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Abstract−The mixing performance of a new type of mixing equipment which has several fin oscillators on a pair
of shafts with a vibrating motor was investigated. This mixing equipment, which is mainly used for industrial plating
processes, was usually operated at a vibrating frequency of about 40 Hz with the amplitude 1 mm. The flow visualization
in this equipment showed that the flow in the vessel at laminar flow region was vertically divided into two distinct
symmetric regions. The numerical simulation of the flow and the mixing patterns agreed well with the visualization
result at laminar flow region.
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INTRODUCTION

Mixing equipment is widely used in industrial processes. Most
of the vessels have a rotating impeller. In the turbulent flow region,
a turbine, paddle and propeller are usually used in cylindrical ves-
sels with some baffles. Recently, a new type of mixing equipment,
which has several fin oscillators on a pair of shafts with a vibrating
motor, was developed by Ohmasa. This mixing equipment is nor-
mally operated at a vibration frequency of 30 Hz to 60 Hz and am-
plitude 1 mm to 10 mm. The vibration of the fins in the vessel causes
a turbulent discharge flow from the fin tips like a jet flow, which
establishes high mixing performance in the vessel. The equipment
has a wide space to soak materials at the center of the vessel; it has
been used for many commercial plating processes. The equipment
has the following advantages.
(1) Non-foaming on the liquid free surface
(2) Excellent penetration of the liquid into small holes
(3) Excellent suspension of particles from the vessel bottom surface

Authors reported the mixing performance of this equipment as
follows: mixing time, circulation time, power consumption and tur-
bulent velocity profile [6-8]. In our previous papers, it was found
that the optimum vibrating frequency for mixing was restricted to
about 45 Hz, complete mixing was achieved with three to four cir-
culations of the liquid in the vessel, power consumption had the
maximum value at the optimum vibrating frequency, and the power
consumption was constant in the range of the liquid viscosity, 1-
500 mPa·s. When the equipment was operated at laminar flow con-
dition, the characteristic phenomena were observed. However, there
is not enough quantitative data for the design of the equipment yet.
In this paper, the mixing phenomena of the equipment in the laminar

flow region are shown by flow visualization and numerical analysis.

EXPERIMENTAL

A schematic diagram of the experimental apparatus is shown in
Fig. 1. Used is a rectangular vessel made of the transparent vinyl
chloride resin, 500 mm×500 mm×400 mm. A vibrating motor is
equipped on the vessel with some springs. Several fins are equipped
on a pair of vibration shafts. The number of fins can be varied easily
from 1 to 6, and it was fixed at two in this experiment fundamen-
tally. The geometry of the fin and its supporting plate is shown in

Fig. 1. Vibratory type agitated vessel.
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Fig.2. The fin, the supporting plate and the shaft are made of stainless
steel. The mixing liquid is desalted water or glycerol and corn starch-
syrup solution for various viscosities. The height of liquid is 200
mm. Since it was found that the optimal frequency for mixing was
45.7 Hz from the previous research [7], unless it was mentioned,
the frequency was fixed at this frequency. The lower fin was attached
downward and the upper one was attached upward.

Fig. 2. Geometry of fin.

Fig. 4. Mixing pattern by colorization method (top view).

Fig. 3. Vessel for simulation of flow pattern.

VISUALIZATION METHOD OF MIXING PROCESS

The mixing processes were visualized by using the coloring meth-
od of starch/iodine solution, which is generally used to measure the
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mixing time and the mixing visualization and to discover a dead
space in the mixing vessel. The density and the viscosity of the corn
starch syrup solution were 1,100 kg/m3 and 300 mPa·s, respectively.
1. Visualization Method of Flow Pattern

The flow patterns were visualized by a tracer method. Nylon par-
ticles moving in the vessel, the average diameter of which was 200
µm, were lightened by a laser slit beam. Photographs were taken
with exposure time 1 s.
2. Numerical Analysis

The velocity and pressure profiles in laminar flow were simu-
lated by the original code, in which the equation of continuity and
Navier-Stokes equation were solved by SOLA (HSMAC) method.
The numerical simulation program made by our research team for
the analysis of laminar flow movement was used. And the experi-
ments were in good agreement with the calculation results using the
software. The gravity term in Navier-Stokes equation was neglected.

(1)

(2)

The non-slip condition was chosen at all fluid-solid boundaries in
the simulation of laminar flow region, i.e., we considered it as a wall
because the liquid free surface was flat. The discharge flow from
the vibratory fins was assumed to be the jet flow having a uniform
velocity profile at the tip of the fins, i.e., we have described the fin
vibration as a jet stream without considering the vibration of fins
because the type of flow in an agitated vessel is laminar.

The discharge velocity was set to 1.0 m/s, which was the aver-
age value measured by LDV. It was also assumed that the liquid
temperature was uniform and the liquid density (1,100 kg/m3) and
the viscosity (300 mPa·s) were constant as a Newtonian fluid. The
number of meshes (30 : 30 : 20) and the boundary conditions are
shown in Fig. 3.

Mixing processes were simulated by the virtual particle tracing
method, which was better than the numerical method solving the
diffusion equation to obtain the mixing pattern in the laminar flow
region. After the velocity profile was calculated at steady state, some
virtual particles were put in front of the fins. The positions of the
particles after a small time interval were integrated with the Runge-
Kutta method using the following equation to obtain the streak line
of the particles.

xi+1=xi+ui dt (3)

RESULTS AND DISCUSSION

1. Visualization of Mixing Process
Fig. 4 shows the photographs from the vessel top, where the mix-

ing region was divided into two distinct regions. First the coloring
liquid spread around the left-side region as shown in Figs. 4(a) and
(b), and then it spread into the center of the left-side region, but it
hardly spread into the right-side region as shown in Figs. 4(c) and
(d). Fig. 4 illustrates the pattern observed by only one side of the
vessel using a colored liquid; eventually it means symmetry. Fig. 7
illustrates the result of calculation. Good agreement is shown be-
tween calculation and experiment.

2. Visualization of Flow Pattern
Fig. 5(a) shows the top view of the visualization of the flow pat-

tern in the mixing vessel, where the slit light was projected at the
level 40 mm under the liquid surface. The two large vortices were
observed in the laminar flow of liquid viscosity of which was 300
mPa·s. The two vortices were stable and their flow almost sym-
metric. Fig. 5(b) and (c) at the level 70 mm and 100 mm show the
same results as Fig. 5(a), and Fig. 5(d) at the level 130 mm shows
a similar result. It was found that the mixing region was divided
into two distinct regions at laminar flow.
3. Numerical Analysis

The side and the top views of the velocity profiles are shown to
compare the numerical analysis results with the flow visualization
results in Fig. 6. The simulated velocity profiles coincided qualita-
tively with the flow visualization, and symmetrical vortices were
reproduced well.

Based on the simulation results of the velocity profiles, the streak
lines of the virtual particles are shown in Fig. 7 for the top view and
Fig. 8 for the side view, respectively.

Figs. 7 and 8 show that the two large vortices dividing the vessel
into two distinct regions. To obtain better liquid mixing in the mixing
equipment with vibratory fins operating in laminar region, it is im-
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Fig. 5. Flow visualization by trace method (top view). 
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Fig. 7. Streak line of virtual particles (top view).

Fig. 6. Velocity vector and pressure profile of simulation result.
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portant to generate only one large flow in the vessel by rearranging
the vibratory fins.

CONCLUSION

The following findings were obtained from the flow visualization
in a new type mixing equipment with oscillating fins. When the
equipment is operated at laminar flow, a pair of symmetrical large
vortices was generated to divide the vessel into two distinct regions
vertically. The flow pattern at laminar flow in the equipment can
be predicted by using the numerical simulation with the assump-
tion that a discharge flow from the vibratory fins is a jet.
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NOMENCLATURE

p : pressure [Pa]
t : time [s]
u : liquid velocity [m/s]
x : distance [m]
µ : liquid viscosity [Pa·s]
ρ : liquid density [kg/m3]
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Fig. 8. Streak line of virtual particles at 30 s (side view).
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