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º £

��bj ��� *ç«¶~ ²>¾ �", perfusion systemöB~ ^�~ �÷ �ö .r2¢ �Ï~º ©f 6Ò rJ^

®
. ��� .r2¢ �Ï� ��b" �ª¶ «¶~ ²>öB acoustic cell settler¢ �W~� ®º êÿ¶f >Òï*~

�Ò, .r2~ êÿ>, .V ;~ �*, *ç�~ ³ê �Ò� �"�(filtrate)~ ²>³ê& ªÒÎNö �~º 'Ëö &�

��~&
. ��bf &Ë�" �ÎÎ¢ ÒÏ~&b� ''~ �Vº £ 1.8 µm, 4.8 µm�î�, �ª¶«¶º polyanilinej

ÒÏ~&b� 1-13 µm �V~ «¶ ª�¢ &ê ©�î
. .r2~ êÿ> 1.3" 3 MHzöB êÿ¶f >Òï*~ �Òf

.V ;~ �*j æz�Ê� ²>ßWj &V~&
. .r2~ êÿ> 3 MHzöBº &Ë�, �ÎÎf ployaniline Îv&

88%�ç~ ¸f ªÒÎNj �&b¾, 1.3 MHz~ Ôf .r2 êÿ>öBº �V& � �ÎÎº 90%�ç~ ¸f ªÒÎN

j �&b¾, «¶�V& ·f &Ë�" 1-2 µm �V~ polyaniline «¶º .r2~ ;ç2 Úö �÷� >æ p� FÂ>

Ú Ôf ªÒÎNj �&
. ²> ³êö &�Bº «¶~ �V& � �ÎÎ~ ãÖö ¸f ²> ³êöê settlerÚöB ^

�& Fæ>Ú ¸f ªÒÎNj �&b¾, &Ë�~ ãÖöº settlerÚöB Fæ& ÚJ�
.

Abstract − Recovery of suspended particles using acoustic cell settler was investigated. The acoustic cell settler has advan-

tages over conventional filtration devices which are subject to media contamination such as fouling, resulting in needs for re-

gular regeneration and replacement. The acoustic cell settler consists of transducer, reflector and acoustic chamber. We studied

for several important factors affecting the separation efficiency, such as distance between transducer and reflector, frequency of

ultrasound, initial holding time, concentration of particles and harvest rate of filtrate. We did experiment for the recovery of

Escherichia coli, Saccharomyces cerevisiae(bakers yeast) with size of 1.8 and 4.8 µm, respectively, and a polymeric particle,

polyaniline. In the 1.3 and 3 MHz ultrasound, effect of change in distance between transducer and reflector and initial holding

time were experimentally studied. We measured the maximum harvest rate of filtrate with the high separation efficiency. With

the ultrasound at 3 MHz, separation efficiency were 95%, 96% and 88% for bakers yeast, polyaniline and E. coli, respectively.

At ultrasonic frequency of 1.3 MHz, bakers yeast showed separation efficiency of higher than 90% whereas particles smaller

than 2 µm, such as polyaniline and E. coli, were not well separated. 

Key words: Acoustic Cell Settler, Ultrasonic Frequency, Initial Holding Time

1. B �

Bioreactor¾ fermenteröB~ ^�¾ ��b~ �³ê V·j *� ô

f O»
� ÒÏ>� ®b�, ~¾~ O»b� .r2ö ~� ªÒ&

ÒÏ>� ®
[1, 2]. .r2¢ �Ï� ªÒVº 
Ö 'f *Kj ²Î

~� *�� Ë~òb� '�'� �"VË� >¯ &Ë� VV�
.


� ̂ � FæË~(cell retention device)f jv� .r2 ªÒV(acoustic

cell settler)~ &Ë � Ë6f 
� Vê' Ë~ ì� ^�~ Fæ& >

¯B
º ©�
[3]. .r2 ªÒV¢ ÒÏ�b�� V�~ �Úïj Ò

Ï� r ¢V>î~ ôf ^B6j ��� > ®
. .¢ 
Ú, �Úï

j ËV* ÒÏ� r ï~ ï¾ *çb� ïj vÚ�¢~º ®��æ

j *¢ > ®b�, ï~ J" 6� Oæ� > ®Ú ËV* ÒÏö &

� n;Wj <� ®
. �Ò� V�~ ^� ²>O»~ ~¾� ö�ª

Ò& BÎV~ on-line systemö 'Ï~V ÚJÚ >�ö � .r2 ª

ÒVº 'Ï� &Ë~�, ��bj �;z~º Ë~� �Ï~� BÎV
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 E-mail: ymkoo@inha.ac.kr
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~ on-line clarification" perfusion systemö 'Ï� &Ë~
[4-6]. V¢B

^�¾ ̂ �� Öb~ ²>ö 'Ï~� ultrafiltration" microfiltrationj �Ï

~º �;~ &Ú& &Ë� ©b� 6�B
. �Ò�, .r2¢ �Ï�

ªÒº 
Ö 'f *Kj ÒÏ~V r^ö ��b�¾ ^�~ �Òö

º �~ 'Ëj "æ pº
� rJ^ ®
[7]. �b ^�[8], 
Ï ^�

[9], ÿb ^�[10-12] �~ �³ê V·j *� &~V·(perfusion culture)

öB ^�Fæ VV�B ÒÏ>� ®b�, monoclonal antibodies~ �

Öj *� �³'� &~V·öê ÒÏ>� ®
[13]. ��� �b«¶

��öê ploystryrene" ?f �ª¶ «¶ö &�Bê ��& >¯>î


[14-16].

.r2ö ~� ªÒº êÿ¶ö ~� B�� .r2~ ;ç2(ultrasonic

standing wave)ö ~� ��Úæº� � .r2~ ;ç2º B� >&

OËöB ¾Jº v B~ ëã'� ê¯2(traveling wave)& �ööb

�� ò
Úê
[17]. .r2~ ;ç2º v B~ ëã'� .r2~ ê

ÿ¶¾ .r2 êÿ¶f >Òïb� �WB �öB ;WB
. .r2~

;ç2º î:(node)f �(antinode)¦ªj &æ² >º� ��� .r

2~ ;ç2~ pressure amplitudeº � ¦ªöB &Ë �� î:öB

�² 8j <� ~¾~ 2Ëö v ®O ¾æ¾² B
. �-² ;WB

ultrasonic resonance field ÚöB particle, cell, 6º droplet~ ®�³W

(discontinuity)r^ö sound fieldöº position-dependent acoustic potential

energy& ;WB
[18]. ��� *çö ~� *ç«¶
f acoustic

potential energy& &Ë Ôf �b� �ÿ~� .r2~ ;ç2ö �÷

(entrapment)B
. �¾B *ç«¶
f 2Ë~ .>~ *~î
 �Ò~

º pressure nodeö �÷B
. �-² �÷B «¶
f ;ç2Ú¦öB

w÷>Ú w÷Ú(aggregates)¢ ;W~² >� ;WB w÷Úº 7Kb�

�� �*B
[18]. ��æ�, .r2~ ;ç2ö ~� *ç�f acoustic

cell settler ÚöB =çf jv' ÷f �j ;W~� j¾çf *ç«

¶
� �*>º �çê(two phase);�j j� ªÒ& ¢ÚÂ
[19].

� ��º bioreator¾ fermentorÚ~ ^�¾ ��b~ ³ê¢ ¸�º

� ®ÚB �³'�� on-line �;ö 'Ï� &Ë� .r2 �"V~

BBj *� êÿ¶f >Òï* �Òf .V ;~�* �ö &� 76

'b� ��~&b�, � <~ Wîj �«~V *� >¯>î
.

2. 
 þ

2-1. *ç«¶

� 
þöB ÒÏ� *ç«¶º ��b� &Ë�, �ÎÎf �ª¶ «

¶� polyaniline�
. &Ë�f Escherichia coli TG1/pDG7α¢ �Ï~

&b� LB VæöB «�V·(seed culture)" �V·(main culture)j

9�*O� ê áf �Ú¢ ö�ªÒ¢ Û~� ²>~&
. �-² áf

�Ú¢ �Ë�ö *ç�B 
þj >¯~&
. V·��f 37 oC, 200 rpm

b� rotary shakeröB V·~&
. E. coli TG1/pDG7α~ ï��Vº

1.8 µm�
.

�ÎÎº Sigma Ã~ ��ç�~ Saccharomyces cerevisiae(bakers yeast)

Type 1j Ã~>ö *ç�B ÒÏ~&b� ï��Vº 4.8 µm�
.

Polyanilinef �v~ �ª¶��"�¦V B�A~b� «¶~ �V

ª�º 1-13 µm�î
.

2-2. Acoustic Cell Settler

Acoustic cell settlerº acoustic chamber, .r2 BêV, êÿ¶(Sinjin

Ultra) �Ò� >Òï(reflector)b� �W>Ú®
. Acoustic chamberö

B .r2ö ~� *ç�~ ªÒ& ¢Ú¾� j�Ú&j �Ï~� B

·~&
. >Òïb�º FÒ¢ ÒÏ~&
. Peristaltic pump(MS-4

Reglo 6/100, Ismatec)¢ settler~ =¦ªö J~~� settlerÚ¦~ =¦

ªö ®º ÷f �j ²>~&
.

2-3. ªÒÎN~ G;

Peristaltic pump¢ �Ï~� *ç�j acoustic chamber� F«�Î

ê .r2¢ B��B .V ;~�*j 'Ï~� ªÒ& ¢Ú¾² ~

� =ç~ jv' ÷f �j ¢; ³ê� FÂ�V
. ªÒÎNf F«

³êf FÂ³ê¢ jv~� G;~&b�, 
r" ?� ;~~&
.

E=(1−C0/Ci)×100

�VB, Ciº acoustic chamber� F«>º particle~ ³ê�� C0º acoustic

chamber¢ �� ê FÂ>º particle~ ³ê�
. &Ë�" �ÎÎ~ ³ê

º spectrophotometer(UV160-A, Shimadzu, Japan)¢ �Ï~� '' 600 nm

f 520nmöB �7ê� � ³ê¢ G;~&
. Polyaniline particlef acoustic

chamber�~ F« *" ªÒ ê FÂ�~ ��7ïj ;ï~� ³ê¢

G;~&
.

3. Ö" 5 �V

3-1. .r2 êÿ>~ 'Ë

'' 
� .r2 êÿ>ö &� ªÒ& &Ë� *ç«¶¢ rj�V

*� ¢; .r2öB �V& 
� *ç«¶
~ ªÒÎNj G;~&

b� � Ö"¢ Fig. 3ö ê�~&
. «¶~ �Vª�& 
·� polyaniline

particle~ ãÖöº .r2¢ 'Ï~æ pjê 70%~ jv' ¸f ª

ÒÎNj �&b�, 1.3 MHz~ .r2¢ 'Ï~&j r 10% ;ê~ ª

Fig. 1. Sedimentation of suspended particles in ultrasonic sound field(T:
transducer, R: reflector, λ: wavelength).

Fig. 2. Schematic diagram of the acoustic cell settler.



790 �Ŵ Á�JÎ

z��� B39² B6̂ 2001j 12ú

ÒÎN Ã&¢ �&�, 3 MHz~ .r2öBº 99%ö &rÚ ªÒÎNj

�&
. Bakers yeast(S. cerevisiae)~ ãÖöº 1.3 MHzf 3 MHz~ .

r2¢ 'Ï~&j r Îv& .r2¢ 'Ï~æ p~j r�
 4V �

ç~ ¸f ªÒÎNj �&
. E. coli~ ãÖöº .r2¢ 'Ï~æ

p~j ãÖöº 5%�ò~ ªÒÎNj �&b� 1.3 MHz~ .r2ö

Bê ªÒ& ¾ ¢Ú¾æ p~
. .r2 3 MHz¢ 'Ï~&j r 80%

~ ªÒÎNj �&
.

.r2~ êÿ>& ¸j>� .r2 ;ç2~ 2Ë* �Ò& ·jæ

� �ò¢ *ç«¶
� Î¢ > ®º >2Ë~ �Ò& ·jæ² >Ú

�"&Ë� «¶~ �Vº ·jê
. ¯ ;ç2~ pressure amplitudeö

B 2Ë~ .>~ *~î
 �Ò~º pressure node~ *Ï� §jæ²

>Ú ¸f êÿ>öBº Ôf êÿ>�
 �V& ·f *ç«¶
~ �

÷(entrapment)� &Ë~� «¶
� w÷Ú¢ ;W � > ®Ú ªÒ&

&Ë� ©�
. ��� Ö"º Fig. 3ö ¾æÂ :f ?� «¶ �V ª

�& 
·� polyaniline~ ãÖö 1.3 MHzöB 3 MHz�
 Ôf ªÒ

ÎNj ��º� �º 1.0-2.0 µm �V~ «¶
� 1.3 MHz~ ;ç2

öBº �÷>æ p� �&� FÂ>îV r^�
. «¶�V& 4.6-

5.0 µm� �¢� �ÎÎ~ ãÖöº 1.3 MHzf 3 MHz~ .r2 Îv

öB �÷� >Ú ¸f ªÒÎNj �&
. «¶�V& 1.8 µm� &Ë

�~ ãÖöº polyaniline~ ·f «¶f îR&æ� 1.3 MHz~ .r

2öBº &¦ª� �÷>æ p� FÂ>îb� 3 MHz~ .r2öB

º ^�~ �÷b� �� ^�
� w÷Ú¢ ;W~� �*� >Ú j

v' ¸f ªÒÎNj �&
.

3-2. .V ;~�*(initial holding time)~ 'Ë

.V ;~�*f .r2¢ B��Î ê acoustic chamberö jò^ ®

º *ç�Ú &¦ª~ *ç«¶
� �*>º� �Òº �*�
. .V

;~�*j 'Ï~² >� acoustic cell settlerÚ¦~ &¦ª~ *ç«

¶
f �*� >Ú ç[¦ªf ÷f �ò Î² B
. �-² �ç(two-

phase);�b� ªÒ& ¢ÚÂ ê¦Vº æ³'b� ç[¦ª~ ÷f

�~ B�& &Ë~� �³'� �;� &Ë~² B
.

''~ ��bö &~� .V ;~�*j æz�B"� 
þj >¯

~&b� 3 MHz~ .r2¢ 'Ï~� êÿ¶f >Òï*~ �Ò&

2.2 cm� acoustic chamberöB ²> ³ê 0.5 ml/min� 3 ml~ �ò¢

j�~� ªÒÎNj G;~&b� � Ö"¢ Fig. 4ö ê�~&
. «

¶�V& � bakers yeast~ ãÖöº .r2¢ 'Ï~æ p~j ãÖ

öê �*� ¾ >îb� .V ;~�*� Ã&�>� ªÒÎNê Ã

&~&
. 6�, .V ;~�*� ìîj ãÖöê 90%�ç~ ¸f ª

ÒÎNj �&b� 5ª �ê¦Vº jÝ� ªÒÎNj ��� ÎN~

çßf ��æ p~
. ��¾ «¶ �V& ·f E. coli~ ãÖöº .

r2¢ 'Ï~æ p~j ãÖ �*� �~ ¢Ú¾æ p~b� .V ;

~�*� Ã&�>� ªÒÎN� Ã&~º ãËj �&b¾ 10%�~

~ ªÒÎNj �&
. .V ;~�*� ìj ãÖöº 
Ö Ôf ªÒ

ÎNj �&b� .V ;~�*� 5ª �ê¦Vº 85%�ç~ ªÒÎ

Nj �&
. .V ;~�*� Ã&�>� ªÒÎN� Ã&~&b¾, S.

cerevisiae�
º Ôf ªÒÎNj �&
. �-² .V ;~�*f acoustic

chamberÚö �Ò~º &¦ª~ «¶& w÷Ú¢ ;W~� �*� >

Vræ jº� �*b� �³ê~ *ç��¾ �³'� ²>�;öB

¸f ªÒÎNj áV *�B 7º� �;��, «¶~ �V& ·j>

� .r2ö ~� �*ö ®ÚB 
Ö 7º� �¶�
. 

.r2ö ~� ªÒö ®ÚB .V ;~�*f ¸f ³ê~ *ç�~

�³'� ªÒö ®ÚB >�� jº� �;�
.

3-3. êÿ¶f >Òï* �Ò~ 'Ë

êÿ¶f >Òï*~ �Ò~ æz& ªÒÎNö �~º 'Ëj &V

~V *� 
þj >¯~&
. *ç«¶º �ÎÎ(8 g/L)f &Ë�(OD600,

13-14)j ÒÏ~&
. ¢;³ê~ *ç�j F«�Ê� 3 MHz~ .r

2¢ 'Ï~&b�, .V ;~�*f �ÎÎf &Ë� Îv 15ªb�

~&
. *ç�~ F« ³êº 0.5 ml/min�îb�, � �*~ .r2

·ÿ�* ÿn .V ;~ �*�ê 10ªî
 FÂ�j sampling~� ³

ê¢ G;~� ªÒÎNj G;~&b�, êÿ¶f >Òï*~ �Òö

æz¢ "Ú ªÒ ÎNj G;~&
. � Ö"¢ Fig. 5ö ê�~&
.

êÿ¶f >Òï* �Ò& Ã&�ö V¢ �ÎÎf &Ë� Îv ÎN

� 6²~º ©j r > ®îb�, «¶�V& � �ÎÎ~ ãÖöº .

r2¢ "æ p~j ãÖöê &Ë�ö j� �*� ¾ >Ú ¸f ÎN

Fig. 3. Recovery efficiency of particles with different ultrasonic frequen-
cies.

Fig. 4. Effect of initial holding time on the recovery of S. cerevisiae(left) and E. coli(right).
     : no ultrasound,      : 3 MHz ultrasound
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j �ªj r > ®î
. êÿ¶f >Òï* �Ò& Ã&�ö V¢ acoustic

cell settler~ ¦bê Ã&~&� settlerÚö «¶
j &vÚ ~ > ®º

>ÏËK(capacity)ê Ã&~V r^ö .r2¢ "æ p~j ãÖöê

�ÎÎ~ ªÒÎN� Ã&~&
. ��¾ &Ë�~ ãÖöº >ÏËK

~ Ã&f ç&ì� Îv Ôf ÎNj �&
. .r2¢ 'Ï~&j ã

Ööº «¶~ �V& � �ÎÎ& &Ë�ö j� ¸f ªÒÎNj �

&�, &Ë�~ ªÒÎNf &Ú'b� 90%�~¢ �&
. �ÎÎf &

Ë� Îv êÿ¶f >Òï* �Ò& Ã&�ö V¢ ªÒÎN� 6²

�j r > ®îb�, �º êÿ¶f >Òï* �Ò& 
jî>� .r

2~ ;ç2(ultrasonic standing wave)& ¾ ;W>� sound fieldö �

W>º position dependent acoustic potential energy& 
æV r^�
.

êÿ¶f >Òï* �Ò& 
j>� ªÒÎN� Ã&~&b� &Ë

�~ ãÖ 0.8 cmöB Ôf ÎNj �� ©f .V 30ª ÿnf ¸f

ªÒÎNj áîb¾ �*� Ã&�ö V¢ settler~ >ÏËK �ç~

&Ë�~ F«b� �� settlerÚö ^�
� Fæ(retention)>æ á~

� FÂ>Ú Ôf ªÒÎNj �&
. «¶�V& � bakers yeast~ ã

Ööº �Ò& 7 cmræê 89%�ç~ ¸f ªÒÎNj �&b¾, �V

& ·f E. coli~ ãÖöº �Ò& Ã&�ö V¢ ÎN~ 6²& *Ï

® ¢ÚÒ
.

3-4. *ç� ³ê~ 'Ë

Acoustic cell settlerÚ¦~ «¶
f position dependent acoustic potential

energy& Ôf .r2~ ;ç2~ Ú¦� �ÿ~� Î�² >� �-²

Î� «¶
� w÷Ú(aggregates)¢ ;W~² >Ú w÷Ú~ �*b�

«¶~ ªÒ& ¢Ú¾² B
. �¾B ��� ^�~ w÷Ú¢ ;W�

> ®º �²�~ ³ê¢ G;~V *� 
þj >¯~&
. 3 MHz~

.r2¢ 'Ï~&b�, *ç«¶º &Ë�j ÒÏ~&
. .V ;~ �

*f 20ªb� ~&b�, ²> ³ê 0.3 ml/minb� 3 mlj sampling~

� FÂ³ê¢ G;~&�, êÿ¶f >Òï* �Òf F«³ê¢ æz

�B"� 
þj >¯~&
. Ö"¢ Fig. 6ö ê�~&
.

Acoustic chamberÚöB «¶& w÷Ú¢ ;W� > ìº ³ê �~

& >� «¶º �÷>æ á~� FÂ>V r^ö ¢;� êÿ>f ²

>³êöBº FÂ>º *ç«¶~ ³êº ¢;� ãËj ��
. �¾

B, acoustic cell settler Ú¦�~ F«³êö ç&ì� FÂ>º ³êº

¢;� êÿ¶f >Òï* �ÒöB ¢;�j �&b�, êÿ¶f >Ò

ï*~ �Ò& 6²�>� FÂ>º ³êê 6²~� ªÒÎN� Ã&

�j �&
. ¸f ªÒ ÎNj áV *�Bº ¸f ³ê~ *ç�" ê

ÿ¶f >Òï* �Ò& 
f settler¢ ÒÏ~º ©� :²ç� ©b�

6�B
.

3-5. �"� ²>³ê~ 'Ë

Acoustic chamberÚöB *ç«¶
� .r2ö �*B ê =çö �

Ò~º �"�j �³'b� ²>~&
. ;WB *ç«¶~ w÷Ú¢

;B� FÂ�Êæ pº ²>³ê¢ G;~V *~� ²>³ê¢ Ã&

�Ê� ¸f ªÒÎNj Fæ~º ²> ³ê¢ G;~&
.

«¶~ �V& ·f &Ë�j 3 MHz~ .r2¢ 'Ï~� êÿ¶f

>Òï*~ �Ò& 8 mm, ¦b& 8 ml� acoustic chamberöB .V ;

~ �*j 15ªb� ~� ²>³êö &� 'Ëj G;~&b� � Ö

"¢ Fig. 7ö ê�~&
.

²>³ê~ ·f Ã&öê ªÒÎN� /Ï~² 6²~º ãËj �

&
. ²>³ê& 0.8 ml/min�çöBº «¶& acoustic chamberÚö

Fæ>æ á~� FÂ>îb¾. 0.3 ml/minöBº 90%�ç~ ªÒÎN

j ��� Ë�* ÿn~ ªÒ& &Ë~&
.

«¶�V& � �ÎÎö &� ªÒº 3 MHz~ .r2öB &Ë�ö

j~� 
Ö ¸f ªÒÎNj ��� Ë�*~ ªÒ& &Ë~V r^

ö ²>�*j ��*b� ¢;~² ~� ²>³ê~ 'Ëj G;~&

b� � Ö"¢ Fig. 8ö ê�~&
. .r2¢ 'Ï~æ p~j ãÖö

Fig. 5. Effect of distance between transducer and reflector on the recovery efficiency.
right: bakers yeast, left: E. coli,   : no ultrasound,   : 3 MHz ultrasound

Fig. 6. Concentration of output E. coli in 3 MHz ultrasound with vary-
ing input concentration.
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ê .V ;~ �*ÿn �*� ¾>º ãËj ��� Ôf ²>³êö

Bº jv' ¸f ÎNj �&
.

.r2¢ 'Ï~&j ãÖ ²>³ê& Ã&�ö V¢ ªÒÎN� 6

²~º ãËj �&b¾, &Ë�~ 10V �ç~ ²> ³êöBê 83%

�ç~ ªÒÎNj �&
. &Ë�ö j� «¶�V& � �ÎÎ~ ã

Ööº �*ö jº� ^�~ w÷Ú¢ ;W~º� jº� ^�~ >

& '² jº~� �*� ¾>º ãËj ��æ� &Ë�ö j� ¸f

²>³êöBê ¸f ªÒÎNj �&
.

4. Ö �

.r2¢ �Ï~� *ç«¶¢ ªÒ~º� ®ÚB ¸f ªÒÎNj

áV *�Bº ö~�¶ ~º «¶¢ �÷� > ®º .r2~ êÿ>

¢ F�~º ©� &Ë b& �J>Ú¢ �
� 6�B
. «¶�V&

2 µm�~~ ªÒöBº 3 MHz�ç~ .r2& jº~� 1 MHz &~

.r2öBº *& ªÒ& ¢Ú¾æ pº
. 6�, ªÒ&Ë� «¶�

V~ ª�ê 3 MHz~ ¸f êÿ>öBº 1 µm�ç~ �V¢ &ê *

ç«¶~ ªÒ& &Ë~� 1.3 MHz~ Ôf êÿ>öBº 4.5 µm�ç

~ �V¢ &ê *ç«¶~ ªÒ& &Ë~
.

.V ;~�*f «¶~ �V& 
î>� «¶
~ w÷Ú& ;W�

¾>� �*� ¾ >V r^ö 
f �*öê ¸f ªÒÎNj ���,

«¶~ �V& ·j>� «¶
~ w÷Ú ;W� ¶ÒV r^ö Z .

V ;~ �*� jº~
. �Ò�, ¸f êÿ>öBº «¶~ �V& 


î>� 
f .V ;~�*öê ¸f ªÒÎNj áj > ®
.

êÿ¶f >Òï*~ �Ò& Ã&~² >� ;W>º position-dependent

acoustic potential energy& 6²~² >Ú «¶
~ w÷Ú ;W� ¾

>æ p² >Ú ªÒÎN� 6²~² B
. êÿ¶f >Òï*~ �Ò

& 
j r &Ë ¸f ªÒÎNj áj > ®îb¾, �Ò& 
j>�

acoustic chamber~ ¦b& ·jææ� ¸f ²> ³ê~ 'Ï� ÚJ

Ö� ·ÿ �*ê 
f �6� ®
.

³ê~ 'Ëf ¸f ªÒÎNj áV *�B ¸f *ç«¶~ ³ê�

&¦ª~ 
þj >¯~&b¾, F«>º ³êö ç&ì� FÂ>º *

ç«¶~ ³êº ¢;� ©j r > ®î
. �©f .r2~ ;ç2ö

~� «¶~ �÷~ �ê r^�� .V ;~�*j Ã&�Bê FÂ

>º *ç«¶~ ³êº ¢;� ©b� 6�B
.

²>³ê~ 'Ëf «¶~ �V& ·j>� ²> ³ê& Ã&�ö V

¢ ªÒÎN� /Ï® 6²~&b�, �V& �>� ¸f ²> ³êö

ê ¸f ªÒÎNj Fæ~&
.

.r2¢ �Ï� ªÒöB 100%~ ªÒÎNj áj > ìîb� *

ç«¶ö ç&ì� Ú¶ ¢;³êº ê³ FÂ>º ©j r > ®î
.

>2Ëî
(half wavelength) ;W>º pressure nodeö *ç«¶
�

Î�² >Ú w÷Ú(aggregates)& ;W� >� �-² ;WB w÷Úº

Ú¶ ¢; F«³ê �~öBº 7Kö ~� �*� ¢Ú¾² B
. �

Ò� acoustic chamberÚöB &¦ª� �*� >Ú Îf «¶
� w

÷Ú¢ ;W� > ìº ³ê �~& >� � «¶
f acoustic chamberÚ

öB �÷>æ á~� FÂ>V r^ö 100%~ ªÒÎNj áj > ì

î
� �'B
. ��� .r2ö ~� ªÒº �³'� on-line system

� perfusion systemö &Ë ¾ 'Ï>Ú fermentor¾ bioreactorÚ~ ^

�~ ³ê¢ Ã&�Ê�¾ ^�~ ³ê¢ Ã&�Úb�B Öb~ ³ê

¢ Ã&�ÊV *� 'ÏF ©��, scale-upö &� ��f �*B «

¶~ ²>O»ö &� ��& >¯>� &Ïï~ fermentor¾ bioreator

ö &�Bê 'Ï� &Ë� ©�¢� 6�B
.
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