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a b s t r a c t

A multi-fluids mixer by Sadatomi and Kawahara [1] is described as well as its performance as a micro-
bubble generator for several trial products. In the experiments, air micro-bubble generation rate at water
depths up to 3.6 m and the dissolution rates of oxygen in air and carbon dioxide into tap water at 20 �C
were measured. In the analyses, the micro-bubble generation rate data could be well predicted by Sad-
atomi et al.’s model [2] by choosing suitable energy loss coefficients needed in the model, and the oxygen
dissolution rates in tap water could be well correlated with Kawahara et al.’s model [3]. The detail of the
multi-fluid mixer and its practical significances together with a result of experiments and analyses are
reported in the present paper.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Micro-bubbles are tiny bubbles, less than a few hundred
micrometers in diameter, and have several characteristics, such
as high dissolubility in water around them. The most famous appli-
cation of them is enriching oxygen into water in fisheries of oys-
ters, pearl oysters and so on. Ohnari [4–6] reported that the
enrichment promotes the oxygen consumption by the oysters
etc. and their blood circulation and metabolism, resulting in the
speed-up of their growth. Other applications of the micro-bubbles
in industries and several micro-bubble generation methods are de-
scribed in some books, say by Ueyama and Miyamoto [7].

Sadatomi [8,9] invented a micro-bubble generator (MBG for
short) with a spherical body in a flowing liquid tube and with a
lot of drilled small holes on the tube for gas suction, in which
micro-bubbles could be generated by supplying liquid alone be-
cause gas was automatically sucked by a negative pressure arisen
behind the body. After that, Sadatomi et al. [2] proposed a model
which can predict well the air micro-bubble generation rate by
the MBG placed at any water depth, and Kawahara et al. [3] pro-
posed a model which can predict well the dissolution rate of oxy-
gen in air micro-bubbles into water and seawater. However, the
MBG has two defects of (a) the difficulty of fixing the spherical

body especially in smaller generator and (b) the troublesome dril-
ling of a lot of small holes.

Recently, in order to overcome the above defects, Sadatomi and
Kawahara [1] invented a new device with an orifice and a porous
pipe instead of the spherical body and the small drilled holes.
The new device is called a multi-fluids mixer in our laboratory be-
cause of multifunctional, which can generate (a) micro-bubbles by
supplying liquid and sucking gas, (b) mists (i.e., tiny liquid drop-
lets) by supplying gas and sucking liquid, and emulsion of immis-
cible liquids by supplying one of the liquids.

In the present paper, the structure of the multi-fluids mixer and
its performance as a MBG are described for several trial products.
In the experiments, three kinds of test were conducted: (a) hydrau-
lic performance test of the present MBG, (b) bubble diameter mea-
surement and (c) micro-bubbles dissolution performance test. In
(a), air micro-bubble generation rate was measured at water
depths up to 3.6 m by changing water supply rate to the MBG sys-
tematically. In (b) and (c), bubble diameter and the dissolution rate
of oxygen into water through air micro-bubbles in 1.2 m deep
water tank at 20 �C and at atmospheric pressure were measured
by changing both water supply rate and air suction rate systemat-
ically. In (c), the dissolution rate of carbon dioxide into water
through carbon dioxide micro-bubbles was also measured. In the
analyses, Sadatomi et al.’s model [2] is tested against the present
micro-bubble generation rate data by choosing suitable energy loss
coefficients needed in the model and Kawahara et al.’s model [3] is
tested against the present dissolution rate data of oxygen in air
bubbles. A result of such experiments and analyses together with

0894-1777/$ - see front matter � 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.expthermflusci.2012.03.002

⇑ Corresponding author. Address: Department of Advanced Mechanical System,
Graduate School of Science and Technology, Kumamoto University, Kurokami 2-39-1,
Kumamoto 860-8555, Japan. Tel./fax: +81 96 342 3757.

E-mail address: sadatomi@mech.kumamoto-u.ac.jp (M. Sadatomi).

Experimental Thermal and Fluid Science 41 (2012) 23–30

Contents lists available at SciVerse ScienceDirect

Experimental Thermal and Fluid Science

journal homepage: www.elsevier .com/locate /et fs

http://dx.doi.org/10.1016/j.expthermflusci.2012.03.002
mailto:sadatomi@mech.kumamoto-u.ac.jp
http://dx.doi.org/10.1016/j.expthermflusci.2012.03.002
http://www.sciencedirect.com/science/journal/08941777
http://www.elsevier.com/locate/etfs


the detail of the multi-fluid mixer and its practical significances are
reported in the present paper.

2. Experiment

2.1. Micro-bubble generator

Fig. 1 shows the orifice type MBG [1] newly developed for the
present experiment. The generator has an orifice in a flowing water
tube. When pressurized water is introduced into the generator, the
water velocity through the orifice becomes several times of that at
the generator exit, thus from the energy conservation principle the
pressure at a little downstream of the orifice becomes negative.
With the aid of the negative pressure, air is automatically sucked
through a porous pipe embedded in the pipe, and the air sucked
is broken into a huge number of micro-bubbles by a high shear
water flow with strong turbulence. Thus the generator can dis-
charge a water jet with micro-bubbles from the exit.

Table 1 lists the specification of the orifice type MBG tested. The
first three, named LP-8.8 to LP-14.6, are large types with the same
stainless steel punched porous pipe except for the orifice diameter,
do, being 8.8, 12.5 and 14.6 mm. The diameter of the circular tube
was 22.0 mm; the area ratio of the orifice to the tube, b, was chan-
ged from 0.16 to 0.44 in order to study the effects of the area ratio;
the length and the thickness of the porous pipe were l = 8 mm and
hG = 0.15 mm; the diameter of each punched holes was dG =
300 lm, and the total area of the holes was AH = 152.7 mm2. The
last three, SF-4.0 to LF-12.5, were geometrically similar to LP-
12.5, but in order to study the effects of the MBG size the sizes
of SF-4.0 and MF-8.4 were around 1/3 and 2/3 of LF-12.5. In addi-
tion, SF-4.0 to LF-12.5 had the polyolefin (polypropylene polyethyl-
ene) fiber porous pipe with the porosity of dG = 25 lm. The
thickness and the length of the fiber porous were hG = 1.5 mm
and l = 3 to 8 mm depending upon the pipe size.

2.2. Test apparatus and measurement systems

Three kinds of test were conducted: (a) hydraulic performance
test, (b) bubble diameter measurement test and (c) micro-bubbles

dissolution performance test. Fig. 2 shows the present test appara-
tus and measurement systems. Two water tanks were used as the
test water tank: a small transparent acrylic resin water tank with
2.0 m in height and 0.30 m in diameter, and a large opaque poly-vi-
nyl-chloride water tank with 4.0 m in height and 0.489 m in diam-
eter. Water was circulated with a centrifugal pump from the
bottom of the tank to the MBG in the tank via a flow control valve
and a calibrated magnetic flow meter for the measurement of
water volume flow rate, QL. The air suction rate into the MBG, QG,
was measured with a calibrated mass flow meter. The uncertain-
ties in the measurements of QL and QG are about 1% and about
3%, respectively.

2.3. Hydraulic performance test

In order to familiarize the present MBG to various application
fields, the generation rate of the micro-bubbles has to be predict-
able, depending upon the water depth of MBG placed and water
supply rate to the MBG. In addition, a pumping power to supply
water to the MBG must be predictable. So, the hydraulic perfor-
mance test was conducted to obtain experimental data necessary
to validate the performance prediction model [2]. In the test, in or-
der to study the effects of water depth of the MBG in the water
tank, H, H was changed as 0.4, 0.8, 1.2 m in the small water tank
and 2.4 and 3.6 m in the large water tank, and the needle valve

Nomenclature

AH total area of gas suction hole in porous pipe (m2)
C concentration (kg m�3)
DL liquid-phase molecular diffusion coefficient (m2 s�1)
d diameter of MBG pipe (m)
dBM mean bubble diameter (m)
dBS Sauter mean bubble diameter (m)
dG diameter of gas suction hole in porous pipe (m)
do orifice diameter (m)
EA ratio of oxygen dissolved into water to that supplied

(dimensionless)
EO Eotvos number (dimensionless)
fC correction factor (dimensionless)
H water depth (m)
hG thickness of porous pipe (m)
hp height of bubble diameter measurement (m)
KLa volumetric mass transfer coefficient (s�1)
LL water power (W)
l length of porous pipe (m)
NC oxygen mass transfer rate (kg s�1)
N number (dimensionless)
p gauge pressure (Pa)
Q volume flow rate (m3 s�1)

TL water temperature (�C)
t time (s)
uB bubble rise velocity (m s�1)
V volume (m3)
v mean velocity (m s�1)
WO2 mass flow rate of oxygen supplied to water (kg s�1)

Greek symbols
b area ratio of orifice to MBG pipe (dimensionless)
q density (kg m�3)
1 energy loss coefficient (dimensionless)

Subscripts
E section far downstream from the exit
G gas
H homogeneous
L liquid
S saturation
1 inlet section of MBG
2 contraction section of MBG

Fig. 1. Micro-bubble generator by Sadatomi and Kawahara [1].
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