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The effect of rotating magnetic field on the heat transfer process in a magnetically assisted bioreactor
was studied experimentally. Experimental investigations are provided for the explanation of the influ-
ence of the rotating magnetic field on natural convection. The heat transfer coefficients and the Nusselt
numbers were determined as a function of the product of Grashof and Prandtl dimensionless numbers.
Moreover, the comparison of the thermal performance between the tested set-up and a vertical cylinder
was carried out. The relative enhancement of heat transfer was characterized by the rate of the relative
heat transfer intensification. The study showed that along with the intensity of the magnetic field the
heat transfer increased.
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1. INTRODUCTION

The operation at a distance of a magnetic field (MF) on the fluid has many practical applications. Examples
in the chemical engineering include control of the mixing process (Rakoczy et al., 2011; Story et al., 2016),
the enhancement of mass transfer process (Rakoczy, 2010a; 2012), the grinding process of a granular
material (Rakoczy, 2010b) and many others. Another relevant application area concerns biotechnological
processes, in which magnetic fields (MFs) affect cell growth and metabolism (Rakoczy et al., 2016).
Practically, bioprocess control is often limited to regulation of temperature at constant values favorable to
microbial growth. Therefore, the application of continuously assisted bioprocesses with working volumes
entirely surrounded by external MF requires careful heat transfer consideration due to the additional heat
generated by the MF system. The effects of MF on heat transfer have received considerable attention
by many researches due to its potential in engineering, medical and biotechnological applications. To
date, several studies have begun to examine the use of MF in natural convection (Oztop et al., 2009;
Pirmohammadi et al., 2009; Rudraiah et al., 1995). The influence of transverse magnetic field (TMF) on
free convection was numerically investigated by Al-Najem et al. (1998) and Lo (2010). Nakaharai et al.
(2007) studied experimentally the effect of MF on the local and averaged heat transfer of an electrically
conducting, turbulent fluid flow. Ceylan et al. (2008) suggested that the magnetic induction may be also a
method to introduce thermal energy to the reactor or bioreactor volume.

The main goal of the current study was to determine the effect of a rotating magnetic field (RMF) on the heat
transfer in the self-designed magnetically assisted bioreactor (MAB) (Fijatkowski et al., 2016). The MAB
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emits heat during bioprocessing. The maximum temperature of winding during the exposure can reach
approximately 70 °C. Therefore, the cooling system for such a magnetically assisted bioreactor should
be designed and tested. It should be noticed that most biotechnological processes, e.g. bacterial cellulose
production, alcoholic fermentation, are conducted in the temperature of approximately 28 °C (Fijatkowski
et al., 2015; Rakoczy et al., 2016). The average heat transfer coefficient from the RMF generator to the
liquid was measured by the stabilized heat flow method. The experimental results were generalized by
means of dimensionless groups in the form of the relationship between the dimensionless Nusselt number
and the product of the dimensionless Grashof and Prandtl numbers.

2. EXPERIMENTAL

A sketch of the experimental set-up is presented in Fig. 1. Briefly, it consists of a housing (1), a RMF
generator (2), a container (3), an internal coil (4), a circulating pump (5), an a.c. transistorized inverter
(7), a personal computer (8) connected with a temperature signal converter (9). The RMF was generated
by the modified 3-phase stator of an induction squirrel cage motor. This RMF generator (2) has three sets
of windings, with each phase connected to a different set of windings. In these investigations, the stator
was supplied with 50 Hz 3-phase alternating current. The a.c. transistorized inverter (7) was used to adjust
the RMF frequency, frmr, in the range of 10-50 Hz, and to regulate the maximum voltage in the range
of 10-100 V. The inverter was connected with a personal computer (8) equipped with the software to
control the RMF generator. In the case of the tested set-up, heat was produced in the core by eddy currents
that were induced by the RMF. It should be noticed that the heat was produced by the resistance of the
windings.
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Fig. 1. Sketch of experimental set-up: 1 —housing, 2 — RMF generator, 3 — container, 4 — internal coil,

5 — circulating pump, 6 — AC transistorized inverter, 7 — personal computer, 8 — temperature signal

converter, T1-T8 — temperature sensors (where: T1 — cooling water inlet temperature, T2 — cooling

water outlet temperature, T3, T4 — oil temperature, TS — stator temperature, T6 — liquid temperature,
T7 — glass container wall temperature, T8 — ambient temperature)
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The experimental set-up was supplied with an additional cooling system based on oil circulation. Moreover,
the internal coil was placed in the oil to remove the excess of the heat from the experimental system.

The experimental set-up was equipped with a measuring instrument which controlled the temperature
of the liquid inside the container (distilled water; volume equal to 4 dm?®) and supervised the real-time
acquisition of all the experimental data coming from the sensors. Temperature signals were sampled by
special thermal sensors (platinum resistance thermometers Pt100) and were passed through the converter
to the personal computer. The experimental investigations were conducted for the steady-state conditions
of the heat transfer process. The measured temperature distributions were undertaken to determine the
augmentation of the heat transfer by means of the tested device. The experimental set-up with the thermal
probe positions is also shown in Fig. 1.

Using the experimental set-up, two cases were analyzed: the heat transfer process without (i) and with (ii)
the RMF action. Firstly, the analysis of the heat transfer process without the RMF exposure was based on
temperature measurements when the volumetric flow of the working liquid, V,,, (tap water) through the
coil was varied in the range between 3 and 15 dm? - min~!. Secondly, the influence of the RMF on the heat
transfer process was analyzed. The water temperature at the inlet of the internal coil was stabilized for both
cases (the temperature was equal to 28 °C). The typical temperature profiles for the tested cases and the
selected operational conditions are given in Fig. 2.
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Fig. 2. The typical temperature profiles of culture medium (liquid) for the heat transfer process: a) without the RMF
action (G,, = var; frmr = 0); b) with the RMF action (G,, =9 dm? - min~'; JRMF = var)

The obtained results were used to analyze the radial temperature profiles within the experimental apparatus.
The temperature of the fluids as they flow through the magnetically assisted bioreactor (MAB) was not
generally constant, but varied over the entire radius, as indicated in Fig. 3.

Figure 3 shows that the areas with the highest heat generation rate produced the most heat and had the
highest temperatures. The shape of the profile depends upon the heat transfer coefficient of the various
materials or liquids involved. It should be noticed that the heat transfer rate varies along the radius of the
MAB because its values depend upon the temperature difference between the hot and cold material or
liquid. Moreover, the temperature differential across each material or liquid should be sufficient to transfer
the produced heat.
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Fig. 3. The radial temperature profiles within the MAB for the heat transfer process: a) without the RMF action;
b) with the RMF action. 1 — internal water coil, 2 — generator, 3 — wall, 4 — oil, 5 — liquid (culture medium)

3. RESULTS AND DISCUSSION

In the present work, temperatures were measured at different positions (see Fig. 1) and were used to
compute the rate of heat transfer by convection from a surface (or a heat transfer area) at temperature, 7,4y,
to liquid at temperature, 77, (Kothandaraman, 2006).

The heat transfer rate can be calculated from the following equation:
Qw = awF AT, (1)

The temperature difference, AT,,, is given by the following relation:
T
AT, = f [(Tywau(t) = To(7)] dt 2)

It should be noticed that the heat transfer rate defined by Eq. (1) should be equalled to the amount of the
heat accumulated in the liquid. Consequently, this amount may be expressed by the following relation:

. d T,
Oy = mycp f{%} Q)
0

The above equations determine the following relation:

f { TL(T)]}
My Cpp =
0

(D Hp) f [(Tvau(t) = T(T)]d7
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F.AT,

@y = = ay = “4)
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The dimensionless Nusselt number is then calculated, taking into consideration the following equation:

ayl
Nu=— 5
u=a )
For natural convection, in which the fluid motion is not generated by any external source but only by
density differences in the fluid occurring due to temperature gradients, the heat transfer coefficient may be
defined by means of the following relation (Micheli et al., 2016; Nemati et al., 2012; Piratheepan et al.,

2015; Senapati et al., 2016; Spitler et al., 2016; Zhang et al., 2016):

Nu = f(Gr, Pr) (6)
From the definitions of the dimensionless Grashof and Prandtl numbers it follows that:
awl) BE Ty —Tr) D*\ (cp 1
—=r 5 (7)
AW %4 Aw

A comparison of thermal performance between the tested heat transfer cases and the free convection from
a heated vertical plate of height can be obtained using the following correlation (Serth et al., 2014):

2

0.387 (GrPr)!/®

Nu = {0.825 +
8/27
(0.492)9/ 16] /
1+

()

Pr

The heat-transfer coefficient for the case of free convection can be calculated as follows:
2 2

0.387 (GrPr)!/®
O 1 o o, =]os25+ -
0.492\°"]" 0.492\°"]"
1+ 1+
Pr Pr

The above Eq. (8) and Eq. (9) are valid for 0.1 < GrPr < 10'2 and are accurate to within about £30%. The
characteristic dimension used in the Nusselt and Grashof numbers is the plate length. In these investigations,
the plate length was equal to the length of the active part of winding (0.3 m long). The fluid properties

are evaluated as the averaged temperature between the fluid temperature in the core and the temperature
of plate.

(a’thL

' pp)1/6 N
L )= 0.825 + 0.387 (Gr Pr) (/l ) ©)

L

For smaller values of D/L (in the studied case this ratio was 0.5), the effect of surface curvature becomes
significant and the following correction factor should be used (the Nusselt number for plate is calculated
using Eq. (9))

D GrO.ZS

According to the proposed mathematical description, a plot of data obtained in this work is presented in
Fig. 4.

L 0.9
Nucylinder = Nuplate [1 +1.43 (—) :l (10)

The experimental results shown in Fig. 4 suggest that the heat transfer process in the tested MAB may be
analytically described by the following unique function:

Nu = p; (GrPr)?? (11

The constants and exponents were computed by means of the Matlab software and the principle of least
squares. It can be seen from Fig. 4 that the experimental data may be approximated for the tested cases by
the same type of Equation (11) using various values of the coefficients p; and p,.
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Fig. 4. The dependence Nu = f(GrPr) for the tested cases (for the heat transfer
process with the action of the RMF and without exposure of the RMF)

It can be noticed that the difference between coefficients in the proposed correlations (see Fig. 4) is due to
the application of the RMF. Fig. 4 shows that the values of the dimensionless Nusselt number for the heat
transfer process under the influence of the RMF are greater than the values of this dimensionless number
obtained in this work for heat transfer process without the RMF exposure. This plot also confirms that the
volumetric flow of the working liquid (tap water) through the internal coil has a significant effect on the
heat transfer rate without the action of the RMF. Generally, the high-volume flow rate is connected with
the increase in the dimensionless Nusselt numbers.

According to the obtained data, we can infer that the application of RMF has significant influence on the
heat transfer rate. The heat transfer coefficient is on average by about 27% higher under the action of the
RMF than without the RMF application.

Figure 4 indicates that significant enhancement in the heat transfer performance for the tested apparatus
is obtained with respect to the vertical cylinder. The obtained results indicate that the transfer rate for the
MAB is consequently higher than that obtained for the natural convection through a vertical cylinder.

To characterize this relative enhancement in the heat transfer performance we define the rate of the relative
heat transfer intensification €1, that reflects the increase in the heat transfer coefficient in the tested MAB
compared to the heat transfer in the vertical cylinder. This criterion is defined in the following form:

g = v~ Yk, (12)

@y

This factor is presented in the form of a plot of the criterion £, versus the product of the dimensionless
Grashof and Prandtl numbers. Figure 5 demonstrates that the calculated criterion increases with the increase
of the mentioned product of the dimensionless parameters. The first conclusion drawn from this graph is
that the RMF application increases the criterion values by 40%—60%. The heat transfer without the RMF
exposure is connected to the increase in the heat transfer intensification factor by 30%—40%. Moreover,
the criterion, &5, is defined as follows:
Aw | f=var

(13)

&) =
a’wlf:O
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Fig. 5. The comparison of the of the relative heat transfer intensification factor &
for the tested heat transfer cases

It should be noticed that this criterion is calculated for the constant value of the volumetric flow of the
working liquid trough the internal coil and the constant temperature at the inlet of the internal coil. This
parameter reflects the increase in the heat transfer coefficient for the heat transfer process with the RMF
action in comparison to the process without the RMF.

Figure 6 illustrates the obtained relationship (11) as a function of the normalized value of the RMF
frequency f*. This frequency is defined as follows:

* M N f* — fRMF (14)
fRMFlmax 50 Hz

The results presented in Fig. 6 show that the proposed criterion, &,, increases with the normalized
values of the RMF frequency f* and the maximum values of the magnetic induction, Bp,x The magnetic
induction values inside the MAB were detected by means of the microprocessor magnetic induction sensors
connected to a Hall probe. The relation between the normalized frequency, f*, and the maximum values
of the magnetic induction, By, are also presented in Fig. 6.

The experimental results presented in Fig. 6 indicate that the enhancement of heat transfer increases the
criterion, &, between about 20% and 70% for the maximum values of the magnetic induction, Bpx,
ranging between 57 and 65 mT.

The area of major importance in bioreactor design involves the heat system for the stable and optimal
temperature. Bioreactors are equipped mostly with a stirrer (Choonia et al., 2013; Zhang et al., 2014) or
fluid flow systems (Alméras et al., 2016; Hamood-ur-Rehman et al., 2012). Therefore, heat transfer in this
apparatus is ruled by the forced convection mechanism. In many cases of bioprocessing, the application
of external sources for the generation of fluid motion impair the process. Additionally, as pointed by
Fijatkowski et al. (2015) the application of the RMF in the static method of the bacterial cellulose production
by Glucanacetobacter xylinus requires a strict temperature regime (temperature variation between 28 and
30 °C) without mechanical mixing. Then, the heat transfer process for this case is mostly realized by the
natural convection.
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Fig. 6. The rate of relative heat transfer intensification as the function of the normalized value
of the RMF (for the volumetric flow through the internal coil Vw = 9 dm® - min~! and water
temperature at the inlet of the internal coil equalled to 28 °C)

The effect of the static magnetic field on natural convection was analyzed for different flow geometry.
Moreover, it has been shown that presence of an external magnetic field, especially alternating, can
enhance the heat transfer in fluid and this effect can be increased by adding magnetic particles into the
fluid (Al-Zamily, 2014; Aminfar et al., 2014; Goharkhah et al., 2015; Kabeel et al., 2015).

The free-convection heat transfer from a heated vertical plate is illustrated in Fig. 7a.
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Fig. 7. Free-convection circulation pattern near a heated vertical plate without application of
RMF (a) and with the application of RMF (b)

Fluid adjacent to the surface is heated and rises by virtue of its lower density relative to the bulk of the
fluid. This rising layer of fluid entrains cooler fluid from the nearly quiescent region further from the heated

300 http://journals.pan.pl/cpe



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Intensification of free-convection heatfransfer in magnetically assisted bioreactor

surface, so that the mass flow rate of the rising fluid increases with distance along with the plate. Near the
bottom of the plate the flow is laminar, but at some point, transition to turbulent flow may occur if the plate
is long enough (Serth et al., 2014).

The feature of the RMF is its ability to induce time-averaged azimuthal force which drives the flow of the
electrical conducting fluid in the azimuthal direction (Rakoczy, 2010a). In this case, the magnetic field lines
rotate horizontally with the rotation frequency of the magnetic field produced. Simultaneously, an electrical
field is produced perpendicularly to the magnetic field (Rakoczy et al., 2010). It can be assumed that the
external magnetic field acting on the electrically conducting medium may induce virtual loop formation.
The magnetic field passing through its enclosed area changes in time during one period of its revolution.
According to the induction law, the density of electric current is induced along the virtual loop (Spitzer,
1999). The interaction between current density and the magnetic induction generates the electromagnetic
force that drives the culture medium in the direction of the magnetic field rotation. The movement of the
fluid exposed to RMF can be explained on the basis of the mentioned microlevel dynamo concept (Hristov
et al., 2011). The magnetic field interacting with various charged particles, for example, ions, produces
eddy currents in the culture medium (Anton-Leberre, 2010). Eddy currents may generate local magnetic
fields around the ions which in combination with an externally-applied magnetic field cause induction of
their rotation and thus the movement of the liquid in accordance with the magnetic field. As a consequence
of the process, the rotating ions create “dynamos” which cause the effect of micro-mixing (Mehedintu
et al., 1997). It should be noticed that this effect may be responsible for increasing heat transfer in the
application of RMF. RMF is allowed to generate the turbulent flow by means of the additional mixing on
the micro level. Therefore, the incensement of mass flow rate of the rising fluid and the reduction of the
laminar flow region near the plate.

4. CONCLUSIONS

An alternative to traditional methods of intensification of biomass production is the use of various types
of force fields (e.g., magnetic, electrical, ultrasound). The growth of microorganisms may be stimulated
by the use of different types of magnetic fields and it has a number of potential practical applications.
The application of MFs is affecting the heat transfer during the MF exposure. In this investigation, the use
of RMF in the MAB causing heat transfer was taken into consideration. This process was described by
means of the criterions which defined heat transfer intensification under RMF exposure. Practically, these
factors may be used to define stable temperature conditions for bioprocessing. Moreover, the proposed
mathematical description may be used to compare the influence of different types of magnetic fields on
heat transfer operations with respect to bioprocessing.

SYMBOLS
Cp specific heat of liquid, J-kg=!-K~!
D diameter of the container, m
fr normalized value of the RMF frequency
F. heat transfer area (surface of container), m?
frmr  RMF frequency, g1
Gr the dimensionless Grashof number
Hp liquid height in the container, m
/ characteristic length (it is equal to container diameter), m

My mass of the liquid, kg
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Nu the dimensionless Nusselt number
Pr the dimensionless Prandtl number
Ow heat transferred per unit time, W

T temperature of the bulk liquid (see Fig. 3), K

Twan  temperature of the heat transfer area (temperature of container wall, see Fig. 3), K
Vv volumetric flow rate of liquid, dm®-min~!

Ay heat transfer coeflicient of the process, W-m—2.K~!

AT,,  temperature difference between the heat transfer area and the bulk liquid, K

€12 relative heat transfer intensification factors

Ay thermal conductivity of liquid, W-m~!-K~!

T time, s
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