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Z/F SZ/I =/]Âa�  >�0Z/| ŠÂ@/L» _�/C YSZI M �L» lIZ6 YX#Z»9: �0 9Y 8&4 Q*»9 ,*· Y f#Y�6 Q**TF =BC 

b/<2016 >�*³ 59Y1¿Y >�f» Êf¿Z) .f/)Y b/&a S�/c» >ZBI�r N!x· 1[�$ >�*³ 59Y1¿Y$�Y1¿Z ASAE S296.5 '�Â/[ 
=H�³]7[$�Â» �Âf(Y�F ,-#�Â.] �*E» Z0�Z/*F 9Y _Y1( �0 �$ "Â»9: 50,d*/)  OZ@/FY Z/]  'Z/*d/< >Y�/CY Q*`�$ �Z&-# Y� '3a >�f» 

9�  SZI ,d*)  OZ@FY " 1] �V#$ �Z]  9�  SZI )� : ]Z/] ,/.+¿ ,) OZ@FY Z] ,d*)  Y >�Z] Ê] =·Z̀ �$ �YÂ) 'Y $Y �$ ,f&·Y 1/6 5$ (Ê/a

 S�c» >ZBI�r � $ $Y1TF �*E» �0 �$  $�( O1&» 5ZVf)$ h# f)ÂF�Âf(Y�F�$Â-¿Y =HZ64=4$ Z] 
50
1{�/r �Â/c» ,/] ,( {�r � $ 

1#$�³ =ZY�4  =&n Ê·Zf*e#$ 51¿�Z/6 ,d*)Â]  >�*³ 59Y1¿Y $Â] 516 ,daÂ( ºL6 �Z*6 =/) �Âf(Y�F S�c»)8-61.(Q/#Y ,f&·Y sÂ/¿ 
=4$ X#Y!HY  Ê�#Z»9: 5Z&f6Y X0Z( =BC�$ >�*³ 59Y1¿Y=H�³ '�Â[ "Â»9: .{�/r �Â/c» ,/] �$Â/-¿Y =A/6 O1/&» ‹/À*daÂ( >Y�/]

 16 ,fIZ)  Ê Ỳ�a t)ZÀ» Ê)Z6 h# YS�c» .Ê·Z/f*e#$ j1¿�Z//6  t@/¿ 51/À¿Y� =/)Y� =//)�$ �Â/f(Y�F Êd[Y ,¿1] > � Ê)Z6 Q#Y
1#$�³ 8@f» O1&» ,] >�) '�Â@])8-6 2.(

1Williams & Syoc  
2Charles  
3Marsili  et al.  
4 Encoder shaft Transducer 
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8-61-�Âf(Y�F ÊT4Y  =<�)  S�c» >ZBI�r N!x· "Y!*» >�*³ 59Y1¿Y 

16 ,&)Zc» �#9 ;.]Y� 9Y 5$ZAf)YZ] S�c» >ZBI�r N!x· 1[�$:

100%
1

21 
�


N

NN
SL

 

SL  :1[�$ tE` �] �Âf(Y�F S�c» >ZBI�r N!x· "Y!*» 
N1:CY  �Âf(Y�F ,] OZ@FY =·Z`�$ S�c» {�r � $ $Y1TF 'Z*d/< >Y� 

: N2>9�  SZI 'Z*d/< _Ze¿Y _1<  >�Z] Ê] =·Z`�$ S�c» {�r � $ $Y1TF 

$�Y1¿Zf)Y qZ)Y �] Z0 �#ZF $Z] �Z�H ASAE S430 OÂ-/)Z] ,d*)Â] �Âf(Y�F > Z0�Âc» > � �Z] >�*³ 59Y1¿Y  516 º*GÀF 
=H�³ _Ze¿Y ÊÀ*»9]8[.'�Â@] ZB¿Â»9: 516 $�I >Z0 '�( ·Z4 �$16 _Ze¿Y �Y�-F �ZBr Z] ÊH$Z@F 8»Z( >ZB(Âd] t.Y Êd[Y�Âf(ZH

 y.)  $�$ >9�  SZI 'Z*d/< sÂ¿)Ê]Z+�/] q�/0 Z/] Ê/¿9 hE#$  �Y1¿Y$�³�] Q0Y Z³ Z] ,*· Y ºL6 (8»Z/6 Ê/<�H �Âf(Z/H  
y.)  $ �$ idfL» $ZT]Y Z] >Z0�#ZF30×4/18)z#�< {�r ( 38×6/13)h#�Z] {�r ($Â].
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8-62-�Âf(Y�F {�r > � �] 516 ,daÂ( �$Â-¿Y =HZ6 O1&» 5ZVf)$ 

O 1C1-"Â»9:�0 >Y�CY 9Y 8&4 SZI Ê-#!*H 'Z*[Â@I Q*V¿Z*» 
SZI Ê-#!*H 'Z*[Â@I Q*V¿Z*» 'Z//*d/< sÂ//¿

>9�  SZI 
b//////<

SZI 

)cm(

SZI =]Âa� 1[�$ 
)db(

>�0Z//| ŠÂ@//L» _�//C
 SZI)gr/cm3(

SZI M �L» lIZ6
)MPa(

10-03/18247/1118/1
,*· Y ºL6 

20-1019361/1227/1
10-05/15-196/0

Ê¿9 hE#$ 
20-1016-394/0

�no» �Z( ƒ�< ,] 51¿Â6�YÂ) X*I ,) �Y1¿Y$�³�] Q0: Z³ f)ÂF ,*· Y ºL6 90b/< ,]  30-25hE/#$ 8//<  �/f» Êf¿Z) 
Ê��( _ 1¿ZF Ê]Z+�] q�0 ,d*)Â] Ê¿9285�a �.4 Z] 5�a52�no»�Z( ƒ�<  �f» Êf¿Z) 235 b//< ,]  17-15_Z/e¿Y �/f» Êf¿Z/) 

=H�³ .=]Zn � $ �$ ºL6 'Z*d/< Êd( �Â.]rpm 1800 51¿$  3=/]Zn � $ �$ Ê/¿9 hE#$ 'Z*d/<  �Âf(Y�F Q*VÀ) rpm 1800  
51¿$4=H�³ _Ze¿Y Q*VÀ) .
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Z/6 O 1C 5�2-Z0�#ZF 9Y h#�0 "Â»9: "Z»9�$�Âf(Y�F >Z0�Âc» > � �Z]  �#ZF$Z] �Z�H "Y!*» 

�#ZF sÂ¿ $Zlll] �ZClllR
�ËZ7)bar(

Â//dC�Âc» > � �Z//] 
)kg(

t+< �Âc» > � �Z]*
)kg(

=lllll¯ Q�Á
�Â! Ȳ�7)kg(

38 ×6/13
)h#�Z](

9/0970 1470 2480 

30 ×4/18
)z#�<(

9/0970 1740 2750 

*:>Z0 {�r=)Y ,fH� �Z-] ,¿9  " 1] h#�Z] >Z0 {�r  ,¿ZI�Z( �$ KÂ@À» >Y ,¿9  >Z0 ,4Âa Z] z#�<.
ma]Á ?ËZ!¿ 

5�Z/6 O 1C �$ †�1À» �¿Z#�Y  ,#!eF U#Zf¿ b&a3sÂ/¿  $ Q*/] �Â/f(Y�F S�/c» >Z/BI�r N!x· 1[�$ �G¿ 9Y Y
z#�<�#ZF)$ZT]Y ,]30×4/18(h#�Z] �#ZF  )$ZT]Y ,]38×6/13(�$OZ/f`Y y.)1%Ê·  ,f6Y$ $ÂC �Y$ ÊÀT» \3fIY

=6Y1¿ $ÂC  >�Y$ ÊÀT» \3fIY Y�#ZF sÂ¿ Z] ": 8]Z+f» 'Y�nY  >9�  SZI 'Z*d/< sÂ¿ �G¿ 9Y .> ��*a =<�) $�Â» �$
�$ �#ZF sÂ¿ Q*ÀR/0  >9�  SZI 'Z*d/< sÂ¿ ,] MÂ]�» >Z0�Z/*F Y >9�  SZI 'Z*d/< _Ze¿Y "Z»9 �$ �Âf(Y�F ÊT4Y  

OZ/f`Y y.)1%OZ/f`Y y.) �$ ZB¿: 8]Z+f» 'Y�nY  5%1Àf6Y$ �Y$ ÊÀT» \3fIY .
5�Z/6 8-6 b&a YZBI�r N!x· 1[�$ >Z0 Q*V¿Z*» ,E#Z+» �$3OZ/f`Y y.) �$ Y5%MÂ]�» Y{�r N!x· "Y!*» Q#�F]Z] Y

$ 1` �$  Ê¿9 hE#$  ºL6 'Z*d/< sÂ¿  $ �0 �$ h#�Z] >Z0�#ZF ,]16%/(  �$ z#�/< �#Z/F 9Y 5$ZAf)Y ,] MÂ]�» ": Q#�f
 "Y!*» ,] ºL6 'Z*d/<18/9%16Z&*».$ 1` !*¿ z#�< {�r Z] Ê¿9 hE#$ 8/< �$ N!x· "Y!*»6/11%�#ZF ,] =&E¿ ,( =)Y

1¿Y 516 }4Y  5 �³ h# �$  $ �0 Ê·  5$Â] �f/( h#�Z] .
O 1C3-Ê�#Z»9: >Z0 5$Y$ �¿Z#�Y  ,#!eF 

'ZT]�» Q*V¿Z*»)M.S.( �**xF }]ZÀ» 
)S.O.V.(

,////C�$
>$Y9: 
)df(

S�c» {�r N!x· 1[�$ Ê// T4Y  =<�///)
�Âf(Y�F 

�Y�-F 3n.s.004/0n.s.201/0

>9�  SZI 'Z*d/< sÂ¿ 1n.s. 003/0**593/5

X#Z»9: >Z.I)1(3003/0136/0

�#ZF sÂ¿)Ê<�H �Z/*F(1**034/0**434/2

Z/*F 8]Z+f» 'Y�nYZ0� 1n.s.002/0*288/1

X#Z»9: >Z.I)2(6002/0149/0
'Y�**xF t#�p%-84/11%92/7%

** , * :OZ/f̀ Y y.) �$ t*F�F ,] �Y$ ÊÀT» \3fIY5% 1%n.s. : :�Y$ ÊÀT» \3fIY $ÂC  _1< 



˺',

11/62 

9/18 

16/63 
16/02 

0
2
4
6
8

10
12
14
16
18

�ϴϟϭ΍ ϢΨη  ϲϧί ϚδیΩ

έϮ
Θϛ΍
ήΗ

ϙή
Τϣ

ϱΎ
Ϭخ

ή̩
ε
ΰϐ
ϟΪ
λ
έΩ

ξیήϋ ήیΎΗ
ϚیέΎΑ ήیΎΗ

 
=°�3-�g ePb· |n�$ ÉZÅ 01"¿Z1» Ä,ËZG» Äl1·ÁY  Kl� (Z1A¼B �$ �Â!¯Y�7 :�a» ÉZ5y Á

oA!K» $Z6]Y Ä] �ËZ7 [Â¿ Á$ Z] Ê¿� J,Ë$ 
�f�*] Ê-*FZf)Y �Z] =dT] ]Z/f Ỳ z#�< >Z0�#ZF �$ �f/( N!x· "Y!*» )b&a !·�Zr N�Y!³)1984 (Ê&6  )1988((9Y Ê6Z¿ >Y ,¿9  >Z0 ,4Âa

 �Âf(Y�F S�c» >Z0 {�r > � �] 516 t@¿'ZC�1À» b]Z.» 5�Z/6 O 1C 216Z] Ê» �#ZF sÂ¿ Q#Y 9Y 5$ZAf)Y "Z»9 �$ Y."Y!/*» ,/-À#Y $Â/C  Z/] ,f&·Y
 X#Z»9: $�Â» SZI f#Y�6 �$ "Y!*» Q#Y Y=)Y 5$Â] �f�*] ": z#�< sÂ¿ ,] =&E¿ h#�Z] >Z0�#ZF �$ {�r N!x· )»Â· =HZ]Z] Ê(t/)ZÀ» 5$ 1c»�$

20-10Y16Z] Ê» $ÂI 1  ̀Q#�F]Z] �$ �Âf(Y�F Ê��( $�-d/< ]Â/T» ,( 1[�$ )b&a "Y�Z/-/0  "Z/ÀC N�Y!/³)1996 ("Y�Z/-/0  Êd*/)�Z»  
)1989(($�Y$�Y�4 .» 8»Z< Ê��( $�-d/< �G¿ 9Y YÊ»Â· SZI �$ >9�  SZI 'Z*d/< _Ze¿Y >Y�] �#ZF sÂ¿ Q#Y 9Y 5$ZAf)Y Q#Y�]ZÀ] 1/¿YÂF Ê/¿ 51ÀÀ($ 1c

16Z] .
8-/6 b/&a YX#Z/»9: $�Â» �#ZF sÂ¿  $ Z] Ê¿9 hE#$  ,*· Y ºL6 'Z*d/< �$�Âf(Y�F ÊT4Y  =<�) >Z0 Q*V¿Z*» ,E#Z+» �$

5�Z/64$Â/] z#�/< >Z0�#ZF 9Y X*] >�Y$ ÊÀT» �Â.] h#�Z] >Z0�#ZF Z] ,*· Y ºL6 'Z*d/< �$ {�r N!x· "Y!*» ,-À#Y º‡�*d< Y
Y Ê   1Àf6Y1¿ º0 Z] >�Y$ ÊÀT» \3fIY > ��*a =<�) �G¿ 9.{�r �f�*] N!x· YÊ¿9 hE#$ 'Z*d/< $�Â» �$ =&E/¿ h#�Z] >Z0

 >Y ,<�!» =*H�| �] ": }&F ,]  �Âf(Y�F > ��*a =<�) X0Z( �] �Y$ ÊÀT» �*nZF Yz#�< >Z0 {�r ,]>�G¿1=)Y ,f6Y$ )8-65(.

1Theoretic field capacity  
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ÊA¯ É�1; ÄV1!¿ :
QfH�/³�G¿ �$ Z/] Y1/6Z] Ê/» f/)Âf» =HZ] >Y�Y$ ,( X#Z»9: $�Â» SZI f#Y�6 �$ ,( =)Y Q#Y 9Y Ê(Z` b*+cF Q#Y U#Zf¿ 

$Z/T]Y Z/] >Z/0�#ZF "YÂ/F Ê/» YÊA#$� >Z0 =�( �$ h#�Z] >Z0�#ZF 9Y 5$ZAf)Y >Z#Y!»38×6/13$Z/T]Y ,/] >Z/0�#ZF Q#!V#Z/C Y� 
30×4/18$Â/¿ 5!*¿Z-» 'Z*d/< ,*d( �$.

)(Y$Z59C1 
i·Y-Ê/» $ZBÀ�/*a Y,+.À» �$ SZI sÂÀF ,] ,CÂF Z]  16Z] Ê» �&fT» f)Âf» =HZ] Z] SZI sÂ¿ h# �$ f+H b*+cF Q#Y U#Zf¿ 

$Â6 Ê]Z#9�Y  _Ze¿Y idfL» >Z0 =HZ] Z] SZI sÂ¿ 1Àr �$ �Â]!» 'Z�#Z»9: $$�³.
K-Z0�#ZF ,] 516 OZ/<Y Ê-*FZf)Y �Z] �G¿ 9Y 'Z�#Z»9: ,*d()r "9 ZBI�(_Z/e¿Y 51ÀÀ( 1*·ÂF ,¿ZI�Z( Êd#ÂcF f#Y�6 �$ ZÀ*< Y
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SZI �] 5$�Y  �Z�H �G¿ 9Y "ZE-# f#Y�6 �$ idfL» $ZT]Y Z] >Z0 �#ZF Yh#�Z])Ê-*FZf)Y �Z] =&E¿ Q*/»9 Z/] qZ//F y.) ,] (!/*¿

1¿�*³ �Y�4 ,E#Z+»  Ê]Z#9�Y $�Â».
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