
Publisher’s version  /   Version de l'éditeur: 

Chemical Engineering & Technology, 29, 1, 2006

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 

pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 

first page of the publication for their contact information. 

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 

La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 

acceptée du manuscrit ou la version de l’éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 

DOI ci-dessous.

https://doi.org/10.1002/ceat.200500237

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Experimental investigation of ethanol enrichment behavior in batch and 

continuous feed ultrasonic atomization systems
Suzuki, K.; Kirpalani, D. M.; McCracken, Thomas

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=e661c93f-7a78-41f6-adf0-cb7d8a0dd2d6

https://publications-cnrc.canada.ca/fra/voir/objet/?id=e661c93f-7a78-41f6-adf0-cb7d8a0dd2d6



Experimental Investigation of Ethanol Enrichment Behavior in
Batch and Continuous Feed Ultrasonic Atomization Systems*

By Kenji Suzuki, Deepak M. Kirpalani**, and Thomas W. McCracken

DOI: 10.1002/ceat.200500237

The fragmentation of a liquid layer to form a fine droplet mist by high frequency ultrasonic atomization of liquids has been

applied to a range of industrial applications such as fine chemical manufacturing, pharmaceutical production, and food

processing. A recent development is the separation of alcohol from miscible alcohol-water mixtures using ultrasonic atomiza-

tion. In this work, the effect of high frequency ultrasonic atomization at 1.6 MHz on the enrichment of ethanol from ethanol-

water feed mixtures has been studied. Experiments for evaluating this enrichment process were conducted in batch and con-

tinuous feed processing systems. The continuous enrichment process generated product concentrations that were higher than

the equivalent vapor-liquid equilibrium curve at feed concentrations greater than 40 mol.-% in a single stage. The role of the

ultrasonic jet formed at the surface of the feed solution combined with the ethanol separation characteristics has been

discussed.

1 Introduction

When liquids are subjected to high frequency ultrasound,

the combination of the cavitation effects through the liquid

and the capillary instability at the surface of the liquid jet

formed have been identified as contributing towards the for-

mation of micron-sized droplets by Eknadiosyants et al. [1].

Although uniform droplet sizes are formed during ultrasonic

atomization, the physical mechanism has been recognized to

be quite complex in nature. The key benefit of this atomiza-

tion process over conventional atomization processes is that

the droplets generated have a narrow size distribution and

low inertia [2]. Operating parameters, such as frequency and

intensity of the ultrasound, in conjunction with physical

properties of the liquid, control the droplet size formed.

Droplet momentum can be independently adjusted by using

a carrier gas at different velocities to transport the droplets.

Compared to conventional atomization processes, ultra-

sound generates micron sized droplets and the droplets

formed are uniform in size.

The application of ultrasound for ethanol separation from

ethanol-water mixtures has been reported earlier by Sato et

al. [3]. The enrichment of the atomized mist from ethanol-

water mixtures at different temperatures sonicated at

2.4 MHz was studied and a mechanism for explaining the

enrichment by the parametric decay instability of the capil-

lary wave was proposed. However, the importance of the

role of cavitation in high frequency ultrasound processes

has been illustrated in recent work by Kirpalani and

McQuinn [4]. An alternate mechanism to explain the enrich-

ment based on the physical phenomena observed was pro-

posed by Kirpalani et al. [5]. This theoretical mechanism

combines the physical formation of cavitating micro-bubbles

in the liquid with the oscillating fountain jet at the surface of

the liquid during sonication. The proposed theory postulates

that cavitating bubbles grow as they travel through the etha-

nol-water mixture, collapse in the fountain jet and release

the alcohol vapor diffused in the bubbles during their expan-

sion. The selective separation of alcohol was explained as a

corollary effect of the physical mechanism, whereby a sur-

face excess of alcohol molecules formed at the surface of the

cavitating micro-bubbles in a fountain jet.

In previously reported research [3, 5] a batch separation

system with externally cooled jacketed system was used to

maintain the feed temperature. Feed volume, alcohol con-

centration in the feed solution, and physical properties of

the feed were found to change significantly during sonica-

tion. As a result, the separation mechanism for these misci-

ble liquids could not be confirmed. Also, for determining the

separation mechanism and performing a scale-up of this

process, the feed concentration above the transducer needs

to be maintained. Other issues to consider during scale-up

for ultrasonic process are associated with the complex

behavior of acoustic cavitation in liquids [6, 7]. To make up

for the deficiencies in the batch system, a continuous feed

system was designed to validate the earlier proposed alcohol

separation mechanism [8].

In this study, detailed experiments were performed to get

a better understanding of the ethanol separation characteris-

tics from ethanol-water mixtures, conducting the experi-

ments in two different systems; an internally cooled batch

process, where cooling was applied to the feed directly, and

a continuous feed system, as shown in Fig. 1. The axial tem-

perature profile in the fountain jet caused by ultrasonic irra-
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diation was also studied to develop a better understanding

of the separation of ethanol.

2 Experimental

2.1 Batch System for Ethanol-Water Separation

Initial experiments in batch separation of ethanol were

performed using an external cooling jacket. However, it was

found that the temperature of the feed inside the batch col-

umn could not be maintained and a direct cooling glass coil

was added inside the system to maintain the temperature of

the feed above the transducer. A schematic diagram of the

batch system used in this work is shown in Fig. 1a). A high

frequency ultrasonic transducer operating at 1.6 MHz with a

size of 0.018 m diameter and 0.001 m thickness was installed

at the bottom of a glass cylindrical column of 0.05 m diame-

ter and 0.5 m height with a stainless steel bottom. The input

power of the ultrasound was 21 W. Ethanol-water solutions

with concentrations up to 80 mol.-% ethanol were subjected

to ultrasound in this column. The initial volumes of the feed

solutions were between 50–130 mL.

During sonication, ultrasonic energy is imparted to the

feed solutions and a fountain jet is formed at the surface of

the liquid in the column, releasing droplets (mist) from the

fountain jet (see Fig. 2). Ultrasonic energy supplied to the

liquid, combined with acoustic cavitation in the fountain jet,

increases the temperature of the jet. A glass coolant coil was

installed to maintain a constant temperature of 297 ± 1 K in

the ambient liquid during sonication. The droplet mist

generated from the fountain jet was led by carrier gas

(air) introduced in the column at a constant flow rate

(2.9·10–6 m3/s) to a cascaded condenser system and collected.

In this batch system, the liquid height from the surface of

the transducer decreases during sonication. However, this

system differs from earlier work [3], since the liquid was sub-

jected to direct cooling of the feed above the transducer and

the velocity of the carrier gas is significantly lower.

2.2 Continuous Feed System for Ethanol-Water Separation

The continuous feed system was designed so as to obtain a

near-constant feed solution concentration and temperature

above the ultrasonic transducer. This system consists of a

high frequency transducer located at the bottom of a glass

column with a 1 L bulk feed solution beaker that supplies

the alcohol-water mixture to the glass column using a peri-

staltic pump, as shown in Fig. 1b). The condensate collection

arrangement was similar to that used in the batch system.

The column incorporates a fountain jet collection port for

re-circulating the jet into the feed beaker. In this system, the

liquid level in the column was kept constant at 0.035 m

above the surface of the 1.6 MHz transducer by circulating

the ethanol-water solution fed from the feed solution vessel.

During sonication, the ambient liquid temperature in the

column was kept constant at 297 ± 1 K by using a heat

exchanger attached to the feed vessel. The mist generated

was collected in both the continuous and batch systems by

introducing air into the column at constant velocity. The

change of the ethanol concentration in the feed solution in

the feed vessel due to recirculation is relatively small due to

the large volume ratio between the feed in the glass column

and that of the feed solution beaker.

The ethanol concentration in the feed mixtures, conden-

sate products, and residual solution in the glass column at
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the end of each experiment in each system was analyzed by

using a gas chromatograph (Hewlett Packard HP6890 series)

and an attached flame ionization detector. The relation

between the concentrations of the feed mixtures and con-

densates was studied and mist collection rates were also

recorded. The height of the fountain jet formed above the

surface of the feed mixture and local temperature measure-

ments in the jet were made using a K-type thermo couple.

3 Results and Discussion

3.1 Effect of Processing Time on Product Concentration in

the Batch System

The enrichment behavior of ethanol-water mixtures with

varying feed ethanol concentrations1) C0 in the batch system

are shown in Fig. 3. The dotted line in Fig. 3 indicates the

vapor-liquid equilibrium of the ethanol-water mixture at

101.3 kPa. The condensate (product) ethanol concentration

C after sonication of the feed solution for 1 h, was found to

be higher than that of the feed mixture using the internally

(direct) cooled batch processing arrangement described ear-

lier. Also, it was found that the condensate ethanol concen-

tration decreased with processing time t as illustrated in

Fig. 4. It can be inferred that the ethanol concentration of

the product during ultrasonic atomization is process time

dependent in the batch system. As a result, batch processing

is quite ineffective for processing since constant condensate

concentration cannot be maintained during the process. To

further determine the batch process characteristics, the etha-

nol collection rate q has been plotted with respect to pro-

cessing time, as shown in Fig. 5. The collection rate increases

with processing time and the increase can be attributed to

the increase in ultrasound energy density supplied to the

decreasing volume of feed mixture by the sonicator during

batch processing.

3.2 Effect of Liquid Height on Product Concentration in the

Batch System

The effect of the liquid level on the atomization rate of

ethanol in the batch system used was studied to understand

the physical separation mechanism. Fig. 6 shows that an

increase of the liquid level h caused an increase in the con-

centration of the condensate. The ethanol collection rate

decreased uniformly with increasing liquid level, as shown

in Fig. 7.

3.3 Ethanol Separation Characteristics in the Continuous

Feed System

Enrichment characteristics of ethanol-water mixtures for

varying feed alcohol concentrations C0 in the continuous
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Figure 3. Ultrasonic separation characteristics of an ethanol-water solution
by batch ultrasonic processing. The dotted line represents the vapor-liquid
equilibrium for ethanol-water solution at 101.3 kPa.
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feed system are shown in Fig. 8. The enrichment curve

clearly shows that the ethanol enrichment in the condensate

and the ethanol concentration in the condensate C in the

continuous system were higher than in the batch system. An

interesting aspect of the separation process is the product

(condensate) concentration above the vapor-liquid equilibri-

um curve for feed concentrations above 40 mol.-% ethanol,

as shown in Fig. 8. As expected, the condensate concen-

tration over various time intervals (up to 7 h) was found to

be constant irrespective of the feed sonication time, and

ethanol collection rate q was also constant, as shown in

Fig. 9.

As shown in Figs. 4 and 6, the concentration of the con-

densate in the batch system was influenced by the processing

time and liquid level in the column. The enrichment charac-

teristics in the continuous sonication system were found to

be repeatable with less than 3 % error typically, as shown in

Fig. 8. Also, the product concentration was found to be inde-

pendent of processing time. This feature of the process is

essential for process scale-up and intensification, and has

been obtained by maintaining the feed concentration, tem-

perature, and the liquid level in the system.

3.4 Effect of the Temperature in the Ultrasonic Jet on

Ethanol Separation

During sonication, the ambient temperature of the liquid

in the column was maintained constant, however, localized

hot spots were generated due to adiabatic collapse of cavita-

tion bubbles in the jet, and conversion of acoustic energy

into heat raises the temperature of the fountain jet formed

at the surface of the liquid. The axial profile of temperature

in a jet caused by ultrasonic irradiation in a continuous feed

system is shown in Figs. 10 and 11. To study the role of tem-

perature on the physical process, ethanol-water mixtures at

different concentrations and 297 K were sonicated in an

open Petri dish, 0.05 m in diameter, at three different liquid

levels of 0.014 m, 0.035 m, and 0.06 m, which were main-

tained constant.

As shown in Fig. 10, the temperature in the fountain jet

increases with distance from the surface of the transducer y.

The temperature gradient dT/dy in the jet was found to be
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dependent on the ethanol concentration of the feed solution,

and it decreased with increasing ethanol concentration in

the feed mixture. In the batch system it was expected that

the temperature in the fountain jet would increase leading

to a thermal gradient along the jet. Increased droplet vapori-

zation is also anticipated in the system due to the change in

thermal profile along the jet. As a result, in the batch system

the separation behavior has a higher dependence on temper-

ature than in the continuous process. This explains the differ-

ence in the ethanol concentrations of the condensate be-

tween the batch and continuous systems.

Fig. 11 shows the effect of the liquid level on the axial pro-

file of the temperature in the fountain jet. When the ethanol

concentration was constant, the temperature gradient in the

jet decreased with increasing liquid level, and the change in

jet height as a result of liquid level above the transducer is

illustrated in Fig. 12. The fountain jet height Hj obviously

reduces as a result of an increase in liquid level at constant

ultrasound intensity. From Figs. 10, 11, and 12 the liquid lev-

el above the transducer influences the temperature gradient

in the jet proportionately, while causing a decrease in the

height of the jet. From these results, it has also been deter-

mined that an increase in the initial feed liquid level

increases the condensate concentration in the batch system,

as shown in Fig. 6. Hence we can conclude that the liquid

level above the transducer has a significant effect on the eth-

anol separation characteristics described in this work.

4 Conclusions

This study was conducted for further development of a

novel enrichment process for ethanol from ethanol-water

mixtures using high frequency ultrasonic atomization. The

separation characteristics in a newly designed, internally

cooled batch system and continuous process feed system by

direct collection of the condensate have been determined.

The ethanol concentration of the atomized mist formed was

found to be dependent on the concentration and the level of

feed above the atomizer. Changes in feed properties com-

bined with batch or continuous operation influenced the

temperature profile in the ultrasonic jet formed. The tem-

perature in the jet shows that the combination of acoustic

cavitation and capillary breakup of the jet can influence

droplet mist generation. In the continuous feed system, the

ethanol concentration of the mist and the ethanol collection

rate were significantly increased and maintained constant

due to low variation in the ethanol feed concentration and

constant liquid level in the separation vessel.

This process development has demonstrated the applica-

tion of ultrasound in the separation of miscible liquid mix-

tures and identified physical parameters that need to be

further studied. An understanding of droplet size control

and uniform mist concentration from miscible liquids also

has potential applications in multiphase reactions such as

aero sol-gel synthesis of nano-composites [9, 10].

Acknowledgment

Kenji Suzuki gratefully acknowledges financial support

from Japan Corporation Center, Petroleum (JCCP).

Received: July 14, 2005 [CET 0237]

48 http://www.cet-journal.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eng. Technol. 2006, 29, No. 1

290

300

310

320

330

0.00 0.02 0.04 0.06 0.08

y  ( m )

0 mol%( water )

10 mol%

20 mol%

40 mol%

Feed concentration

T
 (

 K
 )

Feed temperature: 297 K

Liquid level   : 0.035 m

Figure 10. Effect of ethanol concentration on the jet temperature in the con-
tinuous feed system.

290

300

310

320

330

0.00 0.02 0.04 0.06 0.08

y  ( m )

0.014 m

0.035 m

0.060 m

Feed temperature  : 297 K

Feed concentration: 20 mol%

Liquid level

T
 (

 K
 )

Figure 11. Effect of liquid level on the jet temperature in the continuous feed
system.

0.02

0.04

0.06

0.08

0.10

0 0.02 0.04 0.06 0.08

h  ( m )

H
j
 (

 m
 )

Feed temperature   : 297 K

Feed concentration : 20 mol%

Liquid level   : 0.035 m

Figure 12. Effect of liquid level on the height of the ultrasonic jet.

Full Paper



Symbols used

C [mol.-%] ethanol concentration in condensate

mist

C0 [mol.-%] ethanol concentration in initial feed

solution

Hj [m] jet height above liquid level

h [m] liquid height from the surface of a

transducer

q [m3/s] ethanol condensate collection rate

T [K] liquid temperature

t [s] time

y [m] axial distance from the surface of a

transducer
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