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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 pa‐
rameters and reaction kinetics. Literature data available indicate that the mass-transfer proc‐
ess 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 employed to dissolve granular
or powdered solids into a liquid solvent [3].

Transfer of the solute into the main body of the fluid occurs in the three ways, dependent
upon the conditions. For an infinite stagnant fluid, transfer will be by the molecular diffu‐
sion augmented by the gradients of temperature and pressure. The natural convection cur‐
rents are set up owing to the difference in density between the pure solvent and the
solution. This difference in inducted flow helps to carry solute away from the interface. The
third mode of transport is depended on the external effects. In this way, the forced convec‐
tion closely resembles natural convection expect that the liquid flow is involved by using the
external force.

One of the key aspects in the dynamic behaviour of the mass-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 oscilla‐
tion in addition to other techniques like the use of fluidization, turbulence promotes or mag‐
netic and electric fields etc. The transverse rotating magnetic field (TRMF) is a versatile
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option for enhancing several physical and chemical processes. Studies over the recent deca‐
des were focused on application of magnetic field (MF) in different areas of engineering
processes [21, 22]. Static, rotating or alternating MFs might be used to augment the process
intensity instead of mechanically mixing. The practical applications of TRMF are presented
in the relevant literature [6, 16, 18, 23, 26, 27, 29].

Recently, TRMF are widely used to control different processes in the various engineering
operations [2, 9, 10]. This kind of magnetic field induces a time-averaged azimuthal force,
which drives the flow of the electrical conducting fluid in circumferential direction. Accord‐
ing to available in technical literature, the mass-transfer during the solid dissolution to the
surrounding liquid under the action of TRMF has been deliberated [21, 22]. These papers
present literature survey for the applications of magnetic field (MF) and the magnetically as‐
sisted fluidization (MAF) in the mass transfer enhancement.

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 between the surface temperature of solid sample
and the liquid temperature has strong influence on the dissolution process [1].

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

2. Theoretical background

2.1. Equation of magnetic induction

The flow under the action of TRMF may be determined by taking into consideration the fol‐
lowing magnetohydrodynamic Ohm law

m
=

1

m

rotB J (1)

The current density ( J̄ ) and the total electric field current (Ē ) may be expressed as follows

( )s é ù= + ´ë ûeJ E w B (2)

s m
= - ´ +

e m

rotBE w B (3)

The general Eq.(3) may be rewritten as:
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( ) s m
= - ´ +

e m

rot rotBrotE rot w B (4)

Taking into consideration the following expressions

D = - +B rot rotB graddivB (5)

t
¶

= -
¶
BrotE (6)

= 0divB (7)

we obtain from the Eq.(3) the well-known advection-diffusion type relation [8, 17]

( )t s m
D¶

= ´ +
¶ e m

BB rot w B (8)

The above equation (8) is also called the induction equation and it characterizes the tempo‐
ral evolution of the magnetic field where

n
s m

=
1

m
e m

(9)

is effective diffusion coefficient (magnetic viscosity or magnetic diffusivity).

Taking into accunt the above relation, Eq. (8) may be revritten in the following form

( ) n
t
¶

= ´ + D
¶ m
B rot w B B (10)

The term, rot(w̄ × B̄), in Eq.(8) dominates when the conductivity is large, and can be regarded
as describing freezing of MF lines into the liquid. The term, νmΔB̄, in the B-field equation
may be treated as a diffusion term. When the electrical conductivity, σe, is not too large, MF
lines diffuse within the fluid.

Taking into account the below definitions of the dimensionless parameters

t nt n
t n t t t

* ** * * * *
- - * -

D ¶ ¶
= = = = = = D = =

¶ ¶
0

1 2 1
0 0 0 0 0 0 0

1; ; ; ; ; ; ;m
m

m

B w l rotB w l rot
B w l l l (11)
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we get the modified form of the relation (8)

( ) n
t t

*
* * ** *

*

é ù¶ é ù é ùê ú = ´ + Dê úê ú ë ûë û¶ê úë û

0 00 0 0
2

0 0 0

m BB B w B rot w B B
l l (12)

The above form of Eq. (8) may be used to examine the effect of liquid flow on the MF distri‐
bution. The non-dimensional forms of these equations may be scaled against the term

( νm0
B0

l0
2 ). The dimensionless form of the equation (12) may be expressed by

( )n t n

*
* * ** *

*

é ù¶ é ù é ùê ú = ´ + Dê úê ú ë ûë û¶ê úë û0 0

2
0 0 0

0m m

l B w l rot w B B
t (13)

This equation includes the following dimensionless groups

mFo
n t

= 0 0
2
0

m

l (14)

and

mRe
n

=
0

0 0

m

w l
(15)

The magnetic Reynolds number (Rem) is analogous to the traditional Reynolds number, de‐
scribes the relative importance of advection and diffusion of the MF.

Taking into account the above definitions of the non-dimensional groups (Eqs (14) and (15)),
we obtain the following general relationship of the magnetic induction equation

( )m
m

Re
Fo t

*
* * ** *

*

é ù¶ é ù é ùê ú = ´ + Dê úê ú ë ûë û¶ê úë û

1 B rot w B B (16)

It should be noticed that the time of magnetic diffusion, τd , may defined as follows

m

1
Fo

t t s m
n

Þ Þ =
0

2
20

0 0
1 ~ ~ d e m

m

l l (17)

Taking into account the following relation

Mass Transfer - Advances in Sustainable Energy and Environment Oriented Numerical Modeling270



( )´ º - + -rot w B Bgradw wgradB wdivB Bdivw (18)

we obtain the modified form of Eq. (8)

n
s m
D

= Þ = Dm
e m

BwgradB wgradB B (19)

The governing Eq.(19) may be rewritten in a symbolic shape which is useful in the case of
the dimensionless analysis

n
n

* * ** * *é ù é ù= Dê ú ê úë û ë û
0 00 0
2

0 0

m
m

Bw B w grad B B
l l (20)

The above Eq.(20) admits the following relation

n
0 00 0
2

0 0

~ m Bw B
l l (21)

where w0≡ωTRMF l0 andΔ ∗=
Δ
l0
−2 ⇒Δ ∗=

Δ
δ0
−2 .

An important consequence of the above expression (Eq.(21)) is that the skin depth (or the
penetration depth), δ, may be given as follows

n n nd d
d w

Þ Þ =0 00 0 0
02

0 0 0

~ ~m m m

WPM

Bw B l
l w (22)

This parameter may be used to describe the well-known skin effect. From the practical point
of view, this phenomenon is characterized by the so-called shielding parameter

w
n

=
2
0WPM

m

lS (23)

This dimensionless parameter see ( Eq (23)) is usually applied characterize the interaction
between the MF and the electrical conductivity of liquid. The condition S≪1 means that
MF is not changed by the conducting liquid. On the contrary, the condition S≫1 describes
the typical skin effect which means that MF can penetrate into the highly electrically con‐
ductive liquid.
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2.2. Influence of transverse rotating magnetic field 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 com‐
ponent i

( )r r
t

¶
+ = F

¶
i

i i idiv w (24)

where Φi is the mass flux of component i (the volumetric mass source of component i).

The flux density of component i (J ī) may be given by

r=i i iJ w (25)

The diffusion flux density is described by means of the following expression

( )r r= Þ = -dyf i i dyf i iJ dif w J w w (26)

The relation between J ī and Jdyf̄  is defined as

( )r r r r= + Þ = - +i dyf i i i i i iJ J w w w w w (27)

Including the relation (27) in equation (24) gives the following relationship for the mass bal‐
ance of component i

( )r r
t

¶ é ù+ + = Fë û¶
i

dyf i idiv J div w (28)

Introducing the relation

( ) ( ) ( )r r r= +i i idiv w div w wgrad (29)

in Eq.(28) gives the mass balance of component i

( ) ( )r r r
t

¶ é ù+ + + = Fë û¶
i

i i dyf iwgrad div w div J (30)

The concentration of component i may be expressed as follows
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r r r
r

= Þ =i
i i ic c (31)

Taking into account the above equation, we find the modified form of Eq.(30)

( ) ( ) ( ) ( )r
r r

t
¶ é ù+ + + = Fë û¶

i
i i dyf i

c
w grad c c div w div J (32)

Eq.(32) may be rewritten by

( ) ( ) ( ) ( )
r rr r r r
t t t

¶ ¶ ¶
+ = + + +

¶ ¶ ¶
i i

i i i i

c cw grad c w grad c c c wgrad (33)

or

( ) ( ) ( )rr r r r
t t

¶ ¶é ù é ù+ + + + + = Fê ú ë û¶ ¶ë û
i

i i dyf i
c w grad c c w grad div w div J (34)

The term in square brackets is so-called the continuity equation and this relation may be
simplified in the following form

( ) ( ) ( )r rr r r
t t
¶

+ + = Þ + =
¶

0 0dwgrad div w div w
d (35)

This leads to the final expression for the mass balance of component i:

( )r r
t

¶ é ù+ + = Fë û¶
i

i dyf i
c w grad c div J (36)

The total diffusion flux density (Jdyf̄ ) is expressed as a sum of elementary fluxes considering

the concentration(J ī(ci)), temperature(J ī(T )), thermodynamic pressure gradient(J ī(p)), and

the additional force interactions J ī(F̄ ) (e.g. forced convection as a result of fluid mixing) in

the following form

( ) ( ) ( ) ( )= + + +dyf i i i i iJ J c J T J p J F (37)

A more useful form of this equation may be obtained by introducing the proper coefficients
as follows
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( ) ( ) ( )r r r r= - - - +ln lndyf i i i t i p i FJ D grad c D k grad t D k grad p D k F (38)

Under the action of TRMF the force F̄  may be defined as the Lorenz magnetic forceFem̄. This
force is acting as the driving force for the liquid rotation and it may be described by

( )s sé ù= ´ Þ = + ´ ´ë ûem em e eF J B F E w B B (39)

The above relation may be simplified as follows (the electric field vector Ē  is omitted)

( )( )s= ´ ´em eF w B B (40)

The related Lorenz force to the unit of liquid mass may be rewritten in the form

( )( )s
r

= ´ ´
1

em eF w B B (41)

Introducing the relation Eq.(41) in Eq.(38) gives the following relationship

( ) ( ) ( ) ( )( )( )r r r s= - - - + ´ ´ln ln
emdyf i i i t i p i eFJ D grad c D k grad t D k grad p D k w B B (42)

Taking into account the above relation (Eq.(42)) we obtain the following general relationship
for the mass balance of component i

( ) ( ) ( ) ( )

( )( )( )
t

s
r r

¶ é ù+ + - - - +ë û¶

é ù F
+ ´ ´ =ê ú

ê úë û

ln ln

em

i
i i i i t i p

i F i
e

c w grad c div D grad c D k grad t D k grad p

D k
div w B B

(43)

The obtained Eq.(43) suggests that this dependence may be simplified in the following form

( ) ( ) ( )( )( )s
t r r

¶ é ù F
+ + é- ù + ´ ´ =ê úë û¶ ë û

i m i
i i i e

c Dwgrad c div D grad c div w B B (44)

It should be noticed that the coefficient of magnetic diffusion Dm may be expressed as fol‐
lows

=
emm i FD D k (45)
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This coefficient may be defined by means of the following expression

t s m
n

= Þ = Þ =
2

2 0
0

i
m i d m i e m m

m

c lD c D c l D (46)

Taking into consideration the above relation (Eq.(46)) we obtain the relationship

( ) ( ) ( )( )( )s
t n r r

é ù¶ F
+ + é- ù + ´ ´ =ê úë û¶ ë û

2
0i i i

i i i e
m

c c lw grad c div D grad c div w B B (47)

The above relation (Eq.(47)) may be treated as the differential mathematical model of the
solid dissolution process under the action of TRMF. The right side of this equation repre‐
sents the source mass of component i

( ) ( ) ( ) ( ) ° ( ) °( )b
b b bF = - - ÞF = - - ÞF = - ÞF = -i m

i i r i i i r i i i i i iV V V

dF c c c c c c
dV (48)

where (−cĩ) is the driving force for the solid dissolution process.

Introducing Eq.(48) in Eq.(47), gives the following relationship

( ) ( ) ( )( )( ) ( ) °b
s

t n r r
é ù¶

+ + é- ù + ´ ´ = -ê úë û¶ ë û

2
0 i ii i V

i i i e
m

cc c lw grad c div D grad c div w B B (49)

Taking into account the below definition of the dimensionless parameters

° °

( ) ( )
( )

t mt m
t m

bn rn r b
n r b

*** * * *

*** *

* * *
- - -

= = = = = =

é ù= = = =ë û é ùë û

= = =

0 0 0 0

0

0 0

0 0
0

1 1 1
0 0 0

; ; ; ; ; ;

; ; ;

; ; ;

i i i m
i i i m

i i i m

im V
m i V

m i V

c c w Dc c w D
c c w D

BB
B

graddiv Divdiv Div grad
l l l

(50)

we obtain the governing Eq.(50) in a symbolic form

( ) ( )

( )( ) ( ) ( ) °

t t

b bs
s

n r n r r r

* * * * * * * *
*

* *
*

* * ** *
* * *

é ù¶ é ù é ùé ù+ - +ê ú ë ûê ú ë ûë û¶ë û
é ùé ù é ùé ùé ù ë û ë ûæ ö ê ú+ ´ ´ = -ê úç ÷ê ú ê úè øê úë ûë û ê úë û

0 0 0 0

00 0

0

0
2

0 0 0

2
0 0 0 0

0 0

i i i ii
i i i

i i i ii e V Vi
e

m m

c c w D cc w grad c div D grad c
l l

c cc w B l cdiv w B B
(51)
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The non-dimensional form of this equation may be scaled against the convective term

( ci0
w0

l0
). The dimensionless form of Eq.(51) may be given as follows

( ) ( )

( )( ) ( ) ( ) °

t t

b bs
s

n r n r r r

* * * * * * * *
*

* *
*

* * ** *
* * *

é ù¶ é ù é ùé ù+ - +ê ú ë ûê ú ë ûë û¶ë û
é ùé ù é ùé ùé ù ë û ë ûæ ö ê ú+ ´ ´ = -ê úç ÷ê ú ê úè øê úë ûë û ê úë û

0

0

0

0

0 0 0 0

2 2
00 0 0

0 0 0

ii
i i i

i i ie V Vi
e

m m

Dl c w grad c div D grad c
w l w

l cB l cdiv w B B
w

(52)

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

S
t

-Þ 10

0 0

l
w (53)

Sc Pen
n

- - -æ öæ ö
Þ Þ Þç ÷ç ÷

è øè ø
0 0 1 1 1

0 0 0

Rei i
i i

D D
l w w D (54)

QPr Ha Pr
s s n
n r n r n

æ öæ ö
Þ Þ Þç ÷ç ÷ç ÷ç ÷è øè ø

0 0

0 0

2 2 2 2
0 0 0 0 2

0 0

e e
m m

m m

B l B l
(55)

( ) ( )
Sh Sc Re

b b n
r r n

- -
æ öé ù é ù æ ö æ ö æ öæ öë û ë ûç ÷Þ Þç ÷ ç ÷ ç ÷ç ÷ç ÷ç ÷ è øè ø è ø è øè ø

0

0

2 2 2
0 1 10 0

2 2
0 0 0 0

i i p iV V

i s s

l d D D D
w D w D d d (56)

Taking into account the proposed relations (53-56), we find the following dimensionless
governing equation

( ) ( )

( )( ) ( ) °

S Pe

Ha Pr Sh Sc Re

t

b
s

n r r

* *- * * - * * * *
*

* *
*

* * ** * - -
* * *

é ù¶ é ù é ùé ù+ - +ê ú ë ûê ú ë ûë û¶ë û
é ùé ùé ùé ù æ ö ë ûæ ö ê ú+ ´ ´ = -ê ú ç ÷ç ÷ê ú ê úè øê ú è øë ûë û ê úë û

1 1

2
2 1 1

2

i
i i i i

i iVi
m e

m s

c w grad c div D grad c

cc Ddiv w B B
d

(57)

From the dimensionless form of Eq.(57) it follows that

Sh Sc Re Ha Pr Sh Sc Ha RePr Sh Sc Ta Pr- - - -æ ö æ ö æ ö
Þ Þç ÷ ç ÷ ç ÷

è ø è øè ø

2 2 2
1 1 2 1 2 1

2 2 2~ ~ ~s s
m m m m

s

D d d
d D D (58)
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Under convective conditions a relationship for the mass-transfer similar to the relationships
obtained for heat-transfer may be expected of the form [11]

( )Sh Sc= Re,f (59)

The two principle dimensionless groups of relevance to mass-transfer are Sherwood and
Schmidt numbers. The Sherwood number can be viewed as describing the ratio of convec‐
tive to diffusive transport, and finds its counterpart in heat transfer in the form of the Nus‐
selt number [3].

The Schmidt number is a ratio of physical parameters pertinent to the system. This dimen‐
sionless 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.

Added to these two groups is the Reynolds number, which represents the ratio of convec‐
tive-to-viscous momentum transport. 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 relative to inertia forces. But, with increasing the Reynolds number,
viscous effects become progressively less important relative to inertia effects.

Evidently, for Eq.(59) 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 [4, 13]

Sh Sc= 1 1
1Re

b ca (60)

The mass-transfer coefficients in the mixed systems can be correlated by the combination of
Sherwood, Reynolds and Schmidt numbers. Using the proposed relation [60], it has been
found possible to correlate a host of experimental data for a wide range of operations. The
coefficients of relation [60] are determined from experiment. Under forced convection condi‐
tions the relation may be expressed as follows [7]

Sh Sc0.5 0.33~ Re (61)

The exponent upon of the Schmidt number is to be 0.33 [5, 12, 14, 19, 25] as there is some
theoretical and experimental evidence for this value [24], although reported values vary
from 0.56 [28] to 1.13 [15].

Mass transfer process under the TRMF conditions is very complicated and may be described
by the non-dimensional Eq.(57). Use of the dimensionless Sherwood number as a function of
the various non-dimensional parameters yields a description of liquid-side mass transfer,
which is more general and useful. Taking into account that the magnetic Prandtl number
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Prm =const  (for waterPrm =const) and the ratio of diameters solid sample and diameter of

container
ds
D = idem, the obtained relationship (see Eq.(58)) may be expressed as follows

( )Sh Sc Ta Pr Sh Ta Sc- æ ö
Þ =ç ÷

è ø

2
1

2~ ,s
m m m

d f
D (62)

Basing on the considerations given above, the correlations of mass transfer process under
the TRMF action have the general form

Sh Ta Sc= 2 2
2

b c
ma (63)

2.3. 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= Re,Prf (64)

In the present report we consider the process dissolutions described by a similar but some‐
what modified relationship between the dimensionless Sherwood number and the numbers
which 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 following general form

( )Nu Ta= ,Prmf (65)

In order to establish the effect of all important parameters on this process in the wide range
of variables data we proposed the following general relationship.

Nu Ta= 3 3
3 Prb c

ma (66)

The solid dissolution process under the action of TRMF and the gradient temperature be‐
tween the solid surface and the liquid may be described by means of the following equa‐
tions system

Sh Ta Sc
Nu Ta

ì =ï
í

=ïî

2 2

3 3

2

3 Pr

b c
m
b c

m

a
a (67)
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From the above relation (Eq.(67)), the ratio of Sherwood and Nusselt numbers is given by

Sh ScTa
Nu

æ ö= ç ÷
è ø

4

4
4 Pr

c
b

ma (68)

where a2≠a3 ∧  a4 =
a2
a3

; b2≠b3 ∧  b4 =b2−b3 and c2 = c3 ∧  c4 =0.33.

In the relevant literature the ratio of the Schmidt and Prandtl numbers is called as the di‐
mensionless Lewis number (the ratio of thermal diffusivity to mass diffusivity)

ScLe Le Len
n

æ öæ ö æ ö= Þ = Þ =ç ÷ç ÷ ç ÷
è ø è øè øPr i i

a a
D D (69)

According to Eq.(69) and the above assumptions, the ratio of Sherwood and Nusselt num‐
bers is defined as follows

Sh Ta Le
Nu

= 4 0.33
4

b
ma (70)

The enhancement effect of the solid dissolution process due to heat transfer process ob‐
tained from Eq.(70) is given by

Ta Le
b l

a
æ öæ ö

=ç ÷ç ÷
è øè ø

4 0.33
4

bi s
m

i s

d a
D D (71)

The ratio ( βi
αs

) may be defined by means of the following relationship

Ta Le
b
a l
æ ö æ öæ ö=ç ÷ ç ÷ç ÷

è øè ø è ø
4 0.33

4
bi i

m
s s

D Da
d (72)

Introducing the thermal diffusivity (a =
λ

cpρ ⇒λ =acpρ) in Eq.(72), gives the relation

Ta Le Ta Le Le
b b
a r a r

-
æ ö æ öæ öæ ö æ ö æ ö æ ö

= Þ =ç ÷ ç ÷ç ÷ç ÷ ç ÷ ç ÷ ç ÷ç ÷ ç ÷è ø è ø è ø è øè øè ø è ø
4 40.33 0.33 1

4 4
1 1b bi ii

m m
s p s s p s

D D Da a
a c d c d (73)

Finally, form relation (73) it follows that
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Ta Le
b
a r

-
æ öæ ö æ ö

= ç ÷ç ÷ ç ÷ç ÷è ø è øè ø
4 0.66

4
1bi

m
s p s

Da
c d (74)

3. Experimental details

3.1. Experimental set-up

All experimental measurements of mass-transfer process using the TRMF were carried out
in a laboratory set-up including electromagnetic field generator. A schematic of the experi‐
mental apparatus is presented in figure 1.

Figure 1. Sketch of experimental set-up: 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 - multifunctional electronic
switch, 9 - Hall sample

This setup may be divided into: a generator of the rotating electromagnetic field (1), a glass
container (2) with the conductivity samples (3-4), 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 con‐
trol, recording working parameters of the generator and various state parameters.

From preliminary tests of the experimental apparatus, the glass container is not influenced
by the working parameters of the stator. The TRMF was generated by a modified 3-phase
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stator of an induction squirrel-cage motor, parameters of which are in accordance with the
Polish Standard PN-72/E-06000. The stator is supplied with a 50 Hz three-phase alternating
current. The transistorized inverter (4) was used to change the frequency of the rotating
magnetic field in the range of f TRMF =1−50Hz. The stator of the electric machine, as the RMF
generator is made up of a number of stampings with slots to carry the three phase winding.
The number of pair poles per phase winding, p, is equal to 2. The windings are geometrical‐
ly spaced 120 degrees apart. The stator and the liquid may be treated as apparent virtual
electrical circuit of the closed flux of a magnetic induction. The stator windings are connect‐
ed through the a.c. transistorized inverter to the power source. The generator produces an
azimuthal electromagnetic force in the bulk of the TRMF reactor with the magnetic field
lines rotating in the horizontal plane.

For the experimental measurements, MF is generated by coils located axially around of the
cylindrical container. As mentioned above, this field is rotated around the container with the
constant angular frequency,ωTRMF . The TRMF strength is determined by measuring a mag‐
netic induction. The values of the magnetic induction at different points inside the glass con‐
tainer are detected by using a Hall sample connected to the personal computer. The typical
example of the dependence between the spatial distributions of magnetic induction and the
various values of the alternating current frequency for the cross-section of container is given
[20]. The obtained results in this paper suggest that the averaged values of magnetic induc‐
tion may be analytically described by the following relation

[ ] ( )é ù= - -ë û14.05 1 exp 0.05TRMF TRMFavg
B f (75)

3.2. Rock-salt sample

Two conductive samples connected to a multifunction computer meter were used to meas‐
uring and recording of the concentration of the achieve solution of the salt. The mass of the
rock salt sample decreasing during the process of dissolution is determined by an electronic
balance that connected with rocking double-arm lever. On the lever arm the sample was
hanging, the other arm connected to the balance. In the present investigation the change in
mass of solid body in a short time period of dissolution is very small and the mean area of
dissolved cylinder of the rock salt may be used. Than the mean mass-transfer Raw rock-salt
(>98% NaCl and rest traces quantitative of chloride of K, Ca, Mg and insoluble mineral im‐
purities) cylinders were not fit directly for the experiments because their structure was not
homogeneous (certain porosity). Basic requirement concerning the experiments was creating
possibly homogeneous transport conditions of mass on whole interfacial surface, which was
the active surface of the solid body. These requirements were met thanks to proper prepar‐
ing of the sample, mounting it in the mixer and matching proper time of dissolving. As an
evident effect were fast showing big pinholes on the surface of the dissolved sample as re‐
sults of local non-homogeneous of material. Departure from the shape of a simple geometri‐
cal body made it impossible to take measurements of its area with sufficient precision. So it
was necessary to put those samples through the process of so-called hardening. The turned
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cylinders had been soaked in saturated brine solution for about 15 min and than dried in a
room temperature. This process was repeated four times. To help mount the sample in the
mixer, a thin copper thread was glued into the sample’s axis. The processing was finished
with additional smoothing of the surface with fine-grained abrasive paper. A sample pre‐
pared in this way had been keeping its shape during dissolving for about 30 min. The dura‐
tion of a run was usually 30 sec. The rate of mass-transfer involved did not produce
significant dimensional change in diameter of the cylinder. The time of a single dissolving
cycle was chosen so that the measurement of mass loss could be made with sufficient accu‐
racy and the decrease of dimensions would be relatively small (maximum about 0.5 mm).

Figure 2. Sketch of rock-salt sample with the heating set-up

Before starting every experiment, a sample which height, diameter and mass had been known
was mounted in a mixer under the free surface of the mixed liquid. The reciprocating plate ag‐
itator was started, the recording of concentration changes in time, the weight showing changes
in sample’s mass during the process of solution, and time measuring was started simultane‐
ously. After finishing the cycle of dissolving, the agitator was stopped, and then the loss of
mass had been read on electronic scale and concentration of NaCl (electrical conductivity) in
the mixer as well. This connection is given by a calibration curve, showing the dependence of
the relative mass concentration of NaCl on the electrical conductivity [21].
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3.3. Rock-salt sample heated by means of the cartridge heater

In the case of this experimental investigations the gradient temperature between the surface
and liquid was caused by using the cartridge heater (power ~1200W). This tubular device
was inserted into drilled holes of rock-salt sample for heating. Moreover, the heating set-up
was contained the temperature controller and sensors. The sensors for the temperature con‐
trol was placed between the working surface of the sample and the heater. These sensors
was also located on the surface of the solid sample. The sketch of rock-salt sample with the
heating set-up is graphically presented in figure 2. The sample was kept at a constant tem‐
perature (65oC, 70oC or 80oC). The heat transfer from the sample to ambient fluid was realiz‐
ed for the various temperature (20oC, 40oC and 60oC). The system of temperature sensors
was used to control the temperature of the water during the solid dissolution process.

3.4. Experimental calculation of mass transfer coefficient

The mass transfer coefficient under the action of TRMF may be calculated form the fol‐
lowing  equation

°
°( )

b b
t t

- = Þ =
-

1i i
i m i i

m i

dm dmF c
d dF c (76)

The above Eq.(76) cannot be integrated because the area of solid body, Fm, 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 dissolved 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 approximately linear and then the
mass-transfer coefficient may be calculated from the simple linear equation

[ ]
[ ] °

( )
( )

b
t

-
=

é ùë û

1 i
i avg

m iavg avg

dif m
difF c (77)

The averaged surface Fm is defined as follows

[ ] [ ]p=m s savg avg
F d h (78)

The volumetric mass transfer coefficient (βi)V  in Eq.(48) is described by relation

( ) ( ) [ ] [ ]bb
b bé ù= Þ =ë û

rri mi mœ œ
i iV V avg

l

FdF
dV V (79)

Study of Effect of Temperature Radient on Solid Dissolution Process
http://dx.doi.org/10.5772/51296

283



3.5. Experimental calculation of heat transfer coefficient

The heat transfer from the sample to liquid may by modelled by the following relationship

a= Þ D = D1 2ls l s m l pQ Q F T m c T (80)

This equation can be rewritten as
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and the averaged heat transfer coefficient is given as follows
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The  averaged  coefficient  of  heat  transfer  ( αs avg)  varies  with  the  parameters  of  the

TRMF  mixing  process  and  depends  on  the  operating  conditions  and  physical  proper‐

ties  of  the  liquid.

4. Results and discussion

Under the TRMF conditions a relationship for the mass-transfer can be described in the gener‐

al formSh= f (T am, Sc). The results of experiments suggest that the Sherwood number, the

magnetic Taylor number and the Schmidt number may be defined as follows (see Eqs 53-56)
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The TRMF Reynolds number (Rem =
ωTRMF D 2

νl
) with ωTRMF =2π f TRMF  as angular frequency

of TRMF equal to angular field frequency of the field generated by the a current of frequen‐
cy. The product ωTRMF D plays the role of a rotational velocity. The above dimensionless
groups (Eqs 83-85) were calculated with the physical properties in the temperature range
20-60oC (the liquid temperature).

The effect of dissolution process under the action of TRF can be described by using the vari‐
able ShSc−0.33 proportional to the terma(T am)b. The experimental results obtained in this

work are graphically illustrated in log(ShSc−0.33) versus log(a(T am)b) in 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.

In order to establish the effect of all important parameters on the dissolution process in the an‐
alyzed set-up, we propose the following relationship to work out the experimental database

( )Sh Ta
Sc

=0.33
b

ma (86)

The presented results in figure 3 suggest that these points may be described by a unique mon‐
otonic function. The constants and exponents are computed by employing the Matlab soft‐
ware and the principle of least squares and the proposed relationships are collected in table 1.

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.

Table 1. The developed relationships for the obtained experimental data
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Figure 3. The graphical presentation of mass transfer data under the action of TRMF: a)Ts = var; T l = 20oC , b)

Ts = var; T l = 40oCand c) Ts = var; T l = 60oC

Figure 4. The comparison of obtained results: : a)Ts = 65oC ; T l = var, b) Ts = 70oC ; T l = varand c) Ts = 80oC ; T l = var

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

Figure 5. Dependence between experimental and predicted ( Sh
Sc 0.33 ) values

Mass Transfer - Advances in Sustainable Energy and Environment Oriented Numerical Modeling286



As can be clearly seen (see Figure 3) mass transfer rates expressed as ( Sh
Sc 0.33 ) increase with

increasing the values of magnetic Taylor number. It is found that as the intensity of magnet‐
ic field 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 no‐
ticed 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 TRMF on the dissolution process is also depended
on the temperature gradient.

Comparison of the obtained results for the analyzed process is graphically presented in fig‐
ure 4. This figure shows that for the given temperature of surface of rock-salt sample the
mass transfer coefficients in tested set-up are strongly depended on the values of magnetic
Taylor number. These plots also confirm that the gradient temperature has significant effect
on the mass transfer process. Initially, the high mass transfer rates is achieved by the liquid
temperature 40oC and 60oC. Further increase of the magnetic field intensity leads to even
higher mass transfer rates for the liquid temperature is equal to 20oC. It should be noticed
that the NaCl-cylinder was placed in the middle of container. When the TRMF rotated slow‐
ly the liquid was mixed near the wall of cylindrical container. When the TRMF rotated fast‐
er, 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 increas‐
ing the influence of TRMF. The high value of the exponents of magnetic Taylor number and
the multiplicative coefficients seen in the relations given in 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 temperature of the cartridge heater.

Figure 6. The graphical presentation of mass and heat transfer data at TRMF
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The enhancement due to heat transfer process is modeled in terms given in Eq.(70). The
graphical presentation of the calculated experimental points is presented in figure 6.

The constant a4 and exponent b4 in Eq.(70) are computed by using the principle of least
square. Applying the software Matlab the analytical relationship may be obtained

( )Sh Ta Le
Nu

= 0.12 0.331.5 m (87)

where the ratio of the dimensionless Sherwood and Nusselt numbers is function of the ade‐
quate dimensionless groups. The fit of experimental data with Eq.(87) is given in figure 7.
The averaged absolute relative error was estimated at 2.12%.

Figure 7. Comparison of model prediction (Eq.(87)) with experimental data

Figure 6 shows that the ratio of mass and heat transfer 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 temper‐
ature of surface of salt-rock sample and the liquid temperature.

In order to evaluate the influence of the gradient temperature on the mass transfer under the
action of TRMF, the comparison between the obtained database and the empirical correla‐
tion 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 TRMF is correlated by means of the equation [22]

{ }Sh Ta Sc æ ö= + ç ÷
è ø

0.33
0.015 0.332 22.5 m x

x
D

(88)
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Taking into account that the dimensionless location of a NaCl-cylindrical sample ( x
D ) is

equal to 0.125 (the sample was located in the middle of cylindrical container) and the local
Taylor number ({Tam}x) is treated as the magnetic Taylor number(T am), the Eq.(88) may be

rewritten in the following form

{ } ( )Sh Ta Sc Sh Ta Sc= + Þ = +0.015 0.0150.33 0.332 11.3 2 11.3m I mx (89)

As a matter of fact, Eq.(70) may be written by alternate equations as follows

( )Sh Ta Le Nu= 0.12 0.331.5II m (90)

The comparison in this case may be realized by considering the calculated averaged val‐
ues of the dimensionless Schmidt( Sc avg =477), Lewis ( Le avg =74) and Nusselt ( Nu avg =102)
numbers.  For established averaged values of these dimensionless groups the Eqs (89-90)
reduce  to

( )Sh Ta= + 0.0152 86.5I m (91)

( )Sh Ta= 0.12616.3II m (92)

The graphical comparison between Eq.(91) and Eq.(92) are illustrated in the plot in figure 8.
This figure demonstrates that the dimensionless Sherwood number for the analyzed case
(ShII ) increases with increasing the magnetic Taylor number. It was found that as the inten‐
sity of TRMF increases, the influence of hydrodynamic conditions on the transport processes
inside the cylindrical container increases. The obtained relationship (Eqs (91-92)) indicate
that the transfer rates increase with Taylor number for case I ShI ~ (Tam)0.015 and case II

ShII ~ (T am)0.12. The mass transfer data obtained for the additional transfer gradient is conse‐
quently higher than the data obtained for the mass transfer under the action of TRMF.

It can be observed that the enhancement of the mass transfer coefficients due to temper‐

ature gradient may be evaluated by applying the ratio( ShII
ShI

). In the present study ( ShII
ShI

)
becomes

( )
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( )TaSh Sh Ta
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Figure 9 shows the obtained relation (see Eq.(93)) as the function of the magnetic Taylor
number. It was found that as the intensity of TRMF has strong influence on the mass trans‐
fer rate. It is interesting to note that the enhancement of this process in the case of upper
values of the magnetic Taylor number is increased for the supported process by using the
cartrige heater.

Figure 8. Comparison of obtained results (ShII ) with literature data (ShI )

Figure 9. Graphical presentation of Eq.(93)

5. Conclusion

The present experimental study shows interestingfeatures cocncerning the effects of trans‐
verse rotating magnetic field (TRMF) on the mass transfer process. Inspecting the obtained
measuremenst reveals the following conclusions:
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1. The study of mass transfer process under the action of TRMF results is significant en‐
hancement of the solid dissolution rate per localization of a NaCl-cylindrical sample.
The mass transfer rate increases with an increase of a magnetic field level. It was found
that the TRMF strongly influcnecd the mass transfer process.

2. 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 dissolution process of solid
body is involved by using the turbulently agitated systems. In previous publications are
not available data describing the mass-transfer operations of the dissolution process un‐
der the TRMF conditions and the temperature gradient. Moreover, the influence of the
additional indirect heating on the mass-transfer was determined.

3. With the respect to the other very useful mass transfer equations given in the pertinent
literature, the theoretical description of problem and the equations predicted in the
present article is much more attractive because it generalizes the experimental data tak‐
ing into consideration the various parameters, which defined the hydrodynamic state
and the intensity of magnetic effects in the tested system (see chapter 2.2).

4. On the basis of the experimental investigations, the results were successfully correlated
by using the general relationship [74]. The influence of the TRMF and the temperature
gradient on this process may be also described using the non-dimensional parameters
formulated on the base of fluid mechanics equations. These dimensionless numbers al‐
low 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 TRMF on this operation in the form of the nov‐
el type dimensionless correlation [87].

5. In order to evaluate the influence of the gradient temperature on the mass transfer un‐
der the action of TRMF, the comparison between the obtained database and the empiri‐
cal correlation for the dissolution process under the TRMF is presented. This coparsion
is presented as the specific relation [93]. It can be observed that the enhancement of the
mass transfer coefficients due to temperature has strong influence on the mass transfer
rate (see Fig.8).

6. Nomenclature

B̄ magnetic induction kg ⋅A−1⋅ s −2

ci concentration k gi ⋅k g −1

cp specific heat capacity of liquid J ⋅k g −1⋅deg −1

ds sample diameter m

Study of Effect of Temperature Radient on Solid Dissolution Process
http://dx.doi.org/10.5772/51296

291



D diameter of container m

Di diffusion coefficient m 2⋅ s −1

Dm magnetic diffusion m 2⋅ s −1

Ē electric field V ⋅m −1

f TRMF frequency of electrical current (equal to frequency of TRMF) s −1

Fm cylindrical surface of dissoluble sample m 2

Fem̄ Lorenz magnetic force N

h s length of sample m

l characteristic dimension m

J̄ electrical current density vector A⋅m −2

J ī flux density of component i k gi ⋅m −3⋅ s −1

Jdyf̄ diffusion flux density k gi ⋅m −3⋅ s −1

kp relative coefficient of barodiffusion
k gi ⋅m 2⋅k g −1⋅N −1

(k gi ⋅m ⋅ s 2⋅k g −2)

kp relative coefficient of thermodiffusion k gi ⋅k g −1⋅deg−1

kFem̄

relative coefficient of diffusion resulting from additional forced

interactions (e.g. magnetic field)

k gi ⋅m −1⋅N −1

(k gi ⋅ s 2⋅m −2⋅k g −1)

mi mass of dissoluble NaCl sample k gNaCl

p hydrodynamic pressure N ⋅m −2

Ql heat flow from liquid W

Qs heat flow from sample W

S shielding parameter -

T temperature deg

T l t1
temperature of liquid at moment t1 deg

T l t2

temperature of liquid at moment t2 (after time of dissolution

process)
deg

Ts temperature of sample deg

V volume of liquid m 3

w̄ velocity m ⋅ s −1

wī velocity of component i m ⋅ s −1

x distance (for localization of sample) m
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Table 2.

αs heat transfer coefficient W ⋅m −2⋅deg −1

βi mass transfer coefficient k gi ⋅m −2⋅ s −1

δ skin depth -

η dynamic viscosity kg ⋅m −1⋅ s −1

μm magnetic permeability kg ⋅m ⋅A−2⋅ s −2

λ thermal conductivity of liquid W ⋅m −1⋅deg −1

ν kinematic viscosity m 2⋅ s −1

νm magnetic viscosity m 2⋅ s −1

ρ density kg ⋅m −3

ρi concentration of component i k gi ⋅m −3

σe electrical conductivity A 2⋅ s 3⋅k g −1⋅m −3

τ time dissolution or time s

Φi mass flux of component i k gi ⋅m −3⋅ s −1

ωTRMF angular velocity of transverse rotating magnetic field rad ⋅ s −1

Greek letters

avg averaged value

l liquid

s sample

0 reference value

Subscripts

AC alternating current

MF magnetic field

TRMF transverse rotating magnetic field

Abbreviation

Ha = B0l0
σe0

νρ0
Hartman number
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Le =
a
Di

Lewis number

Nu =
αs avg D

λ
Nusselt number

Pei =
l0w0
Di0

mass Peclet number

Prm =
ν

νm0
magnetic Prandtl number

Q =
σe0

B0
2l0

2

νρ0
Chandrasekhar number

Re =
w0D

ν
Reynols number

S =
τ0w0

l0
Strouhal number

Sci =
ν

Di0
Schmidt number

Sh =
(βi)V 0dp

2

ρ0Di0

Sherwood number

Dimensionless numbers
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