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In the present work, quantification of the overall gas—liquid mass-transfer coefficient (Kia) in
the sonochemical reactors (two different, typos viz. ultrasonic horn and ultragonic bath) has been
done using the dynamic method. The effoct of operating parameters such as the power density
into the system, gas flow rate, position of the sparger relative to the ultrasound source, and the
presence of sodium chloride (ax an electrolyte) on the mass-transfer coefficient has been
investigated. Corrélations have been developed for the prediction of the volumetric mass-transfer
coefficient for liquids in boih types of ultrasonic reactors. The information obtained in the present
work should be useful in understanding the role of gas—liquid masy transfer in a gas—liquid
reaction system using ultrasound as a source of the supply of the energy and should he a
breakthrough in the design procedure as no studies of this kind are currently available in the

open literature,

Introduction

Application of ultrasound for the intensification of the
chemical synthesis operation is a common practice at
least on a laboratory scale,! In such operations, often
gases are used either for intensification of the cavita-
tional activity® or as one of the reactants.” The avail-
ability of tho gas either as a reactant or as nuclei for
tho generation of cavitation eventa dictates the overall
rate of synthesis and its intensification. Also the new
and emerging area of sonophotocatalytic oxidation,f
which results in the intensification of the rates of
sonochemical as well as photocatalytic processes, re-
quires a eontinuous supply of oxygen. The efficiency of
the proceds 15 Known to depend on the dissolved gas
cancentration in the liquid in addition to the cleaning
action of the catalyst surface due to the ultrasomic
irradiation. In large-seale reactors, the transfer rate of
the gas into tWe hiqurd-madiom will be a crucial factor
in determining the overall efficacy of the process. Thus,
it appears necessary to have knowledge abput the
transfer of gas into the solution in the presence of
ullrasound for efficient desipn of these large-scale
sonoreactors.

Many studies have been reported in the literaturg?-2
where researchers have tried to determine the role of
the gaseous atmosphere (type of gas, mono-atomic,
diatomic, etc.) on the cavity dynamics and the cavita-
tional yields. The majority of this work does not take
into account the gas dissolution process either through
the surface or from the bubbles and only qualitatively
discusses the thermal effects and degassing effocts
without taking into arcount the actual dissolved gas
content. Since both degassing and the absorption phe-
nomenon occur simultaneously during ultrasonic ir-
radiation, these two offects should result in some net
mass transfer in the presence of ultrasound (for chemi-
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cal reactions, the aim will always he tn have more
absorption as eompared to the degassing), which could
also be significantly different from the conventional
reactors. Gondroxon et al.l® reeently roported the dis-
salved oxygen concentration profiles in a liquid irradi-
ated with ultrasound (f= 500 kHz, P = 0—-100 W), They
guantified the degassing effect and elearly indicated
that the effect of degassing can he insignificant if the
external gassing rates are sufficiently high and the final
saturation valuo of the oxygen concentration is alimost
the same (or sometimes only marginally lower) as that
in the absence of ultrasenic irradiation, Still no guan-
tification of the transfer rates has been reported sither
by Gondrexon et al.l0 or any other researchers, and
hence, this all-important information in the design
procedure about gas—liquid mass transfer is still lack-
ing. y

In this study, our attempi has been to measure the
overall volumetric mass-tranafer coeflicient (Xya) in twa
specific geometries of the sonochemical equipment,
namely, ultrasonic horn and ultrasonic bath, which are
most commonly uged by the researchers in the area. The
aim is also to investigate the dependency of the extent
of intensification obtained in the mass transfer if any,
due to the ultrasound as a function of the operating
parameters.

It should also be noted here that the present work
forms a base case (investigation of transfer of oxygen
into pure water) for the desired design information. The
exact study of the dissolution of gas into the sonochemi-
cal reaction systems might reveal some more interest-
ing/realistic facts, though the quantum of chemical
changes accurring over the time period as studied jin the
wark (<10 min) will be minimal for the majority of the
sonochemical reactions (normally the total reaction time
to get significant eonversion is of the order of few hours).
Thus, these chemical changes will affect neither the
energy balance nor the physicochemieal propertisg of
the systom, and hence, the magnitude of (he mass-
transfer coefficient will not be much different as com-
pared Lo the present work.
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Figure 2. Schematic representation of an experimental astup for the ultrasonic bath.

Experimental Section

Expoariments have been performed using an ultrasonic
horn (M/s Vibracell, France) with variahle amplitude/
intensity (in the present work power dissipation into
the solution was varied in the range of 0—65 W; actual
power dissipation into the system has been quantified
by using a calorimetric method!! for all the systems)
and fixed frequency of 20 kHz. Schematic representation
of the experimental setup used for the study has been
given in Figure 1. The reactor used in the work has a
diameter of 12 cm, and the position of the horn was
adjusted in such a way that the distance of the homn tip
from the bottom of the reactor is 4.8 em. The volume of
the liquid was fixed at 500 mL (liquid level is § em so
that the homn is dipped 2 mm ingide the liquid) whereas
the operating temperature was maintained constant at
20 £+ 1 °C by circulating a coolant through the jacket of
the reactor (Initial studies indicated that there is no
temperature gradient in the vessel; i.e., the differenco
in temperature measured at eight different Jocations in
the reactor is always less than 2%.). Air was sparged
into the reactor using a sintered glass sparger located
at the bottom of the reactor (No information is available
on the exact pore size of the sparger though the pore
size might affect the distribution of the gas in the
reactor and hence the valueg of the gas holdup and the
mass-transfer coefficient as discussed later. In the
present work, similar sparger has been used for all the
cases ao that there is no dependency on the pare size.),
and the flow rate was varied in the range 7.38 x 10—6—
33.33 x 1076 m¥s (ecorresponding superficial velocities
of 6.63 x 107%-29.5 x 104 m/s). Some oxperiments
were also repeated using sodium chloride solution
(concentration as 1 M) to check the dependence of the

mass-transfer coefficient on the presence of salt (Sodium
chloride has also been used in the past to intensify the
ratos of sonochemical reactions hy concentrating the
reactants at the cavity implosion sites and is also known
to inhibit coalescence and give high interfacial area in
gas-liquid contractors,1213), The effect of position of the
air sparger was investigated by varying the distance of
the sparger in the range 1—5.7 em from the ultrasound
source (horn) whereas preliminary investigation into the
effect of frequency was done by performing experiments
in a high-frequency reactor (Nexvs ' 196-R ultrasonic
module operating at 590 kHz, M/s Sinaptec, SA Lezennes,
France) at similar Ivels of power dissipation.

To check the dependency of the extent of intensifica-
tion in the mass-transfer coefficient using ultrasound
on the type of sonochemicsl reactor, experiments were
also done in an ultrasonic bath (Dakshin, Mumbai,
India, capacity of 3.3 L with 15-cm diameter) equipped
with three transdueers attached at the hottom of the
reactor in a triangular pitch for an air—water system.
The ultrasonic bath operates at a fized frequency of 20
kHz and also at a fixed power input of 120 W (actual
power dissipation as measured by calorimetric method
15 43 W for all the liquid volumes). Thus, in this case,
the effect of power denaity into the system was inves-
tigated by varying the volume of the liquid (in the range
1-2.5 LL thereby enabling a liguid level nf 4.4~11.1 cm).
Schematic representation of the experimental setup in
this case has been given in Figure 2.

Althongh a number of techniques have been developed
to measure the volumetric gas—liquid mass-transfor
coefficient, the dynamic methods are preferably used,
as they are fast, experimentally simple, and applicable
to various systems.! In this method, a [ast-responding
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Tigure 3. Estimation of maws-trnnufor coefficient from data of
disanlved oxygen concentration and time (ultrasenic bath reactor
with 120-W power input, volume of 680 mL, and gas flow rafe of
24.31 em/g),
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(time constant (z,) ~5 &) oxygen electrode is employed
to follow the oxygen uptake rate in the liquid phase
following a step change in the oxygen concentration in
the aerated gas. Initially the dissolved oxygen concen-
tration in the liquid is brought to zero by the addition
of sodium sulfite, which acts as an oxygen scavenger.
After a gap of few minutes for stabilization of the
gystem, the ulirasonic horn was switched on and the
variation of dissolved oxygon concentration with time
was recorded. Aeration was continued until the liquid
was saturated with respect to dissolved oxygen at the
operating conditions, A number of experiments have
been repeatod at any one particular operating condition,
and the location of the horn and the observed variatlions
have been quantified. A similar operating procedure was
followed in ultrasonic bath type of reactor except for tho
fact that nitrogen gas was ased for the scavenging of
the oxygen and the system was kept stationary after
this for some time so that all the nitrogen bubbles
disengaged completely. [t should be noted here that
there is no offect with the type of scavenging medium
used bafore the dynamic aeration on the magnitude of
the mags-transfer coefficient.

For the estimation of the actual value of the gas—
lignid mass-transfer coefficient from the data of dis-
solvad oxygen concentration and time of irradiation, the
following procedure has been adopied.

Dissolved nxygon mass balance in transient staie in
the reactor can be written as

K aV(C¥,, — Cp) = V A(C,, (1)

where Ko is the volumetric mass transfer coefficiant,
'V in the volume of the liquid in the reactor (m?), C*a, is
the dissalved oxygen saluration concentration measured
for the highest values of time (mmol/mY), and Cp, is the
dissolved oxyzen concentration (nmaol/m7) in the reactor
at any time ¢ Equation 1 after integration with the
initial condition of Co, (at ¢ = Q) = 0 gives

Ln{(0*)(C*, — Co (ab )} = Kot (2)

A graph of Ln{(C*o, /(C¥q, ~ Co,lat 1))} versus time (£)
gives a atraight line with a slope as Kye (Figure 3 shows
one such sample graph for the operating conditions of
‘an ultrasonic bath reactor with 120 W power input, a
volume of 680 mT., and a gas flow rate of 24,31 em¥k).
A pimilar procedure has bheen adopted for all the cases
and.ll.’or all the equipment configurations studied in thig
work.
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Figure 4. Dependency of mass-trunsfor conlficient on the gas flow
rate in the presence and absence of ultrasound in the ultrasonie

“horn,

Mass-Transfer Studies with Ultrasonic Horn

Effect of Gas Flow Rate. The variation in the mass-
transfer coefficient with gas flow rate for the two
conditions of aeration alone and aeration in the presence
of nltragonic irradiation has been depicted in Figure 4.
It can be seen from the figure that the mass-transfer
coefficient increnges with an inerease in the gas flow
rate, a trend very similar to that reported in the case

. of mechanically agitated gas—liquid contactors.}’ Fur-

ther it can be observed that the presence of ultrasound
(power diasipation of 62 W) results in an increase in the
mase-transfer coefficient at the same gas flow rate
(about 50—110% depending on the cas flow rate). The
observed effect can be attributed to the additional
interfacial turbulence created hy the ultrasanic irradia-
tion.1¥ The bubbles are broken into smaller bubbles,
which spend more time in the reactor (increasing the
zas hold-up) and also increasing the interfacinl area
available for mass transfer. Viaual obaervation of the

"system in the presence and absence of ulirasound

confirmed this trend of decreasing bubble size. The
dependency of the extent of increase in the mass-
transfer coefficiont due ta ulirasonie action on the fiow
rate can be atiributed o the fact that, at lower gag Dow
rate, the energy associated with the gag i much less
and hence the supplementary action of ulirasound
resulis in more favorable effecta. Also, the gas remains
in the active zone of cavitation for a longer time
resulting in a betier distribution of the gas and also
larger reduction in the bubble size. One mare factor
affecting the intensification iz the altenuation of ultra-
sonic energy due to the presence of gay. At higher flow
rates, tho extent of attenuation will be more'” (also,

.decoupling action will be there) leading to lower avail-

ability of the ultrasonic onergy for. dispersion and
breakage of gas bubbles or ereation of the interfacial
turbulence. .

Thus, it can be said vhat the same trapnsfor efficiency
can he achiseved at lower gas flow rates in the presence
of ultrasopnd and also the extent of intensificabion
ohtained due to ultrasound depends on the gas flow rate.
Thig information maat be used in the design of reactors
and in.the selection of the operating parameters to
achieve the expected yields of the reactions. To further
underatand the role of ultrasonic irradistion in the
intensification of the mass-transfer coefficient, ultra-
sonie pawer dissipation into the aystem wag varied at a
consiant gas flow rate.
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Effect of Ultrasonic Power Dissipation. Figure &
shows the variation of the extent of intensification
(depicted as percentape increase in the mass-transfer
coefficient in the presence of ultrasound over and above
that in the absence of nltrasound) with the ultrasonic
power dissipation into the system as measured calori-
metrically. It can be seen from the fipure that disgipat-
ing more and more power infa the system is favorable
for the mass transfer process. In a certain range of
dissipated power the percentape increase in the mass
transfer coefficient is almost linear with the wltrasonic
power over the range of power dissipation as studied in
the work and can be expressed mathematically as (with
a R2? value of 0.95)

percentage increase = 889.1(power denaity) (8)

where power dengsity is expregsed in watts per milliliter.
Tt should be noted hera that the above equation is valid
for the oporating power density in the range 0.01-0.126
W/mL, above which the beneficial effects may or may
not be observed. Earlier studies with chemical reactions
have indicated that an optimum power density exists
above which the beneficial effects due to an increase in
the power dissipation are not observed.18-20

The observed results of an increase in the mass-
transfer coefficient with the increase in power dissipa-
tion can be attributed to higher cavitational activity
(more will be the extent of turbulence creafed due io
ultrasonic action and hence more breakage of the gas
bubbler) and higher rates of liquid cireulation (more
dispersion of the bubbled gas resulting in inecreased
residence time in the reactor) at higher power dissipa-
tion into the system, Though there i3 no direct measure
of the higher cavitational activity at higher power
dissipation, indirect confirmation of this hypothesis can
be ohtained from results in chemical processing applica-
tions. Sivakumar and Pandit!® and Gogate et al.}¥ have
reported that the rates of degradation of pollutants are
higher at higher power dissipalion into the system
(below the optimum power density above which the rate
of degradation is lower; the value of optimum power
density will also be dependent on the syatem) due to
higher number of cavitating bubbles and hence free
radicals. Also, Vichare et al.'% have reported that the
liquid eirculation velocity due to acoustic streaming
increases with an increase in the extent of power
digpsipation. Thus, dissipating more power seems to be
beneficial for the masg-~transfer operations, In the large-
scale applications and for higher rates of chemical
processing, vsually higher power dissipation is deaired,
and hence, il seems that there will not ba any mass-
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transfer limitations for the transfer of gaseous reac-
tants. The extent of intensification obtained due to
ultrasonic irradiation at large-acale application must be
congidered in the design procedure to avoid overdesign
of the aystem, i.e., overprediction of the cavitational
yields.

Effect of Distance of Sparger from the Horn Tip.
The dependency of the mass-transfer coefficient on the
position of the sparger is shown in Figure 6. It can be
seen from the Ggure that the value of the mass-tranafer
coefficient is maximum when the gparger is located very
near to the horn tip and Kya decreases as the sparger
is moved away from the horn tip except for a marginal
increase obtained at the position corresponding to a
distanee of 0.067 m. The observed trend is exactly
identical to the variation of cavitational activity with
distance from the horn tip. Previous studies?~*f have
indicated that the ultrasonic activity is maximum very.
near o the horn tip and it decreases with an increase
in the distance away from the horn tip with marginal
increase in the activity at distances corresponding fo
multiples of half the wavelength or where the activity
of standing waves is maximum, A marginal increase
observed at a position of 0.067 m could be attributed to
higher cavitational activity due to the formation of a
standing wave pattern. Thus, if the gas is introduced
very near to the horn tip or at location of higher
cavitational activity, the extent of dispersion and brealk-
ing of the gas bubbles will be more, leading to an
enhancement in the mass-transfer coefficient mainly
due to the increase in the interfacial area. The gitnation
is exactly identical to a classical gas=liquid mechani-
cally agitated contactor where maximum effects in
terms of gas holdup or mass-transfer coefficient are
obtained when the gas is intvoduced at the eye of the
impeller, i.e., energy dissipating device. In the case of
a sonochemical reactor, the horn tip is the point of the
energy dissipation into the system and hence one cin
expect a maximum velocity effect on Ky, and a.

Presence of Sodinm Chloride. Sodium chloride has
been used in the past for intenasification of the chemical
reactions due to ultrasound,!218 and also, the presence
of sodium chloride hag been reported to give higher gas-
phase holdup and mass-transfer coefficient in the clas-
gical pas—liquid reactors due to noncoalescing action of
the elecirolyte.2® Thus, it was thought desirable to
investigate the dependency of the mass-transfer coef-
ficient in monochemical reactors on the presence of
sadium chloride. The dependency of Kz on the gas flow
rate in this system was exactly identical to that ob-
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Figure 7. Dopeadency of gra—liquid mass-transfer coeflicient on
the ulbrasonic pawer disaipation in the presence and absence of 1
M NaCl at eongtant gas flow rato of 1.6 x 1078md/s,

served in an air—water system in sonochemical reactors
as well as in conventional mechanically agitated con-
tactors, i.e., an increasing trend with an increase in the
gas flow rate. The variation of Kia with ultrasonic power
dissipation in the presence and absence of 1 M NaCl
solution is shown in Figure 7. It can be seen from the
figure that the prosence of sodium chloride in highly
bencficial to the mass-tranasfer phenomena and Kia is
about 5-~b times more (depending on the ultrasonic
power dissipation) in the presence of NaCl ag compared
to that obtained in the absence of NaCl. The obgerved
increage in the Kie due to the presence of NaCl can be
attributed to the fact that aqueous sodium chloride is a
noncoalescing system, which leads to generation of
many gmall bubbles in the system, which subsequently
increases the available gas—liquid interfacial area and
hence the magniiude of Kia. The presence of NaCl
might also lead to a decrease in the gas solubility, but
it appears that the extent of increase in the interfacial
area is perhapg aubstantially more as compared ta the
decrease in the gas solubility, therehy leading to an
increase in the net effect, i.e., an increase in the mass-
transfer coefficient.

It can be also seen from the figure that, at higher
ultrasonic power digsipation, the extent of increase
obtained in the presence of NaCl is also higher (5 times
more Kja at power of 62 W and 3 times more Kia at
power digsipation of 6 W), At higher powers, the
formation of smallor hubbles due to the presence of NaCl
is further augmented by the higher cavitational activity
or fluid turbulence leading to a substantial enhance-
ment in the magniture of Kya. Thus, it can be gaijd that
intensification obtained due to the addition df sodium
chlorido is more pronouneed at higher power dissipation
and hence its nse in a large-scale operation is indeed
feasible tonsidering the mass-transfer aspects; also, the
presence of sodium chloride will lead to localization of
the reactants at the cavitation spots, enhancing the
intrinsic rates of sonochemical reactions.

It should also he noted here that the aim of using
NgCl for the investigation of mass-transfer phenomena
wag just to explain the intensification. obgerved in the
sonochemical reactions studied earlier. A detailed in-
vestigation using different ionjc strength solutigns (type
as well as concentration) will indeed reveal mare degign
information byt is heyond the geope of the present work.
The effoct will indeed be the same, 35 the mechanism
of intenpification, i.e., noncoalescing action, will remajn
the same. '

Effeet of the Frequency of Irradiation. Some
preliminary investigation into the affect of fraqyency of
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Figure B. Dependency of mass-transfer coefficient on the gns fow
rate in tho presence and ahsence of ulirosound in ultrasonic bath.

irradiation on the mass-transfer phenomena was made
using a high-frequency ultrasonic horn operating at 590-
kH2 frequency and 30-W power dissipation. The mag-
nitude of K1a at a gaa flow rate of 7.4 x 10-f m¥/s was
found to be 0.01 877 in the presence of ultrasound
whereas in the absence of ultrasound the value was
ohserved to be 0.0099 s~!, indicating only a marginal
effect. An increase in the power dissipation to 60 W also
did not have any effect on the magnitude of the mass-
transfer coofficient. The ohserved resulis can be at-
tributed to the fact that at higher frequency of operation
the depassing effect ia significant (as discussed later)
and hence the enhancement obtained due to the pres-
ence of ultrasound is nullified by the higher rates of
degassing (~b times higher) obtained in the high-
frequency reactor as compared to the low-frequency
reactor. Precise quantification of the degassing rates in
the two reactors indicated that the initial degassing rate
in the high-frequency reactor (500 kHz) is 0.4 ppm/min
at 30-W power disgipation whereas it is ~0,08 ppm/min
at 62-W power dissipation in the case of the horn with
irradiating fraquency as 20 kHz (no data were available
at 30-W power dissipation in this reactor but at lower
power disgipation it will be still lawer as the extent of
degassing is directly proportional to the ultrasonic
power dissipation). Anothor reason for the ohserved
repults is that the active zonoe of cavitation is at the
lignid surface in the case of high-frequency irradiation®?
wherees it is at the horn tip in the case of low-frequency
operation and alse the mechanical effects of cavilation
are much reduced when frequency is increased. This
leads to a highor equilibrium gas content under the
influence of ultrasound in the low-frequency reactor and
hence the intensification is observed. Thus, these rosults
have helped in disseminating the dependency of the
intensification of mass transfer on the fequency of
frradiation though more quantitative experiments need
1o be performed.

Mass-Transfer Studies in Ultrasonic Baih

The results of the experiments in an ultrasonic bath
have been ghown in Figure 8 and Figure 9, Figure 8
depicts. the variation in the mags-transfer coofficipnt
with the gas flow rate for the two cases viz. only air

-gparging and combination of uliragonic irradistion and

gparging. Figuro 9 depicts tho variation in Kpo with the
power density into the system (logic for performing such
experiments have heen already described earlier), It can
be seen from the figures that the absorved trends in the
variajion are identical to that obtained in the case of
the nlirasonic horn though the absalute values of the

~
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mags-transfer coefficients and of the mass transfer
improvement are different in both cases. At the same
magnitude of power density (W/m?) and gas flow rate
{m¥/s), the mass-transfer coefficient in the case of the
ultrasonic bath is 1 order of magnitude lower as
compared to the ulirasonic horn. This can be attributed
to the faet that in the case of the ultragonic harn the
cavitational activity is much higher as compared to that
abhtainoed in the case of uliragonic bath, and hence, it
helps in higher intensification of the masa-iransfer
phenomena. Alsa due to the location of the sparger in
the ease of the ultrasonic horn (sparger is located exactly
below the transducer), all the introduced gas bubbles
come under the cavitationally active zone (the natural
tendency of the gas bubbles is to rise upward and come
in contact with the cavitationally active or turbulent
liquid) and hence get dispersed and broken into smaller
bubbleg ta raige the mass-iransfer coefficient. With the
ultrasanic bath, the location of the sparger is botween
the two, transducers (and the third transducer is for
away from the sparger) so only a emall percentage of
the introduced gas comes under the influence of the
cavitational zone. Also, in this case, the natural ten-
dency of the gas will be to go away from the transducer
surface and hence the zone of maximum cavitational
activity. Due to a more homogeneous distribution of the
cavitational activity in the case of the wlirasonic bath
as compared to the horn,?s and due to a higher valuo of
free surface divided by the liquid volume the degassing
rates with the unltrasonic bath could be higher as
compared to the ultrasonic horn (Bxact quantification
of the degassing rates iz currently heing done in the
department.). The combination of all these effects leads
to a lower intensification of the mass-transfer process
with the ultrasonic bath. Thus, the position of the
sparger along with the distribution of the cavitational
activity plays a erucinl role in deciding the rates of masa
transfer.

To further investigate the role of gas distribution in
deciding the extent of intensification, additional experi-
ments were performed nsing a combination of ultrasonic
horn and ultrasonic bath. Such an arrangement has
been used in the past® and was found to be heneficial
for the degradation of formie acid. The logic of using
such an arrangement that results in acoustic streaming
generated by the horn, which is positioned at the surface
of the liquid, i.e., above the sparger, more gas bubbles
will be sub]ected to the cavitational activity by reintra-
duction of the bubbles in the system possiblly leading
to more intensifieation in the mass-transfer process,
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Figure 10, Investigating the efficacy of the comhination of the
ultrasnnic bath and ultraaonic horn for mess-transfer operation.

Figure 10 shows the results obtained for the combina-
tion of ultrasonic horn and ultrasonic hath in compari-
gon to those obtained for only ultrasonic bath. It ean be
seen from the figure that the presence of the ultrasonic
horn at the top indeed increases the rate of the mase-
transfer process. A careful analysis of the obtained
results indicates that the extent of enhancement ob-
tained due to the presence of the ulirasonic horn also
depends on the gas superficial velocity (the more the
velocity, the lesa ia the obtained extent of enhancement).
This can be atiributed to the fact that, at lower gas
velocity, the convective currents generated by the
ultrasonic horn are able to distribute the rising gas back
into the system whereas at higher gas velocities, energy
associated with the gas takes it out of the system. Thus,
it can be gaid that distribution of the gas bubbles at the
cavitationally active zone plays a erucial role in deciding
the intensification obtained due to the presence of
ultrasound.

Correlations for the Prediction of
Mass-Transfer Coefficient

The volumetric mass-transfer coefficient from the
bubble population is known to depend on the liquid-
phase turbulence (power input into the system and gas
flow rate will have significent effect on the turbulence).
Liquid-phage turbulence is also known te affect the
bubble gmize distribution and hence the gas—liquid
interfacial area, affecting the overall mags-transfer
coefficient. Thus, the overall observed rate of gae
dissolution (gas transfer) is expected to be a complex
funetion of the nperating parameters and the geometric
variables of the system. Generally, carrelations depiet-
ing the dependency of the mass-transfer coefficient on
the power digsipation per unit velume and gas super-
ficial velacity are used in the case of conventional stirred
reactors.*™*® Correlations of a similar nature were also
fitted for the prediction of the mass-transfer coefficient
in the present case. Equations 4—6 give the correlations
ohtained for the air—water system in the ultrasomic
hearn/ultrasonic bath based on the resulia obtained in
this work and mechanieally apitated contactor (MAC),
reapectively.18

Ulérasonic horn KLa=0-029(P/W°"'7(Vg)°'*"’ @)

Ultrasonic bath K = 0.0039(P/V)*4(V,)*°
(5)

MAC K, 0 = 0.0049(P/V)* (V)04 (6)
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where K a is in reciprocal seceonds, P/Vis in watts per
cubic meter, and V} is in meters per second.

It should be noted here that egs 4 and 5 ara doveloped
for the case of tranafer of oxygen gas from air into water
whereas eq 6 is valid for transfer of pure oxygen and
also the geometries of the reactors used in the wark are
different. As the gases aré gparingly soluble (of the order
of few ppm), the gas side resistance is negligible and
henee liquid side resistance will be the controlling factor.
Hence, gas mixtures will not have much effect on the
mass transfer of a single gas. Also Linek et al.18 showed
that the mass-transfer coefficient is strongly dependent
on the P/V and gas flow rate and less dependence is
observed for the geametry of the reactor. These two facts
justify the comparison of the mass-transfer coefficient
values with an aim of identifying the controlling mech-
anisms for the mass-transfer phenomena in the different
systems.

Comparison of eqs 4—6 reveals pome interesting facts,
The exponent over (P/V) is lower in the case of a reactor
where energy has been introduced in the form of
ultrasonic vibrations as compared to the reactor where
energy is introduced by virtue of mechanical agitation.
This can be attributed to the fact thai a mechanically
agitated contactor createg more convective currents as
compared to the sonochemical reactors (where more
turbulence is generated), which dominate the transport
phenomena. Thus, the effective utilization of the ultra-
sonic power is much less as compared to the energy
dissipated in the form of mechanical agitation. A
detailed discussion about the relative extents of turbu-
lence and convective currents has been presentad in aur
eatlier work.28 Further, the exponent over V, in the case
of the ultrasonic horn is comparable to that obtained in
the case of the mechanically agitated contactor whereas
both are guite less when compared to the value obtained
with the ultrasonic bath, A higher dependency of Kia
on the V in the case of ultrasonic bath ean be attributed
o the placement of the sparger. Since the sparger is
located above the transducers, not all the sparged gas
comes under the influence of the transducers. With an
incroase in the Vi, this fraction of the sparged gas
coming under the action of cavitational activity would
increase (due to higher downward momentum) and
hence contribute to the further enhancement obtained
in the presence of ultrasound. In the case of the
ultrasonic horn, the sparger is located below the trans-
ducer similar to a conventional mechanically agitated
contactor, and hence, all the introduced gas comes under
the imfluence of an energy dissipaiing device leading to
a similar dependency of the K1 on V.

Figure 11 gives the relative values of the mass-
transfer coefficient in different reactors as a function
of gas superficial velacity at constant power dengity into
the aystem. It can be seen from the figure that the
highest value is ohtained in the case of a mechanieally
agitated contactor at similar gas velocity and power
denuity thereby confirming the importance of convective
fluid motion as discussed earlier followed by the ultra-
gonic horn (confirming the important of sparger lacation
leading to maximum gas heing influenced by the ultra-
]snonic action) and least in the case of the the ultrasanic

ath.

Conclusions

Using unltrasonic irradiations results in the intensi-
fieation of mass-transfer phenomensa though the extent
of intensification strongly depends on the operating
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Pigure 11, Compurison of mass-transfer coefficient in different
roactors at constant power density of 11.71 kW/m¥, MAC data
autimatod from equation reported by Linelk et al.38

parameiers including the type of reactors used for
irradiation and the relative geometrical orientation of
the sparger and the transdncers. The following impor-
tant conclusions/design information can be drawn haged
on the results reporfed in this worle

1. In the case of the ultrasonie horn, use of ultrasound
results in about 50—110% enhancement in the mass-
transfor coefficient over that obtained in its absence.
The extent of intensification significantly depends on
the gaa flow rate (more intenaification at lower gas flow
rate) as well as on the power dissipation into the system
(more intensification at higher power dissipation).

2. The position of the sparger also plays a crucial role
in deciding the intensification obtained due to ultrasanic
irradiation. The position should be such that all the
introduced gar should come under the influence of the
cavitational activity or in tho path of acoustic streaming;
Le., it should be nearer to the tranaducers and also
ghould assigt the natural tendency of the gas movement.

3. The presence of sodibm chloride gives enhanced
rates of mass transfer due to the formation and main-
tenance of smaller bubbles. Further, the extent of
enhancement due to the presence of NaCl is higher at
higher ultrasonic power dissipation, poasibly due to the
gynergistic mechanisms of intengification (i.e., by forma-
tion of smaller bubbles).

4, Degassing also ‘plays a crucial vole and intensifica-
tion. is only observed at lower frequency of operation due
to lower degassing rates as compared to high-frequency
reactors (absolutely no intensification in Kja iz oh-
tained). Thus, using low-frequency reactors appenrs to
be more favorable as compared to high-frequency reac-
tors (the disadvantages of high-frequency reactors are
already well-discussed in the literature).

5. Design correlations have heen presented for the
estimation of the masa-transfer coeflicient in the stan-
dard format. Comparieon with the results.of mechani-
cally agitated contactors leads to a conclusion that liquid
convective motion is more dominant.in deciding the
rates of gas—liquid mass tranafer as.ecompared to the
liquid-phage turbulence. C
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Nomenclature

o = apecific interfacial area (m?%m3)

C“'oqq= dissolved oxygen saturation concentration (mmol/
)

Co. = dissolved oxygen concentration at time ¢ (mmol/md)

d(Co,¥dt = rate of change of dissalved oxygen concentration
(mmol/m¥s)

f = frequeney of irradiation (kFz)

Iy, = true liquid side mas-transfer coefficient (ms™)

Kin = overall gas—liquid mass-transfer coefficient (874

P = ulirasonic power dissipation into the system (W)

t == time of irradiation (8)

V = volume of the liguid (m?)

V; = gas superficial velocity (m-s™)

Greek Characters
1z = time conatant for the probe (s)

pa
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