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The study of effect of the transverse rotating magnetic field on the dissolution pro-
cess of rock-salt sample is the main purpose of this work. Moreover, the experimental
study of the influence of the temperature gradient between the surface of sample and
the solvent temperature on this process is presented in this article. The results of
investigations are worked out by means of the novel type dimensionless equations
including standard and magnetic numbers. The obtained results are compared with the
data given in the previous literature. © 2011 American Institute of Chemical Engineers
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Introduction

The design, scale-up, and optimization of industrial proc-
esses conducted in agitated systems require, among other,
precise knowledge of the hydrodynamics, mass- and heat-
transfer parameters, and reaction kinetics. Literature data
available indicate that the mass-transfer process is generally
the rate-limiting step in many industrial applications.
Because of the tremendous importance of mass-transfer in
engineering practice, a very large number of studies have
determined mass-transfer coefficients both empirically and
theoretically. From the practical point of view, the agitated
systems are usually used to dissolve granular or powdered
solids into a liquid solvent.!

One of the key aspects in the dynamic behavior of the
mass-transfer processes is the role of hydrodynamics. On a
macroscopic scale, the improvement of hydrodynamic condi-
tions can be achieved by using various techniques of mixing,
vibration, rotation, pulsation, and oscillation in addition to
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other techniques such as the use of fluidization, turbulence
promotes or magnetic and electric fields, and so on. The
transverse rotating magnetic field (TRMF) is a versatile
option for enhancing several physical and chemical proc-
esses. Studies over the recent decades were focused on
application of magnetic field (MF) in different areas of engi-
neering processes.z’3 Static, rotating, or alternating MFs
might be used to augment the process intensity instead of
mechanically mixing. The practical applications of MF are
presented in the relevant literature.*">

Recently, the TRMF are widely used to control different
processes in the various engineering operations.m_16 This
kind of MF induces a time-averaged azimuthal force, which
drives the flow of the electrical conducting fluid in circum-
ferential direction. According to information available in the
technical literature, the mass-transfer during the solid disso-
lution to the surrounding liquid under the action of the
TRMF has been deliberated.””

It should be noticed that the temperature gradient
induces buoyancy-driven convective flow in the fluid. This
temperature gradient has a significant practical interest to the
mass transfer process. It is reported that the difference

AIChE Journal



between the surface temperature of solid sample and the
liquid temperature has strong influence on the dissolution
process."’

The main objective of this study is to investigate the solid
dissolution process that is induced under the action of the
TRMF and the gradient temperature between solid surface
and liquid. According to the information available in the
technical literature, the usage of the TRMF and gradient
temperature is not theoretically and practically analyzed. The
obtained experimental data are generalized by using the
empirical dimensionless correlations.

Theoretical Background
Influence of TRMF on solid dissolution process

Under forced convective conditions, the mathematical
description of the solid dissolution process may be described
by means of the differential equation of mass balance for the
component I

% + div(pw;) = ; (1)
where @; is the mass flux of component i (the volumetric mass
source of component 7).

Taking into consideration the flux density of component i
Ji = piW,-) and the diffusion flux density
Jay = p; (Wi —w)), we obtain the following relation

between J; and J

Ji= Jar +piWw = pwi = p (Wi —=w)+p; W (2)

Including the relation (2) in the Eq. 1 gives the relation-
ship for the mass balance of component i

0p:
% + div[T oy + div(p, ) = ®;
T
9o
= a’jww Tar] + (o div(i) +werad(p,)) =& (3)

Taking into account the concentration of component
i (ci=p;p~' = p;=pc), we find the modified form of the
Eq. 3

dpci)
ot

+wegrad(pc;) + (pci) diviw) + div|J gy | = O;  (4)
Equation 4 may be rewritten by

19 i 9 i
p(’TL‘r + pwgrad(c;) + ¢; 875 +werad(p) + p div(w)

+ diV[Jd}f] =@ (5)

The term in square brackets is the so-called continuity
equation, and the relation (5) may be simplified in the fol-
lowing form

aC,' _ .
P o + pwgrad(c;) + div [J | = @; (6)
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The total diffusion flux density (m) may be expressed as
a sum of elementary fluxes considering the concentration
(J,-(c,-)) and the additional force interactions J; (F ) (e.g.,
forced convection as a result of fluid mixing).
Jay = Jilci) +Ti(F) = Jay = —pD; grad(c;) + pDikz F
(N

Under the action of the TRMF, the force F may be
defined as the Lorentz force F,,. This force is acting as the
driving force for the liquid rotation, and it may be described
by

Fon = (0.(WwxB)) x B (8)

Introduction of Eq. 8 in Eq. 7 gives the following relation-
ship

Jayr = —pDi grad(c;) + Dikg—((o.(w x B)) x B) ~ (9)

Taking into account the Eq. 9, we obtain the following
general relationship for the mass balance of component i

1 div %((O’(,(WXE)) « B) :% (10)

It should be noticed that the coefficient of magnetic diffu-
sion D,, may be expressed as follows:

Dy = Dikz— (11)

This coefficient may be defined by means of the following
expression

;2
D, =cty = D, = c,—aeuml% = D, == 0

12

m

Taking into consideration the Eq. 12, we obtain the rela-
tionship

% + wgrad(c;) + div[—D; grad(c;)]
o2 - _ @;
+div|—2 ((6,(w x B)) x B)| = — 13
i VP ((6 (W )) ) P 0

The above relation (Eq. 13) may be treated as the differ-
ential mathematical model of the solid dissolution process
under the action of the TRMF. The right side of this equa-
tion represents the source mass of component i

(D,' = _Bidd#(ci - Cr) = (Di = _(ﬁi)v(cf - C")

where (—c¢;) is the driving force for the solid dissolution
process.
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Introduction of the Eq. 14 in the relation (13) gives the
following relationship

% + wgrad(c;) + div[—D; grad(c;)]
e B — B B (Bi)ve
a 2 ) < B < B _ _ \FivT 15
v VmpP ((U (W )) ) p ( )

Taking into account the below definition of the dimension-
less parameters

Ciy Ciy wo io To Hong
* Vm * P 5+ E * (ﬁi)v
vV = ’ = —;B = —7 i = =
" Vg P Po BO [(ﬁ )V] [(ﬁi)v]o
di di d
div' = Div' = grad® = £ (16)
lO IO lO

we obtain the governing Eq. 16 in a symbolic form

CiyWo

Ciy 8CT —x w( x _% R .
70 L‘h*} + lo [w* grad*(c})] 2 [div*[D; grad” (c})]]

i 0o WoB3l, N e P E— —
1 CiaTe0 OO[dw L*p*((aﬂ(w xB))xB)”

Vm(]pO m
(B {Kﬁﬂvj*&*} (17)
Po P

The nondimensional form of this equation may be scaled
against the convective term (“4™*). The dimensionless form
of Eq. 17 may be given as follows

10 8(,* —k * [ % o
e )

owo
O—"OB%I% |: . *|: c;'k * [(—k ok n* :|:|
+ d B B
b v | (o < B) B

[(ﬁi)v}olo [[(ﬁz)v]*a*} (18)

PoWo p*

Di[div* D7 gradt ()] ]+

This relation includes the following dimensionless groups
characterizing the dissolution process under the action of
TRM

lo
ToWwo

Dij, v Dij, g1 —1
= |——=])|— ) = Re 'Sc; = Pe;
10W0 (WoD) ( v ¢ CI el

B3R B33
9e50t0 (O'eo 0 0) (L) - QPr, = Ha’Pr,, (19¢)
Vo Po VPo Vimo

ot (5% () () ()

D2
= Sh Sc™'Re™! (ﬁ>

= 5! (19a)

(19b)

(19d)

1032 DOI 10.1002/aic

Published on behalf of the AIChE

Taking into account the definition of the nondimensional
numbers (Egs. 19a—19d), we find the following dimension-
less governing equation

s B%] + [ grad”(cj)] — Pe; ! [div’ [D] grad” (c)]]

4 Ha?Pr,, [div* [VC? ((oz (7 < B7)) x E*)”

= —Sh Sc'Re”! (1322) {[(/‘f)pv*]*a*} (20)

From the dimensionless form of the Eq. 20, it follows that

DZ
Sh Sc™'Re™! (ﬁ) ~ Ha’ Pr,,

d2
= Sh Sc~' ~ Ha’RePr,, <ﬁ>

d2
= Sh S¢™! ~ Ta,,Pr,, <ﬁ> (21)

Under convective conditions, a relationship for the mass-
transfer similar to the relationships obtained for heat-transfer
may be expected of the form'®

Sh = f(Re, Sc) (22)

The two-principle dimensionless groups of relevance to
mass-transfer are Sherwood and Schmidt numbers. The Sher-
wood number can be viewed as describing the ratio of con-
vective to diffusive transport and finds its counterpart in
heat-transfer in the form of the Nusselt number.'

The Schmidt number is a ratio of physical parameters per-
tinent to the system. This dimensionless group corresponds
to the Prandtl number used in heat-transfer. Moreover, this
number provides a measure of the relative effectiveness of
momentum and mass transport by diffusion.

Reynolds number is added to these two groups, which rep-
resents the ratio of convective-to-viscous momentum trans-
port. This number determines the existence of laminar or
turbulent conditions of fluid flow. For small values of the
Reynolds number, viscous forces are sufficiently large rela-
tive to inertia forces. However, with increasing the Reynolds
number, viscous effects become progressively less important
relative to inertia effects.

Evidently, for Eq. 22 to be of practical use, it must be
rendered quantitative. This may be done by assuming that
the functional relation is in the following form'?-"

Sh = ajRe” S¢ (23)

The mass-transfer coefficients in the mixed systems can be
correlated by the combination of Sherwood, Reynolds, and
Schmidt numbers. Using the proposed relation (23), it has
been found possible to correlate a host of experimental data
for a wide range of operations. The coefficients of relation
(23) are determined from experiment. Under forced convec-
tion conditions, the relation may be expressed as follows!

Sh ~ Re%35c033 (24)
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The exponent on of the Schmidt number is to be 0.33%*2°
as there is some theoretical and experimental evidences for
this value,”’ although reported values vary from 0.56* to
1.13.%°

Mass transfer process under the TRMF conditions is very
complicated and may be described by the nondimensional
Eq. 20. Taking into account that the magnetic Prandtl num-
ber Pr,, = const and the ratio of the diameters solid sample
and the container diameter % — idem, the obtained relation-

D
ship (see Eq. 21) may be expressed as follows

d2
Sh Sc¢™' ~ Ta,,,Pr,,,< ) = Sh =f(Tay, Sc)  (25)

D?
Influence of temperature gradient on the solid
dissolution controlled process

As mentioned above, the temperature gradient has strong
influence on the solid dissolution process. The heat transfer
from the sample to the ambient fluid may be modeled by means
of the well-known Nusselt-type equation Nu = f(Re, Pr).

In the present report, we consider the process dissolutions
described by a similar but somewhat modified relationship
between the dimensionless Sherwood number and the num-
bers that are defined the intensity of the magnetic effects in
the tested experimental set-up with the TRMF generator. It
should be assumed that the relationship for the heat transport
under the TRMF conditions can be characterized in the fol-
lowing general form Nu = f(Ta,,, Pr).

The solid dissolution process under the action of the
TRMF and the gradient temperature between the solid sur-
face and the liquid may be described by means of the fol-

lowing equations system
Sh = a;Ta’ Sc“
m . 2
{Nu = a, T Pre (26)

From Eq. 26, the ratio of Sherwood and Nusselt numbers

is given by
Sh by (S
M*“%Q) @7

wherea1 7éa2/\a3 :%;bl #* bz/\bg,:b] —bz; aIld(,‘] = ()
A ez = 0.33. )

In the relevant literature, the ratio of the Schmidt and
Prandtl numbers is called as the dimensionless Lewis num-
ber (the ratio of thermal diffusivity to mass diffusivity)

Sc v\ /a a
Le = (E) Le = (E) (;) >Le=p (28)

According to the Eq. 28 and the above assumptions, the
ratio of Sherwood and Nusselt numbers is defined as follows
Sh

No = a3Taf’;Leo'33 (29)

Experimental Details
Experimental setup

All experimental measurements of mass-transfer process
using the TRMF were carried out in a laboratory setup
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including electromagnetic field generator. A schematic repre-
sentation of the experimental apparatus is presented in the
Figure 1.

This setup may be divided into: a generator of the rotating
electromagnetic field (1), a glass container (2) with the con-
ductivity samples (3 and 4), an electric control box (5) and
an inverter (6) connected with multifunctional electronic
switch (8), and a personal computer (7) loaded with special
software. This software made possible the electromagnetic
field rotation control, recording working parameters of the
generator and various state parameters. The more detailed
description of the experimental set-up is given in the previ-
ous article.

The values of the magnetic induction at different points
inside the glass container are detected by using a Hall sam-
ple connected to the personal computer. The typical example
of the dependence between the spatial distributions of mag-
netic induction and the various values of the alternating cur-
rent frequency for the cross-section of container is given.*
The obtained results in this article suggest that the averaged
values of magnetic induction may be analytically described
by the following relation

[BTRMFLWg: 1405[1 — exp(—O.OSfTRMF)] (30)

Rock-salt sample heated by means of the cartridge
heater

In the case of these experimental investigations, the gradi-
ent temperature between the surface and liquid was caused
by using the cartridge heater (power ~ 1200 W). This tubu-
lar device was inserted into drilled holes of rock-salt sample
for heating. The preparation procedure of the rock-salt
sample is thoroughly described in previous publication.’

The heating setup contained the temperature controller
and sensors. Sensors for the temperature control were placed

6 5 g !
l { C [
gg'ﬂmmn [ o)

(e,
ccoo m o o
!
3

Figure 1. Sketch of experimental setup.

(1) Generator of rotating magnetic field, (2) glass container,
(3,4) conductivity samples, (5) electronic control box, (6)
a.c. transistorized inverter, (7) personal computer, (8) multi-
functional electronic switch, and (9) Hall sample.
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between the working surface of the sample and the heater.
These sensors were also located on the surface of the solid
sample. The sketch of rock-salt sample with the heating
setup is graphically presented in the Figure 2. The sample
was kept at a constant temperature (65, 70, or 80°C). The
heat transfer from the sample to ambient fluid was realized
for the various temperatures (20, 40, and 60°C). The system
of temperature sensors was used to control the temperature
of the water during the solid dissolution process.

Calculation of mass transfer coefficient

The mass transfer coefficient under the action of the
TRMF may be calculated form the following equation

dmj ~
_TI:ﬁiFnzci =B =
T

1 dm,«
Fu(—c;) dt

(€29

Equation 31 cannot be integrated because the area of solid
body, F,,, is changing in time of dissolving process. It should
be noted that the change in mass of solid body in a short time
period of dissolving is very small, and the mean area of dis-
solved cylinder may be used. The relation between loss of
mass, mean area of mass-transfer, and the mean driving force
of this process for the time of dissolving duration is approxi-
mately linear, and then, the mass-transfer coefficient may be
calculated from the simple linear equation

Blagm e — ) (32)
[F"Javg [Cf]avg (dlf‘[)
The averaged surface F,, is defined as follows
[Fnlave= 7ds]ayghis (33)
PC computer
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Figure 2. Sketch of rock-salt sample with the heating
setup.
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The volumetric mass transfer coefficient (f3;)y in Eq. 34 is
described by relation

- [(ﬂ")v]avg:% (34)

(Bv="10

Calculation of heat transfer coefficient

The heat transfer from the sample to liquid may by mod-
eled by the following relationship

Qs = Ql = oQVFmATl = mZCpIATZ (35)
This equation can be rewritten as

osF (Ts — [T;]tz) = mcy, ([T/],Z*[Tl],]> = O
iy ([T, -[71,)
N Fo <Ts - [T/]t2>

and the averaged heat transfer coefficient is given as follows

(36)

(e ] g (7,171, )
Fulae (e = 71,

(37)

AN

The averaged coefficient of heat transfer ([o],,,) varies
with the parameters of the TRMF mixing process and
depends on the operating conditions and physical properties
of the liquid.

Results and Discussion

Under the TRMF conditions, a relationship for the mass-
transfer can be described in the general form Sh = f(Ta,,
Sc). The results of experiments suggest that the Sherwood
number, the magnetic Taylor number, and the Schmidt num-
ber may be defined as follows

BilalFuls\ 12
ey () g
P ) S o ' (38a)
PoDi, P,
v Vi
Sc; =—= 8¢, = — (38b)
D;, D,
B2[2 D
Ta,, = Ha*Re,, = Ta,, = <M> (WL)
v P y
(IBrevelg) D2
o TRMF v ) D?
= Ta, = “ ave (wTRMF >
Vip; Vi
24
wTRMF([BTRMF]an) D%o,,
= Ta, = (38¢)

2
ViPi

The above dimensionless groups (Eqgs. 38a—38c) were cal-
culated with the physical properties in the temperature range
20-60°C (the liquid temperature).
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The effect of dissolution process under the action of the
TRMEF can be described by using the variable ShSc™ "> pro-
portional to the term a(Tam)h. The experimental results
obtained in this work are graphically illustrated in
log(ShSc™ %) vs. Log(a(Ta,,)”) in the Figure 3. Moreover,
the influence of the temperature gradient between the surface
temperature of solid and the liquid temperature on the mass
transfer coefficient is presented in this figure.

To establish the effect of all important parameters on the
dissolution process in the analyzed setup, we propose the
following relationship to work out the experimental database

Sh

0w = a(Tan)’ (39)

100 T i
80

60

40

Sh s¢™*

[ o 1=65cT=20C

20
O T,=70°C;T,=20°C
AT, =80°C; T,=20°C
——approximation

| )

1E-5 1E-4 1E-3 0,01 0,1 1 10
a Ta
m
120
100
80
3
< 60
o
w
K=
W 40F ]
0O T,=65C;T =40°C
O T,=70°C; T =40°C
AT, =80°C; T,=40°C
—— approximation
% | | l [
1E-5 1E-4 1E-3 0,01 0,1 1 10
b Ta
m
100 T T T
80
60
3
< -
) 40
w
=
(2] ]
20 . || O T,=65C;T=60°C | |
O T,=70°C;T,=60°C
A T,=80°C; T, =60°C
approximation
il il l il
1E-5 1E-4 1E-3 0,01 0,1 1 10
c Ta_

Figure 3. The graphical presentation of mass transfer
data under the action of TRMF.

(a) Ty = var; T, = 20°C, (b) T, = var; T; = 40°C, and (c¢)
Ty = var; T; = 60°C.
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The presented results in the Figure 3 suggest that these
points may be described by a unique monotonic function.
The constants and exponents are computed by employing the
Matlab software and the principle of least squares and the
proposed relationships are collected in the Table 1.

The Figure 4 shows the effect of the constant temperature
of the surface of rock-salt sample and the variation of the
liquid temperature on the Sherwood number.

Figures 3 and 4 present a graphical form of the collected
relations in the Table 1, as the full curves, correlated the ex-
perimental data very well with the percentage relative error
+10%. The Figure 5 gives an overview results in the form
of the proposed analytical relationships for the experimental
investigations (see the Table 1).

As can be clearly seen (see the Figure 3) mass transfer
rates expressed as (ShSc"*) increase with increasing
the values of the magnetic Taylor number. It is found that
as the intensity of MF increases, the velocity of liquid
inside the cylindrical container increases. It may be
concluded that the TRMF strongly influenced on the mass
transfer process. It should be noticed that this process may
be improved by means of the gradient temperature between
the surface of rock-salt sample and the liquid. Figure 3
shows that Sherwood number increases with the increasing
difference between the temperature of rock-salt surface and
the liquid temperature. It is clear that the effect of the
TRMF on the dissolution process is also depended on
the temperature gradient.

Comparison of the obtained results for the analyzed pro-
cess is graphically presented in Figure 4. This figure
shows that for the given temperature of surface of rock-
salt sample the mass transfer coefficients in tested setup
are strongly depended on the values of magnetic Taylor
number. These plots also confirm that the gradient temper-
ature has significant effect on the mass transfer process.
Initially, the high-mass-transfer rates are achieved by the
liquid temperature 40 and 60°C. Further increase of the
MF intensity leads to even higher mass transfer rates for
the liquid temperature is equal to 20°C. It should be
noticed that the NaCl-cylinder was placed in the middle
of container. When the TRMF rotated slowly, the liquid
was mixed near the wall of cylindrical container. When
the TRMF rotated faster, the resulting liquid movement
directly leads to an increase of the mass- and heat-transfer
coefficients. This difference appears to be linked to the
increase in the difference between the surface temperature
of rock-salt sample and the liquid temperature associated
with increasing the influence of the TRMF. The high
value of the exponents of magnetic Taylor number and
the multiplicative coefficients seen in the relations given
in the Table 1 agree with the existence of more intensive
flow near the hot surface of the rock-salt sample promoted
by the increase of the magnetic induction and the temper-
ature of the cartridge heater.

The enhancement due to heat transfer process is
modeled in terms given in Eq. 39. The graphical presentation
of the calculated experimental points is presented in the
Figure 6.

The constant a3 and exponent b; in Eq. 39 are computed
by using the principle of least square. Applying the software
Matlab, the analytical relationship may be obtained

DOI 10.1002/aic 1035



Table 1. The Developed Relationships for the Obtained Experimental Data

Temperature of surface

Temperature of liquid

of salt-rock sample 20°C 40°C 60°C
h h h
65°C SCSW =80.36 (Ta,,)"'* % =79.71 (Ta,,)"* % = 51.95 (Ta,,)™*
Sh Sh Sh
70°C S = 85.54 (Tay,)"** o = 8413 (Ta,)*® com = 6752 (Tay,)™™
Sh Sh Sh
80°C Soom = 9287 (Tan)*” Soom = 9285 (Tan) "™ soom = 371 (Tan)*”
Sh 7. The averaged absolute relative error was estimated at
= 15(Ta,)" L @0) Y ag E

where the ratio of the dimensionless Sherwood and Nusselt
numbers is function of the adequate dimensionless groups. The
fit of experimental data with the Eq. 40 is given in the Figure

100 .

80 ] T

60 - —
,./”- g =

40 =

ShS c-0.33

/ ——T,=657C; T,=20°C |

— —T,=65°C: T =40°C
-+ - T,=65°C:T,=60°C

L
1E-5 1E-4 1E-3 0,01 0,1 1 10

Ta
m
100 -
80 L et —
60 E ."_—’T/.---’ E
o i
? 40
1} L~
w
¥
w
20 [ —T,=70C: T,=20°C| |
= = T,=70°C; T, = 40°C
- - - T,=70°C; T =60°C
[ | [
1E-5 1E-4 1E-3 0,01 0,1 1 10
Ta
m
100 . o =
80 i E

ook /
40 - /

Sh sc™®

|—T,=80°C: T,=20°C
— —T,=80°C; T,=40°C
- -+ T,=80°C: T, =60°C

20 i
1E-5 1E-4 1E-3 0,01 0,1 1 10

Ta

m

Figure 4. The comparison of obtained results.

(a) Ty = 65°C; T; = var, (b) Ty = 70°C; T, = var, and (c)
T, = 80°C; T; = var.
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Figure 6 shows that the ratio of the mass- and heat-trans-
fer coefficients (via ratio of Sherwood and Nusselt numbers)
increases with the magnetic Taylor number. This figure
shows a strong increase in mass-transfer process, when the
TRMF is applied. It was found that the intensification of this
process is depended on the temperature gradient between the
temperature of surface of salt-rock sample and the liquid
temperature.

To evaluate the influence of the gradient temperature on
the mass-transfer under the action of the TRMF, the compar-
ison between the obtained database and the empirical corre-
lation for the dissolution process under the TRMF is
presented. For comparison, these results with literature, it is
recommended to correlate them under analogous form. The
dissolution process under the action of the TRMF is corre-
lated by means of the equation3

0.
Sh =2 +22.5{Ta,}" "5 (lf)) : 1)
Taking into account that the dimensionless location of a
NaCl-cylindrical sample (%) is equal to 0.125 (the sample
was located in the middle of cylindrical container), and the
local Taylor number ({7a,,},) is treated as the magnetic Tay-
lor number (7a,,), Eq. 41 may be rewritten in the following
form

Sh=2+11.3{Ta, } > 5"

= Shy = 2 + 11.3(Ta,)" " S (42)
120
+10%
7 /9/!10%

c p
o 80 s
it
©
E
X
° 4 :
Qo
Q.
©

7

O 1
0 40 80 120

experimental

Figure 5. Dependence between experimental and pre-
dicted (53%) values.
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Figure 6. The graphical presentation of mass and heat
transfer data at TRMF.

As a matter of fact, Eq. 40 may be written by alternate
equations as follows

Shy = 1.5(Ta,,)""*Le*3Nu (43)

The comparison in this case may be realized by consider-
ing the calculated averaged values of the dimensionless
Schmidt ([Sclyye = 477), Lewis ([Le],ye = 74) and Nusselt
([Nulave = 102) numbers. For the established averaged val-
ues of these dimensionless groups, Eqs. 42-43 reduce to 9

Shy =2+ 86.5(Ta,,)""” (44a)

Shy = 616.3(Ta,,)"" (44b)

The graphical comparison between Eqs. 44a and 44b is
illustrated in the plot given in the Figure 8. This figure dem-
onstrates that the dimensionless Sherwood number for the
analyzed case (Shj;) increases with increasing the magnetic
Taylor number. It was found that as the intensity of the
TRMF increases, the influence of hydrodynamic conditions
on the transport processes inside the cylindrical container
increases. The obtained relationship (Eqgs. 44a—44b) indicate

3
+20% //
§ - .
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Figure 7. Comparison of model prediction (Eq. 40) with
experimental data.
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Figure 8. Comparison of obtained results (Shy) with lit-
erature data (Sh)).

that the transfer rates increase with Taylor number for case I
Shy ~ (Ta,)*®" and case II Shy ~ (Ta,)™'?. The mass-
transfer data obtained for the additional transfer gradient is
consequently higher than the data obtained for the mass
transfer under the action of the TRMF.

It can be observed that the enhancement of the mass trans-
fer coefficients due to femperature gradient may be evaluated
by applying the ratio (% . In this study, (Sslhl,lj becomes
<%> _616.3(Ta,)""” (Shn

— T )~ 5(Ta,)™'% (45)
Shi) 2+ 86.5(Ta,)""" Shl) (Tan)™ ¢

Figure 9 shows the obtained relation (see Eq. 45) as the
function of the magnetic Taylor number. It was found that
as the intensity of the TRMF has strong influence on the
mass transfer rate. It is interesting to note that the enhance-
ment of this process in the case of upper values of the mag-
netic Taylor number is increased for the supported process
by using the cartridge heater.

Conclusions

It should be noticed that the novel approach to the mixing
process presented and based on the application of TRMF to
produce better hydrodynamic conditions in the case of the
mass-transfer process. From practical point of view, the
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Figure 9. Graphical presentation of Eq. 45.
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dissolution process of solid body is involved by using the
turbulently agitated systems. In previous publications, there
were no available data describing the mass-transfer opera-
tions of the dissolution process under the TRMF conditions
and the temperature gradient. Therefore, the experimental
investigations have been conducted to explain the influence
of this kind of MF on the mass-transfer enhancement. More-
over, the influence of the additional indirect heating on the
mass-transfer was determined. The influence of the TRMF
and the temperature gradient on this process is described
using the nondimensional parameters formulated on the base
of fluid mechanics equations. These dimensionless numbers
allow quantitative representation and characterization of the
influence of hydrodynamic state under the TRMF conditions
on the mass-transfer process. The dimensionless groups are
used to establish the effect of the TRMF on this operation in
the form of the novel type dimensionless correlation.

Notation

=

Greek letter

Oy

pi

DTRMF

1038

DOI 10.1002/aic

magnetic induction, kg A~' s>

concentration, kg; kg~

specific heat capacity of liquid, J kg 'deg™

sample diameter, m

diameter of container, m

diffusion coefficient, m? s~

magnetic diffusion, m* s~

frequency of electrical current (equal to frequency of

TRMF), s~

cylindrical surface of dissoluble sample, m?

Lorenz magnetic force, N

length of sample, m

characteristic dimension, m

electrical current density vector, A m~?

flux density of component i, kg; m > s~

diffusion flux density, kg; m > s~

relative coefficient of diffusion resulting from

additional forced interactions (e.g. magnetic field),
kgim™— ~

(kg; s> m 2 kg ')

mass of dissoluble NaCl sample, kgnaci

heat flow from liquid, W

heat flow from sample, W

temperature, deg

temperature of liquid at moment ¢, deg

temperature of liquid at moment #, (after time of

dissolution process), deg

temperature of sample, deg

volume of liquid, m?

velocity, m-s ™'

velocity of component i, m s~

distance (for localization of sample), m

1

1

1

heat transfer coefficient, W m2 deg’l
mass transfer coefficient, kg; m2s!
dynamic viscosity, kg m ' s~
magnetic permeability, kg m A% s~
thermal conductivity of liquid, W m ™' deg™
kinematic viscosity, m? s~

magnetic viscosity, m? s~ '

density, kg m~*

concentration of component 7, kg; m~?
electrical conductivity, A% s® kg ' m™?
time dissolution or time, s

mass flux of component 7, kg; m > s~
angulalr velocity of transverse rotating magnetic field,
rad s~

2
1

Subscripts

avg = averaged value
[ = liquid
s = sample
0 = reference value
Abbreviation
AC = alternating current
MF = magnetic field
TRMF = transverse rotating magnetic field
Dimensionless numbers
e,
Ha = Byly, /7> = Hartman number
Le = {- = Lewis number
[%]aveD
Nu = —3*— = Nusselt number
Pe; = [gﬂ = mass Peclet number

io

Pr, = =

Ving

magnetic Prandtl number

Goy B212
0= ?T” = Chandrasekhar number
0

Re = "2 = Reynols number
S= TO[—;“’ = Strouhal number
Sc; = 5~ = Schmidt number
0
(B}
Sh = [ p’nb}“ ” = Sherwood number
0
WOU(,OBﬁlg .
Ta,, = Vi, — magnetic Taylor number
0
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