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Abstract

The main objective of this work is to study the effect of rotating magnetic field (RMF) on
the hydrodynamic conditions in the mixed liquid. The dimensional analysis of Navier-Stokes
equations including the Lorenz force allows describing the analyzed process by using the
relationships basing on the dimensionless numbers. The comparison between the obtained
results and the experimental investigations is carried out. It was found a strong correlation
between the velocity field and the magnetic induction or electrical conductivity of fluid.
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Streszczenie

Gléwnym celem pracy byto zbadanie wpltywu wirujacego pola magnetycznego na warun-
ki hydrodynamiczne panujace mieszalniku. Przeprowadzono analiz¢ wymiarowa réwnania
Naviera-Stokesa, wiaczajac sity Lorenza. Na podstawie wyprowadzonych zalezno$ci wyzna-
czono obwodowa predkosé cieczy poddanej wptywom wirujacego pola magnetycznego. Uzy-
skane warto$ci potwierdzono doswiadczalnie. Wyniki przedstawiono w postaci map predkosci.
Stwierdzono silng zalezno$¢ pomiedzy wartosciami predkosci a indukcja magnetyczng i prze-
wodnoscia elektryczna ptynu
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1. Introduction

The design, scale-up and optimization of industrial processes conducted in agitated
systems require, among other, precise knowledge of the hydrodynamics, mass and
heat transfer parameters and reaction kinetics. One of the key aspects in the dynamic
behavior of the mass-transfer and heat-transfer processes is the role of hydrodynamics.
On a macroscopic scale, the improvement of hydrodynamic conditions can be achieved
by using various techniques of mixing, vibration, rotation, pulsation and oscillation
in addition to other techniques like the use of fluidization, turbulence promotes or magnetic
and electric fields etc.

One of the parameters characterizing the mixing process is the mixing efficiency.
This parameter determines the amount of energy which is needed to achieve intended
technological objective. The rotating magnetic field (RMF) is a versatile option for
enhancing several physical and chemical processes. Studies over the recent decades were
focused on application of magnetic field (MF) in different areas of chemical engineering
and biotechnology [1]. Static, rotating or alternating MFs might be used to augment the
process intensity instead of mechanically mixing. The practical applications of MFs are
presented in the relevant literature [2—7].

Recently, TRMF are widely used to control different processes in the various engineering
operations [8—12]. This kind of magnetic field induces a time-averaged azimuthal force,
which drives the flow of the electrical conducting fluid in circumferential direction.
According to available in technical literature, the mass-transfer during the solid dissolution
to the surrounding liquid under the action of TRMF has been deliberated [13, 14].

The mixing process of liquids is often realized in the mixing tank or stirred vessel.
The efficiency of the mixing process is assessed by means of the mechanical characteristics
such as power consumption of agitator or mixing time. Static or rotating magnetic field might
be used to augment the process intensity instead of mechanical mixing. One of advantages
of the RMF is the possibility to apply them to generation and control of the hydrodynamic
states for the magnetic particle disperse systems.

The objective of this study is to evaluate the hydrodynamic conditions in the mixing
process that is induced under the action of the RMF. It is decided that in the present report,
the influence of the RMF on the mixing process is described by using the non-dimensional
parameters formulated on the base of fluid mechanics equations. Based on these relations,
the fluid velocity under the action of the RMF was determined.

2. Theoretical background

The interaction of the applied magnetic field with the liquid may be described by
means of the Navier-Stokes equation of motion. The flow under the action of the RMF
may be determined by including the Lorentz force to this relation. The non-dimensional for
of the above equation may be presented in the following form [15]:
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where:
E — electric field intensity [mkgA's3],
F — force [N],
H — magnetic field intensity [A m™'],
P — hydrostatic pressure [Pa],
w — velocity [ms™],
w, — fluid velocity [ms™],
n, — dynamic viscosity coefficient of fluid [Pas],
Mot, dynamic rotational viscosity coefficient of fluid [Pas],
W, — magnetic permeability [kgmA2s?],
P, — fluid density [kgm],
o, — conductivity [A%s’kg'm™],
T — time [s].
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where:
! - linear dimension [m],
B, — axial magnetic field induction [T],
g — gravity acceleration [ms],
v, - kinematic viscosity coefficient of fluid [m?s™!],
e, — electric permeability [A’s*kg 'm].
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where the velocity, w_, may be interpreted as the liquid velocity under the action
of the RMF.
The alternative form of equation which determines the fluid velocity induced by RMF

formulated on the basis of Re Eu complex is:
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It should be noticed that the liquid velocity may be defined as follows:
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In the equation (5) replacing the characteristic velocity of the fluid by the maximum

peripheral velocity (w[z,0 E([W(P]max)z), and expressing the velocity of the fluid by

the product of the angular velocity of RMF and linear dimension (w,, = ®wpyml),

we obtained the equation which defines the maximum velocity of fluid:
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where:
®,, — angular velocity of rotating magnetic field [rad s™'].
The above equation (6) may be expressed as follows:

Ww(f*’ce’P’R*sH*):Bp(f*,ce,R*,H*)R*\/@ [?} (7)

where:
f — frequency of power supply [s7'],
R — radius [m],
H — height [m],
Bp — tranversal magnetic field induction [T].

3. Experimental details

The experimental investigations were carried out using the apparatus, whose scheme
are shown in Figure 1. The RMF was created by the generator of magnetic field (1). As the
generator of magnetic field the stator from the squirrel-cage type motor was used. A three-
-phase alternating current flows by the windings of the stator. Inside the generator was a glass
container (2), which is filled with the test fluid. Measurements of the magnetic induction were
carried out using the magnetic field sensor Asonic SMS-102 — 3 type, which was connected
to the computer. The measurements points were located in a container, along the height
of the active part of the windings of magnetic field generator and along the radius also.
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Fig. 1. Experimental apparatus: 1 — cooling jacket, 2 — generator of rotating magnetic field,
3 — glass container, 4 — Hall probes, 5 — magnetic field sensor, 6 — a.c. transistorized
inverter, 7 — electronic control box, 8 — personal computer
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The scheme of location of the measurements points is shown in Figure 2. This arrangement
of measurement points enabled to read the values of the magnetic induction in the whole
volume of the mixed liquid. The measurements carried out for the frequency of the generator
in the range 1-50 Hz.
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Fig. 2. Distribution measurement points of magnetic induction located on a plane that
coincides with the axial section of the stator

It should be noticed that in the present report the tap water (p = 998.2 [kg m™],
c, = 0.05 [S m']), aqueous solution of NaCl 1 wt% (p = 1005 [kg m”], 6, = 17.6 [S m'])
and aqueous solution of NaCl 26 wt% (p = 1200 [kg m™], 6, = 21.56 [S m™']) were used
as the working liquids.

4. Results and discussion

Based on the results of the measurements of magnetic induction in the RMF generator
with number of pair poles per phase winding, p, equal to 2, the two-dimensional maps
of magnetic induction were plotted. The typical examples of the magnetic induction
patterns are shown in Figure 3.

Based on the results of the measurements it was found that magnetic induction at
the top and bottom part of the windings was characterized by much lower values than
in the central part of the windings, which is called an active part. This is due to dissipation
and suppression of the rotating magnetic field. Additionally two-dimensional axial
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0

Fig. 3. The spatial distribution of the magnetic field in the cross section of the RMF generator
for the frequency: a) f'=25 Hz, b) f=50 Hz

symmetry of the distribution magnetic induction was observed, and it allows to simplify
the analytical description.

It should be noticed that the obtained form of the equation (7) can be used to determine
the analytical description of the liquid velocity fields under the action of the RMF.
The magnetic induction is dependent on the operating conditions [15]:

B, (f" G RV H™) = {[Bp Loy (f )} %
p(f*,0,) ®)

X * * * 2] * s " 5 [mT]
{1+[p2(f 969)R _p3(f ’Ge)] }{1+[p4(f ’GQ)H _pS(f 569)] }
Substituting equation (8) into equation (7) we have immediately:
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where the coefficients pl(f*ﬂce)ﬂ pZ(f*ﬂce)’ p3(f*’ce)7 p4(f*9ce)’ pS(f*ﬂce) arc
given by the following:
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2(f*,6,)=1.1031+0.04555, —0.96411* —0.0017c> +2.3134 f*
p,(f*,0,)=5.5113+0.0078c, — 6.4912 /* —0.00065> +5.0333 1
py(f*,0,)=5.9758+0.0341c, —6,8426 1 —0.001752 +6.0443 1 (10)
Pa(f*,0,)=2,2286-0.0051c, —1,7925 f* +0.0001c> + 2.3483 >
ps(f*,0,)=1.1143-0.00260, —0.8962 f* +6.6202x 10> +1.2416 1*

In the above relationship (9) the parameter {[Bp],..(f")} is the measured maximal
value of the magnetic induction. These values were reported at the point (R* = 1; H* = 0.5)
inside the RMF generator.

Figure 4 shows the two-dimensional velocity field patterns. It was observed that
the velocity fields are strongly dependent on the electrical conductivity of the fluid and
the magnetic induction. Furthermore, the velocity distributions are similar to the distribution
of magnetic induction (Fig. 3). It can be concluded that both the fluid velocity and magnetic
induction reaches the maximum and minimum values at the same points in the container.

In Figures 5 and 6 the profiles of fluid velocity along the non-dimensional radius and
along the dimensionless height of the system are presented. As follows from the analysis
of the obtained data, the values of liquid velocity increase with increasing electrical
conductivity of the fluid. Based on the Figure 5 it was found that the velocity decreases with
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Fig. 5. Velocity profiles along the dimensionless radius at different heights of the system:
a) tap water, b) 1 wt%NaCl, c¢) 26 wt%NaCl
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Fig. 6. Velocity profiles along the dimensionless height for different radial distances:
a) tap water, b) 1 wt% NacCl, c) 26 wt%NaCl

increase distance from the wall of the glass container. In the case of profiles along the height
of the beaker (see Fig. 6) velocity of the liquid reached the maximum values at the mid-
-height of the container. Moreover, these values increase with the increasing distance from
the axis of the beaker.

When analyzing the liquid velocity under the action of RMF in the non-uniform
magnetic field it is important to determine the representative value of this type of a field.
Namely, the averaged value of the liquid velocity may be calculated by integrating the
spatial distribution of the liquid velocity. The averaged value of the liquid velocity may be
expressed as follows:

<w(p>£.;:c§§;sme:mmt=l{ = jj{w (f*.0,.p. R H ) dR'dH" [m-s'] (1)

The calculated values of the averaged liquid velocity under the action of the RMF
are graphically presented in Fig. 7.

0.0020 pP————T——T—T1 T —
O tapwater )
O 1 wt% NaCl
A 10 wt% NaCl
0.0015 H §7 26 wt% NaCl
e 2PProximation v
v AV} y{ﬂ
£ 0.0010
A .
39
\%

0.00 0.25 0.50 0.75 1.0
f*
Fig. 7. The typical example of the obtained values of the averaged liquid velocity
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The effect of the RMF on the averaged liquid velocity may be described by means
of the following relationship:

<w¢,( f*,ce)> = (0.000356%*) £* +(2:10°56%%)  [m-s™] (12)

The graph clearly shows that this velocity is not constant for the normalized frequency
of the RMF. Fig. 7 demonstrates that, within the scatter limits among the plotted data
represented by the points, the averaged liquid velocity increases with increasing the MF
intensity.

5. Conclusions

Experimental research and theoretical analysis of the mixing process induced by the
rotating magnetic field were performed. An equation to determine the peripheral velocity
of the liquid under the influence of a rotating magnetic field was proposed. Based on the
results of calculations it was found that:

— there is a strong correlation between the distribution of the velocity field and the magnetic
induction or electrical conductivity of fluid,

— the obtained velocity field are qualitatively similar to the distribution of the magnetic
induction,

— the highest velocities occur in the middle-height of the generator of rotating magnetic field
at the wall and decreases radially and axially with increase the distance from the wall,

— in the axis of the rotating magnetic field generator the value of velocity was close to 0.

This work was supported by the Polish Ministry of Science and Higher Education from sources for
science in the years 2012—-2015 under Inventus Plus project.
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