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Preface

This book introduces a number of selected advanced topics in mass transfer phenom-
enon and covers its theoretical, numerical, modeling and experimental aspects. The
26 chapters of this book are divided into five parts. The first is devoted to the study
of some problems of mass transfer in microchannels, turbulence, waves and plasma,
while the chapters regarding mass transfer with hydro-, magnetohydro- and electro-
dynamics are collected in the second part. The third part deals with mass transfer
in food, such as rice, cheese, fruits and vegetables, while the fourth focuses on mass
transfer in some large-scale applications such as geomorphologic studies. The last part
introduces several issues of combined heat and mass transfer phenomena. The book
is considered as a rich reference for researchers and engineers working in the field of
mass transfer and related topics.

Chapter 1 focuses on mass transfer characteristics of a microchannel device of double-Y
type. The second chapter studies the problem of a low-density gas jet injected into a
high-density ambient with an example of hydrogen leakage in air, which is consid-
ered an important issue facing hydrogen-energy developing. Controlled mixing and
transport in comb-like and random jet array stirring systems are studied in the third
chapter. The goal of the fourth chapter is to give a deeper insight into the possibilities
and limitations of airborne sound waves as a tool to enhance the rates of gas-phase
mass transfer and its related phenomena. In Chapter 5 simulations and experiments
are performed to investigate mass-transfer in dusty plasma as a strongly coupled dis-
sipative system.

Chapter 6 studies forced convection mass transfer processes under various types of
augmentation technique, i.e. rotational and reciprocating mixers and rotating mag-
netic field. The seventh chapter studies unsteady magnetohydrodynamic convective
heat and mass transfer past an infinite vertical plate in a porous medium with thermal
radiation, heat generation/absorption and chemical reaction. Effects of magnetic field
on mass transfer in close binary systems are investigated in Chapter 8, while Chapter 9
studies the effect of hydrodynamic condition over mass transfer gas-electrodes for two
cathodes geometries during the hydrogen production at chlor-alkali cell by diaphragm
process in laboratory scale. In Chapter 10 mass transfer equation and hydrodynamic
effects are used to predict the Erosion-Corrosion damage. Hydrodynamics and mass
transfer in heterogeneous systems are presented in the eleventh chapter. The objective
of the experimental work presented in the twelfth chapter is using several methods
in order to characterize flow and mass transfer inside networks composed of cross-
ing minichannels. Chapter 13 provides a CFD simulation of hydrodynamics and mass
transfer in a valve tray distillation column.



X

Preface

The purpose of Chapter 14 is to illustrate empirical and theoretical approaches based
upon principles of mass and heat transfer pursued in modeling of drying processes in
rice. The fifteenth chapter provides the conventional and emerging theories on mass
transfer during traditional and innovative drying technologies of fruits and vegetables.
The mass transfer in cheese is introduced in Chapter 16.

Chapter 17 provides a comprehensive survey of multi-elements in coastal sea and
stream sediments in the island arc region of Japan and mass transfer from terrestrial
to marine environments. Mass transfer and sedimentary budgets in geomorphologic
drainage basin studies are covered in Chapter 18.

In the nineteenth chapter a numerical perturbation scheme was developed for solving
complex nonlinear boundary value problems arising in problems of heat and mass
transfer, while the goal of Chapter 20 is to give a survey of some explicit and approxi-
mated solutions for heat and mass transfer in free or moving interface. The boundary
control problems for Oberbeck-Boussinesq model of heat and mass transfer are dis-
cussed in the twenty-first chapter. In Chapter 22 the results of a detailed numerical
model are used to determine the effectiveness parameters for the coupled heat and mass
transfer processes in desiccant wheels. Chapter 23 describes experiments revealed by
the self-oscillatory regimes of solutal convection in an aqueous solution of surfactant
with vertically stratified concentration. Aerodynamics of ceramic regular packing for
heat and mass exchange processes are studied in the twenty-fourth chapter. Chapter 25
covers cross-diffusion, chemical reaction, thermophoresis and reactive surfaces in the
area of heat and mass transfer convective processes in fluid-saturated porous media.
The last chapter of this book, Chapter 26, introduces mass and heat transfer during
thin-film evaporation of liquid solutions applied in heat exchangers.

Mohamed Fathy El-Amin
Physical Sciences and Engineering Division
King Abdullah University of Science and Technology (KAUST)
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Mass Transfer in Microchannels,
Turbulence, Waves and Plasma






Mass-Transfer Characteristics of a
Double-Y-Type Microchannel Device

Susumu NII
Nagoya University
Japan

1. Introduction

Microfluidic devices have been extensively applied to high-throughput chemical analyses or
reactions using hazardous substances (van den Berg et al., 2000). These systems are
characterized by a large area per volume and a well-defined laminar flow. As a result of
their high potential for the precise manipulation of chemical reactions with respect to
controlled temperature, contacting time, and molecular orientation at the interface,
researches on microfluidic devices for the production of highly valuable substances are
increasing in importance (Ajmera et al., 2001, Maruyama et al., 2003, Lob et al., 2004). The
production system is often referred to as a desktop chemical plant and the keys to realizing
the plant are understanding and successfully manipulating the flow in microchannels
(Hetsroni et al., 2005).

A unique feature of the microchannels is the formation of liquid layers when multiple
liquids are brought into one channel. Reactions and/or mass-transfers occur in the vicinity
of the interface. Liquid-liquid extractions (Brody and Yager, 1997, Tokeshi et al., 2000) are
reported for systems of aqueous and organic solutions. Even mutually miscible liquids form
the layers because of the laminar-flow nature (Yamaguchi et al., 2004) and a mass-transfer
occurs between the liquids under well-controlled conditions. For the purpose of chemical
processing, the stacked liquid layers should be separated in each layer for further treatment.
However, flow splitting in microchannel devices is rarely found in published papers. In
reported works for the analytical application of microchannels, the solute’s concentration
profile was directly measured within the channel using a laser-based refractive index
detector (Costin and Synovec, 2002) or a microscope for measuring fluorescence emission
(Costin et al., 2004). A strategy for flow splitting has not yet been developed for the
application of microchannel devices to analytical chemistry.

In the present study, two aqueous layers were brought into contact and separated into two
streams after a mass-transfer between the layers. The amount of solute transferred was
obtained with a simple analysis of liquid samples taken at the channel outlet. The mass-
transfer characteristics were examined through the measurement of the diffusion
coefficients for solutes. Even under carefully controlled liquid feed conditions, equal flow
splitting was difficult to obtain. Proposed is a method to choose solute concentration data
for equal flow splitting using the ratio of the flow rate of one liquid to the other. The mass-
transfer of benzoic acid was successfully analyzed with a conventional penetration model
with an additional parameter. Furthermore, the diffusion coefficients of sucrose, glycine,
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tryptophan, and urea were measured using a basic equation obtained with benzoic acid. The
values are in accordance with the literature or the correlated values. Since the same
parameter is applied for obtaining the diffusion coefficients of the four different solutes, the
additional parameter should characterize the flow behavior in the microchannel. The
proposed method is also useful for determining the unknown diffusivities of solutes.
Furthermore, to investigate the flow characteristics, the value of an additional parameter is
determined in various channels having different lengths, depths and knife-edge angles.
A Comparison of this parameter helps us to understand the effect of flow on mass-transfer.

2. Determination of diffusivity

2.1 Microchannel module and materials

Benzoic acid, sucrose, tryptophan, urea, and glycine were selected as transferring solutes.
The aqueous solutions were prepared as feedstock, and the concentration of each of these
was set at 1.19x10-3 kmol/m3, 1.46x10-2 kmol/m3, 1.19x10-3 kmol/m3, 8.7x10-2 kmol/m3, and
6.7x102 kmol/m? respectively. The solutions were filtered prior to use to remove the
suspended solid to prevent the clogging of the channel.

stainless steel sheet‘\\ microscope
\

/ > oo
syringe pump | ~ 10cm N\ y
[ ——

Fig. 1. Schematic representation of microchannel

The microchannel used was fabricated on a stainless steel sheet as shown in Fig. 1. The
thickness of the sheet was 200ym. The channel width was 200pm for both the branches and
the main portion. As showen in Fig. 2, the stainless steel sheet was set in between gaskets of
a polyethylene film (100yum thick) to form the flow channels of rectangular cross section. An
aqueous solution of the solute and deionized water were supplied with syringe pumps at
exactly the same flow rate. These two liquids were introduced to both inlets and brought
into contact at the main portion of the channel. The two liquids split at a knife-edge, and
each liquid flowed into a branch. The liquids were taken out from the end of the branch. The
side where the feed solution flowed is called the feed-side, and the other side where the
deionized water flowed is the recovery-side. Liquid flow at the main portion of the channel
was monitored with a microscope to confirm that there was no flow disturbance. Figure 3
shows a photograph of the flow splitting point, which was taken at the examination of the
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flow profile with the supply of a Cibacron blue solution and water in each inlet. The blue
solution formed a layer and a stable interface is observed at the center of the channel. The
two solutions were then split with a knife-edge at the end of the main portion of the
channel.

o o o o 00/ alumlnum plate
o

[ / PVC plate

polyethylene sheet

o o o o

P microchannel
c ° (stainless steel sheet)

< polyethylene sheet

o, 1=
o o o o

o o o o

G c stainless steel plate

Fig. 2. Expanded view of microchannel module

Fig. 3. Flow profile within microchannel (Cibacron blue solution and water)

The solute in the feed solution began to diffuse into the deionized water right after the
contact. A predetermined amount of samples was taken at the channel outlet, and the
samples were analyzed with a UV spectrophotometer (UV-1600, Shimadzu Co., Ltd.) or a
refractive index meter (830-RI, Japan Spectroscopic Co., Ltd.). The liquid flow rates on both
sides were determined by weighing the liquid samples collected for a defined time.
Although the inlet liquids were fed at the same rate, unequal flow rates were observed at the
outlets. In order to adjust the flow rate of each side, capillaries were installed at the effluent
tubing. All experiments were carried out at a temperature of 298+1K.
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2.2 Mass-transfer model

Within the range of liquid velocities examined, the Reynolds number varies from 17 to 172.
The liquid flow examined is laminar. Even when two kinds of aqueous solutions are
brought into contact at the same velocity in one microchannel, a contacting plane is formed.
If a concentration difference exists between the two liquids, the solute will diffuse from the
concentrated to the less concentrated side across the contacting plane. Under conditions of
short contact time for a mass-transfer and a considerably larger solute concentration in the
feed-side than the recovery-side, the penetration model (Higbie, 1935) can be applied for

solute diffusion.
D
N,=2 /— C,-C @
A 0 ( i b)

where N, is the mass-transfer rate at the interface; D, the diffusion coefficient; 8, the contact
time; Cj the concentration at the contacting plane; Cp, the concentration of bulk liquid. The
contact time; 0, is calculated from the channel length of main portion of the channel, [
divided by the average velocity of the contacting plane, vintav. Eq. (1) then reduces to

D v
NA _ 2 int,av (Cl _ Cb) (2)
7
The value of Uinyay is determined from the simulated velocity profile within the
microchannel. Details will be presented later. At the contacting plane, a parabolic profile is
obtained by solving the Navier-Stokes equation with a finite element method.

o
N
§ 1.0 /——— T T 7 T 7 17
= |
Q F '
S |
=) |
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(] - 1
& s
= —06F ! -
2= |
ES :
N C04t ! .
< |
g i |
g |
0.2 - ! .
8 5 time
E ' i
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S} . .
O Distance from contacting plane [um]

Fig. 4. Schematic representation of concentration profile within channel
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The mass-transfer across the contacting plane is modeled on the basis of the diffusion in a
semifinite slab. For unsteady diffusion in a semifinite slab, the concentration profile at the
cross section of the main portion is schematically represented in Fig. 4. Since the two liquids
are aqueous solutions, a symmetrical profile is formed in the vicinity of the contacting plane.
The profile decays with the progress of contact time with maintaining a constant concentration
at contacting plane, C;. When deionized water is used as the recovery liquid, C; equals to 0.5C;,
and the bulk concentration, Cy, can be assumed to be zero. Then Eq. (2) is simplified to

Do
N ®
Va

The mass balance around the recovery-side of the channel can be expressed as

NA A= Vo 5 (Cout - Cin) (4)

where A is the area of the contacting plane; v,,, the average liquid velocity in the main
portion of the channel, which is defined as the total volumetric flow rate divided by the
cross-sectional area (200um x 2004m); S, the cross-sectional area of the recovery-side, which
is half the cross-sectional area of the main portion; Cou, the outlet concentration of the
recovery liquid; and Ci,, the concentration at the inlet of the recovery liquid. The area, A, is
expressed as the channel height, i, multiplied by the length of the main portion of the
channel, ], and the area S is written as hL, where L is half the channel width. Hence, Eq. (4)
becomes,

NA: av\“~out — “i (5)

For the supply of deionized water to the recovery-side, Ciy, is set to zero. Therefore, the mass
balance around the recovery-side is written as

NA — L vavlcout (6)
Attention should be paid to the difference between v,y and vingav. The former is a three-
dimensional average, while the latter is two dimensional. Velocities calculated at the
contacting plane, vint, are normalized with v,y, and the values of vint/vay are plotted in Fig. 5.
A parabolic profile is obtained and the velocity of the contacting plane is averaged to
determine the value of Vint, av/Vav. As is presented in the figure, the value of vinyav/vay is 1.4.
The result suggests that the two-dimensional average of vinav is 1.4 times bigger than the
three-dimensional average, v.,. Combining Egs. (3) and (6) gives the outlet concentration of
the recovery-side,

_ D [141

C
out L v

C )

av

This is the fundamental equation for determing the solute diffusion coefficient from the
measurement of the solute concentration at the outlet of the recovery-side.
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15F
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0 20 40 60 80 100
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Fig. 5. Simulated velocity profile at contacting plane

2.3 Effect of contacting and splitting flow on mass-transfer

A typical experimental result for the benzoic acid concentration at the outlet of the recovery-
side is presented in Fig. 6. The horizontal axis is taken as 7,05 in order to examine the
validity of the penetration model. The observed concentration scatters at a given liquid
velocity. Although the two liquids were supplied at the same velocity, the outlet liquid
velocities on each side were unequal. The results clearly show the difficulty in flow splitting.

25 T T T T T T T T T I.'
S 20F -
= ]
E
215t 1 i
S
x I
— 10 | [ i

E ] I |
@)
5r ‘I I -
1 1 1 1 1 1

0 " 1 " " " " " " "
00 05 1.0 1.5 20 25 3.0 3.5 40
-05 -0

v, [ (ms) 7]

Fig. 6. Typical experimental results of benzoic acid concentration at recovery-side outlet



Mass-transfer Characteristics of a Microchannel Device of Double-Y Type 9

The concentration profile shown in Fig. 4 suggests a very steep curve around the contacting
plane. When the liquid split equally, the separation was right at the contacting plane.
Becouse of the big concentration change around the contacting plane, a small disturbance
results in a large variation in the concentration. One of the possible reasons for the
disturbance is the lack of precision in the machining of knife-edge fabrication or the
attachment of fine air bubbles to the walls of the branch channels.

Splitting flows in microchannel devices seems to be a key technique for the practical
application to chemical processing. Our results suggest that special attention should be paid
to the fabrication of the knife-edge and the channel wall. This implies that the success of
microchannel devices depends strongly on the accuracy of fabrication. This limitation act as
a barrier to the development of microchannel devices. We seek a method that can use rather
simple devices for exploiting the characteristics of microchannel devices.

The measurement of diffusion coefficients was carried out to understand the mass-transfer
characteristics of microchannels. To acquire the solute concentration for equal flow splitting,
an intentional change was given to the ratio of the flow rate of the feed-side to the recovery-
side, and the solute-concentration data in the recovery-side was recorded. The flow rate
were changed by setting capillaries on tubing to obtain a ratio of around unity. The solute
concentration corresponding to the ratio of unity was taken to be as the value for equal
splitting. Hence, this value is referred to as the relevant concentration.

Figure 7 shows a typical example of determining the relevant concentration. The ratio, Rout,
is defined by Q: /Qr, where Q; and Qs are the flow rates of the recovery-side and the feed-
side, respectively. The ratio varied within the range of +10 % around unity. The
concentration value for the ratio unity is found from the curve fitting of the observed data.
The measurements were repeated for each liquid velocity in order to determine the relevant
concentration. The values are plotted in Fig. 8. It can be seen that C,. increases linearly with
Vay'05, and that this dependence demonstrates the validity of the penetration model.

10 T T T T T T
solute : benzoic acid

g or v,,:076m/s
o}
g J
L;:; J
i
R

g
U -

4L J

09 09 100 105 110
Flow rateratio, R, [-]

Fig. 7. Determination of relevant concentration at recovery-side outlet for equal flow splitting
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Fig. 8. Relevant concentration of benzoic acid at recovery-side outlet

According to Eq. (7), the diffusion coefficient of the solute can be determined from the slope
of Cout plotted against v,,05.

L r

The slope = VD 141 C

®)
Since the diffusion coefficient of benzoic acid has been well investigated, it is used as a
standard material for determining the diffusion coefficients. The slope calculated from the
reported diffusion coefficient, 9.0x10-10 m2/s at 298K (Yang and Matthews, 2000), is 7.54x10-5.
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Fig. 9. Determination of diffusion coefficient of sucrose
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For experiments with benzoic acid, the observed slope determined from the least mean
squares approximation is 5.35x105. The agreement of this value with this predicted one is
poor. Hence, a correction factor, P, should be multiplied with the observed slope value to fit
the predicted slope value. The value of P is found to be 1.4. To verify the applicability of the
basic equation (8), diffusion coefficients of other solutes are determined with this method and
the values are compared with the reported ones. Four solutes - sucrose, glycine, tryptophan,
and urea - are selected. The results of Cou plotted against v,,0> are shown in Figs. 9 to 12.

—_
N
(=]

solute: glycine

—
[N
(=]
T
1

o [X107 kmol/m’]
(o) o] 5
(=] (=] (=]

c
I
(e

<1

slope

0 i " 1 " 1 " 1 " 1 " 1 "

00 05 10 L5 20 25 30
-0.5 -0.5

vy [ (m/s) ]

Fig. 10. Determination of diffusion coefficient of glycine

Solute Diffusion coefficient Diffusion coefficient
(observed)[m?2/s] at 298K (literature)[m2/s] at 298K

Benzoic acid 9.0 x 10-10 *9.0 x 10-10
Sucrose 52+0.2x1010 **5.2 x10-10
Glycine 1.2+0.1x10° *1.1x109

Urea 14 x 109 **1.4 x 109

Tryptophan 5.6 x 1010 ***5.7 x 1010

*(Yang and Matthews, 2000),
**(Jost, 1952),
***Calculated value from the correlation (Wilke and Chang, 1955)

Table 1. Comparison of the diffusion coefficient.

The diffusion coefficients are calculated from the corrected slope of the plots, and the results
are compared with the reported diffusion coefficients in Table 1. The observed diffusion
coefficients agree well with the reported values or the correlated values. The validity of the
basic equation is thus confirmed for the determination of the unknown diffusion coefficient
of solutes. The correction factor, P, to be applied to Eq. (8) expresses the characteristics of the
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Fig. 11. Determination of diffusion coefficient of tryptophan
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Fig. 12. Determination of diffusion coefficient of urea

mass-transfer in this microchannel. Since the P value is independent of the diffusing species,
it can be influenced by the flow behavior in the microchannel. The value of the correction
factor is bigger than one, which implies that the observed amount of the solute transferred is
smaller than the theoretical amount. In the following chapter, the correction factor is
determined by using microchannels of various configurations. The values are compared to
discuss the flow behavior in a double-Y-type microchannel.
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3. Flow characteristics in double-Y-type microchannel

3.1 Channel configurations and materials

Four types of microchannels were fabricated on the stainless sheet as shown in Fig. 11. The
type(a) channel is used as a benchmark; it was used in the previous chapter. For type(b), (c)
and(d) channels, the depth of the channels, which is determined from the thickness of the
stainless sheet is set at 200ym. There are three channels of different depths for type (a);
depths are 100, 200, and 300pm. Type (b) and (c) have different angles of knife-edge. Type
(d) has a short contacting length for two liquid flows. For all types, the channel width is
200pum. As was described in the section 2.1, the channel was set in the module, and mass-
transfer experiments were carried out using benzoic acid and sucrose as transferring
material. On the feed side, an aqueous solution of each material was supplied, and
deionized water flowed on the recovery side.

60° 60° 30° 30°
10cm 10cm
Type (a) Type (b)
10 10 60° 60
10cm 5cm
Type (o) Type (d)

Fig. 11. Configuration of microchannels

3.2 Effect of channel thickness

Sucrose was transferred in three type(a) microchannels of different depths (100, 200, and
300pm). The concentration values at the outlet of the recovery side were compared to
examine the effect of the channel depth on the mass-transfer. Since the channel width,
200pm, is constant, mass-transfer area increases linearly with the depth. The volumetric
liquid flow rate is also proportional to the depth. Therefore, the amount of solute transferred
is doubled when the depth doubled. It is expected that there will be no influence of channel
depth on the outlet concentration. This trend is also predicted by the simulation. The
experimental result is shown in Fig. 12. All the data located on a single line and the mass-
transfer behavior was the same as the one expected.

The correction factor, P, was determined for the three channels by using the literature value
of the diffusion coefficient for sucrose. For all the channels examined, the P value of 1.4 was
to obtain the appropriate diffusion coefficient of sucrose. This fact suggests that the flow
behaviour is similar for all microchannels used.
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Fig. 12. Effect of channel thickness on outlet concentration of sucrose

3.3 Effect of channel length

The residence time of the liquid in contact changes with a change in the channel length.
Therefore, without any disturbance in flow, the amount of solute transferred is unaffected
by the channel length but by the residence time of the liquid. Sucrose was transferred
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Fig. 13. Effect of channel length on outlet concentration of sucrose

in the type (d) channel having a channel length of 5cm, and the result was compared with
that for the type (a). The outlet concentration was plotted against the square root of average
residence time of the liquid, #95 in Fig. 13. Equation (7) is rewritten as
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The factor, P for the type (d) channel was 1.4, which was the same for the type (a) and also

as channels of different thickness of type (a). The accordance demonstrates that the factor is

not an intrinsic value of a specific channel, and characterizes a general flow behavior found
in the double-Y-type channels.

3.4 Effect of knife-edge angle

Using type (b) and (c) channels, we carried out sucrose transfer experiments were carried
out to determine the each P value. The simulation predicts no effect of the knife-edge angle
on the mass-transfer. In contrast with the simulation, the experimental result suggested that
the mass-transfer was affected by the angle. The sucrose concentration at the outlet was
plotted against v,,05 in Fig. 14. Since each curve had a different slope, the correction factor,
P, had to be modified to fit the diffusion coefficient of sucrose.
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Fig. 14. Effect of knife-edge angle on outlet concentration of sucrose

Figure 15 shows a comparison of the P values for the three channels, type (a), (b), and (c).
The P value changed with the knife-edge angle, and the result for benzoic acid showed a
tendency similar to that in the case of the sucrose. With decreasing the knife-edge angle, the
P value approaches unity, which corresponds with the pure penetration model. Now, it
becomes clear that the factor, P, illustrates the characteristics of the contacting and the
splitting flow in the double-Y-type channels.

How does the flow affect mass-transfer? This is a very important question; however, the
answer to it is still difficult to find. One possible explanation is the effect of a secondary flow
occurring in curved channels. At the knife-edge of the double-Y-type channels, two bent
flows come together, or one flow is bended to split into two streams. It seems that the
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phenomena the occur at the contacting point have relatively strong impact on the mass-
transfer. If the secondary flow induced a rotating motion whose direction was normal to the
flow axis, the mass-transfer across the interface could be influenced. In addition to the flow
in the bulk region, there can be some wall effects on the flow such as the slip of the liquid or
surface roughness, which were pointed out by Tretheway (2002) and Mala (1999).
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Fig. 15. Effect of knife-edge angle on the correction parameter, P

4. Conclusion

A double-Y-type microchannel device has been used for the mass-transfer from aqueous
solutions to deionized water. Although the two liquids were carefully supplied at the same
rate, the effluent flow rate for each side was sometimes unequal. Because of the unequal
flow splitting, the observed values of the solute concentration of the recovery side were
scattered. A method using the ratio of thte flow rates has been proposed for determine a
relevant concentration for equal flow splitting. On the basis of the relevant concentration,
the diffusion of benzoic acid in water was successfully analyzed with the penetration model
with a correction factor. Furthermore, the basic equation obtained with benzoic acid was
successfully applied to measure the diffusion coefficients for sucrose, glycine, tryptophan,
and urea. The observed values agreed fairly well with the reported or correlated values.
This fact demonstrates that the presented method is also suitable for determine the
unknown diffusivities of solutes.

To pursue the physical meaning of the correction factor, various channels with different
knife-edge angles, channel lengths and depths were used for the mass-transfer experiment.
The value of the correction factor is affected only by the knife-edge angle, and is
independent of the channel length and depth. This factor probably characterizes the flow
behavior at the knife-edge.



Mass-transfer Characteristics of a Microchannel Device of Double-Y Type 17

5. Nomenclature

A area of contacting plane [m2]

Co concentration of bulk liquid on the recovery-side [kmol/m3]
Cs concentration of liquid on the feed-side [kmol/m3]
G concentration at the contacting plane [kmol/m3]
Cin concentration of recovery liquid at the inlet [kmol/m?3]
Cout concentration of recovery liquid at the outlet [kmol/m3]
D diffusion coefficient [m2/s]
Dobs observed value of diffusion coefficient [m2/s]

Dy literature value of diffusion coefficient [m2/s]

L half width of the channel [m]

l length of the main portion of the channel [m]

Na mass-transfer rate [mol/ (m?s)]
S cross sectional area of the recovery-side [m2]

t average contact time defined by I /vay [s]

P correction parameter for Eq/(8) [-]

Rout flow rate ratio defined as Q. / Qs [-]

Qr flow rate for the feed-side [m3/s]

Or flow rate for the recovery-side [m3/s]

Vav average liquid velocity [m/s]
Uint,av  average liquid velocity of the contacting plane [m/s]
Greek symbol

0 contact time defined by [/ vint, av [s]
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1. Introduction

The low-density gas jet injected into a high-density ambient has particular interest in
several industrial applications such as fuel leaks, engine exhaust, diffusion flames, materials
processing, as well as natural phenomena such fires and volcanic eruptions. The most
interesting application of this problem nowaday is the hydrogen leaks in air; since when
it mixes with air, fire or explosion can result. The expected extensive usage of hydrogen
increases the probability of its accidental release from hydrogen vessel infrastructure.
Hydrogen energy has much promise as a new clean energy and is expected to replace fossil
fuels; however, hydrogen leakage is considered to be an important safety issue and is a serious
problem that hydrogen researchers must address. Hydrogen leaks may occur from loose
fittings, o-ring seals, pinholes, or vents on hydrogen-containing vehicles, buildings, storage
facilities, or other hydrogen-based systems. Hydrogen leakage may be divided into two
classes, the first is a rapid leak causing combustion, while the other is an unignited slow-leak.
However, hydrogen is ignited in air by some source of ignition such as static electricity
(autoignition) or any external source. Classic turbulent jet flame models can be used to model
the first class of hydrogen leakage; cf. (Schefer et al., 2006; Houf & Schefer, 2007; Swain et al.,
2007; Takeno et al., 2007). This work is focused on the second class of unignited slow-leaks.
Previous work introduced a boundary layer theory approach to model the concentration layer
adjacent to a ceiling wall at the impinging and far regions in both planar and axisymmetric
cases for small-scale hydrogen leakage El-Amin et al. (2008); El-Amin & Kanayama (2009a;
2008).

This kind of buoyant jets ‘plume’ is classed as non-Boussinesq; since the initial fractional
density difference is high, which is defined as, Apy = (poo — po) , Where pg is the initial
centerline density (density at the source) and p is the ambient density. Generally, for binary
selected low-densities gases at temperature 15°C, the initial fractional density differences are
0.93 for Hy — Air, 0.86 for He — Air, 0.43 for CH4 — Air and 0.06 for CoHy — Nj. (Crapper &
Baines, 1977) suggested that the upper bound of applicability of the Boussinesq approximation
is that the initial fractional density difference Apg/pe is 0.05. In general, one can say that the
Boussinesq approximation is valid for small initial fractional density difference, Apy/peo << 1.
However, in these cases of invalid Boussinesq approximation a density equation must be
used. Moreover, a discussion of this classification is given by (Spiegel & Veronis, 1960); and
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the non-Boussinesq plume was studied, for example, in (Woods, 1997) and (Carlotti & Hunt,
2005).

The integral method was used by (Agrawal & Prasad, 2003) to derive similarity solutions
for several quantities of interest including the cross-stream velocity, Reynolds stress, the
dominant turbulent kinetic energy production term, and eddy diffusivities of momentum and
heat for axisymmetric and planar turbulent jets, plumes, and wakes. (El-Amin & Kanayama,
2009b) used the experimental results by (Schefer et al., 2008b) and others such as the
streamwise and centerline velocities, and the concentration at any downstream location with
their empirical constants for the momentum-dominated regime of a buoyant jet resulting from
hydrogen leakage. In (El-Amin & Kanayama, 2009¢c), the similarity form of a non-Boussinesq
hydrogen-air buoyant jet resulting from a small-scale hydrogen leakage in the air was
developed. In (El-Amin, 2009), non-Boussinesq hydrogen-air buoyant jet resulting from a
small-scale hydrogen leakage in the air was investigated. Recently, (El-Amin et al., 2010)
introduced analysis of a turbulent buoyant confined jet using realizable k — ¢ model and
several empirical models were developed.

In this chapter, we study the problem of low-density gas jet injected into high-density ambient
numerically with an example of hydrogen leakage in air which is important issue faces
hydrogen energy developing. The resulting buoyant jet can be divided into two regimes,
momentum-dominated and buoyant-dominated. We study each regime indvidualy under
certain assumptions and governing laws. Firstly, we used the integral method to derive
a complete set of results and expressions for selected physical turbulent properties of the
momentum-dominated buoyant jet regime of small-scale hydrogen leakage. In the second
part, the buoyancy-dominated regime is investigated.

A jet/plume represents an example of free shear flows, which is produced when the fluid
exits a nozzle with initial momentum. In the ideal case of jet/plume, the initial volume flux
is assumed to be zero; however, in the real cases, the jet/plume has a finite source size and
initial volume flux. In the pure jet “non-buoyant jet” the initial momentum flux as a high
velocity injection causes the turbulent mixing. In a pure plume the buoyancy flux causes
a local acceleration which lead to turbulent mixing. In the general case of a buoyant jet
“forced plume” a combination of initial momentum flux and buoyancy flux is responsible
for turbulent mixing. In general, jets are considered the most popular flows on which new
theories of turbulence are tested. The popularity can be gauged by the extensive literature
that exits about them. Comprehensive review of jets was presented by (Rajaratnam, 1976;
List, 1982; Fischer et al., 1979). The behavior of the turbulent vertical round jet and plume
were considered by (Turner, 1973; Shabbir & Georg, 1994). Observations show that, after some
distance about 10d, where d is the inlet diameter, from the source, the flow becomes turbulent
and expands conically; where the conical head (origin) is virtually located close to the source.
Upper that 10d distance, the flow tends to be self-similar (i.e., the shapes of mean quantities
become independent of the axial location when normalized by scales of velocity and length;
(Hinze, 1975)). The instantaneous flow field is unsteady, complex and three-dimensional;
however, when flow field is averaged over a period that is much larger than the timescale
(the ration of the characteristic length scale to the velocity scale) in the flow, the resulting
mean flow field is steady and two-dimensional (Papantoniou & List, 1989; Venkatakrishnan
et al., 1999; Bhat & Narasimha, 1996). The vertical axis passing through the center of the inlet
is known as centerline and the mean flow as axisymmetric (symmetric around the centerline).
It is worth mentioning that the axisymmetric jets/plumes are the best way for testing both
experimental and numerical work. The distance along the centerline is denoted by z and that
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Table 1. Forms of jet/plume mean flow variables and their related coefficients.

in the horizontal by r. Mostly, the mean centerline velocity U, is taken as the velocity scale,
and the jet/plume width, denoted by b, is taken as the length scale. The following forms in
Table 1, show the mean flow variables, which are known as similarity solutions and suggested
by both experimental observations and dimensional analyses (e.g. (Fischer et al., 1979; Turner,
1973; Hussein et al., 1994; Dai et al., 1995)). Note that, Fy = Kd?UygApo/ pes, K = 71/ (1 4+ A2),
A =cm/cc and, Y = QCy = (11/4)d*UpCy, Q = (7r/4)d*Uy In the above equations, d is the
nozzle diameter, ¢, is spread rate of the momentum. Uy and Cy are, respectively, the vertical
velocity and concentration at the inlet. Q, Fy and Y are respectively, volume flux, buoyancy
flux and mass flux at the inlet. zg is the virtual origin, that is, the distance above/below the
orifice where the flow appears to originate. In this study we will assume that both the virtual
origin and the jet source have the same location, i.e. zg =0, therefore, z — z in the above
expressions will replaced by z.

2. Momentum-dominated regime

The turbulent round jet is the most suitable model to describe unintended hydrogen releases
with circular leak geometries, such as pinholes, through which the flow of hydrogen is an
axisymmetric jet. Measurements of the hydrogen distribution in a laboratory-scale hydrogen
leak under flow conditions and neglecting the buoyancy effects are described by (Schefer et al.,
2008b). They reported a Froude number of 268, which is in the momentum-dominated regime
where the effects of buoyancy-generated momentum are small and the Reynolds number was
sufficient for fully developed turbulent flow. Their results showed that hydrogen jets behave
similar to jets of helium and conventional hydrocarbon fuels like methane and propane in the
momentum-dominated regime. As with any jet flow, the hydrogen mass fraction centerline
decay rate shows z~! dependence, where z is the axial distance from the jet exit. In this section,
we used the integral method to derive a complete set of results and expressions for selected
physical turbulent properties of momentum-dominated buoyant jet regime of small-scale
hydrogen leakage El-Amin & Kanayama (2009b). Several quantities of interest, including
the cross-stream velocity, Reynolds stress, velocity-concentration correlation (radial flux),
dominant turbulent kinetic energy production term, turbulent eddy viscosity and turbulent
eddy diffusivity, are obtained. In addition, the turbulent Schmidt number is estimated and
the normalized jet-feed material density and the normalized momentum flux density are
correlated. Experimental results from (?) and other works for the momentum-dominated
jet resulting from small-scale hydrogen leakage are used in the integral method. For a
non-buoyant jet or momentum-dominated regime of a buoyant jet, both the centerline velocity
and centerline concentration are proportional with z=!. The effects of buoyancy-generated
momentum are assumed to be small, and the Reynolds number is sufficient for fully
developed turbulent flow. The hydrogen-air momentum-dominated regime or non-buoyant
jet is compared with the air-air jet as an example of non-buoyant jets. Good agreement was
found between the current results and experimental results from the literature. In addition,
the turbulent Schmidt number was shown to depend solely on the ratio of the momentum
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Fig. 1. Schematic of turbulent jet geometry.

spread rate to the material spread rate. Standard empirical Gaussian expressions for the mean
streamwise velocity U and concentration C are substituted into the governing equations of
the momentum-dominated regime of a buoyant hydrogen jet, in order to derive a number
of turbulent quantities using integral methods. In the first step, the expression for U is
substituted into the continuity equation and a centerline velocity variation is assumed, and
the equation is integrated to determine the mean cross-stream velocity profile V. In the second
step, the expressions for U and V are substituted into the simplified momentum equation and
integrated to determine the Reynolds stress. In the third step, the expressions for U and V
are substituted into the simplified concentration equation and integrated to determine the
velocity-concentration correlation.

2.1 Governing equations

Viscous stresses are assumed to be much smaller than the corresponding turbulent shear
stresses provided that the nozzle Reynolds number is about a few thousand (Rajaratnam,
1976). In self-similar region, the axisymmetric streamwise governing equations in cylindrical
coordinates (see Fig.1) obtained using simplifications of (Refs. (Agrawal & Prasad, 2003;
Bhat & Narasimha, 1996; Chen & Rodi, 1980; Tennekes & Lumley, 1972; Gebhart et al., 1988;
Rajaratnam, 1976)) the continuity, momentum, and concentration equations in cylindrical
coordinates for a vertical axisymmetric momentum-dominated regime of buoyant hydrogen
free jet can be written as,

a(rV) n au
or 0z

0 )
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The overbar denotes that the time-averaged quantities # and v are the components of velocity
fluctuations on the axisymmetric coordinates r and z, respectively. c is the concentration
fluctuation, v is the kinematic viscosity, and D is the mass molecular diffusivity of hydrogen.
The streamwise velocity and concentration at any downstream location for a self-similar
axisymmetric jet, can be approximated by a Gaussian distribution (Agrawal & Prasad, 2003;

Bhat & Narasimha, 1996; Turner, 1986; List, 1982; Chen & Rodi, 1980; Agrawal & Prasad, 2002),

1,2
U(r,2) = Uy (=) exp (—bz—(z)) @

2
C(r,z) =C.(z)exp (—AZ bz(z)) (5)

The centerline velocity U, and the centerline concentration C,; vary with z~1, while the jet
width b increases linearly with z (Agrawal & Prasad, 2003; Tennekes & Lumley, 1972; Bhat &
Krothapalli, 2000). Dimensional arguments together with experimental observations suggest
that the mean flow variables, which are known as similarity solutions, are as follows ((Fischer
et al., 1979; Hussein et al., 1994; Shabbir & Georg, 1994; Schefer et al., 2008b)),

Uy(z) = 220 ©

o d _ d(sz /Pair)1/2
Cale) = Ke(z—z))  Kelz—2) @
b(z) = cm(z — z9) (8

In the above equations, d and Uy are the nozzle diameter and the vertical velocity at the
inlet, respectively (Fig.1).z¢ is the virtual origin, which is the distance above/below the orifice
where the flow appears to originate. The experimentally measured spread rate c;;, varies in
the range 0.1-0.13 and the constant A varies between 5-7 Fischer et al. (1979); Hussein et al.
(1994). For this investigation, the value of the spread rate for the hydrogen jet of ¢;; = 0.103
was used, where this was experimentally determined by Schefer et al. [1]. The spread rate for
the concentration c. is given in the formula C = C.exp(—r?/[c?(z — z)]). Tt is well known
that cc # ¢, A = cm/cc, meaning that the velocity and concentration spread have different
rates. The corresponding streamwise concentration for the hydrogen free jet given by Schefer
et al. (2008b) is C = C exp(—59r%/(z — zp)), which gives 59 = 1/c2 and c. = 0.13, A = 0.79.
The expression for the streamwise concentration may then be rewritten as:

C(r,z) = Cu(z) exp(—A%%) = Cyy(z) exp(—0.635?) 9)
where y =r/b.
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Fig. 2. Cross-stream velocity profile for the momentum-dominated jet.

2.2 Mean and turbulent quantities
The continuity equation for the time-averaged velocities can be solved by substituting from
(4) and (6) into (1) to obtain the cross-stream velocity in the form:

Vi _tm(_ 2 2 (2

0 = o (P exp(—) + 27 exp(—)) (10)
Fig.2 shows the normalized cross-stream velocity profiles V /U, plotted against the
normalized coordinate 7.  Since the case under study is a momentum-dominated

(non-buoyant) jet, it is comparable with the air-air jet. The normalized cross-stream velocity
profiles V /U, (Eq. (12)) are based on measurements of a hydrogen-air jet by (Schefer et al.,
2008b) and an air-air jet by (Becker et al., 1967), which are compared with measurements of
an air-air jet by (Panchapakesan & Lumley, 1993), as illustrated in Fig. 2. From this figure,
it can be seen that the cross-stream velocity vanishes at the centerline and becomes outward
in the neighborhood of the centerline (0 < # < 1.12 for a hydrogen-air jet and an air-air jet
according to Eq. (12), and 0 < 7 <1.31 for measurements of an air-air jet from (Panchapakesan
& Lumley, 1993)). A maximum is then reached (0.0173 for a hydrogen-air jet and 0.0178 for
an air-air jet according to Eq. (12) at # = 0.5, and 0.0188 at 77 = 0.62 for measurements of an
air-air jet (Panchapakesan & Lumley, 1993)), and then declines back to zero (7 = 1.12 for a
hydrogen-air jet and an air-air jet according to Eq. (10), and # = 1.31 for measurements of
an air-air jet Panchapakesan & Lumley (1993)). In addition, the cross-stream profile’s flow
becomes inward (V /U, < 0), reaches a minimum (-0.0216 for a hydrogen-air jet and -0.0222
for an air-air jet at 7 = 2.1 according to Eq. (10), and -0.026 at y = 2.15 for measurements
of an air-air jet Panchapakesan & Lumley (1993)) and reaches an asymptote of 0 as 17 — co.
The differences between maximum and minimum values of the cross-stream velocities noted
above are attributed to the high Reynolds number (Re = 11000) used in Ref. (Panchapakesan &
Lumley, 1993). In addition, it is noteworthy that the cross-stream velocity asymptotes to zero
(V — 0) much more slowly than the streamwise velocity U does. Thus, although the central
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Fig. 3. Reynolds stress profile for the momentum-dominated jet.

region is dominated by the axial component of velocity, the cross-stream flow predominates
far away from it (Agrawal & Prasad, 2003). From Eq. (10), limy o (V' /Ug) = —cm /2. The
inward extension of the curve c;; /21 intersects the edge of the jet (7 = 1) with a value of ¢, /2
(0.0515 for the hydrogen-air jet and 0.053 for the air-air jet). The incremental volume flux can
be used to define the entrainment coefficient « (see Turner (1986)):

l;—’; =2mbU, o (11)

where /mu is the volume flux for axisymmetric jet given by:

u= '/Ooo 27erU(r)dr (12)

From (Agrawal & Prasad, 2003), dji/dz is the incremental volume flux entering the jet through
a circular control surface at large ,

d .
% = lim (~27rV) = mben U (13)
Egs. (11) and (13) give the entrainment coefficient & = ¢, /2 = 0.0515 for the

momentum-dominated hydrogen-air jet and a = ¢;,,/2 = 0.053 for the air-air jet based on
measurements by (Becker et al., 1967).

By inserting the time-averaged profiles of U and V, Eq. (4) and Eq. (10), respectively, into the
momentum equation, Eq. (4), we obtain the time-averaged profile for the Reynolds stress 77
in the form:

O _ o (=) (1= exp(—n2 14
(2 2 P! 1) (1-exp(—1?)) (14)



26 Advanced Topics in Mass Transfer

The normalized Reynolds stress 17/ UCZI (Eq. (14)), based on measurements of a hydrogen-air
jet by (Schefer et al., 2008b) and an air-air jet by (Becker et al., 1967), are compared with
measurements of an air-air jet by (Panchapakesan & Lumley, 1993), as shown in Fig. 3.
This figure shows that the maximum Reynolds stress 17/ UCZI has a value of (0.0181 for a
hydrogen-air jet and 0.0186 for an air-air jet according to Eq. (14) and at 7 = 0.6, and 0.019
at 77 = 0.68 for measurements of an air-air jet (Panchapakesan & Lumley, 1993)). It is notable
that the fitted-curve for the measurements of (Panchapakesan & Lumley, 1993) is used for this
comparison.

In the same manner used above, the time-averaged profiles of U and C are inserted into Eq. (3),
and the time-averaged profile for the velocity-concentration correlation (radial flux) oc takes
the form:

[ Cm

— = Pexp(—Ap?) (1 - —n? 15
2 2 P! 1) (1-exp(—1?) (15)

The normalized velocity-concentration correlation (radial flux) vc/ Ufl (Eq. (15)) based on
measurements of hydrogen-air jet by (Schefer et al., 2008b) and air-air jet by (Becker et al.,
1967) are compared with measurements of a helium-air jet by (Panchapakesan & Lu, 1993),
as shown in Fig. 4. This figure shows that the maximum radial flux has a value of 0.021 for
the hydrogen-air jet and 0.023 for the air-air jet, according to Eq. (14) at 7 = 0.7, and 0.02 at
1 ~ 0.88 for measurements (fitted-curve) of a helium-air jet (Panchapakesan & Lu, 1993).

The dominant kinetic energy production term is defined by uvdl /9dy. Using Egs. (4), (6) and
(14), gives:

uo ou

= =cmexp(—21%) (1 - —n? 16
T 1) (1= exp(-1)) (16)

0.035
] ——Present model based on H2-air jet (Schefer et al., 2008)
003 = Present model based on He-air jet (Panchapakesan & Lumley, 1993)
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ve ] O, Lumley, 1993)
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Fig. 4. Velocity-concentration correlation profile for the momentum-dominated jet.
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Fig. 5. Dominant kinetic energy production term profile for the momentum-dominated jet.

The complete turbulent kinetic energy equation can be found in the literature (e.g., see
Wygnanski). Fig. 5 indicates that the dominant kinetic energy production term reduces to
zero for large 7, and has a maximum value of 0.015 at 77 = 0.6 for the hydrogen-air jet based on
the measurements by (Schefer et al., 2008b). The following definitions for the turbulent eddy
viscosity v; and turbulent eddy diffusivity D; may also be used,

_ ou
U= _Vtﬁ (17)
and
_ aC
cC= _DtW (18)
to derive corresponding expressions as,
Vi _ Sm (1 exp(—n2
Usb 4y (1 exp(—7 )) (19)
and
Dy _ Cm o 2
Ugb ~ 4A22 (1 exp(—7] )) (20)

respectively. Egs. (19) and (20) indicate that the turbulent eddy viscosity and turbulent eddy
diffusivity are not independent of 7, as assumed in works such as (Tennekes & Lumley,
1972), but are variable as a function of 7, as suggested by others (Lessen, 1978). Both the
normalized turbulent eddy viscosity v/ (Uyb), Eq. (19), and the normalized turbulent eddy
diffusivity D;/ (U b), Eq. (20) for the hydrogen-air jet based on the measurements by (Schefer
et al., 2008b) are plotted in Fig.15. This figure shows that both v;/(Uyb) and D¢/ (U,;b) have
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maximum values of 0.026 and 0.041, respectively, at the centerline (1 = 0) of the jet and decay
to O for large 7. It is also interesting that the turbulent eddy diffusivity is greater than turbulent
eddy viscosity. If the effects of molecular transport are neglected, the turbulent Schmidt
number in the free turbulent flow may be defined as the quantitative difference between the
turbulent transport rate of material and momentum. In other words, the turbulent Schmidt
number, Sc; = v¢/D;, is a ratio of the eddy viscosity of the turbulent flow v; to the eddy
material diffusivity D;. Itis very well known from literature that the spreading rate of material
in free jets is greater than that of momentum; thus, the turbulent Schmidt number is less than
unity and has a significant effect on the predictions of species spreading rate in jet flows.

The turbulent eddy viscosity v; and the turbulent eddy diffusivity Dy, given by Egs. (19) and
(20), respectively, give the turbulent Schmidt number as:

Vt 2
Sct = D A (21)
It is interesting to note that the turbulent Schmidt number depends only on the coefficient A,
which, in turn, depends on the material. Using Eq. (21), the turbulent Schmidt number Sc;
for hydrogen momentum-dominated jet is 0.63, based on the experimental results given by
(Schefer et al., 2008b). However, the same formula (Eq. (21)) used with experimental results of
the helium-air jet, ¢;; = 0.116,c. = 0.138 (Panchapakesan & Lu, 1993), the turbulent Schmidt
number Sc; becomes 0.7. Irrespective of the turbulence structure, the constant value of the
turbulent Schmidt number across the whole flow field implies that the momentum process is
similar to the material-transport process (He et al., 1999; Yimer et al., 2002).

According to Eq. (21), if A? is replaced by Sc; in Eq. (9), the streamwise concentration for the
momentum-dominated jet may be rewritten as:

C(r,z) = Cq(z) exp(—Scin?) (22)
Egs. (4) and (5) give,
u 2
— =exp(— (23)
0 p(=7)
Therefore, Eq. (22) becomes:
C u Scy
= (= 24
Ccl ( ucl ) -

The normalized streamwise momentum flux density across an isothermal jet is given by:

2
c-(¢)

and the normalized jet-feed material density is given by:

uc
W= 26
ucl Ccl ( )

Therefore, the mean profiles of jet-feed concentration and streamwise velocity are related by:

W = G(1+5Cf)/2 (27)
Fig. 6 shows a plot of the correlation of the normalized jet-feed material density against the

normalized momentum flux density for the hydrogen-air jet, Sc; = 0.63, helium-air jet, Sc; =
0.7, and air-air jet, Sc; = 0.76.
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Fig. 6. Correlation of the normalized jet-feed material density against the normalized
momentum flux density for hydrogen, helium and air jets.

3. Buoyancy-dominated regime

In this part, we study the buoyancy-dominated regime. It is assumed that the local rate of
entrainment is consisted from two components; one is the component of entrainment due to
jet momentum while the other is the component of entrainment due to buoyancy. The integral
models of the mass, momentum and concentration fluxes are obtained and transformed to a
set of ordinary differential equations using some similarity transformations El-Amin (2009);
El-Amin & Kanayama (2009c). The resulting system is solved to determine the centerline
quantities which are used to get the mean axial velocity, mean concentration and mean density
of the jet. Therefore, the centerline and mean quantities are used together with the governing
equation to determine some important turbulent quantities such as, cross-stream velocity,
Reynolds stress, velocity-concentration correlation, turbulent eddy viscosity and turbulent
eddy diffusivity.

3.1 Governing equations
Consider a vertical axisymmetric non-Boussinesq buoyant jet resulting from injecting a
low-density gas jet into high-density ambient. Using cylindrical polar coordinates (z,r)
with the z-axis vertical and the source at z = 0 (see Fig. 1, the continuity, momentum and
concentration equations of the steady vertical axisymmetric buoyant free jet can be written as
(Agrawal & Prasad, 2003; Bhat & Narasimha, 1996; Chen & Rodi, 1980; Gebhart et al., 1988;
Rajaratnam, 1976; Tennekes & Lumley, 1972; El-Amin, 2009),
a(rpV) a(rpl)
—_— — 2
or + 0z 0 (28)
d(rpuv)  3(rpl?) | 9(rpmv) _
o T T s (@9)
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a(rpVC)  d(rpUC) 9(rpoc)
+ +
or 0z or

where U is the mean streamwise velocity, V is the mean cross-stream velocity profile, C
is the hydrogen concentration (mass fraction). The overbar denotes the time-averaged
quantities, u, v are the components of velocity fluctuations on the axisymmetric coordinates
r, z, respectively. c is the concentration fluctuation, p is the mixture density and D is the
mass molecular diffusivity of the hydrogen in air. On the other hand, from the experimental
observations, the equations for the vertical velocity, density deficiency and mass fraction
profiles with assuming that the hydrogen-air mixture behaves as an ideal gas, are as follows,

=0 (30)

1,.2
U(r,z) = Uy (z) exp (71727(2)) (31)
72
ps = (1,2) = (o = pa(a)) exp (1253 ) @)
72
pr2)C(,) = pa)Ca@exp (1235 ) @)

where U(r,z) and p(r,z) are the mean velocity and mean density at any point of the jet body,
U, (z) and p,(z) are the centerline velocity and density. The buoyancy spreading factor A =
cm/ cc expresses the difference in spreading rates between the velocity and density deficiency
profiles. It is well known that ¢, # c, i.e., velocity and density spread in different rates. The
mass fraction concentration C is related to the mixture density by,

1

— (34)
P = [W/p0) — 1/p=)IC + (1/pw0)
while, the mole fraction concentration X is related to the mixture density by,
P = poo(l = X) +poX (35)
Therefore, the mass fraction and mole fraction can be related as follows,
X Ry X
C— ro - P (36)
Poo(l =X)+poX 1+ (R, —1)X
where R, = /%’o is the density ratio. Also, one can note that pC = ppX, and therefore the

equation of concentration, Eq. (30), can be rewritten in terms of mole fraction X as follows,

d(rpVX) n d(roUX) | 1 d(rpvc)
or 0z po Or

=0 (37)

or,

d(roVX) d(rpUX) 9 (rpox)
+ +
or 0z or
where x is the corresponding turbulent fluctuation of the mole fraction concentration.

=0 (38)
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3.2 Entrainment coefficient

The turbulent entrainment of the turbulent buoyant jet is defined as; the ambient fluid is
mixed across the jet edge and becomes incorporated into the body of the jet. This process
has the effect of increasing the jet volume flux and increasing/decreasing the jet density. The
turbulent entrainment is usually parameterized by relating the inflow velocity to the mean
flow in the jet body; instead of using details depend on transfers of mass and momentum at
small scales which are very difficult to compute. (Houf & Schefer, 2008) have reported from
that the local rate of entrainment increases as the jet leaves the momentum-dominated region
and enters a region where the effects of buoyancy become more pronounced. The entrainment
coefficient is given by,

_E

“ T 2ntgp
According to this expression, the value of a increases gradually as the height increases from
jet region to plume region passing through the intermediate region. However, it has been
experimentally observed that the value of the entrainment constant & approaches the limiting
value of a = 0.82 for pure plume. Therefore the expression, Eq. (39), is used until reach the
value 0.082 then it will be enforced to be equal to this value from this point and after. The local
rate of entrainment may be given in the form,

(39)

E = Emom + Ebuoy (40)
2 a2\ 2
U
Eom = 0.282 (”j” g 0) (41)

Here, Ejom is the component of entrainment due to jet momentum (Houf & Schefer, 2008;
Ricou & Spalding, 1961), while, Ep,,,, is the component of entrainment due to buoyancy (Hirst,
1971).

27 Uc 1 baz
Ebuoy = Firl (42)
where Frq is the local Froude number which is defined as,
u2
Fri = ¢ (43)
8d(pco — pc1)

The local Froude number Fry is high in the momentum-dominate region therefore Ej,,, term
can be neglected compared to E;;o; in the total entrainment expression, Eq. (40). However,
as the buoyancy effect become more important, the local Froude number Fr; decreases and
Epyoy term begins to contribute. Determination of the constant 4, was developed by (Houf &
Schefer, 2008), based on the experiment of the vertical hydrogen jet, to be dependent on the
densimetric Froude number Fr.
_ { 17.313 — 0.11665Fr + 2.0771 x 10~4Fr  VFr < 268 (44)
0.97 VFr > 268

The densimetric Froude number Fr is given by,
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1
P G (45)
8d(peo — p0)
3.3 Similarity solutions

Integrating the continuity equation (28) radially, gives,

d

4 /OoorU(r,z)P(r,z) dr = —[rpV(1,2)]r=c0 = =PIV (1,2)]r=c0 (46)

Since U(r,z) is negligible for r > b,then integrating Eq. (28) for b < r < co gives,

/l;oo%(rV(r,z)p(r,z)dr =0 (47)

Therefore, this implies to,
—[rV(r,2)]r=c0 = bV, (48)

where V, denotes the inflow velocity at the plume edge which is known as entrainment
velocity. Thus we have,

d 0o
%/0 rU(r,z)p(r,z)dr = bV,poo (49)

This equation indicates that the increase in plume volume flux is supplied by a radial influx
from the far field which in turn implies a flow across the plume boundary b. (Batchelor, 1954)
concluded that a vigorous entrainment of the ambient will be gotten as the density ratio tends
to unity, p;/peo — 1, while as the density ratio tends to zero, p.;/ pco — 0, the entrainment falls
to zero and as the density ratio varies between the two limits there will be a smooth transition.
The experiments by (Ricou & Spalding, 1961) suggests that the entrainment assumption for
the entrainment coefficient a, and arbitrary density ratio should be given in the form,

1
2
Vemu(54) Ua, olpa/os = 1) =alls, Volpa/ps0)=0 (5D
Also, (Morton, 1965) assumed that the rate of entrainment into a strongly buoyant plume is
a function of both density ratio p,;/pe and depends on Reynolds stresses which have local
magnitude proportional to o Ufl and hence on dimensional grounds, it seems reasonable
to assume a local entrainment velocity of a(0./pe)'/?Uy. A similar assumption has been
made by (Thomas, 1963) and (Steward, 1970); and results were suggested theoretically by
(Townsend, 1966). Therefore, the Eq. (49) can be written in the form,

d _ pa(2))"?
dz/o rU(r,z)p(r,z)dr = bpoozx( oo Uy (z) (51)
Finally, the mass flux equation becomes,
oo 1/2
%/ 2rtrU(r,z)p(r,z) dr = 21thpoont (‘0‘;7(2)) Uy (z) (52)
0 oo

Now, let us integrate Eq. (29) with respect to r from r = 0 to r = oo, with noting that |[roU V|5’ =
0 and |rpuv|y’ = 0, we get,
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d [ I~
5/0 ruZ(r,z)p(r,z)dr:/O 1g (0o — p(r,2)) Uy (r,2) dr (53)

or,
%/Oooznrlﬂ(r,z)p(r,z)dr:/Oooznrg(poo—p(r,z))ud(r,z)dr (54)

Similarly, integrating Eq. (30) with respect to r from r = 0 to r = oo, with noting that |[roCV|§" =
0 and |rpiic|g’ =0, we get,

dilz /Ooorll(r,z)p(r,z)C(r,Z) dr—0 -
or,
d% /(;mznru(r,z)P(r,z)C(r,z) dr=0 56

This equation may be equivalent to the buoyancy flux equation which can be given the
following form (Crapper & Baines, 1977),

d (9]
E/o 270rU(r,z) (poo — p(1,2)) dr =0 (57)
Substituting Eqgs. (31)- (33) into Eq. (57) it reduces to,
d (.o Pl (z) _
Now, let us define the buoyancy flux F as,
F = Kb*(2)Uq(2)g (1 - p;—(z)) (59)

where K = 7t/ (1 + A?)
Since the buoyancy flux is conserved, we have

F = Fy = Kd2Upg (17 (fi) :Kdzuog% (60)
Substituting Eqs. (32), (33), (58) and (60) into Egs. (52), (54) and (56) gives,
d o/, 3 1/2
—_ =2 l-—r—7—— 1
dz (b (Z)ud(z)> wble ( Kgbz(z)llcl(z)) (6D
i ) 2F, 2F, dl,ld

iz <b2(z)ucl(z)> = )LZKUCZ(Z) + (2+)\2)g1< dz (62)

Using the following non-dimensional transformations (Crapper & Baines, 1977), to eliminate
Fy from Egs. (55) and (56),

3 1/5 3 1/5
E:b(g> = =t ,2=z(g> N = b0, M = b*n? (63)
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where E, i1, 2 are known as top-hat variable (Thomas, 1963; Rooney & Linden, 1996) and are
defined respectively as dimensionless radius, centerline velocity and vertical coordinate of
the plume. N and M are the dimensionless mass and momentum respectively. Using the
transformations (63), Egs. (61) and (62) can be given in the form,

AN B 1/2 1 1/2

iz =My (64)
dM 1 2N M3/2 1\?
i (KN—A) <A2M —wATS (1* m) (65)

where A =2/(2 4 A?).
The corresponding initial conditions are,

2/5
1 Uuz/gh
VAR, N ap— L) — (66)
(K(poo = p0)/poo) (K(poo = 00)/poo)
It is common in literature to use the dimensionless height z/d to express the jet traveling
distance from the source; so it will be more convenience to do the same in the current study.

Using formulas (63), we can obtain the following relation between £ and z,

z z Z
- = x~ = 67
i~ b No (67)
Also, the dimensionless centerline velocity and the jet/plume width can be related to their
top-hat variables by the following relations,

5

b b N [M
A" NVM (68)
Uy _ @ MNo
Uy g My N (69)

3.4 Centerline quantities

In order to determine of the centerline quantities, the above non-linear first order ordinary
differential system (64)- (65) with the associated initial conditions (66) are integrated
numerically. With the aid of the above definition of the buoyancy flux F as well as the
relation between density and mass fraction the centerline velocity and jet width and therefore
centerline density and centerline concentration can be determined. The solutions are obtained
for hydrogen-air buoyant jet, for various values of Froude number Fr = 99 (Uy = 49.7),
Fr =152 (Fr =76) and Fr = 268 (Up = 134); as used for experiments by (Houf & Schefer,
2008; Schefer et al., 2008a), at 4 = 0.00191, A = 0.83, and Apy/p = 0.93. The entrainment
coefficient « is considered as a variable given by Eq. (41). The centerline hydrogen mass
fraction C; for Hp-air jet at Fr =99, Fr = 152 and Fr = 268 are plotted in Fig.7 and compared
with the theoretical asymptotic limits for momentum-dominated jets (1/C o z) and the
buoyancy-dominated plume limit (1/C¢; o z%/3).
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3.5 Mean quantities

Using the mean centerline quantities obtained above with the Gaussian profiles assumptions
of axial velocity, density deficiency and mass fraction, Eqs. (31)- (33), we can create a map
of the jet concentration and velocity. Using the relation between the mass fraction, mole
fraction and density, contours of mole fraction concentration are plotted in Fig.8. Fig. 9
shows a comparison between the present calculations and experiments results (Schefer et al.,
2008b) for radial profiles of the mean mass fraction concentration at several axial locations
for momentum-dominated (Fr = 268) Hy — Air jet. The maximum centerline mass fraction at
each axial location occurs and decreases outward toward the surrounding air. Also, the same
figure indicates that the centerline concentration decreases in the downstream direction due
to mixing with the ambient air.

Variations of the normalized mean density across the He-Air jet for axial locations from z/d =
50 to 120 and compared with the experimental results by (Panchapakesan & Lu, 1993) at d =
0.00612, A = 0.84, and App/pe = 0.86 are shown in Fig.10. The maximum deviation of the
present model from the experimental results in (Panchapakesan & Lu, 1993) is around 4% for
the normalized density. It is worth mentioning that for He — Air jet the entrainment coefficient
is taken as a constant while it is considered as a variable as explained above for calculations
of Hy — Air jet. The mean cross-stream velocity can be obtained by solving the continuity
equation for the time-averaged velocities by substituting from (33) and (32) into (28). Fig.12
shows the normalized cross-stream velocity profiles V /U plotted against the normalized
coordinate r/cz for Hy — Air jet with various values of Froude number Fr = 268, 152 and 99.
It can be seen from this figure that the cross-stream velocity vanishes at the centerline and
becomes outward in the neighborhood of the centerline. A maximum is then reached, then
declines back to zero and then becomes inward (V /U, < 0), reaches a minimum and reaches
an asymptote of zero as r/cz — 0. The cross-stream velocity asymptotes to zero much more
slowly than the streamwise velocity does, thus, the central region is dominated by the axial
component of velocity, while the cross-stream flow predominates far away from it. Also,
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Fig. 9. Radial profiles of the mean mass fraction for momentum-dominated (Fr=268) H, — Air
jet at several axial locations, compared with experimental results (Schefer et al., 2008b).
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Fig.11 indicates that as Froude number decreases and the distance from source increases the
spreading rate increases and therefore the outward velocity increases.

3.6 Selected turbulent quantities

In this section, we determine some of the most important turbulent quantities such as
Reynolds stress, velocity-concentration correlation, etc. By substituting the time-averaged
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Fig. 11. Radial profiles of the mean cross-stream velocity of Hy — Air jet with different values

of Froude number at several axial locations.
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profiles of U, p and V obtained above into the momentum equation (29), we obtain the
time-averaged profile for the Reynolds stress uv. The radial profiles of normalized Reynolds
stress are plotted against the normalized coordinate 7/ cz at several axial locations for Hy — Air
jet with various values of Froude number Fr = 268, 152 and 99, as shown in Fig.12. It is
observed from this figure that the Reynolds stress 770/ U? increases as the Froude number
decreases due to increasing of jet spreading rate.

Again, the time-averaged profile for the velocity-concentration correlation (radial flux) vc
is determined by inserting the time-averaged profiles of U, p and C into the concentration
equation (30). The radial profiles of normalized velocity-concentration correlation are plotted
in Fig.13 against the normalized coordinate r/cz at several axial locations for Hy — Air jet
with various values of Froude number Fr = 268, 152 and 99. This figure indicates that the
velocity-concentration correlation increases as the Froude number decreases. The turbulent
eddy viscosity v; is related to Reynolds stress and the mean axial velocity by the relation,

(70)

while, the turbulent eddy diffusivity D; are related to the radial flux and the mean
concentration by the relation,

(71)

Using current calculation we can determine the turbulent eddy viscosity v; and turbulent
eddy diffusivity D;. Also, both the normalized turbulent eddy viscosity v¢/U.b, and the
normalized turbulent eddy diffusivity D;/Ub, are plotted in Fig.14 against the normalized
coordinate r/cz at several axial locations for momentum-dominated H, — Air jet (Fr = 268).
Fig.14 illustrates that both v; /Uy b and D;/U,b have maximum values at the centerline of
the jet and decay to zero for large r. If the effects of molecular transport are neglected,
the turbulent Schmidt number in the free turbulent flow may be defined as the quantitative
difference between the turbulent transport rate of material and momentum. In other words,
the turbulent Schmidt number, Sc; = v; Dy, is a ratio of the eddy viscosity of the turbulent flow
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Fig. 12. Radial profiles of the Reynolds stress for H, — Air jet with different values of Froude

number at several axial locations.
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Fig. 13. Radial profiles of the velocity-concentration correlation for Hy — Air jet with different

values of Froude number at several axial locations.

vt to the eddy material diffusivity D;. It is very well known from literature that the spreading
rate of material in free jets is greater than that of momentum; thus, the turbulent Schmidt
number is less than unity and has a significant effect on the predictions of species spreading
rate in jet flows. The turbulent eddy viscosity v; and the turbulent eddy diffusivity Dy, give

the turbulent Schmidt number as,

(72)

SC,} = %i
0.04
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El-Amin & Kdnayama (2009 ) " .
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Fig. 14. Radial profiles of turbulent eddy viscosity and turbulent eddy diffusivity for
Hjp — Air with Fr = 268 (momentum-dominated) at several axial locations, compared with

(El-Amin, 2009).
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Fig. 15. Radial profiles of turbulent Schmidt number for Hy — Air jet with different values of
Froude number at several axial locations.

Turbulent Schmidt number is plotted in Fig.15 against the normalized coordinate r/cz at
several axial locations for Hy — Air jet with various values of Froude number Fr = 268, 152 and
99. In the momentum-dominated region the turbulent Schmidt number seems to be constant
and the opposite is true when the buoyancy effects take place for small Froude number or
far distance from the jet source. Irrespective of the turbulence structure, the constant value
of the turbulent Schmidt number across the whole flow field implies that the momentum
process is similar to the material-transport process. The opposite is true for the variable values
of the turbulent Schmidt number indicate that the momentum process is not similar to the
material-transport process. Now, let us define the normalized streamwise momentum flux
density across an isothermaljet as, G = (U /U,;)?, and the normalized jet-feed material density
as, W = UC/U,C. Also, by considering the analytical correlation of jet-feed concentration
and streamwise velocity derived by (El-Amin & Kanayama, 2009b) as, W = G(1 + Sc;) /2 (see
Fig.6).
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1. Introduction

Electrodeposition of alloys from low concentrated solutions or solutions whose elements
have very different redox potentials is often strongly dependent on mass-transfer rate of
one of the electroactive species. For such alloy systems, electrodeposition is carried out
potentiostatically because the deposition potential has to be controlled in order to monitor
good alloy composition. The applied potential is such that one of the species is deposited at
its diffusion limiting current, and the other is deposited under activation-controlled regime.
The diffusion layer’s thickness controls the limiting current, and its uniformity controls the
uniformity of the deposited film (Bard & Faulkner, 2001).

In electronical engineering, the paddle-cell system has been used for a long time to enhance
mass-transfer rate and homogeneity (Powers & Romankiw, 1972). It can be used for different
electrochemical systems (Datta & Landolt, 2000). The paddle-cell system, where a paddle-like
object is moved back and forth continuously through the solution, has been used for a long
time in electronical engineering to enhance mass transfer rate and homogeneity. It can be used
for different electrochemical systems such as Pb-Sn (Datta & Landolt, 2000) or Fe-Ni (Powers &
Romankiw, 1972). The paddle system is widely used in industry (McHugh et al., 2005; Keigler
et al., 2005), but few studies deal with improving the process conditions in relationship with
mean and local mass transfer.

A comb-like stirring system has been developed at IRDEP. It is similar to the paddle system
and the shear plate system (Wu et al., 2005). The comb can be considered as an improvement
of the paddle system by having several paddles one after another in a comb like arrangement.
The comb is moved back and forth continuously through the solution. It is used for enhancing
the homogeneity of electrodeposited Cu-In-Se layers that are the main component of CIS
thin-film photovoltaic devices (Lincot et al., 2004).

Another system, the jet array, can also be used to plate Ni-Fe (permalloy) static wafers
(Tzanavaras & Cohen, 1995). Hereby no moving parts pass through the solution, but the
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solution itself is pumped through small openings causing jet mixing in the system. An
improvement of this system was investigated.

The mixing and transport processes are described for each stirring system. Firstly, the paddle
system characteristics are described based on a literature review. Secondly, the comb system
will be introduced by describing the performed experiments and results, as well as proposing
characteristic non-dimensional numbers for design purposes. Thirdly, the randomly firing jet
array system will by analysed and parametrized based on the experimental results obtained
from (Delbos et al., 2009b;a), which also describe the experimental details of their experiments,
but which will not be repeated here.

2. Paddle-cell system

The paddle-cell, which is quite similar to the comb-like system, is well documented and
can provide insight for comb-like system development. The paddle-cell was first developed
by IBM (Powers & Romankiw, 1972) to provide laminar agitation and to improve mass
transfer during copper electrodeposition. A paddle goes back and forth (reciprocates) above
a horizontal cathode (fig. 1). Experimental data (Schwartz et al., 1987; Rice et al., 1988) and
numerical simulations (Wilson & McHugh, 2005; Mandin et al., 2007) show that geometrical
parameters of the paddle, size and aspect ratio of the cell and paddle shape have a strong
influence on mass-transfer phenomena within the electrochemical cell.

In literature a relationship has been proposed between the diffusion layer thickness and
paddle geometrical parameters. The Sherwood number, which can be defined as the ratio
of the advection lengthscale and the diffusion lengthscale, was shown to be equal to:

_Advection lengthscale ¢+ h

Sh = Diffusion lengthscale =~ ¢

= aRe™Sc!/3 1)

where m and « are coefficients that depend on the geometry of the system, Re=V - (h+g)/v,
Sh=(h+g)/é, Sc=v/D. In the case of the paddle-cell, the advection lenghtscale is g + &,
because the size of the eddies is determined by the smallest dimension available to them. The
two other dimensions (heigth of the fluid and dimension of the cell in the direction parallel to
the comb movement) are clearly bigger.

When Sherwood, Reynolds and Schmidt numbers can be linked by such a relationship,
the diffusion layer thickness d, through the Sherwood number, is totally controlled by the
geometrical parameters of the tank. The value of m depends on turbulence intensity : m ~ 0.5
denotes laminar flow, m ~ 0.75 denotes turbulent flow (Bard & Faulkner, 2001; Cussler, 1997;

Anode

o] Ry -
OCJs

Cathode

Fig. 1. Schematic view of a paddle-cell from above
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Tennekes & Lumley, 1972; Brumley & Jirka, 1988). This type of analysis was also used for
other systems, for example the shear flow system (Wu et al., 2005).

Numerical simulations were performed by (Wilson & McHugh, 2005) proposing a
modification of equation 1 by including further characteristical numbers to describe the
physical meaning of the previous used coefficients. In Wilson and McHugh's paper, three
adimensional numbers have been introduced : the blockage ratio 11/ H, the proximity ratio
h/g, the Strouhal number f,h/up, where f, is the vortex shedding frequency and up is the

eddy velocity:
I 0.151 h 0.168
Sh = 0.566Re*"83 (§> (ﬁ) 510.2836,.1/3 )

The insight provided by these studies was useful for chosing relevant geometric parameters
and designing characteristic non-dimensional parameters.

3. Comb-like system

3.1 Electrochemical reactor

A comb-like system is used for stirring. It is a piece of chemically inert material such as
PP, PTFE or PVDF that has the shape of a comb. It is located in front of the cathode and it
reciprocates in the direction parallel to the cathode, thus creating turbulence near the cathode
(fig. 2). It has the advantages of simplicity and easy maintenance, but the drawback of a
built-in anisotropy: the teeths create vertical patterns on the electrodeposited layer.

A modular tank was built to analyze the influence of the hydrodynamical parameters on a
Cu-Ni electrodeposition process. In this tank local flow velocities have been measured in high
temporal resolution using Laser Doppler Velocimetry (LDV). In addition, electrodeposition of
Cu-Ni alloy films has been carried out on 5 x 5 cm? glass—Mo substrates.

The experimental tank allowed the study of a wide range of parameter variations (table 1).
Results from studies on the paddle-cell (Schwartz et al., 1987; Rice et al., 1988; Wilson &
McHugh, 2005) suggest that the most important parameters should be the distance between
the comb and the cathode (g, see figure 2), the stirring frequency (f) and stroke (S, maximum
amplitude of stirring), the width of the comb (&), the shape of the teeth section, and the
dimensions of the cell (L and H). Prior unpublished studies also showed that the mesh of
the comb (M) could have an influence on the hydrodynamical conditions.

Anode

Motor

Cathode

L

Fig. 2. Schematics of a comb-like system seen from above.
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l Parameter \ Range ‘
g (mm) 4 -500
M (mm) 3-16
w (mm) 1-8
h (mm) 1-20
S (mm) <40
f (Hz) <7
rectangular
Tooth circular
section triangular
double triangle
H 10 - 500 mm
L 150 — 700 mm

Table 1. Hydrodynamical conditions of the comb-like system.

3.2 Electrodeposition

In order to investigate mass-transport phenomena, an electrochemical model system was
developed in the laboratory (Ollivier et al., 2009). This system, the Cu-Ni system is an
appropriate model: copper deposition is controlled by mass transfer phenomena, while nickel
deposition is controlled by charge-transfer. Its deposition kinetics is a simplification of the
Cu-In-Se codeposition system that is used for synthetizing solar cells in the laboratory, but
easier to handle.

For the preparation of large volumes of Cu-Ni electrolyte (~ 40 L), the chemicals (NiSOy4
0.165 M, CuSOy4 0.025 M, Sodium Citrate 0.25 M) were first dissolved in smaller volumes
(2 x5 L), and immediately diluted into the whole water volume, to prevent the caking (mass
precipitation) of the 40 L-electrolyte.

The electrodeposition takes place on a glass substrate covered with a sputtered Mo layer. The
resistivity of the Mo layer is pc; = 13 — 17 pQ.cm, its thickness e = 0.38 — 0.52 ym and its sheet
resistance is = 0.27 — 0.44 ). This is the usual substrate for thin layer solar cells (Lincot et al.,
2004).

The substrate is placed in an adapted basket that allows the substrate to be carried through
the cleaning process. The substrate is first rinsed with high-purity water (18.2 MQ)), cleaned
with soaped water and thoroughly rinsed with high-purity water. Finally it is dipped for
10 minutes into a NHj3 solution (25 %) to deoxidize the Mo (mainly to remove MoO,). The
substrate is afterwards rinsed with flowing water, and dried with argon.

The electrodeposition is performed in potentiostatic mode. The counter-electrode is a vertical
5 x 15 cm? Ti mesh covered with IrO, (Dimensionally stable Anode, DSA). A saturated
Mercurous Sulfate Electrode (MSE, +0.65 V / Normal Hydrogen Electrode) is used as a
reference electrode. The potentiostat is an Autolab PGSTAT30 controlled by the GPES software
running under MS Windows.

A Pt wire is applied on the substrate to achieve the electrical contact, the substrate is then
rinsed with flowing water, just before being dipped in the electrolyte. The substrate is then
immersed and the potential of —1.60 V/MSE is applied, and the total charge is —2.8 C/ cm?
The resulting electrodeposited layers are composed of 90 - 99 % of copper and 1 - 10 % of
nickel. This composition is the same as in similar experiments performed in a jet firing array
system (Delbos et al., 2009a).
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3.3 Chemical analysis
The thickness and chemical composition of the layers were analysed by Energy-Dispersive
Spectroscopy X-Ray Fluorescence Fischerscope Xray Xan controlled by the WinFTM software
running under Windows. The uncertainty of the measurement was 0.26 % for the thickness,
0.04 % for the copper content, 5.73 % for the nickel content. The local electrodeposited copper
quantity ncy(x,y) (in mol/cm?) is linked to the local diffusion layer thickness &(x,y) by this
relationship:
iCu(x/y)t CcuDcut

Ut = Speuz F T a(xy) ©
where icy (x,y) is the local copper partial current density, ¢ is the electrodeposition time, z, =2
is the number of electrons involved in the reaction, F is the Faraday’s constant, pc,, is the per
volume ratio of Cu, C¢,, is the concentration of Cull species in the electrolyte, and D¢, is the
diffusion coefficient of Cull species.
The copper quantity is therefore locally dependent on the local diffusion layer thickness. In
this set of experiments, mappings of NCy(x,y) Were performed: 5 rows of 20 measurements.
Each row (parallel to the x direction) has a resolution of 2.5 mm, and each row is 10.75
mm from its neighbors. The standard deviation of these measurements is therefore a good
indication on the spatial variations of the diffusion layer thickness.
Because of flaking on the edges of the plates, the standard deviation is calculated on the three
central rows of measurements.

3.4 Laser Doppler Velocimetry

Velocity measurements have been performed using a 2-D Laser Doppler Velocimetry (LDV)
system to determine the mean and turbulent flow characteristics. Such a device was already
used to correlate flow velocity with electrodeposition patterns in a jet-firing plating cell
(Delbos et al., 2009a;b). A 5 W Ar-Ion laser, a Dantec data acquisition apparatus (FiberFlow
60*81 BSA 55X) and the BSA Flow software running under MS Windows were used for data
acquisition. ZrO, particles were used as seeding particles, and they were approximately 3 pm
in diameter.

A backscatter probe with a focal length of 310 mm was used. The system provides a temporal
resolution of the order of 1072 s and the size of the measurement volume is about 0.1 mm x
0.1 mm x 1.6 mm.

The laser probe was located above the measurement volume, firing in the y-direction, and
the laser had to cross the free air-water interface. In order to keep the interface horizontal, a
small piece of glass is kept at the air-water interface above the measurement volume. The lack
of this piece of glass, or the presence of a drop of water on the piece of glass could lead the
acquisition data frequency to decrease by a factor of 100.

Each measurement series lasted 120 - 150 s, leading to approximately 2,000 - 3,000 velocity
signals at each point before moving to another point of measurement. Measurements were
taken on a horizontal line at a distance z;;, = 2 mm away from the deposition electrode and
70 mm from the bottom of the tank (total fluid depth: 120 mm). With the help of a 2-D
traversing system the LDV probe was positioned at the different measurement locations. The
set-up is schematized on figure 3.

u and w, the velocity components on the x- and z-directions were measured. Simple treatment
was applied to the data: for each point of measurement, in both measured velocity directions
(u in the x-direction and w in the z-direction), the mean velocity and the Root Mean Square
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LDV
probe

Stirring
motor

Fig. 3. Schematics of the LDV measurement set-up in the comb experiment.
(RMS) velocity were calculated, e.g. for w:
w = % Y_; w; is the mean velocity (4)
wrps =4/ 3 Li (w; — )2 is the RMS velocity ()

where each w; is one measurement in a series of N measurements. In the following, the RMS
velocity is also called the turbulent fluctuations.

The uncertainty of the mean and RMS velocity measurements was determined by measuring
the velocity at the same point 30 times and then calculating the normalized standard deviation
of the measurements (0norm = 0/}, see section 3.3). The uncertainty of measurement is high
for the w component (o = 13.2 %), but it is more acceptable for the 1 component (i < 5%).
These values are summarized in table 2.

4. Results : control parameters of Cu-Ni electrodeposition in comb-like systems

The objective was to define two control parameters for the comb-like system: one that controls
the limiting deposition current ij on the whole cathode, the other that controls the standard
deviation of electrodeposited copper oc, on a horizontal line (x direction) on the cathode.

Measurement u w URMS WRMS
o 42% | 132% | 41% | 7.1 %

Table 2. Uncertainty of LDV measurements in the modular comb electrolyser.
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S(mm) | 10 | 14 | 24
ocu | 1332 | 887 | 373

Table 3. Stroke — Cu standard deviation.

Therefore, the effect of the variation of geometrical parameters on the limiting current and the
homogeneity of the electrodeposited layer was studied. From these results the two control
parameters were defined.

A set of experiments, previously described in (Delbos, 2008), were performed in order to
quantify the effect of each geometric parameter on copper deposition and flow parameters.
Geometric parameters f, S, M, g, H, and L were tested for relevance (see fig.2). In contrary
to the paddle-cell, the flow is confined between the comb and the cathode, leading to a
characteristic size of flow vortices (eddy size) up ~ g. Consequently the parameters H and
L do not seem to have an influence on flow velocity and electrodeposition pattern. Only f, S,
M, g and teeth shape are found as relevant parameters (Delbos, 2008).

4.1 Effect of the variation of the stroke on electrodeposition and flow

In this section, the effect of the variation of the stroke of the comb is shown. In this set of
experiments all parameters but the stroke remain constant (H = 66 mm, L = 310 mm, M =7
mm, h =4 mm, g =7 mm, f =4 Hz, w=1mm, the shape of the teeth was rectangular). The
stroke S is varied from 10 mm to 24 mm. Fig. 4 shows the results: (a) presents the copper
quantity measured by XRF along the horizontal axis of the cathode, (b) and (c) present the
mean flow and the turbulent fluctuations measured at z;;, = 2 mm from the cathode on an axis
parallel to the axis were the copper quantity was measured.

The increase of the stroke at constant frequency increases the velocity of the comb, and
therefore the energy input. Consequently the turbulent fluctuations increase with comb stroke
(fig 4(c)), leading to increased mass transfer and increased deposited copper quantity (fig 4(a)).
Increasing the stoke also increases the variations of mean flow (fig 4(b), but apparently the
strong variations of the mean flow do not lead to inhomogeneous diffusion layer thickness:
the copper quantity is more homogeneous for high values of S (table 3 and fig. fig 4(a)).

4.2 Non-dimensional parameters

From the same kind of experiments that are shown in section 4.1 and the literature (Wilson &
McHugh, 2005; Schwartz et al., 1987; Rice et al., 1988), relevant non-dimensional parameters
were chosen to characterize the comb-like system:

- non-dimensional stroke S/ M
In this system, each tooth of the comb behaves as a simple paddle, but the vortices shed by
each tooth interact with the vortices shed by the neighboring tooth. The non-dimensional
stroke S/ M is therefore of primary importance for mass-transfer phenomena.

— Proximity ratio /1/g
For grid stirring devices, the turbulent fluctuations (RMS) decay proportionally to the
inverse of the distance from the stirring device (at the cathode surface, ugps g_l)
(Thompson & Turner, 1975). For the comb system, the energy input is proportionnal to
the volume of fluid displaced by the comb, which is proportional to /, and its decay should
be proportional to the distance between comb and cathode g. The proximity ratio (/g) was
therefore chosen as a relevant parameter for the system.

- Reynolds number
For the paddle cell, Re = (g +h) fS/v. The same definition was chosen for the comb system.
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In our experiments, 100 < Re < 4000. Nevertheless LDV measurements showed that the
flow was turbulent even for low Reynolds numbers (ugp1s/u ~ 2, see fig. 4).

- Solidity ratio M/w
For grid-stirring devices, a solidity ratio can be computed, it is equal to the surface of the
grid divided by the surface of the holes (Thompson & Turner, 1975). Similarly the solidity
ratio of a comb-like system is M/w: the solution volume displaced by the comb depends
on this mesh size over tooth thickness ratio. The larger this ratio, the bigger the volume
displaced by the comb, and the more energy is introduced in the system.

— The Schmidt number Sc =v/D
In these experiments, the diffusion coefficient is D = 3 - 10710m2 /s and the kinematic
viscosity is v =1.62 - 10~°m? /s (Henninot, 1999), leading to Sc =5.4 - 10°.

4.3 Deposition current control
In case of diffusion-controlled reactions, the current can be linked to the diffusion layer
thickness through the classical relationship:
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Fig. 4. Effect of the stroke on copper deposition and flow parameters
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¢ is itself linked to the Sherwood number Sh =I5 /5, where [p is the typical size of the eddies.
For this system, we assumed that /g = g because the eddies are confined between the comb
and the cathode, therefore the largest possible size for the eddies is g.

The Sherwood number is linked to the Reynolds and Schmidt numbers (equation 7):

Sh = aRe'/25c!/3 %)
M /4 Sfh+g V21
- (2)" (1225) . 5
Combining eq. 6 with eq. 8 and taking Ip = g yields:
1/4 1/2
]c:nFCB (%) . [Sf(hzg)} _D2/3_V71/6 (9)

The experimental deposition current is plotted as a function of the geometric deposition
current Jc in fig. 5. The measured current density is indeed proportional to the geometric
current density. That means that the number L = (M/w)'/4 - [Sf(h + ¢)]'/?/g is a geometric
control parameter for the deposition current: for higher values of L, the current density gets
higher.
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Fig. 5. Measured deposition current [ easured iS plotted as a function of the geometric
deposition current [geometric

4.4 Homogeneity control

To define a control parameter for the homogeneity of the electrodeposited layer the standard
deviation of the electrodeposited layer versus each relevant non-dimensional parameter has
been plotted separately. This allowed the design of a control parameter depending on the
non-dimensional stroke, the proximity ratio and a modified Reynolds Number

"M h v

Figure 6 shows the standard deviation of copper in Cu-Ni layers o¢, versus the
non-dimensional parameter K. The variation is monotonous: the standard deviation o,

K—S.g.ﬂ (10)
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Fig. 6. o, in Cu-Ni electrodepositions vs. non-dimensional control parameter K.

decreases when K increases, meaning that the homogeneity of the electrodeposition increases
when K increases.

The minimum standard deviation of Cu quantity obtained for this comb-like system was 1.07
% on 5 x 5 cm?. The experimental conditions for this electrodeposition were M = 9 mm, & =
4mm, w=1mm, g =25mm, S =24 mm, f =5.4 Hz, and the tooth section was rectangular.
This value can be compared to the homogeneity of Fe-Ni layers synthesized in paddle-cell
industrial electrolysers: Andricacos et al. (1994) report that the normalized standard deviation
on circular wafers (diameter 30 cm) can be as low as 1.38 % for the Fe-Ni thickness and 0.86 %
for the Fe content of the Fe-Ni layer. The homogeneity of electrodeposited layers performed
in comb-like reactors are therefore comparable to the ones performed in industrial paddle-cell
electrolysers used for electronic applications.

4.5 Interactions between the two control parameters

The two previously defined two control parameters allow the optimization of Cu-Ni
homogeneity and the deposition current. As the control parameters K and L are made out
of the same geometrical parameter, their relashionship has been studied. Figure 7 shows the
geometrical deposition current | versus the homogeneity control parameter K.

For K > 5000 corresponding to homogeneous deposition (see figure 6), | can take the
whole range of possible values. That means that it is possible to choose any deposition
current and still perform homogeneous electrodeposition, which is particularly interesting
for industrialization of such processes.

5. Results: control parameters of Cu-Ni electrodeposition in jet systems

5.1 Mixing and transport in randomly firing jet systems

The turbulence-generating device using a randomly firing jet array has been presented in
(Variano et al., 2004; Variano & Cowen, 2008), where an array of jets fires in the same direction
at the same discharge (volume of fluid per unit of time), randomly switched on and off. 1D
jet arrays are typically holed pipes, and 2D jet arrays are typically holed plates. A definition
diagram of a jet array is shown in figure 8. The stirring tank used in this study and related
electrochemical methods are described in (Delbos et al., 2009a;b).
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Previous studies Delbos et al. (2009b;a); Variano & Cowen (2008) showed that the important
parameters for turbulence control in such systems were mainly the distance between the jets
M, and the cathode z,;, as well as the momentum source fraction, which is the ratio of time of
firing and time of sleep. However, no relationship between current density and geometrical
parameters of the jet array has been reported yet. Furthermore, no information has been found
related to the spatial variations of § and its effects on the homogeneity of the electrodeposited
layer in such systems.

The following findings are based on the experimental results obtained from (Delbos et al.,

2009b;a), which also describe the experimental details of their experiments, which will not be
repeated here.

The operating conditions of the jet systems are described in table 4

Yy, V
Backflow

Fig. 8. Definition diagram of a jet array, showing the single jet discharges and their merging.
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l Parameter \ Range ‘
Wo (m/s) 2.6,7.4
d (mm) 0.7-1
Zm (mm) 60 —230
M (mm) 18, 29, 45
¢i(%) 50, 100

Table 4. Hydrodynamical conditions random jet array system. See List of symbols and figure
8

5.2 Non-dimensional parameters
As for the comb systems, first the non-dimensional geometrical parameters that control the
flow characteristics are defined:

— Merging ratio
As mentioned in (Delbos et al., 2009a;b), the merging length is a predominant factor for
homogeneity: if the merging ratio z;/L is smaller than 1, the jets are not merged and
impinging patterns appear on electrodeposited layers. When the jet raster is different in
horizontal and vertical directions, there are two merging lengths L, and Lj, and therefore
both corresponding merging ratios are used for the design of non-dimensional parameters.

— Reynolds number

The Reynolds number of the individual jets was chosen to describe the turbulence intensity.
_ Wod
v

Re (11)
In these set of experiments, the temperature could not be well controlled but was measured.
The variation of the kinematic viscosity with temperature was therefore taken into account.
The variation of water dynamic viscosity was taken from (Likhachev, 2003):

E
= — 12
Ul o exp R(T+T0) ( )
where 79 = 2.414 - 107° Pa.s, R = 8.314 J K L.mol ™!, E = 2060 J.mol !, Ty = 133.15°C, T is
in °C. The variation of volumic mass is described in (McCutcheon et al., 1993):

(T + 288.9414) - (T — 3.9863)>

where T is in °C

— Nondimensional turbulence decay ratio
For perforated plates, the turbulence decay is proportional to the inverse of the distance
from the turbulence generating device to the power 3/2 (ugys « z~°/?)) (Thompson &
Turner, 1975). As the turbulence intensity decreases with the distance from the turbulence
generation system, the stirring efficiency decreases with the distance from the nozzle. We
propose a nondimensional turbulence decay ratio (£/z;)%/? (where / is the size of the jet
array) to quantify the decreased homogeneity due to the turbulence decay:
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— Randomization coefficient
Finally, the randomization had to be taken into account. The influence of the source fraction
®j = pon/ (Moff + Hon) on the turbulence generation was studied in (Variano & Cowen,
2008). This study shows that the optimal value of ¢; for turbulence generation is 12.5 %.
In the case of this study, the source fraction was 50 % in the random case, and 100 % in the
continuous case. A coefficient k was designed so as to quantify the influence of random and
non-random injection, and the most fitting results, resulting from euristic methods, are:
k = 0.45 when the injection is continuous
k = 0.80 when the injection is random

5.3 Deposition current control
For the jet system, eq.8 did allow us to describe a geometric control parameter of the system.
A similar relationship is proposed, which was found through heuristic methods:

Sh= %B = aRe¥150709 (14)
where Ig = /: the eddy size [p is the dimension of the jet array / (a result described in (Delbos

etal.,, 2009b)), a = [(L,Lo) /23]
Combining eq. 6 with eq.14 yields:

0.1
- LyLo (Wod)*1 D9
]C - nFCB ( Z§ ) Z V(T) (15)

The experimental deposition current is plotted as a function of the geometric deposition
current Jc in fig. 9. The measured current density is indeed proportional to the geometric

0.1
current density. That means that the number L = (%) . WT"d is a geometric control

parameter for the deposition current: for higher values ode, the current density gets higher.
Surprisingly, the type of injection (random or continuous) does not play any role in the value
of the deposition current. In (Delbos et al., 2009b), we showed that the random injection
increased the turbulent velocity but decreased the mean flow. It could be that these effects
balance each other, causing random and continuous injection to yield similar values of current
density.

5.4 Homogeneity control
This control parameter was built with the same method used for the comb system. The
proposed nondimensional control parameter is:

3/2
Z4 Z4 / Wod
K= k —=——={(— 1
~~ Ly Lh <Zd) V(T) ( 6)
(1) S~ ——~—~
) (©)) 4)

where (1) is the randomization coefficient, (2) are the merging ratios, (3) is the turbulence
decay ratio, and (4) is the Reynolds number. The choice of 1 as the exponent for all the member
except the turbulence decay ratio yielded the best results in term of monotony of the K — ¢
plot.

Figure 10 shows the standard deviation of copper in Cu-Ni layers o¢, versus the
nondimensional parameter K. The variation is monotonous: the standard deviation o,
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Fig. 9. Measured deposition current is plotted as a function of the geometric deposition
current Jc

decreases when K increases, indicating that the homogeneity of the electrodeposited layer
increases when K increases. Random injection generates more homogeneous deposition, high
values of distance nozzle-to-cathode, initial velocity, and low values of merging distance (and
therefore low values of jet mesh) are also helpful for homogeneous depositions.

5.5 Interactions between the two control parameters

The methodology used for the comb was also used for the jet array. The figure 11 shows the

geometric current as a function of K. It shows that for high values of K yielding the best
homogeneity, a wide range of values of | can be chosen.
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Fig. 10. o¢,, in Cu-Ni electrodepositions vs. nondimensional control parameter K
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6. Conclusion

In the microelectronics industry, the paddle-cell is widely used for enhancing mass transfer
in diffusion controlled plating of alloys.
the comb-like system and the random jet array, are studied in details. In particular two
control parameters are developed. Electrodeposited layers mappings were linked to LDV
measurements of the flow velocity in order to the find geometrical parameters relevant to
electrodeposition control. From these experiments two control parameters for each system
were designed. They allow comb and random jet array systems operators to control the mean
deposition current and the homogeneity of the electrodeposited layer. More generaly, these

parameters control the mass transfer in these systems.

7. List of symbols

1)
v

b
Pca

\:&.U(‘)Q

diffusion layer thickness (mm)
kinematic viscosity (m?2/s)
momentum source ratio

resistivity of the cathode (Q2.m)
standard deviation

concentration (mol/L)

Molecular diffusion coefficient (m? /s)
diameter of the jet nozzles (mm)

In this paper two alternative stirring sytems,

dimension of the cell in the direction perpendicular to the cathode (mm)

stirring frequency (Hz)
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fo vortex shedding frequency (Hz)

g distance between cathode and paddle or comb (mm)

h height of paddle or height of comb teeth (mm)

icu copper partial current (A/ cm?)

ir diffusion-limited current (A /cm?)

K Homogeneity control parameter

L Current control parameter

L dimension of the jet array (mm)

L dimension of the cell in the direction parallel to the cathode (mm)
Ly horizontal merging length (mm)

Ly vertical merging length (mm)

LDV Laser Doppler Velocimetry

Ig advection lengthscale (mm)

M distance between the teeth of the comb or distance between the nozzles (mm)
neu Copper quantity in the electrodeposited layer (mol/mm?
Re Reynolds number

RMS Root Mean Square deviation

S Stroke (mm)

Sc Schmidt number

Sh Sherwood number

St Strouhal number

Flow velocity in the directions horizontal, parallel to the cathode

e and perpendicular to the cathode (mm/s)

ug typical eddy size (mm)

u,w Mean flow velocity (mm/s)

urMS, WrMs ~ turbulent fluctuations (mm/s)

Vv velocity of the paddle or velocity of the comb (mm/s)

Wo initial velocity of the jets (mm/s)

w width of paddle or width of comb teeth (mm)

XRF X-Ray Fluorescence

1,z coordinates, horizontal, parallel to the cathode, vertical,
7 and perpendicular to the cathode (mm)

Z4 distance between nozzles and cathode (mm)

Ze number of electrons in the electrochemical reaction (mm)

Zm distance between the cathode and the LDV measurements (mm)
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Application of Airborne Sound
Waves for Mass Transfer Enhancement

Sergey V. Komarov
Nippon Light Metal Company, Ltd.

Japan

1. Introduction

Efforts to reduce energy use and greenhouse gas emissions continue to place increasingly
stringent requirements on the industrial sector of the economy. This tendency is especially
pronounced in energy-intensive industries which use high temperature processing.
Examples are chemical and metallurgical processes, power generation and waste treatment.
In these areas, many chemical reactions involved in the material fabrication or treatment
proceed under mass transfer control, meaning that rate-controlling step of the reactions is
not a chemical reaction itself (termed kinetic control), but transport of the chemical reagents
to or from the reaction zone. This is associated with the well-known fact that the rates of
chemical reactions increase with temperature to a greater extent than those of mass transfer.
In the mass transfer controlling regime, any enhancement of the mass transfer rate should
raise productivity of the above-mentioned processes, that in turn provides an option to
reduce the energy consumption and production cost. Another important point to note is that
inadequate control of mass transfer between different regions of the reactors or furnaces
often results in a local under- or overheating of the materials being processed. Both these
phenomena are considered to be a major source of atmospheric pollutant emissions. Typical
examples of such processes are solid waste incineration and fuel combustion.

In most of the above-mentioned processes gaseous, liquid and solid phases coexist in one
process. Nevertheless, in this chapter, we shall restrict our consideration to the gas-phase
mass transfer. In gas, mass transfer can occur through the following two mechanisms:
(1) convection which typically occurs in the gas bulk and (2) molecular diffusion which is
the dominant near interfaces. In many cases, the rate of convective mass transfer can be
relatively easily enhanced by blowing a gas into the media bulk or by applying some other
method of increasing the forced convection. Therefore, the main resistance to the mass
transfer is located usually in the boundary layers adjacent to the interfaces between different
phases. Under these conditions, there is a very limited choice of techniques available for
controlling the mass transfer at the interfaces. This is especially true in regard to those
processes which involve high temperatures.

In these circumstances, sound or ultrasound waves provide a unique tool making it possible
to supply energy directly to the interfaces and, thus, to influence the interfacial mass
transfer rates. Attractiveness of ultrasonics is associated with the following features of
sound. First, sound waves have the ability to propagate through homogeneous elastic
mediums including gas without significant losses, and thus to effectively transfer the
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acoustic energy from a sonic generator to the materials being processed. Second, when the
waves are incident upon an interface, the scattering or reflecting of the waves from the
interface is responsible for a number of phenomena that occur at the interfaces. Examples of
these phenomena include acoustic streaming, radiation pressure, forced turbulence and
capillary waves. Most of them have a direct influence on the interfacial mass transfer
process. Such effects are unachievable by any other methods. Third, along with the technical
efficiency, sonic/ultrasonic treatment should be competitive as regards cost, because it
provides an effective transmission of acoustic energy at a relatively low cost for ultrasonic
equipment.

The idea of using ultrasonics for improving process performance or for changing material
structure is rather old. As early as the 1920s, Wood and Loomis (Wood & Loomis, 1927) had
studied the effects of ultrasonics on the atomization of liquids, the emulsification of
immiscible liquids, and the changes in the structure of crystallized organic substances.
During the years which followed, ultrasonic effects have become the subject of numerous
extensive studies. The studies have proved the benefits of using ultrasonics in a variety of
technological processes. In the majority of them, sound waves of ultrasonic range are
radiated into liquids through a submersible sonotrode under conditions in which acoustic
cavitation occurs in the liquid. Ultrasonic sonochemistry, a relatively new field of chemistry,
exploits the acoustic cavitation to influence chemical reactions. Acoustic cavitation is a
phenomenon of nucleation, oscillation and implosion of countless bubbles in liquids. The
last phenomenon, namely bubble implosion, is of great importance in many ultrasonic
applications. Cumulative microjets and shock waves, which are generated at the last moment
of bubble implosion are thought to be one of the main contributor to the effects observed
during ultrasonic treatment. Also, the ultrasonic cavitation is a very efficient route to enhance
mass transfer rates both in the bulk and at the interfaces in liquids (e.g. Margulis, 1995).
However, the liquid-phase sonoprocessing has a number of serious limitations. As
ultrasound waves are scattered on gas-liquid interfaces, the surface of cavitation bubbles has
a screening effect on propagating acoustic energy. This leads to a significant decrease in the
size of the zone that can be effectively treated by ultrasonic. This limits the ultrasonic
applications for many processes proceeding in large-size reactors. Moreover, at higher
temperatures, sonoprocessing through liquid phases requires designing a cooling system,
choosing special materials for the waveguide components, and optimizing them under
conditions of sharp temperature drops. Unfortunately, this is not always possible

On the other hand, the gas-phase sonoprocessing possesses some advantages as compared
to the treatment of liquid phases that make it very useful for applying to high-temperature
processes. First, the sound generator can be positioned a safe distance away from the high
temperature zone. Second, in gas, sound waves can propagate over a longer distance than
that in liquids because the sound propagation in gas is not restricted by cavitation. The gas-
phase sonoprocessing is especially appealing for the processes that use gas blowing or
injection. Typical examples are burners, solid waste incinerators, converters for making steel
and cooper. In these processes, a sound wave can be relatively easily produced by passing a
part of blown gas through a pneumatic-type sound generator that does not require any
additional consumption of energy. In addition, the gas can serve as a coolant of the sound
generator parts.

The goal of this chapter is to give a deeper insight into the possibilities and limitations of
airborne sound waves as a tool to enhance the rates of gas-phase mass transfer and its
related phenomena. Following the introduction, the second section gives a brief theoretical
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consideration on the sound related fundamental phenomena that is necessary for a better
understanding of the following sections. The next, third section presents a short review of
some recent studies that examined sound or ultrasound effects on the gas-phase mass
transfer around spherical drops and particles, followed by a brief survey of recent efforts in
applying acoustic oscillations to in a number of technological processes. The forth section
provides a discussion of our results and some considerations for the enhancement of mass
treansfer rates in pyrometallurgical processes. Finally, the last section concludes the chapter
with some general remarks.

2. Brief theoretical consideration

Sound is a wave that is created by oscillating objects and that travels through an elastic
medium from one location to another. The simplest type of sound wave is a plane travelling
wave. The wavefront in such a wave is a plane surface meaning that the oscillating energy is
transmitted in the form of parallel beam. When the oscillation amplitude is small enough
(linear regime), one can neglect any interaction between the medium and wave, and
consider that the wave propagates adiabatically.

In actual practice this situation is very seldom realized. In the material sonoprocessing, sound
waves of high intensity propagate inside reactor vessels filled with solid and/or liquid
materials, and bounded by side walls and bottom. This suggests that the wave can be
reflected or absorbed by surfaces belonging to the materials or vessels. In addition, processes
often generate small particulates like solid particles, dust or liquid droplets. When the
travelling wave impinge on their surfaces, a part of the wave energy can be scattered and
lost. Moreover, propagation of high intense sound wave is non-adiabatic because a part of
its energy is lost during the compression half cycle. This phenomenon is know as disspation.
The dissipation and scattering are thought to be the main cause of the wave attenuation.
Besides, scattering and dissipation of waves are responsible for so-called non-linear acoustic
effects which have a direct bearing on the transfer of mass. The following sections introduce
most important characteristics of sound waves and, then, briefly explain the non-linear
effects to that extent which is necessary for understanding the matter of the present chapter.

2.1 General characteristics of sound waves
In the case of a harmonic travelling wave, the oscillatory motion can be expressed in terms
of displacement of the particle,¢ relative to their equilibrium position as follows

& =&y sin(wt — kx) 1)

This equation is the basis for derivation of other equations which describe the wave
propagation. Thus, the velocity of oscillations, V, and pressure, P can be given as

V =V, cos(wt - kx) )

P = By sin(wt — kx) ®)

where x is the direction of wave propagation, angular frequency @ = 2zf and amplitudes
&0, Vo P, are related to each other as Vo= &w and Po= Ewpc. The wave number k can be
simply defined as k= w/c or as k=27z/A , where c and A are the sonic velocity and wave
length, respectively. Frequency, fis commonly subdivided into audible sonic and inaudible
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ultrasonic ranges although physically there is no difference between sound and ultrasound
waves. The boundary between these ranges lies at about 16 kHz. Note that if the travelling
wave is plane and propagates without attenuation, all the amplitudes &, V,, P, are constant.
Based on the above relationships, one can derive an expression of sound intensity, J, which
is defined as the average rate of sound energy transmitted by a travelling wave through a
unit area normal to the direction of sound propagation

1
J= EPCVOZ @)

In practice, since the sound intensity varies by several orders of magnitude, it is often
expressed in logarithmic form known as sound intensity level,SIL

SIL=10log - )
] ref

where the reference intensity, J.is equal to 1012 W/m?2. The unit of SIL is decibel, dB.

There is no universally accepted criterion for distinguishing between low and a high-intense
sound waves. However, many experimental results suggest that the sonic/ultrasonic effects
can be obtained only if wave amplitude exceeds some threshold value. For gases, the
threshold value of Vj can be estimated from the experimentally determined value of SIL at
which ultrasonic effects become significant. This value is equal to 130 dB (Mednikov, 1965;
Blinov, 1991). Thus, using Eqs.(4) and (5), one can estimate the threshold V; for air (c=340
m/s, p=1.2 kg/m?3) to be approximately 0.2 m/s.

2.2 Sound wave reflection. Standing wave.

As mentioned above, in many applications, sound waves propagate inside vessels like
combustion chambers, furnaces, etc. This results in an impingement of the waves upon the
vessel walls and in a reflection from the wall surfaces. Moreover, the principle of
sonoprocessing itself involves exposing the surfaces of treated materials to a sound wave
which, in general, can reflect from the surfaces or pass through it. In this connection, it is
important to know conditions of wave reflection. When a sound wave is incident from a
medium 1 on a plate made of medium 2 at right angle, the reflection coefficient, R can be
expressed by the following equation (Heuter & Bolt, 1966)

1 1V . ,27d
Z m—% sin Z
R= 2 (6).
1( 1) . 227Zd
1+—|m——| sin"——
4 m A

Here, d is the plate thickness, 1> is the length of sound wave in medium 2, m is the ratio of
acoustic impedances of the media 1 and 2. The acoustic impedance is a key parameter in
understanding the behaviour of sound wave when incident on a surface. Generally, acoustic
impedance implies resistance to the propagation of sound wave. Quantitatively, it can be
expressed as the ratio of sound pressure generated in a point of medium to velocity of
oscillations of the medium particles during sound propagation. Expressing the ratio in terms
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of the appropriate amplitudes, one obtains the following relationship for acoustic
impedance, Z

P,
B _ pcVy ~ pe
Vo Yo

Z= )
where p and c have the same notations as above. A special feature of gas phases that their
acoustic impedances are several orders of magnitudes smaller than those of liquid and solid
phases. For example, values of Z for air, water and steel at 20°C are 406, 1.47x106 and
4.56x107 kg/m?2-c, respectively.

Insertion of these values into equations (6) and (7) gives the results illustrated in Figure 1.
This figure shows the reflection coefficients as a function of d/A» for two cases. In both the
cases a sound wave propagates in air. However, in the first case the medium 2 is water
while in the second one it is steel. As can be seen, decrease and following increase in R near
d/X2=0.5 and 1.0 occurs so sharply that the corresponding descending and ascending lines
are indistinguishable in the figure. The inset (b) shows an enlarged view of variation of R in
the vicinity of d/A> = 0.5. The data reveal that the sharp variation of R takes place within a
very narrow range of d/A». Besides, it is clearly seen that this variation is steeper for steel
plate than for water layer. Another region of sharp change in R appears at very small d/A>
close to zero. Here, it can be seen again that R for steel plate increases with d/A; significantly
faster compared to that for water layer.

Medium 1 2 mx10*

1.2 air water 2.8
1 air steel 89
1.0
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Fig. 1. Dependence of reflection coefficient on d/; for sound waves propagating in air and
falling onto a water film (solid line) and a steel plate (dashed line).

Thus, one can conclude that, except for very thin films (d/X2~ 0) , sound can pass through a
bulk layer of liquid or solid only when the layer thickness is varied within a very narrow
range around strictly fixed values. In practice, such cases, however, are few and far between.
Therefore, it can be said that when a sound wave is introduced into a vessel filled with
materials to be processed, the wave is completely reflected from all surfaces on which it is
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incident. The interference between incident and reflected waves may result in formation of
so-called standing wave. Since the standing waves play an important role in the airborne
sonoprocessing, it is necessary to consider this problem in some detail.

The simplest case of standing wave is one that forms when a travelling wave is incident
upon a plane surface at right angle and completely reflected from the surface. In this
standing wave, the oscillatory motion of fluid particles is expressed similarly to travelling
waves in terms of displacement, oscillation velocity and sound pressure as given by
Egs.(8)~(10).

& =2& cos(kx)sin(wt) 8)
V =2V}, cos(kx)cos(wt) )
P = 2P, sin(kx)sin(wt) (10)

where notations follow those of Egs.(1)~(3).

It is remarkable that the values of amplitudes in the standing wave are double those in the
travelling one. The solution of the above equations, although not shown here, reveals that,
in the standing wave, there are points at which no oscillations occur. These points are
referred to as node. The nodes are evenly spaced at intervals of one-half wave length. The
points where the amplitude of the standing wave is a minimum are called antinodes. The
antinodes occur midway between the nodes.

In standing wave, contrary to travelling one, there is no energy transfer. Instead, the energy
is alternately transferred from kinetic to potential energy. By analogy with sound intensity
level, SIL, the energy inside a standing wave can be evaluated by the sound pressure level,
SPL in dB units as follows

SPL = 20Tog 0 (11)
Pref

here the reference pressure, Prysis equal to 2x105 Pa.

A special type of the standing wave occurs when it is formed between parallel surfaces, one
of which is a sound-radiating surface while the other one is a reflecting surface. The
longitudinal distribution of sound pressure, P in such a wave obeys the following equation
(e.g. Rayleigh, 1945)

CosKL=%) i ot (12)

P =&yocp,
where L is the distance between surfaces while the other notations are the same as above. Of
most practical interest is the case when the distance L is an integer multiple of one-half
wavelength according to Eq.(13)

L:%, n=1,2,3,.. (13)

Insertion of Eq.(13) into Eq.(12) gives sinkL=0 meaning that the sound pressure P should
increase to infinity. Of course it is physically impossible because of dissipative effects, the
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role of which increases with the oscillation amplitude. This kind of wave, called forced
resonance standing wave, is very important for practical application because it allows to
achieve very high levels of sound pressure with relatively small inputs of energy. In
practice, the above resonance conditions can be realized either by fixing the sound radiator
at a distance of L from the reflecting surface, or by adjusting the sound frequency in such a
way to satisfy the relation (13).

It is to be noted that, in practice, geometry of vessels can be more complicated than the
above case of parallel surfaces. Therefore, the resonance conditions are often determined
experimentally by measuring the sound pressure inside the vessel as a function of the sound
frequency and vessel geometric parameters.

2.3 Attenuation of sound waves.

As has been mentioned, all the above phenomena are well described in the framework of
linear acoustics without considering any influence of the surrounding medium on wave
propagation. Actually, as a sound wave is propagated through a medium, its intensity is
attenuated through a number of mechanisms. As a matter of fact, the wave attenuation is
the main reason of non-zero net mass flux that is, in turn, a cause of the mass transfer in
high-intense sound wave.

The attenuation mechanisms include scattering and dissipation. Scattering refers to the
reflection or refraction of sound waves when they impinge on an obstacle with dimension
close to or less than the sound wavelength. Here, by an obstacle is meant any foreign
substance on the second phase, for instance particulate, acoustic impedance of which differs
greatly from that of the surrounding medium. Despite the fact that mechanism of scattering
is very complicated, different theoretical considerations and experimental observations
suggest similar relationships between the intensity of scattering and three key parameters:
sound frequency, f, obstacle dimension, d and its mass fraction, C,. Thus, Landau and
Lifshits (Landau & Lifshits,1986) derived a formula which suggests that the intensity of
scattering, I, is proportional to the sixth power of d and fourth power of f for the case of rigid
particles suspended in a gas. The reported dependences of I; on C, are linear for both the
gaseous (Temkin, 1998) and liquid mediums (Carlson & Martinsson, 2002). Therefore, the
intensity of scattering becomes significant only at higher frequencies, generally in the MHz
range and/or at larger volume fractions of particulates. Since the commonly used frequency
ranges in the airborne sonoprocessing do not exceed several tens kHz and because the
fraction of particles, which can present in gas phases, is rather small, influence of scattering
on the wave propagation will be neglected in the present discussion. However, it is to be
noted that the scattering is of fundamental importance in considering the behavior of the
particles themselves.

Sound energy dissipation, or absorption, is assumed to be the main cause of sound intensity
attenuation in most of the applications considered in the present chapter. Generally, there
are two main mechanisms of sound energy absorption in fluids. These are viscous
dissipation, that occurs due to the normal and shear stresses induced in fluids on sound
wave propagation, and heat conduction, that results from non-adiabatic nature of heat
transfer during compression and rarefaction cycles in sound wave. Both these mechanism
contribute the sound energy dissipation that can be expressed quantitatively in terms of the
absorption coefficient, ¢, that is the sum of the viscosity-related term, ay, and heat
conduction-related term, ar. For low-amplitude oscillations, « is expressed by Eq.(14)
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a=ay+a _a)2£4 + ’j+ o’ o L1 (14)
v\ T ) 8 e, G,

where w = 2nf, 1 is the shear viscosity, 1" is the bulk viscosity, « is the thermal conductivity,
Cv and Cp are the specific heats at constant volume and pressure. In this case, attenuation of
sound intensity due to absorption follows the exponential law according to Eq.(15).

T =J,e 2 (15)

where ]y and |, are the intensities of sound waves at two points spaced each other by a
distance of x in the direction of wave propagation. As readily seen from Eq.(14), energy
absorption varies in proportion to the square of the frequency, f.

Attenuation of high-amplitude sound oscillations occurs more vigorously than that of low-
amplitude oscillations. The stronger attenuation is associated with the conversion of a part
of initial sinusoidal wave into the energy of arising high-frequency harmonics, rather than
with absorption energy. Therefore, the attenuation coefficient of high-amplitude sound
wave can exceed the absorption coefficient of low-amplitude sound wave by two orders of
magnitude. There are also the other reasons but their detailed consideration is beyond the
scope of this chapter. The relevant information on this topic can be found in books
(Abramov, 1998; Hamilton & Blackstock, 1998).

2.4 Acoustic streaming.

The sound energy attenuation is responsible for a number of non-linear effects which serve
as the basis for many ultrasonically based technologies. The main acoustic nonlinear effects
arising in gas-phase systems are acoustic streaming, forced vorticity, and radiation pressure.
There is a great body of literature devoded to investigations of the above effects. Detailed
discussion on the results of these investigations can be found in a variety of books,e.g.(
Rayleigh, 1945; Mason & Thurston, 1965; Hamilton & Blackstock, 1998; Lighthill, 2001) and
reviews,e.g (Makarov & Ochmann, 1996,1997; Leighton, 2004). This section briefly outlines
the acoustic streaming which is of primary importance in understanding the matter
presented in the following sections.

Acoustic streaming is the steady flow that is generated in a fluid medium due to momentum
transfer associated with the attenuation of a sound wave. The physical origin of acoustic
streaming was best explained by Lighthill (Lighthill, 1978). Briefly, the explanation is as
follows. Propagation of a sound wave causes fluctuations of the medium fluid particles at
certain time scale and amplitude which are governed by the wave frequency and intensity.
By applying the Reynolds stress approach to express the mean momentum flux due to the
wave in the same manner as it does for turbuent pulsations, one can derive Reynolds
stress, 7, in a sound wave as

T=pul; (16)

where u;; are the fluctiating velocity in the sound wave. The bar signifies a mean value. The
wave attenuation results in a spatial variaton of the Reynolds stress that can cause a non-
zero net force exerted on the fluid. This force is capable of generating a steady flow termed
acoustic streaming.
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It is generally recognized that there three types of acoustic streamings. They differ each
other by the spatial scale on which they can spread. The acoustic streaming of the first type
is generated in an unbounded body of fluid. In this case, the streaming is a steady flow
directed away from the sonic generator in the direction of wave oscillations. As its scale can
be larger compared to the sound wavelength, it is called large-scale streaming. It is generally
agreed that the large-scale streaming originates from the sound energy absorption briefly
considered above. Under some conditions, the velocity of this type of streaming can be as
high as several m/s (Lighthill, 1978).

The acoustic streamings of the second and third types are generated in the presence of solid
obstacles (walls, particulates, etc.) placed in an acoustic field. In this case, the attenuation
occurs because of frictional dissipation between an oscillating gas volumes and solid surface
within the resulting boundary layer. The acoustic streaming of the second type is generated
outside the boundaly layer. The scale of such an outer streaming is much smaller than that
of the first type, and is equal approximately to the wavelength. The acoustic streaming of
the third type is called inner small-scale streaming because it is induced within the bounday
layer, the dimension of which is much smaller than wavelength. The effective thickness of
the boundaly layer is about 5 times larger than that of acoustic boundaly layer which is
given by the following expression

8= (v/w)o5 17)

where v is the kinematic viscosity of fluid, ® is the angular frequency of sound, o=2nf
(Zarembo, 1971).

3. Combustion and environmental control applications.

3.1 Mechanisms of mass transfer enhancements

As pointed in the above section, application of acoustic oscillations can lead to the
occurrence of several phenomena responsible for improvements in the gas-phase mass
transfer characteristics. The persistence of the acoustic effects and their magnitude should
vary from process to process depending on the gas flow pattern inside the vessel, the
presence of solid or liquid particulates as well as their size, temperature and so on.
Numerous studies have shown that when acoustic oscillations are imposed on
homogeneous flames or gas jets, the mass transfer enhancement is achieved through an
intensification of turbulent mixing and improvement in entrainment characteristics of gas
flames and jets. When a process involves chemical reactions proceeding at the surfaces of
particulate or bulk materials of another phase, both the turbulent mixing in the gas bulk and
flow at the surfaces have been found to be important in enhancing the mass transfer.
Experimental difficulties, encountered in high-temperature measurements, have motivated
researchers to conduct cold model and numerical investigations. Other studies, although not
focusing specifically on high temperature processes, have attempted to clarify the effects of
acoustic oscillations on mass and heat transfer at room temperatures. The results of both
groups of studies are of great importance for elucidating the mechanisms of mass transfer
enhancement. Of special interest are studies that examine the mass transfer at curved
surfaces like spheres and cylinders.
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In one of the earlier study (Larsen & Jensen, 1977), evaporation rate for single drops of
distilled water was measured under sound pressure of 132~152 dB and frequency of 82~734
Hz. The drops were suspended in dry air in upward motion and subjected to a horizontal
standing wave sound field. The range of drop diameter was 0.8~2 mm. The authors used
two dimensionless numbers, the drop diameter based Reynolds number, Re and the
Strouhal number, S to correlate them with the experimentally determined Sherwood
numbers, Sh defined on the basis of drop diameter, d. The expressions for the dimensionless
numbers are given below.

Re = Yo (18)
14
d
S=_— 19
; (19)
kyd

Here, ku is mass transfer coefficient, D is the diffusion coefficient. The other notations are
the same as above. The Strouhal number is a dimensionless number describing the
oscillation flow around the sphere. At S < 1, Sherwood number was found to be increased
proportionally to the 0.75 power of Re/S. Since, if Vy is kept constant, the displacement &
should increase with a decrease in frequency o, these data suggest that lower frequencies
are preferable for the mass transfer enhancement at S < 1. However, as S > 1, Sherwood
number increased only with the 0.2 power of ReS2 This suggests that higher frequencies are
more desirable to enhance mass transfer rate at S > 1. The perhaps most interesting finding
of this work was that flow around the drops at S <1 and S > 1 is different. In the first case,
gas flows completely around the sphere during a half-cycle of acoustic oscillation. If Re is
high enough, the gas oscillations result in separation of boundary layer followed by buildup
and shedding of eddy structures downstream of the separation points. It is assumed that
these phenomena are the main cause of the mass and transfer enhancement at S < 1. On the
other hand, when S > 1, the gas particles perform relatively small oscillations around drop
causing an acoustic streaming to occur at its surface.

In one of the recent investigations (Kawahara et al,2000), a small glass sphere
(diam.1.6mm), covered by 0.4 to 0.6 mm thick layers of camphor or naphthalene, was
positioned at a pressure node of a ultrasonic standing wave field to determine a distribution
of the mass transfer rate over the sphere surface. Since the experiments were performed
under a very high frequency of 58 kHz, a strong acoustic streaming was generated around
the sphere that was found to be the main reason of the mass transfer enhancement. It was
shown that the mass transfer due to the acoustic streaming is a strong function of the
location on the surface being a maximum at the equator and a minimum at the poles. The
authors derived the following expression to calculate the averaged Sherwood number, Sh as
a function of the r.m.s. amplitude of gas particle velocity, Brms, ® and D.

Sh=1336Re; Re=-oms (1)

VoD
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The other notations are the same as above. Notice that in their study the Reynolds number,
Re is based on the acoustic streaming velocity. Here the Strouhal number, when defined by
Eq.(19) , can be estimated to be much more than 1.

In another experimental study (Sung et al., 1994), the authors investigated mass transfer
from a circular cylinder of 25 mm in diameter positioned in a steady flow on which acoustic
pulsations were superimposed. The cylinder surface was precoated by a thin layer of
naphthalene. Contrary to the above mentioned paper (Larsen & Jensen, 1977), in this study
the directions of the steady and oscillatory flows were parallel to each other. The pulsation
frequency was ranged from 10 to 40 Hz. The main conclusion from their results is that the
enhancement of mass transfer rate is more effective at larger pulsation amplitudes and
higher frequencies due the vortex shedding. Estimates show that the Strouhal number in
these experiments is more then 1.

A detailed analysis, both experimental and theoretical, of evaporation from acoustically
levitated droplets of various liquids was provided by Yarin et al. (Yarin et al., 1999). In their
investigation, the frequency was 56 kHz. Therefore, the Strouhal number was assumed to be
much more than unit. By plotting the Sherwood numbers against the Reynolds numbers, the
authors showed that all data fall well on a straight line that is in agreement with their
theoretical predictions. Both the Sherwood and Reynolds numbers were defined according
to Egs.(21). It was concluded that the effect of the acoustic field on droplet evaporation
appears to be related to the acoustic streaming and squeezing of the drop by the acoustic
radiation pressure.

A great body of experimental studies has been performed regarding the effects of acoustic
oscillations on heat transfer from various geometries and surfaces. Taking into consideration
the analogy between heat and mass transfers, a brief mention of some results of these
studies will be made here. As before, our main interest is to clarify the effects of sound
intensity and frequency on the heat/mass transfer characteristics.

One of the earlier study (Fand & Cheng, 1962) examined the influence of sound on heat
transfer from a circular cylinder in the presence of a mean crossflow. In the experiments, air
was blown onto the surface of the cylinder having a diameter of 3/4 inch. Simultaneously,
the cylinder surface was exposed to high-intense acoustic oscillations at two frequencies,
1100 and 1500 Hz. The experimental data were presented as plots of a=Nuy/Nup against the
crossflow Reynolds number, Re; based on the cylinder diameter and crossflow velocity.
Here, Nuy and Nug are the Nusselt numbers measured in the absence and presence of
acoustic oscillations, respectively. They are given as follows

N, =4 Ny, :’%d 22)

where h, and hg are the heat transfer coefficients from the cylinder in the absence and
presence of acoustic oscillations, respectively, d is the cylinder diameter and A is the thermal
conductivity. Although the authors did not mention the Strouhal number, S in their paper,
using the equations of the above sections, one can estimate S to be much more than 1.

The results of this study showed the following. At Re. about 1000, which was the lowest
Re s examined, a 20 per cent augmentation of oo was obtained at a SPL of 146 dB regardless
of frequency. The augmentation mechanism was assumed to be an interaction similar to
thermoacoustic streaming. As Re increased to about 5000, o was reduced to 1. Then, a
increased again with Rei reaching a maximum value at Re = 8000~9500 on frequency of
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1100 Hz and at Res = 9000~11000 on frequency of 1500 Hz. In these ranges of Re, the
increase in heat transfer appears to be the result of two different interactions: (1) a resonance
interaction between the acoustic oscillations and the vortices shed from the cylinder; (2) a
modification of the flow in the laminar boundary layer on the upstream portion of the
cylinder similar to the effect of free stream turbulence. Here, the augmentation of o was
more pronounced for the case of lower frequency.

In a more recent heat transfer study (Gopinath & Harder, 2000), a preheated 5-mm cylinder
was exposed to acoustically imposed low-amplitude zero-mean oscillatory flows to
investigate the mechanisms of heat transfer from the cylinder at frequencies of 585 to 1213
Hz. Two distinct flow regimes were found to be important. The first one is the attached flow
regime which show the expected square root dependence of the Nusselt number, Nu on the
appropriate Reynolds number, Re. The second regime is predicted to be an unstable regime
in which vortex shedding is prevalent, contributing to higher transfer rates so that the Nu
number becomes proportional to Re?75. These findings are in good agreement with those
reported in the above mass transfer studies.

The similar relationship between Nu and Re results has been obtained in another recent
study (Uhlenwinkel et al., 2000) on much higher frequencies, 10 and 20 kHz. The heat
transfer rate was determined by using cylindrical hot-film/wire probes positioned in the
acoustic field of strong standing waves. The Nusselt number was found to increase as the
0.65 power of the Reynolds numbers. The experiments revealed a 25-fold increase in the
heat transfer rate compared to that of free convection regardless of frequency in the range
examined. Because the authors used rather high displacement amplitudes of sound waves
and very small probes, the Strouhal number in their experiments should be more than unit
suggesting the above- mentioned vortex formation and shedding. This is assumed to be the
main reason of why the acoustic effect was so great in this study.

The above results can be summarized as follows. The amplitude of acoustic oscillations
plays a crucial role in the enhancement of mass transfer from objects like particles and
cylinders. That was the main reason why most of the above-mentioned effects were
observed under the resonance acoustic oscillations. The mass transfer coefficient is increased
in proportional to the 0.5~1.0 power of the velocity amplitude with a tendency for the power
to become close to 0.5 at larger Strouhal numbers (acoustic streaming controlling regime)
and to increase up to 1 at smaller Strouhal numbers (vortex shedding controlling regime).
The effect of frequency was less pronounced. Moreover, there is a lack of agreement in the
literature on the sign of this effect. There are reports showing increase, decrease and no
effect of frequency on the mass- heat transfer rates.

It is to be noted that all the above studies dealt with the objects which were fixed in position
in the acoustic fields. In actual practice, particles, no matter whether they are purposely
added or generated during a process, can be entrained in the flow of the surrounding gas.
Moreover, when the airborne particles are exposed to an acoustic field, they can be forced to
oscillate on the same frequency as the acoustic field. Both types of particle motion can affect
the mass transfer rate remarkably. However, because of the great experimental difficulties,
to the best of our knowledge there have not been any experimental studies in this area.

3.2 Improvements in fuel combustion efficiency

These above-mentioned and other findings have motivated extensive research on the
application of acoustic oscillations to improve the process performances in combustion,
environmental and waste treatment technologies. The results obtained have strongly
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suggested that acoustic oscillations offer very attractive possibilities for designing novel
processes with improved combustion efficiency and low pollutant emission. These findings
would be of considerable interest for experts dealing with such energy intensive industrial
processes as metallurgy, material recycling and waste treatment. Below is a brief survey of
some recent results presenting the acoustic effects on the combustion efficiency and
pollutant emission.

The results of one of the first study in this field (Kumagai & Isoda, 1955) revealed that an
imposition of sound vibrations on a steady air flow yields about 15% augmentation of a
single fuel droplet burning rate compared to the conventional one. The sound effects was
found to be independent of the vibration frequency. More recently, Blaszczyk (Blaszczyk,
1991) investigated combustion of acoustically distributed fuel droplets under various
frequencies. The conclusion was that about 14% increase in fuel combustion rate can be
achieved at the 120~300 Hz frequency range despite the sound intensity was relatively low,
100~115 dB.

The influence of acoustic field on the evaporation/combustion rates of a kerosene single fuel
droplet was investigated experimentally under standing wave conditions (Saito et al., 1994).
The authors concluded that the rate increased by 2~3 times when the droplet was fixed at a
velocity antinode position of the wave at frequencies < 100 Hz and relatively low sound
pressure levels of 100 ~110 dB.

Effects of acoustic oscillations on evaporation rate of methanol droplets (diam.50~150 pm) at
room temperatures were investigated in another study (Sujith et al.,, 2000). The authors
found that a 100% increase in the evaporation rate can be obtained only in the presence of a
high intense acoustic field at a SPL of 160 dB. There was a weak tendency toward an
increase of the effect with frequency ranging from 410 to 1240 Hz. It is to be note that most
of the above data support the mechanism in which the obtained enhancement of liquid fuel
combustion occurs due to a better mixing between the fuel vapor and oxidant at the droplet
interface.

Approximatelly the same effects of acoustics were found on the combustion of solid fuel
particles. Yavuzkurt et al. (Yavuzkurt et.al., 1991a) investigated the effect of an acoustic field
on the combustion of coal particles in a flame burner by injecting the particles of 20~70 pm
into the burning gas stream and by monitoring the light intensity emitted from the flame.
Averaged values of light intensity were 2.5~3.5 times higher at SPL of 145~150 dB and
frequency of 2000 Hz compared to those without sound application. Additionally, the
authors performed a numerical simulation of combustion phenomena of 100-pm coal
particles, the results of which revealed 15.7 and 30.2 percent decreases in the char burn-out
time at frequency of 2000 Hz and sound intensity levels of 160 and 170 dB, respectively
(Yavuzkurt et.al.,, 1991b). The main reason for the char burning enhancement is that the
high-intensity acoustic field induces an oscillating slip velocity over the coal particles which
augments the heat and mass transfer rates at the particle surface.

Four loudspeakers were used to apply an acoustic field to 125-um black liquor solid
particles, injected into a reactor tube at a gas temperature of 550°C (Koepke & Zhu, 1998).
The intensity of the field was 151 dB, frequency was ranged from 300 to 1000 Hz. The results
revealed a 10 percent reduction of char yield compared with that obtained without acoustic
field application. Besides, significantly increased yields of product gases CO and CO, were
also observed with acoustic treatment. On the whole, the results revealed that the acoustic
effects were more pronounced for the initial period of particle heat-up. The above two
works (Yavuzkurt et.al.,, 1991a; Koepke & Zhu, 1998) also include brief overviews of earlier
publications on the acoustically improved fuel combustion.
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3.3 Reduction of combustion-related pollutant emission

In parallel with the combustion enhancement, forced acoustic oscillations provide a way to
significantly reduce emission of such pollutions as NO,,CO and soot particulates. Especially,
a large body of literature has been published on suppressing the NO, formation due to
acoustically or mechanically imposed oscillations. Good reviews on this topic can be found
in the relevant literature, for example (Hardalupas & Selbach, 2002; Mcquay et al., 1998;
Delabroy et al., 1996). NO, reduction level was found to be strongly dependent on the
experimental conditions. The reported values are ranged from 100% ( Delabroy et al., 1996) to
15% (Keller et al.,1994) decrease in NOx emission rate as compared with that for steady flow
conditions. The suppression mechanism has been well established. A sound wave, being
propagated through a gas, can be thought as turbulent flow fluctuations of certain scale and
amplitude which are governed by the wave frequency and intensity, respectively. Thus,
imposing acoustic oscillations on flame front enhances the turbulent mixing resulting in
reduced peak temperatures at the front that, in turn, is the reason of reduced emission of
thermal NO,. When acoustic field is imposed upon flame containing liquid/solid particles,
oscillations of gas around the particles provide an additional mechanism of the peak
temperature reduction due to convection. One more reason of low NOy emission is that high
amplitude acoustic oscillations induce a strong recirculation of flue gas inside the
combustion chamber. This results in entrainment of the already formed NOj into the flame
zone where NO, is reduced by hydrocarbon radicals homogeneously or heterogeneously on
the surface of carbonaceous solid particles.

The same mechanism causes lowering of emission of CO and other gaseous pollutants
although the literature on this subject is much less than that on the NOx emission control.
For example, a large decrease in NO and CO emissions was observed in the presence of
acoustic oscillations imposed to an ethanol flame in a Rujke tube pulse combustor (Mcquay
et al., 1998). Taking concentration values at steady conditions as a reference, the decreases
were 52 ~100% for NO and 53~90% for CO depending on SPL (136 to 146 dB), frequency(80
to 240 Hz) and excess air (10 to 50%). Another example is the work (Keller et al., 1994) the
authors of which obtained emissions levels of a premixed methane-air flame below 5 ppm
for NOy and CO.

Few studies examined the effect of forced acoustics on soot emission from different types of
flame: a spray ethanol flame of a Rijke tube combustor (Mcquay et al., 1998), acetylene (Saito
et al., 1998) and methane diffusion flames (Demare & Baillot, 2004; Hertzberg, 1997). The
oscillation frequencies were also different: 200 Hz (Demare & Baillot, 2004, 40~240 Hz
(Mcquay et al., 1998), < 100 Hz (Saito et al., 1998) and 40~1000 Hz (Hertzberg, 1997). In spite
of such different conditions, all the authors reported full disappearance of soot emission
from the flames with acoustic excitation. The results of these studies suggested that acoustic
oscillations enhance the mixing of fuel and ambient gas that causes a re-oxidation of soot
particles at the flame zone.

4. Pyrometallurgical applications

Another promising area of airborne sonoprocessing is pyrometallurgy. As has been
mentioned in the introductory section, several important chemical reactions in
pyrometallurgical processes occur at the interface between gas and molten bath under gas-
phase mass-transfer control. An important feature of these processes is that many of them
use a high speed gas jet to promote the chemical reactions between the gas and molten
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metal. Taken together, these features provide the basis for designing a low-cost and high-
performance method of sonoprocessing.

The first attempt to use the energy of sound waves for enhancing the rates of
pyrometallurgical processes was made in the former Soviet Union in the steelmaking
industry. High-intense acoustic oscillations were applied to a basic oxygen converter, that is
the most powerful and effective steelmaking process. For a better understanding of the
following discussion, the main features of converter process will be explained in more
details.

A schematic diagram of a converter process is shown in Figure 3. Iron-based solid scrap and
molten pig iron containing 4%C, 0.2~0.8%Si, minor amount of P and S, are charged into a
barrel-shaped vessel. Capacity of the vessel can be as large as 400 tons. Fluxes (burnt lime or
dolomite) are also fed into the vessel to form slag, which absorbs impurities of P and S from
scrap and iron. A supersonic jet of pure oxygen (1) is blown onto the molten bath (2)
through a water-cooled oxygen lance (3) to reduce the content of carbon, dissolved in the
molten metal, to a level of 0.3~0.6% depending on steel grade. For a high efficiency of the
process, the oxygen flow rate must be very high, several normal cubic meters per minute per
ton of steel. Impingement of such a high-speed jet upon the molten metal bath is attended
by deformation of its surface producing a pulsating crater in the molten metal and causing
splashing of the metal at the crater zone as schematically shown in Fig. 3. Typically, the
process takes about 20 minutes.

Fig. 3. A schematic representation of converter process.

The oxidation of carbon, which is often termed decarburization, is the main reaction in
converter process. The decarburization reaction can proceed in two possible ways. The first
one is the direct oxidation by gaseous oxygen according to

[C] +0.50,=CO (23)
The second way is the indirect oxidation via formation of iron oxide according to
[Fe] + 0.50, = (FeO) (24)

(FeO) + [C] = [Fe] + CO (25)

Here, parentheses and square brackets denote matters dissolved in the slag and metal,
respectively. The reactions (23) occurs under the gas-phase mass transfer control. The
reaction (24) is controlled by mass transfer of oxygen in both the gas and liquid phases. The
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decarburization reaction occurs with a vigorous evolution of CO gas. As a results the slag
is foamed and the lance tip becomes submerged into the metal-slag emulsion.

In an attempt to enhance the gas-phase mass transfer rate, an acoustically assisted converter
process has been tested. In the process, a pneumatic sonic generator of the Hartmann type
was built in the tip of a oxygen lance of a 10-t pilot converter (Blinov, 1991; Blinov &
Komarov, 1994). Hence, the sound waves (4) propagated to the molten bath through the gas
phase inside the converter as shown in Fig. 3. Design and operating principle of the
Hartmann generators was briefly described in our previous review (Komarov, 2005). For the
more details, the reader is referred to the earlier publications (Borisov, 1967; Blinov, 1991).
The working frequency of sonic generator was 10 kHz. The intensity measured at a distance
of 1 m from the generator was 150 dB.
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Fig. 4. Dependence of decarburization rate on carbon content (a) and relationship between
actual and equilibrium content of phosphorus in the melt after completing the blowing
operation.

Figure 4(a) presents the decarburization rate as a function of carbon content for two oxygen
flow rates, 4(1,2) and 7(3,4) Nm3/min-t and two oxygen lances: 1,2 - conventional lance, 3,4 -
acoustic lance. The shape of the curves is typical for the decarburization rate in converter
process: at the beginning, the rate increased as the carbon content reduced, passed through a
maximum and then decreased. As can be seen from this figure, there is a significant effect of
the acoustic oscillations on the decarburization rate. This effect seems to be stronger in the
intermediate stage of the process while the carbon content is ranged from 0.5 to 2.5%. In the
first and final stages of oxygen blowing operation, the effect of acoustic oscillations becomes
less pronounced. The average enhancement of decarburization rate due to the acoustic lance
application was about 40% under the given test conditions.

It is interesting to note that, in parallel with the enhancement in decarburization rate, there
also has been a rise in the efficiency of phosphorus removal from the metal as well when the
acoustic oscillations are applied. This reaction can be expressed as follows (Oeters, 1994)

[P] + 2.5(Fe0)+1.5(Ca0) = 0.5Cas(POs), + 2.5[Fe] (26)

The controlling mechanism of this reaction is more complicated compared to the
decarburization reaction, however, it is well known that higher concentrations of FeO in
slag is promote the reaction (26). Figure 4(b) is a plot of actual phosphorus concentration,
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[P]a versus equilibrium one, [P]. for conventional and acoustically assisted process. The
values of [P], were measured by analyzing metal samples taken at the end of oxygen blow.
The equilibrium values were determined according to the theory of regular solution based
on the measurements of slag composition at the final stage of the blowing operation (Ban-
Ya, 1993). Figure 4(b) shows that equilibrium for the phosphorous distribution between the
metal and slag is not attained in the conventional process. This implies that a considerable
amount of phosphorus remains in the metal. However, the use of the acoustic lance for
blowing operation makes the phosphorous distribution closer to the equilibrium state, as
can be seen from Fig. 4(b). Thus, acoustic oscillations were found to be capable of improving
the efficiency of both the decarburization and phosphorus removal reactions.

To elucidate possible mechanisms of these improvements, two sets of laboratory scale
experiments have been performed. In the first one, an effect of acoustic oscillations on the
generation of drops in the above-mentioned crater zone was investigated by using cold
models. The second set was aimed at clarifying the gas-phase mass transfer mechanism
when the free surface of a liquid is exposed to acoustic oscillations. Below is some details on
the experimental procedure and results.

4.1 Generation of drops

It has been known that the intensive drop formation occurs when a gas jet impacts with the
gas-liquid interface. To investigate the drop formation a number of lances was designed to
perform cold model experiments taking into consideration of the acoustic, aerodynamic and
hydrodynamic similarity. In the experiments, the lances were installed vertically at a 0.1-m
distance from the free surface of a 0.1-m depth water bath filled in a cylindrical vessel of 0.28
m in inner diameter. Air was blown onto the bath surface to cause a crater formation and
drop generation. The drops were detached from the crater surface and carried away from
the crater by the gas flow towards the vessel wall where they were trapped by a helical
spout. Acoustic oscillations were generated using a specially designed small-scale
pneumatic sonic generator of the Hartmann type operating at a frequency of 10 kHz. The
generator was positioned above the water bath surface at such a distance that to obtain
approximately the same sound pressure level at the crater as that during the pilot converter
tests. Magnitude and frequency of turbulent oscillations was measured by using hot wire
anemometry. The sensor was fixed close to the gas-liquid interface at the places free of the
drop generation. Besides, a small hydrophone was used to measure frequency of oscillations
generated in the water bath near the crater. The hydrophone was fixed in the water bath at a
depth of 5 cm from the undisturbed free surface. More details on the experimental setup,
procedure and results can be found in the following references (Blinov, 1991; Blinov &
Komarov, 1994). Below is a brief description of the experimental results.

Magnitude of turbulent oscillations, & was in direct proportion to the gas jet speed. The
generation of drops began as & reached a threshold value, irrespective of whether the
acoustic oscillations are applied or not. There was a tendency for the threshold value to
slightly reduce with the sound wave application. In either case, once begun, the drop
generation continues with the rate rising proportionally to &. On the whole, the application
of acoustic oscillations caused the drop generation rate to increase by 20~50% depending on
the lance design.

One possible explanation for the drop generation mechanism and the acoustic effect on it is
as follows. A gas flow reflected from the interface enhances the horizontal component of
flow velocity in the liquid near the impact zone. As the gas flow velocity is very high, a high
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level of turbulent oscillations are generated in the flow. The turbulent oscillations disturb
the gas-liquid interface that results in the formation of capillary waves. The separation of a
drop happens at the instant at which the wave amplitude exceeds a threshold value, A.. This
is schematically shown in Figure 5, where A denotes the amplitude of the first largest crest
of the wave. This amplitude is the following function of kinematic viscosity, v and wave
length, A (Tal-Figiel, 1990)

4y

A=— 27
7 @)
Note that here f is the frequency of oscillations generated in water.
The drop formation becomes possible at a threshold amplitude of capillary wave, A.
A-=2(4~7)A (28)

The length of a capillary wave can be found from the following equation (Tal-Figiel, 1990)

1

3

A= [272”} (29)
fp

where o is the surface tension of liquid. Substituting this expression into formula (27)

Eq.(30) can be obtained.

A=2169v [pja (30)

fo

The frequency, f was measured by means of the above-mentioned hydrophone.

In the absence of acoustic oscillations, f varied over a wide spectrum from 12.5 to 230 Hz,
with the fundamental frequency ranging from 135 to 200 Hz. It was found that the
fundamental frequency increases twice and more under the application of acoustic
oscillations. This phenomenon is assumed to be the main reason for the observed
enhancement in drop generation rate due to acoustic oscillations.

+ impact zone

Fig. 5. A shematical representation of gas jet impact.
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4.2 Mechanism of acoustically enhanced mass transfer

This section presents results of a cold model study concerning the possible effects of acoustic
oscillations on the mass transfer characteristics with special emphasis on the influences of
the oscillation frequency. In the experiments, the rates of the following gas-liquid absorption
reactions were measured under different experimental conditions

2NaOH(aq) + CO2= Na »COs(aq) + H2O (31)
2NaySOs(aq) + O2= 2NaSO4(aq) (32)
Oz = Os(aq) (33)

In these equations, aq denotes aqueous solution. A distinguishing characteristic of these
reaction is that they proceed under different controlling regimes. The controlling
mechanisms of these reactions were examined experimentally. The rate of the first reaction
was found to be controlled by the interface mass transfer in both the liquid and gas phases.
The second reaction proceeded under mixed control, the chemical reaction and interface
gas-phase mass transfer. The rate of the third reaction, physical absorption of O, by water,
was under the interface liquid-phase mass transfer control.

Figure 6 gives some details on the experimental setup used. This figure was reproduced
from our previous paper (Komarov et al., 2007). The above-mentioned aqueous solutions or
distilled water were filled into a cylindrical acrylic vessel 0.28 m in diameter and 0.47 m in
height covered with an acrylic lid. The depth of the liquid bath was 0.2 m through all
experiments. Gas, CO>-N» mixture (reaction 31), air-N> mixture (reaction 32) or pure oxygen
(reaction 33), was blown onto the liquid bath surface through a vertical tube (L.D.3 mm)
fixed at the lid so that the distances between the axis lines of vessel and tube, and between
the tube end and bath free surface was 0.02 and 0.13 m, respectively. The liquid bath was
agitated by a 6 blade rotary impeller. The impeller was installed vertically at the vessel axis
line. The flow rates of blown gas and the rotation speed of impeller were relatively low
throughout these experiments. Hence, no drop generation ocurred and the area of the free
surface of liquids was assumed to remain unchangeable regardless of the experimental
conditions.

Impeller

Gas outlet %' %I

Speaker 7
. ]

Gas inlet

Fig. 6. Experimental setup for investigation of the acoustic effects on the mass transfer
characteristics.
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Sound waves were generated by using a powerful loudspeaker with the following
characteristics: frequency range 70 ~ 18000 Hz, maximum input electrical power 50 W. The
loudspeaker was fixed at the vessel lid so that the its vibrating diaphragm was inclined to
the liquid free surface at an angle of about 27° as shown in Fig.6. Two broken lines show
approximately the sound beam boundaries. The probe shown in the figure was used in
order to measure the rates of reactions (31), pH probe, and (33), DO probe. Details on the
measurement procedure can be found in our earlier publication (Komarov et al., 2007).
Exposing the gas-liquid interfaces to sound waves resulted in enhancement of the rates of all
the above reactions, however the effect was different depending on the sound frequency,
sound intensity, conditions of blowing gas and impeller rotation speed. For the reaction of
CO, absorption, there was a tendency for the decrease in effect of acoustic oscillations as the
velocity of blown gas increases and the rotation speed of impeller decreases. At the same gas
velocity and rotation speed, the effect of sound for this reaction at a higher frequency was
greater than that at a lower one. The largest enhancement in the mass transfer coefficient
was 1.8 times at frequency of 15 kHz and gas velocity of 5 m/s. However, the frequency
influence was rather complicated. There were frequencies at which the mass transfer
coefficient peaked. Additional measurements of sound pressure level in the working space
showed that the peaks originated from resonance phenomena occurring inside the vessel at
certain frequencies.

The rate of Na;SO3 absorption was also enhanced with frequency. The measurements were
performed at those frequencies where no resonance phenomena was observed. A 70%
augmentation in the absorption rate was obtained within the frequency range of 0~7 kHz at
a relatively high velocity of blowing gas, U, =20 m/s. Therefore, the effect of sound
application on this reaction appears to be stronger than that on the CO, absorption reaction.
The effect of acoustic oscillations on reaction (33) was significantly smaller as compared to
those of reactions (31) and (32). The mass transfer coefficient rose appriximately by 20% as
the oscillation frequency increased from 0 to 3 kHz. Notice that such a small effect was
obtained at the velocity of blowing gas as low as 2.4 m/s.

Therefore, these three reactions can be arranged in order of increasing effect of sound on the
reaction rates in the following way: physical absorption of oxygen by water, CO, absorption
by NaOH aqueous solution and oxygen absorption by Na>SO3; aqueous solution. Thus, the
above experimental results suggests definitely that the main reason of the increase in the
absorption rates is an acoustically enhanced gas-phase mass transfer.

An analogy between turbulent and acoustic oscillations is thought to provide the best
explanation for the mechanisms causing the observed mass transfer enhancement. Lighthill
(Lighthill, 2001) was one of the firsts who noticed this analogy. In turbulent flows, fluid
particles perform oscillations the amplitude and frequency of which are governed mainly by
the flow velocity and the surrounding geometry. Propagation of a sound wave in a fluid
medium causes fluctuations of the fluid particles too, with the only difference that they are
oscillated at frequencies and amplitudes which are governed by the sound frequency and
intensity (or pressure), respectively. This was confirmed by the following measurement
results. Figure 7 shows the results of Fourier analysis of turbulent fluctuations generated
near the air-water free surface exposed to a sound wave at a frequency of 880 Hz. This
figure was reproduced from our previous paper (Komarov et al., 2007). The results make it
clear that the fluctuation at the frequency of sound has much higher amplitude than
fluctuations at the other frequencies. The measurements were performed at a distance of 2
mm above the surface using a highly sensitive hot-wire anemometry.
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Fig. 7. Fourier analysis results of fluctuations imposed by a sound wave

Based on the above analogy, an attempt was made to explain the effects of sound frequency
and intensity using relationships obtained for turbulent fluctuations. Omitting the
intermediate transformations, the final expression for mass transfer coefficient, k can be
written as follows

2 1 1

koc Sc 3V2w* (34)

where Sc is the Shmidt number (=v/D), v and D is the kinematic viscosity and diffusion
coefficient, respectively, V, is the average amplitude of velocity oscillations in acoustic
boundary layer and o is the angular frequency (=2xf). The thickness of acoustic boundary
layer,$ is determined from Eq.(17). The underlying assumptions in deriving expression (34)
were that, firstly, a viscous dissipation of acoustic oscillations occurs within the acoustic
layer; secondly, the dissipation mechanism in gas phases at the gas-liquid interface is the
same as that at the gas-solid interface. Readers interested in more detals are referred to the
above-cited paper (Komarov et al., 2007)

Thus, expression (34) shows that the gas-phase mass transfer coefficient should increase
with the one-forth power of the sound frequency. When this prediction is compared with
the above experimental results, it becomes clear that the experiments show a little weaker
frequency dependence. For example, according to the experimental results, the absorption
rates of CO; and O; increased by 1.36 and 1.44 times within frequency ranges of 3 ~15 kHz
and 1~7 kHz, respectively. However, for these frequency ranges, relationship (34) predicts
enhancement in k by 1.5 and 1.63 times, respectively. The reason of why the experiments
show less enhancement effect as compared with the predictions is that the above two
reactions are controlled by the gas-phase mass transfer rate only in part as it has been
explained in the previous sections.

Also, relationship (34) reveals that mass-transfer coefficient is proportional to the square
root of oscillatory velocity amplitude, Va, that is considered to be a characteristic of sound
field pressure. However, experimental verification of this prediction presents a considerable
difficulty under the present experimental conditions. The reason is that, since sound waves
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propagate inside the vessel, they experience multiple reflections from both the free surface
of liquid and vessel wall that causes resonance-like phenomena. This results in appearance
of the above-mentioned maximums of mass transfer coefficient at certain frequencies, and
makes it difficult to measure the sound pressure at the free surface of water bath.

As it has been briefly mentioned above, the effect of acoustic oscillations on mass transfer
rate reduces with increasing the velocity of gas blown onto the free surface. This tendency is
readily apparent from the finding that both the gas flows and sound waves produce
turbulent oscillations at the gas-liquid interface. In high temperature processes, which use
high velocity gas jets, the turbulence level in the gas phase should be very high. Under such
conditions, the acoustic effects should be weak. Therefore, it would be interesting to
estimate the threshold amplitudes of sound waves at which they are still effective in
enhancing the gas-phase mass transfer for a given magnitude of the gas turbulent
oscillations.

These estimates were made by considering two types of turbulent diffusion coefficients at
the gas-liquid interface: that which originates from natural turbulent fluctuations of high
speed gas flow, D¢ and that which results from imposed acoustic oscillations, D,. The
expressions for these coefficients have been derived in the following form (Komarov et al.,
2007)

3
D, - 0.4pv; 2 (35)
o
D, =0.8V,kz? (36)

where p is the density of gas, o is the surface tension of liquid, v; is the characteristic
turbulent velocity, Vj is the amplitude of oscillation velocity, k is the wave number of sound
wave and z is the distance from the liquid surface.

By equating D with D,, one can obtain a threshold velocity amplitude of sound wave, V, at
which the effects of natural turbulence and acoustically imposed oscillations on the gas
phase mass-transfer rate are equal.

. _po

Vo =2 (37)
This expression suggests the following. First, in high intensity turbulent flows, the sound
waves should have very high oscillation amplitudes in order to be effective. Second, the
threshold velocity amplitude decreases with increasing the sound frequency if the other
parameters are fixed. Recall that the wave number is proportional to sound frequency as
described in the section 2.1.
Using Eq.(37), one can estimate V, for conditions of the present cold model experiments
and pilot converter tests. The estimate results are shown in Fig. 8 as plots of V, versus v;for
the cold model at frequencies of 1 (line 1) and 10 kHz (line 2), and for the pilot converter at a
frequency of 10 kHz (line 3), respectively. Two right vertical axes indicate the sound
intensity level (SIL) in decibel units determined according to Eq.(5). This figure was
reproduced from our previous paper (Komarov et al., 2007).
The following values of the physical properties were used in the estimates: p = 1.2 kg/m3
and o = 0.07 N/m for air-water system at 20°C, and p = 0.18 kg/m3 and ¢ = 1.4 N/m for the



Application of Airborne Sound Waves for Mass Transfer Enhancement 83

converter process including a CO gas atmosphere and molten steel at 1600°C. The sonic
speeds were taken to be equal to 340 and 860 m/s for room and high temperatures,
respectively. The shaded areas indicate the approximate ranges of the variation in v and
V, . The characteristic turbulent velocity was determined assuming a 5 % level of turbulence
relative to the gas velocity at the nozzle exit. For the cold model conditions, the values of SIL
were estimated to be 110~130 dB.
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Fig. 8. A plot of Voversus vi: 1 and 2 - cold model, 3 - pilot converter

Estimates of V, for the pilot converter process, assuming that v is varied in the range of 10
to 35 m/s, suggest that the acoustic oscillations can be capable of enhancing the mass-
transfer rate at sound pressure levels of 145~160 dB and frequency of 10 kHz. These
estimates appear to be consistent with the above experimental observations.

Thus, the results presented in this section allow the following conclusions to be drawn.
Application of high-intense acoustic oscillations causes the rate of decarburization reaction
to enhance. A few mechanisms appear to exist that can result in this enhancement. The first
one is the acoustically enhanced generation of drops at the crater zone where the high speed
oxygen jet impact with the molten metal bath. The metal drops are oxidized by gaseous
oxygen to FeO when flying through the crater zone. The acoustically imposed oscillations
enhance the oxidation rate of drops through the above considered intensification of
turbulent fluctuations and acoustic streaming at the drop surface. When such oxidized
drops are delivered into the slag, its oxygen potential is assumed to become higher as
compared with conventional blowing operation. As a result, the rates of decarburization
and phosphor removal are enhanced.

4. Concluding remarks

Recently, considerable research efforts have been devoted to the investigation of acoustic
oscillations for improving the performance of processes involving high and elevated
temperatures. The research results have strongly suggested that the acoustic oscillations
have the potential to enhance the efficiency of those processes, the rate of which is
controlled by gas-phase mass transfer. Examples include, but not limited to, combustion of
liquid and solid fuels, treatment of high temperature exhaust gas, steelmaking converter and
Peirce-Smith converter for the refining of cooper. At higher temperatures, attractiveness of
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sonic and ultrasonic waves is associated with its ability to propagate through gas, and thus
to transfer the acoustic energy from a gas or water cooled ultrasonic generator to a higher
temperature area for material processing. Furthermore, if the wave intensity is high enough,
its propagation initiates such non-linear phenomena as acoustic streaming, forced
turbulence and capillary waves which are the prime causes of acoustic effects, especially at
the gas-liquid or gas-solid interfaces.

A survey reveals that amplitude of acoustic oscillations plays a crucial role in the
enhancement of gas-phase mass transfer from objects like particles and drops, while the
effect of frequency is less pronounced. According the reported results, the mass transfer
coefficient is increased in proportional to the 0.5~1.0 power of the velocity amplitude. Two
controlling regimes were found to be important: 1- acoustic streaming controlling and 2 -
vortex shedding controlling regime.

Experimental results have showed that the high-intense acoustic oscillations are capable of
enhancing the rate of gas-phase mass transfer controlling reactions in steelmaking converter
process. The following two mechanisms were found to play an important role in this
enhancement: 1- acoustically enhanced generation of molten metal drops, 2 - acoustically
intensified turbulent fluctuations and acoustic streaming at the drop surface.

Industrial competitiveness of the ultrasonic-based technologies is reinforced by relatively
low cost of the power-generating equipment. In some special cases, the acoustic energy can
be produced without any additional energy consumption by means of a comparatively
simple device. An example is the pneumatic sonic generator applied to a process which uses
gas blowing or injection.
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1. Introduction

The problems associated with the mass-transfer processes in dissipative systems of
interacting particles are of great interest in various fields of science (plasma physics, medical
industry, physics and chemistry of polymers, etc.) (Frenkel, 1946; Cummins & Pike, 1974;
Balescu, 1975; March & Tosi, 1995; Ovchinnikov et al., 1989; Dodd et al., 1982; Thomas &
Morfill, 1996; Fortov et al.,, 1996; Fortov et al., 1999). Nevertheless, the hydrodynamic
approaches can successfully describe these processes only in the case of the short-range
interactions between particles. The main problem involved in studies of non-ideal systems is
associated with the absence of an analytical theory of liquid. To predict the transport
properties of non-ideal systems, the various empirical approaches and the computer
simulations of dynamics of the particles with the different models for potentials of their
interaction are used (Frenkel, 1946; Cummins & Pike, 1974; Balescu, 1975; March & Tosi,
1995; Ovchinnikov et al., 1989). The simulations of transport processes are commonly
performed by methods of molecular dynamics, which are based on solving of reversible
motion equations of particles, or Langevin equations taking into account the irreversibility
of the processes under study.

The diffusion is the basic mass-transfer process, which defines the losses of energy
(dissipation) in the system of particles and its dynamic features (such as the phase state, the
conditions of propagation of waves and the formation of instabilities). When the deviations
of the system from the statistical equilibrium are small, the kinetic coefficients of linear
dissipative processes (constants of diffusion, viscosity, thermal conductivity etc.) can be
found from Green-Kubo formulas that were established with the help of the theory of
Markovian stochastic processes under an assumption of the linear reaction of the statistical
system on its small perturbations. These formulas are the important results of the statistical
theory of irreversible processes. According to these formulas, the diffusion coefficient D can
be found from the following relationship:

D= T(V(O)V(t))dt /m. )
0
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Here <V(0) V(t)> is the velocity autocorrelation function (VAF) of grains, t is the time, and m
is the dimension of the system. The diffusion coefficient can be also obtained from the
analysis of a thermal transfer of the grains through the unit area of the medium:

D = lim <(Al)2>/(2mt), @)
t—0

where Al = Al(f) is the displacement of an isolated particle from its initial position during the
time t. In both equations (1), (2), the brackets < > denote the ensemble and time averaging
(the averaging over all time intervals with the duration f). As the relationships (1)-(2) were
obtained without any assumptions on a nature of a thermal motion, they are valid for gases
as well as for liquids and solids in the case of the small deviations of the system from its
steady state condition. In the general case of non-ideal fluids, the analytical solutions of
Egs.(1)-(2) are unavailable wich makes impossible to find the diffusion coefficient. The
simple solution, D = D, = T/(viM), known as the Einstein relationship, exists only for the
non-interacting (“brownian”) particles; here M and T are the mass and the temperature of a
grain, respectively, and vy, is the friction coefficient.
Due to the existing level of experimental physics, it is necessary to go out of the bounds of
diffusion approximation, and modern methods of numerical simulation (based on the
theory of stochastic processes) allow one to make it. A description within the macroscopic
kinetics may be insufficient for the analysis of mass-transfer processes on physically small
time intervals. A study of the mass-transfer processes on short observation times is
especially important for investigation of fast processes (e.g. the propagation of shock waves
and impulse actions, or progression of front of chemical transformations in condensed
matter (Ovchinnikov et al., 1989; Dodd et al., 1982)), and also for the analysis of transport
properties of strongly dissipative media (such as colloidal solutions, plasma of combustion
products, nuclear-induced high-pressure dusty plasma (Cummins & Pike, 1974; Fortov et
al., 1996; Fortov et al., 1999)), where the long-term experiments should be carried out to
measure the diffusion coefficients correctly.

2. Mass-transfer processes in non-ideal media

Consider the particle motion in a homogeneous dissipative medium. One can find a
displacement of j-th particle in this medium along one coordinate, x; = xj(t), under an action
of some potential F and random F,, forces from the Langevin equation

d*x; dx;

i _ i
M?——var?"’l:"'[:mn- (3)
In a statistical equilibrium of system of particles (M<(dx;/dt)2> = <MV()2> = T ) the mean
value of the random force is zero, <Fun(t)> = 0, and its autocorrelation function

<Fran(0)Fran(f)>= 2B3(t) corresponds to the delta-correlated Gaussian process, where §(f) is
the delta-function, and B = Tw;M (due to the fluctuation-dissipation theorem). Under these
assumptions the Eq.(1) describes the Markovian stochastic process.

To analyze a dependence of mass-transfer on the time ¢, we introduce the following
functions:

De(t) = j(vx O)V,(t))dt (4a)
0
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Dualt) =<(x)2>/ (21 (4b)

where V, (t)=dx;/dt is the velocity of a j-th particle. With the small deviations of the system
from the equilibrium state, both functions (Dc.k(t) and Dusi(t)) with t — o should tend to the
same constant D = limD(t), which corresponds to the standard definition of diffusion
coefficient. o

Neglecting the interparticle interaction (F = 0: the case of “brownian” particles), one can find
the VAF, using the formal solution of Eq.(3) under assumption of <Frn (f) Vi (0)>=0
(Cummins & Pike, 1974):

OV, (1) = rexp(-vt) ®)

Then the mass-transfer evolution function D «(t), Eq.(4a), may be written as

Dg_x (1) :Do(lfexp(fvﬁt)) (62)

To find the mean-square displacement of a j-th particle, one should multiply Eq.(3) by x;.
Then, if there is no correlation between the slow particle motion and the “fast” stochastic
impact (<Franxj>=0), the simultaneous solution of Egs.(3), (4b) in a homogeneous medium
(M<(dx;j/ dt)2> =T, <(Al)2> = m<x{2>) can be presented as (Ovchinnikov et al., 1989)

Dyeq(t) / D, =1~ (1=exp(-vyt)) / vt (6b)

Thus, for the “brownian” case, when t — o and vgt » 1, we have Dg.k(t) = Dmsa(t) > Do, and
on small time intervals (vst«1) the motion of particles has a ballistic character:
<x2>=<x2>=T 12 /M and Dysq (f)= <x2>/(2t) oc t.

The analytical solution of Eq. (3) may be also obtained for an ideal crystal under assumption
that the restoring force F = - Ma2x; acting on particles in lattice sites can be described by the
single characteristic frequency a (the case of harmonic oscillator). In this case we will have

dx j dx; )
MW:_MUJC"W_MCDC xj+FmH (7)
After multiplying both parts of this equation by x = x;, rearranging and averaging, taking
into account that (F,,x)=0 and M<(dx/dt)?> =2<V(f)2>= T), we will obtain (Vaulina et al.,
2005b):

Md2l§;2>:_MUﬂ d<;t2>—2chz<x 2>+2T ®)

Then the simultaneous solution of Eq.(8) and Eq. (4b) can be written as

e (£) 1-exp(-vut/ 2)(COSh(Vﬁtl//) +sinh(vty) / {21//})
D, YR

D

©)

where y=(1-8£2)1/2/2, and & = oc/ Vi In the case of (1-8&2) <0, the y value is imaginary: y
=iy, where y* = (8£2-1)1/2/2. In this case, sinh(i y'vgt)=isin(y'vet), cosh(iy'vet)=cos(y'vet),
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and the expression for D,a(t) function will include the trigonometric functions instead of
the hyperbolic functions.

To define VAF, (V,(0)V,(t))=(V,(t,)V,(t, +7)), we will use the following designations:
Vit)=Vy, Vi(t,+7)=V, X(t,)=x, X(t,+7)=x+Ax. The Eq.(7) can be presented as two
expressions at two various instants of time (t = f, and t= t,+17). Then, we can multiply the
first of them by V, and the second by V,, respectively. The sum of these two expressions,
averaged on the particle’s ensemble for all time intervals with the duration ¢ = 7 (taking into
account, that <xAx>=0, (F,,(t,)V(t, +7))=viM(V(t,)V(t, +7)),  (Fau(t, +0)V(t,)) =0
(Cummins & Pike, 1974; Ovchinnikov et al., 1989)), can be written as

d(V,V) 24(2)
——t=—v, (VV)-0 ——F 10
dt Ufr < 0 > @, dt ( )
The solution of this equation is
2/.2
VoV>= — , 11
o= 150 (11)
and the Eq.(10) may be rewritten as
4*(V,V) avy) . -,
P —Vp n -20.2(V,V). (12)

Thus, in this case of harmonic oscillator, we will have for VAF
T .
(V,(0)V, () = Mexp(—vﬂt /2)(cosh(vty) —sinh(v ) / {20/} (13)
and the simultaneous solution of Eq.(13) and Eq.(4a) can be written as

Do () _P(s/?)
D, 174

- sinh(vf,tl//) . (14)

When y is imaginary, the both expressions for VAF and D,.(t) functions (Egs. (13), (14))
will include the trigonometric functions instead of the hyperbolic ones (see above).

The normalized VAF, f(t) = M <V (0)V.(t)>/T , and mass-transfer evolution functions (Dc.
k(t)/ Do, Dusa(t)/ Do) for various values of & are presented in Fig. 1, where the time is given
in units of inverse friction coefficient (vg1). It is easy to see that for short observation times a
particle in a lattice site also has the ballistic character of motion (<x2>= T 2 /M, Dus(t)=
<x2>/(2t) «c t). With the increasing time (vit » 1) both evolution functions tend to zero: D¢.
k() = Dusa(t) = 0, because for the harmonic oscillator the mean-square declination <(Al)2> is
constant: <(Al)2> =mT/(Ma?).

For liquid media, the exact analytic expression for <V,(0)V:(f)>, Dc.x(t) and Dsa(t) can’t be
obtained. Nevertheless, we should note some features referring to the relations between the
mentioned functions, both in the case of “brownian” particles (see Egs. (5)-(6b)) and in the
case of harmonic oscillator (see Eq. (13)), which may take place for liquids:
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Fig. 1. Functions f(tvg) (a) and D ysa(tvs)/Do (b) for : 1 - ballistic mode (f(£)=1, D () < t);
2 - “brownian” case (Egs.(5), (6b)); and for harmonic oscillator (Eqs.(13), (9)) with the
different &: 3-0.033;4 - 0.38; 5 - 2.

d{tDmsd(t)} =1d<x2>
Do) a2 dt ' (152)
2/.2
<V (O)Vi(y>= dz{tDmsd(t)} Eld <x > ) (15b)

ar? 2 4

The mean-square displacement evolution Ds(t) was studied numerically in (Vaulina et al.,
2005b; Vaulina & Dranzhevski, 2006; Vaulina & Vladimirov, 2002) for non-ideal systems
with a screened Coulomb pair interaction potential (of Yukawa type):

U = (eZ)exp(-r/A)/r . (16)

Here r is a distance between two particles with a charge eZ, where e is an electron charge, 1
is a screening length, x = I,/ 4, and I, is the mean interparticle distance, which is equal the
inverse square root from the surface density of particles for two-dimensional (2d-) systems,
and it is the inverse cubic root of their bulk concentration in three-dimensional (3d-) case. As
a result of numerical simulation, the characteristic frequencies for the body-centered cubic
(bee-) lattice (o = apee = 2eZ exp(-&/2)[(1+x+x2/2)/ ( [,3Mn)]1/2) and for hexagonal lattice (ax
= o, = 1.16 ap.c) were obtained (Vaulina et al., 2005b; Vaulina & Dranzhevski, 2006; Vaulina
& Vladimirov, 2002). It was also shown that these frequencies are responsible for the mean
time t, of “settled life” of particles in liquid-like systems and their values define the
evolution of mass-transfer for the observation times ¢ < f,=2/@. Taking into account
Eqs.(15a)-(15b), it is easy to assume that the behavior of VAF and D¢ (t) for the mentioned
observation times in liquid-like Yukawa systems is also close to the behavior of these
functions for harmonic oscillator .

The dynamics of 3d- systems of particles with the various types of pair isotropic potentials
was numerically investigated in (Vaulina et al., 2004). Those potentials represented different
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combinations of power-law and exponential functions, commonly used for simulation of
repulsion in kinetics of interacting particles (Ovchinnikov et al., 1989):

U = U [byexp(-x1 1/lp)+ b (Iy/r)™ exp(-x2 1/1p)]. 17)

Here bip), xi2) = Iy/A12) and n are variable parameters, and U. = (eZ)2/r is the Coulomb
potential. In the context of investigation of dusty plasma properties, the screened Coulomb
potential (16) (b1=1, b,=0, x1= I/4) is of particular interest. But it should be noted that the
simple model (16) agrees with numerical and experimental results in a complex plasma only
for short distances r < 4 between two isolated macro-particles in a plasma (Konopka et al.,
1997; Daugherty et al., 1992; Allen, 1992; Montgomery et al., 1968). With increasing distance,
the effect of the screening weakens, and the asymptotic character of the potential U for large
distances r >> A can follow the power-law dependence: U o r -2 (Allen, 1992) or U oc r 3
(Montgomery et al., 1968); thus, the parameters of the potentials (17) will be k1= I/4 ko =0; n
=1-2; b1>>b;, respectively.

It was noticed that the mass-transfer processes and spatial correlation of macroparticles in
these 3d- systems are defined by the ratio of the second derivative U ” of a pair potential
U(r) in the point of the mean interparticle distance r = I, to the grains’ temperature T, if the
following empirical condition is met (Vaulina et al., 2004):

2n>| Ut /ludy,)>1. (18)

In this case, the spatial correlation of particles didn’t depend on the friction (vg) and was
defined by the value of effective coupling parameter I"= MI,2U ”/(2T) in the range between
I'"~10 and the point of crystallization of the system (I"" ~ 100), where for all considered cases
the formation of bcc- structure was observed with the characteristic oscillation frequency of
the grains (Vaulina et al., 2004):

o2 =ape2 =2 U (1) | /(M. (19a)

It is to expect that the characteristic oscillation frequency in the hexagonal lattice for the
grains, interacting with the potentials (17), may be written similarly to the frequency found
for the quasi-2d- Yukawa systems (Vaulina et al., 2005b; Vaulina & Dranzhevski, 2006):

w2 =w2=27U"{)|/(7M). (19b)

The behavior of VAFs and of the evolution functions, Du(t), Dck(t), are studied
numerically in the next part of this paper for quasi-2d- and 3d- non-ideal systems with the
different interaction potentials, which obey the Eqs.(17),(18).

3. Parameters of numerical simulation

The simulation was carried out by the Langevin molecular dynamics method based on the
solution of the system of differential equations with the stochastic force Fran, that takes into
account processes leading to the established equilibrium (stationary) temperature T of
macro-particles that characterizes kinetic energy of their random (thermal) motion. The
simulation technique is detailed in Refs. (Vaulina et al., 2005b; Vaulina & Dranzhevski, 2006;
Vaulina & Vladimirov, 2002; Vaulina et al.,, 2003). The considered system of N, motion
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equations (N, is a number of grains) included also the forces of pair interparticle interaction
Fint and external forces Fex:

-7

I

dzik k5 . F iz
M?:;EM(Z)‘Z:‘TA—H ik_z}‘-"Fext_MVfrE-"an (20)
HereE, ()= —% ,and [= ‘Tk —7]‘ is the interparticle distance. To analyze the equilibrium

characteristics in the systems of particles interacting with potentials (17), the motion
equations (20) were solved with various values of effective parameters that are responsible
for the mass transfer and phase state in dissipative non-ideal systems. These parameters
were introduced by analogy with the parameters found in (Vaulina & Dranzhevski, 2006;
Vaulina & Vladimirov, 2002; Vaulina et al., 2004), namely the effective coupling parameter

I = a2l 1)/ 1), (@1)

and the scaling parameter

&= o' /v, where o'=| a; U” (Ip) |/ 2(2 TM)1/2, (22)

Here a1 = ax=1 for 3d- systems, and a; = 1.5, a> = 2 for quasi-2d- case. The calculations were
carried out for a uniform 3d- system and for a quasi-2d- system simulating an extensive
dusty layer. The scaling parameter was varied from £~ 0.04 to £~ 3.6 in the range typical for
the laboratory dusty plasma in gas discharges; thus, the values of Z were varied from 500 to
50000, the particle mass, M, was 10-11 - 108 g, and the [, values were ~100-1000 um. The I
value was varied from 10 to 120.

In the 3d- case the external forces were absent (|Fext| = 0), and the periodical boundary
conditions were used for all three directions x, y and z. The greater part of calculations was
performed for 125 independent particles in a central calculated cell that was the cube with
the characteristic size L. The length of the cell L (and the corresponding number of particles)
was chosen in accordance with the condition of a correct simulation of the system’s
dynamics: L>> lp| u(y) l/{lu "(Ip) | I, - | U(ly) |}, that satisfies the requirement of strong
reducing of the pair potential at the characteristic distance L (Vaulina et al., 2003). So, for
example, for Yukawa potential this conditions may be presented in the form I,/L << x
(Totsuji et al., 1996). The potential of interparticle interaction was cut off on the distance Ly
~ 4 I,, which was defined from the condition of a weak disturbance of electrical neutrality of
the system: U "(Lcut) Leu?2 << (eZ)2 . To prove that the results of calculation are independent of
the number of particles and the cutoff distance L.., the additional test calculations were
carried out for 512 independent particles with Lew =71, and I'"=1.5,17.5, 25, 49 and 92.
The disagreement between the results of these calculations was within the limits of the
numerical error and didn’t exceed * (1-3)%.

In the quasi-2d- case, the simulation was carried out for the monolayer of grains with
periodical boundary conditions in the directions x and y. In z direction the gravitational
force Mg, compensated by the linear electrical field E, = fz (|Fext| = Fext* = Mg - eZ k), was
considered. Here f is the gradient of electrical field, and Fex* = Fexy = 0. The number of
independent particles in the central calculated cell was varied from 256 to 1024; accordingly,
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the cutoff distance of potential was changed from 5/, to 25/,. The value of the gradient S of
electrical field E,, confining the layer in z direction, was varied from ~10-2 V/cm? to ~100
V/cm?, and for the simulated monolayers of grains the S value was in an agreement with
the criterion of formation of mono-layer’s dust structures proposed in (Vaulina et al., 2005a):

NT’
eZP < ZZ U ’(l) /L. Under this condition we have not detected any considerable
i=1

dependence of particles” dynamics on the values of fand Ny in our simulations.

4. Results of the numerical simulation and their discussion

The evolution of mass-transfer processes, obtained in the numerical experiments for quasi-
2d- and 3d- systems with various interaction potentials for different values of £ and I'" is
illustrated in Figs. 2-5 where the normalized VAFs, f(vit) = M <V(0)V(vgt)>/ (mT), and mass-
transfer evolution functions (Dgk(vet)/Do, Dmsa(vet)/ Do) are presented. In Figs. 2-3, the
curves 1 are the solution of Langevin equation with neglecting of the interparticle
interaction (see Eqgs. (5)-(6 a,b)). It can be easily seen that in the presence of interparticle
interactions, the behavior of <V(0)V(#)>, Disa(t), Dck(f) on short observation times (vg ¢ « 1)
corresponds to the motion typical for “brownian” particles. With time, the functions D,sa(t),
Dc.k(t) reach their maximums D™ and Dg.xm2x. However, neither the relative magnitude
Dyusam@/ Do, Dg.gmax/D, nor the position tmavs of these maximums depend on I'" and are
defined by the value of the scaling parameter £ for 3d- problem as well as for the simulated
2d- system. This feature was noticed earlier for the functions D,s(t) (Vaulina et al., 2005b;
Vaulina & Dranzhevski, 2006; Vaulina & Vladimirov, 2002; Vaulina et al., 2004).

0,6

(@) (b)
Fig. 2. Functions f(tvg) (a) and Dusa(tvs)/Do (b) for: 1 - “brownian” case; 2 - harmonic
oscillator with & =1.53. And the numerical results for quasi-2d- problem with &= 0.93 (&
=1.53) and various I'": 3-12;4 - 27; 5 - 56; and for different potentials U: solid lines -
U/U. =exp(-41/lp); O- U/Uc =0.1exp(-21/lp)+ exp(-4#/lp); - U/Ue = exp(-41/lp) + 0.05 Iy/r;
O- U/U. = 0.05(1, /r)3.
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Fig. 3. Functions Dg.x(tvs)/D, for: (1) - “brownian” case; (2) - for harmonic oscillator with &
=1.53. And the numerical results for quasi-2d- problem (&= 0.93, & =1.53) with different I'™:
3-12;4 - 27;5- 56. Fine lines - Dg./D, (Eq. (4a)), <- Dg-k/Do (Eq. (15a).

It is easy to see that the evolution of <V(0)V(#)>, Dysa(t), Dck(f) functions for the systems
with the different pair potentials is defined by the particle temperature, T, the effective
coupling parameter, I'", the scaling parameter & (see Figs. 2-5) and also that the relation
between D,s4(t) and Dck(t) is in accordance with Eq. (15a) (see Fig. 3).

Vil

0’0 L i L i L i L i
0 2 4 6 8 10 12

Fig. 4. Functions D¢.x(tvs)/D, (fine lines, Eq. (4a)) and D,usa(tvs)//D, (thick lines, Eq. (4b)) for
quasi-2d- problem(&= 0.93, & =1.53) with different I™: 3 - 12;4 - 27;5 - 56.
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Fig. 5. Functions f(tvg) (1), Dok (tvg)/Do (2) and D ysa(tvs:)/Do (3) for harmonic oscillator (fine
lines) with & =0.19. And the numerical results for 3d- problem with &= 0.19 (& =0.38) and
"= 27 for different potentials U: (thick lines) - U/U. =exp(-2.41/1p); - U/U. = exp(-4.8 r/lp) +
0.05 I, /r.

With t — o, both D,sa(f) and Dck(t) functions tend to the same constant value D that
corresponds to the diffusion coefficient. The normalized coefficients D*=D(vi+ @ )M/ T vs.
the I'" parameter for quasi-2d- systems with various pair potentials are shown in Fig. 6. It
can be easily noticed that the D* value for the systems under study is defined by the value of
I'". It was observed that the difference between the diffusion coefficients of weakly
dissipative (&> 0.3) and weakly dispersive (& < 0.25) quasi-2d- structures with I'"* between ~6
and ~97 is rather small; within the mentioned range of I'" the deviations of diffusion
coefficients from their mean value don’t exceed 7%. This difference increases noticeably
with an increase of I""> 100. These deviations were observed for quasi-2d- Yukawa systems
as well as for 3d- systems with different types of pair potentials (Vaulina et al., 2005b;
Vaulina & Dranzhevski, 2006; Vaulina & Vladimirov, 2002; Vaulina et al., 2004). Note that
the obtained functions D*(I'") have two critical points, one of which is a point of inflection
("~ 98-108) that, possibly, reflects a phase transition between the hexatic phase and the
liquid. The second critical point (the point of a abrupt change of D) lies near I~ 153-165,
where D — 0, and the system under study is transforming into the solid with a perfect
hexagonal lattice. The similar behavior of D*(I"") was observed for quasi-2d Yukawa systems
(Vaulina & Dranzhevski, 2006). The mean value of normalized diffusion coefficient, D",
averaged for different values of Z, x, vs and p) for the quasi-2d- systems with the different
potentials is presented in Fig. 7, where the dependence D*(I'") for 3d-structures (Vaulina &
Vladimirov, 2002; Vaulina et al., 2004) is also shown.
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Fig. 6. Value of D" vs. I for various potentials U: (black symbols) - U/U. = exp(-4 1/Ip) + 0.05
I, /r); (white symbols) - U/U. = 0.05(l, /r)3; for different & (<, €) - 1.86; O - 0.93, O - 0.23,
(A, A) -0.12. The solid lines are the averaged data of simulation for the quasy-2d- systems
with £<0.25 (thick line) and for £>0.3 (fine line).
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Fig. 7. Value of D* vs. I for: 1 - 3-d systems (see (Vaulina et al., 2004)); 2 - quasi-2d- systems
(averaged); 3 - Eq.(23) for 2d- case with I'". = 98; 4 - Eq.(23) for 3d- problem with I'". = 102.

The temperature dependence of the diffusion coefficient D of macroparticles in the 3d-
systems with various types of potentials and for the quasi-2d- structures with the screened
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Coulomb potential was found in (Vaulina & Dranzhevski, 2006; Vaulina & Vladimirov,
2002; Vaulina et al., 2004). There was shown that the diffusion coefficient for strongly
coupled liquid-like systems can be presented as

*

D~ _m exp| -3 F* , (23)
127(&+1)v M r

C

where T is the crystallization point of the structure under study (I'. = 102 for the 3d-
problem and I = 98 for the 2d- case). The approximation of the numerical results for
obtained diffusion coefficients by Eq.(23) is shown in Fig. 7. The accuracy of this
approximation, which for I >50 is just within 5%, decreases to 35% with I'" decreasing
down to the value of I"= 30 (Konopka et al., 1997; Daugherty et al., 1992; Allen, 1992). It
should be noted that relation (23) is in accordance with the empirical “jumps” theory
developed for molecular fluids that is based on the analogies between the liquid and the
solid states of matter (Frenkel, 1946; March & Tosi, 1995); and it allows experimental
determination of I'" in a strongly coupled system from measurements of the mean
interparticle distance I,, temperature Tp, and diffusion coefficient D without additional
physical assumptions on the character of pair potential (Vaulina et al., 2003).

The comparison of evolution of mass-transfer processes in liquid-like 3d- and quasi-2d-
systems with the behavior of analytical Dyusi(t), <Vx(0)Vi(t)>, Dcx(t) functions, obtained for
harmonic oscillator, Eqs.(9),(13),(14), demonstrates a good agreement for observation times
vi t <1/ & (see Figs. 2, 3, 5). Thus, in accordance with mentioned “jumps” theory the time of
activation 1, of “jumps” (the mean time of “settled life” of the particles) in the simulated
systems practically doesn’t depend on temperature and is defined by the oscillation
frequency of the grains in “settled” condition: t,~ 2/ .. The simulations also show that the
system of interacting particles can be characterized by the constant values of transport
coefficients only for intervals t » 1o, in contrast to the system of “brownian” particles, for
which the evolution functions D,(t) (or Dgk(t)) tend to D, for £ » vg L.

The measurement of functions <V(0)V(t)>, Disa(t), Dck(t) at the short observation times can
be useful for the passive diagnostics of dust component in non-ideal plasma in the case of
local statistical equilibrium of a dusty sub-system. As all the mentioned functions are
connected by the relationships (15a)-(15b) and unambiguously depend on such parameters
of grains as their temperature T, characteristic frequency @. and the friction coefficient vg, it
is possible to simultaneously determine all the mentioned parameters by measuring any of
the functions <V(0)V(#)>, Dusi(t) or Dci(t) and using a procedure of best fitting of this
chosen function by the respective analytical function for harmonic oscillator. Additionally,
the information on T and @. allows one to estimate the value of the coupling parameter I'" of
the system under study from the Eq. (21)-(22).

5. Mass transfer in the dusty plasma

The dusty plasma is an ionized gas containing micron-size charged grains (macroparticles)
of solid matter (dust). This type of plasma is ubiquitous in nature (in space, in molecular
dust clouds, in planetary atmospheres) and often appears in a number of technological
processes (for example, fuel burning, an industrial processing of semiconductors etc)
(Thoma et al., 2005; Morfill et al., 2003). The experiments with dusty plasma are carried out
mostly in gas-discharges of various types. In gas-discharge plasma, micron-size grains
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acquire a significant (negative) electric charge, and can form dust structures similar to a
liquid or to a solid. Dependent on the experimental conditions, these structures can be close
to the uniform three-dimensional (3d-) or to the non-isotropic quasi- two-dimensional (2d-)
systems, which consist of several (usually from one up to ten) horizontal layers of
macroparticles (Nunomura et al., 2006; Ratynskaia et al., 2006; Nosenko & Goree, 2004;
Gavrikov et al., 2005; Nunomura et al., 2005). Owing to their size, the dust particles may be
video-filmed (Ratynskaia et al., 2006, Nosenko & Goree, 2004; Gavrikov et al., 2005;
Nunomura et al.,, 2005; Vaulina & Vladimirov, 2002; Vaulina et al., 2004). It makes the
laboratory dusty plasma a good experimental model, which can be used to study various
physical phenomena in systems of interacting particles, that attract widespread interest in
the physics of non-ideal plasmas as well as in other areas such as plasma chemistry, physics
of the atmosphere, medicine, physics of polymers etc.

A study of the kinetic (transport) coefficients (constants of diffusion, viscosity, thermal
conductivity etc.) for dusty plasma is of great interest (Nunomura et al., 2006; Ratynskaia et
al., 2006; Nosenko & Goree, 2004; Gavrikov et al.,, 2005, Nunomura et al.,, 2005). These
constants are fundamental parameters that reflect the nature of interaction potentials and a
phase state of the system. When the deviations of the system from the statistical equilibrium
are small, the kinetic coefficients can be found from Green-Kubo formulas that were
established with the help of the theory of Markovian stochastic processes under an
assumption of the linear reaction of the statistical system on its small perturbations (March
& Tosi, 1995; Ovchinnikov et al., 1989). The diffusion is the basic mass-transfer process,
which defines the losses of energy (dissipation) in the system. The collisions of grains with
the neutral particles of surrounding gas have a dramatic effect on the dissipation of dust
energy in weakly ionized laboratory plasma.

The measurement of the <V(0)V(#)>-, Dyusa(t)-, Dck(f)- functions at the short observation
times can be used for the diagnostics of dust component in plasma. As all the mentioned
functions are connected by the Eqs. (15a)-(15b) and uniquely determined by the parameters
of grains (by their temperature T, characteristic frequency @ and the friction coefficient vy),
it is possible to simultaneously determine all these parameters using the best fitting of any
from the measured functions (<V(0)V()>, Dusi(t), Dcx(t)) by the respective analytical
function for harmonic oscillator. The information on T and . allows one to estimate the
value of the effective coupling parameter I' and the scaling parameter & which determine
the dynamics of grains in the system under study.

Nevertheless we should note that to apply the results of simulation of particle motions by
LMDM for analysis of dynamics of grains in plasma and to prove the validity of
measurements of diffusion constants with the help of Green-Kubo formula (4a), one needs
to examine, whether the considered Langevin model is valid under experimental conditions
(i.e. to prove the validity of the Markovian approach of the condition of local equilibrium of
dust system and of the assumption of the linear reaction of this system on its perturbations).
The main objections to the use of the Langevin model in a treatment of the results of real
experiments are the possible influence of boundary conditions, external fields and strong
interparticle interactions on the migration of particles and their energy exchange with the
surrounding medium (thermostat) in real experiments (Ovchinnikov et al., 1989). A lot of
special questions arise in an interpretation of dusty plasma experiments. These are the
influence of the openness of dusty plasma system and of the irregular distribution of grains’
stochastic energy on the degrees of freedom, including the question on a capability of the
use of this energy as the main thermodynamical characteristic that describes the kinetic
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temperature of the dusty component and characterizes the exchange of its energy with a
thermostat.

Thus, to verify a validity of the Langevin model, we should prove the diffusive character of
the grains’ migration (with t — co: <¥2> o t, D = const), and also check the relations (15a),
(15b), that result from the simulation of the dynamics of particles using the mentioned
Langevin equations. (In the case when these relations are valid, the Green-Kubo formula
(see Eq.(4a) with t — co: Dgk(f) = Dysa(t) = D) is automatically true.)

6. The description of experiments and their results

The experiments were carried out for mono-disperse grains (with material density p, *1.5 g
cm3, radiuses ap = 2.75 pm and a, = 6.37 pm) in the near-electrode area of RF-discharge in
argon. The pressure in the discharge was P = 0.03 - 0.5 Torr, and its power - W= 2-30 W.
The simplified scheme of the experimental setup is shown in Fig. 8. To visualize the cloud, a
flat beam of He-Ne laser (A = 633 nm) was used. The laser illumination had two regimes: in
the first, the defocused laser beam illuminated the whole dusty structure inside the trap; this
allowed to determine its dimensions. The second regime was used for the detailed
observation of the horizontal cross-section of the dusty cloud. In this case the laser beam
represented so called “laser knife” with the width ~ 2.5 cm and the waist size ~ 200 pm. The
positions of grains were registered with a high-speed CMOS video camera (frame rate f,. =
500 s1). The video-recording was processed by the special software, which allowed
identifying the positions of each particle in the field of view of the video-system. Then the
pair correlation functions g(I), the mean inter-grain distances, the velocity autocorrelation
functions (<V(3t)V(t)> = (<V(8t) Vi(t)> + <V(5t) V,(t)>)/2), the mass-transfer functions (Dg.
k(#), Disa(t)), and the diffusion coefficients D were obtained. The deviations of the measured
parameters in two registered freedom degrees (x, y) were minor and didn’t exceed ~ 0.5-3%:
<Vu((Bt)Vu(t)> = <V (1) Vy(t)>, <V,2>=<V,2>, <x2> =<y2> where 8t = f,c'1; and the value of
the average dust velocities <V (t)>= <V, (t)>=0.

Video camera

Ring trap TIT7

Fig. 8. The simplified scheme of experimental setup.
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Under the experimental conditions, the dusty structures consisted of several (from 1 up to
~10) dusty layers, and the observed dusty structures were changing from the weakly
correlated fluids to the dust crystals with the mean interparticle distance I, from ~ 500 to
~1000 pm. The duration of one experiment under stable conditions was ~ 5-10 s. The
experimental pair correlation functions g(I) for the grains of different sizes, forming dusty
mono-layers and multi-layer systems, are presented in Fig. 9.
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Fig. 9. The pair correlation function g(/1,) for various experiments: 1 - a, = 6.37 pm, mono-
layer, P =0.03 Torr; 2 - a, = 2.755 pm, mono-layer, P = 0.35 Torr; 3 - ap = 6.37 pm, multi-
layer system, P = 0.11 Torr; 4 - a, = 2.755 pm, multi-layer system, P = 0.04 Torr.

The magnitude of the maximum gmax of functions g(/) and the mean interparticle distance I,
which was obtained by analysis of the gmax position, are given in Table 1 for different
experiments. The random errors of determination of the I, and gmax values were less than 5%
for all cases. Nevertheless, we should note that the magnitude of g(I) peaks may be
misrepresented because of: (i) limited number of grains in the field of view of the video
camera; (ii) the probability of simultaneous registration of grains in the next layer in the case
of the multi-layer structure.

The results of measurement of velocity autocorrelation functions, <V(8t)V(t)>, and mass-
transfer functions (D(f)=Dc.x(t) and D(t)=D,.sa(t)) for various experiments are presented in
Fig. 10 and Fig. 11 where the normalized values are shown: f{t)= <V(3f)V(t)>/V12 and
D(t)/ Do, where V12=T/M is the mean square velocity of stochastic “thermal” motion of
grains. The values of V12 and vg are presented in Table 1, and the methods of their
determination are discussed in the next section.

For the most experiments, the motion of grains was diffusive: with the time increasing (t—
), the mass-transfer functions tended to the same value: Dgk(f) ® Dusi(t) = D, excluding
the crystalline dusty structures, where with t— oo, the value of the mean square
displacements of grain from its equilibrium position <x¥2> = <y2> — const, and the D
constant — 0. The measured value of the diffusion coefficient D is given in Table 1. The
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difference between the diffusion constants determined from the Green-Kubo formula (4a), D
= Dgk(t— ), and from the analysis of the mean square displacements, D = D,sq(f— ) (4b),
didn’t exceed 5%, that corresponds to the random error. The systematic errors in
determination of D due to the finite duration of measurements were the same (< 5%). The
time fp of establishing the constant value of D (+5%) was from ~ 1 s to 5 s in the relation to
the gas pressure P (with the increase of P, the fp value was increasing also). With the low
pressure P (& 21), the D,ysq(f) function achieves its constant value, D, faster than the Dc.(t)
function (see Fig. 11 a,c,d); otherwise with the higher pressure P (& <<1, the case of non-
oscillating Dc.k(t)), the Dck(t) value tends to the constant faster than D,q(t), that allows to
measure the diffusion coefficient D from the Green-Kubo formula in shorter time (see
Fig. 11b).

Tlcj;r lpymm | Zmax mr‘fzz/,sz mgﬁ /s | Vi s | st | Tsa/Iod Zmin
R =2.75 pm, mono-layer
0.11 1 2.75 0.803 0.0025 30.5 9.7 92/102 5605
0.19 0.84 2.55 0.720 0.002 50.8 9.8 72/80 4303
0.35 0.92 2.35 0.949 0.002 98 8.8 54/60 4478
0.5 0.75 2.7 1.468 0.00135 143 16.3 80/89 6119
R =2.75 pm, multi-layer system
0.04 1.1 1.1 26.3 0.81 11 13.2 6.3/7 8800
0.06 1 1.08 20.1 0.58 15.5 10.23 41/4.6 5912
0.1 0.57 1.095 20.7 0.3 34 22.44 6.2/6.9 5581
0.14 0.6 1.05 43.1 0.66 44 15.62 1.6/1.8 4195
R = 6.37 pm, mono-layer
0.03 1 5.25 0.45 —0 3.5 13.0 293/326 | 26311
0.05 1 2.45 1.78 0.022 6 12.5 69/77 25396
0.08 0.88 2.75 1.23 0.01 8.4 13.5 90/100 | 22642
0.42 0.57 4.9 0.73 —0 44 273 262/291 | 23852
R = 6.37 pm, multi-layer system
0.05 0.92 1.28 12.94 0.449 7 14 10/11 24964
0.07 | 0.82 1.74 4.51 0.095 8.2 16.4 31.5/35 | 24742
0.08 0.85 2 2.90 0.048 8.25 15 44/49 23883
0.11 0.88 1.66 4.97 0.12 11.8 13.1 21/23 21968

Table 1. Parameters of dusty component for various experiments

We emphasize, that under conditions of our experiments we have not observed the
anomalous-, or super- diffusions that were investigated in a set of works (Ratynskaia et al.,
2006; Wen-Tau & I, 1998). With increase of time t (t— ), the both mass-transfer functions
tended to the same value: Dg.x(t) ® Dusa(f) — D; i.e. the mean square displacements of
particles were proportional to the time ¢t for all presented experiments (see curves 1, 2 in
Figs. 11 a,b,c,d).
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The results of examination of relation between the VAFs, <V(&f)V(#)>, mass-transfer
functions (Dgk(t), Dmsi(f)), and the mean-square displacement (<A2>= <x2>+<y2>) are
presented in Figs. 10 - 11. In all the cases there was obtained a good agreement between the
direct measurements of functions <V(8t)V(t)>, Dc(t) and those functions, calculated from
the measurements of <AI2> using the Eqgs. (15a)-(15b). Thus, we can conclude that the
stochastic model, given by the system of Langevin equations, allows the correct description
of the dust motion under experimental conditions.
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Fig. 10. The velocity autocorrelation function, f{t) (curve 1, line), and its value (curve 2, &),
obtained from the Eq.(15b), for various experiments: (a) - a, = 6.37 pm, mono-layer, P = 0.03
Torr; (b) - ap = 2.755 pm, mono-layer, P = 0.35 Torr; (c) - ap = 6.37 pm, multi-layer system, P
=0.11 Torr; (d) - ap = 2.755 pm, multi-layer system, P = 0.04 Torr.
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Curve 3 is the f{) function for the harmonic oscillator, Eq.(13), with parameters indicated in
Table 1.
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Fig. 11. The mass-transfer evolution functions D(t)/D,: (curve 1, line) - D(¢) = D msd (t);
(curve 2, line) - D(f) = D g« (t), Eq.(1b); (curve 3, &) - D(t) = D gk (£), Eq.(15a), for various
experiments: (a) - 2,= 6.37 pm, mono-layer, P=0.03 Torr; (b) - a,= 2.755 um, mono-layer, P =
0.35 Torr; (c) - ap = 6.37 pm, multi-layer system, P=0.11 Torr; (d) - a,= 2.755 pm, multi-layer
system, P = 0.04 Torr.

Curve 4, Eq.(9), and curve 5, Eq.(14), are the corresponding functions for the harmonic
oscillator with parameters indicated in Table 1.

7. The determination of parameters of dusty subsystem

The parameters of macroparticles (the mean-square velocity V12 of their stochastic “thermal”
motion, the characteristic frequency ®. and the friction coefficient v¢) are presented in
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Table 1. These parameters were obtained by the best fitting of the measured functions,
<Vt V(t)>, Dyusa(t) and Dci(t), and the corresponding analytical solutions, Egs. (9, 13, 14),
for the harmonic oscillator. The results of this procedure for various experiments are shown
in Figs. 10-11. Note that the measured functions presented in these figures are relative,
namely, they are the normalized values: f(t)= <V(8t)V(t)>/ V12 (see Fig. 10), and D(t)/D,
(Fig. 11). The errors in determination of these relative functions for the same intervals of
time, t = (- t,), were less than 2-3% for various initial time ¢, which were chosen for
processing experimental results. These random errors may be related to the fluctuations of
dusty plasma parameters during experiments, and these errors were less than the errors in
the determination of dusty plasma parameters (V12 ,vg, o) by the best fitting of
experimental data to the analytical solutions as discussed below.

The errors of the determined parameters were ~ 5-7% for V12, less than 10% for the friction
coefficient vg, and less than 5% for «.. To optimize the procedure of fitting of experimental
data, the initial values of ®. and vi were chosen in accordance with analytical
approximations for the dependence of maximum D, ,, of function D,sq(f) and the position
of this maximum fm.x on the parameter &= o./vg, that were proposed in (Vaulina &
Dranzhevski, 2006; Vaulina et al., 2005b):

D, ~ Do/ (1+2&). (24)

tmaxVer = 4V21 /(1+842&). (25)

The accuracy of these approximations is about 5%. The Eq.(25) can be also used for choosing
of the frame rate f,. of video camera (registering the positions of grains) and the duration of
measurement tp that are necessary for the correct determination of dust parameters and
diffusion coefficients D. So, the f,. value should be much higher than 1/tn., and the
duration tp of measurement for determination of D should satisfy the condition tp >> tmax.
The preliminary estimation of values of @. and vg under the experimental conditions may be
performed using the existing theoretical models.

For all cases, the retrieved values of the mean-square velocity V12 =T/M were in
accordance with the fitting of velocity distributions (¢(Vy) , ¢(Vy)) by maxwellian functions
(see Fig. 12). The difference between the values of V12, obtained by two different methods,
didn’t exceed 5-7% and, in most cases, was within the limits of experimental error.

The retrieved values of v were in a good agreement with their theoretical estimations using
the free-molecular approximation that under experimental conditions (for argon of the room
temperature) may be presented as vg [s1] = 1144 P[Torr]/(ap[pm]pp[g/cm?]) (Lifshitz &
Pitaevskii, 1981; Raizer, 1991). The difference between the measured and theoretical values
of vi was less than 12% for all experiments.

For the direct examination of an accuracy of retrieved values for characteristic frequencies
., we need an information on the form of pair potential U (see Eq.(19a,b)). Nevertheless, as
the data on the dust parameters (., V12 I, in Table 1) allows one to estimate the value of the
effective coupling I'" and scaling & parameters (see Eqs.(19a,b, 21, 22)), we can compare the
measured magnitudes of maximums, gmax, for pair correlation functions, and of diffusion
coefficients, D, with existing numerical data. The values of I, obtained from solving
Eqs.(19a,b,21), are presented in Table 1. For the case of mono-layer the value of I'"" = T'»q was
determined in the 2-d approach (a,=2.7, a1=1.5, a2=2). For multi-layer systems the
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estimations were performed for the two limiting cases: for 3-d case, " =T34 (20 =2, a1 =a2=
1), and for 2-d case, I'" = T'oq (20=2.7, a1 = 1.5, a2 = 2).

oV, eVy)

Vi Vg, mm/s

Fig. 12. The measured distribution of the velocities: ¢(Vy) -(®; B) and ¢(Vy) -(O;0) - for the
particles of the radius a, = 6.37 pm and various experiments: (®;0O) - mono-layer, P = 0.03
Torr; (M;0J) - multi-layer system, P = 0.11 Torr. And their best-fit Maxwellian distributions
with V12=T/M equal to: 1 - 0.46 mm2/s2; 2 - 4.8 mm?2/s2.

The comparison of the experimental values of maximums, gmax, and of the normalized
diffusion coefficient D*= vy D(1+4M/T with the results, obtained via the numerical
simulation for 3-d problem and mono-layer (Vaulina et al., 2004; Vaulina & Dranzhevski,
2006), is shown in Figs. 13a - 13b. (Here we note that the 2d- and 3d-systems were simulated
here and in (Vaulina et al., 2004) for a wide range of pair isotropic potentials, and in
(Vaulina & Dranzhevski, 2006) for the quasi-2d-Yakawa systems.) It is easy to see that the
measured dependence gmax(I"™) is in a good agreement with numerical data (see Fig.13a). The
difference between them is in the limits of experimental (~5%, see Section 2) and numerical
(~5%) errors in the determination of gmax. The values of errors are shown in Fig.13a as a 5%
confidence interval. The measured dependence D*(I'™") is also in a good agreement with the
numerical data for all considered experiments (Fig.13b). The deviations between the
experimental and numerical values of D* don’t exceed the experimental (~10%, see Section
2), and numerical error, 8, in the determination of D; the 3., value increases from 7% to
15% when I'* varies from ~ 100 to ~ 5.

The value of the minimum charge Z = Z., that a grain can acquire in plasma, may be
obtained under the assumption that the surrounding plasma doesn’t screen the interaction
between grains. Thus, in the case of Coulomb interparticle interaction, we obtain Zmin = .
{rM I, 3/5.4}1/2 (see Eq. (19a,b)). The values of Znin are presented in Table 1. The error of
this estimation of Zni is determined by the experimental errors of w. and I, and is about
13%.
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Fig. 13. Maximum gmax (a) of the g(I) function and the normalized diffusion coefficient D*=
D(vg+o’) M/T (b) vs. I for: 1 - 3d- systems; 2 - mono-layer (Vaulina et al., 2004; Vaulina &
Dranzhevski, 2006). The symbols are the experimental results (Table 1) for the grains of
radius ap: (O; @; ®)- 6.37 pm; ([J; W; X) - 2.755 pm, that form the dusty mono-layer (@; H),
or multi-layer structure (O; [0; ®; ). For the multi-layer structure the values of ®"and I'*
were determined for two cases: (O; [) - 3d- system I'" = I'sg; (®; X) - 2d- system, I'" = T"oq.
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Fig. 14. Calculated dependence of Z/Zom. (lines) on Kn; for various a,/A:1-0.07 ;2 - 0.023;
3-0.007. Symbols are the Zmin/Zomw value for the grains of radius a,:: (O; @)- 6.37 pm; (0J;
M) - 2.755 pm; that form the dusty mono-layer (@; W), or multi-layer structure (O; ).

The ratio of Zmin to the grain charge, Zomi~ (2.7 apTe /e2), obtained in the Orbital Motion
Limited (OML) approach, are shown in Fig. 14 versus the Knudsen number Kn; = lin/ ap.
Here T. =3 eV is the electron temperature typical for rf-discharge in argon (Raizer, 1991;
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Raizer et al., 1995), lin = (8 Ti/{n m; vin2})1/2is an ion mean free path between their collisions
with the gas neutrals, vi, [s1] = 8 106 P [Torr] is the effective frequency of these collisions for
single-charged argon ions (Raizer, 1991; Raizer et al., 1995), T;=0.026 eV is their
temperature and ; is the mass. The results of numerical simulations (Vaulina et al., 2006) of
the charging of a single spherical particle in the weakly ionized argon-discharge plasma in
the case of the neglecting of the drift ion velocity Viq are also presented in Fig. 14 as the
ratio, Z/Zomi, for the various values of ap/A = 0.07, 0.023; 0.007; here
A~ Api = {Ti/ (4ne2n;)}1/2, and n; is the concentration of ions (~107-5 108 cm3). A simple
quantitative comparison of the presented numerical results, Z(Kn;), with the experimental
data, Zmin(Kn), is incorrect at least because of two reasons. First of them it is the neglecting
of the dust screening, with a presence of which the obtained value of Znin can be much
lower than the real grain charge. The second reason is the neglecting of the drift ion velocity
Viq in the numerical simulations (Vaulina et al., 2006) that may be not suitable for conditions
of considered experiments in the near-electrode area of RF- discharge. In spite of that, we
should note the good qualitative agreement between numerical Z(Kn;) and experimental
dependencies Zmin(Kny).

8. Conclusion

The results of numerical investigation of mass-transfer processes in extensive quasi-two-
dimensional and three-dimensional non-ideal dissipative systems are presented. The
particles in these systems were considered interacting with various isotropic pair potentials,
which represented different combinations of power-law and exponential functions,
commonly used for simulation of repulsion in kinetics of interacting particles. The
calculations were performed in a wide range of parameters typical for the laboratory dusty
plasma in gas discharges.

The evolution of mass-transfer processes, the velocity autocorrelation functions and the
diffusion constants were studied. It was obtained that for the systems under study the
particle temperature, the effective coupling parameter and the scaling parameter determine
all mentioned characteristics. It was shown that the evolution of mean-square displacement
of particles for the short observation times corresponds to the lattice oscillations with
frequency proportional to the second derivative of pair potential of interparticle interaction.
The estimations of the characteristic oscillation frequencies of particles (@) in 3d- bcc-
structures and in 2d- hexagonal lattice are presented. It is shown that these frequencies are
responsible for the time of “settled life” of particles (t, = 2/ @) in non-ideal liquid systems
and define the behavior of mass-transfer processes at the short observation times (¢ < 7).
The obtained results are in a good agreement with the “jumps” theory.

The results of the experimental study of mass-transfer processes are presented for the dust
systems, forming in the laboratory plasma of radio-frequency (RF-) capacitive discharge.
The experiments were carried out for macroparticles of various sizes (@, ~ 2.75 pm and a, =
6.37 pm) within a wide range of coupling parameters of dusty sub-system. The velocity
autocorrelation functions, mass-transfer functions, the diffusion coefficients, pair correlation
functions and the concentration were measured. For the most experiments, the motion of
grains has the diffusive character. The diffusion coefficients, D, were determined from the
Green-Kubo relation and from the mean-square displacement of particles. The difference
between the values of D, obtained by two different methods, didn’t exceed 5% and was
within the limits of experimental error.



Mass-transfer in the Dusty Plasma
as a Strongly Coupled Dissipative System: Simulations and Experiments 109

In all the cases there was obtained a good agreement between the direct measurements of
the velocity autocorrelation and mass-transfer functions and those functions, calculated
from the mean-square displacement of particles using the Eqs. (15a)-(15b). That means that
the stochastic model, given by the system of Langevin equations, can be used for the correct
description of the motion of dust under experimental conditions

The method of simultaneous determination of dusty plasma parameters, such as kinetic
temperature of grains, their friction coefficient, and characteristic oscillation frequency is
proposed. The parameters of dust were obtained by the best fitting the measured velocity
autocorrelation and mass-transfer functions, and the corresponding analytical solutions for
the harmonic oscillator. The coupling parameter of the systems under study and the
minimal values of grain charges are estimated. The obtained parameters of the dusty sub-
system (diffusion coefficients, pair correlation functions, charges and friction coefficients of
the grains) are compared with the existing theoretical and numerical data.
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1. Introduction

The design, scale-up and optimization of industrial processes conducted in agitated systems
require, among other, precise knowledge of the hydrodynamics, mass and heat transfer
parameters and reaction kinetics. 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.
Agitated vessels find their use in a considerable number of mass-transfer operations. They
are usually employed to dissolve granular or powdered solids into a liquid solvent in
preparation for a reaction of other subsequent operations (Basmadjian, 2004). Agitation is
commonly used in leaching operations or process of precipitation, crystallization and liquid
extraction.

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
diffusion augmented by the gradients of temperature and pressure. The natural convection
currents 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
convection closely resembles natural convection expect that the liquid flow is involved by
using the external force.

Mass-transfer process in the mixing systems is very complicated and may be described by
the non-dimensional Sherwood number, as a rule is a function of the Schmidt number and
the dimensionless numbers describing the influence of hydrodynamic conditions on the
realized process. In chemical engineering operations the experimental investigations are
usually concerned with establishing the mass-transfer coefficients that define the rate of
transport to the continuous phase.

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
oscillation in addition to other techniques like the use of fluidization, turbulence promotes
or magnetic and electric fields etc.
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In this work, the focus is on a mass-transfer process under various types of augmentation
technique, i.e.: rotational and reciprocating mixers, and rotating magnetic field. According
to the information available in technical literature, the review of the empirical equations
useful to generalize the experimental data for various types of mixers is presented.
Moreover, the usage of static, rotating and alternating magnetic field to augment the mass
process intensity instead of mechanically mixing is theoretical and practical analyzed.

2. Problem formulation of mass diffusion under the action of forced
convection

Under forced convective conditions, the mathematical description of the solid dissolution
process may be described by means of the integral equation of mass balance for the
component 7, namely,

op; — = )
[Leav=—[p-(w n)ds+|jdv (1)
y 0T s v

where: j;- volumetric mass source of component i, kgim3s7; 1 - normal component;
w;, - vector velocity of component i, m-s?; S - area, m?;, V - volume, m3; p, - concentration of
component i, kg m3; 7 - time, s.

The above equation (1) for homogenous mixture may be written in the following differential
form

op; | . T\ .
e +dw(piwi)—]i )
The vector velocity of component i, w, , can be defined by using the averaged value of
momentum, ([ﬁi]avg)

_ - [al,

w, =lim
V-0 m.

i

®)

The velocity of component i, w, , in relation to the velocity of mixture or liquid, w, is
defined as follows

dif 0, = w,~w=> dif w, =0, ~—~ Y g, @
P

Introducing the relation (4) in equation (2), gives the following relationship for the mass
balance of i component

P+ dio] p (dif o, +70) = ©)

The above equation (5) can be rewritten as follows

%P+ dio{ o) =-dio(7 )+ .
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The mass concentration of component i, c;, may be defined in the following form

== p=pe )
2

Then, the differential equation of mass balance (equation 6) for the mass concentration of
component i, ¢;, may be given by:

dc;
L dr

+div(ﬁ)—ji =0 ®)

dc; ) . . . .
The term [ P r : j in the above equation (8) expresses the local accumulation of relative mass
T

and the convectional mass flow rate of component i, whereas the term j; is total diffusion flux

density of component i. The term (j;) describes the intensity of the process generation of the
volumetric mass flux of component i in the volume V due to the dissolution process. The
resulting diffusion flux is expressed as a sum of elementary fluxes considering the
concentration (c), temperature (T), thermodynamic pressure gradient (p), and the additional

force interactions (F) (i.e. forced convection as a result of fluid mixing) in the following form

i = 7€)+ (T)+j.(p) + i (F) ©)

A more useful form of this equation may be obtained by introducing the proper coefficients
as follows

j. =—pD, grad(c,)— pDk, grad(InT) - pDk, grad(Inp) - pDik; F (10)

where: D,- coefficient of molecular diffusion, m2s1; k.- relative coefficient of
thermodiffusion, kgikg?; k, - relative coefficient of barodiffusion, kgikg?; k;- relative
coefficient of forced diffusion, kg;-m2kg1-N-1.

In the case of the experimental investigations of mass-transfer process from solid body to its
flowing surrounding dilute solution, the boundary layer around the sample is generated.
This layer is dispersed in the agitated volume by means of the physical diffusion process
and the diffusion due to the forced convection. Then, the differential equation of mass
balance equation for the mass concentration of component i diffuses to the surrounding
liquid phase is given as follows

o, +wgradc, + div(]’} =1 (17)
oz p) P

Introducing relation (10) in the equation (11) gives the following relationship for the balance
of the mass concentration of component i where force F is generated by the mixing process

%+;gmdci +div| -D; gradc; —a[ac[j gradT —v % gradp |+ div Eci =1 (12)
or OT Jp=const 6p T=const G P

Py =const pp=const
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where: v - kinematic viscosity, m2s1; G - mass flow rate, kg-s1.

The above relation (12) may be treated as the differential mathematical model of the
dissolution process of solid body. The right side of the above equation (12) represents the
source mass flux of component i. This expression may be represented by the differential
kinetic equation for the dissolution of solid body as follows

_M — L(T) _dpi(f) B dE(T) dci(r)
ir = BdF (7) i dr= - _ﬁidvs(r) - Jr—
dp, de, dp, N
S pc;z(-'[):ﬂl dc;gi)drz pcllir):ﬂi(gmdci(f)e,): (13)
dp,(7)

(gmdci (r)ej) dr

where: f. - mass-transfer coefficient in a mixing process, kg-m2-s; m,- mass of dissolving
solid body, kg;; F, - surface of dissoluble sample, m2.

The above equation (13) 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 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

Am,
(8], = m (14)

Taking into account the above relations (equations 13 and 14) we obtain the following
general relationship for the mass balance of component i

oc;

o,
radT —v| — radp |+
oT )ﬁﬂ’"“t g [ ap ]T—mnst § P
P =consi py=const (15)

% +wgrade, +div| -D, gradc, — a[
T

-G
P

. (F j (4], (grade,)e,
+div =—
G

The obtained equation (15) suggests that this dependence may be simplified in the following
form:

oc;

+ agmdci —div(D; gradc, )+ diz{_ci
T
G

F Bl (grade;)e,
1AL (grade) 0
P
The agitated vessels find their use in a considerable number of mass-transfer operations.
Practically, the intensification of the mass-transfer processes may be carried out by means of

the vertical tubular cylindrical vessels equipped with the rotational (Nienow et al., 1997) or

the reciprocating agitators (Masiuk, 2001). Under forced convective conditions, the force F
in equation (16) may be defined (Masiuk, et al. 2008):
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- for rotational agitator L, =pV ddtm = [ =pV2rin d,(,, ” 17)

rot rot

- for reciprocating agitator F,_ = pV ddtm =F, = pVir*Af’e, (18)
where: A - amplitude of reciprocating agitator, m; d,, - diameter of reciprocating agitator,
m; d,, - diameter of rotational agitator, m; f - frequency of reciprocating agitator, s;
n - rotational speed of agitator, s1; V - liquid volume, kg-m=3; p - liquid density, kg-m=3.

Introducing the proposed relationships (17) and (18) in equation (16), give the following
relations for the agitated system by using the rotational and reciprocating agitator, respectively

- — radc,)e.
6Ci + wgradci — dlU(Dl gradcl) + dlv[pv.l/l dm,‘ Iew] _ [IBI ]avg (g 1) r (19)
or G p
rot
radc. )e,
;—div(D, gradc, )+ dzz{pVAf J (4], (srade)e, 20)
Gre P

The mass flow rate for the rotational and the reciprocating agitator can be approximated by
the following equations:

Gt = pVn (21)

Gre = pVf 22)

Taking into consideration the above relations (equations 21 and 22), we obtain the following
relationships:

radc,)e,
div(D, gradc, )+ div(ndm,c e ) M (23)
yel
— — : radc, e,
%ergmdci —div(D, grudci)+diU(Afciez) =M (24)
T P

2.1 Definition of dimensionless numbers for mass-transfer process
The governing equations (23) and (24) may be rewritten in a symbolic shape which is useful
for the dimensionless analysis. The introduction of the non-dimensional quantities denoted

by sign (") into these relationships yield:

Tact . D.c
%{Zj}+w;’—:'“[w gradq} ‘l" i [dw (D grad’c )]

n dm'ﬂ . [div (i’l da, C e )} [ ]“ig" o [[ﬂ ]abg(grad C")e’}
I

(25)

rot *

0 Ay P
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7, | 07 Iy

VAR i ()| - [[ﬁ‘]‘“’g( grad)e ]

i{ai} + M[J grad cl} - L}”zcl" [div* (Df grad*c; )} +
0
(26)

0 Ly P

The non-dimensional forms of these equations may be scaled against the convective term

w,C,
(;‘“J . The dimensionless forms of the equations (25) and (26) may be given as follows:
0

o 1L gt - D[t (01 g
w,

7w, | 07 0% 27)
1ALy [1AL (srad e
+0w70t|:dlv (71 rC; e{ﬂ):|: powj |: : o
b2, [ gt |- Do (07 gt
r,w, | ot oWy
* _ (28)
B . d'c;

A (e ] = ke [[ﬂl Llentil ]

w, PoWy P

The equations (27) and (28) include the following dimensionless groups characterising the
mass-transfer process under the action of the rotational or the reciprocating agitator:

b = b =S, (2%2)
TyW, Tonodmt“
I, D - 5,]1[ (29b)
TyW, fvof 0
D, D, b,
o ) T o Y 2 5 Re S = Pe (30)
oo~y v )LD (v
n.d n.,d
L | | (31a)
w, n(]dmtn

Afo [Aofoj —1 (31b)
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|:ﬂi]avgU = ['Bi]uvg[, d5 v (2) % -
PoWo poD; wyd,; )\ v d,

(32a)
ﬂi dS i
- Al 2 —_ (Qj Gy = ShRe,, Sc™ L
oD nd,, )\ v d, d,
Bl _ [Pl | v (2] 4y
PoWo PoD; Wyl \ v\ 4
(32b)

B g, :
= [ ]avgn v (2] drec = Sh Re;elc SC’l %
pODi AOdeVEC 4 ds ds

where: D - diameter of vessel, m.
Taking into account the proposed relations (29-32), we find the following dimensionless
governing equations:

oc; —
-1 i _ -1 .k * * K
S, [67* } + [w grad c,} Pe,.. [dw (Di grad’c; )}+
- for rotational agitator . = (33)
o o dy ) [BL (grad'cl)e,
+[dw (n d,.cie, )} =ShRe,,Sc™| =& | —————
d, P
Name Symbol | Definition Significance Interpretation and Remarks
rw convection Dimensionless number
Strouhal S L2 —_— describing oscillating flow
D unsteadiness :
mechanism
hydrodynamic convection| Dimensionless independent
w,D ppr——
Péclet (mass) | Pe,, D mass diffusion mass-transfer parameter.
i Pe,, .. =ReSc
nd;, Reynolds number for the
Reynolds (rot)| Re,, R interial force / convectio y ional aei
v, A rotational agitator.
viscous force
Ay fod
Reynolds (rec)| Re,, ool Reyr}olds ngmber' for the
Vo reciprocating agitator.
[ B ] d convective mass transport|  mass-transfer Stanton
Sherwood Sh = hwe * | diffusive mass transport number
PoD; St =ShSc™ Re™
. v, momentum diffusion 5
Schmidt Sc = — Sc=Re" Pe,,..
D, molecular diffusion ’

Table 1. Dimensionless parameters in equations (33) and (34) and their physical role
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Sk [2(;‘ } + [E grad c,} - Pel [div* (D, grad’c; )} +
-for reciprocating agitator . Ca—7 (34
J[[ﬂi]w (gmd c] )e,]

+div (A" fcie.) ] = SnReL s (5; >

Table 1 summarizes all essential and independent dimensionless parameters met in
mass-transfer process under the action of the agitated systems.

From dimensionless form of equation (34) and (35) it follows that:

rot

- for rotational agitator ShRe,: Sc™* (d;’] ~1=>Sh~Re,,Sc [;‘] (35)

s rot

rec

s rec

- for reciprocating agitator ShRe; Sc™' [i}”} ~1=Sh~Re,, Sc (; ] (36)
2.2 Mass-transfer characteristics

Under convective conditions a relationship for the mass-transfer similar to the relationships
obtained for heat-transfer may be expected of the form (Incropera & DeWitt, 1996):

Sh= f(Re,Sc) (37)

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
convective to diffusive transport, and finds its counterpart in heat transfer in the form of the
Nusselt number (Basmadjian, 2004).

The Schmidt number is a ratio of physical parameters pertinent 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.

Added to these two groups is the Reynolds number, which represents the ratio of convective-
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.

Two additional dimensionless groups, the Péclet number and the Stanton number (see Table
1) are also used and they are composed of other non-dimensional groups.

Evidently, for relation (37) 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 (Kay &
Crawford, 1980)

Sh=aRe" Sc* (38)

The mass-transfer coefficients in the agitated systems can be correlated by the combination
of Sherwood, Reynolds and Schmidt numbers. Using the proposed relation (38), it has been
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found possible to correlate a host of experimental data for a wide range of operations.
The coefficients of relation (38) are determined from experiment.

For mass-transfer under natural-convection conditions, where the Reynolds number is
unimportant, the mass-transfer may be described by using the following general expression
(Bird et al., 1966)

Sh= f(Gr,Sc) (39)

The Grashof number, Gr, plays the same role in free convection that the Reynolds number
plays in forced convection. Recall that the Reynolds number provides a measure of the ratio
of the inertial to viscous forces acting on a fluid element. In contrast, the Grashof number
indicates the ratio of the buoyancy force to the viscous force acting on the fluid (Fox &
McDonald, 1993).

Under forced convection conditions where the Grashof number is unimportant the
boundary layer theory suggests the following form of the relation (38) (Garner & Suckling,
1958)

Sh=0.023Re"™® Sc** (40)

The exponent upon of the Schmidt number is to be 0.33 (Noordsij & Rotte, 1968; Jameson,
1964; Condoret et al., 1989; Tojo et al., 1981; Lemcoff & Jameson, 1975) as there is some
theoretical and experimental evidence for this value (Sugano & Rutkowsky, 1968), although
reported values vary from 0.56 (Wong et al., 1978) to 1.13 (Lemlich & Levy, 1961).

A dimensionless group often used in literature is the Colburn factor j for mass transfer,

which is defines as follows (Geankoplis, 2003)

jm = StWISC066 (41)

3. Mass-transfer correlations in rotationally agitated liquid-solid systems

We have compiled a list of the most frequently used correlations and tabulated them in
Table 2. The following correlations have been found useful in predicting transport
coefficients in the agitated systems. These equations may be successfully applied to analyze
the case of the dissolution of solid bodies in a stirred tank.

As it mentioned above, mass-transfer process is very complicated and may be described by
the non-dimensional Sherwood number, as a rule is a function of the Schmidt number and
the dimensionless numbers describing the influence of hydrodynamic conditions on the
realized process. Use of the dimensionless Sherwood number as a function of the various
non-dimensional parameters (see relation 37 or 39) yields a description of liquid-side
mass-transfer, which is more general and useful. In majority of the works, both theoretical
and practical (see Table 2), the correlations of mass-transfer process have the general form

Sh=2+aRe" Sc* (42)

where the Sherwood number is a function of the Reynolds number, the Schmidt number,
and differ by the fitting parameters a, b and c.
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References Correlation Situation Comments
(HiXOl’l & —0.16R 0.62 05 Sohd-hquld 1
Baum, 1941) Sh=016Re™5c agitated systems Re>6.7-10
i & (tur.bin.e agitator
B( ixon Sh=27-10°Ret s> | withinclined Re<6.7-10*
aum, 1944) blades)
Solid-liquid
(Hixon & k.10 P10 C05 agitated systems _ . P
Baum, 1942) Sh=35-10"Re™Sc (propeller Re=3-10"-5-10
agitator)
Solid-liquid
Sh = 0.58 Re"® Sc° agitated systems Re=63-10° —3.3.10°
B hrev & (propeller
( \l;mpN ey agitator, baffles)
an Ness,
1957) Solid-liquid
Sh = 0.022 Re™ §c05 agitated s.ystems Re=31-10"—9.10*
(turbine
agitator, baffles)
Solid-liquid
(Barker & _ 5 ReVSB G 05 agitated systems B N 5
Treybal, 1960) Sh=0052Re™"Se (turbine Re=3.1-10"-3-10
agitator, baffles)
Solid particles
(Harriot, Sh=2+0.6Re" SO suspended in Vg, v,
1962) TRbReToC agitated vessel Re= v = Re v
with baffles
115
Sh=10.68-10% Re™* Sc** 4, . Re — turbulent region
d Correlation for
. various types of
(W31;16s7};ach agitators and Ar e d>gApp,
Sh=72-107 Ap@ g0 e ) | mixer with n
) d baffles d .
Ar(j) =10> -107;5c =10> ~10°
(Levins & Solid particles
Gastonbury, Sh =2 +0.44 Re® S0 with sign.iﬁcant Re vslipdp
1972) density v
difference

Table 2. Summary of mass-transfer correlations for agitated systems
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References Correlation Situation Comments
ds < ds,lim
1/4
56
. Sh=2+0.67Re’*Sc"? AT i, =52/ :
iepe e olid-liqui: s lim =
(Liepe & : Solid-liquid I P <g>
Mockel, agitated
1976) systems d, - size of solid grain, m
A 1/3
Sh=2+0.35Re? [/’) d,>d
P
T
e
(Herndl & Solid-liquid | Re, = Q ;1< Re, <10°
Mersmann, Sh=2+ 0.46Re§/ 3G e agitated Ve
1982) systems ¢ - energy dissipation rate,
W-kg!
1Irwan, 0.52 033 mall SOl1
K Sh=2+0.52Re"™ S Small solid Re=Eo%" 10
1987) ’ particles e=—, <"
. 025 | Solid-liquid
(Ditletal, | o 5, 0.43Re2050%( 2 agitated ;
1991) ¢ d
systems
2
sh=Klls g 41
. v
) Solid-liquid k_ - mass transfer coefficient,
(Basmadjian, Sh =1.46 Re™®® §¢033 baffled vessel m2.s71
2004) Re=10*-10° d.n - dimensional velocity,
where 7 - represents the
number revolutions per unit
time, m-s!
v.d
Hart . Solid particles Re, = -
( Z{ rzrz)a()rg)l € Sh=2+0.6 Reg's 5S¢0 suspended in 1 v )
. liquid Re, - particle Reynolds
number

Table 2. Summary of mass-transfer correlations for agitated systems-continuation

Instead of Reynolds number, it would be more natural to express the Sherwood number in
terms of the Peclet number, which is the product of the Reynolds and Schmidt numbers (see
Table 2). When this number is small, transport takes place due to mass diffusion, and the
fluid velocity, density and viscosity do not affect the transport rates. In this case, the
Sherwood number is a constant, dependent only on the configuration. For laminar flow past
a spherical body, the limiting value of this dimensionless number is equal to 2.
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4. Dissolutions of solid body in a tubular reactor with reciprocating plate
agitator

4.1 Literature survey

Numerous articles concern with the effect of vibration on mass-transfer in a gas-liquid
contradicting in a reciprocating plate column (Baird & Rama Rao, 1988; Baird et al., 1992;
Gomma & Al Taweel, 2005, Gomma et al.,, 1991; Rama Rao & Baird, 1988,2000, 2003;
Sundaresan & Varma, 1990). In these papers is stated that the oscillatory motion of the gas-
liquid system in reciprocating plate columns assures much higher interfacial contacting
areas than in conventional bubble column with the lower power consumption. The
dissolution of solid particles into water and other solutions was investigated by Tojo et al.
(Tojo et al., 1981), where agitation realized by using circular flat disc without perforation.
The mass-transfer coefficient is calculated by measuring the slope of the concentration time
curve in the first second of particle dissolution. The breakage of chalk aggregates in both the
vibrating and rotating mixers and the analyse of the model of breakage which relates the
pseudo-equilibrium aggregate size to the energy dissipation rate in the stirred vessel has
been investigated by Shamlou et al. (Shamlou et al., 1996). The breakage of aggregates in
both the vibrating and the rotating mixers occurs by turbulent fluid stresses, but it is not
depended on the source generating the liquid motion.

4.2 Experimental details

The intensification of the dissolution under the action of reciprocating agitators were carried
out by means of the reactor presented by (Masiuk, 2001). It is consisted of the vertical vessel,
the system measuring mass of dissolving solid body (rock-salt), the device for measuring
concentration in the bulk of mixed liquid (distilled water) and the arrangement for
reciprocating plate agitator at various amplitudes and frequencies. The agitation was carried
out with a single reciprocating plate with flapping blades oriented horizontally where it
reciprocated in a vertical direction (Masiuk?, 1999) and different number of the multihole
perforated plates agitators. The detail schemes of the vibratory mixers are given in the
relevant references (Masiuk, 1996, Masiukb, 1999; Masiuk, 2000). Additionally, the main
geometrical dimensions of mixers and the operating ranges of the process parameters are
collected in the Table 3.

The reciprocating agitator was driven by the electric a.c. motor coupled through a variable
gear and a V-belt transmission turned a flywheel. A vertical oscillating shaft with the
perforated plates and a hardened steel ring through a sufficiently long crank shaft were
articulated eccentrically to the flywheel. An inductive transducer mounted inside the ring
and a tape recorder was used to measure the inductive voltage directly proportional to the
total force straining of the shaft.

The average mass-transfer coefficient was calculated from a mass balance between a
dissolving solid cylindrical sample and no flowing surrounding dilute solution (see
equation 14). Two conductive probes connected to a multifunction computer meter were
used to measuring 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
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Parameters Operating value
Geometrical dimensions of mixer
Vessel diameter, m 0.205
Vessel height, m 1.033
Height of liquid level in the vessel, m 0.955
Geometrical dimensions of single reciprocating
plate with flapping blades
Plate diameter, m 0.036
Width of windows in the plate, m 0.039
Plate height, m 0.036
Clearance between the plate and exhaust of 0.015-0.024
the blade, m
Hydraulic diameter, m 0.00386-0.01
Geometrical dimensions of multihole perforated
plates
Agitator diameter, m 0.204
Number of plates 1-5
Diameter of hole, m 0.005-0.06
Number of holes 2-650
Distance between plates, m 0.04
Operating conditions
Mean diameter of sample, m 0.011-0.0316
Mean length of the sample, m 0.03-0.065
Amplitude, m 0.03-0.19
Frequency, s 0.058-1.429
Time of dissolution, min 2
Loss of mass for 2 min dissolution, kg 0.14-10-3-6.83-10-3
Mean driving force, kgnaci-(Kgsolvent) ™ 0.002-0.0137

Table 3. The main geometrical dimensions of mixer and operating conditions

coefficient may be calculated from the linear kinetics equation using the mean concentration
driving force of the process determined from two time response curves.

Raw rock-salt (>98% NaCl and rest traces quantitative of chloride of K, Ca, Mg and
insoluble mineral impurities) 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 preparing 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 results of local non-homogeneous of material. Departure from the
shape of a simple geometrical 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 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-
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grained abrasive paper. A sample prepared in this way had been keeping its shape during
dissolving for about 30 min. The duration 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 accuracy and the decrease of dimensions would be
relatively small (maximum about 0.5 mm).

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 agitator 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 simultaneously. 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 (Rakoczy & Masiuk, 2010).

4.3 Results and discussion

In order to establish the effect of the Reynolds number on mass-transfer coefficient data
obtained from the experimental investigations are graphically illustrated in a log(Sh SC’O'SS)
versus log(Re) systems for the in figure 1. These experimental results were obtained for the
single reciprocating plate with flapping blades.

Figure 1 demonstrates that, within the limits of scatter among the plotted data represented
by the points, the non-dimensional Sherwood number increase in the Reynolds number. The
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Fig. 1. Effect of the Reynolds number on the mass-transfer rate for the single reciprocating
plate with flapping blades oriented horizontally
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relation between the experimental results shown in this figure can be described by using the
relation similar to relationship (37)

Sh=0.17 Rel¥ Sc"* (1+0.65Re)) (43)

rec rec

The obtained correlation is valid for the following range of the process parameters:
Re,, =130-5400; Sc =874 -1244 . It is believed that the proposed dimensionless equation
(44) is useful to generalize the experimental data in this work for the whole region of the
reciprocating Reynolds number without the break of the correlating graphical line.
Moreover, figure 1 presents a graphical form of equation (43), as the full curve, correlated
the data very well with standard deviation o =0.66. The difference between the predicted
and calculated values of the non-dimensional Sherwood number is less than +15% for
approximately 80% of the data points.

In present experimental investigations of the influence of the perforated plate reciprocating
agitators on the mass-transfer process was additionally investigated for different number of
plates varying from 1 to 5. The results of the mass-transfer experiments for different number
of plates should be correlated using the relationship similar to the expression obtained for
the reciprocating agitator with single perforated plate with flapping blades (equation 43).

In the present report the mass-transfer process is described by the similar somewhat
modified relationship (37) between the dimensionless Sherwood number and the
reciprocating Reynolds number

Sh=c,Rel?” S (1+¢,Ren??) (44)

rec rec

It is decided, that the constant ¢, in the relation (44) is not depended on the number of
perforated plates N and equal 0.11. The constant ¢, has been computed as the function of
parameter N employing the principle of least square method. Then the equation (44) for
different number of the perforated plates may be rewritten in the following general
dimensionless correlation

Sh=f*(N)Rey? S (1+0.11Re)?) (45)

rec rec

where the function f*(N) is depended on the number of multihole plates.

The shape of the mass-transfer characteristics for the single plate as well as for different
plates is similar and the function f*(N) may be described by means of the following
relationship

f¥(N)=0.17 Nexp(-0.12N) (46)

In the case of this work, the experimental data have been correlated using the new mean
modified dimensionless Sherwood number, Sh™, as a ratio of the dimensionless Sherwood,
Sh, number and the dimensionless maximum density of mixing energy, p; .

In the selection of the suitable agitator for the transfer process, it is not sufficient to take into
consideration the power consumption and mixing time separately. The density of the
maximum mixing energy, p , is defined as the product of the maximum power
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consumption, P, , and the mixing time, ¢, , relate to the volume of mixed liquid, V,

m

(Masiuk & Rakoczy, 2007)

P oot
e max _mix 'm_s 4
Pk, v, U ] (47)
The values of the density of the maximum mixing energy (47) may be determined by using
the relationships describing the maximum power consumption
Po=f"(N)Re,.(1+0.255Rel ) =

rec rec

= Po=[ 089N exp(-0.15N)|Re,. (1+0.255 R} ) = (48)
p.S
max =[0.89N"" exp(-0.15N)]|Re;! (1+0.255 Re"”
3[pDZ(znAff(l—Sz)] [ exp(-0.15N) |Re,. (1+0.255Re; ")

and the mixing time

©=fh (N)[ZILJ Re,2(1+0.021Re}”) =

rec rec
h

= ©=[10.5exp(-1.06 N)](ZILJRN (1+0.021Re}” ) = 49)

rec rec
h

= [tHZJ = [10.5exp(—1.061\1)][IZLjRe2 (1+0.021Re;”)

rec rec
P n

where: H, - height of liquid level in the vessel, m; P - power, W; S - fraction of open area of
the reciprocating plate, m; 7 - liquid viscosity, kg-m1-s-1.
The simple transformations gives the following equation describing the dimension density
of the maximum mixing energy (Masiuk & Rakoczy, 2007)

pr, =wf (N)(1+0.021Re}”)(1+0.255Re)")  [J-m?] (50)

rec

where the function f"(N) is depended on the number of the multihole plates. The
parameter y has the following form (Masiuk & Rakoczy, 2007)
(1-5) e

V= 72'52 d,31_15 ; []'1’1’1’3] (51)

where d, - hydraulic diameter of perforated plate reciprocating agitators, m.
Hence, the dimensionless maximum density of maximum mixing energy, p; , may be
calculated by means of the following equation

pr =i o ot~ FE(N)(1+0.021ReM? ) (140255 Re’”) (52)
) P

max rec

where:
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FE(N)=935N"" exp(-1.21N) (53)

Taking into account the above equations (52) and (53), we find the following form of the
modified dimensionless Sherwood number, Sh*

Sh (0.17Nexp(—0.12N)) Re? Sc% (1 +0.11 Re?ﬁ'fz)
Sh'=——=Sh"= (54)
Pr,... (9.35N"" exp(~1.21N))(1+0.021Re} )(1+0.255Re}.")

The graphical illustration of the equation (54) is given in the coordinates (Sh*Sc’O'”,Remc)
log-log system in figure 2.
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Fig. 2. Modified mass-transfer characteristics for reciprocating agitator with different
number of plates

The rate of mass-transfer increases with increasing number of plates. The modified
dimensionless Sherwood number, Sh*, increases with increasing number of plates. Within
the laminar region of the flow, the mass-transfer characteristics obtain the extreme (see
figure 3). In the region of large Reynolds number, the curves of the modified dimensionless
Sherwood number versus the reciprocating Reynolds number decreases sharply.
Additionally, the change of plates of the reciprocating agitator has considerable profitable
influence on the mass-transfer process.

5. Enhancement of solid dissolution process under the influence of
transverse rotating magnetic field (TRMF)

The transverse rotating magnetic field (TRMF) is a versatile option for enhancing several
physical and chemical processes. Studies over the recent decades were focused on
application of magnetic field (MF) in different areas of engineering processes (Rakoczy &



130 Advanced Topics in Mass Transfer

Masiuk, 2009; Rakoczy, 2006). Static, rotating or alternating MFs might be used to augment
the process intensity instead of mechanically mixing. Practical applications of RMF are
presented in (Volz & Mazuruk, 1999; Melle et al., 1999; Walker et al. 2004; Nikrityuk et al.
2006; Yang et al., 2007; Frana et al. 2006; Spitzer, 1999).

Recently, TRMF are widely used to control different processes in the various engineering
operations. This kind of magnetic field induces a time-averaged azimuthal force, which
drives the flow of the electrical conducting fluid in circumferential direction. The magnetic
filed lines rotate in the horizontal direction with the rotation frequency of the field, @y, . It
is obvious that this parameter is equal to the frequency of alternating current. An electrical
field, E, is generated perpendicular to the magnetic field, B. Perpendicular to the electric
field, the Lorenz magnetic force, F, , is acting as the driving force for the liquid rotation.

The TRMF may be generated by cylindrical inductor resembling the stator of a three-phase
asynchronous electrical engine. The similar inductor of TRMF was applied in (Lu & Li, 2000;
Nekrassov & Chekin, 1961; Nekrassov & Chekin, 1962).

In the case of the electrical conducting fluid, the TRMF induces currents inside this liquid.
These interact with the field of the inductor and generate electromagnetic force inside the
electrical conducting liquid. The pattern of hydrodynamic flows due to TRMF in a cylindrical
volume depends on the number of pole pair, p,, of TRMF inductor. The distribution of
TRMF may be considered as the quasi-uniform or non-uniform for the number of pole pair
equal to 1 and pyg, > 1, respectively. The application of TRMF may be generated the specific
flow in a liquid cylindrical volume. The liquid flow is an azimuthal motion of medium around
the central axis of the cylindrical volume. This flow is directed as the magnetic field rotates and
the azimuthal velocity is maximal at the cylindrical vessel’'s walls. Obviously, this movement
may determine the heat or mass-transfer inside the rotating liquid.

According to available in technical literature, research has not been focused on the
mass-transfer during dissolution of a solid body to the surrounding liquid under the action
of RMF. In the present report, the experimental investigations has been conducted to explain
the influence of this kind of MF on the mass-transfer enhancement. Moreover, the influence
of localisation of a NaCl-cylindrical sample localisation on the mass-transfer rate was
experimentally determined.

5.2 Influence of transverse rotating magnetic field (TRMF) on mass-transfer process
The influence of TRMF on mass-transfer process is manifested by the magnetic force defined
as the divergence of Maxwell’s stress tensor and expressed by the following relation
(Rakoczy & Masiuk, 2010)

L div[—l w, HE+pu, (ﬁﬁ)} I S T iDiv(Eé) (55)
v 2 V. 2u, Hy,

where B- magnetic induction vector, kg-A-l-s; H- magnetic field strength vector, A-m7;

V - liquid volume exposed to TRMF, m3; 4, - magnetic permeability, kg-m-A-2-s2.

In the above equation (55), the term (1 Div(BB)] may be treated as the part of magnetic
lllln

force and this expression describes the enhancement of flux density by the forced mass

convection. Introducing this term in the equation (16), gives the following relationship
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— — . radc, e,
+wgradc, —div(D, gradc,)+ div _LDZ'U(BB) :M (56)

Grrmr p,, P

oc;

T

The mass flow rate for this case may be approximated by using the following relation

i (57)

Grrve = pV orpye = Grrme =
T1rMF

where 7, - time of magnetic field diffusion, s.

This parameter may be defined basing on the well-known advection-diffusion type equation
(Mopner & Gerbeth, 1999; Guru & Hiziroglu, 2004)

P _ rot(w>B) + ——AB (58)
or Oty

where w - velocity, m:s; o, - electrical conductivity, A2s3kglm?3; v, =(o,u, )7l - effective
diffusion coefficient (magnetic viscosity), m2-s-1
The above equation (58) is also called the induction equation and it characterizes the

temporal evolution of the magnetic field. The term, rot(&x E) , in this equation dominates

when the conductivity is large, and can be regarded as describing freezing of MF lines into

the liquid. The term, iAg, in the B-field equation may be treated as a diffusion term.
O-e/um

When the electrical conductivity, o,, is not too large, MF lines diffuse within the fluid.

The relation (58) may be expressed as follows

B — B —
|- o B o )

7, | 07" I, ;

The dimensionless form of this equation may be used to examine the effect of liquid flow on
the MF distribution. The non-dimensional forms of these equations may be scaled against

B
the term (V"’l"zoj . The dimensionless form of the equation (59) may be expressed by
0

2 B — — —x
Z(’{aB} :M[rot*(w xB )}+[v;A*B } (60)
Vi To or Vi
The introduced magnetic Fourier number
Fo, =m0 (61)

m 2
lD

and magnetic Reynolds number, directly analogous to the traditional Reynolds number,
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Re = Wolo 62)
! V’"ﬂ
describes the relative importance of advection and diffusion of the MF.
Taking into account the above definitions of the non-dimensional groups, we obtain the

following general relationship of the magnetic induction equation

Fo;} {E}B} =Re,, [rot* (; xB )} + [v;,A*E*} (63)
or
It should be noticed that the time of magnetic field diffusion, 7., , may be defined as
follows
2 2 2
Fo;,1~1:>—l° ~1:>z-0~lL:>1TRMF:D— (64)
Vmo 2-0 gy Vm

Then, the equation (57) may be rewritten in the form

1% . \%
= Grrvr = LV’ (65)

Grrvr = >
TrRME D

Taking into consideration the above relations (Eqs 56 and 65), we obtain the following
relationships:

— 2 — . radc;)e,
o, wgradc; —div(D, gradc, )+ div[D € Div(BB)] = —[ﬂl]m (gradei)e (66)
or PVl P

The governing equation (66) may be rewritten in a symbolic shape which is useful for the
dimensionless analysis. The introduction of the non-dimensional quantities denoted by sign
(*) into these relationships yield:

W | oci W[ RN .
‘;;|: C; :|+w0cﬂ|:w gmdcx.:|—l”Tc“|:dlv (Di grad’c; ):|+

or’ I,
. .\ (67)
Dz 'BZ 1y % e 2 C; ; rad c; le,
f—a z{div*[D*[fCi Div"(B B )]L[ﬂ]“% d ['B]””X(g* )
pOVmO:umOlU P meum lOpO P

The non-dimensional forms of the above equation (67) may be scaled against the convective

w,C,
term ] * | as follows

0

lo{acf} + [@* grad cl’“} - lDi" [div* (Dl grad’“cf)} +

T,W, | 0T LW
.

DE; {div*[’{“’?%{ Div»«(B*B*)H: (Ao | AL (g0t ),
povmﬂ'umﬂwo PVl PoW, P

(68)
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The equation (68) includes the following dimensionless groups characterising the influence
of the TRMF on the mass-transfer process

DB D(Bgap]:{ Blo, ]3[830@2}{ v j:QRel (©9)

LoV iy Moy Wo PoWy PoBrryir PV QoD ?
ﬂi ﬂi ds ;
A, = AL, B DDl shretsct| 2 (70)
PoWy PoD; OrppeD vy )\ d, d,

Taking into account the proposed relations (29-32, 69 and 70), we find the following
dimensionless governing equations

g1t {sc’* } + [@ gmdcf} - Pe,! [div* (D:‘ gmd*cfﬂ +
T

Dot e " (grad'c))e,
+QRe,! {div*(D*D* “Div’ (BB )H ~ ShRe;' Sc™ [5] (4], (grad'c))

PVt o

(1)

From dimensionless form of equation (71) it follows that
-1 -1 D —1 d N
ShRe, Sc™| — |~QRe, = Sh~QSc| = (72)
d, D
The TRMF may be characterized by means of the following numbers:

- the dimensionless Chandrasekhar number

_ magnetic force —~0- B:Do,

— (73)
dissipative force PoVo

- the dimensionless field frequency based Reynolds number

interial force / convection —~Re — @D’

2]

viscous force v,

Re =

2]

(74)

where @y, - angular velocity of magnetic field, rad-s-1.

The interaction between of the TRMF and the used liquid may be also described by means of
the non-dimensional Hartmann number:

65’

PoVo

Ha=B,D (75)
It should be noticed that the Chandrasekhar number is the square of the Hartmann number
Q = Ha?. Tt should be noticed that the interaction between MF and the induced current in

the electrically conducting liquid produces a Lorentz force:
A significant consequence of the above expressions (73-75) is that the fluid rotation under
action of the TRMF may be completely characterized by means of a single dimensionless
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number which is denoted as the magnetic Taylor number, Ta,, . The dimensionless Hartman

and field frequency based Reynolds numbers can be unified to this non-dimensional group
as follows:

. 214
= W = Ta, =QRe, = Ta, = Ha* Re, = Ta,, = BoD o0y (76)
viscous force o

Ta

m

The above dimensionless magnetic Taylor number (76) is a measure of the azimuthal liquid
velocity induced by the TRMF. Moreover, this parameter describes the Lorentz-force
amplitude of RMF action and scales the force that drives the convection due to the applied
TRMF.

The above definitions of non-dimensional groups (73-75) lead to the final expression of the
relationship (72)

Sh ~ Qsc[i] = Sh~ Ha? sc(i] = Sh~ (TamRe;)sC(ij (78)
D D D

5.3 Experimental details

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
experimental apparatus is presented in figure 3.

This setup may be divided into: a generator of the rotating electromagnetic field (1), a glass
container (2) with the conductivity probes (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
control, 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 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 fig,,; =1—50s" . 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
geometrically 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 connected 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, @y, . The TRMF strength is determined by measuring a
magnetic induction. The values of the magnetic induction at different points inside the glass
container are detected by using a Hall probe connected to the personal computer.

In the present work, the local mass-transfer rates were correlated with the magnetic field
measurements. The aim was to investigate a dissolution process of the NaCl-cylinder probe
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Fig. 3. Sketch of experimental set-up: 1 - generator of rotating magnetic field, 2 - glass
container, 3,4 - conductivity probes, 5 - electronic control box, 6 - a.c. transistorized inverter,
7 - personal computer, 8 - multifunctional electronic switch, 9 - Hall probe

under the action of TRMF. Three measurement positions (I, II and III) were located between
the wall and the centre of the glass container. All measurement positions (see Fig.4) were
investigated only for a few TRMEF levels. The exact localization of a NaCl cylinder sample is
graphically presented in figure 4.

: ; .
@ position | ' ® B
‘\:'/ ’ position |1 u position |

position 1l position 11

position 111

h/H i ——0.15m

r/lR rR

Fig. 4. The graphical presentation of measurements position inside the glass cylindrical
container
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The TRMEF is produced by coils located around the cylinder, and the axes are directed along
the radius. When the alternating current is supplied to the windings, the generated MF
rotates around the cylinder column. An a.c. transistorized inverter controlled the rotating
frequency (equal to the alternating frequency current in the range of fyg,; =1-50s").

A typical example of dependence relationship between the spatial distribution of the
magnetic induction and various current values of level is presented in figure 5.

Fig. 5. The typical example of the dependence between the magnetic induction and the
various values of current intensity: (a) frrur =157, (0) firar =255, () frrr =505~

The TRMF with the magnetic induction, B, is controlled by using an a.c. alternating current
frequency equal to the frequency of TRMF. As follows form the experimental
measurements, the values of a magnetic induction are spatially distributed and time
independent. It is seen that in the area occupied with this container, the TRMF distribution
depends strongly on the spatial coordinates (see Fig.5). A local mass-transfer rate was

100 ¢ ey
O x=0.08m
O x=0.11m
A x=0.14m
approximation
~ 10 F ‘
E. [
[rey
% C
m 1
b
0,1
0,1 1 10 100

f [Hz]

Fig. 6. The variations of the averaged magnetic induction in different localizations of NaCl-
cylinder sample
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obtained in three radial locations (I for x = 0.08 m; II for x = 0.11 m; III for x = 0.14 m) form
the wall of the cylindrical container. It is seen that the magnetic induction at locations III and
II is greater than an location I (see Fig.5). Typical profiles of the averaged magnetic
induction at different locations of a NaCl-cylinder sample are graphically shown in figure 6.

In order to establish the effect of a current level on the averaged values of a local magnetic
induction, the obtained data shown in this figure may be analytically described by:

x=0.08m= B, (f)=0.013f +0.46 (79a)
x=011m=B,(f)=011f+1.25 (79b)
x=014m=B,(f)=051f +5.71 (79¢)

The enhancement of the dissolutions process under the action of TRMF was carried out by
using the experimental set-up shown in Fig.3 and described in section 4.2.

5.4 Result and discussion
Under the TRMF conditions, a relationship for the mass-transfer can be described in the
general form:

Sh=f[(Ta,Re,}'),5¢] (80)

In the presented report, the mass-transfer process under the action of TRMF is described by
using the modified magnetic Taylor number, which defines the magnitude of the magnetic
effect in the tested experimental set-up. The results of our experiments suggest that this non-
dimensional number may be expressed as follows:

{Tum} _ [Bx (f):|2 X O, Py
* o

(81)

The modified dimensionless field frequency based Reynolds number may defined by using
the following relation

2
{ R%} = DX 82)
X V(]
In order to establish the effect of all important parameters on mass-transfer process in the
tested set-up, in the wide range of variables data obtained in the present work have been
analyzed, we propose the following relationship

Sh=2+ a[{Tam}x (Re,} ]b 5¢¢ (83)

The effect of mass-transfer process under the action of RMF can be described using the
-1

b
variable (Sh—2)Sc™ proportional to the term a[{Tum}x {Rem} J . The experimental results



138 Advanced Topics in Mass Transfer

obtained in this work are graphically illustrated in log{(Sh—Z)Sc’C} versus

e
log{a[{ﬂzm}x{Rew}JC } } in figure 7.

25 A N A |
b | O position| (x=0.08 m)
O position Il (x=0.11 m)
[ | A position Il (x=0.14 m)
20 [ approximation

(Sh-2) s¢**

1E-10 1E-9 1E-8 1E-7 1E-6 11 E-5 1E-4 1E-3
{Ta_} {Re }
Fig. 7. The graphical presentation of mass-transfer data under the action of the TRMF

The exponent of the dimensionless Schmidt number is 0.33 as there is some theoretical and
experimental evidence for this value. The experimental results in figure 7 suggest that the

term (Sh—2)Sc™® versus the term [{Tﬂm}x{R%}j] may be analytically described by a

unique monotonic function. The constants and exponents are computed employing the
Matlab software and the principle of least squares and the proposed relationship (19) may
be rewritten in the following forms

x=0.08m > (SSIZ;SZ ). 16[{Tam}x {Rew}xl}om (84a)
x=0.011m — (S:C[;f )_ 18[{Tam}x {Re,}” ]0'006 (84b)
x=01dm —> (5:5 i[;f) - 21[{Tam}x (Re,}” T'm (840)

Figure 7 presents a graphical form of the above equation (84) as the full curves, correlated
the experimental data very well with the standard deviation equal to o, =0.17 (localization
I), 0, =021 (localization II) and o, =0.58 (localization III). The average percentage errors
of these data are equal to &1=054%(R=089), &n=-018%(R=086) and
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Sm =0.14%(R=0.75). Figure 7 gives an overview results, in the form of the proposed
analytical description (see Eqs 84a-84c) for the experimental investigations. The first
conclusion drawn from the inspection of this graph is that the proposed relationships fit the
analysed experimental data very well.

Figure 7 demonstrates that, within the scatter limits among the plotted data represented by
points, the dimensionless Sherwood number increases with increasing the magnetic local
Taylor number. It was found that as the intensity of the MF increases, the relative velocity of
liquid inside the cylindrical container increases. This liquid rotation may be defined by

using the proposed term [{Tam} {Rew}il] The obtained relationships (see equation 84)

indicate that the transfer rates would increase with this term for location

-1

I - Sh~ [{Tam}x {Rew}x ]0'005 , location II - Sh~ [{Tam}x {Rew}

_,10.006
] and location

X

0.012

II- Sh~ [{Tam}x {Rem}j} , respectively.

Moreover, the experimental results shown in figure 7 suggest the following expression:

&2 (fro e, (5] @

where the Sherwood number is function of the adequate dimensionless numbers and the
dimensionless location of a NaCl-cylindrical sample, (%) . The effect of location of sample

may be described by means of the relatively simple unique dimensionless relationship as
follows:

Sh=2+ u[{Tam}x (Re,}” ]h s¢¢ (g)d (86)

The constant a and exponent b, ¢ and d in Eq.(86) are computed by using the principle of
least square. Applying the software Matlab the analytical relationship may be obtained:

sh-2+225[{1a} {Re,} " s (%) v
-2e28[{Ta) e} ] s (5] "

The graphical presentation of Eq.(87) is given in figure 8.
The proposed form of Eq.(87), which is presented in figure 8 as the full curve, correlates the
data very well with a standard deviation o =0.05. The average percentage error of all the

datais &= —0.21%(R = 0.92) . Figure 8 demonstrate that, within the limits of scatter among

the plotted data represented by the points, the mass-transfer rate (dimensionless Sherwood

L d
number) increase with increasing the term a[{Tam}X {Rew}xl] Sc‘(%) . This figure shows a

strongly increase in mass-transfer process when the RMF is applied. It was found that the
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Sherwood number increase with increase in the local magnetic Taylor number. It should be
noted that the mass-transfer rate is increased with the dimensionless location of a

0.3
NaCl- cylindrical sample [%j .

0:9 L "”"'| & """'| % """'| R ALY LA AL ""__','_""_
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-1
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Fig. 8. The graphical presentation of equation (87)

6. Conclusion

The present considerations show interesting features concerning the effects of forced
convection on the mass-transfer in the mixing systems. Based on the experimental results,
the effects of the reciprocating agitators for the wide range of Reynolds number are
correlated by the suitable equations. With the respect to the other very useful mass-transfer
relationships given in the pertinent literature, the theoretical description of problem and the
equations predicted in the present work is much more attractive because it generalizes the
experimental data taking into consideration the various parameters, which defined the
hydrodynamic state and the intensity of forced convection effects in the tested mixing
systems. Moreover, the list of empirical equations for the prediction of mass-transfer
coefficients for the rotational agitated systems has been presented. The tabulated
correlations in Table 2 may be successfully applied to study the dissolution of solid bodies
in the rotational stirred tank.

It should be noticed that the novel approach to the mixing process presented and based on
the application of transverse rotating magnetic field (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 under the TRMF conditions. Therefore, the
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experimental investigations have been conducted to explain the influence of this kind of
magnetic field (MF) on the mass-transfer enhancement. Moreover, the influence of
localization of NaCl-cylindrical sample on the mass-transfer was determined. The influence
of the TRMF on this process is described using the non-dimensional 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 TRMF on this operation in the form of the novel type dimensionless correlation.

The study of mass-transfer process under the action of TRMF results in significant
enhancement of the solid dissolution rate. The mass-transfer measurements obtained in the
presence of this kind of MF indicates a strong dependency on dissolution rate per
localization of NaCl-cylindrical sample. In the present report, the mass-transfer under the
action of TRMF is described by novel type of dimensionless group (the local magnetic
Taylor number).
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1. Introduction

Convective flows with simultaneous heat and mass transfer under the influence of a magnetic
field and chemical reaction arise in many transport processes both naturally and artificially
in many branches of science and engineering applications. This phenomenon plays an
important role in the chemical industry, power and cooling industry for drying, chemical
vapour deposition on surfaces, cooling of nuclear reactors and petroleum industries.

Natural convection flow occurs frequently in nature. It occurs due to temperature differences,
as well as due to concentration differences or the combination of these two, for example
in atmospheric flows, there exists differences in water concentration and hence the flow is
influenced by such concentration difference.

Changes in fluid density gradients may be caused by non-reversible chemical reaction in the
system as well as by the differences in molecular weight between values of the reactants and
the products. Chemical reactions can be modeled as either homogeneous or heterogeneous
processes. This depends on whether they occur at an interface or as a single phase volume
reaction. A homogeneous reaction is one that occurs uniformly throughout a given phase.
On the other hand, a heterogeneous reaction takes place in a restricted area or within the
boundary of a phase. In most cases of chemical reactions, the reaction rate depends on
the concentration of the species itself. A reaction is said to be of first order, if the rate of
reaction is directly proportional to the concentration itself, (Cussler, 1988). For example,
the formation of smog is a first order homogeneous reaction. Consider the emission of
nitrogen dioxide from automobiles and other smoke-stacks. This nitrogen dioxide reacts
chemically in the atmosphere with unburned hydrocarbons (aided by sunlight) and produces
peroxyacetylnitrate, which forms an envelop which is termed photo-chemical smog.

The study of heat and mass transfer with chemical reaction is of great practical importance
in many branches of science and engineering. (Das et al., 1994) studied the effects of mass
transfer flow past an impulsively started infinite vertical plate with constant heat flux and
chemical reaction. (Anjalidevi & Kandasamy, 1999) studied effects of chemical reaction, heat
and mass transfer on laminar flow along a semi-infinite horizontal plate. More recently,
intensive studies have been carried out to investigate effects of chemical reaction on different
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flow types (see Seddeek et al. 2007; Salem & Abd El-Aziz 2008; Mohamed 2009; Ibrahim et
al.,2008).

Convection flows in porous media has gained significant attention in recent years because of
their importance in engineering applications such as geothermal systems, solid matrix heat
exchangers, thermal insulations, oil extraction and store of nuclear waste materials. These
can also be applied to underground coal gasification, ground water hydrology, wall cooled
catalytic reactors, energy efficient drying processes and natural convection in earth’s crust.
Detailed reviews of flow through and past porous media can be found in (Nield and Benjan,
1999). (Abel et al., 2001) studied the two-dimensional boundary layer problem on mixed
convection of an incompressible visco-elastic fluid immersed in a porous medium over a
stretching sheet. (Ali, 2007) analyzed the effect of lateral mass flux on natural convection
boundary layer induced by heated vertical plate embedded in a saturated porous medium.
The use of magnetic field that influences heat generation/absorption process in electrically
conducting fluid flows has many engineering applications. For example, many metallurgical
processes which involve cooling of continuous strips or filaments, which are drawn through
a quiescent fluid. The properties of the final product depend to a great extent on the rate of
cooling. The rate of cooling and therefore, the desired properties of the end product can be
controlled by the use of electrically conducting fluids and the applications of the magnetic
fields (Vajravelu & Hadjinicalaou 1997). Many works have been reported on flow, heat and
mass transfer of electrically conducting fluids over semi-infinite/infinite plates/stretching
surfaces in the presence of magnetic field (see for instance Chamkha & Khaled, 2000; Shateyi
et al. 2007, 2010; Makinde & Sibanda 2008; Bég et al. 2009, Pal & Talukdar 2010, Makinde &
Aziz 2010).

The study of heat generation or absorption in moving fluids is important in problems dealing
with chemical reactions and those concerned with dissociating fluids. Heat generation effects
may alter the temperature distribution and this in turn can affect the particle deposition rate
in nuclear reactors, electronic chips and semi conductor wafers. Although exact modeling
of internal heat generation or absorption is quite difficult, some simple mathematical models
can be used to express its general behaviour for most physical situations. Heat generation
or absorption can be assumed to be constant, space-dependent or temperature-dependent.
(Crepeau & Clarksean 1997) have used a space-dependent exponentially decaying heat
generation or absorption in their study on flow and heat transfer from a vertical plate. Several
interesting computational studies of reactive MHD boundary layer flows with heat and mass
transfer in the presence of heat generation or absorption have appeared in recent years (see
for example Patil & Kulkarni, 2008; Salem & El-Aziz, 2008; Samad & Mohebujjaman, 2009;
Mohamed, 2009; Mahdy, 2010 ).

When technological processes take place at higher temperatures thermal radiation heat
transfer has become very important and its effects cannot be neglected (Siegel & Howel,
2001). The effect of radiation on MHD flow, heat and mass transfer become more important
industrially. Many processes in engineering areas occur at high temperature and a knowledge
of radiation heat transfer becomes a very important for the design of the pertinent equipment.
The quality of the final product depends to a great extent on the heat controlling factors, and
the knowledge of radiative heat transfer in the system can lead to a desired product with
sought qualities. Different researches have been forwarded to analyze the effects of thermal
radiation on different flows (Cortell, 2008; Bataller, 2008; Ibrahim et al. 2008; Shateyi, 2008;
Shateyi and Motsa, 2009; Aliakba et al., 2009; Shateyi et al., 2010, Hayat, 2010; Cortell, 2010;
among other researchers).
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In spite of all the previous studies, the unsteady MHD free convection heat and mass transfer
for a heat generation/absorption with radiation absorption in the presence of a reacting
species over an infinite permeable plate has received little attention. Hence, the main objective
of this chapter is to investigate the effects of thermal radiation, chemical reaction, heat
source/sink parameter of an electrically conducting fluid past an infinite vertical porous
plate subjected to variable suction. The plate is assumed to be embedded in a uniform
porous medium and moves with a constant velocity in the flow direction in the presence
of a transverse magnetic field. The governing equations are transformed into a system
of nonlinear ordinary differential equations by using suitable similarity transformations.
Numerical calculations are carried out using the spectral homotopy analysis method (SHAM).
The SHAM is a modified version of the homotopy analysis method (HAM), (Liao, 2003)
and the Chebyshev spectral collocation method (Trefethen, 2000). The SHAM has been
successfully used by (Motsa et al. 2010a,b). One strength of the SHAM is that it removes
restrictions of the HAM such as the requirement for the solution to conform to the so-called
rule of solution expression and the rule of coefficient ergodicity. Also, the SHAM inherits
strengths of the HAM, for example, it does not depend on the existence of a small parameter
in the equation to be solved, it avoids discretization, and the solution obtained is in terms of
an auxiliary parameter 71 which can be conveniently used to determine the convergence rate
of the solution.

Graphical results for the velocity, temperature and concentration profiles based on the
numerical solutions are presented and discussed. We also discuss the effects of various
parameters on the skin-friction coefficient and the rate of heat and mass transfer at the surface.

2. Mathematical formulation

We consider an unsteady two-dimensional flow of an incompressible and electrically
conducting viscous fluid, along an infinite vertical permeable plate embedded in a porous
medium, with thermal radiation, heat generation/absorption and chemical reaction. The x—
axis is taken on the infinite plate, and parallel to the free-stream velocity which is vertical and
the y— axis is taken normal to the plate. Since the motion is two dimensional and the length
of the plate is large enough, all the physical variables are independent of x. A magnetic field
By of uniform strength is applied transversely to the direction of the flow. The transversely
applied magnetic field and magnetic Reynolds number are assumed to be very small so that
the induced magnetic field and the Hall effect are negligible. In this chapter assumption is
also made that there is no applied voltage which implies the absence of an electric field. The
plate is maintained at constant temperature Ty, and concentration Cy,, higher than the ambient
temperature Te, and concentration Coo, respectively.

The analysis considers a homogeneous first-order chemical reaction with constant rate k.
between the diffusing species and the fluid. The fluid is assumed to have constant properties
except that the influence of the density variations with temperature and concentration
which are considered only in the body force term. The governing equations for the problem
considered in this chapter are based on the balances of mass, linear momentum, energy and
concentration species. These equations are as given below:

Continuity equation:

v
dy
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Momentum equation:

ou ou o%u 0B} v b ,
a Py T Vﬁ+8ﬁt(T*Tw)+gﬁc(C*Cw)*7”*KM*EM, 03]
Energy equation:
oT T  *T 1 9, Qo
= — =0 —=  — (T - T 1(C—Cw),
ot +vay lxayz PCp ay pcp( )+Q1(C C ) (3)
Mass diffusion equation:
2
%€ 1% _p2C pc-cw) @

ot oy ay”

Where x, y are the dimensional distance along and perpendicular to the plate, respectively.
u and v are the velocity components in the x, y directions respectively, ¢ is the gravitational
acceleration, p is the fluid density, B; and B are the thermal and concentration expansion
coefficients respectively, K is the Darcy permeability, b is the emperical constant, By is the
magnetic induction, T is the thermal temperature inside the thermal boundary layer and C is
the corresponding concentration, ¢ is the electric conductivity, « is the thermal diffusivity, c,
is the specific heat at constant pressure, D is the diffusion coefficient, g, is the heat flux, Qp
is the dimensional heat absorption coefficient, Q7 is the coefficient of proportionality of the
radiation and k. is the chemical reaction parameter.

The boundary conditions for the velocity, temperature and concentration are:

u=Uy, v=o(t), T=Ty, C=Cyp at y=0 (5)
u=0, T=Tw, C=Cexn, as y— oo. (6)

By using the Rosseland diffusion approximation (Hossain et al. 1999) and following (Raptis,

1999) among other researchers, the radiative heat flux, g, is given by
40" 9T*

= 7

" 3Ks dy ’ @

where ¢* and K; are the Stefan-Boltzman constant and the Roseland mean absorption
coefficient, respectively. We assume that the temperature differences within the flow are
sufficiently small such that T* may be expressed as a linear function of temperature.

T* ~ 4T3 T — 3T%. (8)
Using (7) and (8) in the last term of equation (3) we obtain

9q, 1607 T3, &*T
dy 3K oy?’

©)

In order to obtain a local similarity solution (in time) of the problem under consideration we
introduce a time dependent length scale ¢ as

5=5(1). (10)
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A convenient solution of equation (1) in terms of this length scale is considered to be in the
following form

v=o(t) = —=vp, (11)

where vy > 0 is the suction parameter.
These non-linear partial differential equations are then transformed by a similarity
transformation into a system of ordinary differential equations given as;

ReFs

f”+(217+vo)f’+Gr9+Gc4>fofDaff o f2=0, (12)
(1;1{)9" + (27 +09)8 — Q8+ Qap =0, (13)
1

59+ @+ 00)9 =19 =0, (14)

where primes denote differentiation with respect to 7 and Da = 52 is the local Darcy number

u"" is the local Reynolds number, Pr = 1s the

Q‘l(cw C )
(T-Too

Fs= g is the local Forchheimer number, Re =
is the absorptlon

= £ is the Schmidt
number, M = 22 p B is the magnetic field parameter, R is the thermal radiation parameter, Gr =

Bt (Tw — Teo)0% /vl is the local Grashof number, Gc = gBc(Cw — Co0)0%/ Uy is the modified
Grashof number.
The corresponding boundary conditions for t > 0 are transformed to:

Prandtl number, Q) = :)20 is the heat absorptlon parameter Q=

kco?

of radiation parameter ¥=-5

F=1 6=1, ¢=1, at 5 =0, (15)
f=0,60=0,¢=0as 5 — co. (16)

The resultant system of coupled and non-linear ordinary differential equations are then
solved by the Spectral homotopy analysis method (SHAM). The effects of various parameters
such as local Darcy number, Schmidt number, Hartmann, radiation parameter, reaction rate
parameter and Grashof numbers on the velocity, temperature, concentration, skin-friction
coefficient, Nusselt number and Sherwood numbers are shown in figures and tables and
analyzed in detail.

3. Solution methods

To solve the equation system (12) - (14) we first use the Chebyshev pseudospectral method
(CPM) to solve equation (14) for ¢(77) and use the result in (13) to solve for 6(77) using the
Chebyshev pseudospectral method again. The solutions for 6(1) and ¢() are substituted in
(12) to obtain a nonlinear equation in f (7). To solve the resulting nonlinear equation we use
the spectral homotopy analysis method (SHAM) which is based on a blend of the Chebyshev
pseudospectral method with the standard homotopy analysis method (HAM).

Before applying the CPM and SHAM we use the domain truncation approach to approximate
the domain of the problem [0,00) by the numerical computational domain [0, L], where L is
a fixed length that is taken to be sufficiently larger than the thickness of the boundary layer.
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We then transform the domain [0, L] to the domain [—1,1], on which the Chebyshev spectral
method can be implemented, using the algebraic mapping

;=2 1, el (17)

To solve (13) and (14) we use the Chebyshev pseudospectral method and approximate the
unknown functions 6(&) and ¢(¢) as a truncated series of Chebyshev polynomials of the form

N N
0(8) = ) 6Tk(C), 9(@)~ ) »T(E), j=01,...,N (18)
k=0 k=0
where Ty is the kth Chebyshev polynomial, and ¢o,Cy,...,¢n are Gauss-Lobatto collocation
points (see Canuto et al. 1988) defined by

s
g’,‘j—cosﬁ, j=0,1,...,N. (19)
and N + 1 is the number of collocation points. Derivatives of the functions 6(77) and ¢(7) at
the collocation points are represented as

dare N dr 4) N
i r _ r
ay k;Oij@(Cj)f ar I;)ij¢(§j) (20)
where r is the order of differentiation and D = %D with D being the Chebyshev spectral
differentiation matrix (see for example, Canuto et al. 1988; Trefethen 2000) whose entries are
defined as

Dy — GV k01N
]k - Ck C]ggk ] /]/ — YUsdyeea Ny
Dy = ——%__  k=12..N-1,
“ 2(1-¢2) (21)
2N? +1
Dy = ¢ — Dwnn
Substituting equations (18) - (21) in (13) yields
C® =0 (22)
subject to the boundary conditions
PEn) =1, ¢(Go) =0, (23)
where
c = %DZ + (25 +0oI)D — 91, (24)
@ = [p(0) 4@ 9N, (25)
) = diag([ro,m,- - 1ND)- (26)

In the above definitions T stands for transpose, I denotes an identity matrix of order (N + 1)
and diag denotes a diagonal matrix of size (N + 1) x (N +1). The boundary conditions (23)
are imposed on the first and last rows of the matrices C and ® as follows
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1 0 0 0 ¢(Go) 0
$(61) 0
C : = : (27)
¢(En-1) 0
00 0t P(EN) 1

The solution for @ is then obtained from solving
@ =C 'Ky, (28)

where K; is the right hand side of equation (27). Applying the Chebyshev spectral method on
equation (13) to solve for (1) gives

BO = —Q,® (29)
subject to the boundary conditions
0(cn) =1, 0(5o) =0, (30)
where
B = #Dz + (2) + voI)D — QI (31)
® = [0(60),6(51),---, 0N, (32)

The boundary conditions (30) are imposed on the first and last rows of the matrices in equation
(29) as follows;

10 -~ 00 0(%o) 0
0(¢1) —Q29(81)
B : = : (33)
00 - 0 1 Géé(rgl\;)l) _Q2‘P§CN71)

The solution for O is then obtained from solving
0 =B 'K;, (34)

where Kj is the right hand side of equation (34). Once the solutions for ¢(7) and 6(7) have
been found using equations (28) and (34), respectively, the SHAM approach is then used to
solve then nonlinear equation (27) for f (7).

In applying the SHAM, it is convenient to make the boundary conditions homogeneous by
making use of the transformation

F@)=fn) + foln),  foln) =e™" (35)

where f((17) is an initial guess chosen to satisfy the boundary conditions for f(1). Substituting
(35) in the governing equation (12) and the associated boundary conditions gives

F" + a1 ()F' + a2 (n)F — p1F* = y(n), (36)
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subject to
F(0)=0, F(c0)=0, 37)
where
B o 1 | 2ReFsfo(n) _ ReFs
P <M+ oy DA, RS (39)
11 / 1 ReFs ,
Y = —|fi+ @1 +w)fy+Gré+Gep— Mfo— 5-fo— 5o (39)

We look for an initial approximation, Fy(#), which is the solution of the linear part of the
governing equation (36) given by

F + a1 (n)Fy + az () Fo = (y), (40)

subject to

Fo(0) = Fo(e0). (41)
The problem (40) - (41) is first transformed, using (17), to the interval [-1,1] then solved using
the Chebyshev pseudospectral method. The unknown function Fy(¢) is approximated as

N
Fo(&) ~ Y Fo(x)Tk(&j), j=0,1,...,N (42)
=0

After transforming the derivatives and substituting equations (42) in (40) - (41) we obtain

AF =Y (43)

subject to the boundary conditions
Fo(Sn) = Fo(So) =0, (44)

where

A = D?*+aD+a, (45)
Fo = [Fo(%0) Fo(G1),--- Fo(Gn)IT, (46)
Y o= @)y 9N, (47)
as = diag([as(no),as(im),...,as(Mn-1),as(nn)]), s=12, (48)

The boundary conditions (44) are imposed on the first and last rows of the matrices A and ¥
as follows

10 --- 0 0 Fo(So) 0
Fo(81) ¥(1)
A : = : (49)
00 -~ 0 1 P%S%Igl\—])l) IP(CSI—D

The solution for Fy is then obtained from solving

FO == AilKO, (50)
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where K| is the right hand side of (49).
To find the SHAM solutions of (36) we begin by defining the following linear operator
, 0’F oF -
F(n;9)l = = — F 1
L[F(11;9)] a2 +ﬂla’7 +ap (61)
where g € [0,1] is the embedding parameter, and F(7;4) is an unknown function. The zeroth
order deformation equation is given by

(1—q)LIE(7;9) — Fo(n)] = g {NTF(;q9)] — v(1)} (52)

where 1 is the non-zero convergence controlling auxiliary parameter and A is a nonlinear
operator given by
. 0’F oF . o
F(n;9)] = == — F—BiF
NIEGr;q)] o TGy, T P1 (53)
Differentiating (52) m times with respect to g and then setting g = 0 and finally dividing the
resulting equations by m! yields the mth order deformation equations

L[Fu(n) = xmFu-1(n)] = hRu (1), (54)

subject to the boundary conditions

Fin(0) = Fiu(o0) (55)
where
m—1
Rm(’?) = F,;;_1 + alpéq_1 +a2Fy1— P Z FuFp1-n— 1/’(”(1 - Xm) (56)
n=0
and
0, <1
Xm:{l me1 ©7)

Using the transformation (17) and applying the Chebyshev pseudospectral transformation on
equations (54)-(56) gives

AFyu = (s + M) AFy_q — A(1 — xn)¥ + hPyys (58)

subject to the boundary conditions

Fin(EN) = Fn(Zo) =0, (59)
where A and ®, are as defined in (45) and (47), respectively, and
Fu = [Fu(0),En(E1).-. Fu(EN)], (60)
m—1
Py = _,Bl Z FuFp—1-n (61)
n=0

To implement the boundary conditions (59) we delete the first and last rows of P,,_; and ¥ and
delete the first and last row and column of A This results in the following recursive formula
form > 1.

Fn = (Xm + h)mel + hA_l[mel - (1 - Xm)‘f]/ (62)
Thus, starting from the initial approximation, which is obtained from (50), higher order
approximations Fy,(¢) for m > 1, can be obtained through the recursive formula (62).
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4. Results and discussion

In this section we give numerical results obtained by the spectral homotopy analysis method
for the main parameters affecting the flow. Tables 1-6 display results for the skin friction f/(0),
Nusselt number, —6’(0) and the Sherwood number —¢(0) when different parameters are
varied. Table 1 gives the values of the local skin-friction for different values of the Hartmann
number M. Analysis of the tabular data shows that magnetic field strength enhances the local
skin friction as highlighted with increases in the absolute values of the skin friction as M
increases. Physically, this implies that the plate surface exerts a drag force on the fluid. Table
2 shows the effect of the local Darcy number on the local skin friction. From this table we
observe that the skin friction decreases in absolute values as the Darcy parameter increases

M 2nd order 4th order 6th order 8th order 10th order
1  -1.84655375 -1.84671328 -1.84671464 -1.84671465 -1.84671465
5 -2.78956864 -2.78968689 -2.78968758 -2.78968758  -2.78968758

10 -3.65197128 -3.65204866 -3.65204895 -3.65204896 -3.65204896

15 -4.34317940 -4.34323240 -4.34323255 -4.34323255 -4.34323255

20 -4.93446135 -4.93449949  -4.93449957  -4.93449957  -4.93449957

Table 1. Values of the f'(0) for different values of M at different SHAM orders

Da 2nd order 3rd order 4th order 6th order 8th order
1 -1.84655375 -1.84670017 -1.84671328 -1.84671464 -1.84671465
5  -1.43582267 -1.43582436  -1.43582440 -1.43582440 -1.43582440

10 -1.37843023 -1.37843045 -1.37843046 -1.37843046 -1.37843046

15 -1.35893671 -1.35893678 -1.35893678 -1.35893678 -1.35893678

20  -1.34911952 -1.34911955 -1.34911955 -1.34911955 -1.34911955

Table 2. Values of the f'(0) for different values of Da at different SHAM orders

The effect of thermal radiation on the skin friction is depicted on Table 3. We clearly observe
in this table that the absolute values of the skin friction are reduced as the thermal radiation
parameter R increases. Table 4 has been prepared to show the effect of wall suction velocity
on the skin friction. We observe that the magnitude of the local skin friction significantly
increases with increasing values of the wall suction velocity.

R 2nd order 4th order 6th order 8th order 10th order
5 -1.71772583 -1.71778800 -1.71778832 -1.71778833  -1.71778833
10 -1.64867944  -1.64870680 -1.64870690 -1.64870690 -1.64870690
15 -1.60822374 -1.60823854 -1.60823858 -1.60823858 -1.60823858
20 -1.58025980 -1.58026899 -1.58026901 -1.58026901 -1.58026901
30 -1.54255011 -1.54255482  -1.54255483  -1.54255483 -1.54255483

Table 3. Values of the f(0) for different values of R at different SHAM orders

vy  2nd order 4th order 6th order 8th order 10th order
1 -1.84422963 -1.84438345 -1.84438474 -1.84438475 -1.84438475
2 -2.56784574 -2.56822755 -2.56823124 -2.56823128 -2.56823128
3 -3.38334080 -3.38395995 -3.38396583  -3.38396590  -3.38396590
4 -426060301 -4.26139618 -4.26140302 -4.26140309 -4.26140309
5 -5.17790146 -5.17878811 -5.17879476 -5.17879482  -5.17879482

Table 4. Values of the f'(0) for different values of vy at different SHAM orders
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Table 5 has been included to show the effects of varying the wall suction velocity vy, thermal
radiation parameter R, heat absorption parameter (2, absorption of radiation parameter Q»
and the Prandtl number Pr on the local Nusselt number. It can be clearly observed that the
rate of heat transfer between the wall and the fluid increases for increasing values of vy, high
values of Q; as well as Pr. The Nusselt number is observed to be reduced by increasing values
of R and small values of Q5.

0o R Q Qz Pr -0 (0)

1.0 1.0 1.0 1.0 07  0.95840112
20 1.0 1.0 1.0 07  1.22084437
3.0 1.0 1.0 1.0 07  1.50119641
40 10 1.0 10 07 179526126
50 1.0 1.0 10 07 209985847
1.0 20 1.0 10 07 0.76503772
1.0 40 10 10 07  0.58038779
1.0 5.0 1.0 10 07 0.52676177
1.0 100 1.0 1.0 0.7  0.38340898
1.0 10 20 10 07  1.12989889
1.0 1.0 40 10 07 141719168
1.0 10 50 10 07 15419339
1.0 10 100 10 07 205653970
1.0 10 10 20 07  0.81994800
1.0 1.0 10 50 07 040458864
1.0 1.0 1.0 100 0.7 -0.28767696
1.0 1.0 1.0 150 0.7 -0.97994256
1.0 1.0 1.0 200 0.7 -1.67220816
1.0 1.0 1.0 10 01 0.33842173
1.0 1.0 1.0 1.0 0.7  0.95840112
1.0 1.0 1.0 10 1.0 1.17519349
1.0 10 10 10 10.0 5.39718685
1.0 1.0 1.0 1.0 50.0 20.81046541

Table 5. Values of the —¢’(0) for different values of vy, R, 0,Q, and Pr

Table 6 depicts the effects of varying vy, ¥ and Sc on the local Sherwood number. We observe
from this table that all these three parameters cause the local Sherwood number to increase.

Final results are computed for the main physical parameters which are presented by means of
graphs. The influence of the thermal Grashof number Gr, the magnetic field parameter M, the
Darcy number Da, absorption radiation parameter Q,, thermal radiation parameter R, heat
absorption (2, and the suction parameter vy on the velocity profiles can be analyzed from Figs.
(a)-(g). Fig (a) shows the influence of thermal buoyancy force parameter Gr on the velocity.
As can be seen from this figure, the velocity profile increases with increases in the values
of the thermal buoyancy. We actually observe that the velocity overshoot in the boundary
layer region. Buoyancy force acts like a favourable pressure gradient which accelerates the
fluid within the boundary layer therefore the solutal buoyancy force parameter Gm has the
same effect on the velocity as Gr. From Fig (b) we observe that the effect of magnetic field is
to decrease the value of velocity profile through out the boundary layer which result in the
thinning of the boundary layer thickness. Fig (c) displays the influence of the Darcy number
Da on the velocity profile. Increasing the Darcy number increases the velocity. The effect



156 Advanced Topics in Mass Transfer

of increasing the value of the absorption parameter on the velocity is shown in Fig (d). We
observe in this figure that increasing the value of the absorption of the radiation parameter
due to increase in the buoyancy force accelerates the flow rate.

Fig (e) depicts the effect of varying thermal radiation parameter R on the flow velocity. We
observe that the thermal radiation enhances convective flow. Fig (f) illustrates the influence
of heat absorption coefficient () on the velocity. Physically, the presence of heat absorption
(thermal sink) effect has the tendency in resulting in a net reduction in the flow velocity.
This behaviour is seen from Fig (f) in which the velocity decreases as () increases. The
hydrodynamic boundary layer decreases as the heat absorption effects increase. The effects of
vp on the velocity field are shown in Fig (g). It is clearly seen from this figure that the velocity
profiles decrease monotonically with the increase of suction parameter indicating the usual
fact that suction stabilizes the boundary layer growth.

The influence of heat absorption, radiation absorption, thermal radiation and suction on the
temperature distribution is respectively, shown on Figs (h) - (k). Fig (h) depicts the effects
of heat absorption () on the temperature distribution. It is observed that the boundary layer
absorbs energy resulting in the temperature to fall considerably with increasing values of Q).
This is because when heat is absorbed, the buoyancy force decreases the temperature profile.
The effect of absorbtion of radiation parameter on the temperature profile is shown on Fig (i).
It is seen from this figure that the effect of absorption of radiation is to increase temperature
in the boundary layer as the radiated heat is absorbed by the fluid which in turn increases the
temperature of the fluid very close to the porous boundary layer and its effect diminishes far
away from the boundary layer. From Fig (j) we observe that the effect of thermal radiation
is to enhance heat transfer as thermal boundary layer thickness increases with increase in the
thermal radiation. We observe that the effect of R is to increase the temperature distribution in
the thermal boundary layer. This is because the increase of R implies increasing of radiation
in the thermal boundary layer, and hence increases the values of the temperature profiles in
thermal boundary layer. Lastly the effect of suction parameter vy on the temperature field is
displayed in Fig (k). We see that the temperature profiles decrease with increasing values of
vp. This is because sucking decelerates fluid particles through the porous wall reducing the
growth of the fluid boundary layer as well as thermal and concentration boundary layers.

v v Sc —¢'(0)
1 1 0.6 1.53261796
2 1 0.6 1.97076626
3 1 0.6 2.44776350
4 1 0.6 2.95336689
5 1 0.6 3.47988849
1 0 0.6 1.28843084
1 5 0.6 2.25555303
1 10 0.6 2.90467826
1 20 0.6 3.87130625
1 50 06 5.84331065
1 1 0.6 1.53261796
1 1 1.0 2.13711784
1 1 2.0 3.45301022
1 1 5.0 6.90551441
1 1 10.0 12.23149717

Table 6. Values of the —¢’(0) for different values of vy, v and Sc
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Figs (I) and (m) depict the influence of the non-dimensional chemical reaction parameter
7 and the suction parameter on concentration profiles, respectively. The effect of chemical
reaction parameter is very important in the concentration field. Chemical reaction increases
the rate of interfacial mass transfer. Reaction reduces the local concentration, thus increases its
concentration gradient and its flux. In Fig (m) we see that the concentration profiles decrease
with increasing values of the suction parameter.
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5. Conclusions

In this chapter, a new improved numerical technique to solve the problem of unsteady
magnetohydrodynamic convective heat and mass transfer past an infinite permeable vertical
plate in porous medium with thermal radiation, heat absorption and chemical reaction has
been employed. The highly non-linear momentum, energy and species boundary layer
equations are converted into ordinary differential equations using similarity transformations
before being solved using the spectral homotopy analysis method. The effects of various
physical parameters like buoyancy parameter, Hartmann number, Darcy number, suction,
thermal radiation and chemical reaction on velocity, temperature and concentration profiles
are obtained.

The following main conclusions can be drawn from the present chapter:

1. Wall suction stabilizes the velocity, thermal as well as concentration boundary layer
growth.

2. Boundary layer flow attain minimum velocity values for large Hartmann numbers.

3. Buoyancy parameter is to increase the velocity distribution in the momentum boundary
layer.

4. The presence of heat absorption effects cause reductions in the fluid temperature which
resulted in decreases in the fluid velocity.

5. The concentration decreases with increasing the chemical reaction parameter.

6. Both the velocity and temperature profiles increase with increasing values of radiation
absorption parameter.

These results might find wide applications in engineering, such as geothermal system, heat
exchangers, and nuclear waste depositors.



160

Advanced Topics in Mass Transfer

6. References

(1]
(2]

(3]

[7]

(8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

Cussler, E.L. (1988). Diffusion Mass Transfer in Fluid Systems, Cambridge University Press,
London.

Das, U.N, Deka, R., & Soundalgekar, V.M. (1994). Effects of mass transfer on flow past an
impulsively started infinite vertical plate with constant heat flux and chemical reaction.
J. Forshung Im Ingenieurwesen-Engineering Research Bd, 60, 284-287.

Anjalidevi, S.P. & Kandasamy, R. (1999). Effects of chemical reaction, heat and mass
transfer on laminar flow along a semi infinite horizontal plate. Heat and Mass Transfer,
35, 465-467.

Seddeek, M.A., Darwish, A.A. & Abdelmeguid, M.S. (2007). Effects of chemical reaction
and variable viscosity on hydromagnetic mixed convection heat and mass transfer for
Hiemenz flow through porous media with radiation, Commun Nonlinear Sci. Numer.
simulat., 15, 195-213.

Salem, AM. & Abd El-Aziz, M. (2008). Effect of Hall currents and chemical
reaction on hydromagnetic flow of a stretching vertical surface with internal heat
generation/absorption. Applied Mathematical Modelling, 32, 1236-1254.

Mohamed, R. A., (2009). Double-Diffusive Convection-radiation Interaction on Unsteady
MHD Flow over a Vertical Moving Porous Plate with Heat Generation and Soret Effects,
Applied Mathematical Sciences, 3, (13), 629-651.

Ibrahim, E.S., Elaiw, A.M., & Bakr, A.A. (2008). Effect of chemical reaction and radiation
absorption on the unsteady MHD free convection flow past a semi infinite vertical
permeable moving plate with heat source and suction. Commun Nonlinear Sci. Numer.
simulat., 13, 1056-1066.

Mahdy, A. (2010). Effect of chemical reaction and heat generation or absorption on
double-diffusive convection from a vertical truncated cone in a porous media with
variable viscosity. International Communications in Heat and Mass Transfer, 37, 548-554.
Nield, D. A., & Bejan, A., (1999). Convection in Porous Media, 2nd edition. Springer-Verlag,
New York .

Abel, M.S., Kan, S.K., Prasad, K.V. (2001). Convective heat and mass transfer in a
visco-elastic fluid flow through a porous medium over a stretching sheet. International
Journal of Numerical Methods for Heat and Fluid flow, 11(8), 779-792.

Ali, M.E. (2007). The effect of lateral mass flux on the natural convection boundary layers
induced by a heated vertical plate embedded in a saturated porous medium with internal
heat generation. Int. |. Thermal Sci., 46, 157-163.

Vajravelu, K., & Hadjinicolaou, A., (1997). Convective heat transfer in an electrically
conducting fluid at a stretching surface with uniform free stream.Int. J. Eng. Sci, 35,
1237-1244.

Chamkha, A. J., & Khaled, A. R. A., (2000). Similarity solutions for hydromagnetic
mixed convection heat and mass transfer for Hiemenz flow through a porous medium.
Int.]. Numerical Methods for Heat and Fluid Flow, 10, 94-115.

Shateyi, S., Sibanda, P, & Motsa, S.S., (2007). Magnetohydrodynamic flow past a vertical
plate with radiative heat transfer, Journal of Heat Transfer, 129, 1708-1714.

Shateyi, S. Motsa, S.S., & Sibanda, P. (2010). The Effects of Thermal Radiation, Hall
Currents, Soret, and Dufour on MHD Flow by Mixed Convection over a Vertical Surface
in Porous Media, Mathematical Problems in Engineering, Volume 2010, Article ID 627475,
20 pages doi:10.1155/2010/627475.

Makinde, O.D & Sibanda, P. (2008). Magnetohydrodynamic mixed convective flow and



Unsteady Magnetohydrodynamic Convective Heat and Mass TransferyPast an Infinite Vertical
Plate in a Porous Medium with Thermal Radiation, Heat Generation/Absorption and Chemical... 161

(17]

(18]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

heat and mass transfer past a vertical plate in a porous medium with constant wall
suction. ASME - Journal of Heat Transfer , 130 (11260), 1-8.

Bég, O.A., Zueco, ]., Bhargava, R., & Takhar, H.S. (2009). Magnetohydrodynamic
convection flow from a sphere to a non-Darcian porous medium with heat generation
or absorption effects: network simulation. International Journal of Thermal Sciences, 48,
913-921.

Pal, A. & Talukdar, B. (2010). Perturbation analysis of unsteady magnetohydrodynamic
convective heat and mass transfer in a boundary layer slip flow past a vertical permeable
plate with a thermal radiation and chemical reaction, Commun Nonlinear Sci. Numer.
simulat., 15, 1813-1830.

Makinde, O.D & Aziz, A. (2010). MHD mixed convection from a vertical plate embedded
in a porous medium with a convective boundary condition. International Journal of
Thermal Sciences, 49, 1813-1820.

Crepeau, J.C. & Clarksean, R. (1997). Similarity solutions of natural convection with
internal heat generation |. Heat Transfer, 119, 183-185.

Patil PM., & Kulkarni, P.S. (2008). Effects of chemical reaction on free convective flow
of a polar fluid through a porous medium in the presence of internal heat generation.
International Journal of Thermal Sciences, 47, 1043-1054.

Salem, M.A., & Abd El-Aziz, M. (2008). Effect of Hall currents and chemical
reaction on hydromagnetic flow of a stretching vertical surface with internal heat
generation/absorption. Applied Mathematical Modelling, 32, 1236-1254.

Samad, M.A., & Mohebujjaman, M. (2009). MHD Heat and Mass Transfer Free
Convection Flow anong a Vertical Stretching Sheet in Presence of Magnetic Field with
Heat Generation. Research Journal of Applied Science, Engineering and Technology, 1(3),
98-106.

Siegel, R., & Howell, J.R. (2001). Thermal Radiation Heat Transfer, Speedy Hen, London,
CA, United Kingdom , (ISBN: 1560328398 / 1-56032-839-8).

C. Canuto, M. Y. Hussaini, A. Quarteroni, and T. A. Zang (1998). Spectral Methods in Fluid
Dynamics, Springer-Verlag, Berlin, 1988.

Cortell, R., (2008). Effects of viscous dissipation and radiation on the thermal boundary
layer over a nonlinearly stretching sheet. Phys Lett A, 372, 631-636.

Bataller, R.C., (2008). Radiation effects for the Blasius and Sakiadis flows with a
convective surface boundary condition. Appl Math Comput, 206: 832-840.

Ibrahim, ES., Elaiw, A.M., & Bakar, A.A. (2008). Effect of the chemical reaction and
radiation absorption on the unsteady MHD free convection flow past a semi infinite
vertical permeable moving plate with heat source and suction. Communications in
Nonlinear Science and Numerical Simulation, 13, 1056-1066.

Shateyi, S. (2008). Thermal Radiation and Buoyancy Effects on Heat and Mass Transfer
over a Semi-Infinite Stretching Surface with Suction and Blowing, Journal of Applied
Mathematics, Volume 2008, Article ID 414830, 12 pages doi:10.1155/2008 /414830.
Shateyi, S., & Motsa, S.S. (2009). Thermal Radiation Effects on Heat and Mass Transfer
over an Unsteady Stretching Surface. Mathematical Problems in Engineering, Volume 2009,
Article ID 965603, 13 pages doi:10.1155/2009/965603.

Aliakbar, V., Alizadeh-Pahlavan, A. & Sadeghy, K., (2009). The influence of thermal
radiation on MHD flow of Maxwellian fluids above stretching sheets. Commun Nonlinear
Sci Numer Simulat, 14(3): 779-794.

Hayat, T., & Qasim, M. (2010). Influence of thermal radiation and Joule heating on MHD



162 Advanced Topics in Mass Transfer

flow of a Maxwell fluid in the presence of thermophoresis. Int. . Heat Mass Transfer,
doi:10.1016/j.ijheatmasstransfer.2010.06.014.

[33] Cortell, R, (2010). Suction, viscous dissipation and thermal radiation effects on the flow
and heat transfer of a power-law fluid past an infinite porous plate, Chem Eng Res Des,
doi:10.1016/j.cherd.2010.04.017

[34] S.J. Liao (2003), Beyond perturbation: Introduction to homotopy analysis method.
Chapman & Hall/CRC Press, 2003.

[35] S.S.Motsa, P. Sibanda and S. Shateyi (2010a), A new spectral-homotopy analysis method
for solving a nonlinear second order BVP. Commun. Nonlinear Sci. Numer. Simulat. 15
(2010a) 2293-2302.

[36] S.S.Motsa, P.Sibanda, F. G. Awad, S. Shateyi (2010b), A new spectral-homotopy analysis
method for the MHD Jeffery-Hamel problem, Computer & Fluids , 39 (2010b) 1219-1225.

[37] M. A. Hossain, M.A. Alim, and D. A. S. Rees (1999), The effect of radiation on free
convection from a porous vertical plate. Int. ]. Heat Mass Transfer, 42, (1999), 181 - 191.

[38] A. Raptis (1998), Flow of a micropolar fluid past a continuously moving plate by the
presence of radiation, Int. |. Heat Mass Transfer, 41, (1998), 2865-2866.

[39] L. N. Trefethen (2000), Spectral Methods in MATLAB, SIAM, 2000.



8

Mass Transfer, and Effects of Magnetic Fields
on the Mass Transfer in Close Binary System
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Iran

1. Introduction

The gravitational potential of a binary system is described by the Roche model where each
star dominates the gravitational potential inside regions called Roche lobes.The two Roche
lobes meet at the inner Lagrange point along the joining of the two stars. Figure 1 shows
equipotential surfaces in the orbital plane for a binary system. As may be seen from Fig. 1,
there are five equilibrium points(i.e. V¢ = 0) three of which i.e., L1, Ly, L3,are along the line
centers. Two are peripheral to the masses and lie as the critical points along equipotentials
that envelope both stars. two other points ,i.e., L4, L5 lie opposite to each other, perpendicular
to the line of centers. These are quasi-equilibrium points for which local orbits are possible
because of coriolis acceleration. If either star fills its Roche lobe, matter will stream from
the Roche lobe filling star through the inner Lagrange point to the other star in a process
known as Roche lobe overflow(RLOF). This actually occurs before the photosphere reaches the
Roche lobe radius in the absence of magnetic fields or other constrains on the mass flow. This
mass transfer affects both the evolution of the components of the binary as well as the binary
properties such as orbital period and eccentricity. Roche lobe overflow can be triggered by the
evolution of the binary properties or by evolution of the component stars. On the one hand,
the orbital separation of the binary can change so that the Roche lobe can shrink to within the
surface of one of the stars. On the other hand, stellar evolution may eventually cause one of
the stars to expand to fill its Roche lobe. When both stars in the binary are main-sequence
stars, the latter process is more common. Since the more massive star will evolve first, it
will be the first to expand and fill its Roche lobe. At this stage, the mass exchange can be
conservative (no mass is lost from the binary) or non-conservative (mass is lost). Depending
on the details of the mass exchange and the evolutionary stage of the mass-losing star there are
several outcomes that will lead to formation of a relativistic binary. The primary star can lose
its envelope, revealing its degenerate core as either a helium, carbon-oxygen, or oxygen-neon
white dwarf, it can explode as a supernova, leaving behind a neutron star or a black hole,
or it can simply lose mass to the secondary so that they change roles. Barring disruption
of the binary, its evolution will then continue. In most outcomes, the secondary is now the
more massive of the two stars and it may evolve off the main sequence to fill its Roche lobe.
The secondary can then initiate mass transfer or mass loss with the result that the secondary
also can become a white dwarf (WD), neutron star (NS), or black hole (BH). The relativistic
binaries that result from this process fall into a number of observable categories. A WD-MS or
WD-WD binary may eventually become a cataclysmic variable once the white dwarf begins
to accrete material from its companion. If the companion is a Main Sequence star RLOF can
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Fig. 1. Roche surface for q = 0.4. The Lagrangian points are indicated

be triggered by evolution of the companion. If the companion is another white dwarf, then
RLOF is triggered by the gradual shrinking of the orbit through the emission of gravitational
radiation. WD-WD cataclysmic variables are also known as AM CVn stars. If the total mass
of the WD-WD binary is above the Chandrasekhar mass, the system may be a progenitor to
a type I supernova. The orbit of a NS-MS or NS-WD binary will shrink due to the emission
of gravitational radiation. At the onset of RLOF, the binary will become either a low-mass
X-ray binary(if the donor star is a WD or MS with M; <2My,), or a high-mass X-ray binary(if
the donor is a more massive main-sequence star).These objects may further evolve to become
millisecond pulsars if the NS is spun up during the X-ray binary phase'. A comprehensive
table of close binary types that can be observed in electromagnetic radiation can be found in
Hilditch (2001). The type of binary that emerges depends upon the orbital separation and
the masses of the component stars. During the evolution of a 10M, star, the radius will
slowly increase by a factor of about two as the star progresses from zero age main sequence to
terminal age main sequence. The radius will then increase by about another factor of 50 as the
star transitions to the red giant phase, and an additional factor of 10 during the transition to
the red supergiant phase. These last two increases in size occur very quickly compared to the
slow increase during the main-sequence evolution of the star. Mass transfer can be divided
into three cases see (Thomas 1977) related to the timing of the onset of RLOF.

Case A:If the orbital separation is small enough (usually a few days), the star can fill its Roche
lobe during its slow expansion through the main-sequence phase while still burning hydrogen
in its core.

ISee the website, http:/ /www.livingreviews.org
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Case B: If the orbital period is less than about 100 days, but longer than a few days, the star
will fill its Roche lobe during the rapid expansion to a red giant with a helium core. If the
helium core ignites during this phase and the transfer is interrupted, the mass transfer is case
B.

Case C: If the orbital period is above 100 days, the star can evolve to the red supergiant phase
before it fills its Roche lobe. In this case, the star may have a CO or ONe core.

Case A mass transfer occurs during the slow growth, case B during the first rapid expansion,
and case C during the final expansion phase. The nature of the remnant depends upon the
state of the primary during the onset of RLOF and the orbital properties of the resultant binary
depend upon the details of the mass transfer.

Wood (1950) studied period variations of binaries and suggested that mass ejections could
be a cause of period change. Huang (1963) revised the problem of mass transfer in binary
systems, he modified the Jeans(1924-1925) mode of mass ejection, through suggesting two
modes of mass transfer i.e., slow and intermediate modes, in each case he was able to derive
the following equations:

AP Mz — M1 AM1 3eAe
= 1
5 3( ' ) M, ti 2 for slow mode )
AP A A A
- = (1+ 372)(%? j: Z\Aﬁ) -3 ]\]/\I/il + ]\]/\[/iz + 136_ :2 for intermediate mode  (2)
Where

Yy = (M1+M2)2[ e }1/2
MiM;  “a(1—e2)
P, denotes the orbital period, M;s, the masses of the components, e, eccentricity, a, semi-major
axis, and A implies the variations of respective parameters. A true review of mass and angular

momentum transfer and their consequences on the evolution of binary stars may be find by
Thomas (1977).

2. Conservative mass transfer

When no ejected matter leaves a binary system, the mass transfer is said to be conservative.
During consevative mass transfer, the orbital elements of the binary can change due to transfer
of angular momentum from one star to the companion. Consider a system with a totat mass
M = M; + M;, semi-major axis, a, eccentricty, e, and the total orbital angular momentum, J,

Ga(l —e?)

=MM
/ 172 My + M,

®)

will also be conserved, where G, is universal grvitational constant. Hence: [ =0,M =
0 and My = —M;. And We may also write

a = C2(M1M2)72]2 (4)

Where:
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, € is a constant
Differentiating eq. 3 yields
a . My My M
- =2 —-2—=—-2_=4 — 5
a ] Ml M2 + M ( )
Using the requirements for conservative mass transfer (mentioned just after the eq. 3) ineq. 5
we get
a . My — My
I oM (22
a 1( Ml M2
If My is the mass losing star M; will be negative, therefore we conclude that if the mass donor
star is more massive, then the orbit will shrink and hence period decreases. But if the mass
donor is less massive than the accretor component then orbit will be widened and period
increases.

) (6)

By using the Kepler’s third law (1;—32 = é—ﬁ) in eq. 6, the period variation with time P due to
mass transfer can be written as,
, _ 3My(M; — My)
P=—"—+——°°P 7
M, M, @)

Where P, is the orbital period.

3. Non conservative mass transfer

In case of non conservative mass transfer both mass and angular momentum can be removed
from the system. Following Demircan et al. (2006) Orbital Angular Momentum (OAM) of a
two body system is given by

MM, | - q 2
I (M1+M2)a ((1+6])2) ¢ ®)
Where,
M1M2 2 I
My + M»
27

is moment of Inertia and () = 5 is angular speed, P, is orbital period and M = M; + M,

q= % are total mass and mass ratio, respectively. If we assume isotropic mass loss from the
surface of the components, then,

P q 2

Since the dynamics of a two body system obey Kepler’s third law therefore one expects
transfer of mass would change the, a, P and M accordingly,
a0 M

z =T 1
3a+20 M (10)

assume q as a constant, differentiation of equation 8 with respect to “t”, will give

§:—44—+— (11)
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if % is substituted from equation 10 to equation 11 we get,

j 5M 1O 5M 1P
- 22X, 12
J=3M 30 3M 3P (12)

J_3M 14 (13)

Therefore the last two equations i.e. 12 and 13, give how the loss of OAM and mass are caused
the orbital period, P, and orbital radius, a, to change.
According to equations 8 and 9 the isotropic mass loss implies

j= %I (14)

This eq. implies that the only source of OAM loss is mass loss, which were assumed to be

isotropic. Substituting % from eq 14 to 12 will give,

P=-2-P 15
e (15)

In this last eq. since the % is measurable observationally, therefore% can be calculated from

eq. 15.

Now if we use the following eqgs. taken from Stepien (1995) to calculate relative angular

momentum lost from a system as,

J=G3MPPQ134(1 + )2 (16)
Jiost = ] = —%G2/3M5/3074/3q(1 + q)fZQ 17)
and hence the relative OAM lost only by magnetized star wind
10
]l;st _ _55 (18)
Where , , ) .
. k= (MR M>R5)(1
A =18 x 10-8(C MR+ MR)A+a)7) 773,130 19)

GG2/3M5/3

Using the value of L 1}“ in eq. 14, the relative mass lost from the system can be estimated. Since

eq.15 may give the total mass ejected from the system. Hence the transferred mass from one
component to the other easily can be estimated.
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4. Effects of magnetic fields on the mass loss and mass transfer

Now it is generally accepted among the astrophysicists that close binary systems with a cool
F-K type star display enhanced magnetic activities. Short period close binaries i.e., those
having an orbital period P <5 — 6 days, possess the just mentioned characteristics, due to
rapid rotation (Richard & Albright 1993). Many authors (see e.g., Richards 1993, 1992; Hall
1989 & Olson 1981) have discussed that the secondary and/or primary in the close binaries
having a late type component show a variety of time dependent magnetic properties, which
causes brightness variations in the light curve, radiations of X-ray, Ultraviolet, infrared, and
cyclic variations in the orbital period of the binary.

Generations of Polidal and Toroidal magnetic Fields:It is a well known fact that the dynamo
mechanism is likely cause of large scale magnetic field productions in the stars having
convective layers (e.g., see parker, 1955). The differential rotation between the radiative
core and convective envelope, winds up the field and causes a deformation (shearing) of
the poloidal field which, in turn, generates an additional toroidal field component and thus
creates a Lorentz force which counteracts the shear due to the poloidal field.

The effects of magnetic fields on the mass and angular momentum transfer and / or loss
of both the companions are quiet appreciable. In a close binary, where the spin and orbital
angular momenta are strongly coupled. This stellar spindown, forces a decrease in the
orbital period of the system even without mass transfer.The coupling constant depends on
the magnetic field strength and can be important if the field is strong enough (on the order or
few mega gauss). Another effect of the magnetic field is to alter the spin through torquing of
the star by mass outflow (see next section).

5. Magnetic braking

The net results of the mass exchange is a mass transfer from the primary to secondary during
whole contact phase (Huang et al. 2007). In addition the magnetic braking is a common
phenomenon to all the contact binary stars (see Bradstreet and Guinan 1994; Huang et al.
2007).

According to Bradstreet and Guinan (1994), Stepien (1995, 2006) the role of AM loss is crucial
in the formation and evolution of the contact low mass binary stars. The magnetized star
winds move outward from the active star, but are twisted due to rapid rotation of the star.
Charged particles in the star wind get trapped in the magnetic field of the star and are
dragged along the field lines. The result is Angular Momentum (AM) transfer from the star by
magnetic field to the charged particles. As the winds leave the star surface they are dragged
by the magnetic field which, in turn, slows down the rotation of star. For close binaries in
which synchronization of rotational and orbital period is expected, loss of rotational angular
momentum occurs at the expense of orbital AM. As a result, the period decreases (consistent
with the observations) i.e., the components spin up and approach one another to form a
single rapid rotating star (see Stepien 1995; Skumanich 1972). As stated by Stepien (1995,
2006) contact binary stars are magnetically very active and it is generally accepted that they
lose mass and Angular Momentum (AM) via magnetized wind. Moreover the separation
of the components is relatively low. Therefore, one expects the magnetic field interactions
between the two components to be intensified and consequently its effect on the AM loss to be
enhanced, due to the formation of magnetic loops between the surface magnetic fields of the
components (see Fig 2 & 3). This statement is consistent with the Bradstreet and Guinan (1994)
that the magnetic torque produced by magnetic field in the wind depends on the strength of
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magnetic field. But the details of this idea and its quantitive formulations and experimental
verifications will remain a challenge for the future.

The particles in the stellar winds that leave the star radially, at the stellar surface, their
tangential velocity components are equal to the rotational surface velocity of the star. (e.g., for
the Sun this velocity v, r = 2km/s). When the same particle are traveled to outer space, it is
expected to slow down to much lower velocities at large distances (e.g. for the Sun particles at
earth distance, a = 1.5 x 108km, v, = RT x 2 ~1 x 102 provided the angular momentum
(of the star is conserved). But in the case the Sun, the particles velocities measurements by
spacecrafts (e.g. Helios) is in order of 1-10 km/s. That is 10> — 10% times faster than the
expected velocities, the cause is that charged particles travel along the twisted open field lines
and not just radially outwards. Therefore the magnetic energy of the field per unit volume
must be much larger than the particle’s kinetic energy and thus its trajectory is dominated
by direction of magnetic field lines rather than gravitional field (see Strassmier 2001) and
references there in). If some of the stellar magnetic field lines are open and reconnect, with
companion star, then the particles either may collide with the parties which were guided by
the companion star along the field lines in similar fashion to the primary star, or may fall in
to the atmosphere of the companion star. (see the Figs. 2 & 3). These charged particles would
carry the angular momentum of the star with themselves.

With this picture in mind, as explained earlier, the magnetic field lines are bent due to rapid
rotation of the star, their curvature cause a counteract force on the surrounding stellar plasma
if we assume that magnetic poles are coinciding with the rotation poles, then the dissipated
angular momentum is very small and braking is almost negligible. But if field is anchored
at or near the equatorial plane then the braking would be strongest and therefore maximum
angular momentum is removed. Observations indicate that magnetic braking must be very
effective for the observable surface, is larger in the late F-K type stars.

Due to tidal interaction between the components in binary systems, the component stars rotate
much faster (10-100 times) as compared to a single star, therefore one expects the magnetic
fields production in the surfaces (subsurface) of the components in binaries containing one or
both components as late (F-K) type stars to be much stronger as compared with a single star
(Yuan & Quian, 2007, eq. 7) the magnetic force is sensitive to (a=*), the central separation
between the components, but face to face separation between two components is much
smaller as compared to central separation (i.e., a). The two magnetic fields as pictured above
are superposed (see Fig. 4)

There are some observational evidences to support the above picture. Lestrade (1996) detected
radio emissions from intra - binary region of the stars UX Ari and 2 CrB, which he attributed
to gyro synchrotron process associated with large scale magnetic fields. Siarkowski (1996)
used X - ray light curves of RS CVn binary AR Lacertae to map spatial structure of its corona,
and found regions of enhanced X - ray emission and extended structures that interconnect the
two stars. Gunn et. al. (1999) presented radio interferometeric observations of Algol- type
binary V 505 Sagittarii and modulated radio flux density levels with evidence of eclipses of
the emission regions of both conjunctions of the binary. The form of the light curve obtained
implied that the radio source involves at least some enhanced emission in the intra - binary
active regions. Gunn et. al. (1994), made EUV radio observations of active RS CVn binary CF
Tucanae, their observations indicated an, active intra - binary region and field interaction in
active close binary (see Figs. 2 & 3)

Uchida and Sakurai (1985) discussed the formation of corona and origin of flares in RS CVn
binaries having starspots, and interpreted in terms of reconnection of the magnetic flux tubes
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Fig. 2. Formation of large scale magnetic loops between two components of a binary star.
(Taken from Uchida & Skurai 1985)

of the companion star, they found that the injection of the hot plasma in to the large scale
Pole - to - spot connections was required to explain the extended corona with large emission
measure they attributed this to the sweeping - pinch mechanism ( see Uchida & Shibata, 1984)

Fig. 3. Formation of large scale magnetic loops between two components of a binary star.
(Taken from Uchida & Skurai 1985)
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star 1 star 2

Fig. 4. Schematic sketch of magnetic field structure for a RS CVn binary star when both the
components are magnetically active (Taken from Yuan & Quian 2007)

associated in the twisted magnetic flux tubes which emerge and reconnect with the flux tubes
connecting poles and spots. Uchida & Shibata (1985) proposed a jet formation mechanism in
which a packet of the toroidal component of magnetic field (B¢) plays a role. Such a packet of

toroidal field produced by the action of rapid rotation of the star in the region where g = II,)—; >
1. They showed the jet can be accelerated when toroidal component of the field emerges from
the B >> 1 region to the f < 1 region. When this happens a progressive pinch is produced
through the relaxation of the field and mass is ejected out by pinch near the magnetic axis and
also by J x B force in the twisted field region surrounding the axis.

6. Conclusions

In Algol type binaries one outcome of conservative mass transfer through Roche lobe
filling mechanism of late secondary component is circumbinary disk, which can significantly
influence the orbital evolution and cause the orbit to shrink on a sufficiently long time scale.
Rapid mass transfer in Algols with low mass ratio can also be accounted for by this scenario.
The observed decrease in orbital periods of some Algol binaries (see Manzoori, 2007, 2008
manzoori & Ghozaliasl 2007) suggests OAM loss and magnetic braking mechanism, during
the binary evolution.

One of the interesting evolutionary consequences of mass transfer discovered in recent
years, is the formation of double contact binaries. It seems the concept of double contact
binaries first was introduced by Wilson (1979), as type of close binary which occurs only for
nonsynchronism, the binaries in which both components fill their limiting lobes, naming them
as double contact may be misguiding, because they do not even have a single contact point.
This can occur, when at least one of the components rotates faster than synchronously, so that
its limiting lobe is smaller than the respective Roche lobe (and the limiting lobe would be
bigger than Roche lobe if it rotates slower than synchronously). The situation can occur as a
natural consequence of mass transfer, because transfer normally spins -up an accreting star by
converting orbital to rotational angular momentum.

As stated earlier in section 1, one of the main characteristics of (semidetached, Algol- type)
binaries is mass transfer due to Roche lobe filling of late secondary component. Such mass -
exchange will spin -up the mass accreting star (most of whose mass is transferred material,
by the end of rapid phase of mass transfer). But according to Wilson et al. (1985) this rapid
rotation will be damped quickly, as soon as mass transfer is stopped. Among semidetached
systems there are few members which show asynchronous rotation, see table 1 of the Wilson
and Twigg (1980). Thus, near to or after the end of rapid phase of mass transfer, the mass
losing star would normally be found to fill its Roche lobe (rotating synchronously), while the
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accreting star (or perhaps only its outer envelope) may have accommodated all of its capacity
of the angular momentum which can hold, and so fill its limiting “rotational” lobe. According
to Wilson and Caldwell (1978) the - Lyrae and V356 Sgr and also U Cep and some of the
Algol type systems are most likely candidates of double contact binaries. A main evolutionary
consequence of their finding of double contact is that, since the accreting star after filling the
limiting lobe will not be able to accommodate any more of the new high angular momentum
material transferred by donor star, therefore such a system must find an alternate way for
accommodation of the transferred matter, as first noted by Wilson and Caldwell (1978); this
is a probable explanation for the thick circumstellar disks seen in 8 Lyr and V356 Sgr, and is
perhaps related to numerous strange effects seen is U Cep (see Manzoori 2008). Notice that
the existence of double contact systems introduce a symmetry in to the morphology of close
binaries, in that stars may fill lobes exactly not only as a result off mass loss, but also as a result
of mass gain.

The disk formed as mentioned, reduces a substantial fraction of the primary’s light and
therefore the star appears relatively under luminous, therefore it should make primary eclipse
shallower than expected (see Manzoori 2006, 2008). For the same reason it would reduce also
the irradiation of the secondary light by the primary, (reduces reflection effect), if the disk
emits relatively little light of its own, the effect of its eclipse by the secondary star will be slight,
but the eclipse of the secondary by the disk should be appreciable. Thus secondary eclipse
should be wider than primary eclipse, and should also be deeper than it would be without an
eclipse by the disk. One of the main conditions of the existence of double contact phase in the
evolution of binary stars is nonsynchronous rotation of mass accreting component reaching
the centrifugal limit. Naturally a star can not exceed its limiting rotational lobe because its
equatorial matter would then be centrifugally unbound (see Wilson, 1983). The discovery of
only very few members of this type of binaries, might be due to relatively brief time scale for
binary to spend in double contact phase according Li et al. (2006).

According to Bradstreet and Guinan (1994) in close binary systems with period P < 0.5d,
where tidal forces are strong enough to cause synchronization of the components, the role of
spin -orbit coupling becomes important in evolution of the binary and angular mentum loss
from the system through magnetic braking spin up with time, and orbital period decreases.
Consequently magnetic activity of the stars increases. This process can cause a detached
binary composed of late type components to become a short period contact W UMa - type
binary. Webbink (1976, 1985) stated that in short period contact binaries with period P < 0.54,
after formation the loss of angular momentum through gravitational radiations play an
important role in the evolution of the system and loss of angular momentum can ultimately
lead to the coalescence of the binary system in to a single star. It is believed now the rapidly
rotating F-K Com G - type gaint stars with intense H, emissions are formed in this way.
According to Stepien (1995; 2006) W UMa stars are magnetically very active and it is generally
accepted that they lose mass and Angular Momentum (AM) via magnetized wind. Gazeas
and Stepien (2008), analyzing over hundred cool contact binaries, found several correlations
among the geometrical and physical parameters and they stated that ”the coalescence of both
components in to a single fast rotating star, is the final fate of contact binaries”. This statement
is not agreed with that of the Li et al. (2005). Li et al. in a series of three papers (2004a; 2004b;
2005) discussed the structure and evolution of low mass contact binaries, with and without
spin and orbital angular momentum loss, and taking in to account effects of energy transfer,
with negligible gravitational radiation. They presented an ultimate model of W UMa systems
exhibiting cyclic evolution around a state of marginal contact, in time scales of about 6 x 10° VI,
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without loss of contact, if spin angular momentum of both components are included; 9 x 10°
yr, if spin angular momentum of both components are neglected. According to them, the
ratio of spin angular moment of both components to the orbital angular momentum of the
system becomes larger as the evolution proceeds, so that the system would then coalesce in
to a rapidly rotating star, when the spin angular momenta of both components become more
than one third of the orbital angular momentum of the system. Hence the cyclic evolution
mentioned for the contact binary systems can not last forever. It only lasts about 7 x 10 yr, in
good agreement with the observational result of old cluster NGC188; containing at least four
W UMa type stars.
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1. Introduction

In general, tall vertical electrolyzers are used industrially to produce only gases like chlorine,
hydrogen and oxygen, or gases and products such as soda and chlorine. Moreover, these
electrolyzers usually have a very short cathode-anode distance and often operate under forced
convection. For many electrochemical processes mass transfer in electrolytic cells, in particular
to electrodes, must be optimized to operate economically. Many electrochemical reactions
involve a gaseous component and a great deal of research has been devoted to the study of the
specific features of these reactions. Three main areas have been investigated such as: the
bubble formation (Chirkov & Psenichnikov, 1986), the mass transfer and hydrodynamic
instabilities at gas-evolving surfaces (Kreysa & Kuhn, 1985), and the behavior of gas in porous
electrodes in fuel cells (White & Twardoch, 1988). Many works were developed up to the
present about gas-evolving electrodes (St-Pierre & Wragg, 1993a, 1993b; Vogt, 1979, 1984a,
1984b, 1984c, 1989a, 1989b, 1992, 1994, 1997; Czarnetzki & Janssen, 1989; Boissonneau & Byrne,
2000; Ellis et al., 1992; Janssen et al. 1984; Lastochkin & Favelukis, 1998; Wongsuchoto et al.,
2002; Buwa & Ranade, 2002; Gabrielli et al., 2002; Correia & Machado, 1998; Lasia, 1998;
Iwasaki et al., 1998; Fahidy & Abdo, 1982; Lasia, 1998, 1997; Barber et al., 1998; Eigeldinger &
Vogt, 2000; Solheim et al., 1989; Elsner & Coeuret, 1985; Dykstra et al., 1989; Khun & Kreysa,
1989; Lubetkin, 1989; Martin & Wragg, 1989; Lantelme & Alexopoulos, 1989; Gijsbers &
Janssen, 1989; Chen, 2001; Lasia & Rami, 1990; Kienzlen et al., 1994; Saleh, 1999; Janssen, 1978)
but, few data on mass transfer with different cathode geometries under flow-by or flow-
through electrolyte conditions with gas-evolving have been studied (Fouad & Sedahmed,
1974; Rousar et al., 1975;; Janssen & Barendrecht, 1979, Mohanta & Fahidy, 1977; Sedahmed,
1978; Sedahmed & Shemilt, 1981; Elsner & Marchiano, 1982; Albuquerque et. al., 2009). This
chapter does not intend to explore in detail the mechanism during the bubbles formed
electrolytically but only show an comparative study about the effect of hydrodynamic
condition over mass transfer gas-electrodes for two cathodes geometries, during the hydrogen
production at chlor-alkali cell by diaphragm process in laboratory scale.

2. Mass transfer

In general, it is necessary to consider three basic mechanism to the mass transfer in
electrochemical systems, : migration, convection, diffusion and reaction.
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Migration is the movement of charged species through the electrolyte due to a potential
gradient; the current of electrons through the external circuit must be balanced by the
passage of ions through the solution between the electrodes (both cations to the cathode and
anions to the anode). It is, however, not necessarily an important form of mass transport for
the electroactive species, even if it is charged. The forces leading to migration are purely
electrostatic and, hence, do not discriminate between types of ions. As a result, if the
electrolysis is carried out with a large excess of an inert electrolyte in the solution, this
carries most of the charge, and little of the electroactive species Ox (oxidized specie) is
transported by migration, i.e. the transport number (Bockris & Reddy,1977) O is low.
Convection is the movement of a species due to fluid dynamic forces. In practice, these forces
can be induced by stirring or agitating the electrolyte solution or by flowing it through the
electrochemical cell. Sometimes the electrode can be moved (e.g., rotating disk electrodes).
When such forms of forced convection are present, they are normally the predominant mode
of mass transport. By the other hand, natural convection can arises from small differences in
density, temperature or gases caused by the chemical change at the electrode surface. The
treatment of mass transport, highlights the differences between laboratory experiments and
industrial-scale electrolysers. As is pointed out by (Pletcher & Walsh, 1993), the need in an
industrial cell is only to promote the desired effect within technical and economic restraints
and this permits the use of a much wider range of mass transport conditions. In particular, a
diverse range of electrode-electrolyte geometry and relative movement are possible.

Diffusion and reaction. Diffusion is the movement of a species down a concentration gradient
and it occurs whenever there is an electrical charge exchange at a surface. An electrode
reaction (generally fast reaction) converts starting material to product, e.g.;

OX +e — Red (1)

where Oy and Req are the oxidized and reduced species respectively, hence close to the
electrode surface there is a (concentration) boundary layer (up to 0.0lmm thick) in which the
concentration of Ox is lower at the surface than in the bulk solution while the opposite is the
case for Req and, hence, Ok will diffuse towards and Req away from the electrode.
Fundamental mass transport studies in industrial electrolytic cells are dependent of the fluid
dynamic or by the inertial and viscous forces. This ratio is given by the well-known
Reynolds number Re, calculated from the Equation:

Re-PLV _Lv
ot v

@)

where p is the density of the solution, y its dynamic viscosity, v its kinematic viscosity, v a
mean flow velocity and L a characteristic length (for example, the length of a flat plate
electrode). At higher Reynolds number, the viscous damping is no longer predominant and
turbulence increase, by the other hand, any obstacles to fluid flow, or roughness in the
electrolytic cell will can cause the commencement of turbulence or micro-turbulence at
lower Reynolds number. In a particularly case of electrolytic cell with gas production, the
Reynolds number can be obtained by the following Equation:

_ Vg.d
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where d is the bubble detachment diameter (m), A the electrode area (m?) and V, is the
volumetric flow rate of gas bubbles (m3.s1), defined as;

V, = RTj/nFP )

where R (8.314 JK-'mol“) is the gas constant, T the absolute temperature (K), j the current
density of electrolysis (A.m?2), n the estequiometric number of electrons, F the Faraday
constant (96,485 C.mol!) and P the pressure (atm).

Natural or forced turbulence in electrolytic cells is usually advantageous since the eddies
both increase mass transport of the electroactive species to the electrode surface and
promote the exchange of species between the bulk solution and the boundary layer,
minimizing local pH and other concentration changes due to the electrode reaction. It is not
uncommon to introduce insulating nets, bars or other structural features into the cell to act
as turbulence promoters. By the other hand, the morphology of the electrode surface can act
as turbulence auto-promoter (e.g. mesh, reticulated metal, particulate bed, fibrous material).

2.1 Sherwood number

The Sherwood number is a measure of the rate of mass transfer, kq , which is usually
calculated in electrolytic cells from the limiting current density j. for several cells and
electrodes configurations under specific hydrodynamic conditions, i.e., the potential of the
electrode is held at a value where all the electroactive species reaching the surface undergo
the electrode reaction. The Sherwood number can be obtained using the relationship:

laminar or turbulent flow
) fluid properties
Sh=—-=—-—=f| temperature )
cell configuration

structure and active area of the electrode

where L (m) is a characteristic dimension of the system, n the number of electrons involved
in reaction, F the Faraday constant, C* the bulk concentration (mol.m3) of the specie
electrochemically active and D (m2.s7) its diffusivity. In Equation (5) the hydrodynamic
condition (laminar or turbulent flow) can be evaluated by the choice of the Equation (2) or
(3) and the Schmidt number by Equation (6), where it represents the relationship between
the resistivity of momentum and mass diffusivities.:

“beb o
p

In general, mass transport in electrolytic cells with flow may be expressed in terms of the
following expression:

Sh = kRe?Sc” @)

In general, to Newtonian fluids, it is assumed 0.333 for the constant b. The constants “k” and

a” many be obtained from the logarithmic linearization of equation (7). The current
limiting density, j. is generally determined from the choice of a extremely fast reaction, for
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example, the electroreduction of the ferricyanide-ion in alkaline solution providing a
diffusional control under various flow rate conditions. A more detailed approach on
obtaining experimental current density limit may be found in specialized publications
(Coeuret & Storck, 1984; Walsh, 1993; Bockris & Reddy, 1977).

2.2 The gas evolution mechanism

Gas evolution occurs on an electrode through several phenomena. The gas produced by
electrochemical reactions on the electrode dissolves in the electrolyte and is transported by
diffusion (boundary layer concentration) and convection towards the bulk of the solution.
The mechanism of growth and detachment of bubbles from electrode surface can develops
in two or three steps depending on the size and its configuration geometry- for example,
perforated plate, meshes or expanded electrodes. As presented by (Gabrielli et al.,1989), the
first correspond the transient step or the bubble’s radius variation with time and its depend
of the electrolyte density. During the bubble growth the second step can be limited by
diffusion of the dissolved molecular gas in the solution or by the kinetics of the production
of the gas. When the bubble is larger than the electrode, it is assumed that the gas produced
in molecular form is all transformed to the gaseous from which increases the bubble size.
The last stage of the bubble evolution, i.e. its detachment from the surface, occurs when the
balance between the forces which tend to maintain it on the electrode and the forces which
tend to release it is broken. These various forces include the weight of the bubble, the
buoyancy, the superficial tension, the pressure, the inertia and the electrostatic forces.

2.3 Electrolytic gas production from chlorine-alkali cell

The Figure 1 has shown the well-known electrolytic diaphragm process to produce chlorine
and soda products (Almeida Filho et al., 2010; Abdel-Aal & Hussein, 1993; Abdel-Aal et al.,
1993). The saturated aqueous sodium chloride (saturated brine) feeds the anodic

satured brine

NaCl + HZO@ Clo ﬁ

- cly
Hz
Cly Ha E—
Hz R
anode + Nat ‘I H* OH ~ | cathode -
Na' Na* OH oH’ *
—_— — Na
Na* B LOH
‘ Na

Cell Liquor
NaCIlO3
NaOH

NaCl

Fig. 1. Basic schematic of an electrolytic cell to produce chlorine and soda by the diaphragm
process (Almeida Filho et.al, 2010)
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compartment. The chlorine gas produced by the anodic reaction leaves the semi-cell, while
the brine diffuses to the cathode compartment through the diaphragm due to the
hydrostatic pressure drop between the two compartments. Hydrogen and hydroxyl ions are
produced in the cathode compartment, which together with the sodium ions (Na*) present
in brine (anodic compartment) form sodium hydroxide (NaOH) at the same time that
chlorine and hydrogen gas flow outside the cell. The part of the NaCl that did not react in
the anodic compartment to produce chlorine gas diffuses into the cathode compartment
through the diaphragm, joining the NaOH to form an aqueous solution of NaCl and NaOH
called cell liquor.

The main reactions that occur in the process are as follows:

2NaCl - 2Na™ +Cl 5 +2e” (anode) 8)
2H,0 +2e” —H, +20H™ (cathode) )
2Na® +20H™ —2NaOH+Cl, +H,  (global reaction) (10)

In the electrolytic production of chlorine-soda, high current density produces bubbles that
can cover some parts of the electrode surfaces, causing an undesirable decrease in mass
transfer. These limitations can be minimized through proper tuning of the cathode geometry
and the electrolytic cell configuration (St-Pierre & Wragg, 1993). In industrial electrolytic
operations that involve gas production, perforated plate or expanded electrodes are
traditionally used to increase the reactive area per unit volume of the cell. However, the
accumulation of generated bubbles on the surface of the cathode can block the
electrochemically active area. This reduces efficiency by increasing ohmic drops in the layer
of electrolyte adjacent to the electrode surface. Thus, the increase in the volume of bubbles
adsorbed per unit area causes a decrease in mass transfer at the electrode surface (Vogt,
1984; Albuquerque, 2006, 2009). For these reasons, there has been increased interest in
finding electrode geometries that promote the detachment of gas bubbles in order to
increase mass transfer and ultimately efficiency.

An effective method for increasing the rate of mass transfer is to induce electrolyte
turbulence near the surface to prevent the accumulation of bubbles. The behavior of this
type of system was studied with expanded metal electrodes in which the electrochemical
reaction on the electrode surface is controlled by diffusion and detachment of gas bubbles.
(Elsner,1984) concluded that the mechanism that drives the resulting increase in mass
transfer varies based on the type and orientation of the expanded metal electrode geometry
and the volumetric flow direction of the electrolyte. In general, we can assume that forced
convection and detachment of bubbles will improve mass transfer when the geometry of the
electrode does not inhibit the release of the bubbles generated electrochemically. A strong
correlation between the mass transfer coefficient and gas production has been shown in
mass transfer studies. (Fouad & Sedahmed, 1973) studied this relationship for electrodes
oriented vertically and horizontally, concluding that the average mass transfer coefficient is
greater for horizontal electrodes. (Nishiki et al., 1987 ) found that generated gas bubbles
decrease the conductivity between electrodes by increasing the resistance of the solution.
This affected overall cell performance by increasing the potential (energy consumption of
the cell). It is evident that appropriate choice of electrode material and geometry may help
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to mitigate such problems. (Hine et al., 1984) studied perforated plate electrodes, concluding
that variation in electrolyte resistance and overvoltage is a function of both the porosity and
distance between the electrode/diaphragm interface. The porosity appears to be an
important parameter for reducing the cell potential. (Jorne & Louvar, 1980) and (Jansen et
al., 1984) concluded that expanded metal electrodes with a three-dimensional texture can
help to prevent generated gas from accumulating on the electrode surface, thereby
decreasing the ohmic drop.

3. Un example of experimental study of mass transfer with gas production

The relevance and main contribution of this study was to compare and analyze the influence
of the flow perpendicular to two geometries of cathode used in electrochemical industry, on
the mass transfer associated with the electrolytic production of hydrogen. The electrolytic
cell used in this study is a prototype for laboratory-scale production of chlorine-soda via an
electrolytic diaphragm process (see Fig. 1). The reactor has two compartments of plexiglas
with 1.45 L and 0.316 L to the anode and cathode electrodes respectively, separated by an
asbestos-coated diaphragm (deposited on the cathode) like shows the Fig. 2. The Fig. 3
shows the two geometric shapes to the cathode - perforated plate and mesh geometry both
with 7.0 x 8.0 cm made from commercial SAE 1020 alloy. The reduction of potassium
ferricyanide in alkaline medium was used for the mass transfer study with NaOH as the
electrolyte support. A PAR (Princeton Applied Research)-VMP3 potentiostat, was utilized
for this purpose. Table 3 lists the properties of the electrolyte solution to 27°C.

KsFe(CN)s = 0.005 N

Composition K4Fe(CN)s =0.05 N
NaOH=1.0N

v (m2 s?) 0.9648 x 10-¢

Da(ma2. s1) 6.0 x 10-10

a The diffusion coefficient was calculated from the Stokes-Einstein equation: Dy /T=2,49x105 [kg.m.s2K-1]
Table 3. Composition and properties of the electrolyte solution.

The reduction of potassium ferricyanide in alkaline medium was used for the mass transfer
study with NaOH as the electrolyte support. A PAR (Princeton Applied Research)-VMP3
potentiostat, was utilized for this purpose. Table 3 lists the properties of the electrolyte
solution to 27°C.

The experimental procedure was performed at the following conditions: volumetric flow
rate between 0.03 and 0.13x103 L/s. A procedure found in the literature (Elsner,1984) was
used to determine the average mass transfer coefficient with gas production. This procedure
consisted of measuring the concentration variation of the reduced electroactive species
(Fe(CN)e*>) with respect to time. The electro-reduction of ferricyanide ions in alkaline
solution occurs under diffusional control. The electrochemically generated current intensity
from controlled diffusion in the presence of hydrogen bubbles can then be determined from
the following equation:
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Fig. 2. Experimental set-up. Ref-reference electrode (Ni), out - soda produced (Albuquerque
et. Al, 2009)

(@) (b)
Fig. 3. Cathode geometries (a) perforated plate and (b) mesh geometry.
. NFV.AC
jj = ELAC )

Where j§ (A) is the current intensity from diffusion in the presence of bubbles produced
electrochemically, AC (mol.m=) is the gradient concentration (ferricyanide ion concentration
before and after electrolysis), V. is the volume of the cathode compartment (m3), n is the
number of electrons involved in the and f is the time of electrolysis (s). From the electrolytic
current intensity, the average mass transfer coefficient was determined from the following
expression:

K =i 12)



182 Advanced Topics in Mass Transfer

where kj; is the combined average mass transfer rate (m.s1), A the active area of the
cathode (m?) and C is the average concentration of ferricyanide ions during electrolysis
(mol.m=3). The ferricyanide concentration was determined by amperometric titration (Vilar,
1996) using a cobalt chloride (0.0339M) solution like agent in a three-electrode cell setup
consisting of a Hg/HgO reference electrode, a working rotatable platinum electrode (1,000.0
rpm, 2.0 mm diameter) controlled by CTV101 speed control unit, both - Radiometer
analytical and 1xlcm sheet of platinum as counter electrode. The experimental setup was
controlled by potentiodynamic technique using a PAR (Princeton Applied Research)-VMP3
Potentiostat.

3.1 Modeling
The following correlation was determined to best represent the chlorine-soda
electrochemical reactor used in the present work (Zlokarnik, 2002):

o T b 1/3
Sh =aRePSc!/® = deL = a(uv—Lj (%) (13)

where L ( the characteristic dimension) is given by the following relationship between the
porosity of the electrode & and the specific area A; (m1):

e
L=—1 14
A, (14)
and
Ag
Ay = v (15)

where ¢ is the porosity (0.51 and 0.75 to perforated plate and mesh geometry respectively)
Ag is the geometric area (57.0x104m? both), and Vs the volume of solid electrode.

3.2 Results and discussion

Figure 4 shows the effect of the percolation rate of electrolyte through the diaphragm on the
average mass transfer coefficient. The percolation rate (m.s!) was calculated as the ratio
between the feed flow and the open cathode area (0.00287 m? for perforated plate and 0.0042
m? for mesh geometry).

It can be observed in Figure 4 that for the perforated plate geometry, the combined average
mass transfer coefficient decreases with increasing percolation rate of electrolyte. The
opposite behavior is observed for the mesh geometry. There are also two distinct regions in
both curves, highlighted by the inflection points. This is characteristic of areas of
hydrodynamic transition phenomena, probably due to laminar flow with rippling. Figure 5
helps to describe this behavior. The geometric influences are illustrated by the vector
velocity of percolation (black arrows) and the direction of micro-convection (white arrows)
caused by the rise of the bubbles. For the perforated plate geometry, Figure 5 (A) and (B)
illustrates the supposition that the layer of micro-convection caused by the rise bubbles is
pushed away from electrode surface when the cross-percolation velocity of electrolyte is
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increased. This phenomena can hinder the detachment of the bubbles adhered to the
cathode surface, causing a decrease in the rate of mass transfer with increasing percolation
velocity. For the mesh geometry, a contrary phenomenon is illustrated. The Figure 5 (C)
and (D) illustrates the same vector representation, but in this case the curved surface
promotes increasing the velocity in the Prandtl hydrodynamic layer (Coeuret & Storck, 1984;
Walsh, 1993), which enhances the detachment of gas bubbles. The increasing turbulence
facilitates the detachment of the bubbles and the micro-convective movement reduces the
Nernst boundary layer, and thereby increases the combined average mass transfer
coefficient.

The Figure 5 can be explained by the supposition that turbulence can be more pronounced
at the surface of the mesh electrodes than the surface of the perforated plate electrodes. For
the mesh geometry, this mechanism is more significant at high percolation rates (see region
2 of Figure 4). Furthermore, this result indicates that for low percolation rates, the
turbulence caused by micro-convection is not strong enough to detach the bubbles trapped
in the mesh holes. This is probably due to greater bubble surface adhesion in this geometry.
With respect to dimensionless correlation, the constants a and b were determined from
logarithm function applied to Equation (13). The results are shown in Figure 6 and the Table
4 list all the correlations and Reynolds numbers domains studied in this study.
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Fig. 6. The relationship between log (Sh/Sc'/3) and log Re for mesh and perforated plate
cathode geometries.

Mesh Perforated Plate Reynolds
Region
1 Sh=11.01Re** .5c/3 Sh=49.11Re%%? Sc'/® | 0.055<Re<0.165
2 Sh =486.41Re!® Sc1/? Sh=1.01Re™7° .5c'/3 | 0.165<Re<0.220

Table 4. Empirical correlations for both geometries and Reynolds number domains studied.
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These correlations were compared with those found in the literature. (Stephan & Vogt,
1974) proposed a model expressed by Equation (17), which correlates the mass transfer in
various systems with gas evolution. This model was evaluated for 32 experiments, as
shown in Figure 7.

CK,d 3385

0487
D C2‘33 )

Sh (Re'sc) ™ (1-0)" (17)
where d is the bubble detachment diameter (d = 40 pm for bubbles of hydrogen in alkaline
solution), 0 is the fraction of area covered (8 = 0.2 for semi-spherical bubbles and 0.3 for
spherical bubbles) and C, is the sphere diameter (Cy= 8 for bubble and 4 semi-spherical
bubbles). The Reynolds number Re" was determined by Equations (3) and (4) and the
combined average mass transfer rate, k; by Equation (12). The results of the present study
were compared with the experimental data compiled by (Stephan & Vogt, 1974) as shows
by the Figure 7. These data were obtained from acidic or alkaline solutions using various
electrode materials such as platinum, copper and graphite. The data are valid for the
following domain: 0° C < T < 80°C; 3 A.m?2 < j <10°> Am?2; 160.00 < Sc < 23,000.00 and
3.0106 < Re* < 9.0x10-
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Fig. 7. Comparison of the experimental data of mass transfer with gas production (Stephan
& Vogt, 1974) and the experimental data from this study.

According to Equations (3) and (4), the value of the Reynolds number is related to both the
bubble velocity and the current density. For the purpose of comparison, only current density
was used in this work so there is only one value of the Reynolds number.
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4. Conclusions

It was shown that the mechanism controlling the average combined mass transfer coefficient
during hydrogen production in electrochemical processes is dependent on the electrode
geometry. The perforated plate geometry with deposited asbestos showed a slight
advantage, compared with the mesh geometry, due to the detachment of bubbles from the
active surface at low percolation velocities. Furthermore, increasing the percolation velocity
resulted in a decrease of the average mass transfer coefficient, due to displacement of the
micro-convective layer away from the electrode surface. For the mesh geometry, increasing
the percolation velocity leads to an increase in the average mass transfer due to combined
micro-convective effects. Specifically, rising bubbles associated with increased flow velocity
over the curved wire surface, contribute to the displacement of bubbles blocked by
adhesion. Finally for the chlorine-soda diaphragm process, a particularly operational
industrial condition utilizing a percolation rate between 5.32 10¢ and 6.16 106 m.s, the
present study showed that the perforated plate geometry is plus advantageous.

To improve the electrochemical cells with electrolytic gas production it is very important for
the mass transfer researches with new electrodes materials and geometries for cathodes
and/or anodes. Thus it may be possible to achieve low energy consumption in a high
efficiency process and low residues production.
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Effects in Erosion-Corrosion
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1. Introduction

Localized corrosion frequently occurs near the inlet of copper alloy heat exchanger tubes in
seawater. Localized corrosion occurs when protective corrosion-product film that forms on the
surface of the copper alloy is broken away by shear stress and turbulence causing the
underlying metal surface to come into direct contact with the corrosive liquid. This
phenomenon is known by several different terms: erosion-corrosion, flow-induced localized
corrosion, flow-accelerated corrosion, or flow assisted corrosion (FAC), etc. (Chexal et al., 1996;
Murakami et al., 2003). Damage by erosion-corrosion largely depends on hydrodynamic
conditions such as the flow velocity of a liquid. Thus, this type of corrosion is characterized by
the “breakaway velocity” at which the surface protective film is destroyed as the flow velocity
increases (Syrett, 1976). To predict the extent of damage to copper alloys under a flowing
solution, it is imperative to elucidate the relationships between damage to the materials and
the hydrodynamic characteristics of the corrosive solution. Erosion-corrosion of copper alloys
often proceeds via a diffusion-controlled process, and the mass-transfer equation for an
oxidizing agent over the surface of a material is generally adopted. To apply the mass transfer
equation to erosion-corrosion damage, mass transfer in both the concentration boundary layer
and in the corrosion-product film on the material need to be considered, because the corrosion-
product film that forms on the material confers a resistance to corrosion (Mahato et al., 1980;
Matsumura et al., 1988). Flow velocity is generally used as the hydrodynamic parameter to
predict erosion-corrosion damage, because it is quite simple. However, flow velocity is not
sufficient to accurately predict damage, since erosion-corrosion frequently occurs in a
turbulent region where the direction of flow changes, such as in a pipe bend, an elbow and or
tee pipe fittings. Several papers have reported that the Sherwood number, a dimensionless
number used in mass transfer operations, is useful as the mass transfer coefficient in the
concentration boundary layer (Sydberger et al. 1982; Poulson, 1983, 1993, 1999; Wharton, 2004).
Poulson reported that the Sherwood number in many flow conditions can be estimated
through electrochemical measurements (Poulson, 1983). However, the Sherwood number also
might inaccurately describe the condition of a corrosion-product film. Nesicet et al. conducted
a numerical simulation of turbulent flow when a rust film was present, and found that
fluctuations in turbulence affected both mass transfer through the boundary layer and the
removal of the film (Nesic et al., 1991). A numerical simulation of pipe flow has also been used
to investigate erosion-corrosion (Ferng et al., 2000; Keating et al., 2001; Postlethwaite et al., 1993;
Wharton et al., 2004).
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This chapter on erosion-corrosion damage will discuss use of both the mass transfer
equation as it relates to damage of materials and near-wall hydrodynamic effects to predict
damage. Erosion-corrosion tests of copper alloys were conducted in a corrosive solution
under various flow velocities using a jet-in-slit testing apparatus. A damage profile for each
specimen was prepared using a surface roughness meter to evaluate local damage. The
depth of the damage, calculated using the mass transfer equation, was related to the
experimental data to confirm the applicability of the equation. Using the mass transfer
coefficient of the corrosion-product films obtained from the mass transfer equation, the
condition of the film and the breakaway properties were compared for each material. In
addition, the near-wall hydrodynamic conditions at the material surface in the apparatus
were measured using pressure gauges. The measured hydrodynamic conditions were
applied to the equation used to predict the corrosion damage. The relationship between the
near-wall hydrodynamic effects on the material surface and the corrosion of metallic
materials under a flowing solution was investigated.

2. Erosion-corrosion damage

2.1 Experimental

The jet-in-slit testing apparatus used in the erosion-corrosion test is shown in Fig. 1. The
testing apparatus consisted of a test solution tank, a pump, a flow meter and a test cell.
Figure 2 shows a detailed schematic rendering of the test cell.

:

Test section

' Flow meter
X
N I — Air
Heater v =
< “QZ = =il
Pump Tank

Fig. 1. Schematic diagram of a jet-in-slit testing apparatus.

In this apparatus, the test solution was allowed to flow from the nozzle into the slit between
the specimen and the nozzle. The diameter of the specimen was 16 mm. The nozzle was
made of a polymethyl-methacrylate resin with a bore diameter of 1.6 mm. The gap between
the nozzle top and the specimen was 0.4 mm. As the solution was injected from the nozzle
mouth into the slit, the solution filled the slit and flowed radially over the specimen surface.
As the solution approached the periphery of the specimen, the cross-sectional area of the
flow increased, and, consequently, the flow velocity decreased. The rapid reduction in flow
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velocity created a shear stress and an intense turbulence in the flow, similar to what is
expected downstream of orifice plates (Matsumura et al., 1985). As a result, localized
corrosion damage in the jet-in-slit test can be accounted for primarily by shear stress and the
turbulence of the flow.

$16 mm
Nozzle ¢1.6 mm

; :
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i <

| o
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Fig. 2. Test section in the jet-in-slit corrosion-testing apparatus.

A 1 wt% CuCl; solution saturated with air was used as the test solution. Cu2* was used as
the oxidizing agent to accelerate the corrosion reaction. The temperature of the test solution
was maintained at 40 °C. The flow velocities at the nozzle outlet were varied from 0.2 to 7.5
m-s1. At a flow rate of 0.4 L - min”, the fluid velocity at the nozzle outlet was 3.3 m s and
the Reynold’s number at that point was 8100. The test duration was 1 h.

The materials used in the investigation were pure copper (Cu) and three copper alloys,
namely a beryllium copper alloy (BeCu) and two types of copper nickel alloys (70CuNi and
30CuNi). The chemical compositions of the test materials are shown in Table 1.

Primary chemical composition

Symbol / wt%

Cu 99.99Cu
70CuNi 30.2Ni-Cu
30CuNi 31.6Cu-Ni
BeCu 1.85Be-Cu

Table 1. Chemical composition of the copper alloys used in the tests.

Damage depth was determined by comparing the difference in the specimen surface profile
before and after the test using a surface roughness meter and by determining the mass loss
of the specimen. The damage depth rate was obtained by converting the maximum damage
depth into mm - y-1.

2.2 Measurement of damage profiles

Cross-sectional profiles of the Cu and BeCu specimens after the test at a flow rate of 0.8 L - min-!
are shown in Fig. 3. The dotted line indicates the profile before the test as determined by the
following: volume loss as calculated using measurement of the mass loss and the density of a
specimen. The same position was used to measure the profile pre- and post-test, and then the
difference between the two profiles was cylindrically integrated to obtain the volume loss.
Then, the position was shifted vertically, and the procedure was repeated to determine if the
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results coincided. Both the Cu and BeCu specimens were significantly damaged in the central
region of the specimen (A) and in an area approximately 2 mm from the center of the specimen
(B). The damage in region A was due to shear stress, while that in region B was due to
turbulence, as described above (Matsumura et al., 1985). The ratio of the damage in the central
region A to that in region B was approximately two-thirds for the Cu specimen. On the other
hand, the ratio for the BeCu specimen was approximately one-half. Thus, the damage to the
BeCu specimen was much greater in the central region. This result indicates that the corrosion
resistance of a corrosion-product film depends on the hydrodynamic conditions of a flowing
solution. To evaluate in detail the role of the hydrodynamic effect in erosion-corrosion
damage, the 1-mm radii of spots in the center regions of the damaged areas of the specimens
and disturbed regions 2 to 3 mm from the center regions were chosen, and the maximal
damage depths at both locations were measured under various velocities.

BeCu

Fig. 3. Cross-sectional profile of a copper specimen (upper panel) and a BeCu specimen
(lower panel) tested in a solution flowing at 0.8 L - min-! for 1 h. The dotted line is the profile
before the test. A and B are the central and disturbed regions.

3. Mass transfer equation in erosion-corrosion

3.1 Mass transfer equation
Various hydrodynamic parameters have been proposed to control the occurrence and extent
of erosion-corrosion. The mass transfer coefficient is a parameter that relates the rate of a
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diffusion-controlled reaction to the concentration driving force, and includes both
diffusional and turbulent transport processes. Erosion-corrosion of copper alloys mainly
proceeds under cathodic control because the rate-controlling step in corrosion is the
transport of the oxidizing agent from the bulk of the fluid to the metal surface. When the
surface of the copper alloy is exposed to a flowing fluid, a concentration boundary layer is
formed in the bulk of the fluid outside of the corrosion-product film, as shown in Fig. 4.

Concentration of
oxidizing agent
Cb
Concentration
r1i k¢ boundary layer
d Corrosion
productsfilm

Metal

Fig. 4. Distribution of the oxidizing agent concentration in a solution flowing over a metal
surface.

The diffusion rates of the oxidizing agent r; and 2 in the concentration boundary layer and
in the corrosion-product film, respectively, can be determined, as follows:

ri=ke(co-cq) (1)

1’2=kd(cd—cw) (2)

where ¢, , ¢q and ¢, (mol- L) are the oxidizing agent concentrations in the bulk of the
flowing fluid, at the outside surface of the corrosion-product film, and at the metal surface,
respectively. k. and kg (mm- y1) are the mass transfer coefficients in the concentration
boundary layer and in the corrosion-product film, respectively.

The corrosion rate should be proportional to the diffusion rate of the oxidant. In the steady
state, the mass transfer rates in the concentration boundary layer are equal to that in the
corrosion-product film. Accordingly, the corrosion rate, R. (mm - y1), can be given by the
following reaction by using the conversion factor K (L - mol-):

RC=K1’1=KT2 (3)

The concentration of the oxidizing agent at the metal surface, ¢, may be zero (=0), since a
very rapid electrochemical reaction is assumed. Equations (1)-(3) are combined to give:

Re=Kev/ (1/ke+1/ka) = v/ (1/Kke +1/Kkq) )

Equation (4) indicates that the corrosion rate is directly proportional to the concentration of
the oxidizing agent, ¢, and inversely proportional to the combined resistance to mass
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transfer, 1/Kk.+1/Kkq. The concentration of the oxidizing agent, cy, , is 0.075 mol - L1, which
corresponds to a CuCl, concentration of 1 wt%.

The issue of whether the mass transfer equation can be applied to the experimental results
was examined. The problem is how to determine the mass transfer coefficients, k. and kq.
According to the definition of the mass transfer coefficient, the coefficient in the
concentration boundary layer, k. is inversely proportional to the thickness of the
concentration boundary layer. It was previously determined that the thickness is dependent
on the flow velocity and is inversely proportional to the velocity to the power of 0.5 for
laminar flow and of 0.8 for turbulent flow (Bird et al., 1960). Accordingly,

ke oc 405 (for laminar flow, Re<2300) ®)

ke oc 08 (for turbulent flow, Re>2300) (6)

It may be assumed that the mass transfer coefficient in the corrosion-product film, i.e., kq, is
also inversely proportional to the thickness of the corrosion-product film, but is initially
independent of flow velocity, because the thickness of the corrosion-product film is nearly
constant. After the increase in the corrosion rate, it is assumed that kq depends on the flow
velocity to the power, ie. k. This is because the surface after the breakaway of the
corrosion-product film consisted of a completely naked area, while at the same time the area
was still covered with residual corrosion product (Matsumura et al., 1985). Accordingly,

Kkq = a (constant, < breakaway velocity) (7)

Kkg = Bun (> breakaway velocity) ®)

where a, p and n are constants. Under these assumptions, Kk. and Kkg were determined
and fitted the experimental data.

3.2 Damage depth rate and fitting by mass transfer equation

Figure 5 shows the relationship between the damage depth rate at the central and disturbed
regions of a Cu specimen and the flow velocity. The solid curves in the figure were
calculated using the mass transfer equation and fitted to the experimental data. Using the
same procedure, the experimental data and the fitted lines for BeCu, 70CuNi and 30CuNi
are shown in Figs. 6, 7 and 8, respectively. The coefficient in the concentration boundary
layer, Kk., was determined and used to fit the experimental data. The constants a, f and n in
equation (7) and (8), which are related to the mass transfer coefficient in a corrosion-product
film, are listed in Table 2. These parameters are discussed below.

The damage depth for the Cu specimen increased slightly with increasing flow velocity at
lower velocities (Fig. 5). The damage depth increased rapidly at a certain velocity, namely
the breakaway velocity (Syrett, 1976). The breakaway velocity at the central region was
2 m- st and at the disturbed regions it was 0.8 m-s1. The damage depth at a velocity less
than the breakaway velocity for the central and disturbed regions fit the same curve. The
damage depth doubled at the breakaway velocity in both regions, and further increased at
higher flow velocities. This result indicates that the corrosion-product film formed on the Cu
was easily broken away by the turbulence that occurred in the disturbed regions, and was
not due to shear stress. It was confirmed that the damage depth, determined by the mass
transfer equation, was well fitted to experimental damage depth for Cu, although the
damage varied at different regions of the specimen.
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Fig. 5. Relationship between flow velocity and damage depth rate at the central and
disturbed regions of a pure copper (Cu) specimen tested in a jet-in-slit testing apparatus.
The curves were calculated using the mass transfer equation as fitted to the experimental

data.
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Fig. 6. Relationship between the flow velocity and damage depth rate in the central and
disturbed regions of a beryllium copper alloy (BeCu) specimen tested in a jet-in-slit testing
apparatus. Curves were calculated by using the mass transfer equation as fitted to the

experimental data.
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Fig. 7. Relationship between the flow velocity and damage depth rate in the central and
disturbed regions of a copper nickel alloy (70CuNi) specimen tested in a jet-in-slit testing
apparatus. Curves were calculated using the mass transfer equation as fitted to the

experimental data.
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Fig. 8. Relationship between the flow velocity and damage depth rate in the central and
disturbed regions of a copper nickel alloy (30CuNi) specimen tested in a jet-in-slit testing
apparatus. Curves were calculated using mass transfer equation as fitted to the experimental

data.
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Symbol Region Vp/ m-st a B n
Cu Central 2 8000 12000 0.6
Disturbed 0.8 i 40000 1

BeCu Central 0.8 2000 10000 0.3
Disturbed 0.5 i 7000 1

. Central 3 3500 4000 0.9
70CuNi bicturbed 1 1 12000 1
. Central - 3000 - -
30CuNi Disturbed - 1 - -

Table 2. Constants for the mass transfer equation determined as fitted to the damage depth
rate of each copper alloy.

The damage depth rate for the BeCu specimen increased with increasing flow velocity, but
was relatively low, compared to the rate for the Cu specimen (Fig. 6). The breakaway
velocity at the central region was 0.8 m - s, while that in the disturbed region was 0.5 m - s-..
Moreover, the breakaway velocity was lower than that for the Cu specimen. The damage
depth rate was very low at velocities less than the breakaway velocity, compared to the rate
for the Cu specimen. At velocities greater than the breakaway velocity, the damage depth
rate increased slightly with increasing flow velocity. However, the behavior of the damage
depth rate was similar in both the central and disturbed regions. The corrosion behavior of
the BeCu specimen was different from that of the Cu specimen. The damage depth rate,
calculated from the mass transfer equation, could also be fitted to the experimental data for
the BeCu sample.

For the 70CuNi alloy, the breakaway velocity in the central regions was 3 m - s, while that
in the disturbed region was 1 m- s (Fig. 7). The damage depth rate at the breakaway
velocity was increased three-fold, and also increased with an additional increase in the flow
velocity. Although the damage was low compared to the damage to the Cu specimen, the
corrosion behavior was similar to that of the Cu specimen. This result was attributed to the
formation of a good quality anti-corrosion film due to the addition of nickel. The damage
depth rate at a velocity lower than the breakaway velocity was linear, but the curve
calculated from the mass transfer equation did not coincide with the experimental damage
rate. This result was apparently caused by a slight breakaway of the film, although the
damage was not fatal. The damage depth rate at a velocity higher than the breakaway
velocity simulated the experimental rate.

The damage depth rate for the 30CuNi alloy was constant at both the central and disturbed
regions under all velocities (Fig. 8). This result shows that 30CuNi is an excellent film for
protecting against erosion-corrosion, even when the flow velocity is high. The damage
depth rate calculated from the mass transfer equation was well-fitted to the experimental
results.

The damage depth rate at the central region differed from that at the disturbed region, and
was dependent on hydrodynamic conditions. However, it was confirmed that the mass
transfer equation and the assumptions concerning the corrosion-product film as described
by equations (7) and (8) can be applied to erosion-corrosion damage.

3.3 Characterization of film
The relationships between the flow velocity and the mass transfer coefficient in a corrosion-
product film (Kkg) in the central regions of each specimen are shown in Fig. 9. The mass
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transfer coefficient in the concentration boundary layer, Kk, is shown by the dotted line in
the figure. The dashed lines in the Kkq curves show the breakaway velocities for each
material.
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Fig. 9. Values of Kk. and Kkq determined by fitting to the damage depth rate in the central
region of a specimen.

The mass transfer coefficient in the corrosion-product film, Kkg, of Cu was very similar to
the mass transfer coefficient of the concentration boundary layer, Kk, at a velocity less than
the breakaway velocity. Therefore, the damage rate for Cu depends on the concentration
boundary layer at lower velocities. However, the damage rate of the other copper alloys is
determined by the condition of the corrosion-product film, because the Kkd of the other
copper alloys was very low compared with Kk.. This is equivalent to a, as shown in Table 2,
and the corrosion resistance of the films that formed on BeCu, 70CuNi and 30CuNi was
enhanced more than two-fold compared to the film that formed on pure Cu. At a velocity
higher than the breakaway velocity, the Kkq for the copper alloys was always lower than
Kk.. Consequently, the damage rate was mostly dependent on the mass transfer rate in the
corrosion-product film. In other words, the damage rate is determined only by the
corrosion-product film. At velocities higher than the breakaway velocity, the slope of Kkq ,
listed in Table 2 as a power of n, was quite different for each material. The constant n
appears to be the breakaway property of the film that formed on each material. The constant
n for Cu was 0.6, which was similar to the change in the thickness of the concentration
boundary layer and the same as Kk. The film that formed on BeCu was resistant to
breakaway, since the constant for BeCu was as low as 0.3. The breakaway property of the
film that formed on 70CuNi was nearly proportional to the flow velocity, since the constant,
n, was 0.9. Thus, these results confirm that the breakaway property of each material was
different at the central region, where the shear stress was dominant.

The relationships between the flow velocity and the mass transfer coefficient in the
corrosion-product film (Kkgq) at the disturbed regions of each specimen are shown in Fig. 10.
At velocities less than the breakaway velocity, the behavior observed in the disturbed
regions was the same as that observed in the central region. At velocities higher than the
breakaway velocity, the Kkq for Cu exceeded the value of Kk.. This result indicates that
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mass transfer in the concentration boundary layer was dominant, although small amounts
of the corrosion-product film might remain on the specimen surface. The damage to the
70CuNi alloy affected both mass transfer coefficients, since the Kkg for 70CuNi was
comparable to Kk.. The Kkq for BeCu was so low that mass transfer in the corrosion-product
film was dominant, as in the central region. The power, n, of the exponential equation for
Kkq at velocities higher than the breakaway velocity was different for each material,
however, it was the same as that in the central region. Thus, although the extent of
breakaway of the films that formed on each material was dependent on the hydrodynamic
conditions, the increasing ratio for breakaway of the film with flow velocity was not
dependent on hydrodynamics, but on the type of material.
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Fig. 10. Values of Kk. and Kkq determined by fitting to the damage depth rate in the
disturbed region of the specimens.

Consequently, to predict erosion-corrosion damage for a copper-based material, the mass
transfer equation can be used as a fundamental equation. However, the flow velocity does
not adequately express various hydrodynamic conditions such as turbulence or shear stress.
The Sherwood number seems to be more suitable than the flow velocity. Of course, the mass
transfer coefficient in the concentration boundary layer can be predicted. However,
prediction of the mass transfer coefficient in a corrosion-product film appears difficult,
because the Sherwood number is almost propotional to the flow velocity at a Reynold’s
number of less than 10,000 in an impinging jet testing apparatus similar to the apparatus
used in the present study (Sydberger et al., 1982). An alternative parameter to describe
hydrodynamic conditions rather than the flow velocity or the Sherwood number is desirable
for prediction of the breakaway properties of a corrosion-product film. The corrosion-
product film that formed on pure Cu tested at a lower flow velocity consisted of numerous
particles, which were approximately 5 pm in diameter. Thus, breakaway of the corrosion-
product film was equivalent to particle removal due to the hydrodynamic action of the
flowing solution. Concerning the removal of the particles, it is important to investigate the
relationships between particle morphology and adhesive force. Thus, selection of a
hydrodynamic parameter related to erosion-corrosion was the most important issue
initially. The mass transfer coefficient can be determined by electrochemical measurements,
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but it was thought that determination of the force acting on the surface of the material, for
instance, a pressure measurement, was also useful. It is reasonable to use the mass transfer
equation as a basic equation. A more complex equation should be developed for prediction
of erosion-corrosion damage in an actual machine, along with a numerical simulation (Ferng
et al., 2000; Keating et al., 2001; Postlethwaite et al., 1993).

4. Hydrodynamic effects

4.1 Measurement of near-wall hydrodynamic conditions

The near-wall hydrodynamic conditions of each specimen were measured in the jet-in-slit
corrosion testing apparatus using two pressure gauges and a wire. The set-up for the system
is shown in Fig. 11. The fluid in the tank flows to a nozzle through a flow meter with a
pump, and then returns to the tank. Three types of nozzles were prepared. One was the
same size as the nozzle of the corrosion testing apparatus, and the others were 2-fold and 5-
fold scale-ups. The fluid velocity at the nozzle equaled that of the corrosion testing
apparatus. Two holes, each 0.3 mm in diameter, were bored into the surface of the
measurement plate, and a wire 0.05 mm in diameter was set between the holes, as shown in
Fig. 12.

Pressure gauges (PGM-02KG, Kyowa Electronic Instruments Co., Ltd.) were connected to
the holes. The signal from each pressure gauge was input to a personal computer through a
sensor interface (PCD-300, Kyowa Electronic Instruments Co., Ltd.). The horizontal velocity
Vi (m- s1) and the vertical velocity Vy (m-s?) were calculated by the pressure differential
AP=P;-P, (Pa) and the wall pressure upstream of the wire, P; (Pa), respectively. The
measured pressure was converted into velocity using equations (9) and (10), which are
given by Bernoulli’s law,

V. =(2AP/ p)05 ©)

Pressure Interface

ransducer
<—>

Measurlng plate ﬁ

Nozzle

Tank

Heater

Fig. 11. Set-up for the system to measure the near-wall hydrodynamic conditions of a
specimen in the jet-in-slit corrosion testing apparatus.
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Fig. 12. Dimensions of the two holes connected to the pressure gauges and the wire set on
the measuring plate for determination of near-wall hydrodynamic conditions.
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Fig. 13. The near-wall average velocity and the fluctuation in the horizontal (x) and vertical
(y) directions relative to the specimen surface, Vxa, Vi, Vyaand Vs,

Vy=(2P1/ p)°> (10)

where p (kg m3) is the density of the solution. The measuring plate was moved from
the center of the nozzle mouth to the periphery to measure each point on the specimen
surface.

Only the distributions in the right-half of the apparatus were measured, since the left-half
distributions should be nearly identical to those of the right side. The sampling time was 10
s and the sampling frequency was 2 kHz. The average velocities and the fluctuations in the
horizontal (x) and vertical (y) directions relative to the specimen surface, Vya, Vx, Vya and Vy¢
(as shown in Fig. 13), were calculated from the time dependence of the horizontal velocity
Vx and the vertical velocity Vy, respectively. V., and Vy, are equal to the wall shear stress
and the hydrodynamic energy density, respectively (S. Nesic et al., 1991; Bozzini et al., 2003).
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4.2 Near-wall hydrodynamic conditions

Near-wall hydrodynamic conditions in the jet-in-slit apparatus were measured using three
types of nozzles. The distribution of the hydrodynamic conditions, which were measured
using the same nozzle as was used in the corrosion testing apparatus, did not appear
smooth, because the holes for the pressure gauge and wire were too large. However, the
distributions of the hydrodynamic conditions that were measured using the nozzles that
were scaled-up 2- and 5-fold, were very smooth and nearly identical. The measurement
points were easily adjusted using the nozzle that was scaled-up 5-fold. Therefore, that
nozzle was used to measure the near-wall hydrodynamic conditions. To compare the
hydrodynamic conditions with the corrosion damage, the region in which the
hydrodynamic conditions were measured corresponds to the nozzle in the corrosion testing
apparatus. Thus, the value of that region was divided by 5.

The time-dependence of the pressure differential was located 1.5 mm from the center of the
specimen (AP), and the wall pressure was at the center of the specimen, P;, and both are
shown in Fig. 14. Fluctuations in AP and P; were detected, and the frequencies were
approximately 200 Hz and 130 Hz, respectively. The frequencies were not the same in both
areas, so the fluctuations must have been due to the vibration of the fluid rather than to the
pulsation of the pump.

AP

2
0 100 200 300
Time / ms

Fig. 14. Time-dependence of the pressure differential located 1.5 mm from the center of the
specimen (AP) and the wall pressure at the center of the specimen (Py).

AP and P;, which were measured by pressure gauges were converted into horizontal
velocity (Vy) and vertical velocity (Vy) using equations (9) and (10), respectively.
Furthermore, the horizontal velocity V. was calculated from the average velocity V. and the
fluctuation V. Vi was 3 times the standard deviation of the velocity. The vertical velocity
and the horizontal velocity were also used to calculate Vy, and Vy:. The distributions of the
velocities and the fluctuations in the horizontal and vertical directions were obtained by
moving the measuring plate.

Fig. 15 shows the distributions of the near-wall hydrodynamic conditions, Vxa, Vxi, Vya, and
Vys, of the specimens. Only the distributions in the right-half of the apparatus are shown in
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the figure. The average vertical velocity, Vy,, was highest at the center of the specimen, since
the solution was injected vertically and toward the specimen. Vy, showed a negative
pressure in the area outside of 5 mm, which was due to boundary-layer separation in the
area. The average horizontal velocity V., was highest 5 mm from the center of the specimen,
which corresponded to the edge of the nozzle mouth, because the flow direction changed at
this location. The fluctuations in the vertical and horizontal velocities Vy, and Vy; were
highest in the area 10 mm from the center. As a result, the hydrodynamic parameters had
different distributions, and the region showing the maximum differed among these
parameters. Thus, we successfully measured the various hydrodynamic parameters in the
jet-in-slit corrosion testing apparatus.
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Fig. 15. The distributions of the near-wall hydrodynamic conditions, Vxa, Vi, Vya and Vy, of
the specimens. Only the distributions in the right-half of the apparatus are shown in the figure.

To relate the hydrodynamic conditions to the corrosion damage, Vxa, Vi and Vy, were
selected as follows. Only positive pressure was used for Vy, because negative pressure in
the area outside the region 5 mm from the center was caused by boundary-layer separation
and was related to the fluctuations Vi and V. The vertical velocity fluctuation Vys was
similar to the horizontal velocity fluctuation Vi, so only Vi was used to predict the
corrosion damage.

4.3 Prediction of damage using hydrodynamic effects and mass transfer equation

The jet-in-slit testing apparatus shown in section 2.1 was used for the corrosion tests
performed under a flowing solution. Brass (58.3Cu-38.2Zn-3.10Pb-0.17Fe-0.235n) and
70CuNi (30.2Ni-Cu) were used as model materials for the corrosion tests. A 3% NaCl
solution and a 1 wt% CuCl, solution saturated with air were used as the corrosive test
solutions. The concentration of oxygen dissolved in the solutions was approximately 6.45
ppm. Cu?* in the 1 wt% CuCl, solution acted as the oxidizing agent to accelerate the
corrosion reaction. The test duration was 24 h in the 3% NaCl solution and 1 h in the 1 wt%
CuCl; solution.
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Cross-sectional profiles of the brass and 70CuNi specimens after flow-induced localized
corrosion tests at a flow rate of 0.4 L - min-! are shown in Fig. 16. The thin line indicates the
profile before the test, which was determined as volume loss calculated from mass loss and
the density of a specimen coinciding to the volume loss calculated from the surface profile
before and after the test, as explained in section 2.2.
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g
2 Brass

o 70CuNi

Fig. 16. Cross-sectional profiles of the brass (upper) and 70CuNi (lower) specimens after
flow-induced corrosion tests at a flow rate of 0.4 L min-1. The thin line is the profile before
the test.

Brass was significantly damaged in the central region of the specimen (region A) and in the
area approximately 2 mm from the center of the specimen (region B). The damage to the
periphery was relatively low. This result was obviously due to the hydrodynamic effects of
the corrosive solution. Similar to the brass specimen, the 70CuNi sample was significantly
damaged in the central area (regions A and B), compared with the damage to the periphery.
The damage in region B was deeper than that in region A for brass, but the damage in
region B was less than that in region A for 70CuNi. The result is likely due to differences in
the corrosion-product films that formed on the surface of each specimen under a flowing
solution, because the hydrodynamic conditions near the surface were very similar for the
two materials. The corrosion rate for both materials differed with the oxidizing agent
concentration. The flow-induced localized corrosion of copper alloys proceeded through
both the initiation step, which occurred following the mechanical destruction of the
corrosion-product film, and the propagation step, which occurred following the repeated
formation and breakaway of the products due to the local hydrodynamic effect (S. Nesic¢ et
al., 1991; Bozzini et al., 2003). Since wet-polished specimens were tested in the present study,
most of the damage to the copper alloys occurred during the propagation step, which was
equal to the steady state. The porous corrosion-product film was detected by direct
observation of the specimen surface after the corrosion test.

The corrosion damage to the copper alloy in a 1 wt% CuCl; solution was much greater than
the damage that resulted from the 3% NaCl solution, as shown in Fig. 16. This result
indicated that the corrosion damage was mainly caused by the cathodic reaction. Thus, the
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flow-induced localized corrosion of copper alloys mainly proceeds under cathodic control,
so that the rate-controlling step in corrosion is the transport of the oxidizing agent from the
bulk of the fluid to the metal surface. The corrosion rate should be proportional to the
diffusion rate of the oxidant. In the steady state, the corrosion rate, R. (m - s?), can be given
by equation (4). Accordingly, the local damage d (pm) can be estimated using the testing
time ¢ (h), as follows:

d=3.6x109Kcpt / (1/ke+1/ka) 11)

Assuming that the corrosion-product film that formed on the copper alloys was either
thicker than the concentration boundary layer or thinner but more dense, it had a structure
that resisted diffusion of the oxidizing agent. Therefore, the diffusion of the oxidizing agent
in the corrosion-product film was relatively low for the rate-controlling step, namely k. >>
kq. Thus equation (11) gives

d=3.6x10°Kkq cp t (12)

The corrosion-product film that formed on the surface was in a steady state, and its
thickness and structure were determined by repeated formation and breakaway due to the
hydrodynamic effects. In this process, the condition of the film is determined by the
mechanical force acting on the film. When the velocity was high, the force acting on the film
was large, resulting in thinning of the film, so that the mass transfer coefficient in the
corrosion-product film became larger. Hence, the mass transfer coefficient in the corrosion-
product film kq (m - s1) was assumed to be proportional to the velocities at the near-wall, as
follows:

kq = Yxana + Yfoxf + YyaVya (13)

where each y is a material-specific constant that corresponds to the contributing ratio for
each hydrodynamic condition.

The damage depth profile for the copper alloys was calculated using equations (12) and (13)
as fitted to the experimental damage profile using a trial-and-error method. The calculated
and experimental profiles for brass and 70CuNi are shown in Figs. 17 and 18. The figures
show only the right-half of the damage profile for each specimen. The data used for brass
that was tested in a 3% NaCl solution were as follows: K = 3.6x10¢ m3- mol! (=
63.5/2/8.9x106, where 63.5 g mol- is the molecular weight of copper, 2 is the number of
ion-exchanges in anodic and cathodic reactions, and 8.9x10¢ g - m?3 is the density of copper),
¢ = 0.20 mol - m3, which corresponds to dissolved oxygen of 6.45 ppm, =24 h, and the y
values obtained by fitting to the measured data were: yx, = 2.3x107, yx = 4.6x10- and yy, =
1.2x0-6, respectively.

The data used for 70CuNi that was tested in a 1 wt% CuCl, solution were as follows: K =7.1
x 106 m3 - mol? (=63.5/1/8.9x10¢, where 63.5 g - mol is the molecular weight of copper, 1 is
the number of ion-exchanges in anodic and cathodic reactions, and 8.9x106 g- m?3 is the
density of 70CuNi). ¢, = 74 mol- m-=3, which corresponds to the Cu* concentration of the 1
wt% CuCl; solution, t =1 h, and the y values obtained for each material from fitting to the
measured data were: yy, = 3.8%106, vy = 8.8%106, yya = 3.5%10, respectively. The calculated
profiles were consistent with both the experimental data and the areas of maximal damage
for both copper alloys—2 mm for brass and 1 mm for 70CuNi. Comparing the contributing
ratio (y) to each hydrodynamic condition, the fluctuation in horizontal velocity, yx;, was
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Fig. 17. The experimental and calculated damage depth profiles for brass tested in the 3%
NaCl solution for 24 h. The figures show only the right half of the specimen.
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Fig. 18. The experimental and calculated damage depth profiles for 70CuNi tested in the 1
wt% CuCl; solution for 1 h. The figures show only the right half of the specimen.

dominant in the corrosion damage of brass. On the other hand, average vertical velocity, yxa,
also affected the corrosion damage of 70CuNi, in addition to the fluctuation of horizontal
velocity, yy. Thus, the hydrodynamic effect on the corrosion damage of copper alloys was
not attributed to a single parameter, such as flow velocity or Sherwood number, but instead
was related to multiple effects from both horizontal and vertical force and fluctuation. The
material-specific constant y in equation (13) is related to the mechanical properties of the
corrosion-product films that formed on the surface of copper alloys. Consequently, these
properties are particularly important for the prediction of corrosion damage under a

flowing solution.
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7. Conclusion

Erosion-corrosion tests were carried out using a jet-in-slit testing apparatus, and the
following results were obtained. The damage depth rate of Cu, BeCu and 70CuNi increased
with increasing flow velocity, and the breakaway velocity was clearly evident. The films
that formed on Cu and 70CuNi were significantly damaged by turbulence, such that the
hydrodynamic conditions of the flowing solution affected the breakaway property of the
corrosion-product film. Damage depth rate, calculated by the mass transfer equation, which
involved mass transfer in the concentration diffusion layer and in the corrosion-product
film, could to be fitted to the experimental damage rate. Thus, we confirmed that the mass
transfer equation can be applied to erosion-corrosion damage to copper and copper alloys.
The film condition remained nearly constant at a velocity lower than the breakaway
velocity, and the films that formed on BeCu, 70CuNi and 30CuNi were enhanced more than
two-fold compared with the film that formed on pure Cu, as evidenced by the analysis of
the mass transfer coefficient in the corrosion-product film. The corrosion-product film was
exponentially broken away at velocities greater than the breakaway velocity. The breakaway
property of the corrosion-product film differed among the materials, since the power of the
exponential equation was different for each material.

The relationship between the near-wall hydrodynamic effects on the material surface and
the corrosion damage of material under a flowing solution was investigated. The near-wall
hydrodynamic conditions on the surface of the test specimens were measured using
pressure gauges, and both the distribution of the near-wall velocity and the velocity
fluctuations were determined. Three types of hydrodynamic conditions were applied as
parameters that are related to the mass transfer coefficient in a corrosion-product film in the
equation used to predict corrosion damage. The damage profiles calculated from the
equation could be fitted to that obtained from the corrosion test using the three
hydrodynamic parameters. The determined material-specific constant agreed with the
mechanical resistance of the corrosion-product film to the hydrodynamic effects in a
corrosive liquid. Consequently, the mechanical properties of the corrosion-product films
that formed on the surface of the copper alloys are particularly important for the prediction
of corrosion damage under a flowing solution.
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1. Introduction

Research of transport phenomena in liquid - particles systems, in past years, had a more
theoretical then practical importance (Coudrec, 1985; Lee et al., 1997; Schmidt et al., 1999).
For industrial use, especially with fast development of bio and water cleaning processes,
better knowing of these systems become more important. An industrial application of these
systems requires determination of transfer characteristics, especially mass transfer.
Frequently mass transfer is the rate determining step in the whole process. However, in the
real systems, it is not always easy to differentiate the limitation due to the mass transfers
from that due to the hydrodynamic.

Mass transfer in liquid-solid packed and fluidized beds has been widely investigated in
terms of particle-fluid mass transfer by dissolution, by electrochemical and by ion-exchange
methods (Damronglerd et al. 1975; Koloini et al. 1976; Dwivedi & Upadhyay, 1977; Chun &
Couderc, 1980; Kumar & Upadhyay, 1981; Rahman & Streat, 1981; Yutani et al. 1987). Some
of the results of mass transfer in packed and fluidized beds have been obtained as the
transfer between an immersed surface and the liquid (Riba et al. 1979; Boskovi¢ et al. 1994;
Boskovic¢-Vragolovi¢, et al., 1996&2005). Liquid fluidization of particulate solids has a
history which predates the now more commonly applied gas fluidization. The broad range
of operations to which liquid fluidization has found applications are: classification of
particles by size and density, a special case being sink-and-float separation by density;
backwashing of granular filters and washing of soils; crystal growth; leaching and washing;
adsorption and ion exchange; electrolysis with both inert and electrically conducting
fluidized particles; liquid-fluidized bed heat exchangers and thermal energy storage; and
bioreactors. Fluidized-bed bioreactors, which have received much attention during the past
thirty years, are usually characterized by the catalytic use of enzymes or microbial cells that
are immobilized by attachment, entrapment, encapsulation or self-aggregation. The most
common application of such bioreactors is probably in wastewater treatment and, as in the
case of the other operations mentioned above, liquid fluidization must in each case be
weighed against competing schemes for achieving the same objective before it is adopted
commercially (Epstein, 2003). In contrast to fluidized beds data, there are no published data
on mass transfer in vertical and horizontal hydrotransport of particles.
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Liquid-solid packed and fluidized beds have usually been investigated separately (Kumar &
Upadhyay, 1981; Yutani et al. 1987; Comiti & Renaud, 1991; Schmidt et al., 1999), but many
authors have noticed the similarity between the two systems (Dwivedi & Upadhyay, 1977).

2. Background of heterogeneous systems

There are a number of different types of systems designed for fluid-solid heterogeneous
operations. Two-phase flow systems of fluid (gas or liquid) and particles, the way of
realizing contact between the phases, namely how the introduction of fluid in the bed of
particles can be (Fig. 1):

systems with a fixed bed of particles;

- packed bed (a),

systems with a moving bed of particles;

- Fluidized bed (b),

- spouted bed and spout-fluid beds (c),

- spouted bed and spout-fluid beds with draft tube (d),

- vertical two-phase flow systems (fluid-particle), i.e. transport systems (e).

Packed beds are an essential part of chemical engineering equipment. A packed bed is a
column filled with a support material, in which one or more fluids flow (Fig. 1, a). In
chemical processing, a packed bed is a hollow tube, pipe, or other vessel that is filled with a
packing material. The packing can be randomly filled with small objects like Raschig rings
or else it can be a specifically designed structured packing. Differently shaped packing
materials have different surface areas and void space between the packing. Both of these
factors affect packing performance. The purpose of a packed bed is typically to improve
contact between two phases in a chemical or similar process. Packed beds are widely used in
industry to contact two or more fluid phases at relatively low pressure drops. For process
design purposes, it is essential that pressure drop be estimated for its proper operation.
They are readily used in industry for catalytic reactions, combustion, gas absorption,
distillation, drying, and separation processes.

A fluidized bed is a packed bed through which fluid flows at such a high velocity that the
bed is loosened and the particle-fluid mixture behaves as though it is a fluid (Fig. 1, b). Thus,
when a bed of particles is fluidized, the entire bed can be transported like a fluid, if desired.
Both gas and liquid flows can be used to fluidize a bed of particles. In fluidized beds, the
contact of the solid particles with the fluidization medium (a gas or a liquid) is greatly
enhanced when compared to packed beds. The most common reason for fluidizing a bed is
to obtain vigorous agitation of the solids in contact with the fluid, leading to excellent
contact of the solid and the fluid and the solid and the wall. Fluidized beds are widely used
in industry for mixing solid particles with gases or liquids. In most industrial applications, a
fluidized bed consists of a vertically-oriented column filled with granular material, and a
fluid (gas or liquid) is flow upward through a distributor at the bottom of the bed.

Fluidized bed technology has become a common method to increase heat and mass transfer
in physical and chemical operations. Although a great amount of studies have been
performed to characterize the physical properties of these systems, only a few satisfying
models have been derived. This is especially true for liquid-solid fluidized beds, which
usually play a minor role in practical applications. Furthermore, studies dealing with gas-
solid or gas-liquid-solid fluidized beds may not be applied to liquid-solid fluidized beds,
because of the very different physical behaviour of these systems (Schmidt et al., 1999).
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Fig. 1. Schematic diagram of heterogeneous systems:

a. Packed bed,

b. Fluidized bed,

c.  Spout/Spout-fluid bed,

d. Spout/Spout-fluid bed with draft tube,

e. Vertical two-phase flow system (transport system).

A spouted bed can be formed in a vertical column where the fluid jet blows vertically upwards

along the centre line of the centre line of the column thus forming a spout in which there is a

fast moving fluid and entrained particle (Fig. 1, c). The remainder of the bed, the annulus

between the spout and the column wall, is densely packed with particles moving slowly

downwards and radially inwards. Fluid percolates through these particles from the spout.

The spouted bed technique, originally developed by Mathur & Gishler, 1955, has been

successfully applied to a variety of diffusional, thermal, mechanical and other processes.

Various modifications of the classical spouted bed have been proposed to improve its

operability and provide better agreement between bed characteristics and process

requirements. By introducing external annular fluid flow through the annulus bottom,

spout-fluid bed can be formed (Nagarkatti & Chatterjee, 1974; Vukovic et al., 1984; Sutanto

et al., 1985). The draft tube in these systems is essentially a pneumatic or hydraulic riser which

is relatively short even in the industrial scale units.

The addition, a draft tube in a spout and spout-fluid bed changes some of basic their

characteristics (Fig. 1, d). The most important of these are:

- there is no bed height limitation imposed by a maximum spout and spout-fluid bed
height.

- the minimum spout and spout-fluid (or circulating) velocity is lower in a bed with a
draft tube.

- the draft tube forces all of the particles to travel through the entire annulus section
surrounding the draft tube before re-entering the spout in the entry section thereby
narrowing the particle residence time distribution in the annulus.
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The spout and spout-fluid bed with draft tube is a very flexible fluid-particle contacting
system because the fluid flowrates through the draft tube and annulus, and the solids
circulation rate can be very easily controlled and adjusted in accordance with process needs.
As a kind of high-performance reactor for fluid-solid particle reactions, the spouted bed
technology is applied to a variety of chemical processes such as dryness, prilling, coating,
gasification, combustion, and pyrolysis, etc. During the past decades, numerous modified
spouted bed designs have been developed to overcome some of the limitations of the
conventional spouted beds, to accommodate the diverse properties of the materials handled
and enhance the operability, heat and mass transfer characteristics, and gas-solid or fluid-solid
contacting efficiency, for example, multiple spouted beds, spouted fluidized beds, conical
spouted beds, draft tube spouted beds, pulsed spouted beds, and rotating spouted beds et al.
In addition, many experimental and theoretical studies, which aimed at grasping the more
useful flow characteristics of the spouted beds, have also been performed (Hu et al., 2008).

The vertical two-phase fluid-solids flow (Fig. 1, e), is a modified of draft tube spout and
spout-fluid bed. In these systems the fluid jet penetrates upward along the central line,
forming a spout and entraining the particles up the spout. The tube was mounted in a
modified top closed spouted bed in order to obtain non-fluctuating controlled flow of
particles. The annulus between the spout and the hopper wall is a densely packed bed with
particles moving slowly downwards and radially inward toward the spout. These systems
have complex hydrodynamics and the magnitude of the solids flowrate through the
transport tube is a major consideration in all applications (Gari¢, et al., 1995&1996; Gari¢-
Grulovi¢, et al., 2005). All these systems, except packed and classical fluidized bed (Fig. 1),
contain elements of a vertical two-phase fluid-particle flow. Design and practical realization
of any of these systems that contain elements of a vertical two-phase flow, requires
knowledge of the laws that connect the fluid velocity, particle velocity, voidage and
pressure gradient as heat and mass transfer coefficients. The vertical two-phase flow
systems are important because of their desirable characteristics for use in chemical and
biochemical reactors. Unlike many studies of heat and mass transfer in the vertical flow of
gas-particle, that include a wide area of application (Matsumoto et al., 1978; Dudukovi¢ et al.,
1996; Mansoori et al., 2002), in the literature are much less data for momentum, heat and mass
transfer in systems with the vertical flow of liquid-coarse particles.

3. Investigation in heterogeneous systems

Wall-to-fluid mass transfer in packed beds, fluidized beds and hydraulic transport of
spherical glass particles and in single-phase flow regime has been studied experimentally
using adsorption and dissolution method. Experiments were performed using spherical
glass particles from 1.2 to 3.06 mm in diameter with water in a 25.4 and 40mm L.D. column
(Boskovié-Vragolovi, et al., 2007 & 2009; Garié¢-Grulovié, et al., 2009).

The adsorption method was introduced as a relatively simple mass transfer measurement
technique, applicable for liquid flow investigations (Mitrovi¢, et al., 1989). The adsorption
method is based on the dynamic adsorption of an organic dye onto a surface covered with a
thin layer of a porous adsorbent. In our experiments, very diluted solution of methylene
blue (co =2.5103 g/dm3) was used as a fluid in the presence of inert glass particles. The foils
of silica gel were used as adsorbent. ("Merck”, DC-Alufolien Kie-selgel). Concentration
profiles of methylene blue were measured in the flow of water through investigated beds,
i.e. packed and fluidized beds (Boskovié-Vragolovié, et al., 2009). Colour intensity of the
surface was determinate by "Sigma Scan Pro" software. Besides basic usage, for
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determination of local and average mass transfer coefficients between fluid and solid
surface, adsorption method is also, suitable for fluid flow visualization.

The rates of the dye adsorption are supposed to be diffusion controlled. The quantity of the
dye transferred during a fixed time period is a function of diffusion boundary layer
conditions. The rate of adsorption decreases from high values at the beginning to a constant
value for investigated dye concentration. This constant value is the actual mass transfer rate
through the completely formed boundary layer. For high concentration of the dye the
concentration at the film’s surface is co#0 and the adsorption process is controlled by mixed
kinetics. Also, for high mass transfer rates mixed kinetics occur at lower concentration.
Adsorption from a much diluted solution and far from equilibrium conditions is a very fast
process. If the exposure time is short (less than 10 min) the mass transfer rate depends only
on the diffusion through the boundary layer. The concentration of adsorbate just above the
adsorbent’s surface is ¢;= 0.

Mass flux is,

N, =k(c,-¢;)=kc, 1)
and for exposure time,
N, =L @

where cp, is the surface concentration of organic dye on adsorbent layer, ¢ is the bulk
concentration.

If the induction period can be short (in the case of thin boundary layers) a simplified
expression to calculate mass transfer coefficient is obtained (Koncar-Djurdjevié, 1953):

c

k=—- ®)
tc,

For this method, value of the surface concentration ¢, is necessary for data quantification. This

method is used since 1953, but determination of this parameter, ¢, which now can be done

easily, using suitable software (Sigma Scan Pro), gives absorption method new actuality.

The dissolution method is based on mass transfer from tube segment of benzoic acid to

water. The investigated systems (packed bed, fluidized bed and the transport tube in

hydraulic transport) are equipped with a tube segment prepared from benzoic acid

(Boskovi¢-Vragolovié, et al., 2007; Gari¢-Grulovié, et al., 2001&2009).

The mass transfer coefficient is calculated from the equation:

K = Am _ Am
° AtAc (Dzh)tAc

“)

The transferred mass, Am, is determined by measuring the weight loss of benzoic acid. The
mass transfer area A is calculated from the mean value of tube segment diameter after and
before dissolution. Since the weight loss of benzoic acid Am is small, bulk concentration is
negligible so equilibrium concentration c* was taken as a driving force Ac. The benzoic acid
solubility and diffusivity in water were taken from the literature (Kumar, et al., 1978; Kumar
& Upadhyay, 1980).
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In each run the average fluid/water temperature was recorded and corresponding values of
the diffusion coefficients, fluid viscosity, fluid density and equilibrium solubility were
considered in calculations. The water temperature was ranged from 14 to 16°C. Important
properties of particles and bed are summarized in table 1.

Particles (glass spheres)

dp (mm) 1.2 1.94 2.06 2.98 3.04
pp (kg/m?3) 2641 2507 2461 2509 2465
EmF 0.392 0.422 0.424 0.462 0.447
Umr (m/s) 0.0129 0.0255 0.0268 0.0435 0.0409
Ui (m/s) 0.208 0.299 0.3025 0.371 0.3680

Table 1. Particle characteristics

4. Hydrodynamics and mass transfer

4.1 Hydrodynamics in heterogeneous systems

For design of heterogeneous systems, used for the mass transfer is important to know

hydrodynamics characteristics of systems (i.e. liquid velocity, particle velocity and voidage).

Investigation of hydrodynamics in liquid fluidized beds are covered by a large number of

research papers, where are presented: the minimum fluidization velocity, the expansion of

fluidized bed, the fluid-particle friction coefficient, the drag coefficient of bed and

movement of particles (Makkawi & Wright, 2003; Yang & Renken, 2003).

For liquid-particle systems, the two most important characteristics are: for any liquid

velocity of the fluidized bed voidage is uniform and the bed voidage is increasing function.

Many authors have noted that on the diagram U = f (¢) in the logarithmic scale is present a

change of slope for £~0.85. Both Garside & Al Dibouni 1977, and Riba & Couderc 1977, have

observed a change in the slope of their data on such a plot at €~0.85 and suggested
correlations for low € (¢ < 0.85) and high & (> 0.85) systems. Carlos & Richardson, 1968, and

Kmiec, 1978, concluded, analyzing the movement of labelled particles in fluidized beds, that

probably there is a change in the mechanism of momentum transfer at voidage £~0.85.

Our investigations in liquid fluidized beds showed agreement with mentioned literature

results (Fig. 2).

Our investigation have shown that in the vertical liquid-particle flow, at voidage €~0.85

there is also change in mechanism of momentum transfer, which represents the transition

from turbulent to parallel flow of particles (Fig 3&4).

In the hydraulic transport of coarse particles, the two characteristic flow regimes are defined

as:

a. Turbulent flow, where the particles move vertically but with some radial movement.
This regime is characteristic of the lower fluid and particle velocities and appears very
much like the inverse settling of a particle suspension. At the same time, the flowing
suspension is very much like a particulate fluidized bed, where the whole fluidized
suspension flows relative to the tube walls.

b. Parallel flow, where the particles move vertically along a parallel streamline. This
regime is characteristic of the higher fluid and particle velocities.

The 2D-photographic illustration of these two regimes is shown in Fig. 3, for glass particles,

5 mm in diameter. The water was coloured with methylene blue. Particle tracks were

recorded using a strong light behind the column and an exposure of 0.5 s.
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Fluidization
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Fig. 2. The relationship between velocity and voidage for water-fluidized and sedime-nting
beds of spherical glass particles (D= 40mm)

(A) Turbulent flow (B) Parallel flow

Fig. 3. Illustration of turbulent (A) and parallel (B) particle flow. Twodimensional column
60x8 mm, glass spheres 5 mm in diameter, water coloured by methylene blue

In our previous work (Grbav¢ié et al., 1992; Garié¢-Grulovié et al., 2004&2008), we found that
the choking criterion for vertical pneumatic transport lines of Day et al., 1990, is also valid
as a criterion for regime designation in the hydraulic transport of coarse particles. Day et al.,
1990, studied choking phenomena in vertical gas-solids flow. Using the steady state one-
dimensional suspension momentum equation, with constant fluid properties including
frictional effects between the bed and the wall (Leung, 1980, Grbav¢ié et al., 1992), could be
expressed as,
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dP de
o (pp~pf)g(1—s)+Fw+va ®)

where

y=p,v*-pu’ (6)

They proposed y=0 at the inlet of the transport tube as their choking criterion. This criterion
together with a semi-theoretical relationship for the slip velocity at the inlet leads to an
equation for predicting the choking velocity that agrees quite well with all available
experimental data for vertical gas-particle flow. Fig. 4 shows the relationship between
dimensionless parameter y* and transport line voidage, where:

2 2
ppV -psu

T @)
£t

Y =
As can be seen, from Fig. 4, the critical voidage for regime transition in vertical transport is
about €~0.85. The value of voidage £~0.85 is shown as a typical value in particulately
fluidized and sedimenting beds (Fig. 2). Since in the turbulent flow regime in vertical
transport, the frequency of particle collisions with the tube wall is much higher, it is
reasonable to expect higher mass transfer rates in this flow regime.

18
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Fig. 4. Relationship. y* vs. & for hydraulic transport (Grbav¢ic et al., 1992; Gari¢-Grulovic et
al., 2004&2008)
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4.2 Mass transfer in heterogeneous systems

Mass transfer in heterogeneous systems is influenced by basic hydrodynamics parameters:
fluid velocity, bed voidage and particles concentration. Fig. 5, shows relationship among
mass transfer coefficient, liquid velocity and voidage in all investigated systems. Increasing
liquid velocity increases mass transfer in packed bed. In fluidized bed increasing liquid
velocity leads to expansion of bed (> 0.7) i.e. reduction of the concentration of particles in
the bed, which contributes to reducing the mass transfer coefficient. In hydraulic transport,
increasing liquid velocity and slightly changes of voidage have positive influence on mass
transfer. Finally, as can be seen in Fig. 5, the influence of particle concentration for all system
is slightly greater then the influence of liquid velocity.

Fig. 6, shows relationships between mass transfer coefficient and superficial liquid velocity.
The highest mass transfer coefficient was at minimum fluidization velocity because of high
concentration of moving particles.

Constant movement of particles in the bed causes mixing of fluid near the wall reduces the
thickness of the boundary layer and increases the mass transfer (Yutani et al., 1987; Schmidt
et al, 1999). In addition, investigation of Schmidt et al., 1999, indicate existence of a
maximum of Sherwood number Sh = f (k), at bed voidage about 0.8. Results of our
investigations (Fig. 5&6), show existence of maximum of mass transfer coefficient at
transition from packed to fluidized bed, but there is no maximum for fluidized bed. In
addition, with increasing fluid velocity fluidized bed is expands (¢>0.8, Fig. 6&7).

Fig. 5. The relationship between mass transfer coefficient, interstitial fluid velocity and
voidage, for packed beds, fluidized beds and vertical transport (dissolution method;
dp=1.94mm)
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Chromatogram on Fig. 7, gives clear visualization of fluid flow around particles in the
packed bed. Colour intensity is proportional to local mass transfer rates. Also, on Fig. 7, are
shown chromatograms for fluidized beds at minimal velocity and for highly expanded
fluidized bed. Uniform colour intensity could be observed in both cases, with higher
intensity for minimal fluidized bed velocity.

Fig. 8, presents mass transfer coefficient as a function of superficial fluid velocity for packed
beds, fluidized beds, vertical transport and single phase flow. With increasing liquid velocity
in packed beds, mass transfer coefficient increases for all bed voidage. With increasing
superficial liquid velocity in fluidized beds mass transfer coefficient slightly decreases, tends
to the value of mass transfer coefficient for single phase flow. In the vertical transport for low
transport velocities mass transfer coefficient is constant, and it is higher than mass transfer
coellicient for single liquid flow. For higher transport velocities mass transfer coefficient
increases, but there no significant difference between transport and single liquid flow.
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Fig. 6. Mass transfer coefficient vs. superficial fluid velocity for packed and fluidized beds

Fig. 9, present the relationship between particle Sherwood number and particle Reynolds
number for different particle diameter in fluidized beds and vertical transport. The data are
separated into tree groups with particle diameter. The experimental results show that with
increasing Reynolds number (liquid velocity), Sherwood number (mass transfer coefficient),
slightly decreases in fluidized beds.

With increasing liquid velocity the Sherwood number for vertical transport is constant for
low transport velocities, but for higher transport velocities mass transfer increases. It implies
that because of low particle concentration in transport column the influence of particles on
diffusivity boundary layer is not significant for higher transport velocities.
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Comparison of the data for fluidized bed (d,=1.94mm) with several literature correlations
(Upadhyay & Tripathi, 1975; Tournie et al., 1977; Boskovi¢, et al.,, 1994), show significant
difference between our data and the available correlations. The data calculated with it could
be seen that are quit different.

The following correlation proposed by Upadhyay & Tripathi, 1975, for mass transfer in
packed and fluidized bed,

vnnF Dissolution method
40 + .+ dp=3.04mm
ey
NN : =
30 MY :
% | .x+ -
B Ve =
= 3 :
=~ 20 1
§ .+
N £=0.80
1.0 + :
: Fluidized bed
Packed bed :
. ‘\3 . | . | .
0.00 0.05 0.10 0.15 0.20
U, m/s

Fig. 7. Relationship between mass transfer coefficient and superficial liquid velocity in
packed and fluidized beds

Sh, =3.8155-Re "*¥Sc"*  for  Re <20 8)

Sh, =1.6218-Re**”Sc®  for ~ Re >20 e

where Re'=Re,/(1-¢), in the following range of variables: 0.01<Re'<12000, 572<Sc<70000 and
0.268<€<0.9653. The data calculated with correlation (eq. 9) show the maximum which has
not been confirmed by our experimental data (Fig. 9).

Also, Tournie et al., 1977, have given the correlation for mass transfer particle-fluid in
fluidized bed,

Sh,, = 0.253 - Rel™Ga""*My"2*Sc" (10)

where Mv=(pp-p)/pr, and the equation (10) is recommended in the following range of
variables: 1.6<Re,<1320, 2470<Ga<4.42-106, 0.27<Mv<1.14, 305<5c<1595. The data calculated
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with Tournie et al., 1977, correlation for mass transfer particle-fluid in fluidized bed (eq. 10),
show significant difference our experimental values (Fig. 9).

1x1073
dp, mm 1.2 1.94 2.98
Packed bed ()] A
Fluidized bed O O v
Hydraulic transp. O m v
Single phase flow (Boskovic et al., 2007) X
1x104 + X
»
~
g
2
©
1x10° + L 2
d
1x10® L
0.0001 0.001 0.01 0.1 1 10

U, m/s

Fig. 8. Mass transfer coefficient vs. superficial fluid velocity for packed beds, fluidized beds,
vertical transport and for single liquid flow by dissolution method

The mass transfers in liquid fluidized bed, Boskovi¢ et al., 1994, are correlated by the
equation,

Sh,, =0.261-Re"Ga"**'Sc"/® (11)

in the following range of variables: Re,=15+400, Sc=1361+1932. This equation is derived for
mass transfer between fluid and an immersed sphere in fluidized beds of spherical inert
particles. The predicted values using the correlation by Boskovi¢, et al., 1994 (eq. 11), are in
good agreement with our experimental data (Fig. 9).

Fig. 10, present the relationship between mass transfer factor and particle Reynolds number
in fluidized beds obtained by adsorption and dissolution methods. Also this picture gives
the comparison of our experimental data with several literature correlations (Chu et al.,
1953; Fan et al., 1960; Upadhyay & Tripathi, 1975; Dwivedi & Upadhyay, 1977; Boskovi¢, et
al.,, 1994), expressed through the mass transfer factor (jp), which is defined as:

Sh

jp=—7— 12
]D SC1/3Re ( )

The data are calculated with correlation proposed by Chu et al., 1953, as follows,
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Fig. 9. Relationship between Sherwood number and Reynolds number for particles

(dissolution method)

ip=57-Re™  for 1<Re <30 (13)

jp =177 -Re™* for 30 <Re <1000 (14)

where Re' = Re,/(1-¢), show good agreement with our experimental data (Fig. 10).

Fan et al., 1960, on the basis of adsorption tests of phenol on activated carbon particles in
liquid fluidized bed came to the following correlation,

j, =1.865-Re ** (15)

where Re =Re,/¢. The predicted values from the correlation (15) and our experimental

data have shown significant difference (Fig. 10).
The data calculated with correlation proposed by Upadhyay and Tripathi, 1975, for mass
transfer in packed and fluidized bed (from eq. 9&12),

jp =1.6218-Re™  for  Re >20)(eq. 9) (16)

where Re"=Re,/ (1-¢), show good agreement with the our experimental data (Fig. 10).
Also Fig. 10, gives the comparison of our experimental data with correlations of Dwivedi &
Upadhyay, 1977, who proposed the following correlations,

jo-€=1.1068-Re;””  for  Re, <10 17)

jo-e=0.4548-Re ™  for  Re,>10 (18)
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based on the many different experimental data for mass transfer of liquid in packed and
fluidized beds. As can be seen, our data show very good agreement with correlation for
lower values of Reynolds number for particles in the fluidized beds.

Dissolution method

d,=1.94mm

04 B D =40.0mm
O D =254mm

Adsorption method

d,=2.06mm

03 ‘ © D=40.0mm

— — Chuisar., 1953 (eq. 14)
—— Fanetal, 1960 (eq. 15)

i

02 ——— Updhyay and Tripathi, 1975 (eq. 16)
Dwivedi i Upadhyay, 1977 (eq. 18)
Boskovic et al., 1994 (eq. 19)
0.1
0.0 - * ¢ ¢
L L . L L
0 100 200 300 400 500

Fig. 10. Variation of mass transfer factor with Reynolds number for particles

And finally, the correlation of Boskovi¢ et al., 1994, has been derived for the mass transfer
between fluid and an immersed sphere in fluidized beds of spherical inert particles (from
eq. 11&12),

jp = 0.261-Ga"* Re"” (19)

shows excellent agreement for the mass transfer wall-to-fluid (Fig. 10).

Fig. 11, presents the mass transfer factor as a function of Reynolds number in packed,
fluidized beds and hydraulic transport for different experimental techniques. It could be
seen that there is no significant difference between mass transfer factors obtained by this
two methods (Boskovig, et al. 1994; Boskovié-Vragolovié, et al., 2007). Often used dissolution
method is very reliable, and agreement of data shows that the adsorption method gives
good results, also. Advantage of adsorption method is possibility to obtain local mass
transfer coefficients.

5. Conclusion

The basic hydrodynamic parameters of packed bed, fluidized beds and vertical transport are
analyzed.

The influence of different parameters as liquid velocity, particles size and voidage on mass
transfer in packed beds, fluidized beds and hydraulic transport are presented. The data for
mass transfer in all investigated systems are shown using Sherwood number (Sh) and mass
transfer factor-Colburn factor (jp) as a function of Reynolds number (Re) for particles and for
column.
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Fig. 11. The relationship between mass transfer factor and Reynolds number

With increasing liquid velocity in packed beds mass transfer coefficient increases while in
fluidized beds mass transfer coefficient decrease. The highest mass transfer coefficient was
at minimum fluidization velocity because of high concentration of moving particles.

In the vertical transport for low transport velocities mass transfer coefficient is constant, and
it is higher than mass transfer coellicient for single liquid flow. For higher transport
velocities mass transfer coefficient increases, but there no significant difference between
transport and single liquid flow.

6. Nomenclature

A mass transfer area, m2

c equilibrium concentration, kg/m3

G concentration of adsorbate, kg/m3

Co concentration of the bulk, kg/m3

cp surface concentration, kg/m?3

Ac concentration difference (driving force), kg/m3
Das molecular diffusion coefficient, m2/s

dp particle diameter, m

Dy diameter of the column/transport tube, m

Fw pressure gradient due to the suspension-wall friction, Pa/m
g gravitational acceleration, m/s2

Ga Galileo number (=(dp*pfg)/ 1?)

h high of tube segment, m

jo mass transfer factor, (k/U)-Sc1/3

k mass transfer coefficient, m/s

Am transferred mass, kg
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Mv density number (=(pgp-ps)/ pr)
Na mass flux, kg/(m?2s)

P dynamic pressure, Pa

Re Reynolds number for column (=DpfU/ 1)
Re, Reynolds number for particles (=dppsU/ 1)
Sc Schmidt number (=p/ (pf Das))

Sh Sherwood number for column (=kD;/Dag)
Sh, Sherwood number for particles (=kd,/Das)

t exposure time, s
u mean interstitial fluid velocity in the transport tube (=U/¢), m/s
U superficial fluid velocity in the spout and in the transport tube, m/s
Unr minimum fluidization velocity, m/s
Uy particle terminal velocity in an infinite medium, m/s
v radially averaged particle velocity in the transport tube, m/s
z vertical distance coordinate, m
Greek letters
Y defined by Eq. (6)
Y defined by Eq. (7)
€ voidage
EmF voidage at minimum fluidization
Pt fluid density, kg/m?3
Pp particle density, kg/m3
n viscosity of the fluid, Ns/m?
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Flow and Mass Transfer inside
Networks of Minichannels
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France

1. Introduction

The process miniaturization constitutes a challenge for the Chemical Engineering domain.
The particular benefit in term of the increase of the ratio between the transfer surface area
and the fluid volume inside microfluidic system is really promising for the conception of
efficient apparatus such as microreactors, micromixers and microseparators allowing a
better chemical reaction control and heat and mass transfer intensification in order to realize
sustainable industrial equipments. On other hand, a proper design of a microstructured
platform where miniaturized reactors, mixers and separators are implemented with
integrated sensors is crucial for the fabrication of new materials, chemical or bio-chemical
products and testing new catalyst and reagent (Gunther & Jensen, 2006). Flow and mass
transfer characterization inside these new tools of development and production is
fundamental for their optimal design.

Yet, these new pieces of equipment are made in stainless steel integrating about hundreds of
microchannels either about several tens of microexchangers. These microstructured
exchangers can operate at high pressure and present three-dimensional geometries. Hessel
et al. (2005) report the order of magnitude of the flow rate in various microstructured
reactors. The flow rates range between 10 and 10000 1h! and the flow regime is usually
transitional or turbulent. In spite of new experimental methods (Sato et al., 2003; Natrajan &
Christensen, 2007), it remains difficult to measure simultaneously a scalar quantity
(concentration, temperature, velocity) at different locations of the microstructured reactors.
Thus, a lot of difficulties occur in the prediction of wall transfer phenomena (heat, mass,
momentum) in the microstructured reactors in view of their integration in chemical
manufacture. A characterization of the flow behaviour and of heat and mass transfer
performance is needed in order to develop and improve these microsystems for their
application in process engineering. A large number of studies dealing with flow through
microsystems of different shapes and flow configurations is available in the literature since a
few years. Among them, T-microchannel (Bothe et al., 2006) or hydrodynamics focusing (Wu
& Nguyen, 2005) are some promising classes of flow configurations for microfluidics
apparatus applications. Various complex geometries are usually studied by using numerical
approaches or global measurements to characterize transfer phenomena in heat exchangers
(Brandner et al., 2006) or microreactors (Commenge et al., 2004). The flow inside these
microreactors or microexhangers are usually in the transitional or turbulent regime and the
experimental description of all the hydrodynamics scales become more difficult than in
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classical macrodevices. In the mixing research area, the characterization of the mixing scales
is nevertheless fundamental for the design and the optimization of the microscale devices.
The fluid flow at the microscale level is mainly connected to the characteristics of flow in the
transitional and turbulent regimes. The conditions of stationarity, homogeneity and isotropy
cannot be assumed in confined turbulent flow in microsystems. Thus, it is of some
importance, from both academic and practical points of view, to study confined flow and
mixing with particular attention given to the small scale motion. In spite of the recent work
dealing with local hydrodynamics analysis inside microchannels, in particular by pPIV (Li
and Olsen, 2006), very few paper are dedicated to both hydrodynamics and mixing at the
small scales especially in the near-wall vicinity. A high sampling frequency is required to
adequately describe a confined turbulent flow characterized by non-Gaussian and high level
fluctuations. Recently, it constitutes an important challenge for classical turbulence
investigations techniques. (Natrajan & Christensen, 2007, Natrajan et al., 2007).
The objective of the experimental research work presented in this chapter is to use several
methods in order to characterize flow and mass transfer inside networks composed of
crossing minichannels. The cells are some geometric model to study a complex confined
flow such as those met in certain mini-heat exchangers or mini-catalytic reactors. The
originality is to apply proper experimental methods in order to describe the transfer
phenomena at several scales. The global approaches are relevant in the frame of the flow
regimes identification and the comparison with other geometries in term of liquid-solid
mass transfer performed at three large nickel electrodes and pressure drop measurements.
The local approaches are performed in the frame of a multi-scales diagnostic of the flow by
PIV (Particle Image Velocimetry) and by using electrochemical microsensors. The
electrochemical method constitutes the originality of the used experimental tools. The high
potential of electrochemical techniques (Yi et al., 2006; Martemianov et al., 2007) has recently
attracted a significant attention in the microfluidic area due to its ability to detect a large
range of species (chemical or biochemical) and the low cost instrumentation compared to
optical methods for instance. Integration of multiple microelectrodes allows simultaneous
measurements at different locations inside the microexchanger. The electrodiffusion probes
are used for the mapping of wall shear rates in the flow cell. An array of 39 microelectrodes
allows us to characterize the flow regimes, longitudinal and lateral evolutions of the flow
structures and flow behaviour at the channels crossings. In other hand, the use of the
electrochemical microsensors method is also adapted to the characterization of the mixing
state in different geometries of minireactor composed of networks of minichannels.

Thus, this chapter is organized in several sections:

- the next section is dedicated to the presentation of the electrochemical diagnostics based
on the condition of the diffusional limitation at the wall microprobes. Two methods
allowing the assessment of the instantaneous wall shear rate determination are
compared by using an adapted signal processing tools,

- the third section is dedicated to the materials and the calibration methods with a special
attention given to the experimental cell composed of a network of crossing minichannel.

- the fourth section presents the local flow results obtained using PIV measurements an