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Abstract

The mass transfer process is the subject of many experimental studies in chemical
engineering and also one of the most commonly used processes. Unfortunately, the
mechanism of this process is still not fully understood, especially when nonstandard
methods of intensification of mass transfer are used. In this investigation, the use of
an alternating magnetic field action (AMFs) causing mass transfer was taking into
consideration. As a result of the flow of electrically conductive fluid near the
alternating magnetic field, electromagnetic forces can be generated within the liquid.
These forces arise as a result of interaction between the magnetic field and the electric
current. They are responsible for the rotation and consequently cause movement of
the fluid on which they act. Therefore, there is the possibility of using these properties
in the construction of a nonintrusive mixing stirrer.

The aim of this study is to determine the mixing time, the power consumption and
the mixing efficiency in the mass transfer process that is induced under the action of
RMF. The present study compared the mass transfer coefficient of two reactor types:
RMF mixer and stirred tank reactor.

Keywords: Rotating magnetic field, mixing energy, mass transfer

1. Introduction

The mass transfer process is the subject of many experimental studies in chemical engineering
and also one of the most commonly used processes. Unfortunately, the mechanism of this
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process is still not fully understood, especially when nonstandard methods of intensification
of mass transfer are used. In this investigation, the use of an alternating magnetic field action
(AMFs) causing mass transfer was taken into consideration. In many industries, static magnetic
fields (MSSF) are mainly used as magnetic separators or electromagnetic brakes, while
transverse rotating magnetic fields (TRMFs) are used in asynchronous electric motors or as an
electromagnetic stirrer. As a result of the flow of electrically conductive fluid near the alter‐
nating magnetic field, electromagnetic forces can be generated within the liquid. These forces
arise as a result of interaction between the magnetic field and the electric current, and they are
called Lorentz or Laplace forces. They are responsible for the rotation and consequently cause
movement of the fluid on which they act. Therefore, there is the possibility of using these
properties in the construction of a nonintrusive mixing stirrer. The use of rotating magnetic
field (RMF) acting on the conductive fluid is mainly used in the crystallization process and
other processes in chemical engineering.

The application of the TRMF in chemical engineering processes has many advantages. Instead
of using a mechanical mixer to increase the process intensity, it is possible the use static or
rotating magnetic field (RMF). Generally, it is known that small particles having magnetic
properties are arranged along the magnetic field lines and that they are also moving with
movement of the magnetic field. The use of TRMF creates the possibility of using these particles
and also controlling the hydrodynamic state of the magnetodispersion. Magnetic particles in
the system, which are subjected to the influence of magnetic field, will behave as active
microstirrers. Usually, the mixing process is carried out in the mixing tank or stirred vessel.
The process performance can be evaluated on the basis of energy consumption and mixing
time. However, when choosing the proper mixing equipment, the mixing time and energy of
the system should not be considered separately. The minimum value of the mixing energy
determines the optimum process conditions. Therefore, it is desirable to know value of the
mixing energy during the design of the mixing device.

The aim of this study are to determine the mixing time, the power consumption and the mixing
efficiency in the mass transfer process (dissolution of NaCl-cylindrical sample) that is induced
under the action of RMF. The present study compared the mass transfer coefficient of two
reactor types: RMF mixer and stirred tank reactor (STR) equipped with Rushton turbine. It is
decided that in the present report, the influence of the mixing system consisting of the RMF
generator or the mechanical stirrer on the mass transfer process is described by applying the
nondimensional parameters, like Sherwood, Schmidt, and Reynolds numbers, and mixing
energy. Mixing energy was calculated as a product of the mixing time and power input to the
mixing liquid. These dimensionless numbers allow quantitative representation and charac‐
terization of the influence of the hydrodynamics state under the various hydrodynamic
conditions on the mass transfer rate. The dimensionless groups are used to establish the effect
of the various types of the mixing process on this operation in the form of the dimensionless
correlation. Moreover, the comparison of the amount of energy input to reach the same mass
transfer rate with two different devices (RMF mixer and STR) is discussed.
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2. Theoretical background

There is one way of looking at the intensity of the external mass transfer, namely, the criterion
of Sherwood, Sh. The physical meaning of the dimensionless Sherwood number lies in relating
the actual flow of the component from boundary layer to the transverse flow in the stationary
liquid layer with characteristic L dimension in accordance with concentration difference of this
component. A relationship for the mass transfer process under convective conditions, based
on the analogy to the heat transfer process, may be expected as a relationship between three
dimensionless numbers, as follows [1]:

( ),Sh f Re Sc= (1)

where

Sh =
(β)V ds

2

ρD  —dimensionless Sherwood number;

Sc =
v
D  —dimensionless Schmidt number;

Re =
w l ρ

η  —dimensionless Reynolds number.

In Eq. (1), a major role in mass transport has the following dimensionless numbers: Sherwood
and Schmidt numbers. The first one (Sherwood number) describes the ratio of convective to
diffusive mass transport [2], while the second one (Schmidt number) indicates physical
parameters important for the analyzed setup. Furthermore, the Schmidt number is also the
measure of the mass and momentum transport relative effectiveness by diffusion. In the basic
Eq. (1), except the Sherwood and Schmidt numbers, additionally the Reynolds number can be
found. The Reynolds number represents the ratio of convective to viscous momentum
transport. The value of the Reynolds number determines the existence of laminar or turbulent
regime of fluid flow. For small values of the Reynolds number, viscous forces are sufficiently
large relative to inertia forces, and we have laminar flow. With increasing values of the
Reynolds number, viscous effects become progressively less important relative to inertia
effects, and we have turbulent flow.

It is clear that Eq. (1) in present form cannot be practical use. First, it must be rendered
quantitative. It can be achieved by assuming that the functional relation is in the following
form [3,4]:

b cSh aRe Sc= (2)

This is commonly known that the coefficient of the mass transfer process can be calculated
using three dimensionless groups: Sherwood, Reynolds, and Schmidt numbers. Using Eq. (2),
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it is possible to combine a lot of data obtained from experimental measurements for many
different operations. The a, b, and c coefficients of Eq. (2) are determined experimentally on
the basis of the results of the measurements. Under forced convection conditions, this rela‐
tionship can be presented in the form of [5]

0.5 0.33Sh Re Scµ (3)

The exponent upon of the Schmidt number is to be 0.33 [6–10] as there is some theoreti‐
cal and experimental evidence for this value [11], although reported values vary from 0.56
[12] to 1.13 [13].

It should be also noted that for the mass transfer process under natural convection conditions,
i.e., then, when the Reynolds number is unimportant, the general expression for the mass
transfer has the following form:

( ),Sh f Gr Sc= (4)

However, in the presented report, the mass transfer process proceeds under convective
conditions; therefore, it is described by means of the following relationships:

( )

( ) ( ) ( )2
2
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For the stirred vessel equipped with the RMF generato
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(5)

The above dimensionless groups were calculated with the psychical properties of the tested
fluid in the temperature 20°C. In this paper, we present results of the mass transfer process
using similar dimensionless groups. In this case, the relationship between Sherwood number
and two other numbers, which inform about hydrodynamic conditions in the system, Reynolds
and Schmidt numbers, was slightly modified. The Reynolds numbers for the process realized
with using the STR or RMF were defined by the following equations, respectively:

2
m

STR
l

ndRe
n

= (6)

max con
RMF

l

w D
Re f

n
= (7)
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where

max

-1
max ,  m sRMF e

con
l

w B Df

w s
r

= × (8)

In order to establish the effect of the hydrodynamic conditions on the mass transfer process in
the tested experimental setups, we propose the following relationship:

b
c

Sh aRe
Sc

= (9)

The effect of mass transfer process can be described by using the variable ShSc-c proportional
to the term aReb.

One of the parameters that describe the mixing process is the mixing time. This parameter
determines the time needed to obtain required level of the mixture homogeneity. Therefore,
the mixing time is a contractual value and depends on the mixture homogeneity definition.
The homogenization time is often describe with a nondimensional module, defined as a
required rotational impeller speed to obtain expected value of the mixing system homogeneity.
Mixing time can be expressed as follows:

0
2
0

mix

l
t u

Q = (10)

To measure the level of the mixture homogeneity, the techniques based on put the system out
of equilibrium are frequently used. Afterward, the time in which system returns to the
equilibrium state is measured. Usually, one of the two techniques is used: a method that relies
on the conductivity measurements [14–17] or thermal method [18,19]. Both of them are
characterized by easy conduct of the experiment, and there are also relatively cheap. The
conductometric method is based on adding to the system impulse influencing the change in
the electrical conductivity of the mixed liquor. The second method is based on adding to the
system signal in the form of the hot liquid. In this work, the thermal method of put the system
out of equilibrium was used.

Another important parameter that determines the system cost of the process is the power
consumption. This parameter can be used as a measure of energy consumption in the process.
Power consumption for the mixing process can be calculated on the basis of the relationship
between dimensionless number [20,21] as follows:

( )Ne f Re= (11)
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where Newton number is defined as

0
2 5
0 0 0

PNe
n l r

= (12)

In the case of using a mechanical stirrer, n is defined as a frequency of rotation of the agitator,
and a linear dimension, l0, is substituted as a diameter of the stirrer, dm.

In the case of influence, the rotating magnetic field n is defined as an angular velocity of the
liquid, which is under the action of the RMF in the container, n = ΩlDcon. The magnetic Newton
number, Nem, is describe as

( )
0
3 5m

l con con l

PNe
D D r

=
W

(13)

Where

max 1,  sRMF
con

w
D
f -W = (14)

The Reynolds numbers for the process realized with using the STR or RMF were defined before
(Eqs. 6–8).

A parameter that connects both mixing time and power consumption is a mixing energy [22–
26]. This parameter is defined as the product of the mixing time in relation to the volume of
mixed liquor and power input:

,  Jmix mix ae Pt= (15)

This parameter can be presented as a dimensionless number:

3 33*
3

b b
mixe a Re C+= (16)

By calculating the dimensionless value of the mixing energy, it is possible to compare the
efficiency of mixing between different systems.

To calculate dimensionless mixing energy for the both systems (Eq. 16), some relationships
must be designated. First, from the measured experimental data of the mixing time, a function
must be plotted. Then the approximation curve must be designated in the form of the following
equations:
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1

1

1

1

a
b

b
RMF RMF

b
STR STR

a Re
a Re

Q =

Q =
(17)

Second, from the measured experimental data of the power consumption, a function given by
the Eq. (11) must be plotted. Then the approximation curve must be designated in the form of
the following equations:

2

2

2

2

a
b

b
RMF RMF

b
STR STR

Ne a Re
Ne a Re

=

=
(18)

Considering the resulting equations (Eq. 17) and rearranging terms to Eq. (10), the following
equations were obtained:

1

1

2

1

2

1

,  s a

,  s b

b con
mix RMF

l

b con
mix STR

l

Da Re

Da Re

t
n

t
n

æ ö
= ç ÷ç ÷

è ø
æ ö

= ç ÷ç ÷
è ø

(19)

Substituting Eq. (12) into Eq. (18), we have

( )( )
( )( )

2

2

3 2
2

3 2
, 2

, W a

,  W b

b
a RMF RMF con con l

b
a STR STR m m l

P a Re D D

P a Re nd d

r

r

= W

=
(20)

The obtained Eqs. (19) and (20) are then substituted in Eq. (15), and consequently we have the
following relationships:

( )( )
( )( )

1 2

1 2

2
3 2

1 2

2
3 2

1 2

,  J a

,  J b

b bcon
mix RMF RMF RMF con con l

l

b bcon
mix STR STR m m l
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De a Re a Re D D

De a Re a Re nd d

r
n

r
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é ùæ ö é ù= ê ú Wç ÷ ê úç ÷ ë ûê úè øë û
é ùæ ö é ù= ê úç ÷ ê úç ÷ ë ûê úè øë û

(21)

Transforming Eq. (21), it may be given in the dimensionless forms, as follows:
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3. Dissolution solid body in two reactor types

3.1. Literature survey

Many processes in chemical and related industries are carried out in heterogeneous solid–
liquid systems. One of the most commonly used processes is the dissolution of a solid body in
a liquid. The dissolution process of a solid body in a liquid can occur spontaneously or it can
be intensified. One of the simplest methods of the mass transfer intensification is dissolution
in mechanical mixers, i.e., apparatus with moving impellers [27,28]. Using the mechanical
impeller should provide increase of the liquid turbulence, particularly at the boundary of the
phases. The case of using mechanical mixers kinetic of the solid body dissolution depends on
hydrodynamic conditions occurring inside the liquid volume, whereas hydrodynamics of the
liquid depends on geometric configuration of the device. This is why the choice of the suitable
impeller and mixing tank dimensions to the stirred medium, the type of the process, and the
purpose of what we want to achieve are important issues. Except the result of research carried
out for the well-known mechanical agitators, new constructional proposals of the mechanical
mixers for performing solid dissolution process in a liquid can be found in the literature. This
may have a positive effect on the mass transfer process, for example, using a reciprocating
agitator [10,29–32]. Among other methods that are commonly used to intensify solid dissolu‐
tion, a liquid pulsation [33], electrical discharges [34], other physical methods of the interaction
[35], and dissolution on the solid or fluidized bed [36] can be found. In the case of dissolution
process with chemical reaction an ultrasound can be used to the intensification [37–39]. In the
last few years, a growth of interest in using of the magnetic fields in processes and unit
operations in the scientific community was observed. Externally applied static magnetic field
was used primarily to intensify the process of crystal growth [40,41] or during solidification
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of metal alloys [42,43]. The rotating magnetic field can be successfully used in the crystalliza‐
tion process [44–47], fluidization [48,49], metallurgy [50,51], or even to increase the intensity
of the dissolution process, as an alternative for mechanical mixing. This type of magnetic field
induces azimuthal forces, which are time averaged. If the stirred liquid is magnetically
susceptible, then azimuthal forces make a circumferential flow. Lines of the magnetic field
rotate in a horizontal direction with rotation frequency of the field, ωRMF. Moreover, the rotation
frequency of the field is equal to frequency of an alternating current. An electric field, Ē , is
generated perpendicularly to the magnetic field, B̄. The magnetic Lorentz forces, F n̄, which are
perpendicular to the electrical field, act as driving forces for the rotating liquid. TRMF can be
generated by a stator from three-phase asynchronous electric motor. This construction of the
RMF generator was used in several studies [52,53]. When the stirred liquid is magnetically
susceptible, then the RMF induces currents inside it. These currents interact with the field of
the inductor. As a result, the electromagnetic forces inside the mixed liquor are generated. The
pattern of the flow hydrodynamic induced by TRMF in the volume of the stirred liquid
depends on the number of inductor pole pair, pTRMF. RMF can be used to generate a specific
flow in the cylindrical volume of the liquid. The liquid moves in a circumferential direction
around the axis of the tank. This flow is directed the same as the direction of magnetic field
rotations. Subsequently, the fluid velocity reaches the maximum value near to the tank wall,
i.e., in the place characterized by the highest values of the magnetic induction. This movement
may influence to the heat or mass transfer inside volume of the liquid. Analyzing the results
that are available in the literature, it was found that research has not focused on a comparison
between the mass transfer processes during the solid body dissolution realized in different
systems: RMF mixers and stirred tank reactors. In this paper, experimental studies were
conducted, and the effects of RMF and Rushton turbine on the solid body dissolution process
in a liquid were compared.

3.2. Preparation of samples

As a solid body, the NaCl-cylindrical samples were used. To obtain suitable samples, i.e.,
samples that are dissolving in uniform manner, all of them were subjected to hardening
process. First, raw rock salt cylinders were placed in a container filled up with a NaCl saturated
solution. Second, after 24 h, the samples were pulled out and left dry. This process was repeated
two times to obtain homogeneous and smooth surface of the cylindrical samples. A short
thread stainless steel rod was glued to the top surface of the sample, which allows to mount
it in a selected position in volume of the stirred liquid. Finally, the samples were securing at
the bottom and top surface of the cylinder by applying a thin layer of glue on it. The prepared
samples were used to perform the measurements.

Before the solubility measuring, the samples were hardened again in saturated salt solution
during 60 s and then dried with paper. It was necessary because the dry samples may have to
collect moisture from the stirred water, which could have a negative impact on the solubility
process. Before each measurement the samples were weighed. Moreover, their height and
diameter were measured. The diameter of the sample was measured at five different high
levels located in equal increments and taken three times for different angular position of the
sample. The location of the places where the diameter was measured is schematically shown
in Figure 1.
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Figure 1. Location of the measurement levels on the solid sample.

Before the measurements in the magnetic stirrer were started, the magnetic field at a set point
value of operating frequency of the stator was turned on. In the case of measurements for a
mechanical mixer, first the impeller was set in motion on the requested rotation speed. Second,
the conductivity measurement was switched. Then the sample was placed in a container filled
up with tap water. In the case of a magnetic mixer, the sample was placed at the mid-height
of electromagnetic laminations, where the most intensive magnetic field induction generated
in a container takes place. Based on the literature data [54], it was found that it is also the place
where the mass transfer process should proceed the fastest. The typical examples of the
magnetic induction distribution in the form of the contours were presented in Figure 2.

Figure 2. The typical example of the magnetic induction spatial distribution in the cross section of the RMF generator,
fRMF = 20 and 120 s–1.
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Every sample was dissolved once in short time equal to 5 s and then was pulled out of the
system, dried by using the paper, measured, and weighed. For each sample, 13 replicates were
performed. The number of repetition dissolution of the sample was chosen in a way to get
appearance of the first pinholes. After the series of measurements, the data from multipara‐
meter sensors were read. The water inside the container was replaced with a new one after
every measurement series, keeping its temperature at constant level (T = 22–23°C).

3.3. Experimental setup

The first measurements of the NaCl-solid body dissolution were carried out in the RMF
generator, which is shown in Figure 3. This experimental apparatus consists of a cylindrical
glass container (2), a.c. transistorized inverter (3), and multifunctional computer meter
(CX-701, Elmetron, Gliwice, Poland) (4). All of these elements are connected to the computer
(5). The RMF generator was constructed of the stator, which was supplied from an electric
motor with 50 Hz three-phase alternating current. The process parameters of the RMF
generator were controlled using the special software. By controlling the inverter via a com‐
puter, it was possible to change the frequency of rotating magnetic field. In this case, the
frequency was changed in the range of f = 2–120 s–1. The glass container was placed inside of
the RMF generator and filled up with the tap water to the volume equal to 16 dm3. Conductivity
was measured by means of the conductivity electrodes and the multifunction meters CX-701.
Voltage signals were registered digitally every 0.1 s. The conductivity probe was positioned
diagonally on the top and bottom of the glass container. The localization of the probes and the
measurement points in the RMF generator are shown in Figure 4.

Figure 3. The sketch of the first experimental setup: 1—generator of rotating magnetic field, 2—glass container, 3—
sample, 4—conductivity probes, 5—personal computer, 6—multifunctional computer meter, 7—a.c. transistorized in‐
verter, 8—rotameter, 9—heat exchanger, 10—pump.
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Figure 4. Localization of the probe and measurement points (where 1—glass container, 2—sample, 3—conductivity
probes).

The second experimental apparatus are shown in Figure 5. It was the same glass vessel as in
the first system; however, in this case, the mixing process was realized by using the mechanical
high-speed impeller (Rushton disc turbine). The diameter of the agitator was equal to dm =
0.33Dcon. The distance from the impeller center to the bottom of the vessel was z = 0.33H. The
experiments were conducted at nine different values of impeller speed in the range of n = 0–3
s–1. The measurement points correspond to those defined for the RMF generator (see Figure 4).

Figure 5. The sketches of the experimental setup with the mechanical mixer (where 1—glass container, 2—sample, 3—
conductivity probes, 4—impeller).
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3.4. Mixing time and power consumption measurements

The mixing time measurements for two systems were performed. The first mixer was under
the action of the rotating magnetic field, and the second was equipped with the Rushton
turbine mechanical impeller. The stirred vessel was filled up with a tap water (density 1000
kg m–3, viscosity 1.002 mPa s, temperature 22–23°C). The geometric dimensions and process
parameters for both systems are shown in Table 1.

Paramters Operating value

Geometrical dimensions of mixer

Vessel diameter, m 0.235

Agitator diameter, m 0.076

Time of dissolution, s 5

Height of liquid level in vessel, m 0.42

Operating conditions

The frequency of rotation agitator, s-1 0 – 3

Input power of agitator, W 0.002 - 26

Poles pair of generator RMF 2

The frequency of RMF, Hz 2 – 120

Input power of generator RMF, W 1 – 1050

Average diameter of sample, m 0.031

Average height of sample, m 0.074

Impulse temperature, oC 85

Electrical conductivity, (Ωm)-1 2.5·10-4

Table 1. The main geometrical dimensions of mixers and operation conditions

In this investigation, a thermal method was used to mixing time determination. First, a specific
volume of the liquid with much higher temperature comparing to the mixed liquid was added
to the system. As a tracer, a 0.3-dm3 tap water with temperature equal to 85°C was used. Then
changes of the liquid temperature were measured by using special experimental apparatus. It
was an LM35 temperature sensor with measuring test card, which can process an analog signal
in the form of the voltage to a digital signal. The voltage signal from the temperature probe
was recorded at a frequency of 0.01 s. When the measurement was finished, a content of the
glass container was poured out, and the vessel was filled up again with a new tap water
characterized by the initial temperature. The mixing process was regarded as complete when
the temperature fluctuations on one level were established. In this experiment, the end point
was reached, when changes of the temperature at two measurement points were less than ±5%
of the overall temperature increase. The mixing time, τ95, was defined as the time after which
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the temperature reaches a value equal to 95% of the final temperature of the liquid. It was
assumed that this value of the mixing time will be achieved when the uniformity ratio of the
temperature of the tracer, Ttracer, reaches a value equal to 0.05, according to the following
equation:

0

( )
tracer

T TT
T T

t¥

¥

-
=

-
(23)

where T0 is the initial temperature of the tracer, T∞ is the final temperature of the stirred liquid,
and T(τ) is the temperature at the measuring point at a time τ. The distribution of the temper‐
ature probes was analogous to the position of the conductivity probe in the mass transport
process. Consequently, the point of the heat pulse dosing in the same place where the sample
of the dissolved solid body was placed. Examples of the curves obtained from the mixing time
measurements are shown in Figure 6.

Figure 6. Typical example of temperature changes during mixing time investigations for (a) RMF f = 20s–1, (b) f = 120 s–

1, (c) mechanical agitator n = 0.33 s–1, and (d) mechanical agitator n = 3 s–1.
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Additionally, measurements of the active power input to the test system with a mechanical
stirrer and RMF were performed. In the case of the mechanical stirrer, it was possible to read
power consumption directly from the digital display stirrer drive, whereas in the case of the
system comprising an RMF generator, it has to be measured by using the electricity meter (type
C-52 Pafal), located between the magnetic agitator and the a.c. transistorized inverter. The data
that were collected were then graphically shown in Figure 7, in the form of the power change
depending on an increasing rate of the rotational impeller speed. A similar relationship for the
RMF is shown in Figure 8, except that in this case, the power depends on the frequency of
magnetic field rotation change.

Figure 7. Power input measurements for mechanical mixer.

Figure 8. Power input measurements for the RMF generator.
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4. Results and discussion

4.1. Influence of the Rushton turbine and the RMF on the mass transfer

The experimental results of the solid body dissolution are graphically shown in Figures 9 and
10. In Figure 9, results of the measurements for the mixing tank equipped with Rushton turbine
impeller were presented. Furthermore, in the picture, an approximation of the experimental
results and the proposed relationship were also presented. Analogous graph was prepared for
the magnetic mixer and shown in Figure 10. Analyzing the plots, it was found that values of the
mass  transfer  coefficients  in  the  tested systems are  depended on the  Reynolds  number.
Additionally, a significant effect of the mixing method on the mass transfer process was
observed. The higher impact of the Reynolds number value on the mass transfer coefficients in
the STR was observed. In both systems, the mass transfer rate increased with increasing value
of Reynolds number. However, the slope of the approximation curve was bigger in the case of
the mechanical mixer than that in the case of the magnetic mixer. The proposed relationships
were ShSTR ReSTR

0.53 and ShRMF ReRMF
0.26 for the STR and RMF generator, respectively.

Figure 9. Mass transfer characteristics for Rushton turbine.

Figure 10. Mass transfer characteristics for the RMF generator.
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4.2. Power characteristics for the Rushton turbine and the RMF

Power characteristics for both systems in Figures 11 and 12 were presented. As it could be seen,
values of the power number for the STR system were much lower than those in the magnetic
mixer. It is caused by the fact that in the case of the RMF generator, the power consumption
was significantly higher, which consequently affects the calculated values of the Ne number.
Based on the slope of the proposed approximation curve, in the case of mechanical mixer with
increase value of the rotational impeller speed, the value of the Ne number was slightly
decreasing. In the tested range, the proportionality NeSTR ReSTR

–0.16 was found. A similar
situation is in the case when the mixing process is carried out using the RMF generator. In that
system, a slope of the approximation curve is also negative; however, the change in RMF
frequency has a significant impact on the value of the Ne number. In the tested range, the
proportionality NeRMF ReRMF

–1.3 was found.

Figure 11. Power characteristic for Rushton turbine.

Figure 12. Power characteristic for the RMF generator.
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4.3. Mixing time characteristics for the Rushton turbine and the RMF

In present consideration, the dimensionless mixing time was defined as

0 0
2 2

0

mix l

l D
t n t n

Q = ÞQ = (24)

The mixing time may be analytically described using the relationship between the dimension‐
less mixing time and the Reynolds number. The experimental data obtained for the systems
with the RMF generator or Rushton turbine in log–log graphs were presented (Figures 13 and
14). Analyzing the results shown in the graphs, it was found that values of the dimensionless
mixing time decreased with increasing Reynolds number in both systems. Comparing results
for both systems, it was found that smaller values of the dimensionless mixing time in the
mixing process realized with using a Rushton turbine were obtained. Based on the curve slope,
it can be assumed that the process using a mechanical impeller proceeds more intensively than
that under the action of RMF. It should be noted that in the magnetic mixer, the process
proceeds as a laminar, while the mechanical impeller induces a turbulent regime of the flow.
According to that, using of an RMF mixer can be useful in a mixing process, when a turbulent
flow of the fluid cannot be achieved, even if it will cause an increasing mixing time. An example
can be here a bioprocess, where high shear forces connected with a turbulent flow can have a
destructive impact on the microorganisms.

Figure 13. Dimensionless mixing time characteristic for Rushton turbine.

Additionally, values of the power number obtained from the experimental measurements and
calculated on the basis of an approximating equation for the process under the action of the
RMF are presented in the Figure 15 and compared.
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Figure 15. Comparison of the experimental and calculated values of the dimensionless mixing time for process under
action of RMF.

5. Mixing energy

As mentioned before, an evaluation of the mixing process realized in different geometrical
systems with a mixing energy parameter can be performed. Characteristics of the dimension‐
less mixing energy for both systems were graphically presented in Figures 16 and 17. As
follows from the graphical analysis, lower values of the dimensionless mixing energy in the
case of RT using were noted. The conclusion is that the rotational movements of mechanical
impeller are more effective for the liquid mixing than the magnetic mixer in the whole tested
range of the rotational impeller speed and RMF frequency. Nevertheless, the mixing process
under the action of RMF is nonintrusive, which pose a huge advantage this type of mixer.

Figure 14. Dimensionless mixing time characteristic for the RMF generator.
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Figure 16. Dimensionless mixing energy characteristics for Rushton turbine.

Figure 17. Dimensionless mixing energy characteristics for the RMF generator.

6. Conclusion

Obtained in this consideration, experimental and calculated results present an interesting
effect of the rotating magnetic field and stirred tank reactor applications in the mass transfer
process. Analyzing the obtained results reveals the following conclusions:

Values of the mass transfer coefficients increases with an increasing value of the rotational
agitator speed and the magnetic field intensity. In the laminar regime of the flow, a stronger
impact on the solid body dissolution in the case of magnetic mixer was observed, while in the
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turbulent regime of the flow, better results in the stirred tank with mechanical RT impeller
were obtained.

In the STR system, values of the power number were much lower than those in the magnetic
mixer. Based on the proposed approximation curves slope, with the increasing value of the
rotational impeller speed or RMF frequency, the value of the Ne number decreases.

In both systems, the dimensionless mixing time decreased with increasing value of the
Reynolds number. However, smaller values of the dimensionless mixing time in the mixing
process realized with using a Rushton turbine were obtained. It must therefore be concluded
that the process carried out with using a mechanical impeller proceeds more intensively than
that under the action of RMF.

On the basis of the dimensionless mixing energy comparison for both systems, it was found
from the economical point of view that using of the rotating magnetic field is less profitable
due to high power consumption. In the future, additional experimental measurements should
be carried out for the system with the RMF generator in order to find a way to reduce the
calculated values of dimensionless mixing energy. One of the possibilities is using of the
magnetic particles, which can be added to the mixed liquid.

In order to better understand the mechanism of the mass transfer process under the action
of the rotating magnetic field further studies, both theoretical and experimental should be
carried out.

Nomenclature

B; magnetic induction; kg A–1 s–2

D; diffusion coefficient; m2 s–1

Dcon; diameter of glass container; m

dm; diameter of Rushton turbine; m

ds; diameter of sample; m

emix; mixing energy; J

f; frequency of RMF; s–1

h; height of sample; m

H; liquid level in glass container;m

l; characteristic dimension; m

m; mass; kg

n; rotational speed of agitator; s–1

Pa; active power; W
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r,R; radius; m

T; temperature; °C

V; volume; m3

Greek letters

(β)V; volumetric mass transfer coefficient; kg m–3 s–1

w; liquid velocity; m s–1

wRMF; liquid velocity under the action of RMF; m s–1

η; dynamic viscosity ; kg m–1 s–1

ν; kinematic viscosity; m2 s–1

ρ; density; kg m–3

σe; electrical conductivity; A s3 kg–1 m–3

τ; time; s

ωRMF; angular velocity of rotating magnetic field; rad s–1

Ω; angular velocity of liquid in container; rad s–1

Dimensionless number

emix*; dimensionless mixing energy

Ne; Newton number

Re; Reynolds number

Sc; Schmidt number

Sh; Sherwood number

Θ; mixing time number

Subscripts

0; reference value

L; liquid

P; conductivity probe

S; sample

Abbreviations

mix; Mixing

RMF; rotating magnetic field

STR; Rushton turbine
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