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This study investigates the time evolution of vortex rings generated by the normal
translation of a disk either toward or away from a wall. We systematically vary the control
parameters, including the disk size, stroke length, travel time, and distance from the wall, to
analyze their influence on vortex dynamics. Experiments are conducted with particle image
velocimetry, while numerical simulations are performed using the flow solver Basilisk.
The circulation and core radius are used as primary metrics to describe the properties of
the vortex ring. A quantitative agreement is observed between the experimental and the
numerical results. Both approaches reveal that the vortex circulation increases for disk
motions in either direction—toward or away from the wall. However, the effect of the
bottom wall on the vortex core radius differs depending on the motion of the disk. The
presence of the wall increases the core radius only when the disk moves toward the wall,
while no significant effect is observed for a translation away from the wall. Furthermore,
we establish scaling laws to describe the maximum circulation and core size of the vortex
ring as a function of the control parameters: the disk diameter, the typical time and stroke
length of its motion, and the minimal distance from the wall. These scalings, which differ
from the unbounded case, contribute to a deeper understanding of vortex dynamics in the
vicinity of solid boundaries.

DOI: 10.1103/ynxr-zmg2

I. INTRODUCTION

The formation of vortices is ubiquitous in engineering and biological systems and, as a result, has
attracted significant attention and has inspired numerous studies. In nature, many animals, such as
insects, birds, and fish, generate arrays of vortices as they flap their wings, fins, or tails for locomo-
tion [1-3]. Dandelion seeds also generate vortices in their wake during flight [4]. In engineering, the
wingtip vortices generated in the wake of aircraft have been widely studied due to their impact on
flight performance [5]. Similarly, vortex-induced vibration is a critical consideration in the building
of civil engineering structures, such as bridges or offshore structures [6]. Furthermore, wake vortices
play also a role in energy harvesting systems such as wind turbines or flapping wing devices [7,8].

In 1904, Prandtl [9] considered theoretically the problem of vortex formation in the wake of
translating objects after experimental observations such as the rolling up of a vortex sheet. Building
on this work, Kaden [10] developed a self-similar theory for the winding of a vortex sheet. He used
the potential flow associated with the translation of a plate at uniform velocity U during the time
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t, which generates a free-rolling vortex sheet when the solid is instantaneously removed from the
flow, and showed that the radius of the vortex should grow with time as 2/3. Based on these results,
Wedemeyer [11] predicted the time evolution of the circulation and the position of a vortex in the
wake of a plate translating at a constant velocity. Since then, many studies have focused on the
formation of such vortices, both experimentally [12—15] and numerically [15,16]. In particular, it
has been shown that the size of the vortex is proportional to the plate length (or disk diameter) D
to the power of 1/3 and to the stroke length L to the power of 2/3 [14,15] and that the circulation
is proportional to D?/? and L*?> and inversely proportional to the travel time T [15]. For the flow
past a circular disk, the generated vortex ring remains axisymmetric when the stroke length is not
too large (L/D < 4) [17] and in the case of a steady regime when the Reynolds number is not too
large [18].

While much of the early work focused on vortices in unbounded domains, some studies have
explored how walls and boundaries influence vortex formation and dynamics. Indeed, as the body
translates toward or away from a boundary, interactions with the wall modify the rolling up of
the vortex sheet. Walker et al. [19] demonstrated experimentally such an interaction by describing
the collision of a vortex ring with a wall. The formation of a significant unsteady boundary layer
eventually leads to the detachment of a secondary vortex ring, causing the primary vortex to
bounce off the wall [19-23]. Vortex interaction with the ground is responsible for the so-called
ground effect: animals swimming or flying close to the ground experience benefits in steady-state
configurations [24,25]. In transient configurations, some studies have highlighted the benefits of
the ground effect for insect takeoffs [26], while others have not for swimming stingrays [27].
The thrust produced by a rigid or flexible [28] pitching foil close to the ground is experimentally
increased compared to the configuration far from the ground, also suggesting that the ground effect
could help the motion. Moreover, the displacement of contaminants by footsteps is closely related
to the formation of eddies and their interaction with a sediment bed [29,30]. Finally, in some
configurations, heave plates from offshore structures oscillate near the seabed, leading to a change
in the added mass and damping coefficients [31].

Although some fundamental mechanisms of vortex-wall interactions have been identified, a
quantitative characterization (circulation, core size, trajectory) and modeling of vortices generated
in the vicinity of a wall remain to be developed. In the present work, such vortices are generated
experimentally and numerically either by moving a disk toward a plane wall or away from the wall.
The experimental configuration and the numerical methods are presented in Sec. II together with the
methodology used to characterize the main features of the vortex ring: its circulation, core radius,
and trajectory. The results for a disk moving toward a wall are presented in Sec. III, while those for
a disk moving away from the wall are presented in Sec. IV. In both cases, the differences from the
unbounded case are highlighted, and scaling laws accounting for the presence of the bottom wall
are provided.

II. FLOW CONFIGURATION AND METHODS

A. Flow configuration

We consider the configuration of a disk of diameter D subjected to an unsteady translation over
the stroke length L during the time t toward or away from a minimal distance b of a parallel solid
wall, as sketched in Fig. 1. The time evolution of the distance h(t) of the disk from the wall is
given by

h(t) = b+ (L/2)[1 £ cos (t/7)], (1)

for 0 <t < t, where the plus or minus sign refers to motion toward or away from the wall,
respectively. If the disk approaches the wall, then it starts at the initial time # = O at the distance
b + L from the wall and stops at ¢ = T at the minimum distance b. When the disk moves away from
the wall, it starts at its minimum distance b from the wall and stops at distance b + L after a time 7.
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FIG. 1. Sketch of the configuration with the notations used.

The speed of the disk is thus
E(O <1< D) =FVysin(rr®), 2)

where V,, = wL/27 is the maximum velocity of the disk reached at midstroke and t* = ¢/t is the
reduced dimensionless time. A positive (respectively, negative) disk velocity corresponds to a disk
moving away from (respectively, toward) the wall. The sinusoidal motion has been chosen to allow
a smooth evolution of the velocity with a finite acceleration and also as a first step toward the case of
periodic oscillations. We will use the cylindrical coordinates (r, 6, z) with the axis z corresponding
to the disk axis and z = 0 at the minimum distance b from the wall.

The three relevant dimensionless quantities of the flow are the Reynolds number Re = V,,D/v,
where v is the kinematic viscosity of the fluid, the relative stroke length L/D, and the relative
minimum distance between the disk and the wall b/D. We will restrict ourselves to an inertial regime
of sufficiently high Reynolds number, above 10°, where the fluid viscosity does not significantly
alter the characteristics of the vortices generated [15].

B. Experimental methods

The experiments were performed in a rectangular tank with a square cross-section of 40 cm x
40 cm and a height of 60 cm. The tank is filled with water of kinematic viscosity v = 107 m? /s at
ambient temperature over a height of 40 cm. The disk consists of a thin acrylic plate of thickness
w = 2 mm and diameter 5 cm < D < 15 cm such that w/D < 1. The disk is far from any side
walls but close to the bottom wall with a distance varied between 0.2cm < b < 2cm (b/D < 1).
A vertical rod of diameter 1 cm is attached to the center of the disk and connected to an eccentric
system that transforms the rotation of a motor into a sinusoidal translation of the disk. The stroke
length L can be varied up to 5.2 cm by changing the position of the eccentric. The time T = /€2,
where €2 is the angular velocity of the motor, corresponds to the time the disk takes to travel the
stroke length L and was varied between 0.36 s and 2.5 s. The nondimensional numbers were varied
experimentally in the range Re € [1.3 x 10°, 2 x 10*], L/D € [0.19, 0.56] and b/D € [0.01, 0.27]
and are summarized in Table I. As the dimensionless stroke length L/D remains well below 4, the
generated vortex should remain axisymmetric [17].

Thus, the flow field is experimentally characterized by particle image velocity (PIV) measure-
ments with a vertical laser sheet illuminating a plane passing through the axis of the disk. To avoid
parasitic light reflections, the disk is coated with black painting. The images are recorded with a
high-speed camera, and the velocity fields are computed using the software DAVIS (LaVision). For a
given set of control parameter values, each individual realization shows only minor differences in the
velocity fields (u,, #,) measured in a given vertical plane (6 = 0), confirming that the flow remains
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TABLE I. Sets of experimental and numerical parameters, associated nondimensional numbers, and corre-
sponding symbols used for figures. Empty symbols correspond to experiments, and full symbols correspond to
numerical simulations.

b(cm) L(cm) D (cm) 7 (s) v (m?/s) L/D b/D Re Symbols
0.2 2-52 5-15  0.5-0.52 107¢ 0.19-0.56  0013-0.04 13 x10-88x 10° £/ A
0.5 2-52 10 0.5-2.5 10-¢ 0.2-0.52 0.05 18x10-88x100 /¥
1 2-52 5-15 0.5-2.5 107° 0.19-0.56  0.067-0.2 1.8 x 10°-9.8 x 10 <>/ ¢
1.5 2-52 10 0.5-2.5 10-¢ 0.2-0.52 0.15 1.8 x 10°-1.3 x 10* /
2 2-52  75-15 0.36-0.83 10-° 0.19-0.52  0.13-0.27 5.3 x 1032 x 10* /
02-13 2.8-11.2 1040 0.5 6 x 1077-9 x 107° 0.28 0.005-1.3 1.5 x 10* |
0.4-2 2-16 8-40 0.5 6x10772.7x107°  0.05-2 0.05 1.5 x 10* 4

mainly axisymmetric, and convergence is achieved by averaging 20 independent realizations. The
spatial resolution of the velocity measurement is of the order of 0.5 mm. More details on the
experimental setup can be found in Steiner et al. [15].

C. Numerical methods

The flow field generated by the motion of the disk toward or away from the wall is also computed
by direct numerical simulations of the Navier-Stokes equations for a Newtonian incompressible fluid
using the Basilisk flow solver. The configuration is 2D axisymmetric: In the meridional plane, the
computational domain is a square of width A defined by (r, z) € [0, A] X [-b — w/2, L — b — w/2],
where A = 2D. Changing slightly the domain size A does not change quantitatively the results.
The solid disk is modeled by an immersed boundary. At ¢ = 0, the disk, which is located in the
region (r, z) € [0, D/2] x [L — w/2, L + w/2] for a disk moving toward the wall and [0, D/2] x
[—w/2, w/2] for a disk moving away from the wall, is represented by a solid volume fraction. This
region is then displaced in time with the velocity provided by Eq. (2). An axisymmetric boundary
condition is set at r = 0, while no-slip conditions are used at the other boundaries of the domain.
The spatial discretization is based on a Cartesian grid with adaptive mesh refinement through a
quadtree approach [32]. The final spatial resolution is of the order of 0.1 mm. More details on the
numerical scheme can be found in Steiner et al. [15]. We ensured that a higher refinement level
does not change the circulation of the vortex ring more than 1% and that the maximum time step
Stmax = 2 X 10727 is small enough.

In the simulations, the ranges of stroke length L, disk diameter D, distance b, and kinematic
viscosity v have been extended compared to the experiments, so that L € [2, 16]cm, D € [5, 40] cm,
be[0.2,13]cm and v € [6 x 1077, 9 x 1079] mz/s. The range of the two dimensionless ratios
L/D € [0.05, 2] and b/D € [5 x 1073, 1.3] has thus been extended compared to the experimental
range, but the range of the Reynolds number Re € [1.3 x 103, 2 x 10*] has been kept the same as
indicated in Table I.

D. Vortex characterization

A vortex ring is formed in the wake of the translating disk, and the resulting velocity fields
obtained from the PIV measurements or numerical simulations are analyzed with custom MAT-
LAB routines described in Steiner et al. [15]. The circulation of the vortex is computed by
r=// ¢ wg dr dz, where wp = du,/dz — du_/dr is the local vorticity. The horizontal and vertical
positions of the vortex are given by rg = [[(rw/I")drdz and zg = [[(zw/T")dr dz and the core
radius a of the vortex is obtained from the second-moment method described in Le Dizes and Verga
[33] and used in Steiner et al. [15]. An iterative routine gives the final circulation of the vortex,
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computed as the total circulation on a surface S five times the size of the vortex. This size was
chosen to include most of the circulation in the computation domain without capturing too much
noise.

In the unbounded case, where the disk is far from any boundaries (b/a > 1), the maximum
circulation |I",,,| and the maximum radius a,, of the vortex ring formed in the wake of a translating
disk whose velocity evolves sinusoidally from start to stop have been shown by Ref. [15] to follow
the scaling laws

Tl ~2.1L*°D*3¢7! and a, ~0.1L*°D'3, 3)

These scaling laws have been shown to be in agreement with the theoretical predictions of
Wedemeyer [11] for the bidimensional configuration of a plate moving at a constant velocity,
but the numerical prefactors are specific to the geometry of the object and to the law of motion.
The values 2.1 and 0.1 given in Eq. (3) correspond to the present specific conditions of a disk in
sinusoidal translation. These scalings have been found by Steiner e al. [15] both experimentally
and numerically with a good agreement meaning that the rod holding the disk experimentally
does not have a significant influence on the results and that the flow is essentially axisymmetric.
The Reynolds number characteristic of the vortex flow can be defined as Rer = |I,,|/v and is
linked with the disk Reynolds number Re = V,,D/v defined above in Sec. I A by the relation
Rer = (4.2/m)(L/D)'*Re. As the ratio L/D does not vary so much in the present study and is of
order one, the values of these two Reynolds numbers are thus very close.

In the presence of a bottom wall, the minimum distance b between the disk and the wall
is expected to play a significant role in the generation process. By dimensional analysis,
the dimensionless coefficients for the maximum circulation c¢r and the maximum radius c,,
defined as

_ Tl
T [ABD23-1

A

and ¢, = 2ADIA

cr “)
are expected to be some functions of the two ratios b/D and L/D instead of the constant values
cr ~ 2.1 and ¢, = 0.1 corresponding to the unbounded case found in Steiner et al. [15].

We first consider the case of a disk moving toward a bottom wall in Sec. III and then the case
of a disk moving away from a bottom wall in Sec. IV. In both cases, we will first describe the flow
generated in the near wake of the disk and then highlight the dependence of the starting vortex on
the parameters L/D and b/D compared to the unbounded case [see Eq. (3)].

III. DISK TRANSLATION TOWARD THE WALL
A. General flow description

In this section, the disk moves toward the wall from the distance b + L at the initial dimensionless
time t* = 0 to the minimum distance b at t* = 1. An example of the velocity (arrows) and vorticity
(color scale) fields obtained experimentally for the dimensional parameters L = 5.2cm,D = 10cm,
7 = 0.83s,and b = 1 cm, corresponding to the nondimensional parameters Re = 9.8 x 103, L /D =
0.52, and b/D = 0.1, are shown in Fig. 2 at different times ¢*.

As in the infinite medium configuration where no bottom wall is present [15], an initial vortex
ring forms in the wake of the disk. It grows and accumulates vorticity due to the detachment of the
boundary layer and the winding of the vortex sheet as the disk moves; this growth is particularly
visible between t* = (0.34 and t* = 0.66. It can be observed that the vortex sheet, due to Kelvin-
Helmholtz instability, concentrates into several small satellite vortices (see box 1 in Fig. 2) that
rotate around the starting vortex [12,34-36]. At the same time, a vorticity layer of opposite sign
forms between the starting vortex and the top of the disk (see box 2 in Fig. 2 at t* = 0.66). When
the disk stops at t* = 1, due to the circumferential velocity induced by the starting vortex, this
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FIG. 2. Velocity field (arrows) and vorticity field (color scale) generated by a disk starting from the top
position and translating toward a horizontal wall in water, obtained experimentally using PIV measurements
at different dimensionless times t* for L =5.2cm, D = 10cm, 7 = 0.83s, and b = 1 cm (Re = 9.8 x 103,
L/D =0.52,b/D = 0.1). The lateral wall is located at r = 0.2m = 4D/2.

vorticity layer is reaped off the disk, and several small stopping vortices are formed one after the
other (see box 3 in Fig. 2 at t* = 1.34), as in the unbounded configuration [15]. Then, between
t* = 1.34 and t* = 2, the main stopping vortex rotates around the starting vortex. In addition, the
interaction of the starting vortex with the bottom of the tank leads to the formation of a new vorticity
layer of opposite sign, which is barely visible at t* = 1.68 but clearly visible at #* = 2 (see box 4 in
Fig. 2). The formation of such a vorticity layer has already been observed when a vortex ring hits a
wall [19-21,37]. Finally, the motion of the starting vortex is largely constrained by the presence of
the wall after the disk stops, causing the vortex to bounce off the wall.

In addition to the generation of the vortex rings, some fluid is also radially ejected from the gap
between the wall and the disk as the disk moves. As can be observed in Fig. 2 at #* = 0.66, the flow
is essentially parallel to the wall. After the disk stops (#* > 1), the radial flow stops. As we have
just described, the flow is then essentially composed of vortex rings interacting with each other and
with the wall.

B. Outward radial flow in the disk-wall gap

We first focus on the features of the outward radial flow stemming from the axial squeezing of
the fluid region between the disk and the wall. An example of the variation of the radial velocity as
a function of r at z = —3 mm, i.e., 2 mm from the wall, is shown in Fig. 3 for different times and for
L=44cm,D=10cm, 7 =1sandb = 0.5cm (Re = 6.9 x 103,L/D = 0.44,b/D = 0.05). Good
agreement can be observed at all times between the numerical simulations and the experimental
measurements. The radial velocity of the flow within the gap between the disk and the wall increases
with r from zero at the center of the disk up to a maximum near the edge of the disk at r = D/2
and then decreases outside the gap. In the following, we focus on the maximum radial velocity at
r=D/2.

An example of the vertical distribution of the radial velocity u,(z) at » = D/2 is shown in
Figs. 4(a)-4(f) at different times. There is again a good agreement between the simulation and
the experiment away from any solid walls, i.e., away from the disk and the bottom of the tank.
However, in the immediate vicinity of these walls, experiment and simulation are no longer in
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FIG. 3. Radial distribution of the radial velocity u, at 2 mm from the bottom wall (z = —3 mm) at three

successive times in the case of a disk of diameter D = 10 cm moving toward the wall for L =4.4cm,t =15
andb = 0.5cm (Re = 6.9 x 10, L/D = 0.44, b/D = 0.05). The open symbols (o) correspond to experiments,
and the solid lines correspond to numerical simulations. The grey zone corresponds to radial positions outside
of the disk-wall gap (2r/D > 1).

perfect agreement. Indeed, the experimental PIV measurements are not resolved well enough to
capture the flow in the boundary layers since the thickness of the boundary layer is of the order
of a millimeter, while the resolution of the experiments is of the order of 0.5 mm compared to
0.1 mm in the simulations. Experimentally, therefore, there are only very few velocity vectors in

FIG. 4. Vertical distribution of the radial velocity u,(z) at r = D/2 and different time ¢ for the same flow
configuration as in Fig. 3. The upper (respectively, lower) horizontal thick gray line corresponds to the disk
(respectively, bottom wall) region. The red symbols correspond to the experimental measurements, and the
blue solid lines correspond to the numerical simulations.

084704-7



JOANNE STEINER et al.

the boundary layer. However, the good agreement between the simulation and the experiment away
from the walls suggests that the simulations are reliable and precisely account for the flow at the
walls. The three boundary layers at the bottom of the tank and at both sides of the disk are most
visible in the simulation.

The radial velocity profiles u,(z) above the disk in Figs. 4(a)-4(f) are typical of a Lamb-Oseen
type vortex. The radial velocity profiles u,(z) under the disk in Figs. 4(a)-4(f) show that the fluid
is expelled from the gap between the disk and the wall as expected, with a maximum velocity near
the disk from which the fluid escapes before rolling up into the vortex. At the last instant shown
here (t* = 0.9), the velocity is still far from a parabolic profile, which would correspond to the
lubrication assumptions for a very thin gap. Indeed, the viscous time h%(t)/v is 25 s whereas the
inertial time D/U is around 1 s for the case of Fig. 4, where U is the mean horizontal velocity
between the wall and the disk. As #%(t)/v > D/U, the viscous forces are much smaller than the
inertial forces, so that the lubrication approximations cannot be used here to solve the flow in the
gap between the disk and the wall.

To model the present inertial outward flow, we consider the continuity equa-

tion (1/r)[d(ru,(r, z,t))/dr] + du,(r, z, t)/9z = 0 which leads by integration over the gap to
19(U(r, t)) 1 dh(r) 5)
r or @) dr

where U (r,t) = Oh(t) u,(r,z,t)dz/h(t) is the gap-averaged radial velocity. With a last integration

over r considering the boundary condition U = 0 at r = 0, this ultimately leads to the relation
r o dh(t)
2h(t) dt

Ulrt)=— (6)

The gap-averaged radial velocity U is thus related to the disk velocity dh/dt by the gap thickness
h and the radial position r. Considering the motion law for the disk given by Egs. (1) and (2), the
gap-averaged radial flow U is thus

rV,, sin(mt*)

U(r,t) = 2b+ L[1 + cos(mt*)]’

)

for 0 < #* < 1. According to Eq. (7), this gap-averaged flow should be maximal at the edge of
the disk (r = D/2) and should reach a maximum value U, at the time ¢, which are respectively
given by

D Vi
Uy = —————, 8
bay1+L/b ®
1 1
th=1——acos| ————— ). 9
T 1 4+2b/L

An example of the time evolution of the mean radial velocity U (D/2, t) obtained experimentally
and numerically is shown in Fig. 5(a) and compared with the prediction from Eq. (7). The average
velocity U (D/2, t) first increases before decreasing after reaching a maximum value of U,,, >~ 0.11
m/s during the second part of the motion at time ¢; ~ 0.8. In the following, U,, will be referred to as
the maximum ejection velocity. The numerical and theoretical velocities U (D/2, t) are very similar,
and there is also a very good agreement with the experiment up to t* ~ 0.9. The discrepancies
observed for 7* 2> 0.9 can be explained by the fact that it becomes increasingly difficult to obtain
an accurate experimental measurement of the mean flow between the disk and the wall by PIV
means. Indeed, at such a late time, the disk approaches the wall very close so that fewer and
fewer experimental velocity vectors are computed. For example, in the case presented here, the
final distance between the disk and the wall is b = 0.5 cm while the experimental resolution for the
velocity vectors is 0.06 cm, so the average is calculated from only 8 values.
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FIG. 5. (a) Time evolution of the mean radial U velocity at r = D/2 between the disk and the wall for the
case of Fig. 3. Open symbols correspond to the experiments, filled symbols to the numerical simulations, and
the solid line to the analytical expression given by Eq. (7). (b) Maximum radial velocity at r = D/2 measured
from experiments (open symbols) and simulations (filled symbols) versus the analytical prediction given by
Eq. (8). (c) Time for the maximum radial velocity measured in the experiments and numerical simulations
versus the analytical prediction given by Eq. (9).

Figure 5(b) shows the maximum ejection velocity U,, measured in each experiment (empty
symbols) and simulation (solid symbols) plotted against the predicted value U,, from Eq. (8).
The velocities predicted by the model show a very good agreement with the simulations and the
experiments for the entire range of parameters considered here. Finally, the time ¢, at which the
maximum ejection velocity is reached for all the experiments and simulations is plotted in Fig. 5(c)
against the predicted time #; from Eq. (9). Again, we see a very good agreement between the
experiments and the numerical simulations with the predicted value. All time values are between
1/2 and 1, as expected from Eq. (9), since 1 + 2b/L > 1.

C. Features of the starting vortex

We now consider the key features of the starting vortex in the wake of the disk using both
experiments and simulations. We will first present the time dynamics of the vortex formation and
then the scaling laws of its circulation and size with the control parameters.

1. Time dynamics

Figure 6 reports an example of the temporal evolution of the circulation [Fig. 6(a)], the radius
[Fig. 6(b)] and the position of the vortex in the reference frame of the laboratory [Fig. 6(c)] or
the disk [Fig. 6(d)]. As previously observed in an infinite medium [15], three phases of vortex
evolution are observed. The first phase corresponds to the formation of the vortex, during which the
circulation increases and the vortex grows in size (t* < 0.8). At the same time, the vortex starts to
move away from the disk, as can be seen in Fig. 6(d). The vortex reaches its maximum circulation
Il = 1.2 x 1072 m?/s at £t ~ 0.78 and its radius grows up to a,, = 7.6 mm at £* =~ 0.85 in the
example reported here. Both times [ and ¢ are close to the time ¢ ~ 0.8 at which the outward
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FIG. 6. Time evolution of (a) the circulation |I"|, (b) the radius a, and (c), (d) the position (rg, zg) of the
starting vortex in the frame of reference of (c) the laboratory and (d) the disk for the same case as in Fig. 2.
The symbols (o) represent experimental data, and the solid lines (—) represent the corresponding numerical
simulation data. The color bar indicates the dimensionless time #*.

radial flow from the gap is maximal. In an infinite medium, Eq. (3) would predict a maximum
circulation of |T',,| ~ 1072 m?/s and a maximal radius of a,, ~ 6.2 mm slightly smaller than what
is observed here, meaning that the confinement increases the energy injected into the vortex ring.

During the second phase (0.8 < t* < 1), the circulation and radius decrease with time due to the
interaction between the vortex and the decelerating disk. As in an infinite medium, this decrease of
the circulation is attributed to the entry of oppositely signed vorticity located above the disk into
the vortex [see box 2 in Fig. 2 at t* = 0.66]. In addition, during this second phase, the starting
vortex moves radially outwards due to the deceleration of the disk. The outward radial motion of
the vortex core corresponds to an increase of the radius of the vortex ring which leads to a decrease
of the radius of the vortex core by volume conservation.

Finally, the third phase of the vortex evolution begins after the disk stops (t* > 1). The vortex
is no longer fed by the disk motion and detaches from the disk, while the radius of the ring also
continues to increase. The starting vortex hits the bottom wall in a way similar to what has been
observed in previous studies [19-21,37-39]. The starting vortex exhibits a curved trajectory due to
the influence of the stopping vortex, as can be seen in Figs. 6(c) and 6(d). The radius a of the vortex
slowly decreases with time for 1 < ¢t* < 2 [Fig. 6(b)]. The decrease in the radius of the core vortex
after the disk stops can be explained by the increase in the radius of the ring and volume conservation
as in an infinite medium [15]. Finally, the circulation also gradually decreases for t* > 1 as seen in
Fig. 6(a).

The numerical results are in relatively good quantitative agreement with the experimental ones
for t* < 2. However, beyond this time, the circulation of the vortex obtained from the numerical
simulation becomes significantly larger than the experimental one. Moreover, after t* = 2, the
radius of the ring obtained experimentally grows, while the size of the ring obtained numerically
remains almost constant [see the last symbols in Fig. 6(b)]. This divergence is probably due to
the destabilization of the starting vortex after its impact on the bottom wall, causing it to lose its
axisymmetry, which, on the contrary, is forced in the simulations. This deviation is consistently
observed in all the cases investigated here.

Examples of the time evolution of the circulation and the radius of the starting vortex for three
different minimum distances b from the bottom wall are shown in Figs. 7(a) and 7(b), respectively.
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FIG. 7. Time evolution of (a) the circulation |I"| and (b) the core radius a of the starting vortex measured
experimentally for a disk moving toward a wall for L =2.8cm, D = 10cm, and 7 = 0.83s (Re = 5296,
L/D = 0.28), and for the stopping distance b = 0.2 cm = 0.02D (blue), b =1 cm = 0.1D (red), b = 20 cm
= 2D (black).

The black symbols correspond to b = 20 cm, which can be considered as an infinite medium case
(b/a > 1). We observe that the maximum circulation and the radius increase significantly as b
decreases. In particular, the circulation is doubled between b ~ 20 cm and b = 0.2 cm, while the
radius increases by 50%. The time at which the maximum circulation and radius are reached
suggests that the closer the disk approaches the wall, the longer the duration during which the
circulation and radius increase. This can be understood because, in the gap between the disk and
the wall, the fluid is ejected at a higher velocity as the disk gets closer to the wall, which sustains
vorticity ejection into the vortex. This is encoded in Eq. (9), which gives the evolution of ¢ with
b. The changes in circulation and radius of the vortex highlight the ground effect that has been
described in the Introduction.

2. Scaling laws

For large values of b, i.e., in the unbounded case, and in the inertial regime where the effect of Re
can be neglected, the two dimensionless coefficients cr and ¢, defined in Eq. (4) for the maximum
circulation and core radius of the vortex are constant [15]. As the disk moves toward a wall, one can
expect these coefficients to depend on both dimensionless parameters /D and L/D. To investigate
the effect of b/D and L/D independently, we have varied b/D keeping L/D constant and varied
L/D with constant b/D (sixth and seventh rows of Table I).

The dimensionless coefficients cr and ¢, defined in Eq. (4) are plotted as a function of b/D and
L/D in Fig. 8. The black and red symbols correspond to a Reynolds number of Re = 1.5 x 10%,
while the other colored dots correspond to Reynolds numbers ranging from 3 x 10 to 9 x 10°. The
Reynolds number does not affect the results in the range of parameters considered here, confirming
that viscous effects do not play a significant role in the vortex properties in the present inertial
regime.

In Fig. 8(a) for b/D 2 0.2, the dimensionless circulation cr is found to be independent of
b/D and equal to the unbounded value cr o =~ 2.1. However, we observe that cr increases with
decreasing b/D for b/D < 0.2, illustrating the ground effect. A power law cp ~ (b/D)™%8 fits
the data well for b/D < 0.2 over a decade. However, two points where b/D < 1072, i.e., of very
strong confinement, deviate from the power law. For these points »?/v < 57, suggesting that viscous
effects between the disk and the wall are likely to become significant. In Fig. 8(b), we observe that c
decreases with increasing L/D according to the power law ¢ ~ (L/D)~%!. Thus, for fixed values
of D and b, the influence of the wall is less pronounced for larger stroke lengths L. This observation
comes from the fact that, if the ratio L/b is very large, the disk, and thus the vortex, will evolve over
a longer distance without the influence of the wall. On the opposite, if L/b is small, then the effect
of the wall is felt throughout the disk’s stroke and plays a significant role during all the generation
of the vortex.
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FIG. 8. (a) Dimensionless maximum circulation cr, (c) dimensionless maximum radius c,, as a function
of b/D for L/D = 0.28, and (b) cr, (d) ¢, as functions of L/D for b/D = 0.05 for a disk moving toward a
wall. The horizontal dashed lines represent the values in an infinite medium: (a), (¢) cr.. = 2.1, and (b), (d)
Ca.co 2= 0.1. The solid lines are given by the equations (a) cr = 1.4(b/D) %%, (b) cr = 2.8(L/D)™*!, (c) ¢, =
0.08(b/D)~*'*, and (d) ¢, = 0.1(L/D)~*'2.

The dimensionless vortex radius ¢, is plotted as a function of b/D and L/D in Figs. 8(c) and 8(d),
respectively. As for cr, we observe in Fig. 8(c) that ¢, does not depend on b/D for b/D 2 0.2 and
is close to the unbounded value ¢, >~ 0.1, while it increases with decreasing b/D for b/D < 0.2.
A power law ¢, ~ (b/D)~"1* fits the data quite well for b/D < 0.2 except for the two points of
smallest b/D (b/D < 1072) where, as discussed above, viscous effects may appear. In Fig. 8(d),
we observe that ¢, decreases with increasing L/D according to the power law ¢, ~ (L/D)™%12,
as the influence of the wall on the radius of the vortex is less pronounced for larger stroke
length L.

In summary, the values of the nondimensional coefficients cr and ¢, obtained for a disk moving
toward a wall are both larger than those obtained in an infinite medium. In such a case, the scaling
of these two coefficients is cp o< (L/D)~%1(b/D)~"28 and ¢, o< (L/D)~%'2(b/D)~"* for the set of
simulations and experiments corresponding to varying b/D at L/D = 0.28 and varying L/D at b/D
=0.05.

To test these scaling laws for all the different configurations of different L, D, and b reported
in Table I, cr and ¢, are plotted in Figs. 9(a) and 9(b) as a function of (L/D)’O'l(b/D)’o'28 and
(L/D)~%12(b/D)~%14 respectively. All experimental and numerical data collapse well on master
curves, showing a plateau corresponding to the infinite medium case followed by an increasing
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FIG. 9. Maximum dimensionless (a) circulation cr as a function of (L/D)~%!(b/D)%?%, and (b) maximum
dimensionless radius ¢, as a function of (L/D)~%'2(b/D)~%!* for a disk moving toward a wall. The horizontal
lines represent the values cr o 2 2.1 and ¢, » = 0.1 obtained in an infinite medium [15]. The equations of the
lines are (a) cr = 1.3(b/D)"%*(L/D)"! and (b) ¢, = 0.07(b/D)~*'*(L/D)~*'2. All the open (respectively,
filled) symbols correspond to the experiments (respectively, simulations) reported in Table I except the symbols
(®,0) that correspond to experimental and numerical results obtained by Ref. [15] in quasi-infinite medium
(b ~20cm).

trend, a signature of the presence of the bottom wall. The evolution of the coefficients cr and ¢,
with L/D and b/D are given by

2.1 <1.6
or ~ for (L/D)~%'(b/D)7028 , (10)
1.3(L/D)~ %' (b/D)028 >1.6
0.1 <14
Ca ™ for (L/D)~*'2(b/D) 014 . (11)
6.8 x 1072(L/D)~%12(b/D)~0-14 > 1.4

The maximum circulation I',,, and radius a,, of the starting vortex in the near-wall configuration
can be rewritten in dimensional form as

Tl ~ 1.3L'"2D"p™ %71 and  a, ~ 6.8 x 1072LO7 D701, (12)

The circulation I, and the radius a,, of the vortex core are thus found to be larger when the disk
moves toward a wall than when it translates in an infinite medium. They have a slightly different
scaling, with a new contribution from the distance of the disk to the bottom wall b with the scaling
exponent —0.28 for T, and —0.14 for a,,, compared to the scalings recalled by Eq. (3) for the
unbounded case. The effect of the stroke length L on the circulation of the vortex ring seems slightly
weaker with a weaker scaling exponent (1.23 instead of 4/3 in infinite medium), and the influence
of D is much larger with a larger scaling exponent (1.05 instead of 2/3). The effect of L on the
radius of the vortex is also slightly smaller with a smaller scaling exponent (0.55 instead of 2/3),
and the effect of D is also much larger with a larger scaling exponent (0.59 instead of 1/3). Due
to the small gap between the disk and the wall, the fluid is ejected at a higher velocity than in an
infinite medium. Therefore, the winding speed of the vortex ring increases. As a result, more fluid
is injected into the starting vortex, which grows larger and accumulates more circulation.
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FIG. 10. Velocity field (arrows) and vorticity field (color scale) generated by a disk moving away from
a wall, obtained experimentally using PIV at different times t* for D = 10 cm, L = 2.8cm, T = 0.83s, and
b=0.5cm (Re =5.3 x 10°, L/D = 0.28, b/D = 0.05). The bottom wall and the disk appear in black.

IV. DISK TRANSLATION FROM THE WALL

A. General flow description

We now focus on the opposite configuration, where the disk is translating away from a bottom
wall. An example of velocity and vorticity fields obtained experimentally by PIV for L = 2.8 cm,
D =10cm, t =0.83s, and b =0.5cm (Re = 5.3 x 103, L/D = 0.28, b/D = 0.05) is shown in
Fig. 10 at four different times from t* = 0.15 to 1. As in the previous section, an initial vortex ring
forms in the wake of the disk, which grows and accumulates vorticity due to the detachment of the
boundary layer and the winding of the vortex sheet as the disk moves. At #* = 0.66, this vortex is
clearly visible but a vorticity sheet of opposite sign has also formed between the vortex and the disk
(box 1 in Fig. 10). In addition, a slight detachment of the boundary layer near the wall at » >~ 3.5 cm
is observed due to the starting vortex (box 2 in Fig. 10). This detachment leads to the formation of
a new small vortex of opposite sign at the bottom of the tank (box 3 in Fig. 10 at * = 1). Note that
this small vortex does not form for all parameter values, especially for larger values of b. For small
values of b, the strong inward radial flow between the disk and the wall is expected to influence the
properties of the starting vortex ring. We will thus first consider the features of the inward radial
flow between the disk and the wall and then those of the starting vortex ring.

B. Inward radial flow in the disk-wall gap

We first focus here on the characteristics of the inward radial flow stemming from the axial
stretching of the fluid region between the disk and the bottom wall. An example of the variation of
the inward velocity as a function of the radial coordinate r at z = —4 mm, i.e., 6 mm from the bottom
wall, for L=2.8cm,D=10cm, t =0.5sand b= 1 cm (Re = 8.8 x 10°, L/D =0.28,b/D =
0.1) is shown in Fig. 11 at three reduced times from #* = 0.09 to 0.79. The radial velocity of the
flow induced by the motion of the disk from the bottom wall is negative (thus inward) under the disk,
zero at » = 0, maximum in absolute value near the edge of the disk at » >~ D/2, before vanishing
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FIG. 11. Radial distribution of the radial velocity u, at 6 mm above the bottom wall (z = —4 mm) at three
reduced times #* = 0.09, 0.39 and 0.79 for a disk moving away from a bottom wall with D = 10 cm, L =
2.8cm, 7 =0.5sand b= 1cm (Re = 8.8 x 10°, L/D = 0.28, b/D = 0.1). The open symbols (o) correspond
to experiments, and the solid lines (—) to numerical simulations.

outside the gap. At r* = 0.09, the velocity obtained experimentally is found weaker (in absolute
value) than the velocity obtained from the numerical simulation. As in Sec. III, this discrepancy
is due to the shadow between the disk and the wall, which limits the accuracy of the PIV fields
obtained when the disk is very close to the wall. The agreement between the experiment and the
numerical simulation is recovered as soon as the disk has moved far enough away from the wall. In
the following, we consider the evolution of the radial velocity at the edge of the disk r = D/2.

Examples of the vertical distribution of the radial velocity u,(D/2,t*) at the edge of the disk
are shown in Fig. 12 at six reduced times from * = 0.1 to 0.8. As the disk moves away from
the wall, the flow between the disk and the wall corresponds to the superimposition of a radial
flow entering by suction and a flow induced by the vortex ring in formation. This is particularly
apparent at t* = 0.5 and 0.8. We recall that, for a disk moving toward the wall, the radial velocity
between the disk and the wall is always positive (see Fig. 4). In the present case, where the disk
is moving away from the wall, the radial velocity is negative near the bottom wall where the fluid
enters below the disk but positive just below the disk. This region of positive value radial velocity
is caused by the circumferential winding velocity of the vortex that forms in the near wake of
the disk.

An example of the time evolution of the absolute value of the radial velocity U (D/2, t*) averaged
over the gap width h(t*) at the edge of the disk is shown in Fig. 13(a) for the experimental
measurements and the numerical simulation, together with the prediction

—rV,, sin(t*)
2b+ L[1 — cos(mt*)]’

which can be obtained from Eq. (6), and using Egs. (1) and (2) for the disk motion away from the
wall. The simulation and the model are in excellent agreement and rather close to the experiments.
We observe that U (D/2, t*) first increases and reaches a maximum value of |U,,| ~ 0.12 m/s during
the first part of the motion, here at ¢ >~ 0.2, before decreasing. All values of the maximum radial
velocity |U,,| obtained experimentally and numerically for all the configurations investigated here
are plotted in Fig. 13(b) against the predicted values given by

U, t*) =

13)

DV,
Up=———— . 14
b4JT+LJb (14

Despite the presence of the start-up vortex under the disk, the value given by Eq. (14) is in good
agreement with both the experimental measurements and numerical results. Since the z distribution
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FIG. 12. Radial velocity distribution u,(z) at » = D/2 in the case of a disk of diameter D = 10 cm moving
away from the bottom wall for L =4.4 cm, 7 =1 s and b=0.5 cm (Re = 6.9 x 10%, L/D = 0.44, b/D =
0.05) at different times ¢*. The upper (respectively, lower) horizontal thick gray line corresponds to the disk
(respectively, bottom wall). The red symbols correspond to the experimental measurements, and the blue solid
lines correspond to the numerical simulations.

of the radial velocity under the disk displays both positive and negative values, the inflow must be
larger to compensate for the outflow due to the presence of the vortex. The velocities in the space
between the bottom wall and the vortex are, therefore, much larger than when the disk is approaching
the wall. Finally, all values of the maximum time ¢ obtained from experimental measurements and
numerical simulations for all configurations considered are shown in Fig. 13(c) against the predicted
maximum time

. 1 1
t = —acos| ————— ). (15)
S 4 14 2b/L

Since 1 4 2b/L > 1, t;; is theoretically always smaller than 1/2, meaning that the maximum radial
velocity occurs during the first half of the disk motion (0 < #* < 1/2). The results reported in
Fig. 13(c) indeed show that this is observed for all flow configurations considered in the experiments
and the numerical simulations. A close inspection of all the data points reveals that the values
from the experimental measurements agree a bit less with the predicted values than the values
extracted from the numerical simulations. The small difference is likely due to the measurement
error associated both with the shadow zone between the disk and the wall, and the low number of
reliable velocity vectors obtained on the PIV fields when the disk is very close to the wall.

C. Features of the starting vortex
1. Time dynamics

A typical example of the time evolution of the properties of the starting vortex ring during its
generation when the disk is moving away from the wall is shown in Fig. 14 for the experiment
and the corresponding numerical simulation with L = 2.8cm, D = 10 cm, t = 2.5s,andb = 1 cm
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FIG. 13. (a) Typical time evolution of the mean radial velocity U at r = D/2 between the disk and the wall
for the case of Fig. 12. Open symbols correspond to experimental measurements, filled symbols correspond to
numerical simulations, and the solid line corresponds to the model in Eq. (13). (b) Measured maximum radial
velocity U, at r = D/2 from experiments (open symbols) and simulations (filled symbols) as a function of the
predicted value from Eq. (14). (¢) Measured dimensionless time for the maximum radial velocity as a function
of the predicted dimensionless time from Eq. (15).

(Re = 1.8 x 103, L/D = 0.28, b/D = 0.1). We first note that there is a relatively good quantitative
agreement between the features of the vortex in the simulation and the experiment, despite a
difference of about 20% for the circulation. In this example, the circulation and the core radius
of the vortex ring increase with time and reach their maximum values |I',,| ~ 1.7 x 1073 m? /s
and a,, >~ 5.4mm at ¢t} =~ 0.68 and ; =~ 0.85, respectively, before decreasing. Both times # and
t¥ are here very different from the time ¢, at which the inward velocity in the gap is maximum.
Figures 14(c) and 14(d) show the trajectory of the vortex: it moves first essentially vertically keeping
close to the edge of the disk and then begin to moves outwards due to the deceleration of the disk.

To check the effect of the proximity of the wall, the time evolution of the circulation and the
radius of the starting vortex for three initial distances b with all other parameters kept constant is
shown in Figs. 15(a) and 15(b), respectively. Similarly to the observation made in Sec. III for a disk
moving toward a wall, the maximum circulation also increases here when b decreases. In contrast,
the core radius does not seem to be significantly affected by the proximity of the wall.

2. Scaling laws

In this section, we focus on the maximum circulation and core radius of the starting vortex
generated in the wake of the disk moving away from the wall. For this purpose, some numerical
simulations have been performed by varying b/D at constant L/D = 0.28 and by varying L/D at
constant b/D = 0.05, as shown in the sixth and seventh rows of Table I.

In Fig. 16(a), we observe that cr is constant and equal to the value that prevails in an infinite
medium for b/D 2, 0.3 but increases with decreasing b/D for b/D < 0.3. In that range, a power-law
fit cr oc (b/D)™"28 captures the data reasonably well over about a decade of b/D. Note that this
scaling is the same as the one already observed when the disk translates toward the wall, with
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FIG. 14. Time evolution of (a) the circulation |I"|, (b) the radius a, and (c), (d) the position (r¢, zg) of the
starting vortex in the reference frame of either (c) the laboratory or (d) the disk as it moves away from the wall
forL =2.8cm,D =10 cm,t =2.5s,andb=1cm (Re =1.8 x 103,L/D = 0.28,b/D = 0.1). The symbols
(o) represent experimental data, and the solid lines (—) represent the corresponding numerical simulation data.
The color bar indicates the dimensionless time ¢*.

almost the same prefactor. In Fig. 16(b) we observe that cr decreases with increasing L/D, so
that cr ~ (L/D)~%!8. For larger L/D, the disk evolves over a longer distance without feeling the
influence of the wall, which explains why cr is a decreasing function of L/D.

In contrast to the case of a disk moving toward a wall, the coefficient ¢, does not show any
significant dependence with either b/D or L/D. We observe in Figs. 16(c) and 16(d) that all data
collapse around the unbounded value ¢, ~ 0.1 with a deviation of +30%. The radius of the vortex
does indeed not seem to be limited by the wall since the distance between the disk and the wall
increases faster than the vortex radius. In short, the wall does not prevent the vortex from developing.

In summary, the circulation of the vortex generated by a disk moving away from the wall is larger
than in an infinite medium, while the core radius is unaffected. In such a case, the nondimensional
coefficient cr is larger than the value of 2.1 observed in an infinite medium and follows the scaling
cr ~ (b/D)~%28(L/D)~*18 in the range of parameters considered here where we have varied b/D
at L/D =0.28 and L/D at b/D = 0.05.
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FIG. 15. Time evolution of (a) the circulation |I"| and (b) the core radius a of the starting vortex measured
experimentally for a disk moving away from a wall for D = 10cm, L = 2.8cmandt = 2.5s (Re = 1.8 x 10°,
L/D = 0.28), and for the starting distance b = 0.2 cm = 0.02D (blue), b = 1 cm = 0.1D (red), and b = 20 cm
= 2D (black).
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FIG. 16. (a) Dimensionless maximum circulation cr, (c) dimensionless maximum radius ¢, as a function
of b/D when L/D = 0.28, and (b) cr and (d) ¢, as a function of L/D when b/D = 0.05 for a disk moving away
from a wall. The horizontal dashed lines represent the values in the infinite medium: (a), (b) cr o = 2.1, (c),
(d) 4,00 2= 0.1. The solid lines are given by the equations: (a) cr = 1.5 (b/D)~? and (b) cr = 2.8 (L/D)~*18.

Similarly to the previous section, we test these empirical scalings for all the configurations of dif-
ferent L, D, and b reported in Table I, by plotting cr in Fig. 17 as a function of (b/D)~%8(L/D)~"18.
All experimental and numerical data collapse rather well on a master curve that shows a plateau
corresponding to the unbounded limit case followed by an increasing trend so that the evolution of
the coefficient cr is given by

2.1 <19
or = for (L/D)"*¥(/D)708 . (16)
1.13(L/D)~*18(h/D)~0-28 >1.9

The maximum circulation of the starting vortex in the near-wall configuration can be rewritten
in dimensional form as

|Fm| — 1'1L1.15D1.12b70.28_c71' (17)

Figure 17 shows that the maximum circulation of the vortex ring is larger when the disk is
translating away from a wall than when it is translating in an infinite medium. In addition, T,
scales differently with the setup parameters. The effect of the disk stroke L on the circulation is
less pronounced with a much weaker scaling exponent (1.15 instead of 4/3), and the effect of the
disk diameter D is much more pronounced with a larger scaling exponent (1.12 instead of 2/3).
The scaling of the circulation for a disk translating away from a wall is also quite different from the
scaling for a disk translating toward a wall. Indeed, the effect of L is slightly smaller with a smaller
scaling exponent (1.15 instead of 1.23), and the effect of D is slightly larger with a larger scaling
exponent (1.12 instead of 1.05), so the effect of b is the same with the same scaling exponent
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FIG. 17. Dimensionless maximum circulation c¢r for a disk moving away from a wall as a function of
(L/D)~*'¥(b/D)~028, The dashed line indicates its value in the infinite domain cr ~ 2.1, and the equation of
the solid line is cr = 1.1(L/D)~%'¥(b/D)~%28. All open and filled symbols correspond to the experiments and
simulations reported in Table I, except the symbols (®) corresponding to the experimental and numerical results
obtained by Ref. [15] in an “infinite” medium for b >~ 20 cm.

(—0.28). The different scalings of the maximum circulation I',, and radius a,, of the vortex are
summarized in Table II for a disk motion in an unbounded fluid and toward or away from a wall. We
believe that these scaling laws are not specific to the present sinusoidal motion of the disk but the
numerical prefactor would be slightly different for another type of motion such as with a uniform
velocity for instance.

V. CONCLUSION

In this paper, we have investigated the influence of a solid wall on the properties of the vortex ring
generated in the wake of a disk translating toward and away from a wall. Axisymmetric numerical
simulations show good agreement with PIV results during all the disk motion and after it stops
up to ¢* ~ 2. This suggests that, in the range of parameters considered here where Re < 10* and
L/D « 4, nonaxisymmetric fluctuations in the flow are not dominant in the generation of a vortex
ring by the disk translation. When the disk moves toward the wall, the decreasing distance between
the disk and the wall results in an enhanced radial flow so that the vortex ring generated in the wake
of the disk has a larger circulation and radius compared to the unbounded case where the disk is far
from any boundary. The flow enters the vortex at a faster rate, causing its radius and circulation to
grow faster. After the disk stops, the vortex moves radially and impacts the wall. Stopping vortex
rings are generated and rotate around the starting vortex, leading to a modification of its trajectory,
similar to the behavior in an unbounded medium.

In the opposite situation, where the disk moves away from the wall, we observe that the presence
of the wall increases the circulation of the vortex ring, but the radius of the vortex core remains
unchanged. This result means that the same amount of fluid enters the vortex as in the infinite
medium configuration. As the circulation increases, the circumferential speed of the vortex also

TABLE II. Scaling laws for the maximum circulation I',, and radius a,, of the starting vortex for a disk
motion in an unbounded fluid, and toward or away from a wall.

Unbounded Toward wall Away from wall
|Fm| 2.1L4/3D2/3‘L'_1 1.3L1‘23D]'05b_0'281’_] 1.1L1"5D"12b‘0'281"]
a, 0.1123D\3 0.07 L0535 p0-59p,—0.14 0.1123D'/3
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increases due to the interaction of the vortex with the wall. In addition, the large velocity flow
between the wall and the vortex contributes to the growth of the circulation of the vortex.

In conclusion, this work sheds light on the influence of a wall on the properties of the vortex ring
generated in the wake of a translating disk. These findings contribute to a better understanding of
fluid-solid interaction phenomena and their implications in various applications such as locomotion.
Scaling laws governing the maximum circulation and core size of the starting vortex have been
established. They may be used, for instance, to characterize the deformation and erosion of a
sediment bed deposited at the bottom wall as an interesting prospect to better understand the
behavior of flatfish hiding in sand. In that case, the collision of the vortex ring with the bottom
may give rise to flow instabilities that lead to non axisymmetric erosion patterns as already shown
in Refs. [40-45].
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