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Introduction

MHD experiments in a large setup have been done to clarify the mechanism of the geo-dynamo. In order to simulate the phenomenon, huge Reynolds number and also huge magnetic Reynolds number should be realized in the setup. The magnetic Reynolds number is defined as Rem = µmσUD, where µm, σ, U and D are respectively, magnetic permeability, electric conductivity, characteristic velocity and characteristic length of the setup. Magnetic diffusivity is also defined as λ = 1/µmσ, and thus the magnetic Reynolds number becomes Rem = UD /λ. Even a huge experimental setup with several meters in the characteristic length, its magnetic Reynolds number is incomparably smaller than that of the earth. The possibility to increase the magnetic Reynolds number is in decreasing magnetic diffusivity, e.g. by using liquid with high magnetic permeability. Usual liquid metals using for the MHD experiment are sodium (Na), mercury (Hg) and gallium (Ga). The magnetic permeability becomes small by Na > Hg > Ga, however, order of these values are almost same. Moreover, using sodium, which has the largest magnetic permeability in these liquid metals, involves risk to react with water.

To solve this problem, we attempt to realize high magnetic permeability by using ferromagnetic particles. By mixing the ferromagnetic particle into the mercury, we may be able to increase the magnetic permeability dramatically. But we have to estimate this value to use it for the MHD experiment. In this study, we aim to establish the way to determine the magnetic permeability of unknown fluids by investigating spin-up of the fluid, and to verify its performance using well-known fluid. When the ferromagnetic fluid put into a uniform magnetic field, its kinematic viscosity may change. We also estimate the effective-kinematic viscosity of the ferromagnetic fluid under the uniform magnetic field.

Experimental setup and experiment

The illustration of the experimental setup is shown in Figure 1. The setup consists of a rotating open cylinder put in uniform magnetic field generated by a pair of Helmholtz coil, and measurement equipment. The cylinder is made of vinyl chloride and is rotated by a stepping motor via a belt. The inner diameter of the cylinder is 30 mm. The inner diameter of coil is 260 mm and the outer is 275 mm.

The distance of a pair of coils is 220 mm. Rotating speed is determined by a rev counter mounted on the axis of the rotation. Testing fluid, Galinstan (GaInSn), is poured in the cylinder with covering by water to prevent oxidation. A probe for a gauss meter is mounted at outside of the rotating cylinder perpendicular to the direction of the magnetic field. The rotating cylinder and the Helmholtz coils are covered by a magnetic shield made of stainless steel to reduce noise.

When the cylinder starts rotation, advection of the fluid changes the orientation of the uniform magnetic field B0. Different component of the magnetic field ∆B perpendicular to the uniform magnetic field appears and it depends on magnetic permeability µm, electric conductivity σ and rotating speed Ω, namely ∆B ~ µmσ Β0Ω. Magnetic diffusivity λ = 1/(µmσ ) can be determined by investigating the variation of the magnetic field for changing the rotation speed. The variation of the magnetic field detected by the gauss meter was recorded by an oscilloscope via an amplifier and a low-pass filter. 

Results and discussions

The magnetic field ∆B, which is induced by advection of the fluid in the rotating cylinder, gradually increases with spin-up of the fluid, and it has the maximum value when the fluid is fully spin-up. Forward rotation and reverse rotation of the cylinder were repeated and the maximum value of ∆B is obtained as a mean value of the maximum values obtained at the each rotation; to reduce a long period fluctuation of the magnetic field. Figure 2 shows the maximum value at each rotating speed. The magnetic filed linearly increases with respect to the rotating speed.

We attempt to determinate magnetic permeability by using the slope of the relational expression between the magnetic field and the rotating speed explained in the last section. This slope is expressed as Β0 /λ, B0 is uniform magnetic field. In this study B0 is 1.85 mG, so λ is calculated as 0.389 m 2 /s. The magnetic diffusivity of Galinstan is known as 0.361 m 2 /s. The magnetic diffusivity calculated by the experiment agrees with the exact value, and magnetic permeability of Galinstan is determined as 0.80 × 10 -6 H/m for σ = 3.46 × 10 6 S/m. 
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This equation can be transformed into logarithmic expression, max ( ) log 1
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where ∆Bmax is the maximal value of the magnetic field. The left-side part of the equation is defined as F(t). By fitting the obtained dataset, which is the temporal variation of the magnetic field just after the reverse rotation of the cylinder, to the equation (2), we obtains variations of F(t) at each rotating speed as shown in Figure 3; the horizontal axis is measurement time and the vertical axis is F(t). The black lines are linear approximated function. For the 0 10 20 30 40 
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Fig. 3 Dataset of the temporal variation of the magnetic field at each rotating speed and its fitting function lower rotating speed, two kinds of the slope exist. This is because turbulent flow due to the strong shear flow induced by reverse rotation of the cylinder and/or the momentum propagation from the bottom plate of the cylinder.

From the equation (2) τ is determined as the slope of F(t).

When two kinds of the slope exist, we selected the later one to calculate τ. Double logarithmic plot of τ (Ω) is shown in figure 4, where the black line represents the linear approximated function. Spin-up time in the present configuration is determined by the following equation (1)(2) ;
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In the logarithmic expression, it becomes

1 log( ) log( ) , 2 C τ Ω = - +
where C is constant number. According to this expression, the slope of log(Ω ) is -0.5 and the slope of experiment result is almost the same value. The effective-kinematic viscosity is determinate for each rotating speed, and the mean value of them becomes 2.21 mm 2 /s. This value is twice larger than the actual value, around 1 mm 2 /s. This difference may be caused by effects of Eckman layer and Stewartson layer, which are neglected in the equation (3).

Conclusions

We attempted to establish the method to measure the magnetic permeability and the effective-kinematic viscosity of unknown fluids by investigating spin-up of the fluid. Verification of the method has been done for Galinstan. Obtained results are reasonable and the applicability of the method has been confirmed. It is omitted here but the properties of mercury were also measured as reasonable values. Such other results will be presented at the conference. In the next step, we apply the established method for ferromagnetic fluid with changing amount of ferromagnetic particles.
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