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Abstract: In gas injection refining processes, wide dispersion of small bubbles in the bath is indispensable for high refining 
efficiency. Eccentric mechanical stirring with unidirectional impeller rotation was tested using a water model for pursuing better 
bubble disintegration and dispersion. Effects of various factors on bubble disintegration and dispersion were investigated. These 
factors were stirring mode, eccentricity and rotation speed, nozzle structure, nozzle immersion depth, and gas flow rate. Gas injection 
from a nozzle at the end of the impeller shaft and from an immersed lance was studied. Under eccentric stirring, a vortex was formed 
away from the shaft. Small bubbles were produced in the strong turbulence or high shear stress field near the rotating impeller and 
moved in the direction to the vortex keeping up with the macroscopic flow induced by the mechanical stirring. Thus small bubbles 
could disperse widely in the bath under eccentric stirring with unidirectional rotation. 
Key words: gas injection refining; eccentric mechanical stirring; unidirectional impeller rotation; bubble dispersion; bubble 
disintegration; macroscopic flow 
                                                                                                             
 
 
1 Introduction 
 

Highly efficient gas injection refining cannot be 
realized without wide dispersion of small bubbles in a 
bath. In conventional processes, however, a large amount 
of gas is injected from a small number of nozzles into the 
bath in a short time, thus very large bubbles are 
inevitably formed and dispersed locally in the bath. What 
is worse, such large bubbles rise up very rapidly with the 
upward mixed flow of gas and liquid. As a result, their 
residence time in the bath becomes short to make the 
gas-liquid contact very poor [1−3]. 

Production and wide dispersion of small bubbles in 
liquid are not difficult at low temperatures. For example, 
many sophisticated devices are used successfully for the 
purposes in chemical industry [4−5]. Since iron and steel 
refining processes are operated at very high temperatures, 
such sophisticated devices cannot be used in actual 
plants. 

In degassing and inclusion removal of molten 
aluminum, small bubbles can be produced using a gas 
injection nozzle or rotor rotating at high speed (6−10 r/s). 

Under centric mechanical stirring, where the nozzle or 
rotor shaft is placed at the vessel center, a vortex of 
reverse cone shape is formed around the shaft at the high 
rotation speed. In this case, the injected bubbles gather 
near the vortex and cannot disperse widely in the bath. 
Therefore, installation of baffles is required for 
preventing the vortex formation [6]. It has been proposed 
that this vortex formation can also be prevented by 
forward-reverse rotation of the rotor [7−8]. The wide 
dispersion of small bubbles in the bath makes the melt 
surface calm and reduces splash formation. These 
phenomena help reduction of slag entrainment into the 
melt and effective prevention of oxidation of aluminum 
under oxidizing atmosphere. 

Centric mechanical stirring with unidirectional 
impeller rotation is used for hot metal desulfurization. 

This is called KR method in iron and steel making. The 
aim of the mechanical stirring is to entrain the 
desulfurization flux powder into the melt. In the method, 
a four-blade impeller, the rotation speed of which is 
lower than 2.5 r/s, is used to make a vortex around the 
impeller shaft. This vortex formation is needed for the 
powder entrainment. NOMURA and IGUCHI [9] showed that  
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eccentric mechanical stirring can also achieve effective 
powder entrainment into liquid. They placed an impeller 
shaft distant from the vessel center to form a vortex 
distant from the shaft. 

In the previous papers [4−5], the present authors 
reported water model experiments for the purpose of 
applying the mechanical stirring to gas injection refining 
operated at high temperatures. Since the refractory 
impeller rotating at high speed is easily eroded in iron 
and steel making processes, the rotation speed of the 
impeller was set lower than 2.5 r/s. Gas was injected 
from a four-hole nozzle installed at the end of the 
impeller shaft. They showed that the bubble 
disintegration and wide dispersion in the bath can be 
realized without installation of baffles by 
forward-reverse impeller rotation. But this rotation mode 
makes the necessary stirring power high. In addition, the 
load acting on the impeller blades is very large because 
of the inversion of impeller rotation. Therefore, the 
strength required for the blades is very high. 

In the present water model experiment [10−17], we 
adopted mechanical stirring with unidirectional 
four-blade impeller rotation for bubble disintegration and 
dispersion in a bath. Baffles were not installed at the 
vessel wall. Since the vortex formation around the 
impeller shaft has a fatal effect on the gas-liquid contact, 
the impeller shaft was placed distant from the vessel 
center. This is called eccentric mechanical stirring. Air 
was injected into water from a nozzle installed at the end 
of the impeller shaft or from an immersion lance. Effects 
of various operating factors on the phenomena were 
examined. It is demonstrated that small bubbles 
produced in the strong shear field near the impeller travel 
keeping up with the macroscopic flow to the vortex 
distant from the impeller and disperse widely in the bath. 
 
2 Experimental 
 

The experimental apparatus is shown in Fig. 1. The 
container of water was made of acrylic resin. The 
diameter was 0.433 m, and the height was 0.51 m. The 
photo in Fig. 2 shows the side view of the thick 
four-blade impeller and four-hole nozzle. The blade 
length, height and thickness of the impeller were 0.22, 
0.05, and 0.04 m, respectively. The diameter of the 
impeller shaft was 30 mm. The four-hole nozzle was 
attached to the center of the impeller underside. Four 
holes of 2 mm diameter were drilled at the side of a 
hollow cylinder of 30 mm outer diameter and 38 mm 
length. The holes were located 10 mm from the cylinder 
bottom. In additional experiments, gas was injected 
horizontally or vertically upward from a hole at the side 
or end of an immersion lance. 

 

 

Fig. 1 Experimental apparatus 
 

 
Fig. 2 Photo of four-blade impeller and four-hole nozzle 
 

The impeller rotation was unidirectional, the 
rotation speed was 0.83−2.5 r/s and the distance between 
the impeller shaft and the vessel center was 0.02−0.08 m. 
The eccentricity of the impeller shaft, which was defined 
as the ratio of the distance to the vessel radius, was 
0.092−0.370. The behavior of gas injected into water was 
recorded by a high-speed video camera (500 frame/h). 
The moving picture image was input into a computer. 
The distribution of bubble size was measured using an 
image-processing software. 
 
3 Results and discussion 
 
3.1 Macroscopic flows induced by mechanical stirring 

The macroscopic flows induced by mechanical 
stirring have decisive effects on the bubble disintegration 
and dispersion in liquid. The pictures of vortex formation 
under centric and eccentric stirring without gas injection 
are shown in Figs. 3(a) and (b). The impeller rotation 
speed was 2.5 r/s, and the impeller immersion depth ( the 
distance from the bath surface to the upper face of the 
impeller blade) was 0.16 m．In Fig. 3(b), the eccentricity 
of the impeller was 0.370. The calculated result of the 
macroscopic flow under centric and eccentric stirring are 
shown in Figs. 4(a) and (b). Figure 4(b) shows the 
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Fig. 3 Vortex formation under centric (a) and eccentric (b) 
stirring with unidirectional rotation  
 

 
Fig. 4 Numerical calculation on movement of fluid particle 
under centric (a) and eccentric (b) stirring with unidirectional 
rotation 

calculated result by a turbulent flow model [18]. As 
compared with the centric stirring, the eccentric stirring 
creates a very complex macroscopic flow. 

The horizontal tangential flow is closely related 
with the vortex formation, which strongly affects the 
bubble dispersion in liquid. Since the tangential flow 
under centric stirring is axially symmetric and very 
strong, a large vortex is formed around the impeller shaft. 
On the other hand, the tangential flow under eccentric 
stirring is axially asymmetric. As can be seen from Fig. 3, 
the vortex formed under eccentric stirring is smaller than 
that formed under centric stirring. Hence, the tangential 
flow induced by eccentric stirring is relatively weak. 

The position of the vortex formed under eccentric 
mechanical stirring is dependent on various factors, such 
as impeller shape, size, rotation speed, eccentricity, and 
immersion depth. As an example, the effect of the 
impeller immersion depth on the position of the vortex is 
shown in Fig. 5. The eccentricity of the impeller was  
0.370. The impeller rotation speed was 1.67 s−1. The 
distance from the vortex center to the impeller shaft 
increased with the immersion depth of the impeller. 
 

 
Fig. 5 Distance of vortex center from impeller shaft 
 

The macroscopic flow and the vortex shown in  
Fig. 3 can be reproduced by numerical calculation using 
a turbulent flow model. Since experimental exploration 
is laboring work, the flow phenomena should be studied 
numerically in future. 
 
3.2 Description of gas injection into liquid under 

mechanical stirring 
The behavior of gas injected into liquid is 

described qualitatively on the basis of previous studies 
together with the present experimental results under 
centric and eccentric stirring. 

The mechanical stirring creates a shear force field 
near the impeller. The gas injected into liquid is 
disintegrated into small bubbles in the field. As stated in 
the above, a strong horizontal tangential flow is formed 
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under centric stirring without installation of baffles. In 
this case, the relative velocity between the rotating 
impeller and the surrounding liquid is small. Since the 
velocity gradient is small, the shear force near the 
impeller is not large. The radial flow discharging from 
the space between the impeller blades and the circulating 
flow is weak. Moreover, the centripetal force acts on the 
injected bubbles in the direction toward the vortex center 
or the impeller shaft. Under these circumstances the 
bubble disintegration and wide dispersion in the bath 
cannot proceed effectively. On the other hand, under 
eccentric stirring, the center of the horizontal tangential 
flow does not locate at the vessel center. The vortex is 
formed distant from the impeller shaft. The horizontal 
tangential flow is weaker, and the radial and the 
circulating flows are stronger under eccentric stirring 
than under centric stirring. Since the relative velocity 
between the rotating impeller and the surrounding liquid 
becomes large, the bubble disintegration proceeds 
effectively in the shear force field near the impeller. The 
disintegrated bubbles move keeping up with the 
macroscopic flow toward the vortex distant from the 
impeller. Therefore, the small bubbles can disperse 
widely in the bath. 

It is to be noted that in the case of no baffle 
installation at the vessel wall, the eccentric stirring is 
most preferable for bubble disintegration and dispersion 
in liquid. 
 
3.3 Effect of stirring mode on bubble disintegration 

and dispersion 
Figure 6 shows the pictures of bubble dispersion in 

the bath by gas injection from a four-hole nozzle 
installed at the center of the impeller underside. The 
results for centric and eccentric stirring are indicated by 
Figs. 6(a) and (b), respectively. The gas flow rate was 4.5 
m3/h, the rotation speed was 1.67 r/s and the immersion 
depth of the nozzle was 0.283 m. Figure 6 clearly shows 
that there exists very large difference in the dispersion 
behavior of injected bubbles between centric and 
eccentric stirring. 

Under centric stirring, the injected bubbles rise 
adhering to the impeller blades. Very large bubbles are 
observed in the space between the blades. After passing 
through the space, most of the bubbles gather around the 
vortex. The region, in which bubbles can disperse, is 
limited. Under eccentric stirring, very small bubbles 
disperse even in the space between the impeller blades, 
and can move horizontally to the outside of the impeller 
blades. In addition, small bubbles disperse widely in the 
bath except the region below the impeller. This large 
difference in the behavior of injected bubbles between 
centric and eccentric stirring can be explained by the 

  

 

Fig. 6 Effect of stirring mode on bubble disintegration and 
dispersion: (a) Centric mechanical stirring; (b) Eccentric 
mechanical stirring 
 
difference in flow phenomena described in section 3.1. 

The wide dispersion of bubbles in the bath 
contributes to prevention of bubble coalescence. 
Moreover, it is seen from Fig. 6(b) that the vortex 
becomes small owing to the upward movement of the 
bubbles which gather around the vortex. As a result, the 
bath surface becomes calm and splash formation is 
weakened. These facts are advantageous. e.g. in metal 
refining operated under oxidizing atmosphere, such as 
Mg desulfurization of hot metal. 
 
3.4 Effect of eccentricity of impeller shaft on bubble 

disintegration and dispersion 
Figure 7 shows bubble dispersion phenomena under 

eccentric stirring with varying the eccentricity of the 
impeller shaft. The gas flow rate was 4.5 m3/h and the 
rotation speed was 1.67 r/s. The nozzle immersion depth 
was 0.283 m. The eccentricity of the impeller shaft was 
varied between 0.092 and 0.370. 
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Fig. 7 Effect of eccentricity (e) on bubble dispersion and disintegration: (a) e=0.092; (b) e=0.185: (c) e=0.277; (d) e=0.370 
 

Injected bubbles shown in Figs. 7(a) and (b) could 
not disperse widely in the bath. When the eccentricity is 
small, a stable horizontal tangential flow develops and a 
vortex is formed around or near the impeller shaft. The 
bottom of the vortex almost reaches the impeller. As a 
result, bubbles gather in the neighbor of the vortex and 
leave quickly into the atmosphere. Hence the gas-liquid 
contact is insufficient. Figures 7(c) and (d) show bubble 
dispersion phenomena for larger eccentricity. It is seen 
that the bubble dispersion is improved. As stated in the 
former section, the main reason for this improvement is 
that as the impeller shaft is more distant from the vessel 
center, the distance from the impeller shaft to the vortex 
is larger. 
 
3.5 Effect of immersion depth of nozzle on bubble 

disintegration 
Figure 8 shows the experimental results with 

changing the nozzle immersion depth. The eccentricity of 
the impeller shaft was 0.370. The gas flow rate was 4.5 
m3/h and the rotation speed was 1.67 r/s. Since the 
injected bubbles hardly disperse below the impeller, the 
nozzle has to be immersed deeper in the bath for 
expanding the bubble dispersion zone. It is seen from 
Figs. 8(a) and (b) that on the opposite side of the 
impeller placing (on the right side of the photos), bubbles 

hardly disperse and the bubble density is very low. This 
is due to the fact that the vortex center is nearer to the 
vessel center when the nozzle immersion depth is smaller 
(Fig. 5) and the strong macroscopic flow cannot reach 
the wall of the opposite side of the impeller placing. The 
deeper the nozzle immersion depth is, the wider the 
bubble dispersion in the bath is, as shown in Figs. 8(c)  
and (d).  
 
3.6 Relation between volume-surface mean diameter 

and rotation speed 
The size of bubbles is measured using an 

image-processing software. The volume-surface mean 
diameter calculated from the measured bubble size 
distribution is plotted against impeller rotation speed in 
Fig. 9. 

From Fig. 9, it can be seen that the size of bubbles 
in liquid increases with increasing gas flow rate or more 
accurately with increasing superficial gas velocity, which 
is defined as gas flow rate divided by the cross sectional 
area of gas-liquid two-phase flow zone. The reason is 
that at larger superficial gas velocity bubble coalescence 
takes place more frequently [5]. However, although the 
bubble diameter tends to increase with gas flow rate, the 
increase in bubble diameter becomes smaller at higher 
impeller rotation speed because the strong turbulence  
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Fig. 8 Effect of nozzle immersion depth on bubble disintegration and dispersion: (a) 0.193 m; (b) 0.223 m; (c) 0.253 m; (d) 0.283 m 
 

 
Fig. 9 Relation between volume-surface mean diameter and 
rotation speed 
 
field prevents the bubble coalescence. This feature is 
advantageous for the gas–liquid contact at very large gas 
injection rates in gas injection refining processes. 
 
3.7 Gas injection from immersion lance 

In the experiments shown so far, air was injected 
horizontally from a four-hole nozzle installed at the end 

of the impeller shaft. Additional experiments were made 
using an immersion lance for gas injection. Gas was 
injected horizontally from a hole at the side of the 
immersion lance (Fig. 10(a)) or vertically upward from a 
hole drilled at the top of the immersion lance (Fig. 10(b)). 
The gas flow rate was 2.3 m3/h and the rotation speed 
was 2.5 r/s. The positions of the immersion lance and the 
impeller in the bath were written in the figure. The 
experimental results are shown in Fig. 11. Figures 11(a) 
and (b) indicate that the direction of gas injection and the 
nozzle structure largely affect the bubble disintegration 
and dispersion in the bath. Figure 11(a) shows the 
experimental result for the horizontal gas injection from 
a one-hole immersion lance. 

Upon reaching the impeller, the bubbles disintegrate 
fairly well, although some large bubbles are found in the 
bath. The large bubbles are those detached from the side 
of the injected jet before colliding with the impeller. The 
bubble density is high in the vessel center, but low near 
the vessel wall. It is to be noted that the injected bubbles 
drift toward the vessel center owing to the eccentric 
stirring. Figure 11(b) shows the picture for upward gas 
injection from a one-hole immersion lance which is 
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Fig. 10 Sketch of gas injection from immersion lance: (a) 
Horizontal injection; (b) Vertical upward injection 
 

 

Fig. 11 Bubble dispersion under different gas injection mode: 
(a) Horizontal injection; (b) Vertical upward injection 

located beneath the impeller. The vertical upward gas 
injection creates a strong upward bubble flow, so that the 
bubbles cannot spread radially. Figure 11(b) clearly 
shows that the bubbles pass through the limited space 
between the blades. The vertical upward gas injection 
causes maldistribution of bubbles, and large bubbles are 
observed in Fig. 11(b). 
 
4 Application of mechanical stirring to gas 

injection refining 
 
Application of the eccentric stirring to gas injection 

refining requires comprehension of the flow phenomena. 
As shown in Fig. 4, however, the flow phenomena under 
the eccentric stirring are very complex and depend on the 
refining vessel size and the operating conditions. At 
present, we cannot give the guiding principle of design 
of gas injection refining processes. 

Establishment of highly efficient gas injection 
refining processes is discussed qualitatively in the 
following. 

The shear stress field and the vortex formation in 
the bath have crucial effects on the bubble disintegration 
and wide dispersion in the bath. 

1) The bubble disintegration mainly proceeds in the 
strong shear stress field near the impeller. The shear 
stress field is governed by the Reynolds number under 
fulfillment of the geometric similarity condition. 
Therefore, the Reynolds number can be used in 
scaling-up of the refining process. Here it is to be noted 
that there exists the optimum impeller rotation speed, 
which depends on the vessel size, impeller structure and 
size, and immersion depth and eccentricity of the 
impeller. A low rotation speed results in the formation of 
a weak shear stress field, which cannot disintegrate the 
bubbles effectively. On the other hand, at too high 
rotation speed the horizontal tangential flow becomes too 
strong. Then the injected bubbles can disperse only 
locally near the center of the flow and the bubble 
disintegration cannot proceed sufficiently. 

2) The distance from the vessel center to the 
impeller shaft or from the vortex center to the impeller 
should be large, so that the injected bubbles can travel far 
for wide dispersion in the bath. The position of the 
vortex center depends on the similar factors to the shear 
stress field. Again there exists the optimum impeller 
rotation speed. At a low impeller rotation speed, the 
macroscopic flow in the bath is weak and the injected 
bubbles cannot disperse widely in the bath. If the rotation 
speed is too high, a very large vortex is formed near the 
impeller. In this case, the bubble disintegrated near the 
impeller takes shortcut to the vortex and cannot travel far 
in the bath. 

It is demonstrated that under the present 
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experimental conditions, the bubble disintegration and 
wide dispersion in the bath can be achieved at an 
impeller rotation speed between 1.67 and 2.5 r/s. This 
rotation speed is almost the same as that in the KR 
method used for hot metal desulfurization and much 
lower than that in the aluminum refining process. Thus, 
the present eccentric mechanical stirring with 
unidirectional impeller rotation is suited to the gas 
injection refining operated at high temperatures, because 
the impeller rotation speed should be as low as possible. 

The fluid flow analysis of the eccentric mechanical 
stirring is required to design highly efficient gas injection 
refining processes. In particular, we need knowledge on 
the shear stress field around the impeller blades and the 
location of the vortex formation, which will be reported 
in a subsequent paper. 
 
5 Conclusions 
 

Water model experiments on gas injection were 
made using eccentric mechanical stirring for developing 
highly efficient gas injection refining processes. In the 
experiments, the impeller was set distant from the vessel 
center and rotated unidirectionally. Air was injected from 
a nozzle installed at the end of the impeller shaft or from 
an immersion lance, and bubble disintegration and 
dispersion in the bath were investigated. The following 
conclusions were obtained. 

1) In eccentric stirring, a vortex is formed distant 
from the impeller. The small bubbles disintegrated near 
the impeller move in the direction to the vortex keeping 
up with the macroscopic flow induced by the stirring. 
Thus, the small bubbles can disperse widely in the bath, 
the bath surface is not wavy and splash formation is 
reduced. 

2) Under the present experimental conditions, the 
shear stress field around the impeller is stronger at higher 
impeller rotation speed, so that the bubble disintegration 
proceeds more effectively. 

3) The vortex is more distant from the impeller at 
larger eccentricity and immersion depth of the impeller. 
In this case, the relative velocity between the impeller 
and the liquid surrounding the impeller becomes large, 
and makes the shear stress field strong. In addition, the 
radial liquid flow discharging from the space between the 
impeller blades and the circulating flow is strengthened. 
Consequently, the bubble disintegration and wide 
dispersion in the bath proceed, and mixing of the bath is 
intensified. 
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高效喷气精炼过程中的机械搅拌 
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摘  要：在喷气精炼过程中，气泡的分散和细化是提高精炼效率的必要条件。在水模型实验中应用了单向的偏心

搅拌模式来寻找最佳的气泡微细化条件。影响气泡微细化的因素有：搅拌模式、偏心度、搅拌转速、喷嘴结构、

喷嘴的浸入深度以及气体流量。气体的喷入方式包括两种，一是从搅拌桨下方的喷嘴中直接喷入，二是从一个位

于搅拌桨下方的弯管中喷入。在偏心搅拌模式下，漩涡远离了搅拌桨的轴心，小气泡产生于搅拌桨附近的强湍流

或高剪切应力场中，随着机械搅拌产生的宏观流向漩涡方向移动。因此，单向的偏心搅拌模式能促进气泡在溶池

内的细化和分散。 

关键词：喷气精炼；偏心搅拌；单向转动；气泡分散；气泡细化；宏观流 
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