubble,
as described previously in Fig. 17, that extends up to roughly x/b ≈ 2,
where the shear layers are opened in the wall plane from z/b ≈ −1.3
to z/b ≈ 1.3.

In the case with the plate being at the free surface, as in Fig. 23,
an angle of 18.5○ is formed between the vortex structures at the
free surface and the streamwise direction that can be seen in the xz
view of the figure. This case can be identified with any other free
surface moving object, and as a consequence, this angle is close to
the classical Kelvin angle 19.47○, always observed in the free sur-
face footprint of navigating ships. This top view also shows how the
width of the wake increases as the flow moves downstream with the
Kelvin angle imposing the width and the vortex structures formed
moving away from the central plane z = 0. The wake region defined
by x/b < 2 is characterized by the formation of very small vortex
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FIG. 20. Isosurface plot of Q = 1.0 in the wake of the normal flat plate at Re = 60k, d/b = 1.25 (deepest case) using a solid wall at the top boundary.
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FIG. 21. Isosurface plot of Q = 1.0 in the wake of the normal flat plate at Re = 60 000, d/b = 1.25 (deepest case) with the free surface.
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FIG. 22. Isosurface plot of Q = 1.0 in the wake of the normal flat plate at Re = 60 000, d/b = 0 using a solid wall at the top boundary.

structures at the upper edge of the plate in contact with the free sur-
face, whilst a stable shear layer forms at the bottom part. This means
that the free surface induces strong instabilities on the vortex struc-
tures coming from the top plate boundary, and as a consequence,

it is difficult to identify coherent structures in the recirculation
bubble.

Videos of some of the free surface flows can be downloaded
from the link <https://drive.upm.es/index.php/s/J7S8PKv33x3lz9k>.
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FIG. 23. Top (top) and lateral (bottom) views of the isosurface plot of Q = 1.0 in the wake of normal flat plate at Re = 60 000, d/b = 0 with the free surface.

VI. CONCLUSIONS

A three-dimensional large-eddy simulation (3D-LES) of the
flow perpendicular to a rectangular flat plate with sharp corners, in
the presence of the free surface, has been conducted. The numerical
study is based on nonperiodic assumptions and has been performed
in the turbulent regime with Re ∼ O(105). The simulation includes
an upper air phase and a bottom water one. The numerical problem
was motivated by recent experimental work performed in a towing

tank (Satheesh and Huera-Huarte, 2019). The results of the simula-
tions showed good agreement with the experimental values available
not only in terms of drag coefficients but also in terms of the main
wake structures observed. A single phase case where the free surface
is replaced by a rigid no-slip solid wall has also been studied to shed
more light on the effect of the free surface. Both results have been
compared, and the main differences have been stressed out.

The characteristic unsteady frequency associated with two
high and low drag regimes, observed by previous authors using
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3D-periodic simulations at moderate Reynolds numbers Re
∼ O(103), with plates having smooth corners, disappears in the fully
3D turbulent case with Re ∼ O(105) and sharp corners considered
here, with no dominant frequencies found.

A critical depth (d/b < 0.3) between the upper part of the plate
and the free surface has been found, at which the drag force reaches
a maximum value that increases approximately 25% the drag value
compared to the case where the free surface has no influence. In the
case of the solid wall, the same trend for the drag has been found
but at larger submergence depths. This drag increment is related to
the pressure field around the plate and the vortex structures on the
wake. The free surface deformation at depths near the critical pro-
motes a secondary vortex that, together with the main vortex formed
at the upper edge of the plate, result in a jetlike flow between them.
Under this situation, the upper shear layer bends downward, bring-
ing closer to the plate the low pressure region, therefore increasing
drag. These phenomena can have important practical implications
for engineering systems near the free surface.
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