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 The bubble evolution in the liquid titanium melt 
under vertical centrifugal field has been studied by 
the hydraulic experiment simulation. The bubble 
migration process in the simple and complex 
cavities, the bubble morphology, bubble 
dimensional size diversification under different 
mould rotational speed has been investigated. The 
results show that the mould wall has a blocking 
effect on the bubble migration. The bubble 
migration in the simple cavity deviates from the 
line between the bubble initial position and the 
rotation shaft of the casting mould. Also, the 
bubbles in the complex cavity gather, re-nucleate 
and form new big ones for the blocking effect of the 
complex geometry shape on the radial movement of 
the bubble. The shape of bubbles in both the simple 
and complex cavity during the migration process is 
not a perfect sphere, but an elliptical shape. The 
critical size of bubble released from the bubble 
generation chamber decreases with the increment 
of the mould rotational speed. The diameter of the 
gas bubbles in the simple cavity during the 
migration process become bigger and bigger for 
the pressure difference at different positions of the 
cavity in the vertical centrifugal field. 
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1 Introduction 
 
The titanium alloys are considered for high 
temperature applications for their properties, such 
as low density, high specific strength and stiffness, 
as well as good corrosion resistance at higher 
temperature [1-2]. It is the most effective measure to 
save energy for the aircraft by adopting the 
titanium alloys to replace the steel structures and the 
aluminum structures. The specific strength of 
titanium alloys is infinitely higher than that of the 
steel whose strength and density are high, and is 

also higher than that of the aluminum whose density 
is low with high strength [3]. In the F-22 
Raptor fighter jet, about 39% of the aircraft's 
structural weight is made of titanium alloys, and 
nearly 50% of its two wings are titanium alloys. 
Furthermore, about 7% of its total weight is made of 
titanium alloy castings by replacing the steel and the 
aluminum castings with the titanium alloy castings. 
It can finally obtain the weight-reduction of 600 kg 
which accounts for 40% of the total weight-
reduction of the flight [4-5]. It is thus obvious that it 
is a particularly effective way to reduce the weight 
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of the flight by extensive use of titanium alloys, and 
therefore improve the performance of the military 
aircraft. 
However, the melting temperature of titanium alloys 
is high, and the titanium alloy melts has quite high 
viscosity and very poor fluidity [6]. Therefore, it is 
rather difficult to improve the filling ability of the 
titanium alloy melts by increasing the pouring 
temperature. However, the filling ability of titanium 
alloy melts can be improved by the centrifugal force 
developed by the high-speed rotation during vertical 
centrifugal casting process [7-8]. For the high 
centrifugal force can reduce the filling time and the 
temperature decline degree of the melt, and hence 
improve the melt fluidity. Thus, most of the titanium 
alloy castings with big size and high performance 
are mainly produced by vertical centrifugal casting 
process [9-11]. In another aspect, the chemical 
activity of the titanium alloys are very high at high 
temperature, and the solubility of gases in molten 
titanium alloys are also high [12-13]. The gas 
dissolved in the titanium alloy melts may form gas 
bubble when the temperature of the melts drops. 
Theoretical computation of the shrinkage criterion 
for the titanium alloy is 1.86, which shows that the 
titanium alloys are prone to generate gas holes in the 
titanium alloy castings [14]. 
Researches have been done to study the bubble 
nucleation and migration in the titanium alloy melts 
during the vertical centrifugal casting process [15-
16]. However, little work has been done on the 

dimensional changes of the bubble during its 
migration in the titanium alloy melts. Therefore, the 
present paper will investigate the bubble migration 
and the dimensional changes in the titanium alloy 
melts during vertical centrifugal casting process by 
the hydraulic experiment. In addition, the effects of 
the mould rotational speed, the shape of the cavity, 
etc. have also been studied. 
 
2 Experimental procedure 
 
The schematic of the casting mould for hydraulic 
experiments is shown in Fig. 1. The casting mould 
is made from the three polymethyl methacrylate 
(PMMA) slices with thickness of 2 mm (shown in 
Fig. 2). The top slice and the bottom slice are joined 
as one body by the trichloromethane. This body will 
be fixed with the top slice by the small fixed holes. 
The casting mould consists of two different cavities, 
a simple cavity and a complex cavity. The two 
cavities are on the middle slice. In order to observe 
the bubble evolution in the cavities, the bubble 
generation chambers are preset on the bottom slice 
of the casting mould at the position 1 and position 2 
(shown in Fig. 1a)). The schematic of the bubble 
generation chamber is shown in Fig. 1b). The 
simulated liquid used in the experiment is water 
with certain amount of tackifier to make the 
viscosity of the simulated medium identical to that 
of the titanium alloy [17-18].  

  

   
Figure 1. The schematic of the polymethyl methacrylate casting mould a) the casting mould; b) the bubble 

generation chamber 
 

b) 

a) 
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Figure 2. A-A sectional profile in Fig. 1 a) 
 
Before the experiment has been carried out, a small 
piece of CaC2 particle is put into the dried bubble 
chamber and the chamber is tightly sealed. After that, 
the PMMA casting mold will be fixed on the 
centrifugal turntable by the four big fixed holes on the 
mould. When the centrifugal turntable is rotating at a 
certain stable rotating speed, the simulated medium 
will be poured into the rotating casting mold. At the 
meantime, the high speed camera which is preset 
obliquely upper the casting mould (shown in Fig. 2) 
will be started and the bubble moving process will be 
shot until the moving trajectory is steady. 
The bubbles were generated by the reaction between 
the small CaC2 particle and the water in the 
simulated liquid. The bubble migration process in 
the simulated liquid was taken by high speed digital 
camera, and the photographing frequency set as 
1000 frames per second. Four different casting 
mould rotational speeds (160, 300, 400 and 500 
rpm) were used in the experiment, and the casting 
mould rotates clockwise in the experiment. 
Additionally, the computational fluid dynamics 
software FLUENT 6.3 is introduced to calculate 
the velocity of the bubble in the melt during 
vertical centrifugal casting process. The two-
phase fluid model and the Multiple Reference 
Frames (MRF) method are proposed in the 
computation. When calculating, the casting 
mould walls follow no slip boundary condition. 
 
3 The bubble migration process 
 
Figures 3a) and 3b) show the hydraulic experiment 
result of the bubble migration in the simple mould 
cavity and the complex cavity when the casting 
mould rotates at 300 rpm. Figure 3a) shows that the 
bubble in the simple cavity move to the rotating 
shaft after it is released from the bubble generation 

chamber under the synthetic influence of buoyancy 
force (formed by the pressure difference during 
vertical centrifugal casting process), the centrifugal 
force and the coriolis force. After a period of time, 
the bubble migration contrail deviates from the line 
between the bubble initial position and the rotation 
shaft of the casting mould. Furthermore, the deviate 
direction is opposite to the rotation direction of the 
casting mould. That is the bubbles continue to 
migrate like a line parallel to the casting mould wall in 
the direction opposite to the rotating casting mould. 
On the other aspect, the bubble migration in the 
simple cavity can be divided into the radial movement 
forward to the casting rotating shaft and the 
circular movement opposite to the direction of the 
rotating mould. And the casting mold wall has a 
blocking effect on the circular movement of the bubble. 
Therefore, the ultimate migration trajectory of the 
bubble at position 1 in the simple cavity is like a line 
close to the casting mould wall. 
The bubble migration process in the complex cavity 
show that it is much complicated compared with the 
bubble migration process in the simple cavity. The 
bubble migration in the complex cavity can also be 
divided into the radial movement forward to the 
casting rotating shaft and the circular movement 
opposite to the direction of the rotating mould. The 
gas bubbles in the complex cavity first migrate 
along the casting mould wall in the opposite 
direction of the rotating casting mould. Then the 
bubbles gather at the white ellipse circle shown in 
Fig. 3b) because of the blocking effect of the casting 
mould on the radial movement of the bubble 
migration. After the gases reach a certain amount, 
they re-nucleate and form new bigger bubbles along 
the casting mould wall. The reformed bubbles 
continue to move toward the rotating shaft of the 
casting mould. 
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Figure 3. Hydraulic experiment result of bubble migration contrail a) in the simple cavity; b) in the complex 
cavity; c) detailed view of rectangle in Fig3a); d) velocity vector of the bubble 

 
In addition, the bubble morphology during its 
migration process under vertical centrifugal field is 
not a perfect sphere, but an elliptical shape (shown 
in Fig. 3c)). The bubble morphology can be 
explained by the pressure difference of bubble 

surface under vertical centrifugal field. The pressure 
of the surface that is further from the 
rotating shaft is bigger than that of the surface near 
the rotating shaft for the synthetic effect of the 
forces. Therefore, a jet flow is induced by the 

a) 

b) 

c) 

d) 
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pressure difference and the vortex sheet coming 
from the bubble surface (shown in Fig. 3d)).  The jet 
flow makes the bubble surface near the rotation 
shaft migrate slower than the rest parts of gas 
bubble. Therefore, the bubble surface further from 
the rotating shaft sinks and its geometry shape 
converts from the original round circle to an 
elliptical shape. 
 
4 The dimensional size of the bubble 
 
4.1 Critical size of the bubble released from the 

generation chamber 
 
During the hydraulic model experiment, the CaC2 
particles in the bubble generation chamber react 
vigorously with water in the simulated liquid when 
the liquid is poured into the casting mould and flow 
into the bubble generation chamber which is preset 
on the casting mould. Then a large number of CO2 
gases generate, gather and nucleate in the generation 
chamber. The nucleation keeps growing up as gases 
in the generation chamber continue to diffuse into 
the nucleation core. When the bubble nucleation 
grows up to a certain critical size, the bubble will 
escape from the bubble generation chamber and 
enter into the simulated liquid in the casting mould. 
New bubble nucleation will form, grow up and 
escape from the bubble generation chamber until the 
CaC2 particles in bubble generation chamber 
reaction finished.  
The gas bubbles that escaped from the bubble 
generation chamber will continue to migrate in the 
simulated liquid with trajectory shown in Fig. 3 
which has been stated in section 3.  The critical size 
of bubble escaping from the bubble generation 
chamber will be discussed. As has been stated, the 
bubble morphology during vertical centrifugal field 
is in an elliptical shape, the bubble size will be 
quantified by the image analysis. The size is the 
average of the testing values of repeated 
measurements. Thus, the bubble can be  considered 
as a ball-like sphere. 
The critical size of the bubble escaping from the 
bubble generation chamber under different casting 
mould rotational speed is shown in Fig. 4. The 
results show that the critical size of the bubble 
escaping from the bubble generation chamber under 
160 rpm is 2.26 mm.  The critical size of the bubble 
under 300 rpm is sharply reduced to about 1.4 mm.  
The critical size of the bubble under 400 rpm and 
500 rpm is 1.19 mm and 0.92 mm, respectively. The 
critical size of the gas bubble escaping from the 

bubble generation chamber decreases with the 
increment of the casting mould rotational speed. 
This can be attributed to the pressure difference 
under different mould rotational speed. 
 

 
 

Figure 4. Bubble diameters under different mould 
rotational speed 

 
The gas bubble generated in the chamber is 
considered as the ideal gas and the bubble is ball-
like when escaped. Here, the gas in the bubble can 
be expressed by the Clapeyron equation. Thus, the 
diameter of the ball-like gas bubble escaping from 
the bubble generation chamber can be expressed by 
the following equation [19], 
 

3 6 Rn Td Pπ=  (1) 

 
where P is the pressure of gas bubble (Pa), n is the 
molecular weight of gas in a bubble (mol), T is the 
temperature of gas bubble (K), R is the molar gas 
constant, 8.314 J/ (mol·K). 
Therefore, the diameter of the gas bubble 
is inversely proportional to the pressure of the gas 

bubble 
3 P . The centrifugal pressure of the gas 

bubble in the titanium alloy melt in vertical 
centrifugal field P is [20], 
 

( )2 2 2
0

1
2

P r rρω= −  (2) 

 
where ρ is the density of the titanium alloy melt 
(kg/m2), r0 is the distance from the free surface of 
the titanium alloy melt to the rotating shaft, r is the 
distance from the position of the gas bubble to the 
rotating shaft. 
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According to equation (2), the centrifugal pressure 
of gas bubble in the titanium alloy melt will increase 
with the increment of the casting mould rotational 
speed. Therefore, we can know that the diameter of 
the gas bubble will decrease with the increment of 
the casting mould rotational speed when the gas 
bubbles release from the chamber. 
 
4.2 Dimensional size diversification of the bubble 

during the migration process 
 
Figure 5 is the dimensional size diversification of 
the bubble during its migration process to the 
rotating shaft when the casting mould rotates at 150 
rpm. Results show that the dimensional size of the 
bubble increases with its migration process to the 
rotating shaft in the vertical centrifugal field. During 
the bubble migration process to the rotating shaft in 
the simple geometry cavity, the distance from the 
position of the bubble to the rotating shaft will 
decrease with its migration to the rotating shaft. 
Thus, according to the equation (2), the centrifugal 
pressure of the gas bubble will become smaller and 
smaller during its migration to the rotating shaft. 
Therefore, according to equation (1), the gas 

bubbles become much bigger during its migration to 
the rotating shaft than when it just released from the 
bubble generation chamber. 
The bubble migration process in the complex 
geometry cavity shows that the gas bubbles will 
gather for the blocking effect of the casting wall on 
the radial movement.  Then they will re-nucleate 
and form new bigger bubbles along the casting 
mould wall. On the other aspect, the number of the 
re-formed bubbles becomes less and the volume of 
the re-formed bubbles becomes much bigger than 
that escape from bubble generation chamber.  
Figures 6a) and 6b) show the bubble migration 
process in the complex mould cavity when the 
casting mould rotates clockwise at 300 rpm and 
400 rpm. From Fig. 6 we can see that when the 
mould rotational speed increased from 300 rpm to 
400 rpm, the number of the re-formed bubbles 
becomes less and the volume of the re-formed gas 
bubbles becomes smaller. Thus, we can know that 
the number of the re-formed bubbles decreases with 
the increment of mould rotational speed.  The 
dimensional size of the re-formed bubbles decreases 
with the increment of mould rotational speed, too. 

 

 
 

Figure 5. Dimensional size diversification of the bubble at 300 rpm in the simple cavity (clockwise) 
 



22 Q. Xu, X. Wang, S. Wu: Bubble evolution in the titanium… 
________________________________________________________________________________________________________________________ 

 
 

Figure 6. Migration trajectory of the bubble in complex cavity (clockwise) a) 300 rpm; b) 400 rpm 
 
5 Conclusion  
 
(1) The bubble migration process can be divided 
into the radial movement forward to the casting 
rotating shaft and the circular movement opposite to 
the direction of the rotating mould. The casting 
mould wall has a blocking effect on the movement 
in different mould cavities. 
(2) The critical size of gas bubbles escaping from 
the bubble generation chamber decreases with the 
increment of the casting mould rotational speed. The 
size of the gas bubbles decreases with the increment 
of the casting mould rotational speed when the gas 
bubbles release from the chamber. The bubbles 
become smaller during its migration to the rotating 
shaft. 
(3) The morphology of the gas bubble in both the 
simple and complex cavity during its migration 
process is not a perfect sphere, but an elliptical 
shape. 
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