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The objective of this study is to search for the possibility to transport or deliver small solid particles by a
vortex ring. The numerical simulation for the motion of a vortex ring and glass particles is performed. At
the launch of a vortex ring into quiescent air, spherical particles are arranged on the cross-section of the
vortex ring. The cases of the Stokes number St of 0.01 and 1 are simulated by the vortex method. The sim-
ulation for St = 0.01 highlights that the vortex ring involves the particles at the launch and that it can
transport the particles at a distance of 5.5 times longer than the initial diameter of the vortex ring.
The simulation also clarifies the effect of St on the behavior of the vortex ring and the particle motion.
� 2010 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction were successfully demonstrated through the various simulations
It is well known that a vortex ring can transport mass and
momentum through its convection with the self-induced velocity.
The transport ability is so high that it has received much attention.
Some applications of vortex ring to convey particles have been re-
ported. Domon et al. [1] conducted an experimental study on the
transport of solid particles. In their experiment, a vortex ring was
loaded with small resin particles at the launch into still water,
and the behavior of the particles transported by the vortex ring
was observed. Yanagida et al. [2] proposed an olfactory display
method for a virtual reality of the next generation. Scented parti-
cles, charged into a vortex ring, were efficiently delivered to a spe-
cific user’s nose by the convection of the vortex ring through the
air. These studies are concerned with the capture and transport
of dispersed particles. But the interactions between a vortex ring
and particles have scarcely been investigated.

In the authors’ prior studies [3,4], the authors simulated the
collision of a vortex ring with a cluster of small glass particles to
explore the effect on the behavior of the vortex ring and the parti-
cle motion. The vortex method for gas-particle two-phase flow,
which was developed by one of the authors [5], was employed
for the simulation. In the method, the gas vorticity field is discret-
ized by vortex elements, and the behavior of the vortex element is
traced with the Lagrangian approach. The method can simulate
directly the development of vortical structures, such as the forma-
tion and deformation of vortices. The validity and applicability
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of particle-laden gas flows [6–9].
In this study, the ability of a vortex ring to capture and transport

small particles is analyzed with the numerical simulation. At the
launch of a vortex ring into quiescent air, spherical glass particles
are arranged on the cross-section of the vortex ring. The behavior
of the vortex ring and the particle motion are simulated by the
authors’ vortex method. The Reynolds number of the vortex ring,
based on the diameter and the convection velocity, is 2600. It is
known that the particle motion around a large-scale eddy can be
classified with the Stokes number St, which is defined as the ratio
of the particle response time to the characteristic time of the eddy
[10]. Considering that St is the dominant parameter for the motion
of the particles around the vortex ring, this study simulates the
cases of St = 0.01 and 1. The particle diameter for St = 0.01 is
5.25 lm and that for St = 1 is 52.5 lm. The simulation for
St = 0.01 demonstrates that the vortex ring captures or entrains
the particles at the launch and that it can transport the particles
at a distance of 5.5 times longer than the initial diameter of the
vortex ring. It also highlights that the vortex ring for St = 1 captures
and transports the particles just after the launch and that it hardly
transports them. The effect of St on the strength and convection
velocity of the vortex ring is also made clear by the simulation.

2. Basic equations

2.1. Assumptions

The following assumptions are employed for the simulation.

(1) The gas is incompressible.
(2) The particle density is much larger than the gas.
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Nomenclature

d particle diameter (m)
D diameter of vortex ring (m)
fD drag force acting on particle (N)
FD force exerted by particle acting on air per unit volume

(N/m3)
g gravitational acceleration (m/s2)
N number of particles (�)
p pressure (Pa)
Re Reynolds number (�)
St Stokes number = sp/sg (�)
t time (s)
t* non-dimensional time = tUc/D0 (�)
u velocity (m/s)
Uc convective velocity of vortex ring at z = 3D0 (m/s)
x, y, z orthogonal coordinates (m)
zv axial position of vortex ring (m)
c strength of vortex element (m3/s)

C circulation (m2/s)
Dt time increment = 0.01D0/Uc (s)
m kinematic viscosity (m2/s)
q density (kg/m3)
r core radius of vortex element (m)
s characteristic time (s)
x vorticity =r� ug (1/s)
Superscripts

a vortex element a
b vortex element b
Subscripts

0 initial value
g gas
p particle
x, y, z component in direction of x, y or z
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(3) The particle has a spherical shape with uniform diameter
and density.

(4) The collision between the particles is negligible.

2.2. Governing equations for gas and particle

The conservation equations for the mass and momentum of the
gas are expressed as follows under assumption (1):

r � ug ¼ 0 ð1Þ
@ug

@t
þ ðug � rÞug ¼ �

1
qg
rpþ mr2ug �

1
qg

FD ð2Þ

where FD is the force exerted by the particle acting on the gas per
unit volume.

Using assumption (2), the dominant forces on the particle are
the drag and gravitational forces, while the virtual mass force,
the Basset force and the pressure gradient force are negligible
[11]. The lift force is neglected with the reference to the studies
simulating the particle motion in a jet [12], a plane wake [13],
and mixing layers [11,14]. Consequently, the equation of motion
for a particle (mass m) is written as:

m
dup

dt
¼ f D þmg ð3Þ

where the drag force fD is given by the following from assumption
(3).

f D ¼ ðpd2qg=8ÞCDjug � upjðug � upÞ ð4Þ

Here, d is the particle diameter, and the drag coefficient CD is esti-
mated as [15]:

CD ¼ ð24=RepÞð1þ 0:15Re0:687
p Þ ð5Þ

where Rep = d|ug � up|/m.
For the simultaneous calculation of Eqs. (1)–(3), a vortex

method is used to solve Eqs. (1) and (2), and the Lagrangian
approach is applied to Eq. (3).
2.3. Discretization of vorticity field by vortex element

When taking the curl of Eq. (2) and substituting Eq. (1) into the
resultant equation, the vorticity equation for the gas is derived:
Dx
Dt
¼ ðx � rÞug þ mr2x� 1

qg
r� FD ð6Þ

where x is the vorticity.
The gas velocity ug at x is given by the Biot–Savart equation.

ugðxÞ ¼ �
1

4p

Z ðx� x0Þ �xðx0Þ
jx� x0j3

dVðx0Þ ð7Þ

The gas vorticity field is discretized by vortex elements. A blob
model [16] is employed in this study. The vortex element has a
cylindrical shape, while the vorticity distribution is spherical with
a finite core radius.

When the vortex element a at xa is supposed to have the core
radius ra, the vorticity at x induced by the element is expressed as:

xaðxÞ ¼ ca

r3
a

f
jx� xaj

ra

� �
ð8Þ

Here, f(e) is the core distribution function, and ca is the strength of
vortex element expressed as:

ca ¼ xada ¼ Cala ð9Þ

where Ca, da and la are the circulation, volume and length vector of
the vortex element, respectively. The core distribution function f(e)
is given by the following equation proposed for single-phase flow
[16].

f ðeÞ ¼ 15

8pðe2 þ 1Þ7=2 ð10Þ
2.4. Convection of vortex element and evolution of vortex strength

When the gas vorticity field is discretized into a set of Nv vortex
elements, the gas velocity ug (x) is given by the following equation
derived from Eqs. (7) and (8).

ugðxÞ ¼ �
1

4p
XNv

a¼1

ðx� xaÞ � ca

jx� xaj3
g
jx� xaj

ra

� �
ð11Þ

where the function g(e) is determined as:

gðeÞ ¼ 4p
Z e

0
f ð1Þ12d1 ð12Þ



Fig. 1. Definition for properties of vortex ring.
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The vortex element convects with the gas velocity given by Eq.
(11). The Lagrangian approach is used for the calculation.

dxa

dt
¼ ugðxaÞ ð13Þ

Rewriting the vorticity equation, Eq. (6), in the Lagrangian co-
ordinates, the equation is expressed as:

dx
dt
¼ ðx � rÞug þ mr2x� 1

qg
r� FD ð14Þ

It is found from Eq. (14) that the vorticity of vortex element var-
ies with the lapse of time due to the change in the length of vortex
element, the viscous diffusion, and the force exerted by the parti-
cles. The viscous diffusion is computed by applying the particle
strength exchange method [17]. In this case, the substitution of
Eqs. (8) and (11) into Eq. (14) yields the time rate of change in
the strength of vortex element ca:

dca

dt
¼ 1

4p
XNv

b¼1

1
r3 � gð1Þ

13 ca � cb þ 1
r2 �

1
1

d
d1

gð1Þ
13

� �� ��

� ca � ðxa � xbÞ
� �

ðxa � xb � cb
� �	2m

r2

XNv

b¼1

ðdacb � dbcaÞ

� grðxa � xbÞ ð15Þ

where f = |xa � xb|/r. The second term on the right side of Eq. (15) is
the viscous diffusion term. The function gr(x) is determined as:

grðxÞ ¼ gðjxj=rÞ=r3 ð16Þ

where

gðeÞ ¼ �1
e

d
de

f ðeÞ ð17Þ
Fig. 2. Vortex ring represented by vortex elements.

Fig. 3. Initial arrangement for vortex ring and particles.
2.5. Change in strength of vortex element due to particle

When substituting Eq. (6) into an equation, derived from the
Reynolds transport theorem and Eq. (1), the time rate of change
in the strength of vorticity c in any volume is obtained:

Dc
Dt
¼ � 1

qg

Z
ðr � FDÞdV ¼ � 1

qg

Z
ðn� FDÞdS ð18Þ

where n is the unit vector normal to the volume surface.
The computational domain is resolved into hexahedral grids,

and the time rate of change for c, Dc/Dt, in each grid is calculated
from Eq. (18). As FD is the reaction of the drag force fD acting on the
particle, FD value in each grid is computed from fD acting on the
particles in the grid. In the case that the number of vortex elements
in a grid is nv, the change in the strength for each vortex element
during Dt is supposed to be Dc/nv. In the case that there are no vor-
tex elements in the grid, a vortex element with a strength Dc is
generated at the grid center [5].

3. Simulation conditions

The diameter for vortex ring D and that for vortex core dv are
defined as shown in Fig. 1 (a). As the vorticity takes its maximum
value at the center of vortex core, the diameter for the center is
measured as D. The distance between the positions where the axial
velocity ugz takes the maximum and minimum values is defined as
dv. The initial diameter D0 is 64 mm, and the initial value for dv is
set at 0.25D0. Drawing two closed circuits abcda and abefa on
the z–y plane around the vortex ring as shown in Fig. 1(b), the
circulation C for the vortex ring is estimated by the following
equation [18].
C ¼ 1
2

Z
abcda

ug � ds�
Z

abefa
ug � ds

� �
ð19Þ

The vortex ring is discretized by vortex elements. The arrange-
ment of the vortex element at the initial time t* = 0 is based on the
model of Knio and Ghoniem [19] in the same to the authors’ prior
studies [3,4]. The vortex elements are plotted as the vortex fila-
ments in Fig. 2. The number of vortex elements is 2040. The seven-
teen vortex elements, representing the cross-section of the vortex
core, are connected in the circumferential direction to form the
vortex ring. The strength c0 for each vortex element at t* = 0 is
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determined so that the vorticity distribution within the cross-
section of the vortex core agrees with the third-order Gaussian
curve. The core radius of vortex element r is set at 0.07D0.

Fig. 3 illustrates the arrangement of the vortex ring and the par-
ticles at t* = 0. The vortex ring is set at the origin of coordinate. It
convects in the z-direction with the self-induced velocity in quies-
cent air. On the x–y plane at z = 0, spherical glass particles with
density 2590 kg/m3 are uniformly distributed within a square area
having a side length 2D0. The number of particles N0 is 107 584.
The gravitational force is neglected to study the interaction be-
tween the vortex ring and the particles. When there are no parti-
cles, the Reynolds number for the vortex ring D0U0/m is 2600,
where U0 is the convection velocity at z = 3D0.
Fig. 4. Convection of vortex rin

Fig. 5. Air velocity ug and velocity component xx at particle-free condition
Crowe et al. [10] proposed the Stokes number St, which is the
ratio of the particle response time sp = qpd2/18qgm to the character-
istic time of the gas flow sg, as the parameter classifying the parti-
cle motion around a large-scale eddy in free turbulent flows.

Estimating the sg value as dv/Uc, the cases of St = 0.01 and 1 are
simulated in this study. The particle diameters for St = 0.01 and 1
are 5.25 and 52.5 lm, respectively.The computational region,
3D0 � 3D0 � 8D0, is resolved into 41 � 41 � 108 hexahedral grids
to apply Eq. (18). The second-order Adams–Bashforth method is
used for the Lagrangian calculation of Eqs. (13) and (15). The time
increment Dt is 0.01D0/Uc. The vortex element is stretched with its
convection, causing the deterioration of the spatial resolution. To
maintain the resolution, the vortex element is divided into two
g at particle-free condition.

(Distributions of ug and xx are plotted at y > 0 and y < 0, respectively).
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vortex elements having the same strength when the strength |c|
reaches the twice its initial value |c0|.

4. Results and discussion

4.1. Behavior of vortex ring colliding with no particles

The vortex ring behaves as shown in Fig. 4 when it collides with
no particles. The iso-surface for the vorticity of |x|/(Uc/D0) = 8 at
six time points is presented. The vortex ring convects by the self-
induced velocity with maintaining the torus shape.

Fig. 5 shows the distributions for the air velocity and vorticity
component xx on the z–y plane at the same instant as Fig. 4. The
strength for vortex ring decreases with the passage of time. But
the decrement is not so remarkable.
Fig. 6. Convection of vortex ring an

Fig. 7. Distributions for particle and vorticity component xx in case of St
4.2. Behavior of vortex ring and particle motion when St = 0.01

In the case of St = 0.01 or d = 5.25 lm, the vortex ring and the
particles behave as shown in Fig. 6. The particle distribution and
the iso-surface for the vorticity of |x|/(Uc/D0) = 8 at six time points
are presented. At t* 6 0.75, the vortex ring convects in the z-
direction with entraining or capturing the particles distributed
on the initial plane at z = 0. The vortex ring continues to convect
with the captured particles at t* P 1.5. The particles are success-
fully transported at a distance of 5.5D0 when t* = 8. It is found that
the vortex ring can capture and transport effectively the particles
in the case of St = 0.01. Though the iso-surface for the vorticity still
exists at t* = 5 and 8, it is hidden with the surrounding particles.

The particle distribution at the same instant as Fig. 6 is shown in
Fig. 7. To grasp easily the distribution on the cross-section of vortex
d particles in case of St = 0.01.

= 0.01 (xx and particles are plotted at y > 0 and y < 0, respectively).
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ring, the particles within the slit region of – 0.1 < x/D0 < 0.1 at y < 0
are projected onto the z–y plane. The iso-lines for the vorticity
component xx, which indicate the strength of vortex ring, are
superimposed at y > 0. Just after the commencement of the convec-
tion for the vortex ring t* = 0.75, the particles are entrained or cap-
tured into the vortex core on a spiraling path. This is because the
particle inertia is so small, and therefore it follows easily the air
velocity. The captured particles convect with the vortex ring. The
numerical simulation for a plane wake [13] reported that the par-
ticles of St = 0.01 are entrained into the large-scale eddies in the
wake behind a plate and that they convect with the eddies. The
present simulation clarifies that similar phenomena also occur
around a vortex ring. The vorticity component |xx| decreases with
the lapse of time. At t* P 5, the vortex core deforms. The vortex
strength reduces markedly.

The time variation for the air velocity on the z–y plane is plotted
in Fig. 8. The reduction of velocity due to the decrement in the
strength of the vortex ring is confirmed.
Fig. 8. Air velocity distribut

Fig. 9. Convection of vortex ring a
4.3. Behavior of vortex ring and particle motion when St=1

Fig. 9 shows the particle motion and the behavior of the vortex
ring in the case of St = 1 or d = 52.5 lm, where the distributions are
plotted in the same manner as Fig. 6. At t* 6 0.75, the vortex ring
convects in the z-direction with entraining or capturing the parti-
cles on the initial plane at z = 0. At t* P 1.5, the captured particles
tend to remain behind the vortex ring, and accordingly the number
of particles around the vortex ring decreases. Consequently, the
particles are transported only just after the commencement of
the convection for the vortex ring.

Fig. 10 shows the particle distribution and the vorticity compo-
nent xx at six time points, where the distributions are plotted in
the same manner as Fig. 7. Just after the commencement of the
convection for the vortex ring t* = 0.25 and 0.5, the particles are
rolled up in the z-direction along the inside of vortex ring. At
t* = 0.75 and 1.5, the rolled up particles distribute around the
vortex ring, forming a dome. This is caused by the fact that the
ion in case of St = 0.01.

nd particles in case of St = 1.
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particles can not fully follow the air velocity in the vortex core, and
therefore they are affected by the centrifugal force induced with
the vortex ring. Such preferential distribution of the particle of
St = 1 on a thin layer around large-scale eddies was investigated
by the numerical simulation [13] and experiments [14,20] for var-
ious free turbulent flows. And such distribution has been reported
by the numerical simulation for the collision between the vortex
ring and particles with St = 0.74 in the authors’ prior studies
[3,4]. The dome elongates in the z-direction with the convection
of the vortex ring at t* > 1.5. Since the particles can not fully follow
the convection for the vortex ring, the number of particles near the
vortex ring decreases with the convection. The strength of vortex
ring less decreases when compared with the case of St = 0.01. This
Fig. 10. Distributions for particle and vorticity component xx in case of

Fig. 11. Air velocity distrib
is attributable to the fact that no particles are entrained into the
vortex core.

The air velocity on the z–y plane distributes as shown in Fig. 11.
It reduces with the convection of the vortex element. But the dis-
tribution remains almost unaltered.

4.4. Capture and transport of particles

To grasp in detail the ability of the vortex ring to capture and
transport the particles, the change in the number of particles near
the vortex ring is presented in Fig. 12, where zv is the axial position
of the vortex ring. Counting the particles, of which axial position z
satisfies the relation of zv-0.5D0 6 z 6 zv + 0.5D0, the number is
St = 1 (xx and particles are plotted at y > 0 and y < 0, respectively).

ution in case of St = 1.
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denoted as N. In the case of St = 0.01, N/N0 takes a constant value
0.41 at zv/D0 P 0.6. This suggests that about forty percent of parti-
cles are captured by the vortex ring at the commencement of the
convection for the vortex ring and that they are successfully trans-
ported at a distance of 5.5 times longer than the initial diameter of
the vortex ring.

In the case of St = 1, the N value decreases with the convection
of the vortex ring at zv/D0 > 3.5.

The vortex ring scarcely transports the particles at zv/D0 > 3.5.
Fig. 14. Air axial velocity on centerline.
4.5. Change in strength of vortex ring

The circulation C around the vortex ring calculated from Eq.
(19) varies with the passage of time as shown in Fig. 13, where
C is expressed in the non-dimensional form by using the initial
value C0. When the vortex ring is laden with no particles, the
reduction of C is almost constant. But the laden particles make
the reduction larger. The reduction at St = 1 is larger than that at
St = 0.01. This is because the number of particles is the same, and
accordingly the total particle mass and the force exerted by the
particles acting on the vortex ring are larger in the case of St = 1.

The axial velocity of air ugz distributes as shown in Fig. 14,
where the distribution on the centerline (x = y = 0) at four time
points is superimposed. Since the circulation C lessens due to
the particles as shown in Fig. 13, the maximum value of ugz also de-
creases. The z value, at which ugz takes its maximum value, indi-
cates the axial position of the vortex ring. The z value reduces
due to the laden particles. Therefore, one can grasp the reduction
of the convection velocity of the vortex ring.
Fig. 12. Axial evolution for number of particles near vortex ring.

Fig. 13. Time variation for circulation around vortex ring.
5. Conclusions

In order to search for the possibility of a vortex ring to capture
and transport small particles, a numerical simulation for the mo-
tion of a vortex ring and glass particles is performed. At the launch
of a vortex ring into quiescent air, spherical particles are arranged
on the cross-section of the vortex ring. The behavior of the vortex
ring and the particle motion are simulated numerically by the vor-
tex method. The Reynolds number of vortex ring is 2600, and the
cases of the Stokes number St = 0.01 and 1 are computed. The re-
sults are summarized as follows:

(1) In the case of St = 0.01, the vortex ring commences to con-
vect with entraining or capturing the particles. The vortex
ring continues to convect with the captured particles. It
can transport successfully the particles.

(2) In the case of St = 1, the vortex ring commences to convect
with capturing a few particles on the initial plane. But the
particles tend to remain behind the vortex ring with the con-
vection of the vortex ring, and eventually the particle trans-
portation ceases. The vortex ring hardly transports the
particles.

(3) The particles reduce the strength and convection velocity of
the vortex ring. The reduction at St = 1 is larger than that at
St = 0.01. This is because the number of particles is the same,
and accordingly the total particle inertia and the force
exerted by the particles acting on the vortex ring are larger
in the case of St = 1.
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