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Abstract − The Darcy’s equation is applied to the expression of a filter cake, with new boundary condition and new consti-

tutive equation. The expression procedure, the variation of pressure distribution in a cake, and that of porosity distribution in

the cake were calculated based on the conception named ‘unified theory on solid-liquid separation’, which had been already used in

‘cake filtration’ and ‘hindered sedimentation’. The experimental expression results using a very compressible cake agreed with the

theoretically calculated results well. And this theoretical method was also applied to the expression of oil from rape seed.
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��� ��� �� �	
 ���� �
 ��� �� ��� ��

�, �� �� ��� ���(floc)� �� ! "	#� ���� �


��� $� �%[1]. �& ���� '() *+,�- ./ 01 23

4� ��$5 67�- �
) 89: �
��) ;<=>� ?�)

@� AB(CD, expression)�EF GH%. Shirato I[2]� � AB�

JKL Terzaghi[3]� MN(OP) AQ�R) STU� VWUX%. Y

� AB�Z) VWU� �[ \�- ]Z#� �� ^_) `'UX

��, ab cVd�- Y� �R� ef gZ#F h%. Y1i � �

R� AB� jk#� lm no pqrs� tuUv w�%F �Z

UF h�x-, yv F5� z.�� qr  �{ AB JK� �Z


%F �|}%. Y1x- ~ AB�Z  Darcy� �) dT=>v �U

F h%. yv AB ��) �{ �� ���-G� VW
 �1 ��

�- %H A� !� AB =�) ��� ��%.

� �� !� Shirato�� �f ��dg Darcy� ��� AB ~5

�Z) v�}%� ���- AB�Z) ��UF, VW) =KUX%.

� ��  dT
 �Rdg 6�� ��� ��[4]� ���~[5]  �

� STUX��, � 6�� ��)  ‘F�
f � �R’�EF v¡%.

2. ����

2-1. Darcy� �

Darcy[6]� ��¢) £¤� �� JK� A��� ¥VL ¦§ ¨=

} �©, � 9T� �1 �v "ª� ���- 'a#¡�i, ��
«

 !� @� � (1)� "ª- STUF h%.

(1)

��! V� ��$5 y¬(d­ ��} ��� G*[m3/m2], t� �

� =�[s], ∆p� �5  �{j A�[Pa], µ� �5� ®K[kg/ms], αav

� ���� no pqr[m/kg], W� ��$5 y¬(d­ ����

F5 ¯�[kg/m2], Rm� ��$5� qr[m−1]�%.

Shirato� AB ! � �� dV/dtL AB) ¬} *+,� z.��

JK dx/dt- �|UX��, � ^_ !K l°U± STUX%. ² �

�� �� ³ ´�- iµ G*¶· *+,� ���L Q:9« }%

� ���%[1].

dV
dt
------- p∆

µ αavW Rm+( )
----------------------------------=
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Y1i Y� AB�Z ! ���  �{v� A� ∆p� °ZU± ̧

v#�, ���� no pqrs� tuUv w�%F �Z} �� �

(1)-� AB� ~5 �Z� 'a#v w�%F �|U� Terzaghi[2]�

AQ�R) K�UX%.

� (1)� ¹~¢(packed bed)� �� !¶ 	ºU�, AB�i ��

�~ !� 	ºUv w�%F °2d�- g�#: »%. ��� �f

� �� !� � (1)� �� !� �R AB !K 	º}%� ~¨

 ! ¼`}%.

2-2. �� ���� 	
�� �
� ����

�½� ���R� AB�R !� ���� �V?¾) %§� ¿

� �ZUX%.

*+,� /U� ���:

(2)

��! pl� *+,� /U� ��� �� S�  h� �5� A��

F, ps� *+,) ÀÁF h� ���L �	U� ��� À� AÂA

�(solid compressive pressure)�%.

² *+, ÃÄ� ��� !� AB) ¬{ �{Å� A� ∆p� Æ

Ç �5  �{j%� ���%. � ��) STUx- AB ?�lm

ps� VJ 0�- ¸v
%F �|UF h%.

��$5� /U� ���:

(3)

��! ∆pm� ��$5  Èf� A��%. AB� ��� ÉÊ
 �

��L 3��- U� Ë�x- ���� N� �%. Y1x- ���

  Èf� A� ∆pc� ∆pm  p{ 3y� �%. Y �� 3G
� �

� ∆pm� �Ì �Í� ZK- �� s�%.

��� ¿� �V?¾) ST� �� AB� jk#:K ��� N4

(� ps� s� Î�� tu� Ï� r� ∆pc�%. ©  ÐÑÒ Ë�i

no pqrs� ��� N4 (� ps� s� Î�(�Ó !� ∆pc) 

�ÔUx-, AB �Z ! r� ¿� no pqrs αavL �v± 


%� Ë� abÕv� AB �R�%.

� �� !� ¬� ��� �f AB� �V?¾) %§� �ZUX%. 

*+,� /U� ���:

(4)

², AB�� ~5L �U� *+, Ö- ÃÄ� ���� *+,  �

{ ./dg A� pxL À�%F �ZUX%. � px� ×� � ÃÅ

�� s�i AB�Z ! ®Î Ø�U� ÙvÚ � ∆pcÕv K�}

%F �|}%. � ��� �½� AB �R� �Û �± %H ®�%.

YfF Y iÜv A�L �5� À�%. AB ×� � �5� ½�

ÆÝ A�) À�i AB ÉÊ= � �A� ½� Þ� 
%F �|}%.

��$5� /U� ���:

(3)

��$5� /U� ���� �V?¾� �½  STUß Ë� l°

U%.

2-3. 	
�� �
� ���(constitutive equation)

2-3-1. Tiller� à��

Ruth[7]� �`} compression-permeability cell(CPC) �� ��L Ö

á�- Tiller[8]� %§� ¿� ���� à��) ¨mUX%.

ps>pig ��:

(5)

psâpig ��:

α = αi = api
n = constant  = constant (6)

��! a, n, B, β� CPC ��� � (5)  �{ �Z#� ���� 	

¯) iã9� ���%. � ä �v ��- �� ���� �	� �

Z
%. � å n� @� AÂ	(compressibility)�EF æf� åç}

��- gZ#F h%. n� 1è% é ���� $� AÂ	� é ��

�EF êZ
%. pi ë} CPC ��  �{ �Z#�, ���� 	¯

) iã9� A��%.

� �� ��� °Z A� pi �� !� ���� pqr α� 1-ε�
F5AÂA� ps� ì��- tuUF, Y �U� A� !� pqr�

í�î� tu� Ï%� ¨m�%. n� 1è% é �� %§ ï ! i

ð� no pqrs αav) � (5)¶ STU� VW� �� no pqr

s� §� s� #: �¨� %¤± 
%. Y1i pi� h� ��� r

� N� s) �v± 
%.

�¨- CPC �� ! � s) Zñ� �ZU� Ë� òv w%. �

���[9]� CPC �� ! �ó iãi� pis� yô� ���� �

�ÛÁ õ(�� Ùö  �} ��EF �|UX%. ² � s� ���

� �¯�� ÷¥U%F �|UX%.

2-3-2. Shirato� à��

Shirato I[10]� `'} à��) Tiller� Crump[11]� %ø: `'

} Ë) � (7)  iãù%.

(7)

��! αo, pa, n, βK ú= ���� �	) iã9� ����%. �

(5)� (6)� pi ! Ñû} tuL �j%. Y1i � (7)� pa� s 

üE �­� Gýþ± tuU� ÿ�) �) � h%. � � ú= n

o pqrs αav� VW ! N� s) iã�%.

2-3-3. � ��� à��

� �� !� dT#� ÆÝ F5AÂ A� ps ! � (5)� ST


%F �Z�%.

(5)

Yim I[9]� �~) STU� ps� 0.01 Pag ÃÅ �� A� !K í

�î� � (5)� ¿� VJ tu}%� Ë) Ø�UX%.

2-4. AB�Z ! no pqrs� tu

���� à�� ! no pqrs) VWU� ¬{ %§� ¥V�

@� ST
%. � �� "ª� Ruth� � (1) ! �y� ̧ KÒ � h%.

(8)

Tiller� à��) 3�U( � (9)L �± 
%.

(9)

a� ∆pc� ÆÇ N� s) �vx-, AÂ	 n� 1è% é �� � (9)

� 
�� §� s) �j%. � �� 
Æ� (1-n)� §� s�F, ∆pc

� piè% $� é s�x- 
ÆK §� s� 
%. Y1x- no p

pl p∆   ps 0==

pl pm∆    ps p∆ pm∆ pc∆=–==

pl p∆ px–     ps px==

pl pm∆    ps p∆ pm∆ pc∆=–==

α aps
n=      1 ε– Bps

β=

1 ε– 1 εi– Bpi
β= =

α αo 1 ps pa⁄+( )n    1ε–( ) 1 εo–( ) 1 ps pa⁄+( )β==

α aps
n    1 ε– Bps

β
==

αav
pc∆
dps

α
-------

0

pc∆
∫
-----------------=

αav

pc∆
dps

aps
n--------

0

pc∆

∫
-----------------

pc∆
dps

api
n--------

dps

aps
n--------

pi

pc∆

∫+
0

pi

∫
-------------------------------------

a 1 n–( ) pc∆

pc
1 n–∆ npi

1 n–
–

--------------------------------== =
���� �41� �4� 2003� 8�
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qrs αav� N� s� 
%. �Ë� pi� jZ} ú��E� Ë) Yim

I[9]� �� vd} Ö h%.

� (9) ! a, n, pi� ���L �	U� ��� F¸ 	¯�x- A

B ��  tuU� s� Ã�%. ë} ∆pc� A��- AB) �k}

%( � A�� AB ��  tuUv w�%. Y1x- � (9)  �U

( AB ��  no pqrs� l°{« }%. Shirato[12]� AB �

R� � ��) ÀÃ�X%.

� (8)  � (7)) 3�U� d
{K ��d�- no pqrs� t

u� Ï± 
%.

� �� !� � (8)� �V?¾ 3� 2-2ï� � (4)� �-� �V

?¾) STUX%.

(10)

² AB) ¬} *+,� ���L 	L 
 ��� À�Å� A�) px

EF �|} Ë�%. AB ×� � $� �� s�F, AB ÉÊ= 

� � s� ∆pc� 
%. � (10)� α  � (5)� �-� à��) 3�

U( � (11)� 
%.

(11)

AÂ	 n� 1è% é ��, � (9)� ¿� � � !K 
�� 
Æ�

ÆÇ §� s�x- αav� N� s) �v± 
%.

� �) ��- èÃ!� 
 � � Ï�i �¨ s) �F VW{ è

( px� Ø��  üE αavs� ®® Ø�}%. AB� ÙvÚ �ª 

! px� ∆pc  ½� /àU( � αavs� A� ∆pc !� αs  ��

}%. �  3} �¨ VW ��� ©  ¨=Ò Ë�%.

2-5. �� ��� ��

� (1) ! ��} Ö� ¿� =�  3} AB y¬(d­ �� y

¬G* dV/dt� *+,� JK dx/dtEF 'a� � h%. ë} AB 

!� p�d Ç�� ���L STUx- ���  �} qr αavW�

s� ��$5� qr Rm  p{ $� �x- Rm� �ÌÒ � h%. Y

fF �5� £¤� Ë� �A� Î�  �} Ë�x- 
�� r�

(∆p-px)� #: � (12)� �:j%.

(12)

��  � (11)� αavL 3�U( � (13)� 
%. y �¨ Rm) �Ì

UX�x- ÆÝ ∆pc� ∆p- 35� � h%. ë} 
�� 
Æ  (∆p-px)

� ÆÇ h: �

%.

(13)

� � ! a� n� CPC �� ! �Z#� ���� �	�F, ∆p�

AB A��- AB ��  °ZU± ¸vU± #�, y¬ (d­ �

��� ¯� W ú= AB ��  °ZU± ¸v
%. Y1x- � �

 ! AB JK dx/dt� px¶� ���%. Shirato� AB �R[2, 10]

 � � ��� Ï�x- l°} AB JK� VW
%. Y1i ��

 !� AB� jk#� lm JK dx/dt� Ñû� ��vx-, � y

®) ¶�U� ¬{ ��� z.�  3} qr�E� ë Ui� ��

) �Uv w) � Ï¡%. Y1i � ���� � (13)�- AB JK

L VW� � h%F �ZUX%. yv AB� $ ô� AB JK� V

W#�( Y 
� *+, Ö- ÃÄ� F5� *+,) ÀÁ� A� px

L �Ã«¶ }%. � A�) AB ��� no í�î ! VWUX%.

2-6. ������ �� ���� �� px ��

AB� jk#� lm ���� no í�î� %§� ¿� Z�
%.

εav=

 =1− (14)

��� 9� ��� G*� ��� 9� �� ¯�) �� QK ρs-

i� Ë�F, ��� ~5 G*� AB� jk#� (d  ��� Ç

� L) �} s�%. ë} AB (d­ ��� 9 �� ¯�� W�%.

��� Sr) � (14)  3�U( � (15)� 
%.

εav= 1−

 =1− W (15)

Tiller� Crump[11]� no í�î  3{ ¸K} �  � ^_� �V

?¾) dT=>( � (16)� 
%.

(16)

� �  � ��� à�� (5)L 3�U� d
U( � (17)� 
%.

(17)

� (15)� (17)� ÆÇ no í�î) iã9� ��x- � =>(

no í�î� Ï:vF � (18)� 
%.

(18)

��! L0� AB =�� 
� ���� Ç��F, L� AB jk=

:� ô�� Ç���, x� Y ô�Õv �:Ý Ç��%. � ��-

��� Ç� L !� *+, ÃÄ� ��� À� A� px� �Z
%.

AB ��  px��� ÆÝ s� °ZU± ¸v
%.

2-7. �� �� ��� ��   !�� "#

AB  ¥V
 �1 Sr) %§� ¿� Zf� � h%.

���� �	) iã9� ��; a, n, B, β (CPC ! �Z)

��� 	¯; viscosity

�~ ?¾; AB A� ∆p, y¬ AB(d­ AB 3� ���� ̄ � W

AB ��  tuU� Ë; ���� Ç� L, *+, ÃÄ� F5 A

� px, AB =� t

VW� � yV- AB =� ��� Ç� L ! � (18)) STU�

� 
� *+, Ö- ÃÄ ���� À� F5AÂA� pxL �Ã�%.

=kBð��-  ç} ¸!"�Õv pxL �Z� � h%.

Y %§ �� Ø�} pxL �ZUF � (18) ! Y A� !� Ç�

L VW}%. � Ç�� ¦§ Ç�è% ;<U± 
%. ¦§ Ç� !

� Ç�Õv� JK� ¦§� px� � px� å� s� JKEF �|U

F, � å�s� px-G� � (13)) STU� no JK dx/dtL VW

αav
pc px–∆

dps

α
-------

px

pc∆
∫
------------------=

αav

pc px–∆
dps

α
-------

px

pc∆

∫
------------------

pc px–∆
dps

aps
n--------

px

pc∆

∫
------------------

a 1 n–( ) pc∆ px–( )

pc
1 n–∆ px

1 n–
–

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

dx
dt
------

p∆ px–

µαavW
-----------------=

dx
dt
------

p 1 n–( )∆ px
1 n–( )–

µa 1 n–( )W
-----------------------------------=

(��� 9� �5G*)

(��� ~5� G*)

(��� 9� ��G*)

(��� ~5� G*)

(��� 9 ��¯�)/(��QK)

(AB (d)(��� Ç�)

1
L ρs⋅
------------

kg
m2
------ m3

m kg
------------

εav 1

dps

α
-------

px

p∆
∫

dps

α 1 ε–( )
-------------------

px

p∆

∫
---------------------------–=

εav 1 1 n β––
1 n–

------------------B
p1 n–∆ px

1 n–
–

p1 n– β–∆ px
1 n– β–

–
----------------------------------------–=

L L 0 x– W
ρs
----- 1 n–

1 n β––
------------------ 1

B
----

p1 n– β–∆ px
1 n– β–

–

p1 n–∆ px
1 n–

–
----------------------------------------= =
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}%. � JK- � Ç�L �� ¬} =� tL VW}%.

�� ¿� VW) 2#U( AB=� t� ��� Ç� L� ¥VL �

� � h%.

� AB VW ��L '=U� ¬{ %§� Shirato I[12]� ¨m}

UcL STUX%.

(19)

��! L
�
� AB� $%) 
� ��� Ç��%.

3. �	
� � �	 
� ��
 

3-1. $%&'

AB 3� ���L ¶�� ¬} �� ��ÛÁ� °2dg ���T

�A� ZA ��ÛÁL STUX%. Compression-permeability cell�

Tiller� Crump[11]� ÛÁ� l°} Ë) STUX%. AB��� ��

�� ÛÁL Y3- STUX%. �c} �� ÛÁ� Yim I[13]� ^

_  h%. y AB �� å ��) 8� ��� *+,) ST} AB

ÛÁL STUX%.

3-2. $% () *+

�� 3� �¯-� 
�� 5×105g N�µ F
� ��¨- ��=

& 'Mi�(L STUX%. ��� è�� � )+�(jar tester) !

130 rpm, 1
� ÑJ�2� 60 rpm, 15
� *J�2�- �kUX��,

�� © 10
� �~=+ �I�) ?,+þ± ¨½U� STUX%.

� 6��- ¶Ý -.� ��/d -.� �f r� l°} ���	

) �vF h¡%.

4. �� � ��

4-1. Compression-Permeability cell $% !�

Table 1  'Mi�( -.�- "	
 ���� CPC ��  �{

�Z
 a, n, B, βs) iã9¡%. ���� AÂ	) iã9� ns�

1� 0: $� AÂ	� é ���- 1�#¡%. YfF β� 0.317-

ú= �­� é s) iãù%. � s�� AB� VW  ST
%.

4-2. �� ��� $% !�

Fig. 1  2-7ï� 6��- VW} AB ��L ��-, 'Mi�( -

.� ��- "	
 ���� AB �� ��L ®�- iã9¡%. A

B A�� 1�A, AB 3� ���� ¯�� 3.2 kg/m2�¡%. �R 

�} VWs� ��s� 
 °ÁU� Ë) 2 � h%.

VW) ¬{ AB =� Ç� ! � (18)) STU� VW} px� 36 Pa

�¡%. � A�� $� �Ã �Z� :3%. pxL 3%4 Ø�=>: A

B A� ∆p  �L 
Õv AB VW) �kUX%.

AB =�=� px) �U� ë Ui� 6�� ��� �� ��� n

o pqrs) �ZU� � (11)) STU� Ë�%. �� ��� Ùv

Ú �ª� AB� =� �ª�� 
_�%. �� �� lm K � (12)

� dT
%. Y1i �� �� � AB ��� �f no pqrs�

px� tuUv wF, yv ���� ¯� W� tu� ��%. �¨-�

��� ðÎ� 5 � h� AB =� Ç� ! pxL �U� Ëè%, l

°} pxL �v� �� ��� no pqrs) STU� Ë� Ö6.

U%. 

Shirato� AB �R !� Fig. 1� ¿� AB �Z) iã9� VW

) U�( AB �� ! �} 7 �v� ��� 2ý=  çU%. ²,

:� A� !� AB �� ��� h:« %H A� !� AB �Z

) VW� � h%. �� 3G
� 
« ! í�dg a��%. Y1i

� ^_ !� Fig. 1� AB�Z) VWU� ¬{ AB ��� ��L

STUv w8%. �� ÉÊ=� no pqrs ! pxL VWUX��,

iÜv ���K CPC ! �� Ë��%. AB  ¥V
 �ÊL UiK

STUv wF AB �Z) VW} ��� AB ��� °Á} Ë�%.

AB �� !� AB) ¬} *+,� õ(� Ùö� �­� 9 �

h��, � a�� Ùö) ;mUv w� �Rdg s� Ùö� h� �

�s� Î�L iã9� :g� Ò � h%. ��d�- -.� ���

�� �� "	#� ���� �
 ��� 3y� �F Ç�K �­�

Ç;%. � �� !� Ùö� :g� Ò � h� *+,) STUv w

F ��� ÉÊ
 ���L STU� AB) jk=<%. ², 1�A�

¯<�+L ���  �U( ̄ <�+� /U� ��� '(� Ùö Ï

� *+,� ú�) UX%F �ZUX%. Y1i �¨ *+,� Ã�

x-, Uc� 0.63g ® ! ���� =Ev� � S�- í�� >�U

� ��� ÉÊ#¡%. AB� ÉÊ
 Ë� Ã�i Ùö- g} ð?�

6v
 � ���E� � ��L Ç¡%. ë}  � @A+i B( @

A+ ! °:i� ABa�K *+,  �} õ(Ùö Ï� �Ci�

Ë�x- � �� ��� ��L D�%F �|UX%.

4-3. �� �,
 �� -�� .'/ 01

Fig. 2  AB A� 0.16�A� 1�A ! E ï� l°} N� ��

�� �Rd VW ��� �� ��L iã9¡%. 0.16�A !� �

� �� ú= �R� 
 °ÁUX��, *+,) STUv w8�i Uc

� 0.89Õv ��) jk=F � h¡%. 

�Rd�- �} 10�A !� AB ��K ¿� YG  iã9¡%.

Uc

L0 L–
L0 L∞–
-----------------=

Fig. 1. Expression results of a cake formed by bentonite floc (1 atm).

Table 1. The values of a, n, B, ββββ of bentonite floc flocculated with anionic
flocculant

Values

a 2.87×107

n 1.125
B 4.09×10−3

β 0.317
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l°} Uc  K�U� =�� 0.16�Aè% 1�A ! :� ZK H8

�i, A�  pIU� ¶· HÃv� Ë� Ã�%. JF- Uc� 0.8 

K�U� AB =�� 0.16�A !� 1199×XF, �è% A�� 6.25

� �� 1�A ! l°} ABZK  K�U� =�� 982×X%. A

�� 6.25� Ø�UX�i =�� 18.1%� �¡) ��%. 10�A !

l°} ABZK  K�U� � ÈK =�� 809×X%. 1�A� p�

U( A�� 10� Ø�UX) 
 AB =�� 17.7%� �¡%.

� =�� Uc� ��¶�- è( A�� Ø�� AB� ZK  �Á

� Þ7� �v w%F 1y� � h%. Y1i �f� AB  �3U

� Ö, F�
fE� (�- è( �L) Uc-¶ 2 Ë� Ã�F MÉ

�
 ���- %= 
N{« � Ë�%. Y1i � ̂ _ !� AB 


« ! VJ ST{ µ UcL �L�- 
NUX%.

4-4. �� () 	
� 2
 �� -�� .'/ 01

1�A ! Ws� 1.6 kg/m2� 3.2 kg/m2g ���  3} �R� �

�s) Fig. 3  iã9¡%.

Ws� 1.6 kg/m2g ��� O� ���� K æ�UF ��� �R

s� 
 °ÁUX%. W� 3.2 kg/m2g ���� �� � ��� ��

ðÎ� h¡�i �Rs� é Î�L è�v� w8%. Fig. 3� A��

tu�� �f ���� N� Ç �� #¡) �� AB =�� ���

VW ! ÆÇ �­� é Î�L èX%. � ¥VL �c� �Ãè� ¬

{ W� 0.8 kg/m2g ��� 6.4 kg/m2g ��  3} VW s) Fig. 3

  l=  iã9¡%. � YG ! AB y¬(d­ ���� N W�

P( AB=�� �± Ø�}%. � a�) �c� 
NU� ¬{ Uc�

0.8  K�U� =�) Table 2  iã9¡%.

W� 0.8 kg/m2 ! Ç � P: 1.6 kg/m2� 
 �� AB =�� 70.5

× ! 322×- 4.57� P¡%. W� ä � Ø�} �� =�� 14��

P¡��, 8� Ø�} �� =�� 66� Ø�UX%. �� AB ��L

�V� �� �Í} } �� W, ² O� ���L ABU� Ë� H�

=�  �k� � h%� Ë) è�L%. ab =Û ! �T�- ST

U� QuR� ��) S 
 ÃÅ ��� AB#F T� O� ����

�­� UH JK- ið� Ë) 2 � h%. �Ë� ���- �� W

� =�d�- ¸fU%� Ë) �F �V} ���%.

4-5. �� 3�� �� 4567� 89

AB� jk#� lm� no pqrs) VWU� Fig. 4  iã9

¡%. � ���� N W� 3.2 kg/m2�F, AB A�� 1�A�¡%.

~2d�- èÃ AB� 2 �� jkÒ 
Õv� no pqrs�

*¶� Ø�UX�i, É2  �:�!� Ñû� Ø�}%. AB ��

  ���� no pqrs� l°U± ¸v#v wF �Jd�- t

u}%� ��� � ���� ¦§�- ¨mU� Ë�%.

å2Õv pqrs� *¶U± Ø�U� Ë� AÂ	� é ����

�	�%. �- gU� AB ×�� �� V�� �� �¼ JK� Î

�� �v wÃ AB� jk#� Ë) ��EF 
� 1yU� ò%. �

Fig. 2. Calculated and experimental expression results at various pres-
sures for W=3.2 kg/m2.

Fig. 3. Calculated and experimental expression results for various cake
mass at 1 atm.

Table 2. Expression time for Uc=0.8 at 1 atm

W (kg/m2) 0.8 1.6 3.2 6.4

Time (s) 70.5 322 986 4650
Remark 1 4.57 14.0 66.0

Fig. 4. Average specific resistance during expression of W=3.2 kg/m2 at
1 atm.
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���� ��� AB) �ñ� 1W� � h� �� 6��- ‘��-

>� ��[13]’) ¨mUX%.

AB� =�Ò 
, *+,) À�Å� F5� A� px� 36 Pa�%. �

s� AB A� ∆p� 1�A ² 1×105 Pa- � (11)) STU� VW}

no pqrs αav� 8.93×1011m/kg�%.

AB� ÉÊÒ 
� px� 1×105 PaÕv Ø�}%. � 
K ∆p� 1×105

Pa�x- � (11)� px� ∆p  l°} s) ��( no pqrs� 0

� #: �¨� �Ej%. � _¨L {�U� ¬{ ab VW !� px

  9.9999×104 Pa) 3�UX%. � �� AB ÉÊ=� ��� no

pqrs� 1.21×1013 m/kg�- VW#¡%. �Ë� AB =� = no

pqrs� 13.6�- 3y} Ø�EF �|� � h%.

� (12) ! ABJK dx/dt� no pqr αav  2pIUx- no

pqrs� 13.6� Ø�U( ABJK� d:K 1/13.6- �:Ý%. ë

} � �� 
�L �	U� r (∆p-px)K $� �Ãvx- AB� ½

� ÉÊÒ 
� JK� ×�è% $� �X � ´  Ï%. Fig. 4� A

B� �� ×�� AB JK� 3.6×10−5 m/sX�i, ½� ÉÊ=g px

� 9.9999×104 Pa !� ABJK� 2.7×10−11 m/s�- ×�  p{ [

¶
� °� m#¡%.

CPC �� ! ÆÝ ���� l°} í�î) �v± #¡) 
�

��g �� (5)� Pss  1×105 Pa) �: ��� pqr α� s) V

WU( 1.21×1013 m/kg� �:j%. �Ë� AB ÉÊ= ÆÝ ����

l°} í�î) �v± #: ��� no pqrs αav� y° �?

��� qrs α� #� Ë) ��L%.

4-6. �� 3�� � 89

Fig. 5  AB �� lm ��� �y� ��� À� A� px� tu

L iã9¡%. AB ?¾� 4-5ï� ¿%.

~5 AB� 60%� jkÒ 
Õv px� �± Ø�Uv w8%. Uc�

0g ¦§� 36 Pa ! Uc� 0.5° 
 290 Pa- Ø��) ��%. Uc�

0.6° 
� 540 Pa- Y%v �v w%. � ZKÕv� ���L �	

U� ��� ��S�  h� �5� '(Û��- ¹
� YZ � h

%. Y1x- � �� ! *+,� Ï� AB ��� �Í�%F �|

}%. ² �5� '(Û�� Ùö Ï� *+,� ú�) �k} Ë�%.

Y �� *+,� h� ��� �f �R� ��� ��� 
 °Á�

� h¡%F �|}%.

Y1i Uc� 0.7° 
� px� 1,140 Pa�¡F, 0.8° 
� 2,940 Pa-

Ø�UX%. Y �©� $� �[¤± 1×105 PaÕv Ø�}%. Fig. 4�

p�U( px� Ø��  üE ���� no pqr� Ø�U� Ë)

� � h%. Fig. 5- èÃ px� ABA�� ¿Ãv( AB� ÉÊ
%.

4-7. �� 3�� 	
� :;� <� pl� 89

Fig. 6  ���� 9G� Ç�  üH �A pl� s� AB� jk#

� �Z  üE tuU� Æ\) iã9¡%.

YG ! x/L� 0g YÄ@� ]4 $� ��$5� /UF h� �

�� () ��UF, x/L� 1g Ó� Y 23(� ��� () ��}

%. Uc� 0g �� AB� =�� 
� pl� 
^�%. Uc� 0.5g �

� AB��  ;<U� Ç�� 2Õv AB� jk
 
L iã�%. �


� ���� Ç� L� �­� ;<} �ª�i, � YÄ@ !� x/L

- iã9x- Ç� L� tuL �_ �� Ï%. � YÄ@� Û®�

��� Ç�� �� �� K 9G pl� 
^� �ñ� '=
%� Ë

�%.

Fig. 6� Uc� 0g �Û ÃÄ4� �� �� AB =� ô�� �A

� 
^L iã�%. � ô�� ��� ÉÊ#� 
� �A� 
^� l

°U%. E ! ÐÑ} Ö� ¿� ��$5  �} A� `UL �Ì}

%( ��$5� a� ���(� �A pl� 0�EF �|� � h%.

Y1i Y A�� ��� 9G- �:=�b c Ø�U� =�U� ~

5 Ç�� 5%g Ó !� �A pl� 88,600 Pa- AB A� 100,000 Pa

� 88.6%  K�}%. YfF iÜv 95% Ç�� ��� !� A�

`U� 11,400 Pa- 11.4%  æ�U%. �d± ��$5 Gà� $�

O� ��� !¶ A�� Ñû� `UU� a�� ��� ��  3

} �� ! Tiller� Green[14]  �{ efg%. � a�) ‘dense skin’

�E U�, AÂ	 n� $� é ���� �v� ��} a��%.

Y %§� Uc� 0.5g �� h ®�- 'a
 ��, tuÇ�¶�-

èÃ!� AB� 2� jk
 ô�) iã�%. Y1i �
ÕvK �

A� 
^� ×�� �± %¤v w%. ��$5  �Õ� ��� !

½� 3G
� A�`U� °:i%.

Uc� 0.9g j� ®�- 'a
 �A 
^ �� E� Ç �v� �­

� %H ÆN) iã�%. x/L� 1g Ó� A�K 87,700 Pa- �­�

�� s) iã�%. ABA� ! � �A) k iÜv A�� � (

� px- F5���� ./ ÀÃ« U� A��%. � �� !� AB

� ÉÊÒ 
, ² Uc� 1 !� ÆÝ A�) F5���� ÀÃ« }%

F �ZUX%. �Ë� pl� ~ ���  È� 0� #� Ë) ��}%.

� YÄ@ � Uc� 0.999 ! ��� �A pl� TÃ h� Ë�- '

=#¡�i } yV � VWU( �l� 0� 
%.
Fig. 5. Solid compressive pressure under the piston, px, during expres-

sion of W=3.2 kg/m2 at 1 atm.

Fig. 6. Variation of liquid pressure during expression in a cake of
W=3.2 kg/m2 at 1 atm.
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4-8. �� 3�� 	
� ��� 89

Fig. 7  AB �� lm ��� 9G� í�î tuL VWU� iã

9¡%.

YG� �Û ¬4  �� �� Uc� 0g AB =�= ���� í�

î� 
^L iã�%. ��� �� !� �� �� ~5  È� ��

¿� í�î� 
^L �vF h%. 4-7ï ! ÐÑ} ‘dense skin’� x/

L� 0 Gàg ��$5� /mUF h� í�î� ��, ² �
���

�� n� ���� �åd�- 
^#: h� G
) ��}%. iÜ

v 3G
� ���� í�î� 0.9L 0� �
 ��� �� ���-

�	#: h%. �& �?� AÂ	� $� é �� ���� �	�%

. �� �� A�) ST} ?� !K �& 
^� �± Öov w�

%. �� A�� �� !� x/L� 0 Gà O� ���� í�î� :

� ZK tu� �, iÜv 3G
� ���� ú= �
��� �� �

��- �	#± 
%. Y1x- ��� �� A�) ��K no í�

î� �± %¤v w� ���� �:j%[15]. � a��- V�pÃ

AÂ	� é ���� F�
f � ��� �� © AB�  çU%.

Uc� 0.5g h ®� iã9� í�î� 
^L è(, ~5d�- ×

�è%� í�î� �­� �Ãg�i � �� K ~5� 90% Ç�

� í�î� 0.9L 0�%. j� ®�- 'a
 Uc� 0.9g �� � �

�� ~5� í�î� 0.92 �U� #¡%. Y1i Uc� 0.9g �� 

K í�î� 
^� Ôb}%. Y © Uc� 0.999  K�{« ��� ~

5� ½� l°} í�î) �v± 
%.

��� 
N�- AB� jk#� �Z) � � h%. AB ~5 �

Z  È� ��$5� /mUF h� ���� í�î� °ZU± ¸

v#�, iÜv G
� ���� í�î ~5� !!� ;<U� �Z

�%. ë} ��$5� 234g (@� *+,� /{h�) ���� (

  �{j A�  �{ í�î� ®® ;<U�, �l � ��$5�

/mUF h� ��� í�î� l°U± #( AB� ÉÊ#� Ë�

%. �Ó� í�î� ./dg ¥VL �v� Ë� � (� F5 AÂ

A� px��, 4-6ï ! ÐÑ} Ö� ¿� px� AB A�Õv Ø�U(

AB� ÉÊ
%.

4-9. 	
� =>� ?@AB 89

Fig. 8  0.16�A� 1�A ! W� 3.2 kg/m2g ����, AB j

k =�  3} ��� ~5� �
�� tuL iã9¡%.

E� Fig. 2 !� AB A�� AB JK  é Þ7) Åv� w�

Ë�- iã%%. Y1i Fig. 8� VW ��  �U( MÉ �
 ��

  �Á� A�� Þ7� �� Ë� Ã�%. AB ! MÉ �
 ��

� ���� A�� ��E� Ë) � � h%.

�� © AB ?�  �} F�
f ! MÉ �
 ��� AB A�

  v�
%F �|� � h%. Tiller� Leu[15]  �U( $� AÂ	

� é ���  �} ��� ��� �� �� A�  �} ?�� �

��� �
 ��) ��Åv� w�%. � ���� ‘F�
f � �

R’) dT} ��� ��[13]  3} 
N !K l°} ��L �¡

%. Y1x- ���� �
��) ;<=>�( AB) �{« U�,

AB ! MÉ �
 ��� d� ���L ���( AB A�) Ø�

=+« }%� �R  K�}%. �� ab ef �T#� a3 ���

R� 23#� �R�%.

ë} Fig. 8 ! è( l°} W� �� AB  �{ MÉ �
 ��

  K�U� =�� A�� 0.16�A ! 1�A�- 6.25�� Î��

h:K é tu� Ï%F èg%.

4-10. 3C� �� !�

E ! ST} ��ÛÁ-� �� A�  �} AB ��� :3%.

Y1x- *+,� µK ?ï�L GB} AB ÛÁ- 
q} ¸r 

! ��) ABU� ��UX%. AB ��� 80�A ! 90oC- Yf

F 60�A ! 75oC- �k#¡��, s1ið� ��� N) �l q

t� uv�L STU� �bUX%. �� ��� �Rdg VW ��

L Fig. 9  iã9¡%.

VW  ST
 � (13)  �: h� ®K� µK  3{ tuUx-

| µK !� ®KL STUX%. �� ?¾� ^�#� �� A��

µK ! CPC ��) �kU� ���� �	 a, n, B, βL ZU� Ë

� $� :3%. Y1x- 80�A� AB �� �� ! � s�) �

ZUX%. Y �� Fig. 9� 80�A� ��� ¿� AB =�� AB


��� ÷±� 
 °ÁU� YÄ@L �) � h¡%. AB =� ô�

� 80�A ! ��� ¦§ s1ið� 
- �ZUX%. � 
� *+

, ÃÄ ��� AB ×�  �v� F5 AÂ A� px� VW  �U

Fig. 7. Variation of porosity during expression in a cake of W=3.2 kg/m2 at
1 atm.

Fig. 8. Variation of water content during expression in a cake of W=3.2
kg/m2 at 0.16 atm and 1 atm.

Fig. 9. Expression result of rape seed at 60 atm and 80 atm.
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a-

sion

dy

n-

c-

,”

l

ke

of

r-

 Its

t of

ate

n

in
( 15�A�¡%.

��� 60�A 75oC !K �k#¡%. � ��� �Rdg VW 

E� ÆÝ s  � µK� ®K� �� A�) 3�U� VW} ��

��s� °ÁUv w� ��L �¡%. Y1i pxL E� 15�A !

19�A�- �� VW} �� Fig. 9� ¿� ��� °ÁU� VW �

�L �¡%. �Ë) �� µK- gU� ®	� �Ãj �� px� Ø

�} Ë�EF 
NUX%. ~2d�-� ‘F�
f � �R’) ST

U� ��� AB NªL 
N� � h%F �|}%.

5. � �

vwÕv AB  dT#v �}%F �|} Darcy� �x , �-�

��� �V?¾� ��� à��) dTU� AB� jk ZK� =

�� ¥VL VWUX�� ��) �U� �ØUX%. YfF � �R

) STU� AB A�� AB 3� ���� N� AB  �Á� Þ7,

AB ��� 9G� A� tu, 9G í�î� tuL VWUX%. Y

�� AB� jk� AB ÉÊ®  3} �Rdg Fö) UX��, �

��� �
 ��� tu� �Z� A�� Þ7K VWUX%. 60�A

� 80�A� �� A� ! ��) ABU� �Z  � �-� ��)

STU� ��� °ÁU� �Rdg VW) �kUX%.

� �

� ��� 2001yK gU3/� �9��p(22018)- ��#¡��,

v:  ;Sýº�%.

����

a : coefficient in Eq. 5 [−]

B : coefficient in Eq. 5 [−]

L : thickness [m]

Lo : cake thickness at the beginning of expression [m]

L
�

: cake thickness at the end of expression [m]

n : compressibility Eq. 5 [−]

pa : pressure defined by Shirato [Pa]

pi : pressure defined by Tiller [Pa]

pl : liquid pressure [Pa]

ps : solid compressive pressure [Pa]

px : solid compressive pressure of the first solid layer [Pa]

∆p : filtration pressure [Pa]

∆pc : pressure drop across cake [Pa]

∆pm : pressure drop across filter medium [Pa]

Rm : resistance of filter medium [m−1]

t : filtration or permeation time [s]

V : volume of filtrate per unit area [m3/m2]

W : dry cake mass per unit filter area [kg/m3]

DE
F GH

α : specific cake resistance [m/kg]

αo : coefficient in Eq. 7 [−]

αav : average specific cake resistance [m/kg]

β : coefficient in Eq. 5 [−]

ε : porosity [−]

εav : average porosity [−]

µ : viscosity of filtrate [kg/m · s]

ρs : density of particle [kg/m3]
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