Zuo-Sheng Lei 
  
Song-Bao Wang 
  
Yong-Chao Shi 
  
Jia-Hong Guo 
  
Coarsening Research of 2D Ferro-Foam under Magnetic Gravity Compensation

Keywords: coarsening, ferro-foam, magnetic gravity compensation

Coarsening process, concerning the bubble growth rules, was studied in the 2D ferro-foam system under both normal gravity and magnetic gravity compensation conditions. Here, the 2D ferro-foam was produced by continuously blowing bubbles into the ferro-fluid filled in a closed Hele-Shaw cell. Afterwards, we placed the prepared ferro-foam in center of the Helmholtz-Maxwell coils, which can generate a uniform magnetic gradient field acting on the ferro-fluid, so as to compensate the gravity. The evolutionary dynamics of coarsening was recorded in four hours by a digital camera using the time-lapse function, and the coarsening data was extracted from the Image-Pro Plus program. The results show that on both conditions, the law of coarsening confirms with the Von Neumann's, while the magnetic gravity compensation was applied, the dynamics process was suppressed according to the external magnetic field.

Introduction

Foam coarsening process, which involves the transport of gas between bubbles of different sizes, leading to the area change of polyhedral bubbles with time, has posed significant issues for both fundamental research and practical applications [1][2][3] . At present, the study of foam coarsening dynamics is mainly divided into two aspects [4][START_REF] Weaire | proceedings of the Materials Science Forum[END_REF][START_REF] Glazier | [END_REF] : the coarsening dynamics involves in the continuous evolution of the bubble structure, so the analysis of the topological dynamics acts as the first primary research content; on the other hand, in the process of gas transport, how to quantitatively describe the area change of polyhedral bubbles is another major research. But on the normal earth conditions, foam coarsening is frequently coupled to foam drainage, which is mainly driven by gravity, and the coupling is not easy to account for [7] . Meanwhile, gravity also plays an important role in the formation of foam and its subsequent evolutionary dynamics. So microgravity conditions are therefore ideal to study the coarsening process. However, the opportunities of experiments in space are rare and their waiting time is often very long. For this reason, Magnetic Gravity Compensation [8,9] , as a replacement way to achieve reduced or even micro gravity condition by imposing a magnetic volume force directly anti-parallel to the gravity, makes it possible to perform ground-based experiments under simulated reduced or microgravity in a long term with reasonable cost. In this paper, we develop an apparatus made of two pairs of Helmholtz-Maxwell coils, which can generate a uniform magnetic gradient field for ferro-fluid filled in a closed Hele-Shaw cell, so as to produce a uniform magnetic volume force to compensate the gravity. First, we analyze the distribution of magnetic field and the gravity level of ferro-fluid experimentally. The numerical simulation was shown in our previous work [START_REF] Zuo-Sheng | The 7th International Conference on Electromagnetic Processing of Materials[END_REF][START_REF] Yong-Chao | proceedings of the Advanced Materials Research[END_REF] . Whereafter, the coarsening process of 2D ferro-foam was recorded on both normal gravity and magnetic gravity compensation conditions respectively.

Experiment apparatus

Here, the magnetic gravity compensation was realized by combining the two pairs of Helmholtz-Maxwell coils and ferro-fluid. The specifications of the coil system is illustrated in Table 1. The configuration of the Helmholtz-Maxwell coil system is shown in Fig 1.

Table 1 The configuration of the magnetic compensation apparatus is illustrated in Fig. 1. The outer pair is Helmholtz coil, which consists of two identical circular magnetic coils that are placed symmetrically one on each side of the experimental area along a common axis, and separated by a distance h equals to the radius R of the coil. While the space of inner pair satisfies h = 3 R, thus form a Maxwell coil. Once the appropriate current was putted into the coil separately, we can get a uniform magnetic gradient field ( B  ) in the centre area of the coil system. As shown in Fig. 2, we measure the average gradient of magnetic field along vertical direction in the centre area of the coil system, the results indicate that field distribution is linear along the vertical direction, and uniform in the centre area. Subsequently, by calculating the gravity compensation level of magnetic fluid, we found that a uniform gravity compensation region existing in the centre of the external coils. The gravity level was defined by the ratio of effective gravitational acceleration (g eff = g + F m /ρ) and normal acceleration(g eff /g). And the gravity could be totally compensated while the current in Maxwell coil reached a specific value(93A). Details of the effective gravity in ferrofluid was shown in Fig. 3. Fig. 2: The average gradient of center magnetic field Fig. 3: The effective gravity level of ferro-fluid Afterwards, the Hele-Shaw cell, with internal dimensions 60×100×1mm, was placed perpendicular to the external field in centre area of the coil system. The ferro-fluid, which is a colloidal suspension of nanoscale ferromagnetic grains, is filled into the cell. And 2D ferro-foam was generated by blowing gas into the cell continuously. Then, by keeping track of the coarsening dynamics process in two dimensional foam for four hours, we analyse two fundamental dynamics mechanism, which refers to the topological evolution and bubble growth rules. First, there is the neighbor-switching process shown in Fig. 4 (a)(b) and Fig. 5 (a)(b), which we shall call a T1 process. It can be pictured as taking place as an edge shrinks to zero, to be replaced by another one in such a way that the connections to vertices are rearranged. This, incidentally, justifies the statement that only vertices with z = 3 (in 2D) are topologically stable. Secondly, faces (2D cells) may vanish-the T2 process of Fig. 4(c)(d) and Fig. 5 (c)(d). We confine this to the vanishing of a three-sided cell as shown. (A cell with more than three sides can vanish through a series of T1 processes to make it three-sided, followed by a T2 process.) Fig. 6: Generalized von Neumann's laws in ferro-foam (a):normal gravity; (b):magnetic gravity compensation Meanwhile, as shown in Fig. 6, on both normal gravity and magnetic gravity compensation conditions, the 2D bubble growth rule conforms well to the Von Neumann's Law [START_REF] Neumann | Metal interfaces[END_REF] : Where  is the surface tension coefficient,  is a constant referring to permeability of the gas in bubbles.

  6 3 n dA = n dt    (1) 
The Von Neumann's Law assumed that the gas was incompressible, so the rate of area transfer across a wall between two bubbles is simply proportional to the product of the wall area and the pressure difference between the bubbles. As we can see in Fig. 6, the slope of bubble growth curves was decreased from 0.039 to 0.011 while the magnetic gravity compensation was applied. It indicates that the gas transmission between neighbouring bubbles was restrained under magnetic gravity compensation, this is due to the properties of liquid membrane was changed with the external magnetic field, as a consequence of making the foam itself more stable [START_REF] Elias | Foams and Emulsions[END_REF][START_REF] Sudo | [END_REF] .

Conclusions

By measuring the distribution of magnetic field in Helmholtz-Maxwell coil system and the gravity level of ferro-fluid in external magnetic field, we realized the simulated micro-gravity in normal earth conditions in a long term with reasonable cost. Meanwhile, the coarsening process was proceeded in 2D ferro-foam under both normal gravity and magnetic gravity compensation. The results show that the 2D bubble growth rule conforms well to the Von Neumann's Law on both conditions. But the gas transmission between neighbouring bubbles was restrained under the latter situation.
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 1 Fig.1: Helmholtz-Maxwell coil system

Fig. 4 :Fig. 5 :

 45 Fig.4: Structural evolution of ferro-fluid in normal gravity condition

  Where R is the radius of each coil, N is the number of turns per coil, H is the height of each coil.

			Specifications of the coil system		
		Helmholtz Coils		Maxwell Coils	
	R H [mm]	N H	H H [mm]	R M [mm]	N M	H M [mm]
	210	140	210	100	140	173.2
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