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Abstract

A single vortex ring subject to background rotation in the process of wall-impingement has been
experimentally investigated by particle tracking velocimetry (PTV). Two parameter conditions of Reynolds
and Rossby number were chosen in addition to stationary environment as much strong and competitive
Coriolis force emerges in comparison with inertia induced by vortex rings. From horizontal PTV windows set
on the rotating experimental frame above the bottom wall, comprehensive influences of Coriolis force on the
wall-impinging reaction are visualized as space-time three-dimensional vorticity distributions. Against
natural growth of azimuthal waves due to Widnall instability, wall-impinging suppresses the waves and
rather re-organizes original primary vortex because of cyclonic swirl coherently induced during impingement.
This resists to turbulent collapse of vortex ring during the impingement, and self-boosts own life time. We try
to explain the mechanism of such an anti-decaying process in the final part, untangling the phenomenon with

best read from the space-time correlations among three vorticity components.
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1 Introduction

A vortex ring has a beautiful structure in fluid motions that has attracted attention of many researchers since
the earliest work by Helmholtz in 19 century. Many researches have been reported on its nature (e.g., Tung
etal. 1967; Saffman 1970; Shariff et al. 1992; Weigand et al. 1994; Dziedzic and Leutheusser 1996; Gharib et
al. 1998; Schram et al. 2001; Linden et al. 2001; Krueger et al. 2003; Krueger 2005; and Dazin et al. 2006).
Beside viscous decay, sustainability of vortex rings is lost in non-quiescent environments, for example in the
presence of shear and in rotation. Among the variety of environments, rotating backgrounds are regarded as
the simplest environment to be studied. This is because background rotation is free from both shear strains
and unsteadiness. The influence of rotation also explains how vortex rings survive within turbo-machineries
as well as rotating planets. In the same meaning, wall impingement of a vortex ring has great importance in
mechanical engineering, and provides rich physics on behaviors of vortex rings. We expect the present
visualizations in situations combining background rotation and wall-impingement offer new insights of
multi-polar vortex dynamics, i.e. topological flow transition of vortical structures in three-dimensional (3D)
space.

As Auerbach (1988) reported, spatial development of a vortex ring in stationary environment is
classified by four stages: initial ring formation from an annular shear layer (e.g. Glezer 1988;, Mohseni et al.
1998), stable laminar travelling process (e.g. Norbury 1973), azimuthal wave generation due to Widnall
instability (Widnall et al. 1974), and turbulent dissipation before collapse. Influence of the background
rotation provides different additional events within individual stages. Moffatt (1988) and Turkington (1989)
theoretically investigated the influence on laminar travelling process, and predicted slow-down of the
translational velocity upon vortex filament theorem. Verzicco et al. (1996) proved the slow-down effect
experimentally and found secondary flows which further enhance the viscous dissipation. To see the
influence on the formation process, Brend and Thomas et al. (2009) and Murai et al. (2013) constructed a
large rotating water tank and observed a helical flow soon induced behind vortex ring, which destroys the
toroidal structure to shorten the free-travelling distance. Using the same facility, Kitaura et al. (2010)
measured the influence of background rotation and detected upstream secondary vortex that reduces the
translational velocity. An opposite effect was found by Naitoh et al. (2014) and Gargan-Shingles et al. (2015)
as they emitted fluid by a rotating cylinder into a stationary fluid. Such an initially swirling vortex shows a
dynamical response different from non-swirling vortex ring in a rotating frame. We, therefore, reached at an
understanding from above literatures that background rotation always destabilizes the primary structure of
vortex rings in all the four stages from the birth until the collapse.

In wall-impinging process, however, we have found contrastive reaction of vortex rings owing to the
rotation. Experiments of the wall-impingement reaction deepens our knowledge on the transport processes of

mass, momentum, and thermal energy by vortex rings. In stationary fluid environment, vortex ring impinging
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a wall provides strong shear stress in the wall proximity, and immediately transits to turbulence. A number of
perspective case studies have been reported to date such as Boldes et al. (1973), Walker et al. (1987), Orlandi
et al. (1993), Chu et al. (1995), Luton et al. (1997), Swearingen et al. (1999), Naguib et al. (2004), and Xu et
al. (2017). Yamada et al. (1982) and Walker et al. (1987) experimentally observed fingering of vortex ring
after the impingement. Interaction with other type of solid objects was reported by Naaktgeboren et al. (2012),
Cheng et al. (2014), and Mujal-Colilles et al. (2015) for permeable plates. Suzuki and Kumagai et al. (2007),
Masuda et al. (2012), Bethke et al. (2012), and Misaka (2012) studied particulate layers transported by a
vortex ring. For a heated wall, Arevalo et al. (2010)) found heat transfer promoted by the fingering patterns
formed on the wall. Common discussion in these reports are rapid three-dimensionalization of vortex ring
triggered by Widnall instability which produces azimuthal waves. In fact, such a rapid transition to
turbulence is expected in engineering applications to painting (mass transfer), spot cooling (heat transfer),
and local cleaning (momentum transfer) by shooting vortex rings toward a solid wall. Much of these effects
are summarized by Martin (1977) and Jambunathan et al. (1992).

Question through the present study is how these effects are modified in a rotating frame. This paper
reports that the wall-impinging process has a different path of the flow transition due to background rotation.
From horizontal PTV window set on the experimental planar near wall, we found that rapid generation of
cyclonic swirl inside the vortex ring rewrites the timeline of multi-polar vortex-vortex interaction which

results in resisting to turbulent collapse.

2 Experimental Methods

We constructed a fully transparent cylindrical container put on a turntable. This enables us to observe vortex
ring reactions optically in any direction. All the measurement instrumentations are mounted on the same
rotating frame so that the flow behavior is visualized with influence of the background rotation. Technical

details are elaborated below.

2.1 Experimental Facility

Our experimental facility for visualizing vortex ring impinging on a wall (Fig. 1) consists of three parts: a
vortex ring generator, a double container, and a turntable. A piston-cylinder mechanism is employed as a
vortex ring generator. The generator has D= 10 mm in diameter, and is mounted at the top of the facility
submerging in water with 50 mm. Vortex rings are emitted downward at the center of the container. The
generator induces trapezoidal velocity profiles at the outlet so that a cylindrical shear layer is formed
downstream. Piston stroke, Sp, is variable from 10 to 50 mm, controlled by a PC. We fix the stroke at Sp = 25
mm in this study, thus Sp/Dp= 2.5, at which the vortex ring is most stably emitted. The distance from the
outlet of the vortex ring generator to bottom wall of the tank is 100 mm. Noted that each individual vortex

ring has a slightly different behavior as they reach the bottom wall because of non-linearity arising from the
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Widnall instability. Furthermore, vortex rings often become inclined in their own migration displacing them
from the central axis, especially near the collapse stage. Therefore, the propagation distance toward the wall
needs to be a moderate length to keep the vortex rings in a visualization section near the bottom wall.

The double container has an inner cylindrical vessel and an outer rectangular tank. Both are fully
transparent made of acrylic resins and open to atmosphere at the top. Diameter of the inner vessel is 190 mm,
and side length of the outer rectangular tank is 200 mm. Water is filled in both containers as the water in the
outer rectangular tank reduces optical distortion for imaging flows inside the inner vessel.

To rotate the whole facility, a powerful turntable consisted of an electric motor, gears, a controller, and
double tables, was used. The double tables are formed by a lower table fixed with the main rotational shaft,
and a higher table with a wide open-hole at the center. The double tables rotate in positive angular direction,
i.e. counter-clockwise direction as being viewed from the top, the same as the rotation direction of the Earth
on northern hemisphere. The rotational speed can vary from 0 to 2 rad/s, i.e. up to 1 Hz or 60 rpm. The

experimental conditions are summarized in Table 1.

Circular cylinder Piston _ H

| y

Outer tank
—

Laser light sheet

Transparent glass window

Solid wall

w Turntable

Electric motor

Fig. 1 Prospective view of experimental set-up for visualizing vortex ring structure interacting with a flat

wall in a rotating container and visualization of wall-perpendicular structure.
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Table 1 Experimental conditions

Piston velocity Vp 300, 600 [mm/s]
Kinematic viscosity N 1.004 [mm?/s]
Temperature T 20 [°C]
Rotating speed of field Q 0,0.52, 1.05 [rad/s]
Reynolds number based on piston Rep 207, 844

Reynolds number based on fluid Rer 103, 422

Rossby number based on piston Rop 1.28 to infinity

Rossby number based on fluid ROk 0.64 to infinity

2.2 Flow Visualization

Flow visualization using tracer particles and PTV analysis on the particle images to quantify flow fields were
adopted. In the set-up for horizontal illumination, the azimuthal structures close to the wall on x-y plane are
captured by a laser light sheet, 0.2W YAG laser (532 nm) via a cylindrical lens, provided horizontally at the
distance h = 10 mm from the bottom plane (Fig. 1). Thickness of the laser sheet is about 2 mm in Gaussian
effective value, which was judged optimum as the flow has significant out-of-plane velocity. The technique
applied is the same as for Taylor-Couette flow (Murai et al., 2018). As water flow tracer for the visualizations,
high porous-type particles (DIAION, HP20. Mitsubishi Chemical Co. Ltd, Japan), which have mean
diameter of 200 pm and specific weight of 1.01, were employed. A high-speed digital video camera (EX-F1,
Casio, Japan) is used to record the particle images. Image size is 1024 x 1024 pixels where the spatial
resolution is 0.117 mm/pixel. Velocity resolution of PTV is estimated to be 0.035 m/s, which corresponds to
7% in maximum random error relative to the average traveling velocity of vortex rings. As our preliminary
experiment, we confirmed that the primary vortex core did not penetrate the laser sheet on any condition due
to natural bouncing at the wall.

Vortex ring has high spinning rate inside the primary vortical core, and high shear rate during wall
impingement. Furthermore, multi-frame Lagrangian tracking of individual particles over three frames was
quite difficult because of large out-of-plane velocity. According to the reasons above, for PTV algorithm, we
employ a two-frame particle correlation technique termed velocity gradient tensor PTV (Ishikawa et al.
(2000)), which has a robustness for strong fluid deformation. A higher order interpolation algorithm to
provide velocity vectors arranged on regular grids from irregularly scattered velocity vector distributions as
results of the PTV. The algorithm termed BER (biquadratic ellipsoidal rearrangement) produces a C3
continuous function of velocity vectors, which thus has spatial continuity of the first-order derivative such as
vorticity (Ido et al. (2002, 2006)). This is key point to have 3D isosurfaces of vorticity for understanding

vortex structures detailed below.



Quantitative visualization of vortex ring structure during wall-impingement subject to background rotation Y.Oishi et al

Re,=207 Re,=844

—— 10 mm —— 10 mm

Before
impingement

During

After
impingement

N 5

No rotation With rotation No rotation With rotation
(1/Ro, = 0) (Ro, = 1.26) (1/Ro, = 0) (Ro, = 4.60)

Fig. 2 Mono- and multi-swirl structures induced inside a vortex ring due to wall-impingement with
background rotation, photographed as particle path-line image taken from the bottom window for

visualizing flow in the x-y plane. Rep and Rop numbers are defined by initial values at the piston.

3 Experimental Results
3.1 Visualization of azimuthal instability and parameter setting

Before presenting the results, here we define four dimensionless parameters describing vortex ring structures

in a rotating system as below.

V.D pAY,
Re, = ——F, ReF:VFDF’ ROP:QDp ’ ROF:le\éF .
4 v P F

1)

Re and Ro mean Reynolds and Rossby numbers, respectively. The suffix P denotes piston, and F denotes
fluid. Ordinarily, vortex rings generated by a piston-cylinder mechanism have a translational velocity of
approximately Ve = Vp/2, and De = Dp. We focus on the condition that vortex rings have competitive regime
between the translational inertia and the centrifugal inertia, i.e. Rossby number ranges at 0.2 < Rop < . For
sufficiently high background rotation (Rop < 0.2), vortex rings are essentially unstable and do not reach the
wall. Targeted range of the Reynolds number is 100 < Rep < 1000 at which toroidal ring structure appears
with statistic axisymmetry. For Rep numbers higher than the range, we found vortex rings being destabilized
due to turbulent dissipation before impingement the wall. As background rotation was given for Rep > 3000,

position of the impingement on the bottom plate was highly fluctuated. With these facts, we eliminated such
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cases in data analysis. Besides, Widnall instability is inevitable during long free-travelling process. The
instability usually induces a countable number of waves along the toroidal vortex core. In the process of

wall-impingement, these waves play a significant role in reaction of vortex ring (Walker et al. 1987).

3.2 Development of flow structures in impingement

Internal structure of vortex rings is visualized by particle pathline imaging technique. Motion of the tracer
particles at frame rate of 60 fps in the wall-impingement moment of vortex rings was recorded. By adjusting
the time integral period of frames, 20 frames in the following results, particle pathlines was obtained at the
most visible average length. The pathline images recorded at moments, before, during and after the
impingement, on the horizontal visualization plane are summarized in Fig. 2. Conditions of two Re numbers,
Rep = 207 and 844 are focused on, where the latter shows clear azimuthal waves in impingement as shown in
Fig. 2(h), while the former does not (Fig. 2(b)). Also two different Ro conditions are examined, Rop = 1.26
for Rep = 207 and Rop = 4.60 for Rep = 844 in addition to stationary environment (1/Rop = 0), where the
conditions provide relatively stronger and weaker Coriolis force relative to the inertia induced by the vortex
ring.

For the low Re number vortex ring (at Rep = 207), flow expanding in the radial direction is replaced with
multiple layers of swirl structure as the background rotation is applied (see the panels (a) to (f) in Fig. 2). This
is because that fluid moves inward in the section, and conservation of the angular momentum provides a
cyclonic flow faster than the background rotation. The cyclonic swirl is maintained after the
wall-impingement in the central part. Carefully looking at the pathline (b) on the non-rotating condition, a
periodic deformation in the azimuthal direction is observable, which comes from Widnall instability. It infers
that such a small structure is overshadowed and swept away by the cyclonic swirl as background rotation is
given. At the high Re number (see the panels of (g) to (I)), contrastively, the azimuthal structure is more
clearly observable than the low Re number cases as labeled in the panel (h), and it remains even with
background rotation as identifiable in the panel (k). The region of cyclonic swirl is narrowed into the central
axis, but it is rather intensified. Hence, background rotation produces a thin-localized, but high-spinning
swirl at the central axis. Reproducibility of these phenomena was confirmed by repeating the visualization
for several vortex rings on the same conditions.

For quantitative assessment of the vortical structure, PTV is applied. Figure 3 depicts two cases of PTV
data on the x-y plane at Rep = 844 with and without background rotation, Rop = 4.60 and 1/Rop = 0. Most of
the fluid motion is concentrated inside the primary ring-shaped vortex core while the ambient fluid keeps
stationary. Due to wall impingement, magnitude of velocity decreases in time. With background rotation,

however, the magnitude is maintained after the impingement because of swirl motion induced in x-y plane.
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Fig. 3 Samples of velocity vector distributions obtained by PTV with interpolation applied for Rep = 844

3.3 Three-dimensional vortex structures

Figure 4 shows vorticity distributions in x-y plane, i.e. axial vorticity, @, in the process of wall
impingement from the velocity vector data shown in Fig. 3. Here w; is defined by the relative value to the
angular velocity of the rotating container £2. Thus, absolute vorticity is given by w, + . Positive vorticity (e,
> 0) colored in red in the figure indicates dominance of cyclonic swirl while negative region in blue
corresponds to anti-cyclonic structure. To prove the above interpretation at the condition of Rep = 844 and
Rop = 4.60, all the three components of vorticity is analyzed on every time frame. Fig. 4 shows isosurfaces of
cyclonic and anti-cyclonic structure measured from the axial vorticity w,. The wall impingement occurs att =
0. Here the timing t = 0 is estimated from the distance of vortex ring core from the wall, divided by the
translational speed of vortex ring in approaching stage (This is a superficial time of the wall impingement
since vortex core does not actually contact with the wall). Without background rotation shown in Fig. 4(a),
many threads of vorticity take place both in positive and negative values after the impingement. These fine
structures promote turbulent diffusion so that vortex ring is dissipated soon. Applying background rotation as
shown in Fig. 4(b), it starts with cyclonic swirl on its head, and then wears an anti-cyclonic layer. As further

time elapses, a new anti-cyclonic core is generated and left at the central axis.
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Il Cyclonic Bl Unit-Cyclonic Il Cyclonic Bl Unit-Cyclonic
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Fig. 4 Space-time 3D distribution of axial vorticity «, for vortex ring at Re, = 844. Red regions have
positive vorticity which corresponds with cyclonic swirl in the case with background rotation. (a) No

rotation, (b) with rotation at Ro, = 4.60.

Figure 5 shows space-time 3D structure of azimuthal vorticity, we This vorticity component represents
the primary intensity of vortex tube that orients in the azimuthal direction. Here we obtain this vorticity

component from PTV data on x-y plane, u(x,y,t) and v(x,y,t), using the following relations,

cosé?=(x—xo)/\/(X—Xo)2 +(X=%)°

w, =—,Sin 0+ w,C0s6, { - = )
sin 0= (y — yo) [/ (X = %)? + (X = %)
where two vorticity on the cartesian coordinate are defined by
o ow ou ow
a)xz———’ a)y: +—’ (3)
oz oy oz oX
to which, further, continuity equation is applied to obtain the out-of-plane velocity, w, i.e.
h
M N W 0, — W(x,y,t):j ML Vg, 4)
ox oy oz o \ox oy

The above integral equation for w is numerically obtainable using the boundary condition, w = 0 on the wall.
Accuracy of the out-of-plane velocity, i.e. wall-perpendicular velocity depends on two factors: PTV quality
against spatial differentiation, and the distance of the PTV plane from the wall, h = 10 mm. The former is
guaranteed by the higher order spatial interpolation of velocity vector field with Cs continuity as explained
previously. For the later factor, we need to reduce h so that the shortest length of the flow structure is resolved.
A similar technique was reported by our group for a planar PIV applied for 3D thermal convection in a thin
layer (Takahashi et al. 2010). For the error level of w, we estimate it to be 20% in maximum case, judged from
a preliminary experiment. Since w is generally much slower than u and v due to wall proximity, the error of w

relative to the representative in-plane velocity is further regulated, and can be estimated to be 5% in the
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present measurement configuration.

As seen at the bottom three panels in Fig. 5, the azimuthal vorticity well visualizes the main body of the
vortex ring in red color. In the case without background rotation, the main body of the ring accompanies an
azimuthal wave as it approaches the wall (Fig. 5(a)). With background rotation, in contrast, the azimuthal
wave is erased from the main body after the impingement (Fig. 5(b)). At the same time, negative azimuthal
vorticity shown by blue layer is left around the main body. This infers persistence of axisymmetric
two-dimensional structure of the vortex ring due to the background rotation. It also leads to expansion of the
life time of the main body (of which perspective was reported by Ponitz et al. (2016) as being evidenced by
elongation of the red-colored isosurface in the upper contour figures.

Figure 6 shows the radial vorticity component, ar, representing appearance of longitudinal vortices at
wall proximity in the radial direction. In the case without background rotation (see Fig. 6(a)), the radial
vorticity gradually organizes a stripe pattern in the azimuthal direction during the wall impingement. The
pattern has a similarity to the one observed in the axial vorticity distribution. This evidences the formation of
a countable number of the longitudinal vortices on the wall. As visualized in the isosurface figure, the
longitudinal vortices remain long in time after the impingement. To the contrary, such a clear structure
disappears as applying background rotation (see Fig. 6(a)). It is generally known that longitudinal vortices
enhance wall shear stress and heat transfer on the wall. The disappearance of them in the background rotation

implies that the energy dissipation during wall impingement is suppressed by the rotation effect.

Il Primary vorticity [l Opposite vorticity Il Primary vorticity [l Opposite vorticity

Before After Before After )

-470 0 470 Time[ms] 470 0 470 Time[ms]
= y . : o By
2Q |
> el .
“8 ‘ . ' ! s

A Before Impingement After \' Before Impingement After
(a) No rotation (1/Rop,=0) (b) with rotation (Rop = 4.60)

Fig. 5 Space-time 3D distribution of azimuthal vorticity we for vortex ring at Rep = 844. Red regions have
positive vorticity corresponding with primary vorticity of the vortex ring core. (a) No rotation, (b) with

rotation at Rop = 4.60.
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Il Positive vorticity [l Negative vorticity Il Positive vorticity [l Negative vorticity
Before After Before After

-470 0 470 Time[ms] -470 0 470 Time[ms]

Isosureface view

\’ Before Impingement x Before Impingement
(a) No rotation (1/Rop=0) (b) with rotation (Rop = 4.60)

Fig. 6 Space-time 3D distribution of radial vorticity « for vortex ring at Rep = 844. Positive vorticity
shown in red corresponds with vortical motion o fluid between the wall and the axial cyclonic swirl

induced above the primary vortex ring cores. (a) No rotation, (b) with rotation at Rop = 4.60.

3.4 Interpretation of 3D structure

Summarizing above-mentioned items visualized by three vorticity components, we are confident of
concluding that the background rotation provides anti-effect to 3D development, and this nature resists
against turbulent collapse of vortex ring in wall-impingement process. Our final interpretation read from the
present results has been figured out graphically into Fig. 7. Although experimental information is limited and
still incomprehensive, following interpretation could be described. In free-travelling process, a vortex ring
has a primary mode with the azimuthal vorticity we. It accompanies Widnall instability waves, inducing a
fluctuation of the radial vorticity @r. When the vortex ring approaches to the bottom wall, the fluctuation of
ar is intensified to further induce the axial vorticity w,. Soon after then, it transits to a turbulent state in which
all three vorticity components interact mutually. To the contrary, this mechanism is replaced with new one
when the whole system is subject to background rotation, €. Firstly, £2induces cyclonic column as fluid
migrates inwards during wall impingement. The column has large value in @; in the central part, due to
conservation of circulation, azimuthal fingering come from Widnall instability is overshadowed by the
anti-cyclonic layers formed around the column. This stops transition to three-dimensional collapse, and
rather stabilizes the primary structure of we.
Fig. 7 Schematic notation of multi-polar vortex dynamics for the wall-impinging vortex
ring with background rotation, having been understood from the present experimental
Investigations.
Fig. 7 Schematic notation of multi-polar vortex dynamics for the wall-impinging vortex
ring with background rotation, having been understood from the present experimental

Investigations.
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Fig. 7 Schematic notation of multi-polar vortex dynamics for the wall-impinging vortex ring with

background rotation, having been understood from the present experimental investigations.

4 Concluding Remarks

In this paper, we reported how vorticial structure of a single vortex ring transits during flat wall impingement
as the system is subject to background rotation. The investigation was based on flow visualization
experiments coupled with particle tracking velocimetry (PTV). Regarding the parameter space, we focused
on a competition regime in which translational inertia of the vortex ring and centrifugal force due to the
background rotation interacted with each other. One of the experimental findings from the visualization is
that the azimuthal waves of vortex ring are reduced as the background rotation is applied. Instead, a cyclonic
column was formed during the wall impingement. To explain these trends quantitatively, we measured all
three components of vorticity, @, @z, and we from the PTV data as functions of both time and space. From
the results, we could obtain individual interaction patterns among the three components as discussed in the
previous chapter. From the vorticity isosurfaces, we found that the main body of the vortex ring survives on

wall impingement and stays in axisymmetric structure longer than the case without background rotation.
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