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Computational Modeling of Gas-Particle Two-Phase Jet by a 3-D Vortex Method

T.Tsukiji 1 and Y.Yamamoto 2

Abstract: The grid free computational model of gas-
particle two-phase jet flow using a 3-D vortex method
is presented. The calculated results using the present
method are compared with the previous experimental and
the calculated results using DNS. The interaction be-
tween the particle and gas-phase is considered using La-
grangian method. It is found that the present computa-
tional model of gas-particle two-phase jet flow using the
3-D vortex method is very useful for the prediction of
the physical properties of the two-phase jet flow and for
saving the computational time.
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1 Introduction

The vortex methods are widely used to simulate the 3-
D turbulent flow as one of the powerful tool for CFD.
The advantages of the vortex method are the grid free
in the flow field and the use of the Lagrangian scheme.
Therefore the algorithm is very simple compared with
the computation method using Euler’s equations and the
numerical solutions are obtained without the iteration at
the every time step. On the other hand, the Meshless
Local Petrov-Galerkin (MLPG) approach is developed
in computational mechanics by Atluri,S.N et al.(1998,
2004&2005). There is a few paper concerning to the
analysis of the 3-D gas-particle two-phase flow using
the vortex method. The computational modeling of gas-
particle two-phase flow has not been established now.
Recently the gas-particle two-phase round jet is ana-
lyzed using 3-D vortex method with the two-way cou-
pling[Uchiyama and Fukase(2003)]. The interaction be-
tween the particle and gas-phase is considered and the
grids in the space are generated to calculate the interac-
tion effect in the vorticity transport equation. This calcu-
lation method is not completely Lagrangian method. It is
predicted that the computational time using this method
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is longer than using the complete grid free method.

In the present study, the complete grid free computa-
tional model of gas-particle two-phase jet flow using
the 3-D vortex method is presented. When the two-
way method is used to calculate the interaction be-
tween the particle and gas-phase, MPS(moving particle
semi-implicit) method[Koshizuka and Oka(1996)] is em-
ployed as one of the Lagrangian scheme without the grids
in the flow field. The present computational modeling
of gas-particle two-phase jet is the complete Lagrangian
method and the time reduction for computation is pre-
dicted. The comparison of the results using the present
model with the previous experimental and calculated re-
sults [Yuu, Umekage and Tabuchi(1994)] shows that our
computational modeling is very useful and available to
solve the gas-particle two-phase jet.

2 Nomenclature

d: diameter of particle
FD: force of the gas-phase per unit volume,

acted by the particle
fD: fluid drag acting on the particle
g: gravity acceleration
M: mass of a particle
p: pressure
r: position vector
t: time
u: velocity vector
ν: kinematic viscosity of the gas-phase
ρ: density
σi: core radius
ω: vorticity vector
Subscripts
g: physical properties of gas
p: physical properties of particle

3 Numerical simulation

The assumptions are as follows:
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1. The gas phase is incompressible.

2. The density of the particles is far higher than that of
the gas-phase.

3. The shape of the particle is a sphere and the diame-
ters of all particles are same.

4. The mass concentration of the particle is low (0.6).

5. The collision between the particles is ignored.

The computational model for the gas-particle two-phase
round jet in the present study is shown in Fig.1. The
center axis of the jet is z axis and the perpendicular axes
to the z axis are xand y axes. The origin is the center
point of the exit plane and the sources are distributed on
the x−y plane at the distance 1.5R upstream from the exit
to give a flow. The number of the sources is 160 and R is
the radius of the nozzle. Furthermore the wall surface of
the nozzle is divided by a number of the source panels to
express the wall of the nozzle.
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Figure 1 : Computational model

The total number of the triangle panel is 640 including
the source disk.

The continuity equation of the incompressible viscous
flow is given as

divug = 0 (1)

The Navier-Stokes equation of motion is given as

∂ug/∂t +(ug •grad)ug = −(1/ρg)grad p

+ν div grad ug −FD/ρg (2)

where FDis the force of the gas-phase per unit volume,
acted by the particle, t is time, p is the pressure,νis kine-
matic viscosity of the gas-phase, ρ is the density and u is
the velocity vector, and the subscripts g and p show the
physical properties of the gas and particle respectively.

After taking the rotation of the equation (2) and then
rewriting with equation (1), the vorticity transport equa-
tion for incompressible flow will be

Dω
Dt

= (ω ·∇)ug +ν∇2ω− 1
ρg

∇×FD (3)

where ω is the vorticity vector, D/Dt is the substantive
derivative. As the density of the particle is large com-
pared with that of the gas from the assumption 2 the
forces acting on the particle are mainly the fluid drag and
the gravity. The equation of the motion for the particle is
given by Eq.(4).

M
dup

dt
= fD +Mg (4)

where fD is the fluid drag acting on the particle, g is the
gravity acceleration and M is the mass of a particle.

According to the assumption 3 the fluid drag fDis ex-
pressed by Eq.(5)

fD =
(
πd2ρg/8

)
CD |ug −up| (ug −up) (5)

where[Schiller and Naumann(1933)]

CD = (24/Re)
(
1+0.15Re0.687) (6)

Re = d |ug −up|/ν (7)

where dis the diameter of a particle. Two-way method is
used to describe the interaction between particles and gas
as shown in Eqs.(3) and (4).

The blob method[Anderson and Greengard(1985)] is em-
ployed in the present calculation as one of the vortex
model . When the vortex blob i at ri is supposed to have
the core radius σi, the vorticity ωi and the volume dvi,
the vorticity at r induced by the blob i is expressed as
Eq.(8)[Nakanishi, Kamemoto and Nishio(1992)].

ω(r) =
1

σ3
i

p

( |r− ri|
σi

)
ωidνi (8)

where the function p(χ) is the core distribution func-
tion and the function p(χ) presented by Winckelmans-
Leonard[Winckelmans and Leonard(1993)] is employed
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in the present calculation.

p(χ) =
15
8π

1

(χ2 +1)3.5 (9)

The velocity u at r is calculated from the Biot-
Savart equation given by[Nakanishi, Kamemoto and
Nishio(1992)]:

u(r) =
1

4π ∑
i

ωi × (r−ri)
|r−ri|3

q(χ)dνi +upt (10)

where q(χ) = 4π
R χ

0 t2 p(t)dt and the velocity upt shows
the velocity of potential flow induced by the source dis-
tribution on the surface of the nozzle in the present study.
The time rate of the vorticity change can be calculated by
Eq.(3). The first term which shows the stretch of the vor-
ticity on the right-hand side of Eq.(3) can be calculated
using Eqs.(8)-(10), and the second term which stands for
viscosity diffusion can be calculated using core spread-
ing method [Shirayama, Kuwahara and Mendes(1985)].
The method makes the core radius increase with the
lapse of time. The third term which shows the influ-
ence by the particles can be calculated using the MPS
method [Koshizuka and Oka(1996)]. The first derivative
of the quantity at the position ri can be obtained with-
out the grids using the following equation for the present
method.

∂φ
∂x

∣∣∣∣
i

∼= 3

∑
j �=i

w(r j)
∑
j �=i

φ j −φi

r2
j

∆x jw(r j) (11)

where φ is the arbitrary scalar quantity like the
xcomponent FDx for the force FD and r jis the distance be-
tween the riand r j, and w(r j) is the weighting function.
In the present calculation Eq.(12) is used as the weight-
ing function.

w(r j) = re/r j −1 · · · · · ·r j ≤ re

= 0 · · · · · ·r j ≥ re (12)

In our calculation reis set to be 3. From above compu-
tational modeling the simulation can be performed com-
pletely without generating the grids in the flow fields.

Air jet flow with the particles of the average diameter 58
µm is demonstrated with the initial speed W0 of 14.9m/s
from the round nozzle of the diameter 8mm to com-
pare with the previous experimental and calculated re-
sults [Yuu, Umekage and Tabuchi(1994)]. The positions

of the introduced particles are shown in Fig.2 at z=0 and
21 particles are introduced every time step. The mass ra-
tio of the particle(=the particle mass introduced per unit
time/the air mass supplied per unit time) is 0.6 and the
initial velocity of the particle Wp0 is 0.43W0[Yuu, Umek-
age and Tabuchi(1994)]. The eight vortex elements are
introduced at the radius R and z=0.061R for same inter-
val in the peripheral direction. All of the vortex elements
are moved by Euler method. The time interval of the
present calculation ∆t is 0.00015sec.
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Figure 2 : Nozzle exit

The calculation procedure is following.

1. Set the boundary shapes and the boundary condi-
tions including the source strength on the source
disk to generate the flow rate in the flow field.

2. Calculate the strength of the sources on the bound-
ary to satisfy the boundary condition on the refer-
ence points in the source panels including the effect
of the introduced blobs.

3. Introduce the nascent blobs and the particles near
the outlet of the nozzle.

4. Move the blobs using the velocities induced by
Eq.(10) and the particles using Eq.(4).

5. Calculate the core radius using core spreading
method and the effect of the viscosity.

6. Calculate the effect of the particles on the fluid and
the vortices using Eq.(3) ,and the time goes ahead.

7. Go back to the step number 2.
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Figure 3 : Symbols
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Figure 4 : Axial velocity components
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Figure 5 : Axial velocity components
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Figure 6 : Axial velocity components of particles

4 Simulated results and discussion

The illustration of the symbols used in the simulated re-
sults is shown in Fig.3. The exit diameter is D and D=2R.
The time averaged axial velocity components on the cen-
ter axis are shown in Fig.4. The time averaged axial ve-
locity components for the particle on the center axis is
Wpm and those for the gas-phase on the center axis is Wm.
The intial speed of the gas from the round nozzle is W0 as
shown in Fig.3. The values are averaged between 0.03sec
and 0.033sec during the fully developed jet flow. The val-
ues of the particles in the space of the radius 0.5mm at the
center axis are also averaged. The time step is determined
by the following. The values of Wpm/W0 at z/D.=·11 were
calculated with decrease of the time interval t. The dif-
ference of the values was within 1% for t=1.5×10−4

and 1×10−4sec. So t=1.5×10−4sec is selected in the
present calculation. The velocity Wpmincreases gradu-

ally near z/D=12 and it decreases after z/D=12. Those
results are in good agreement with the previous experi-
mental data and calculated results by DNS [Yuu, Umek-
age and Tabuchi(1994)]. The particles are accelerated by
the gas-phase till z/D=12 because the velocity of the fluid
is faster than that of the particles. The particles can not
follow the gas till z/D=12. After z/D=12 the velocity of
the particles begin to decrease with the fluid because the
fluid velocity is smaller than the particle one. And the
particles become to slow gradually because of the inertia
of the particles. The velocity Wmis decreasing gradually
from z/D=8 and this tendency is quite similar to the re-
sults obtained using DNS.

The axial velocity components of the velocity Wp for the
particle are shown in Fig.5 for the initial region of z/D=3
and 8. The velocity components are distributed in the
radial direction. The values of the particles existing in
the space of the radius 0.5mm are averaged. The re-
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Figure 7 : Velocity distributions (t=0.015sec)

 

15
[m/s]

12

9

6

3

0

15
[m/s]

12

9

6

3

0

15
[m/s]

12

9

6

3

15
[m/s]

12

9

6

3

0

z z x y 

Figure 8 : Velocity distributions (t=0.03sec)
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Figure 9 : Distributions of particles

 
 

Figure 10 : Absolute values of vorticity
(t=0.0225sec)

sults of the present calculation give good agreement with
the value that had been obtained by experiments [Yuu,
Umekage and Tabuchi (1994)] and numerical simula-
tion [Yuu, Umekage and Tabuchi (1994)]. Especially the
present results are found to be in good agreement with the

experimental results compared with the results by DNS
for z/D=8.

The relation between x/zand the axial velocity compo-
nents of the particles is shown in Fig.6. Our results also
show the same similarity of the velocity distribution pro-
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file.

The velocity distributions of the gas-phase are shown in
Figs.7 and 8 at t=0.015, 0.03sec and the distributions
of the particles are shown in Fig.9 at t=0.0075,0.015,
0.0225 and 0.03sec. The development of the jet flow
and the turbulent complex structure around the jet are
understood. Fig.9 shows the view from perpendicular to
x− z plane. Reynolds number (=2RW0/ν) is about 8000.
The particles near the exit region of the jet seem to be a
straight-line motion for t=0.0075, 0.015sec because the
initial speed Wp0=0.43W0 is given at the nozzle exit. Af-
ter t=0.0225 the particles are mixed with turbulent flow
structure and the motion of the particles becomes com-
plex near the outlet of the tube.

The vorticity distributionson the cross section at z=const.
are shown in Fig.10 at t=0.0225sec. The absolute values
of the vorticity are shown. The vorticity structure of the
jet is found clearly and the magnitude of the vorticity is
small near the center axis of the jet. The jet flow is found
to have almost axisymmetrical structure from the vortic-
ity distributions.

In the present study the simulations are also conducted to
calculate the interaction between the gas-phase and par-
ticle using Euler’s method with the grid after using MPS
method for the same parameters.

The computational time of our grid free modeling can
be reduced to 75% compared with Euler’s method with
the grids when the calculation is conducted till the fully
developed jet flow att=0.03sec using Origin 2000(sgi).
On the other hand, the mean axial velocity Wm/W0 are
calculated for several values ofreto determine the value
of re in the present calculation. If the value of re increases
the computational time also increases. The difference of
Wm/W0 for re=3 and 4 is within 1 %. So re=3 is employed
in the present calculation.

5 Conclusions

In the present study the gas-particle two-phase round jet
flow is simulated using the 3-D vortex method. The inter-
action between the particle and gas-phase is considered
and Lagrangian scheme is used completely by applying
MPS method to calculate the interaction. On the basis
of the results obtained in the present investigation, the
following conclusions can be drawn.

1. The axial velocity distributions of the gas and the

particles obtained using the grid free computational
model by 3-D vortex method quite agree with the
previous experimental and calculated results using
DNS.

2. The reasonable calculated results for the develop-
ment of the turbulent jet flow and the particles ,and
the vorticity distributions are obtained using the
present method.

3. In comparison with the Euler’s scheme to calculate
the interaction between the particles and gas-phase,
the algorithm of the present scheme is very simple
and the computational time till the fully developed
jet flow can be reduced to 75%.
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