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v>�Ú �6ê FÚö &� N
 ªÆ�~ 2Nö >~�C Ö"¢ V.� æVO;�" ãê��b�¦V êÂB 2¢

�V¢ �Ï~� v>ªÆ�f v>�ã Ò�~ *Ï� ·f &; ªÆ��¦V *Ï� � ²; ªÆ�ö �öB 7º*~

² 'Ï &Ë� v>²ºÿK ç&�j áî
. � ç&�ö ªÆ� ;çj �J� If �; 2¢�V¢ ê«~� �
 ª

Æ� 5 �Ç� V~;çj &ê �Ò� Ò� ªÆ�öê 'Ï &Ë� >;B ÿKç&�j áî
.

Abstract − An attempt has been made to investigate a correlation of power consumption in a laminar region which is based

on numerical analysis of two-dimensional flow for paddle impeller in an agitated vessel using geometrical parameters derived

theoretically from the govering equations and boundary conditions. It is suggested that the proposed model can be widely

adapted from large impeller which has small clearance to small impeller which has large clearance between impellers and agi-

tated wall. Also, a modified model was proposed by introducing correction factors with impeller geometries, which can be

applied to paddle, anchor and helical ribbon impellers.
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z��ëöò jî¢ ôf ¦ªöB v>�º b�V, >wV �b

�B �9² �Ï>� ®� � �ÿê 66 C&æ� ®
. ��¾ 
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z��� ª¢ö j� v>ö &� �� ª¢º jç �«>æ pº

6� ôf ©� *
�
. z�
¾ z�B®~ ~�r�zö V¢ v

>>w�·ö &� º�& ê�æ� ®Ú v>, b�~ ��ª¢ö &

� B*� º� >� ®
. v>�·öB v>²ºÿKj 2k~º ©
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º~
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¢ Ö;�
� ö�ê "Þ� jîæ� v>²ºÿK ßWö &� �
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. �6ê FÚ~ v>f ¢
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ç;~� ®�, v>�Ú~ Fÿç�¾ v>²ºÿK� &�® 7º~

² B
. �ö &� ��º *öº 
þ'� &V�¾ G;ö ~�B

��Ú^ zæò[6, 7] �" ��V~ B�ö V¢ >~�Cö ~� �

�¢ ô� ¯~� ®
[2, 3, 8, 9]. �ë'b� �/>º �6ê FÚ~

&¦ªf j�ÊWj ¾æÚº� wK-æ; &ê& {
® ï&F >

®
� �ÊFÚf �~ ?f �/j � > ®
. � ~��¦V �Ê

FÚö &� ��& 
> ¯~�^ z
. ��¾ [~ v>~ ãÖ v

> ªÆ�º ¢>'b� &;�� 6� ;ç� �Ç~�, Ê&¢ë �

öBê � ºÖf Ï�~æ p
. �ö &� ­ Þ~ ÿKç&�� �

�[10-13]>� ®æò '« ;ç~ v> ªÆ�ö &� Ïª� ºÖ Ö

"¢ "æº á~� ®
. Nagata �[6, 14]ö ~� ôf 
þ ��V

�¦V paddle, helical ribbon ªÆ� �ö &� v>²ºÿK~ Nö

�Cö &� ç&�� BÂB �¾, ��' _f >~�Cb�¦V ÿ

Kç&�� ��>� ®
. rJ^ ®º 
þ8" jv' ¾ ç&~�

®
� �'>º ç&�j Table 1ö ¾æÚî
.

Hiraoka[15]º paddle ªÆ�~ >Ç*ç�ö V.¢ z Î� �C"

Nagata �[14]~ 
þ ��V~ jv�¦V, Takahashi �[16]f anchor

ªÆ� 5 helical ribbon ªÆ�ö &� ��' �V�¦V, Chavan-Ulbrecht

[17]º �³Þ& ¦OB helical screw~ �Cb�¦V '' ç&�j
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á� ®º� Ú¶ ©ê &;~ ªÆ�, ¯ ªÆ� F�" ÏVã Ò�
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�ö � 'Ï� �;B
.
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&
[2]. æVO;�f j{»W �ÊFÚöB~ vª�> 5 ²Ïò�

ê¢ �Ï� (r, θ)²�ê� 2Nöb� �� (1) 5 � (2)� ¾æÂ
.

(1)
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�VB

(3)
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î
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b� B
. �Û ²Ïò�êº vª�>~ ãê�� 5 (2)�j �Ï~

� ¾æÞ
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¢ �Ï~&
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(5)

2-2. v>²ºÿK~ �V

¢>'b� [~'�öB v>²ºÿKf ÿK> Npf v>.�¦

®> Redf~ �b� ¾æÂ
.
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�VB Aº ªÆ�~ V~;çb�¦V Ö;>º ;>�� Hiraoka

[15]º öÛ�öB~ paddle ªÆ�ö &� 
r" ?f ç&�j B

Â~&
.

(7)

(8)
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Table 1. Typical power input correlationin laminar region

Correlation Investigators
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Fig. 2ö Re�0, Re = 1, 10, 50ö &� �CÖ"¢ � (7)ö &~�

2�Þ� �âj ¾æÚî
. � �âöBº «»ö Æ
>~ 'Ëj

B�� NpÁRed¢ �~� 2�Þ~&
. �â7~ 
Ff � (7)~ ç

&Fj ¾æÞ ©�
. � �âb�¦V Ç»� 7 �~öBº(d/D=0.8

�~) ÚÆ� Æ
>öBê ·^� ¢~¢ ¾æÚîb¾ d/D=0.9 �ç

öBº Æ
>~ 6² 5 d/D~ Ã&f �þ ç&F �
ê Ôf 8j

&æº ãË� ®rj r~
. V¢B � (7)f jv' d/D& ·f ã

Ö(0.3-0.8)ö 'Ï>º ��¢ � > ®
. d/D& � &; ªÆ�(d/D=

0.9�ç)ö &� .º Hirose-Murakami[18]~ �j �Ï� ãÖ ç�

® ¢~>º ©b� ��>� ®
. ¢>'b� Æ
>~ æzö V�

NpÁRed~ 'Ëf Fig. 2�¦V np=6, 8¢ rº ¾ ¢~~º� np=2, 4

¢ r ß® Æ
>& 2B� ãÖöº ç&F�
 Ôf 8j &æº ©

j r > ®
. �©f paddle ªÆ�~ Æ 
>& 2
¢ ãÖ ªÆ�

Æ Ò�~ �Ò& ç�® �V r^ö *�wK ª�& �²'� >Ú

NpÁRed~ 8� ·² >º ©�¢ ÒòB
. V¢B � ��º ²;

ªÆ�öB &; ªÆ�ö �ö FÎ� ç&�j êÂ~�¶ �
.

2-3. ²� æ~" ZNöz

v>�¢ Fig. 3(a)ö ¾æÞ :f ?� (r, θ) ²�� 2Nöb� ¾æ

Úî� ÿ²�ê� æ~B æVO;�j Fig. 3(b)ö ¾æÞ (ξ* , θ* )²

�ê� æ~~�, ªÆ� F�³ê vo, ªÆ�~ F� >ã r0¢ V&

ïb� ~� ZNöz~� æVO;�f 
r�b� B
.

(9)

(10)

Fig. 3(b)ö ¾æÞ :f ?� �VB �Ï� (ξ*, θ* )²�êöBº

θ*OË~ ªÆ� *Ïf 1��, ªÆ� F�" v>�ã~ *Ïf ln(D/

d)/(2π/np)� B
.

�VB v>.�¦®>& ·f �6ê FÚ~ v>j �'~� æV

O;�~ ²æ�� Z�>Ú � (11)� B
.

(11)

Fig. 3" � (11)�¦V �6ê FÚöB~ ZNöz æVO;�f

paddle ªÆ�~ Æ *Ïj θ*OËb� 1� � ãÖ, V~;çj ¾æ

2πrovo

npν
---------------- 

  ∂ φ* f*,( )
∂ ξ* θ*,( )
-------------------- 2 2π

np

------ 
  f* ∂φ*

∂θ*( )
-------------+

 
 
 

∇*2f* 4 2π
np

------ 
  ∂f*

∂ξ*
-------- 4 2π

np

------ 
 

2
f*+–=

∇*2φ* f*=

∇*2 f* 4 2π
np

------ 
  ∂f *

∂ξ*
-------- 4 2π

np

------ 
 

2
f* 0=+–

Fig. 2. Dependency of power consumption on both impeller size and
blade number for paddle impeller.

Fig. 3. Coordinate systems, (a) r-θ coordinates, (b) ξLL-θ∗ coordinates.

Fig. 1. Analyzed domain of 2-D cylindrical vessel(a), boundary condi-
tions of calculation(b).
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Úº ZNö *Ï ln(D/d)/(2π/np)f � (11)ö ��>º æ>� Æ
>

(2π/np) � 2B~ 2¢�Vö ~� æVB
. V¢B v>� ã�~ Z

Nö *�wKê � 2B~ 2¢�Vö æVB
� � > ®
.

3. v>²ºÿK~ ç& æ>~ êÂ

Fig. 3(b)ö ¾æÞ vª'�~ ãÖ v>� ã�öB~ *�wKö

ç7 &N~º æ> fw*~ ï�8 º 
r�" ?f �>&ê& W

ãB
.

(12)

�VB f*~ ï�8 º v>� ã�öB~ ï�*�wK f 


r�" ?f &ê¢ æÞ > ®
.

 

(13)

&�³ê vo¢ ªÆ� F�³ê πNd, &�>ã ro¢ ªÆ� >ã d/

2� ~� � (13)j ;Ò~� 
r" ?
.

(14)

v>� ¸�f Æ� b¢ ?
� v� v>²ºÿK Pf v>� ã�

öB~ ï�*�wK º � (15)� &ê æÞ > ®
.

(15)

�VB º v>� ã�öB~ ï�²Ïò�ê f � (16)~ &

ê¢ æò
.

(16)

� (14)¢ � (15)ö &«~� ÿK> Npf v> .�¦®> Red¢ �

Ï~� ZNöz~� 
r�j áº
.

(17)

V¢B �ã D¢ ê«~� � (17)f 
r�" ?� B
.

 
(18)

� (17)" (12)¢ &ê æÖ�, 6� ;> 2π¢ �Û~� v>²ºÿ

Kf 
r" ?f �>&ê¢ ¾æÞ
.

(19)

� (19)º 2Nö >~�C Ö"¢ �Ï®V r^ö �7~ b¢ D�

:Þ� � (20)b� ¾æâ > ®
.

(20)

4. >~�C Ö" 5 �V

4-1. 2Nö >~�Cö ~� 2¢�V ç&

�C~ º*º 0.5 d/D 0.95~ ªÆ� çã" v>� çãj, Æ


> np=1-8 5 .�¦®>º NpÁRed8ö 'Ëj "æ pº ND2/v 0.1

~ º*öB �C~&
. áf NpÁRed8j � (20)ö V¢B npln(D/d)ö

&� ê�� ©j Fig. 4ö ¾æÚî
.

�VB 6 ~¾~ æ>� npº «»ö &� 1N� æz~º ©b�

�J~&
. �â 7~ 
Ff �²¶ß»b� �� ç&Fj ¾æÞ

©�� 
r" ?f ç&�b� ¾æÒ
.

 

(21)

2Nö Î�ö ~� v>²ºÿK~ >~�C Ö"º �öB áf 2

B~ 2¢�V¢ �Ï~� ªÆ� F�" v>�ã Ò�~ *Ï� �

ãÖöB ç�® ·f ãÖræ 9f º*ö �öB ·^~² ¾ ç&

>î
. � (21)j V�b� ~� �� &æ ªÆ�öB~ 
þ ��V

ö &~� � ç&�~ FÎWö &�B ¦Æ~&
.

4-2. Paddle ªÆ�ö &� ç&� Fê

Fig. 5ö paddle ªÆ�~ ;ç 5 V~æ>¢ ¾æÚî
.

�öB �� ç&� (21)f v>� ¸�f v>� çã� ?
º �

fw
*

fw
* fw

* dθ′
1

0

∫ fn
D d⁄( )ln

2π np⁄( )
--------------------  2π

np

------,
 
 
 

= =

fw
* τw

fw
* D 2⁄( )2 ww

npvoro 2π⁄( )
-----------------------------

D 2⁄( )2 τw µ⁄( )
npvoro 2π⁄( )

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

fw
* τw D d⁄( )2 µNnp⁄=

τw

P 2πN D 2⁄( ) πDb τw⋅ ⋅ ⋅=

τw ωω

τw µωω=

Np Red
P

µN2d3
--------------- π2np

b
d
--- 

  fw
*= =⋅

1
np

----- 
  d

D
---- 

 Np Red⋅ π2 b
D
---- 

  fw
*=

1
np

----- 
  d

D
---- 

 Np Red⋅ b
D
---- 

  fn np
D
d
---- 

 ln np,
 
 
 =

1
np

----- 
  d

D
---- 

 Np Red⋅ fn np
D
d
---- 

 ln np,
 
 
 =

−≤ −≤

−≤

1
np

----- d D⁄( )Np Red⋅
 
 
 

np
0.15 68.4

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------=

Fig. 4. Power correlation for paddle impeller in laminar region  derived
from a numerical analysis of 2-D flow.

Fig. 5. Configuration of paddle impeller and symbols used to represent
impeller dimensions.
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�~öB 2Nö Î�ö ~� �C Ö"�� 
B� �©j 3Nöb�

{Ë~� v>²ºÿKö 'Ëj �~º Æ � b¢ �J� jº& ®

� � (21)f 
r" ?� � > ®
.

(22)

�¢ ;Ò~� 
r" ?f �� B
.

(23)

Fig. 6ö �6ê FÚ~ v>ö &~� áf paddle ªÆ�~ 
þ �

�V[14, 20]f � (23)öB áf 2Nö Î�ö ~� êÖ8"~ jv

¢ ¾æÚî
. � Ö" Æ
> np~ Ã&f �þ � N�º Ã&~º

©b� ¾æÒ
. V¢B � N�¢ Æ
>ö &� F;"Ò~�,

� (23)" Ö��B ;Ò~� 
r�b� ¾æÂ
.

 

(24)

�VB 8npº Æ
>& 2¢ r 16� >� Table 1~ Nagata[14]~ 


þ�~ ;> 14f ¾ ¢~~� ®
.

Fig. 7ö ç&� (24)¢ �Ï~� áf NpÁRed(cal)8j 
þ8[14, 20]

" jv� Ö"¢ ¾æÚîb� *Ú'b� ï�JN 8.0%� ·^~

² ç&>º ©b� ¾æÒ
.

V¢B � (24)¢ paddle ªÆ�ö &� �«'� v>²ºÿK ç&

�b� BÂ�
.

4-2-1. �;ê> êÂ

Paddle ªÆ�ö &� �«'� ç&� (24)f Hiraoka[15]~ � (7)

j �Ï~� ªÆ�f v>�~ çãj& � ãÖ, �;ê> ηc¢ î

�² êÂ~&
. � (7)" (24)~ Öæ B1�j Z�~� v �j ?


� v� ηcö &�B 
r" ?f �j áj > ®
.

(25)

Fig. 8ö � (25)~ ηcf d/Dö &� æz¢ Æ
>ö &� ¾æÚî
.

� (8)" jv~� ?f d/DöBê Æ
>ö V¢B ηc~ 8� 
�
º ©

j r > ®
. 6 d/D& 0.8�çöB d/D~ Ã&ö V¢ ηc~ 8f Ã&~

æò d/D& 0.5-0.8öBº �Þ� 1�
ê ·² >º ãËj " > ®
.

4-3. Anchor ªÆ�ö &� ç&� Fê

Fig. 9ö anchor ªÆ�~ ;ç" � V~æ>¢ ¾æÚî
. �VB

º ªÆ� ¸� h, Æ� w, &�& ¦ª~ � b'¢ V~æ>�B î�

² ê«~&
.

Anchor ªÆ�º ªÆ� F�¦ª òj �� Æ ¸� h~ paddle ª

Æ�f ?f Î·�æ� �öB BÂ� paddle ªÆ�ö &� ç&

� (24) 7~ bö �B® ªÆ� ̧ � h~ paddle ªÆ�¢� *"~�


r�j áj > ®
.

 

(26)

Fig. 10ö � (26)ö ~� êÖ8f 
G8[6, 21-23]"~ jv¢ ¾æ

î
. � �âb�¦V êÖ8� 
G8 �
 ç�® ¸f 8j &æ

º ©j r~
. �©f � (26)� ªÆ� ¸� h~ &; paddle ªÆ

�� *"®j r~ 8j ¾æÞ ©�æ� � (26)~ B2�ö paddle

ªÆ�öB Æ~ Ö¶¦ö ��~º anchor ªÆ�~ � w, &�& ¦

1

np
0.85

---------- d D⁄( )Np Red⋅
 
 
  b

D
---- 

  68.4

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------=

Np Red⋅ 68.4np
0.85 b d⁄( )

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------=

Np Red⋅ 8np
75.9nP

0.85 b d⁄( )

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------+=

ηc
0.711 0.157 np D d⁄( )ln{ }0.611+[ ]

np
0.52 1 d D⁄( )–{ }

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

Np Red⋅ 8np
75.9nP

0.85 h d⁄( )

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------+=

Fig. 6. Comparison of observed power consumption for paddle impel-
ler with calculated one by Eq. (23).

Fig. 7. Comparison of observed power consumption for paddle impel-
ler with calculated one by Eq. (24).

Fig. 8.ηc calculated by Eq. (7) and Eq. (24) versus d/D for paddle impeller.
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ª~ � b'¢ �J� �;B ç&�� jº~
.

Anchor ªÆ�ö &� �; 2¢�Vº � (27)" ?f j¢ �� V

~æ>~ �>�B ç&j ~&
.

(27)

Anchor ªÆ�~ ;ç�¶ö &� �V~� 7²æªCj � Ö" z1

ö &� 
r" ?� ç&>î
.

(28)

�VB Öæ B1�f ªÆ�~ &�& ¦ª(� b')~ v>²ºÿKö

&� 'Ëj, B2�f ªÆ� � w~ 'Ëj ¾æÚ� ®
. z1j

� (26)ö �;~� anchor ªÆ�ö &� v>²ºÿK ç&�b�B


r�j áî
.

(29)

� (28)j �Ï� ç&� (29)ö ~� áf NpÁRed~ êÖ8" ô

f ��¶~ 
þ8[6, 21-23]"~ jv¢ Fig. 11ö ¾æÚî
. � �

âb�¦V ï�JN 6.42%� ·^� ç&&ê� 
þ8" ¾ ¢~~

&
. � � anchor ªÆ�ö &� ��B ç&�j ÚÚ�� ï�J

N& Takahashi �[16]~ �öBº 18.3%, Hirose-Murakami[18]~ �

öBº 17.3%, Shamlou-Edwards[19]~ �öBº 19.5%� ¾æÒ
. V

¢B Bn� �; 2¢�V z1j ê«~æ�B � (28), (29)¢ anchor

ªÆ�ö &� �«'� ç&�b� BÂ�
.

4-4. Helical ribbon ªÆ�ö &� ç&� Fê

Helical ribbon ªÆ�~ ;ç" � V~æ>¢ Fig. 12ö ¾æÚî
.

ªÆ�& � :Z ò r~ ¸�¢ ¾æÚº b~ s¢ î�Ú 2¢�V

� ê«~&
. Helical ribbon ªÆ�¢ v>�ã�öB ö"OËb�

z1
NP Red obs( ) 8nP–⋅
NP Red cal( ) 8nP–⋅
----------------------------------------------≡

z1
b′
h
---- 

  0.684 np
d

d 2ω–
--------------- 

 ln
 
 
 

0.139

+=

NP Red 8nP
75.9z1nP

0.85 h d⁄( )

0.157 np D d⁄( )ln{ }0.611+
-----------------------------------------------------------+=⋅

Fig. 10. Correlation of observed power consumption for anchor impel-
ler with calculated one by Eq. (26).

Fig. 11. Comparison of observed power consumption for anchor impel-
ler with calculated one by Eq. (29) with Eq. (28).

Fig. 12. Configuration of helical ribbon impeller and symbols used to
represent impeller dimensions.

Fig. 9. Configuration of anchor impeller and symbols used to represent
impeller dimensions.
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*B� �âb�¦V ªÆ� Æ" >ï�"~ 'ê, ¯ ãÒ' αf b

~ sf~ &êº 
r�b� ¾æâ > ®
.

 
(30)

ö¾ helical ribbon ªÆ�º ç�® �Ç� V~;çj &æ� ®

� vªf 3Nö'�æ� �öB BÂ� anchor ªÆ�öB~ ÿKç

&�j �&� 'Ï~Vº Ú[
. �¾B anchor, helical ribbon ªÆ

�~ æçªj 2Nö'b� �'� '' v>�ãö R'~� ï�b

� *B� �âj Fig. 13j ¾æÚî
. � �â~ (a)f (b)¢ jv~

� ªÆ� Æ *Ï 2π/np, ²*³ê vo, ªÆ� ¸� h~ helical ribbon

ªÆ�º ªÆ�~ ãÒ'j ¾æÚº sinα¢ �Ï~� ªÆ� Æf

ãÒê j¾ãb� vosinα~ ²*³ê� æç�� ®�, ªÆ� Æ~

*Ïf 2π/(np/sinα), ªÆ� ¸� h/sinα~ anchor ªÆ�¢� " >

®
. V¢B �f ?f &6b�¦V &�� &;j ~� helical ribbon

ªÆ�º “çã D~ v>�ö ªÆ� çã d, ªÆ� ¸� h/sinα 5

Æ 
> np/sinα~ anchor ªÆ�¢ ã«~� ªÆ� F�³ê vosinα
� ²*~º ãÖ”f ?
� *"� > ®
.

�r helical ribbon ªÆ�~ ç& 2¢�V º � (12)~ &ê�

¦V 
r�b� ¾æâ > ®
.

(31)

� (13)ö &w~º f ~ &ê�f � (32)f ?� B
.

(32)

�Þ, � (15)ö &w~º v>²ºÿK Pº 
r�b� B
.

(33)

V¢B helical ribbon ªÆ�ö &� �
~ �j �~ ãÖf ?�

NPÁRedö &�B ;Ò~� 
r" ?f �b� ¾æâ > ®
.

(34)

V¢B �öB BÂ� anchor impellerö &� ç&� � (29)¢ helical

ribbon ªÆ�ö 'Ï~� 
r" ?f �b� >;� > ®
.

(35)

�VB �;� 8npº �&� v� z1º anchor ªÆ�~ ãÖf ?

f Î·�
. �©f �öB VF� ©" ?� ãÒ' α~ anchor ª

Æ�� *"®V r^�
.

*öB VF� &�� &;ö ~� ç&� (35)f ��>� ®º ô

f 
þ8[16, 19, 24-26]"~ jv¢ Fig. 14ö ¾æÚî
. � �âb

�¦V � (35)~ NPÁRed~ êÖ8f 
þ8�
 �. ¸f 8j ¾

æÚ� ®rj r > ®
. �©f � (35)& 2Nö'� &;b�¦V ç

& 2¢�V¢ Ö;~&V r^ö helical ribbon ªÆ�~ 3Nö'�

vªj Ïª® �J~æ pj 
þ8 �
 � 8j &æº ©b� Ò

òB
. V¢B 3Nö'� V~;çj �J� �; 2¢�V z2¢ î

�² ê«~&
.

Helical ribbon ªÆ�ö &� �;2¢�V z2º anchor ªÆ�öB

f ?� 7²æªC~� 
r" ?f �j áî
.

(36)

�VB � 7~ Æ� wö &� B1�f anchor ªÆ�~ ãÖf ?�

B2�f helical ribbon ªÆ�öB~ ÆF�" v>�ã Ò�~ *Ï�

v>²ºÿKö �~º 'Ëj, B3�f ãÒ'~ 'Ëj '' ¾æÚ�

®
. �©b�¦V helical ribbon ªÆ�öBº Æ�� V~;ç7 ²º

ÿKö &Ë � 'Ëj �~� � 
rö *Ï, ãÒ'~ Bb� >º ©

j r > ®
. �; 2¢�V z2¢ � (35)~ z1 &�ö �Ï~� helical

ribbon ªÆ�ö &� v>²ºÿK ç&� (37)j áº
.

(37)

Fig. 15ö � (36)j �Ï� ç&� (37)�¦V �� êÖ8" 
þ8

[16, 19, 24-26]"~ jv¢ ¾æÚî
. � (35)¢ �Ï� ãÖf jv

~� ï�JN 7.95%� ·^~² ¾ ç&Nj r > ®
. � � helical

ribbon ªÆ�ö &� ��B ç&�" jv� ãÖ ï�JN&

Takahashi �[16]ö ®ÚBº 11.2%, Chavan-Ulbrecht[17]~ �öBº

27.8%, Hirose-Murakami[18]~ �öBº 17.5%, Shamlou-Edwards[19]~

sinα 1 πd s⁄( )2+{ }
0.5–

=

fw
*

fw
* fn

D d⁄( )ln
2π αsin np⁄( )

------------------------------  2π αsin
np

------------------,
 
 
 

=

fw
* τw

fw
* D 2⁄( )2 ww

nP αsin⁄( ) vo αsin( )ro 2π⁄{ }
------------------------------------------------------------------⋅=

D 2⁄( )2 τw

npvoro 2⁄ π
------------------------=

P 2πN αsin( ) D 2⁄( ) πDh αsin⁄( )τw=

1
np

----- d
D
---- 

 NP Red
h αsin⁄

D
----------------- 

  fn

np

αsin
----------- D d⁄( ) np αsin⁄,ln

 
 
 

=⋅

NP Red 8np
75.9z1 np αsin⁄( )0.85 h d⁄( )

0.157 np αsin⁄( ) D d⁄( )ln{ }0.611+
------------------------------------------------------------------------------+=⋅

z2 0.759
np

αsin
----------- d

d 2w–
--------------- 

 ln
 
 
 

0.139

np
D
d
---- 

 ln
 
 
 

0.182

np
0.170=

NP Red 8np
75.9z2 np αsin⁄( )0.85 h d⁄( )

0.157 np αsin⁄( ) D d⁄( )ln{ }0.611+
------------------------------------------------------------------------------+=⋅

Fig. 14. Comparison of observed power consumption for helical ribbon
impeller with calculated one by Eq. (35) with Eq. (28).

Fig. 13. Two dimensional schema of anchor impeller(a) and helical rib-
bon impeller(b).
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�öBº 17.1%&
. V¢B � (36) 5 (37)j helical ribbon ªÆ�ö

&� �«ç&�b� BÂ�
.

5. Ö �

(1) � ��öBº v>�Ú �6êFÚö &� paddle ªÆ�~ 2N

ö >~�C Ö"¢ V.� ~�, æVO;�" ãê��b�¦V ê

ÂB 2¢�V¢ �Ï~� [~'�öB~ v>²ºÿK NPÁRed~

ç&�j �®
. 6� v>²ºÿKö &� ç& 2¢�V¢ �Ï~

� &; ªÆ��¦V ²; ªÆ�ö �öB 7º*~² 'Ï &Ë�

·^� v>²ºÿK ç&�j áî
.

(2) «¾~ ç&�~ Ö6j �J~� áf ç&�ö ªÆ� ;çj

�J� �; 2¢�V¢ ê«~� �� paddle ªÆ�ö &� v>²

ºÿK~ ç&�j �&� anchor ªÆ� 5 �Ç� V~;çj &ê

helical ribbon ªÆ�öê 'Ï &Ë� >;B ÿKç&�j áî
.

* ç&�öB

Ápaddle impeller: z=1, sinα=1, h=b

Áanchor impeller: 

Áhelical ribbon impeller: 

sinα =

6 Ò

� ��º ç"&�v~ æöö ~� >¯>îb� �ö pf 6Ò

¢ �ãî
.

ÒÏV̂

b : height of paddle impeller [m] 

b' : arm width of anchor impeller blade [m]

c : clearance between impeller tip and vessel wall [m] 

D : vessel diameter [m]

d : impeller diameter [m]

f : modified vorticity defined as f=r2ω [m2/s]

H : liquid height [m]

h : height of anchor or herical ribbon impeller [m]

N : rotational speed [s−1]

Np : power number(=P/ρN3d5) [-]

np : number of impeller blade [-] 

P : power consumption [w] 

Red : impeller Reynolds number(=Nd2ρ/µ) [-]

r : radius in cylindrical coordinates [m]

ro : impeller radius [m]

s : pitch of helical ribbon blade [m]

vo : impeller tip speed [s−1]

vθ : characteristic velocity [m/s]

w : blade width of anchor or helical ribbon impeller [m]

z : correction factor [-]

z1 : correction factor defined by Eq. (28) [-]

z2 : correction factor defined by Eq. (36) [-]

 

�Ò�Ê ^¶

α : pitch angle helical ribbon impeller [rad]

: average shear rate [s−1]

ξ : dimensionless radius coordinate [-] 

θ : angle in cylindrical coordinate [rad]

ηc : correlation factor Eq. (25) [-] 

µ : viscosity [PaÁs] 

ν : kinematic viscosity [m2/s]

φ : stream function [m2/s] 

ω : vorticity [s−1]

: average shear stress at impeller tip radius [N/m2]

: average shear stress at vessel wall [N/m2]

 

çÎ¶

* : value for (ξ*, θ* ) coordinate systems

~Î¶

o : impeller tip

w : vessel wall
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