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Abstract − Experimental investigations on the effect of the hydraulic residence time(HRT) for the removal of aquacultural

waste, such as protein, total suspended solids(TSS), chemical oxygen demand(COD), turbidity and total ammonia nitro-

gen(TAN) from sea water were carried out by using foam separator. The foam separator as an aerator was also evaluated for

increasing dissolved oxygen concentration. The increase in hydraulic residence time increased the removal efficiencies of aquac-

ultural waste. Optimum hydraulic residence time was 0.48 min and the highest protein removal rate was 10.25 g/m3
� min. The

changes of removal rates and efficiencies of TSS, COD and turbidity were similar to proteins. The hydraulic residence time for

highest overall oxygen mass transfer coefficient was the optimum condition for the highest protein removal rate.
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¯�m �V |}~p��
 �� » JKL M\+ tu E�E :¼
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 �¿ �� 34.� WX «�L ÀÁ�Âe

D |}~p4� <n�� �; Ã¼L ÀÁ�Â�.

2. � �

2-1. ����

� �Z
' WÄ�m $<5 |}~p ÅÆ�\+ Fig. 1
' �+

Çf g	 separation column� foam riser� ��`E ̀ È# @� 5 cm,

C	 50 cm� 1ÉÊkL $<�m WÄ�ÂeD ���� <T? 1 L

Â�. Foam collector+ @� 5 cm, C	 10 cm� 1ÉÊk
 @� 2 cm

� Ë�kL �9 |}	 ��*"Ì WÄ�Â�. ��k� �Ík? 2 cm

1ÉÊkL $<�Â�.

|}~p4 �_
+ �p m�4(G3, pore size: 3-15µm)  	<5

�4~�4  ÎÏx� 4|� Ä� Ð��® ()�m |}
 �5 ~

pS{	 �2� Ñ : �® �Â�. �4� �;? �4ÒÓ  	<�

ÂeD, �4 ��? �4ÒÓ� needle valvef ��l� &ÔÕÖ 

	<�m &Ô�Â�. ÅÆ:+ �� ÒÓ  	<�m �× �_
'

��5 ��e# �;��, op:+ �_
' �Í *"Ì �ÂeD

�4+ Ø� �_
' �;�e#Ù K�� ÎÚL �"�Â�.
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 $<5 9:+ _�=¬ 78
 �;*+ ¦e#' ]^/ �

~? ÀÍ*= >Û�. ÅÆ:+ ÅW ��:f �$�"Ì �4 £�

m �4 9:
 _�2¹Ü _V ¨©m�� ���
' ()5 ��

34.L ÝÞx� ]^/ �"  &Ô�m ÅÆ
 $<�Â�. ÅÆ:

� :/? Table 1� geD �"f pH+ ßß 26±1oC, 7.9±0.1	à�.

�Ø �4�V? 0.85 cm/sece# ���m :¼¹T ��x½L 8.76,

3.48, 1.40, 0.77, 0.48, 0.28 mine# ¾¸x� ÅÆ�Â�.

2-3. 
��	

ÅÆ:� ��? áâÅã­  	<�m Å��Â� |})�V"+

�Vtu	 ���È
 "§5 ä |}~p4
' �Í*+ |}L :

8�m �|W(åæçè, KM-72)  ¥� |}L éê5 ä O �L �

��m Z�Â�. ]^/� �" ~Þ? |} ��.? Lowry’s method

[12]  	<�ÂeD 9:+ UV280 method[13]  	<�m :¯�Â

�. ë _��`.? standard method[14]
 �� GF/Cm=# m�5 ä

-�	�	 ÀÍ*= >L ì±= 
�:# íî�m ~Þ�Â�. ¸¹

T �� YZ�? ïðp� KMnO4�[15]
 �� xj ñi òx ~Þ

�ÂeD º"� ~Þ? º"l(HACH, 2100AN)  	<�Â�.

ë abc1� /�� ~Þ? abc1 	� ´ó� uô(ORION Re-

search Inc., 9512BN)	 _�[ Ion meter(ORION Research Inc., Mode

720A)  	<�m 	� ´ó� uô�[14]
 �9 ~Þ�Â�. <n��

+ <n�� ��4(YSI Inc. Model 52)  	<�m ��:� �"  �

�5 ä �Í:� �"+ 30õ ½�e# �V ���m ���È
'�

öÐ÷L i�Â�. ß xj� �" ~|+ 100µm� aperture  	<5

�" ~Þ4(COULTER Electronics, COULTER MULTISIZER II)  $<

�m ���Â�.
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]^/, _� �`., ¸¹T �� YZ�, º", abc1� /� d

� WXV"+ ��:f �Í:� ß �~� �"f |} ()�L �

��m � (1)[16]L 	<�m l��Â�.

(1)

m4' −ra+ ß �~� WXV"(g/m3ømin 6+ NTU/min), Ci,af

Co,a+ ß �~� ��: s �Í:� �"(g/m3 6+ NTU)	D Qi+

��:� ��(m3/min)	D Qf+ |}~p4
' ()*� �Í[ |

}� ��(m3/min)	�. V+ |}~p4� ��� <T(m3)	�.

|}~p4� ëù <n�� u§ l:+ � (4)  	<�m Z�Â�.

|}~p4 @
' <n��� ú:V"+ �û� g�[17].

(2)

m4' rDO+ <n�� ú:V"(g/m3/min), KLa+ ëù <n�� u

§ l:(min−1), Cs,DO+ <n��� |¸�"(g/m3)	D Co,DO+ �Í

ra–
Ci a, Qi⋅ Co a, Qi Qf–( )⋅–

V
--------------------------------------------------------=

rDO KLa Cs DO, Co DO,–( )=

Fig. 1. Schematic diagram for the removal of aquacultural waste from
sea water by using foam separator.
1. Separation column 17. Foam outlet
2. Foam collector 18. Feeding tank
3. Air distributor 19. Mechanical stirrer
4. Liquid inlet 10. Peristaltic pump
5. Air inlet 11. Air pump
6. Bulk outlet 12. Rotameter

Table 1. Water quality of feeding sea water

Component Concentration

Salinity  30.00‰
Protein  16.18 g/m3

Total suspended solid  35.00 g/m3

Turbidity  17.86 NTU
Chemical oxygen demand  15.35 g/m3

Total ammonia nitrogen 120.41 g/m3
���� �39� �2� 2001� 4�
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:� <n�� �"(g/m3)	�.

|}~p4� <n�� ú:V"+ �� �Tü 
�*+ <n��

� �� ý��Q# � (3)� g	 þ°� : ��.

(3)

m4' Co,DO+ �Í:� <n�� �"(g/m3)	�.

� (2)f (3)L d�e# ÿ� ëù <n�� u§ l:# �p�� �

û� g�.

(4)

m4' τ+ V/Qi#' :¼¹T ��x½(min)	�.

3. �� � ��

3-1. ���� ����

|}~p �\� �V tux ���È
 "§�+ x½L ÀÁ�4

£�m ÅÆ:  �Ø �4�V 0.85 cm/sec, :¼¹T ��x½L 0.77

mine# �m �V�;��' ]^/, ë _� �`., º", ̧ ¹T �

� YZ�, ë abc1� /�� ��: �"
 25 �Í:� �"�

f <n��� |¸"  ���m �Í x½� tux½(t)� :¼¹T

��x½(τ)� �E ¶�z x½ ]£� ¾¸
 �� Fig. 2
 R¢@à�.

O�
' �m=+ Çf g	 l���W ¬�L �+ ]^/� ��

tu �xä 1 min	 ����'_� ���È ÷� 84%
 "§�Â

� :¼¹T ��x½� 2.6�
 �ü�+ x½E 2 min ä_�+ X�

���È
 "§5 ��  R¢@à�. Suh d[9]? |}~p�L 	<

5 ³: ���:� ]^/WX ÅÆL �9 2.1 min� :¼¹T ��

x½
' :¼¹T ��x½� � 9.5�E 20~� x½	 ��5 ä �

Í:� ]^/ �"� ���È
 "§�Â�� �Â�. 	  � �Z

� ��f �Ü�m � ì 4ø� l�
� ]^/� ú�? ³:��

+ 9:
' ­ �	® ²¯[�� $j[�.

��� ./E ë _� �`.� º"+ �4� �;*� 4|� (

)*4 xÄ5 ä x½� ��
 �� X� 
´Te# w��m ë _

� �`.? :¼¹T ��x½� 5.2�E 4 min, º"+ :¼¹T �

�x½� 2.6�E 2 min ä
 ßß ���È
 "§�+ ¦e# R¢�

�. ̧ ¹T �� YZ� s ë abc1� /�+ ]^/	R º"� �

��È
 "§�+ x½� 2� ��E 4 min	 ����' X� ��

5 ÷L R¢@à�. 	+ :¼¹T ��x½� 5.2�Â�.

��� ./	R ¸¹T �� YZ�, ë abc1� /�� WX�

]^/
 �9 ���È
 �® "§*+ ¦e# �1 	
 �~� ú

�V"� ]^/� ú�V"
 �9 �p4 ì�	�. 	P5 °�?

]^/ �~? 4ø� l�
 
ÎTe# ú�*=� �¿ �~? 4ø

� l�
 
ÎTe# ú�*4��+ ]^/ �~� �Ï*� WX*

+ 4Ä[4]
 �5 ¦	�� )ß[�.

<n �� |¸"+ tux½	 ���
 �� 
��m 3 min� t

ux½ 	ä_�+ X� ��5 ÷L R¢@� |} ~p4 @ 4ø�

l�� <n�� u§V"+ :¼¹T ��x½� 3.9�
 9ü�+ x

½	 ��5 ä ö`
 "§�L ï : �à�.

u�Te# :¼¹T ��x½� 5� 	�� x½	 ��5 ä_�

+ ���È
 "§�ÂeQ# 	ä ÅÆ
'+ tu xÄ ä :¼¹

T ��x½� 5�� ��5 ä_� 1�
 2�� xj  :¼¹T �

�x½� 2� ½�e# 3� ñi�m öÐ ~Þ÷L ÅÆ�j# 	<

�Â�.

3-2. ��� ���� ��

]^/ �~? ��
 25 ��	 C? abc1  ()xy� ��

YZ�L 
�x� UV5 WX� YZ*+ �~e#[18] �:4f N

:4  bÿ �=� �+ Z&T «�[19]e# E9 l���W ¬�L

:¯�Q# ¤"� l���W  ¥��= >+ � �Z
' ��  

Y5 �~	�. 

Fig. 3? :¼¹T ��x½	 ]^/ WXV" s WX{
 M\+

JKL R¢� ¦	�. O�
' �+ Çf g	 ��x½� 
�
 �

� ]^/� WX{	 
��+ ¦e# R¢�eD O 
�{	 ''

� w��+ `È  R¢@à�. ]^/ WXV"+ :¼¹T ��x½

	 0.28 min
' 0.48 mine# 
��
 �� 7.17 g/m3ømin
' 10.25

g/m3ømine# 
��ÂeR O 	�� :¼¹T ��x½_�+ WX

V"� w��m ]^/ WX{	 
��+ ¦�+ �2� °�L R

¢@à�.

:¼¹T ��x½� 
�
 �� ]^/� WX{	 
��+ °�

? ��x½	 
��� ��[ ]^/	 |}~p �\ @
' �¶

+ x½	 
��Q# |}~p4 @
' 4|f� ÎÚx½	 
��

m R¢� °�e# $j[�. ��x½� 
�
 �� WX{	 
�

rDO

Co DO, Ci DO,–( ) Qi⋅
V

---------------------------------------------=

KLa 1
τ
---

Co DO, Ci DO,–( )
Cs DO, Co DO,–( )

------------------------------------⋅=

Fig. 2. Time courses of the concentration ratio of effluent to influent of
protein, TSS, turbidity, COD and TAN and DO saturation.

Fig. 3. The changes of protein removal rate and removal efficiency on
hydraulic residence time.
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'+ ]^/	 ú�*� �=

>? 4ø� l�� �T	 �~�m ��x½	 
��
 �� Mú

� ]^/� ú�	 <	�® ²¯*R ��x½	 ��/:Ì ]^/

	 ú�Ñ : �+ 4ø� l�� �T	 w��® *Q# Mú� ]

^/	 ��Te# �� l�
 ú�*4 ì�e# $j[�.

]^/ WXV"� :¼¹T ��x½	 w��:Ì 
�*+ ¦?

ÿ �= °�
 �5 ¦e# )ß[�. � ��+ ÎÚ4�� 
�
 �

5 ¦e#' ��� 
�
 �� ��*+ ]^/� �	 
��Q#

4ø� l�� ÎÚ� : �+ ]^/� �	 
��Q# ú�*+ ]

^/� �" 
��m ]^/ WXV"� 
�*+ °�	�. �¿ �

R+ ��� 
�
 �¿ ]^/ �"� 
�
 �5 S�#' :¼¹

T ��x½	 w��m ��	 
�� ��  ' r!5 Çf g	 W

X{	 w��Q# |}~p4 @� ]^/ �"� ���® *� R

¢R+ °�	�. u�
' R¢� Çf g	 |}~p4� ]^/ W

XV"+ Langmuir d� ú��L �	Q# ]^/ �"� 
�� �

� 4ø� l�e#� ú�V"� 
��® *+ ¦	�.

0.48 min 	�� ��x½
'+ WXV"� w��+ ¦? :¼¹T

��x½	 �� �1/ �� ]^/	 4ø� l�e#� ./ u§

V" �� ��"# V"� ­ v$ ]^/	 4ø� l�
 ú�Ñ :

�+ ÎÚ x½L �=�= %�4 ì�	�� )ß[�.

Fig. 4+ :¼¹T ��x½� ¾¸
 �¿ |} )�V"f �� �

�
 25 |} )� V"� �� ¾¸  R¢� ¦	�. O�
' �

m=+ ¦� g	 |} )�V"+ :¼¹T ��x½	 
��
 �

� w��+ ¦e# R¢�eD 0.48 min 	�� :¼¹T ��x½


'+ |} )� V"� ¾¸ �	 w��m X� ��5 ÷L R¢@à

�. �� �� ��
 25 |} )� V"� �+ 1.4 min� :¼¹T

��x½
' �� » ÷L R¢@à�.

:¼¹T ��x½� w�
 �5 |} )� V"� 
��+ ¦?

:¼¹T ��x½	 w��
 �� ]^/ �"� 
��m |}� (

)�	 
��+ °�� |}@ �� ���� 
�
 �5 °�[20]


4E5 ¦e# )ß[�.

3-3. � �  !"# ���� ��

Mhi $jR �~
 �9 ()�+ ë _�� �`.? ��� 1

�M
 
ÎTE ��L &XR <n��� u§L B9�m /'
 2

5 �(¼L �¸x) : �4 ì�
 ��� )�¼
 
ÎTE JK

L *+ : ��[21]. �`.� �"� CL �� ).¹T /�¸ ��


' abc1 WX V"  w�x) :" �� �`.� ~9
 �9

()*+ abc1+ ��
 R, JK[2]L *+ : �4 ì�
 ��

� ¨©:  � �`.� WX+ ��  Y��.

Fig. 5+ :¼¹T ��x½	 ë _� �`.� WXV" s WX{


 M\+ JKL R¢� ¦	�. O�
' �+ Çf g	 ��x½�

¾¸
 �¿ WXV"� ¾¸+ ]^/ WXV"� ¾¸f X� ý�

5 �KL R¢@àeD �2 WXV"+ 0.48 min
' R¢� 51.8 g/

m3ømin	à�

ë _� �`.� WX{? :¼¹T ��x½	 0.77 mine# 
�

�
 �� 33%
' 80%# ;�� 
��ÂeR O 	�� :¼¹T

��x½
'+ 80-92%� �£# É® 
��=+ >Û�. ë _� �

`.� WXV"� ]^/ WXV"f �$�® :¼¹T ��x½�

JKL -+ ¦? |}~p  �(�+ �~	 ]^/	� _� �`

.? 4ø� l�
 ú�[ ]^/
 	�Te# ú�*� WX*+

4Ä[22]
 ��5 °�e# $j[�.

Fig. 6? :¼¹T ��x½� ¾¸
 �¿ �Í: �"f WXV"�

ë _� �`./]^/ �� ¾¸  R¢� ¦	�. O�
' �+ Ç

f g	 �Í:� ë _� �`./]^/ �"�+ X� ���® R¢

�eD WXV"� �+ 0.48 min	�� :¼¹T ��x½
'+ 0.6-

0.9� �£
' X� ��5 ¦e# R¢�eD WXV"� �+ :¼

¹T ��x½� 
�
 �� 5.9-2.8� �£
' w��+ ¦e# R

¢��.

Fig. 4. The changes of foam generation rate and the ratio of foam gen-
eration rate to liquid flowrate on initial protein concentration.

Fig. 5. The changes of TSS removal rate and removal efficiency on
hydraulic residence time.

Fig. 6. The concentration ratio of TSS to protein of effluent(Co) and the
removal rate ratio of TSS to protein.
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��:� ë _� �`./]^/ �"�� � 2.2E ¦
 �9 �Í

:� �"�� ­ .® R¢R+ ¦e# �1 4ø� l�
 ú� W

X*+ ]^/� ]£ /�ü ë _� �`.� �	 ­ É�+ ¦L

ï : �àeD 0.28 min� �? :¼¹T ��x½
' �"�� 
�

�+ ¦? �� "#V"� 
�� ]^/� �`.� ½� �Ï¼�

� v' R¢� °�e# $j[�.

3-4. $� ���� ��

Fig. 7� 8? ßß :¼¹T ��x½� ¾¸
 �¿ º" WXV"

s WX{� ¾¸f �Í:� �"f WXV"
 25 º"/]^/ �

� ¾¸  R¢� ¦	�. O�
' �m=+ Çf g	 :¼¹T ��

x½� 
�
 �¿ º"� WX{ s WXV"� ¾¸+ ë _� �`

.� WXV" s WX{� ¾¸f X� �$5 `È# R¢��. 	P

5 °�? º"  �(�+ ./   �ü_~L ë _� �`.	 �=

�Q#[22] 0? ~{L �=�+ ë _� �`.	 WX*+ ¦� �
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Fig. 7. The changes of turbidity removal rate and removal efficiency on
hydraulic residence time.

Fig. 8. The concentration ratio of turbidity to protein of effluent(Co)
and the removal rate ratio of turbidity to protein.

Fig. 9. The changes of the differential particle distributions (a), the
cumulative particle distributions (b) and the particle removal
efficiency (c) on particle size.
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Fig. 10. The changes of particle removal efficiency on hydraulic resi-
dence time.

Fig. 11. The changes of COD removal rate and removal efficiency on
hydraulic residence time.

Fig. 12. The concentration ratio of COD to protein of effluent(Co) and
the removal rate ratio of COD to protein.

Fig. 13. The changes of TAN removal rate and removal efficiency on
hydraulic residence time.
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−r : removal rate [g/m3ømin or NTU/min]

rDO : dissolved oxygen absorption rate [g/m3ømin]

Q : flowrate [L/min]

C : concentration [g/m3 or NTU]

KLa : overall mass transfer coefficient [min−1]

89:; <�

τ : hydraulic residence time [min]

=>�

a : component

f : foam state

i : influent

o : effluent

s : saturation state
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