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  < o  4-20[ mA ]^ x � ¹ �  ÷   _   W k  @ ^   [ ; 7 V ò  X

H V  @ ï t r V 7 q 

P Q H  4-20[ mA ]^ x � ¹ �  ÷   _   1 .2 [  J n 8 [   ý [ n p

1 T ^   u 1   [ ^ h  ÷ J q D X H < W > Z 7  H P = S V  � ¶ ~ ¶

     ^ n 8 Z ¬ · � � ¶ x ¥ ·   u  T ¤ y ½ · �   _  1 T ^ ¤

y ½ · �   < o ¦ ¹ � � ý ^  X  I   ^ � ½ ¥ · u   H Z B r ` Z o

Z 7  g P  Ã      Z Y _     [ ¥ ¸ z » � ½  � · ^ n 8 Z « ½

� ¥ ·   u     H V    [ � ½ � u   J q   = 6 q  D ^ D X <

o    u È  X J q  e X v Y ^     W _  P Z  ÷   u   H  DC S

^ h W   X   Z     ÷ = W > q � � � ® u    [   F r q D X =

¾   X Z S V 7 q 

Fig .1 .2 Co mmunica t i on f lo w of 4 -20 mA s ys tem
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Ù Ý Ú PA � � � � +  5 1 ( ) % ³ A ¦ x �

4-20[ mA]^ x � ¹ �  ÷   [ Þ t q  ÷   X H V   H P ^ =  � y �

� ·  ÷ u   H P ¤ y ½ · � � �  ÷   W 6 q  ¤ y ½ · � � �  ÷  

X _ % � » � l x � � ² } ½ �  ^ ¤ y ½ · �   l     � � � ®  ^ �

y � � ·      ¬ · � � ¹ � ¦  ÷   & ^ D X u  J ( 3 5 ) - ( 3 6 )  ¤ y ½ ·

� � � _    ÷ ¼     =    [   J q FA ^   [ ; 7 V ß  < o

  F r V ; p  CC -l ink ( 3 8 ) l Prof ibus -D P ( 3 9 ) X 7 S P   = 6 q    PA [

; 7 V k   ^     u È  [   F r V ; p  Pr of ibus -D P ^ Â ç [   F

r q   X H V   H P Pro f ibus -PA l  FOU NDATIO N ¤ y ½ · � � � ( 4 0 ) - ( 4 2 )

= N ^ Þ   Z k ^ W 6 q  g P    ^ 4-2 0[ mA ]^ x � ¹ � ÷  [  � y �

� · ÷  u   J q  H ART  4 3   ÷ k PA W   F r q  D r o ^ ¤ y ½ · �

� �  ÷   W _     ^  [  I V � ½ ¥ · u   J q   = Z 7 Á  

   ÷ u   J q D X W    [    u  í W > q 

PA [ ; B q ¤ y ½ · � � �  ÷   ^ È W k FOUN DATION ¤ y ½ · � � �

_  D r g W DC S = ¾    H V 7 P     u N ^   E X [   ¥ ¹ � �

X H V ¤ y ½ · �   Á [   W > q   u  T  D r o ^     =   

 F r P   u   J q D X W   1 .3 [  J n 8 [  Â ç ^ ¤ y ½ · �  

  =  Ô [  ÷ J q D X W  Á ç ^ DC S u Ú F K    [   J q D X k W

> q  g P  ³ ½ � ½ ^   [  t L V    ^ � ½ �     l x µ ½ ® 

 Z Y ^ ¦ ¹ � �     ( 4 4 ) , ( 4 5 ) u ¤ y ½ · �   [   W > q  D r [ n p 

DC S [  È  Z   u < B q D X Z @    Z     u   X J q ¤ y ½ ·

�   ; n a     � � � ® u   W > q  D r g W [       ^  

 Ý  ( 4 6 ) l � · ¥ ^   ( 4 7 ) , ( 4 8 ) Z Y ^ ¤ y ½ · �   W   J q Ã   u 

 X H P     =    ^   ¥ ¹ � � X H V   F r     F r V 7 q 

F o [    ^ ¤ y ½ · �   ^   u   H P  Ö   ^    [  J q 

 ( 4 9 ) - ( 5 1 ) Z Y k   F r V ; p  Ù  D r o ^  ÷   u   J q D X W  

 N ^ k ^ _ Ö  J q D X Z @    Z   ¼     =   F r V 7 @ D X

=   F r V 7 q 
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F ig .1 .3 C om mu nica t i on f low o f FOU NDATI ON Fie ldbus sys te m

½ Â ¾ +  5 1 ( ) % ³ A ¦ x � G �  � � � � � T � � _ � �

� k � b � ͢ Κ ɸ Κ ̽ C ͢ Κ ɸ Κ 5 & ; > $ Ƅ ƭ P ʇ ƭ Y Ĵ Ȧ ʈ Ż ; " U � �

� � ¶ x ¥ ·   u  T D X < o  D ^   X ¤ y ½ · � � �  ÷   u  h

 t L q D X W  � ¶ ~ ¶      _ n p  7    u  T ¤ y ½ · �  

X Z q  N ^ È W k   F r V 7 q   ^ 1 T =    ^   =   F r V 7

q  ë ^   W 6 q   ë  [ _ 2 T ^   ^  Z q  ë u   H P    

  ^ Ü [    u   H P 7      H P N r O r ^  ë ^   =   W

6 r `    H P   < o    u   W > q ( 5 2 )  D ^ X > ¤ y ½ · � � � 

÷   u   H V 7 r `      W    u   H   H P     u  

  J q D X k    [  I V    u   J q D X k W > q  g P    

 ^ ¤ y ½ · �   c ^   l  ¤ y ½ · �   [ n q       u  J q

FOUN D ATION ¤ y ½ · � � � u   J r `     W   u  V V 7 q   

 [ n q     =   H P   W k      u x µ ½ ® W   W > q e <

[  DC S ^ Ã   =   [   H P   W k DC S u Ú F K [    c    á

u   W > q  D ^ D X < o  n p ÷   u   J q ^ W 6 r `  FO UND ATI ON

¤ y ½ · � � � ^   ¥ ¹ � � X H V       u   J q P j [   Ã 

 Z   W 6 q X 7 9 q 
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� k � b � ͢ Κ ɸ Κ ̽ C ϕ Ʃ ˨ ō B ʈ Ż ȼ Å ¦ ; ό � ʈ Ż ˬ ƭ Y ǰ 8 ɸ Κ ̽ ;

6 q  P Q H  Ü ^    X   [  � ¶ ~ ¶      [ ; 7 V k    

^     [ _   = 6 q  N ^ È W k  k   =   X F r q     _ 

     [   Ó   [ ; B q     W 6 q      W _ D ^    

^   u n p  C q P j  @ ^   = F r V 7 q    W _ g K   1 .2 .1 

[ ; 7 V   ¤ y ½ · �   W   F r V 7 q       u   1 .2 .2  W

   u   X H P       ^   X   u   1 .2 .3  W � ¶ ~ ¶  

   [ ; B q       ^     u  J 

� ȸ π ; C ϕ PA [ ; 7 V     F r V > P   ö    W 6 q    ö  X

Ò  ö  [   H N ^   u  J  N ^ Á W  ¤ y ½ · � � �   ^   [ n

p Ù  Ê  X Z q X  9 o r q  Ñ  ö  [ T 7 V N ^   u  d  N ^ 1 T

W 6 q ¤ y ½ · �   ^       [  J q     u  J 

½ À ¾ T t @ E � : \ @ E � ¬ ¼ �

PA W _      X    u Æ  F L q P j     Z     X X k [ 

  ö   Ò  ö  ^ 2 T ^ ö    [ n q   H P   =  o r V > P ( 5 3 ) 

  ö  X _     [ ¦ µ » � u ÿ  F L  N ^ Á W   J q   u  J 

D ^   _  e f ¾  ^     = Ñ  F r q   [  H V   W 6 q X F r

V > P  g P    ö  W _   W > Z 7    Z Ã   [  H V  N ^ Ã 

 = ¦ µ » � c Ä 9 q   =  Z 7   [  p     [ ¦ µ » � u ÿ  H 

  ú  u ø  g P _ Ö  J q  Ò  ö  X  ` r q   = î  F r V 7 P 

P Q H    ^ ¦ µ » � ^  < r V 7 q   Â W _  D r o ^ 2 T ^ ö  

 [ n p   Z    u  ö J q D X _  H @ Z S V > V 7 q   [   W _ 

    ^   [ n p ¦ µ » � ^     =   H V 7 q ( 5 4 )  D ^ n 8 Z ¦ µ

» � W _  D r g W    H Z < S P      ^ Ñ  =  H 7 ¶ � � [  

J q D X =  H 7  g P    ö  [ ; 7 V i l h [   ^   ¼   u  p

 J X   [   u   F L q   u  h  J  r = 6 q D X =   F r V 7

q ( 5 5 )  D ^ D X < o  � � �     ^ Æ  =   Z    ö   Ò  ö  [

Þ t q ö    c ^   =  j o r V 7 q 
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½ Á ¾ 9 � @ E � ¢ X ª p | ¡ �

Ñ  ö  X _  ¤ y ½ · �   < o ä  F r q   u  [  ¦ µ » � ^  

u  [   H  Ù  Ñ  F r q Ã   ^     l     u Ñ  J q ö  

 W 6 q ( 5 5 )  D ^ ö    W _  6 o < I j     [ Ã   =   J q  

^ Ñ  u  9 q D X W     Z Ã   [   J q ö    W 6 q  g P  Ã

  Z   ¼  h  V = Ã  W 6 q D X < o  � � �      [ n q   ^

  u   W > q  N ^ D X < o    ö  _ ¦ µ » � ^ ÿ  u  o H T T 

    X    u Æ  W > q   W 6 q X 7 9 q  Z ;  Ã   u   J q

P j [ _    ^ ¦ ¹ � � ý =   X Z q D X < o    W  d P ¤ y ½ · �

� �   [ n q ¬ · � � ¶ x ¥ ·   u   H    ^ ¦ ¹ � � ý < o   ¼

  J q D X = ¾   W 6 q 

D ^ Ñ  ö  [ ; 7 V    W   H V 7 q ^ =  ¦ ¹ � � ý ^     

 ß     X  b  u   H P     W 6 q  D r g W   o _    ä

  [ ; B q     g p   [ ; 7 V    ÷  ^     < o   J q 

 u   H  N ^    u   H V 7 q ( 5 6 ) - ( 5 9 )     _ ¾  [    X H V

  F r q D X =  Z @ Z 7 D X < o    [   u  J Ã   =   H  <

T N ^ Ã   u   W > Z 7       = è Â H     í  =   J q 

r = 6 q  D ^ D X < o     [ ; B q Ã      W _    í  ^  

u  B Z 7 D X =   X Z q    ä   [ ; B q    ^  g p   W _ 

¦ ¹ � � ý W 6 q   < o   ^   u  B Z 7   ÷  ^     u   J

q D X W     í  ^   u  B q D X Z @      ^    u   W >

q    u  H P 

   [ ; 7 V k      W 6 q    ^  g p   [ ; 7 V  o r P 

   [ ; B q     u  [ ( 5 7 )  � ¶ ~ ¶      [ ; B q ¦ ¹ � � ý ^

    [   H P          ^    u  I V 7 q  D r [ n p 

   W  p Á C q � ¶ ~ ¶      [ ; B q       [ ; 7 V k  

  í  ^   u  B q D X Z @  Ã   ^ Ñ  u  9 q D X u   H V 7 q 

PA W _ F g G g Z     ^    = ï t r V ; p  N ^ È W k � ¶ ~ ¶ 

    _     Z  ë =  7 D X =   W 6 q  H < H  7 K r ^   
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k     E X [     Z  ë [   = 6 q  D ^ È W k e X v Y ^   

[ ; 7 V   =   X F r V 7 q ^ =    W 6 q     X _   ^   =

 Z q  ë =   H V 7 q  r u  J   [    ^  Z q  ë =    W 

 H  F o [  F Z  X Z S V   H V 7 q    e X v Y ^    W   u

    X F r V 7 q     =   W > Z 7  H P = S V  ¿ = ¾    ^

µ z » [ ; 7 V  Ñ  H Z 7   ^  ë =   H P   _      þ  = 

> @ Z q  g P _   N ^ k ^ =   W > Z 7  r = 6 q 

H < H    ^ ¦ µ » � W _   H P 7  ë [   ^  Z q  ë =   J q

Ò ð _    o r q   ë  [ _      ^ n 8 [   [   � � l   

 =   J q      l    ë =   Z Y [  r    F r P   Z Y W

6 q  g P   X    ^ n 8 [  ¾   W   X   =   J q   k  Z

@ Z 7  D ^ n 8 Z   Ó   ^   =    Z Y ^ Ý  ó ý ^  7  ë [ ;

7 V   H      [   u  J X   Z   u  q  r = 6 q 

D ^ n 8 Z   ^   u  h Z = o  7   u  j o r q     [ _  �

 ¸ ½ � [ n p   u   H P Á W    [ n p   J q   ß  [    

   ( 6 0 ) X  ` r q   Z    u  7 V   u   J q   = 6 q  N r _ 

  ^    W   H P Á W     W ^    ^     u    [   H 

   ë ^  ë    X   ^ ë     u   J q D X W    ^   ë 

  u   J q   W 6 q    ^ ë     u   J q [ _  � �  ; n a ¬

z � ¹  ^     ( 6 1 ) , ( 6 2 )   -  - � � N r O r ^        ä    

     ^   ( 6 3 ) , ( 6 4 )     ^ } � ½   ( 6 5 ) Z Y =   F r q  D r o ^

� » � u   J q D X [ n p       _ 5  10%^     W    ^ 

 u   W > q X F r V 7 q  P Q H        _   ^     u  

X J q D X < o    [  ó W 6 p      _   Z Y ^  Ý  ó ý u  T

 ë  < T   [    [ Z q X   F r V 7 q   [  o r V 7 q 

 1 .1 W  H P  p     _    [    u   H P k ^ W 6 q =  �

¶ ~ ¶      _ ¾  ^    W 6 r `   u   W > q D X =  o r V 7

q  D r _  � ¶ ~ ¶      W   X   u   [   W > q D X u  

J q k ^ W 6 q   ë  [ _  2   W Ô 7 ^  ë [   H Z 7  ë   X 

^      ë X  ë ^ � µ ¶ ½ ^    Z Y  W 6 r `  N r O r ^   =

  W 6 q   [  p   [ n S V     ^       =   W > q ( 5 2 ) 

D ^ n 8 [     X   u   [   W > q   u   H V  � ¶ ~ ¶  

   W _   Ó   [ ; 7 V k     W > q   ^   =  @  g r V >

P  D r =   W > r `  D r g W ^       u  p Ý B o r Z < S P 
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   [ ; 7 V k     ó [   W > q D X X Z q 

� ¶ ~ ¶      _   X  ^    Z Y ¾  ^    ^     =  

Z    W 6 q  D ^ D X < o    Ó   [ ; 7 V k   u   W > q � ¶

~ ¶      ^   =  j o r V 7 q  H < H   Ó   W _    [  ë

; n a  ë ^ ë     n p   H P     ; n a       X   H V 

� ¶ ~ ¶      W   F r q       ý _  > @  Z q D X =  o r

V 7 q  D ^ D X < o    Ó   [ ; B q   ; n a     ^   W ^ 

 u   H     ^       u   J q   =   @   F r V 7 q 

    W _  N ^  @ =  ë È [ Ñ  L K  ë =   J q   u   H 

 ë ^     [ ; B q   þ  u   H  F o [ _   H P   ^    u

  H n 8 X H V 7 q  D ^ P j [  N r O r   J q   ° � · X    

u   J q D X W       ^ � ¶ ~ ¶      [ ; B q      u 

o < [ H n 8 X H V 7 q    W _  D r g W ^ � ¶ ~ ¶      [ ; B q

     ^   þ  u  o < [ H n 8 X J q     [ ; B q   u  J 

g K    Ó   [ ; 7 V � ¶ ~ ¶      [ ; B q   þ  ^   u 

o < [ H P ^ _ Gr umski ( 6 6 ) o  1984   W 6 q  Gru ms k i ( 6 6 ) o _     [

n p  è   W 6 q e Y   þ  =  > @ Z p   W 40%  @ ^   þ  = 

 J q D X u  o < [ H V 7 q 

D ^   þ  ^   [  H  J .He mp ( 6 7 ) - ( 6 9 ) ; n a G .Sul tan ( 7 0 ) o (1989  )_ 

D ^   þ  ^   J q   =  � ² ½ ¥  ^  ë È u   H V 7 q   = 

 J q  [   F r q } � · � ½ W   W > q X J q ° � · ”B ubb le Effe c t

t heo ry”u   H V 7 q  g P  D ^ à  [ n p     ^   þ  _  ë X 

ë ^    [ ^ h ò  J q X H V 7 q  D ^ à  ^ È W J . Hemp ( 6 7 ) o _  � ¶

~ ¶      [   =   J q X   ^   c   þ  =   J q   = 

  ^ Grumsk i ( 6 6 ) o ^     X   H V 7 q X  d V 7 q  P Q H 

Gru ms k i ( 6 6 ) o ^   W _   ^   [ n p   þ    ^   =  Z q X 7 8

  =  S V ; p  J . Hemp ( 6 7 ) o ^ à  W _   W > V 7 Z 7  D ^ D X < o 

He mp o _ F o [   ^  > F     ë ^   u   H P ” Vi scos i t y Bu bb le

Mode l” ( 7 1 ) c X  F o [ ° � · u n p   [ J q D X W     X   F L q D
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X [  u  r V 7 q 

A. F. Sk ea ( 7 2 ) o  1999   _  u ¦ ¹ � �  ë X H   g P _   =   H

P   ^     þ  u  1 Z     ^    [ ; 7 V    [  ó H V 7

q  D ^ È W  U   ^ ¤ ¹ ½ � ² ½ ¥ ^ Ü [     ^ ¤ ¹ ½ � ² ½ ¥ u 

T � ¶ ~ ¶      u   X H V   ^ È [   u   F L P  ^   þ 

u  ó H V 7 q  D ^       W 6 S V k  ^   [   þ  =   H 

F o [  ^   [ n S V N ^ þ  =   J q D X =   F r P  D r o ^  

< o   ë ^   l ¤ ¹ ½ � ² ½ ¥ ^   [  ô Z @  J .H emp o ^ ° � · X 

   ^  [ Í  = 6 q D X =  < j o r P 

M. P. H enry ( 7 3 )  20 00   ; n a R. P. Liu ( 7 4 ) o  2001   _  J .He mp o ^

  H P ”B ubb le Effec t theo ry”u  [       W     u  8 D X W 

  Ó   [ ; B q   þ  u   H P     u   W > q X H V 7 q  Liu

o _  D ^   [ n p  6 o m q     [  H  ¦ ¹ � �  ë W 6 q  ë ^

h ^     u   W > q X H V 7 q  P Q H   ^  p    ^  X Z S V

7 q ”B ubb le Eff ec t t heo ry”_      ^   þ  =   [ ò  J q D X u 

 W > V 7 Z 7  D ^ D X < o  � ¶ ~ ¶      W  ë ^    ¤ ¹ ½ �

² ½ ¥ [ ; B q    [ ; B q � » £ » �      ; n a þ  u  v Q  

   ^   ^ � ½ � u   H  D r o   ^ ¦ ¹ � � ý u  [  � ² ½ µ ·

� � � º ½ � u  7 V  ë ^ h ^     [   H V 7 q  D ^   u   J

q X  � ½ � ^   [ n p 5  10%^     W     u   W > q X H V

7 q     F o [      ; n a     u  C q P j   ß  ^ ¦ ¹ �

�  ë ( 7 5 )  F o [ _  u  j P 3   ( 7 6 ) [ ; 7 V � ½ �   u  j V 7 q 

Seage r M . ( 7 7 ) o  2005   _   ^   ^  Z q � ¶ ~ ¶      W  

u   F L    ^  > F =   [  H @ Z q n 8 Z   ^   u   F L P

  _ J .He mp o ^   J q ° � · ( 6 7 ) - ( 7 0 ) X _  Z p    = ¤ ¹ ½ � ² ½ ¥

[   H P   X Z q D X u   H V 7 q  g P  D ^ n 8 Z   ¤ ¹ ½ � ²

½ ¥ u     F L q P j ^   � z · [  9 q      ß     � z » 

= Ã  H V 7 q D X k   [   H V 7 q 

     ° � · X     ^ Í  u   J q P j  J .He mp o ^ Ü [

Danie l ( 7 8 ) o  2006   [ n S V    l 2 T ^ ¤ ¹ ½ � ² ½ ¥ [  r q  ë 

  ^ Ã    k   J q  [ n p   Z ° � ·  =  h o r V 7 q  P Q H 

7 g Q [    ë ^   =      ^   þ  [ Ä 9 q   u  o < H P °

� · _   H Z 7 
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ß Á ^ n 8 [    ^   [ n S V     ^   þ  =   J q   u 

 ° � · [ n p  o < [ H n 8 X H V 7 q =      X ^ Í  =  > @  

  X  d q k ^ _  M. P. Henr y o [ n q � ² ½ µ · � � � º ½ � [ n q  

  ^   ( 7 9 ) ^ h X Z S V 7 q  P Q H  Liu o ^   H P   W   H P 

   _    � ¶ ~ ¶      =  T     X _ e Y  @  7 T   

 = è Â J q < u   [ H Z 7  p     [ ; B q � ¶ ~ ¶      ^ 

   u   [ H < ] Z 7  D ^ P j  Liu o ^ n 8 [     u   J q Z

o `    u   J q   X H V     ^    J Z t R     = ö  

 ß Á [   þ  =  > @ Z q H > 7 ý u   [ J q   = 6 q  g P   

^  p    [ H V 7 q ° � · _ J W [     X Í  H V 7 q D X =  o <

[ Z S V 7 q D X < o     ^  _ ú 1 ^   ú  W   u H Z B r ` Z o

Z 7 D X =  > Z   W 6 q 

  W  H P n 8 [    Ó   [ ; 7 V    ^  X _ è 7   W   

 u J q   [ _   u   X J q  á ^     J Z t R  ë   ^   u

  J q D X =   Ã   X Z q    Ó   [ ; 7 V � ¶ ~ ¶      [

; 7 V     ^   u   J q   X H V 2 T ^     =   F r V 7 q 

¾ T  ^   _ Mark Ja mes B e l l o ( 8 0 ) [ n q    2006  W 6 p    = Á

 < o Â  c X   J q  ^ ¤ ¹ ½ � ² ½ ¥  W   J q    Z     u

2 T ^ � » � � z · [ ; 7 V   ^   u   J q   W 6 q  D ^   _ 

  X   H  1000 û ^     W 6 q 3[4s ]   W � » �   u   J q D

X W    ^   u  9 q X H V 7 q  P Q H    ^   _    ë ^  

  [ n q     l    Ó   X 7 S P  ^   [ n q     k  9 o

r    F r P µ z »  á ß  W _  ^ Ã   X     X u   J q   

= 6 p  D r o ^  p  B q D X _ W > Z 7 

Ó T  ^   _ Rober t E . Du t ton o ( 8 1 ) [ n q   W 6 p    � z » u  

H P         W 6 q  � ¶ ~ ¶      W _  ¤ ¹ ½ � ² ½ ¥ = ¾

 ^   W     J q n 8 [   � z » u   J q D X < o    =   H

� » £ » � =   J q X      [   Z } � · � ½ =   J q  N ^   

  =   J q X   � z » =   J q  D ^     W  7 V 7 q   � z

» _       =   W 6 q   W k  > @   J q D X < o      =

 7 X F r q  H < H    � z » _ N k N k ¤ ¹ ½ � ² ½ ¥ u   F L q P
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j ^ } � · � ½ W 6 p  � ¶ ~ ¶      ^   c ^  p Ý B   l ¤ µ »

� ^  j Ý B    6 q 7 _ ¤ ¹ ½ � ² ½ ¥ [ ; B q   l   ^ Ý  [ n S

V k  t S V H g 8  H P = S V      u   J q Á W   X Z q   

 W ^   � z » = ¾  [  g o Z 7 D X < o   ^   u     X   J

q  r = 6 q 

ß Á ^ n 8 [ � ¶ ~ ¶      W     u   J q   _ 7 K r k  

   ß  W k   J q   u     X H V ; p    ^  r = 6 q  D ^

D X < o  D r o ^   [  t q     [ n p     ^     = ö  F

r q  á u   [ J q   = 6 q 

� ¶ ~ ¶      _      u   g P    W   W > q    W 6

p  Ù     W  @   F r q D X =   F r q    W 6 q  D ^   

_      u   J q   W   k   W > q D X < o     [ ; 7 V k

   u   J q D X =   F r V 7 q  H < H    Ó   W _    ^ 

  X   þ  ^  ô = Ü ^    X  Z q Á      W _     X  

J q ° � · u í  J q D X =   W 6 S P  D D W  ¦ ¹ � �  ë =  ë W 6

q    Ñ  L \  ë   = 6 S P   D r u   W > Z 7    N ^   þ

 [ n S V    = è Â H   Ò  [ T Z = q  r = 6 q  D ^ D X < o  

ë u ¦ ¹ � �  ë X J q   [ ; 7 V  ¿ = ¾ ^  ë   [  9 ß Â ^   

 ; n a     ^   =   F r V 7 q 

*   þ  ^     ; n a     = ö  F r Z 7  á ^   

+   è Â  [   u  9 q     ; n a    c ^    á  

,   þ  ^   u   W > Z < S P   ^      

� ( B 3 T ^  á _ 7 K r k    ^   [  S V 7 Z 7 D X < o     W

_ D r o ^  á u  P J P j [

 1    Ó   [ ; B q  ¤ ¹ ½ � ² ½ ¥ ^      ^  

 2      =   þ  [ Ä 9 q   ^   ; n a     è Â  á ^   

 3      = è Â J q  [     ^   u   W > q   ^  

 4    þ  =   H P   ^       ^  
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u   X J q  � ¶ ~ ¶      _   W > q ¦ ¹ � �  ë ^   =  7 D

X < o   ë ^ ¦ ¹ � �  ë Q B W k        1 Z   =  Z q Ü  

 J q  ë k ¦ ¹ � �  ë ^   H P k ^ < o    < o   H P k ^   1

Z � ½ � =   F r q     W _ N ^ È W k ¾   Z  ë W 6 q k ^ ^ È <

o  ¦ ¹ � �  ë u  ; n a      ë u     X H P 2     Ó  

u   X H     [ n q   u  [ H V       ^   J q D X u  

J 

� ¶ ~ ¶      _  7     =   W 6 p    Ó   [ n p N ^ 

   = è Â J q  r = 6 q D X _  D ^    ^   u  < H < ] Z 7 Ã 

 W 6 q  H P = S V D r g W _  n p   Z ° � · u   J q D X [   u

 V V  @ ^   = F r V 7 P  H < H  D r g W 7 < [   Z ° � · u k S

V H V k     =   þ  [ Ä 9 q   u   W > Z < S P  D r [  H V

   W _  � ¶ ~ ¶      [ ; 7 V     u   J q P j [   Z 

    ; n a       [   H     u   J q ¤ ¹ ½ � ² ½ ¥ ^ 

 [ ; B q      =    Ó   [ n p    X Z q   [ _    ^ 

     [   = 6 q    = 6 q X  9 q  D ^   ^       [ n

q    u   H   P Z       [ n S V ° � · X     u   F L

o r q Z o `  n p   Z     ^   =   X Z q 

   _  6  W   F r q   2  _    [ ; B q     u  H V 

 Ó   W ^ � ¶ ~ ¶      [ ; B q      u  o < [ J q  N ^ Á

W   Ó   [ ; 7 V   Z       u   H  D r g W   ° � · X 

   ^   X ^ Í  ^   [ T 7 V  I V 7 q   3  W _   P [  o r

q     X     þ  ^  ô < o        ^ è Â J q     ^ 

á ; n a  ¦ ¹ � �  ë ^   =       è Â [ Ä 9 q   [ T 7 V  

H V 7 q  g P   [      ^   [   u  J   ^    á    

[ n p  o < [ H V 7 q   4  W _  ¤ ¹ ½ � ² ½ ¥ W  o r q 2 T ^ � »

�   ^     =     [ n p   J q D X u   H P     u   H 

    = è Â J q  [   W > q D X u  H V 7 q   5  W _     

[   = 6 q  á g W     =   H P        = ¾  [ Z q n 8 

 F r V 7 q � » �   ^   [   J q D X W  6 q ¾  ^  á Â W 6 r `

    þ  u   W > q   u  H V 7 q    [   6  W _   X H V

   ^   u g X j     [  B P Ù  ^   X   u   H V 7 q 
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� ¶ ~ ¶      [ ; 7 V ¦ ¹ � �  ë W 6 q  ë È [  ë =   J q X 

    [   þ  =  I      [   u  J D X =  o r V 7 q  H <

H   ë ^   [ n p   J q   þ  = D r g W   F r V 7 q   ° � ·

X _ Í  H V 7 q D X =   X Z S V 7 q      W _ ¤ ¹ ½ � ² ½ ¥ [ ;

B q      u n p   [ ° � ·  J q D X =   F r V 7 q  H < H  

 W _  � ¶ ~ ¶      ^         [   ^    Z    [ n

q    Z     [ ; B q ç       [   u  V    ï  F r V 7

P       ^   Ó   W ^    u   H V 7 @ 

  W _ g K � ¶ ~ ¶      ^     < o   Ó   =     [ Ä

9 q X F r q   u   H P Á W    ^       u  7 V     þ 

u   H      ^    u   J q  N ^ Á W      u  I V   Ó

  [ ; B q    Z      u  o < [ J q D X [ n p       W 

 F r V 7 P       ^   Ó   [ ; 7 V   J q D X ^    [ T 7

V  K q 

� ¶ ~ ¶      _     ë ^  r q ¤ ¹ ½ � ² ½ ¥ X  ` r q   u

  F L q D X W    ^     u F L     ë = N ^    g P _  ^

È  c  r q X > [   J q � ¶ ~ ¶  < o     u   J q ¤ y ½ · � 

 W 6 q     W _  � ¶ ~ ¶      ^ È W k  2 .1 ^ n 8 Z U   ^

¤ ¹ ½ � ² ½ ¥ u  T � ¶ ~ ¶      u   X H  � ¶ ~ ¶      ^

    ; n a     ^     u  J 
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F ig .2 .1 C or io l i s mass f l ow mete r o f U -sh aped f low tube

 2 .1 [  J � ¶ ~ ¶      _  2  ^   [ Ç v Q U   ^ ¤ ¹ ½ �

² ½ ¥ W   F r q  1  ^ ¤ ¹ ½ � ² ½ ¥ [ _  È   X N ^ Æ  [ 3 T ^

¬ � � � � X � z · =   F r V 7 q  3 T ^ � z · ^ 8 R È   [   H P

  � z · [   u  J D X W  1  ^ ¤ ¹ ½ � ² ½ ¥ u ¾  ^   X Z q n

8 [      W    [   F L q    � z · _     [ ; B q   

ë u  r   u    X H V    [   J q D X < o  N ^   c X  r q

¤ ¹ ½ � ² ½ ¥ Á   W _   u  o L q n 8 Z  È  c ^  r q ¤ ¹ ½ � ²

½ ¥ Â   W _   u  j q n 8 Z � ¶ ~ ¶ ^  =   J q  D ^ ¤ ¹ ½ � ²

½ ¥ ^ Æ  [ < < q � ¶ ~ ¶ ^  _    ë ^     [  ð H P  =   J

H  N ^   ¤ ¹ ½ � ² ½ ¥ [ ] I r   =  t q  D ^ ] I r   u  i ¤

¹ ½ � ² ½ ¥ Æ  ^     u N r O r ^ Æ  [   H P 2 T ^ � » � � z ·

[ n p   X H V   J q  ß   2 T ^ � » � � z · W ^   u Á   < o

� » �   A  � » �   B X  b   o r P � » �   u N r O r . A ( 6 ) 

. B ( 6 )X J q X  ß Â ^ n 8 Z    X h Z L q 

))()(2sin()()( AnA 66616!6. $, (2 .1 )

))()(2sin()()( BnB 6616"6. $, (2 .2 )

D D [  !  "  � » �   ^   [ V]  1 n       [ Hz]  A  B    � z

· W ^     u    � » �   A ; n a B u   X H P X > ^ ç  [ r ad ] 

ç  A  B _   =  Z q =  X k [     [  ð J q  � ¶ ~ ¶   
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  W _  � » �   . A ( 6 )  . B ( 6 )u   H  2 T ^ � » �    ^ ç   = 

   [  ð J q D X u   H V     u   H V 7 q  ß    (2 .3 )[ n

p   H P ç  ^  u ç   X  b 

BA %," (2 .3 )

   W   X J q � ¶ ~ ¶      ^ ç   _   W 0 .01 [ rad ]X   [

 F 7 =     ë =  ë ^    W 6 q   _      ^     _ "0 .1%

X      u   H V 7 q  D ^ n 8 Z    Z   u   J q P j 2 T ^

� » �   _ ¤ y · � ¶ » � W � z �   u   J q e <     [   J q

1  ^ ¤ ¹ ½ � ² ½ ¥ ^     u   J q D X W     Z Y ^  Ð X Z q

  ^   u  R  H V 7 q  g P  � ¶ ~ ¶      W _  . 2 .2 [  J «

� � y ¥ ¤ y ½ � � � � u  7 V  � » �   =   ¾  ^    [ Z q n 8

[   � z » u   H V 7 q 

Fig .2 .2 Regu la t i on co n t r o l o f sens o r ou tpu t ampl i t ude

D r [ n p     ë ^   ^    W      =   H Z 7  p  � »

�   . A  . B _  2 .3 ^ n 8 [ ç   ^ h =  Z q    X h Z L q  D D W

        = ¾  X à  H  2 T ^      ^      1 n ( 6 )[ ; B

q ç  A  B u    @   J q      ^  @ _  ¤ y · � [ n p   

  ß  ^ � z �   u   H P Á W  Loca l -FFT  g P _ � ° � ² ¸ ½ � ´
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»  X  ` r q   u   H       1 n ( 6 )W ^ ç   u   [   H V 7

q 

Fig .2 .3 Ph ase d i f fe rence be tween tw o sen so r ou tpu t

 2 .4 [ Loca l -FFT  [ n q     ; n a   ^   ¤ ¹ ½ u  J  D r

_  ç   u   J q  7    J Z t R    [ ; 7 V  g K � » �   A 

B ^      1 n ( 6 )u     E X   J q  N ^  � » �   A  B _  

   ; n a   _ ¾  ^    ÷  W 6 q X h Z J D X W   (2 .4 )   (2 .7 )

[ n p � » �   A  B N r O r ^ ç  u   J q k ^ W 6 q 

Fig .2 .4 C a lcu la t i on f low of C or io l i s mass f l ow mete r (demodula t i on method)
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" #" #9 ;
A

An sin
2

2sin !

*

.661
,

@
(2 .5 )

" #" #9 ;
B

Bn cos
2

2sin "

*

.661
,

@
(2 .6 )

" #" #9 ;
B

Bn sin
2

2sin "

*

.661
,

@
(2 .7 )

D D [  *      ^     [ ; B q � ½ � 

Z ;  1 n ( 6 )^   ý _  � » �   < o � ¹ � ¹ �  u  7 V   J q  g

K  � » �   =     ^ ÷  W 6 q D X u   H  0[V ]X Ö  J q   u

 9 q  T ? [  D ^   u     W  J q D X [ n p       1 n = 

g q   (2 .8 )[  � ¹ � ¹ �  [ n q      ^    u  J 

-

;
1

2
n > (2 .8 )

D D [  ;  � » �   ^   = 0 X Z q   (� ¹ � ¹ �  )  -     

 ( 2 .4)  (2 .7 ) [ n p      [ ; 7 V Þ  H P      W ^ ç  = 

 W > q ^ W      [ n p ç   u   J q 

II
J

H
BB
C

A

$

%
,

%,

%

BABA

BABA1

BA

sinsincoscos

sincoscossin
tan

"!"!

"!"!

"

� � � � �  
 � � �

ß Á ^ Loca l - FFT  [ n p   H P ç   ; n a � ¹ � ¹ �  [ n p   H

P      1 n u  7 V  (2 .10 )n p     u   J q ^ =   ^    

  W 6 q 

n

F
cori

2 1

"#
& , (2 .10 )

D D [  & c o r i  � ¶ ~ ¶      ^     [kg /s ]  # F      ô   1 n 

� ¶ ~ ¶      ^      [ Hz ]

Loca l -FFT ^ ç       _    ^ FFT X _  Z p      ^ û  [

  F r q D X Z @    ^      W ^ ç   u   W > q D X =   W

6 q  N D W  � ¹ � ¹ �  [ n p  7   W      u   W > r `  �
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¶ ~ ¶      [  j o r V 7 q  7   W ç    J Z t R     u 

 J q D X =   X Z q 

  [  H P n 8 [  � ¶ ~ ¶      W   F r V 7 q       

 W 6 q Loca l -FFT  _  6 o < I j      u    [   H  D ^  

   [ ; B q ç   u   J q D X W   7     ^     u   H V

7 q  H < H    Ó   W _     ^   =  r q D X W     W  

H P  (2 .1 0 )^     ô  # F =   H  N ^   X H V   þ  =   J q

X F r V 7 q    W _  � ¶ ~ ¶      ^     [   H    Ó 

 W   F r q      [ T 7 V  I q 

Z ;      u  o < [ H V 7 @ Á W  1  ^ ¤ ¹ ½ � ² ½ ¥ ^ 8 R  

^ ¤ ¹ ½ � ² ½ ¥ ^ h   J q  Z M Z o `  D ^ 1  ^ ¤ ¹ ½ � ² ½ ¥ _ 

    ^   u   J q P j [    [   H V ; p  N ^     _  I

W 6 q P j W 6 q     W _ 2  ^ ¤ ¹ ½ � ² ½ ¥ [  r q    ë _ e f

  [   J q n 8 Z   X Z S V ; p  1  ^ ¤ ¹ ½ � ² ½ ¥ ^    ç u

  J q D X W    � z · W   H P     ; n a � ¶ ~ ¶ ^  [ n q ]

I r   ^ h u   W > q    Ó   W _  ¤ ¹ ½ � ² ½ ¥ ^   [ ; 7 V

  ^  @   [ n S V _    = ¾  ^ ¤ ¹ ½ � ² ½ ¥ [ þ q    6 q = 

   [ ; 7 V k      [ ; 7 V    ë [ n S V   Z     u  

F r V 7 q     W _    Ó   ^  r q   X H V Â < o Á [  < 8 

r u   J q     X J q D X W   2 .5 - a )^    [  J n 8 [   ^ ¤

¹ ½ � ² ½ ¥ ^     [ ^ h   H V 7 @ 

� ¶ ~ ¶      [ ; 7 V   � z · _    ë ^  r   u È   X H

V    [ ¤ ¹ ½ � ² ½ ¥ u   F L q  D ^   _ � ¶ ~ ¶ ^  u   F L

q   W 6 q     [   J q  D D W  ¤ ¹ ½ � ² ½ ¥ [    ë u  J

X  N r O r ^ ¤ ¹ ½ � ² ½ ¥ ^ Á   W _   ^ È  < o   [  Â   W

_   ^   < o È  [  ë =   J q  D ^   ¤ ¹ ½ � ² ½ ¥ ^ Æ  [ N

r O r     ^ � ¶ ~ ¶ ^  =   J q D X W      H V 7 q ¤ ¹ ½ �

² ½ ¥ [ ] I r =  I q   2 .5 -b )[     X ] I r ^  ô u ° � ·  J q

[ 6 P p   Z  � ¶ ~ ¶      u Á < o  P  ^ � ½ � » � X � ½ � »

�   ^ ¤ ¹ ½ � ² ½ ¥ ^   ç ^   u  J 
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a) G enera l v iew of a f low tube v ib ra t ion

b) G enera l v i ew o f a f low tube

F ig .2 . 5 Schemat i c d i ag ra m of C or io l i s ma ss f l ow mete r
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 2 .5 - a )[ ; 7 V  8  u È   X H P     [  H V   [  r q  ë [

n p   J q  = � ¶ ~ ¶ ^  W 6 q  Z ;  ° � ·  [ 6 P p ¤ ¹ ½ � ² ½

¥ [  @ � ¶ ~ ¶ ^  _  2 .5 -b )[  J  F 9 ^    [ ; 7 V ^ h  @ X à

 J q  D D W    [ ¤ ¹ ½ � ² ½ ¥  ^  ë =  r V 7 Z 7  ^    

[ T 7 V  9 q   2 .6 [  ¤ ¹ ½ � ² ½ ¥ =     < o  2 .5 - a )^ z   

c   + S W     H V 7 q X H P   [ T 7 V  ¤ ¹ ½ � ² ½ ¥ u z  ^ 

  < o  P  ^ ° � · u  J 

Fig .2 .6 Schemat ic mode l o f se l f - exc i t ed v ib ra t ion

 2 .6 [  J     [ ; B q      _  (2 .11 )W  F r q  � ¶ ~ ¶ 

    W _   (2 .11)^    2  ^ � » £ » � [ n q   u  A P j   

ô  $ U [   J q n 8 Z   � z » ) g u  9 q   ë  [ _    ^  2 .2

W  H P  p W 6 q 

UgUUUUUU
"""" )4$(  $ (2 .11 )

D D [  U  ¤ ¹ ½ � ² ½ ¥ ^    ç [ rad ]  ( U  ¤ ¹ ½ � ² ½ ¥ X  ë ^ 

 ^  C   ° ½ ¯ » � [ m 2 kg]  4 U ¤ ¹ ½ � ² ½ ¥ ^  C   (` ]   ) [ N/m] 

$ U ¤ ¹ ½ � ² ½ ¥ ^   [  J q  ç   [  ð H P      ) g    

 W 6 q $ U [   H P   � z » 

D ^   � z » _ � » £ » � $ U u  R  J  > u J q   (2 .1 2) [ ; 7 V

)= � � U X J q X   (2 .12 )X Z q 

0UUUU ,$ 4( "" (2 .12 )

D D W   2 .5 -b )^ � » � � z · [ ; B q z    c ^  ç u ; [ m]X H   



27

6= 0[ s ] W U =0[ rad ] u    á X H V  ( 2 .12 ) u  @ X      [ n q  ç

; U [ m]_  ( 2 .13 )^ n 8 [  L q 

" # )sin(sinsin nS

U

U
SUUU 6+6

(

4
+996; ,,>, (2 .13 )

T ? [  ] I r   [ T 7 V  d q    + S [ m]     n [ rad / s ]W    

u H V 7 q ¤ ¹ ½ � ² ½ ¥ [    7 F [ m/ s ]^  ë =  r q   [ T 7 V  ] I

p   ^ h u   H P ° � · u  2 .7 [  J .

F ig . 2 .7 Schemat i c m ode l o f to r s ion v ib ra t i on

� ¶ ~ ¶      [ ; 7 V  ¤ ¹ ½ � ² ½ ¥ =    n [ ra d / s ]W    u

H V 7 q    � ¶ ~ ¶ ^  [ n q    _ 27 F n [ m/ s 2 ]W  L q  H < H  �

¶ ~ ¶      [ ; B q ¤ ¹ ½ � ² ½ ¥ _    [   H V 7 q P j   

 _     [   J q  D D W  � ¶ ~ ¶      ^ ¤ ¹ ½ � ² ½ ¥ ^ Æ

 [ T 7 P � » � � z · W ^   [   J q X  ¤ ¹ ½ � ² ½ ¥ ^ Á    Â

  N r O r [     ^ � ¶ ~ ¶ ^  =  >  ¤ ¹ ½ � ² ½ ¥ [ ] I r = 

I q   ë  [ _   ë =    ^   [  H V    c  < 8 Á   W _ 

 ^ ç  =  r    È  c  q Â   W _   ^ ç  =  i  D D W  Â 

 ^   u   H V 7 q � » � � z · B [ ; 7 V  ] I r ^    ç u T [ rad ]

X J q X  ] I p   ^      _  (2 .14 ) ^ n 8 [  L q  Z ;  ] I p

  ^  T      X     ^  T      _  Z q =  ] I p   _

    X  I    W     J q 

" #

" #6
'

+
75/

6;75/4$(

n

R

S
FFn

UFFnTTTTTT

cos2

2

II
J

H
BB
C

A
?,

?

$

"$""" 

(2 .14 )
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D D [  ( T ] I r   [ ; B q  C   ° ½ ¯ » � [ m 2  kg]  $ T ] I r  

[ ; B q � » £ » �   [kg / s ]  4 T ] I r   [ ; B q ¤ ¹ ½ � ² ½ ¥ ^  C

   ` ]    [kg /s 2 ]  T ] I r   [ n q  ç [ ra d ]  /  ¤ ¹ ½ � ² ½ ¥

^ ] I r   [ ; B q   [m]  5 F  ¤ ¹ ½ � ² ½ ¥ ^ Æ  u N r O r   J

q    ë ^     [kg ]  7 F     ë ^   [ m/s ]  + D      [ ; B q

  [ m]  ' R  ¤ ¹ ½ � ² ½ ¥ ^     [ ; B q   [ m] 

 ( 2 .14 ) ^   _ � ¶ ~ ¶ ^  u  H V ; p     ë ^     ; n a 

   ^     [  ð H V � ¶ ~ ¶ ^  =   J q     u  H V 7 q 

D ^ ] I r   ^     u ; T ( 6 )=+ T s in ( n 6  ) [ m] X J q X    + T _ 

(2 .15 ) W  L      [  J q ] I r   ^ ç  _ ; n a  ( 2 .16 )W  F r

q 

" # 2

T

2

n

22

nTT

R

S
FFn

2

T

2

$(4

'

+
75/

+

%%

II
J

H
BB
C

A

, (2 .15 )

2
tan

T

2

nT

Tn1
$

(4

$

%

?
, %

(2 .16 )

$ T _ ] I r   [ ; B q    W 6 q =   [  F 7 X h Z J D X W  ç 

_ � » �   A W _  /2 [ rad ]  � » �   B W _ + /2 [ rad ]X Z q  N ^   

� ¶ ~ ¶      ^     X ] I r   _      Á W  2 .8 ^ n 8 [

 L q 
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F ig .2 .8 Re la t i on be tw een ex i ted v ib ra t ion and to r s iona l v ib r a t ion

D ^  [ ; 7 V � ¶ ~ ¶ ^  =     ^ ç  u  o L q ÷  = � » �  

. A  ç  u  g L q ÷  = � » �   . B [   J q  � ¶ ~ ¶ ^  _   

 [  H V  Ö H V 7 q D X < o  � » �   AB  ^ ç   _ + S [  J q

+ T [ n p  L q 

" #

" # 2

T

2

n

22

nTTR

FFn

2

S

T 22
tan

$(4'

75/

+

+
"

%%

,> (2 .17 )

" #
" # n

2

2

T

2

n

22

nTTR
FF

tan

2

"

/

$(4'
75

%%
, (2 .18 )

D D W  5 F7 F _ ¤ ¹ ½ � ² ½ ¥ u  r q  ë ^     [   J q D X < o 

    X ç    ; n a     ^      n ^  ô _  (2 .19 )  

(2 .20 )^ n 8 [  L q 

n

Fcori

"
#& , (2 .19 )
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" #
" #2

2

T

2

n

22

nTTR

F
2/

$(4'
#

%%
, (2 .20 )

D D [ # F u � ¶ ~ ¶      ^   ô  X J q     W _ $ T _   [ 

F 7 D X < o   J q X   (2 .21 ) [  J n 8 [ ë  [ ^ h W   J q ô  X

H V  L q  D ^ D X < o  � ¶ ~ ¶      W _   E X [  D ^   

 ô  u     W  j  ç    ; n a     ^      n < o  

  u   J q 

" #
" #2

22

nTTR

F
2/

(4'
#

%
, (2 .21 )

¾  ^       _     u    ë X H P   ^     W 6 p  

  ë =   Ó   ^   _      [ n p   H P  (2 .21 ) ^   ô  u

ï  J q X    þ  =   J q  N ^   _ ¤ ¹ ½ � ² ½ ¥  ^   [ ; B

q    [ 6 q    = ¤ ¹ ½ � ² ½ ¥ [  S V 7 q   W   F L P   

   ë =   u   H   F L q X  � »  ½ X  I   W Û Ò =   H 

N r =    ^   X H V  r q  D ^   ç   X     ^  ô [   u

Ä 9 q ^ =   (2 .1 5 )   ( 2 .16 )W 6 q  N ^     ( 2 .21 )^    $ T [ n q

  ô  ^    =     þ  X H V   J q    [ _  (2 .16 ) k   J

q =    ô  X H V ^   u J q P j      ^   ô   u    [ 

J X  (2 .2 2 )X Z q 

" #

" # " # 2

Tn

2

TnT

2

TnT

F

F

$()

()

#

#

$%

%
,

<
(2 .22 )

D D [  #< F   Ó   [ ; 7 V � » £ » �   u   H Z < S P   ^  

ô  u  J  D ^  [ ; 7 V   =   J q X  $ T =   H    =  > @ Z

q      H P     _ � » £ » � u   H P   X   H  F 7 ý u 
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J D X [ Z q  D r =  J .He mp o ^   J q ° � · ^   W 6 p  D ^   

^   [ X k Z 8   � z » ^   u   H P k ^ =  MicroM ot ion  n p 

   ^   u   J q   ( 8 1 ) X H V   F r V 7 q

  [ ; 7 V    Ó   W _ ¤ ¹ ½ � ² ½ ¥  ^   = � »  ½ ^   u

 P J D X [ n p     W     H P    o r P   ô  u   J q X

 ^   þ  =   J q D X u  H P  P Q H    ^     W _    °

� · X _  Z p  è   W 6 q e Y   þ  =  > @ Z q D X =  o r V 7 q 

N D W D ^   ° � · X     X ^ Í  u  ¦ ¹ � �  ë u     J q 

ë u     X H P   ¦ µ » � [ ; 7 V   J q 

    ^    u  2 .9 [  J  g K  « » ¦     í   34 .5 [ m] 

20 .8 [# /min ]  [ n p � » �  500[# ]   ^  u 2B   W   F r q ¯ z » µ z

» c X   H  � ¶ ~ ¶       Rota Yokogawa  R C CS36  [  J  D ^

X >  � ¶ ~ ¶      ^ Á  [   H P   � � ¦ < o     u   F

L    Ó   u   J q  � ¶ ~ ¶      _  r   = Â < o Á [ Z q

n 8 [   H  2 T ^ ¤ ¹ ½ � ² ½ ¥ ^  W      [  > Z þ p = Z 7 n

8 [ J q  N ^     ^   H P  u � » � c X  J  P Q H  � » �  

[ _ 2 T ^ Û  p u  B   a ¯ z » µ z » [   F r q  c ^     u 

A 

Z ;    ^    [ ; B q � ¶ ~ ¶      ^     Â W _    

^   u     [   J q   k 6 q  P Q H     [ ; 7 V     [

H P      [ n p U   [ Z S V 7 q ¤ ¹ ½ � ² ½ ¥ [   =    g P

_ þ S V  r q  r = 6 q  D ^ D X < o   r   u   X Z q n 8 [ � ¶

~ ¶      u   H V 7 q  D r _   Ó   W ^     =    F r

P   [ k   Z     ^   W 6 q X  9 q 

   [ ; 7 V � ¶ ~ ¶      _  ^ h ^     u   J q D X u 

 X H    u   J q  ^  ^     u         È W _ t r ue wa te r

f l ow ra te  X   J q    _ � ¶ ~ ¶      X   H       _ N

^     = è 7 X F r V 7 q =  p  H  _ 0 .1%X  7  N D W    u 

 F L Z 7   W ^ � ¶ ~ ¶      W   F r P     ^ 100[s ]   u
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  H   u  8 D X W  ` o T > u  9 V 7 q  g P  � ¶ ~ ¶     

Á   ^   u µ z »   X J q     W _ µ z »   ; n a      

u    í  X   H  D r u � ¶ ~ ¶      ^   [   H P � ½ � 

[ n p   J q  µ z »   _ 0 .2  0 .3 [ MPa]        _ 1 .2  1 .6  2 .0 

2 .4  2 .7 [ kg / s ]X J q        u Á  ^   X H P   _  1 .2 [kg /s ]W _

    [ ; 7 V    F L P   =   J q D X W  Ã   Z     [ Z

q D X  3 .1 [ kg /s ]W _ � ¶ ~ ¶      [ ; B q   ^ Á  W 6 q 100[ kPa]

u  9 q X D s < o   H V 7 q  Z ;   á W 6 q       N ^ k ^ u

  H V      ^     ý u  ó J q    J q ^ u  B q P j   

 í  u  J  _        ^ Þ t p [  Q B ^   [ ; B q   W  J 

      1 .2  1 .6  2 .0  2 .4  2 .7 [ kg/ s ]_ N r O r   0 .6  0 .8  1 .0  1 .2 

1 .4 [ m/s ][   J q 

D r o ^    í  [ ; 7 V      0 .4 [ MPa] W      u 0 

10[N# / min ]g W 1[N# /min ]E X [   F L V     u   J q  � ¶ ~ ¶  

   [ ; B q 2 T ^ � » �   ^     _ 0 .8 [ ms ]  N r ß  ^ ¤ y ½ · �

  W   J q ¦ ¹ � � ý ^     _ 10[s ]X J q  7 K r ^ ¦ ¹ � � ý k 

   u 100[s ]X J q 

  Ó   _ ¾   [     � µ �      ^ À T [  > @  B o r q 

N ^     ^  7 _  ë ; n a  ë ^ ë    l   ^    Z Y [ n p 

 F r q    ^    W 6 r `    ^   [ x � ¶ ·  z ¦ u   H  N

D < o  9 q     X    < o   F r q ¦ ¹ � � ý u   W > q =  �

¶ ~ ¶      _   [ 2  ^ U   ^ ¤ ¹ ½ � ² ½ ¥ u  T D X < o  

  ^   _  H 7  N D W  � ¶ ~ ¶      u _ K H  Þ t p [ x � ¶

·  z ¦ u   H P   ^     ^   u  2 .10 [  J  � ¶ ~ ¶    

 _  � ¶ ~ ¶ ^  [ n p ] I r   u  > @ J q P j  ¤ ¹ ½ � ² ½ ¥ ^ 

  _  F @ R C CS36 W _   10[ mm]   ¯ z » µ z » ^ 2B   X   H V

   X H V 7 q  H P = S V   2 .10 ^ 2B   Á W _    1 . 0 [ m/ s ][ ;

7 V   ^  > F [ ` o T > =  I V 7 q =  ¤ ¹ ½ � ² ½ ¥   ^    

X _  Z q D X [   J q   = 6 q  Z ;     ^ � ¶ ~ ¶      [

n q     [ ; B q   _     l � µ �  ^ n 8 [    u    [ 

r q X   F r q  D ^ Ü [   u   F L q   ^     [ k x � ¶ ·  

z ¦ u   H V 7 q  D r _    u   F L P    ^   [ n S V   J

q D X Z @    =  r V 7 @ D X u   J q P j ^ k ^ W 6 q 

� ¶ ~ ¶      [   F L q   _  ¸ � ² ¸ ½ �       T76 
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[ n p     u          K OFLOC  3660  [ n p     [ ; B

q ë    u   J q  D ^ X >      u  ( 2 .23 ) [  J n 8 [  X  

^ ë    ^  u      X J q D X W     ó ^   X J q 

airmag

air

,,

,

$
, (2 .23 )

S_air

air_S

aveair
air

),(
,

-+
, , (2 .24 )

D D [        %  , a i r  � ¶ ~ ¶        ^     [ ; B

q      [ m 3 / s ]  , a i r     [ ; B q      [N m 3 / s ]  a i r _ S   

 [ ; B q   ^   [kg /Nm 3 ]  + a v e � ¶ ~ ¶        [   H P  

ä   [ ; B q Á    Â     ^   ý [ MPa ]  -  � » �    [   F

r P   ä   W   H P   [) ]  g P  a i r ( )_ PR OPATH ve r.12 .1 [ ; 7

V   X   < o   ^   u   J q   u  J 

F i g . 2 . 9 E x p e r i m e n t a l i n s ta l l a t ion
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a)no ae r a t i on b) t rue w a te r f l ow ra t e : 2 .0 [kg / s ]

a ) t rue wa te r f lo w r a te : 3 .1 [ kg /s ] a ) t rue w a te r f lo w ra t e : 5 .9 [kg / s ]

F ig .2 .10 Appear ance of bubb le in p ip ing ( ve r t i ca l l ine , a i r f low ra t e : 10 [ N# /min ] )
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¦ µ » �   [ ; 7 V       u  j X J q ¦ ¹ � � ý _ e X v Y ^ 

   [ ; 7 V     W 6 q  H < H     ë W 6 q  [   =   H P

      þ  =  ^   c   J q D X =  o r V 7 q  D ^ D X < o 

� � � ® ^     u   J q P j [  � · ¥  ^ x � � ² } ½ � _   u 

 F L q   c  @ D X = Ñ  F r q  D ^     Ó   W ^     ý ^

   k è Â J q   _  n p � � � ® ^    [    u Ä 9 q  r = 6 q 

N D W g K    =   H P   W   ^   u   F L P  ^ � ¶ ~ ¶  

ɸ Κ ̽ B Ǎ ˢ Ǐ Y Ȣ S  ? . U ϗ �

 ë  [   2 .9 [  J     [ ; 7 V  µ z » È ^  u   [   H 

¦ ¹ � �   u � � � ¦  [   F L P X > ^  r u  2 .11 [  J  Z ;  

 ^   [ n p   _  > @   H  F o [     þ  =   J q =   

ó W _     W   H P Á W   ý X   ý u N s 9     ^ h u  ó J

q   2 .11 n p   =   H P   W 6 S V k      = Z 7   [  H V

  ^  r _  o r K      _ � ¶ ~ ¶      ^     ^    [

  u Ä 9 Z 7 D X = t < q  D ^ D X < o      È [    á [   J

q     =   H   þ  =   H P   W k  � ¶ ~ ¶      ^  

 è Â [ n p    ^ è Â u  [ J q D X Z @     [    á u   W >

q X 7 9 q  D ^   _  [ FO UN D ATION ¤ y ½ · � � � [     ^  

  u   H  © � � [   =   H V 7 P   W k    W    c  á u

  J q D X u  9 q X     ^   ^   _   X Z q 

Fig . 2 .11 Res ponse of ma ss f l ow ra t e in ae r a ted w a te r f low
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� � � � | Ă ǆ ? � � : ϕ Œ Ċ ϕ ɸ Κ Y Ų N < . U � � s q á C I < Z = B

    [ ; 7 V     W 6 p   ¦ ¹ � � ý ^    Z     _ � � �

® u   F L q ^ [   Z   X Z S V 7 q  N D W    Ó   = � ¶ ~ ¶

͢ Κ ɸ Κ ̽ B ɸ Κ ʈ Ż ? θ ʸ ʞ Ǐ ? ¨ � U ƽ ξ Y ̵ U ϗ �

� ¶ ~ ¶      [ ; 7 V  ë È [   =   J q X  ¤ ¹ ½ � ² ½ ¥ 

^  ë   =   H  ¤ ¹ ½ � ² ½ ¥ ^      =   J q X   F r q 

g P   [   ë ^ h ^   X  d  ë È ^   =   X Z p  N ^   ^ 

  = � »  ½ ^   u  P H    � z » =   J q X  9 o r q   9 V 

� » £ » � ^   _ � ¶ ~ ¶ ^  [ n q ] I r   u   J q D X < o  ç 

 =   H        ý _  ë ^ h ^     [  H V  Z 7 ý =   F

r q X  9 o r q  D ^ D X u       ^   � � ¦ Á  [   H P  

         AE205  [ n p   H P  ^ ë    u       X 

 H P Á W        [  J q � ¶ ~ ¶      [ n p   H P   

 ^   J Z t R     þ   u   J q   ( 2 .25) [      þ  % ^

   u  J  D ^ %=  ^ ý W 6 q   _      [ n S V  � ¶ ~ ¶ 

    W   H P     =    ^ µ z » W  r V 7 q  ^     n p

k  F @   F r q D X u  J 

100
mag

magcori =
%

,
&

&&
(2 .25 )

Z ;        _  (2 .2 6 )n p   J q 

magavewatermag ),( ,-+& , (2 .26 )

D D [  � 
 m a g       [ kg /s ]  + a v e � ¶ ~ ¶        ^   

 [ MPa]  -    [) ]  , m a g       W   H P ë    [ m 3 / s ]  g P 

w a t e r ( )_ PRO PATH ver.12 .1 [ ; 7 V   X   < o  ^   [ kg /m 3 ]u   J

q   u  J  Z ;  � ¶ ~ ¶      ^ ¤ ¹ ½ � ² ½ ¥   _   [  d

V  F 7 D X < o      =  7 X > [   W 100kPa g W     =   J

q  F o [    =   J q X  ¤ ¹ ½ � ² ½ ¥  ^   = F o [   J q D

X = Ñ  F r q  N D W  � ¶ ~ ¶        ^   u   ä   W  

H  N ^     u � ¶ ~ ¶        ^     X   J q  g P  
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_  � » � [   F r P     ë W ^   u   ä         YTA320 

[ n p   J q  Z ;  � » �  ^  _ ¯ z » µ z » < o  S P  [ n p  

  F r V ; p  � » � ; n a ¯ z » µ z »  W ^  ; n a   ^   _ ¾ 

W 6 q X h Z J 

D D W g K    u   F L P   ^   � z » ^    u  2 .12 [  J 

 ë ^ h ^   < o   ^    u   F L V 7 @ X  µ z »       

  [  ô Z @   � z » ^   =   H V 7 @    � z » _  ¤ ¹ ½ � ²

½ ¥ u   F L q P j [   Z   ^   u  H V ; p    ^    = � »

 ½ ^   u  P H V 7 q D X u  H V 7 q    ^   Ó   [ ; B q � ¶

~ ¶      ^ ° � · W _  D ^   X  2 .2  ^  (2 .22 )[  H P  ô < o 

     =   J q [ H P = S V   ^     þ  =   J q X F r V 7

P   [       [  J q     ^   þ  u  2 .13 [  J   _  

          u   F L P   [  J q        ý ^   u 

     X ^  W  H P k ^ W 6 q   ( 2 .22 )W  H P  p    ^   

=   J q [ H P = S V   ^     þ  =   H V 7 q  P Q H  N ^ 

 þ  _ è   W 6 q e Y  > @ Z S V 7 q D X = t < q     í  ^ 8 R 

 [ è   W 6 q 0 .6 [ m/s ]^  =  [   W 6 q =  ¦ ¹ � �  ë = è   W

6 q    I      W 6 S V k       X   H V  40%     ý

= è Â H V 7 q D X = t < q  D r =  J .He mp o ^   H V 7 q   ° � · X

^ Í  W 6 q 
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F ig .2 .12 R e la t ions h ip be tween Dr ive ga in and vo lu me t r ic f l ow ra t i o

F ig .2 .13 St a t ic cha rac t e r i s t i c s o f ma ss f lo w er ro r in ae ra ted wa te r f l ow u s ing

Loca l -FFT
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 2 .3 .2  n p      [ ; 7 V   F r V 7 q  p  � ¶ ~ ¶    

 W _    =   J q [ H P = S V  ^     þ  =   H   [ è  

W _ N ^   þ  =  > 7 D X =   F r P    ^   W _ D D W n p  

Z ° � ·  u   ^ � ½ ¬ X H V 7 q =     W _   Ó   [ ; B q  

    J Z t R   = ¤ ¹ ½ � ² ½ ¥  u    [    J q  [   J q

  [   J q  g K _      l   ^   [ ï  F r q � » �   ^ 

    [   J q 

� ¶ ~ ¶      _    W  H P n 8 [ ¤ ¹ ½ � ² ½ ¥ ^      <

o    ë ^   k   W > q   ë  [ _  ¤ ¹ ½ � ² ½ ¥ [   ^ h = 

R V 7 q   ^      X   H   (2 .27 )W   W > q 

D

D_tube

D

D_tube

air

2

n

n_air

.

5

.

5
%II

J

H
BB
C

A
$?II

J

H
BB
C

A
, (2 .27 )

D D [      ë ^   [ kg /m 3 ]  a i r     ^     [ kg /m 3 ]  5 D ¤

¹ ½ � ² ½ ¥  ^   [ kg ]  . D  ¤ ¹ ½ � ² ½ ¥ ^   [ m 3 ]  n  � » �  

^      [Hz]  n _ a i r     ^ � » �   ^      [ Hz] 

D ^ D X < o    = ¤ ¹ ½ � ² ½ ¥  u   J q X   =   J q    

   =   J q D X =  o r V 7 q  N D W      ^      ^  

u X o 9 q D X X J q       u X o 9 q   X H V  D r g W � ¹ � ¹

�  = Ê  W _ 6 q =  � ¹ � ¹ � W _  � » �   ^ 1   ß Â ^    _

  W > Z 7  N D W   W _  ¡ · § · �   ( 8 3 ) - ( 8 5 ) u   H V  n p  7

    W � » �   ^      u   J q 

¡ · § · �   X _  ÷  [  H  ¡ · § · �   _ ç  = / 2  r P ÷ 

u   J q  D ^ ¡ · § · �   _  (2 .28 )[  J      ' ( )u  T 
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" #

G
G
F

GG
E

D

++%

++%

,

0
2

,

2
0,

S

S

3

3

' (2 .28 )

D D W S _ � » ¦ ¶ » �    W 6 q  D r [ n p   F r P ÷  u    

÷  u   X J q D X W   ÷  X  ` r q     ÷  =  o r q  D D W

 ÷  u 8 ( 6 )X H    ÷  u 

" # " # " #
" # " # " #" #6663068

6836868

$

$

,

$, ˆ
(2 .29 )

X H P      ý X þ  [   W > q  D ^   ÷  ^ ç 

" # " #
" #68

68
6

ˆ
, (2 .30 )

_    ç  X  ` r    ç  ^     ( 6 )_

" # " #6
/6

/
6 , (2 .31 )

_       X  ` r q  D r o ^   ç  ; n a      _    X H

P ÷  X  I     W   W > q  D ^ ¡ · § · �   u � ¶ ~ ¶    

 ^     [   J q X  � » �   A  B ^   ÷  _  (2 .32 )   (2 .33 )

^ n 8 [  L q 
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" # " # " #

" # " # " #" #6663
06!

6.36.6.

An

AAA
ˆ

$

$

,

$,
(2 .32 )

" # " # " #

" # " # " #" #666306"

6.36.6.

Bn

BBB
ˆ

$

$

,

$,
(2 .33 )

D D [  ! ( 6 )  " ( 6 )_ � » �   ^       W 6 p  N r O r � » �   A 

B ^    X  b  D r o u   J q X  2 T ^ � » �   ^      _ N

r O r 

" # " #

" #
" #II

J

H
BB
C

A
,

,

%

6.

6.

/6

/

6
/6

/
61

A

A1

An_A

ˆ
tan

2

1

2

1

(2 .34 )

" # " #

" #
" #II

J

H
BB
C

A
,

,

%

6.

6.

/6

/

6
/6

/
61

B

B1

Bn_B

ˆ
tan

2

1

2

1

(2 .35 )

W   o r q  D ^ ¡ · § · �   ^   _   (2 .34 ); n a  (2 .35 )W  o r

q      1 n _ A  1 n _ B ^     u � » �   -; n a .^     X  I [

W > q D X W 6 q  H P = S V  � » �   ^     =   ^    Z  

 [  H    B r `  ¤ ¹ ½ � ² ½ ¥ ^      ^   [  I V ç   u

  W > q  Z ;   ë  Z     X H V _    6 [ s ]^ � » �   A ^ 

    _     6 [ s ]  ^ � » �   = t < S V 7 r `  ( 2 .36 )W   W >

q 

" # " # " # " #
" # " # " # " #"66.6."66.6.

"66.6."66.6.
1

$$$

$%$
, %

AAAA

AAAA1
A ˆˆ

ˆˆ
tan

2

1
(2 .36 )
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D D W   2 .14 ; n a  2 .15 [    ; n a   Ó          2 .1% 

W ^      ^   u  J     _ 0 .8 [ ms]    2 .14 ^    í  _ N

r O r 0 .2 [ MPa]  0 .6 [ m/ s ]   2 .15 _ 0 .2 [ MPa]  1 . 4 [kg / s ]X J q   2 .14 ; n

a  2 .15 n p 7 K r ^    í  [ ; 7 V k     W 6 r `      _ ¾

 W 6 q  D ^ X > � » �   _    u  T D X < o  Loca l -FFT  u  

H V      [ ; B q ç   u    W   W > q  H < H    Ó   W

_    ^  7 [  ô Z @       _  7   ^   =  o r q  D r _ 

  ^   [ n p  ¤ ¹ ½ � ² ½ ¥  ^  ë   =   H       = ¾ 

 [   J q P j W 6 q  D ^ n 8 Z   _  Loca l - FFT [ ; 7 V   X H V

7 P     W ^    =  t r q  N ^       W _  ç   ^   

 = è Â H P X  9 o r q   [   2 .14 ; n a  2 .15 ^      ^  

u   J q X        =  Z 7  =       =    X  I   =

 7  D r _        =  Z 7  =    ^ ¤ ¹ ½ � ² ½ ¥ u   J q

  k  @ Z q P j W 6 q  N ^        W  o r P   Ó   W ^ 

   _        =  Z 7 e Y   þ  =  > @ Z S P X  9 o r q 

Z ;  R. P. L iu ( 7 4 )o _ � ² ½ µ · � � � º ½ � [ n q       u   J q

    þ  u  i   ^   [ ; 7 V     u    E X [   J q D X

W       ^   u  h V 7 q  P Q H  D ^   W   H P � » �  

A X � » �   B ^      [  = 6 q D X u   H V 7 q  D r _   

  ^   =    ^  W   J q P j [  ç   ^   =    ^  X H V

 r V 7 q k ^ X   F r q    ^  p  � ¶ ~ ¶      W _   Z 

    [ ; B q ç   W   u   H Z 7  p     u ö  W > Z 7 D X

< o  � ¹ � ¹ �  u   H P    ^   [ _   = 6 q X 7 9 q  ß Á ^

  < o       =     W   J q      _      W   

  = ¾  X à  J q   = 6 q Loca l - FFT  W _ � ¶ ~ ¶      [  

Z   W _   W > Z 7 X  9 o r q 
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F ig ,2 .14 Resonan t f requency u s ing Hi lbe l t t r an s fo r m

( Line pres su re : 0 .2 [M Pa] , t rue w a te r f lo w ra te : 0 .6 [ m/ s ] )

F ig ,2 .15 Resonan t f requency u s ing Hi lbe l t t r an s fo r m

( Line pres su re : 0 .2 [M Pa] , t rue w a te r f lo w ra te : 1 .4 [ m/ s ] )
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 2 .3  [ ; 7 V    ë [   =   H P   � » �   ^      =

    W   J q D X < o      W ^    = ¾  X à  J q   = 6

q   ^ ç       W _   Z ç  u   W > Z 7 D X u  H P    W

_  D ^ n 8 Z    W      =   H V 7 q   W k  ç   u   [

  J q   X H V  ¡ · § · �   u   J q D X u   J q    W _ g

K  ¡ · § · �   u   H P       u 2 ¡ · § · �  3 X   H  ç

  ^     ; n a N ^   u  J 

¡ · § · �   _  2 .3 .3  W  H P  (2 .27 )u   J q D X [ n p   (2 .37 )

; n a  (2 .38 )^ n 8 Z    ÷  =  o r q D X u   J q 

" # " # " #

" # " # " #" #6663
06!

6.36.6.

An

AAA
ˆ

$

$

,

$,
(2 .37 )

" # " # " #

" # " # " #" #6663
06"

6.36.6.

Bn

BBB
ˆ

$

$

,

$,
(2 .38 )

   W _ Simu l in k ^ Signa l p rocess in g blockse t u   H V � » �   u ¡

· § · �   H      [ n p ç   u   J q   2 .16 [ ¡ · § · �  

u   H P     ¤ ¹ ½ u  J 

g K  2 T ^ � » �   < o         ß  ^    [ ; B q � z �

u ¹ ½  � ¤ y · � ; n a � » �  � ¤ y · � [ n p   J q  Z ;    

W _    Ó   W 6 S V k � » �   ^   _    ^   X  I    X

 Z L q  P Q H  ¤ ¹ ½ � ² ½ ¥  ^  ë   = è Â J q X X k [    

  ^   ý _   W  1[ Hz]   J q  g P    ^    Z    [ n p

     _ ¾   [   168[Hz]g W   J q  D ^ P j  � » �  � ^ 

   u      ^   [  I V  150[H z]  170[ Hz] W   H V 7 q  D D

g W _ Loca l - FFT  X  I ÷    W 6 q  D D W  � » �   . A ( 6 ); n a

. B ( 6 )u ¡ · § · �   J q X   (2 .1 )   (2 .2 )[   H V   (2 .39 )    2 .40 

=  o r q 
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))()(2sin()()( AnA 66616!6. $, (2 .1 )

))()(2sin()()( BnB 6616"6. $, (2 .2 )

))()(2sin()()(ˆ
AnA 66616!6. $, (2 .39 )

))()(2sin()()(ˆ BnB 6616"6. $, (2 .40 )

D D W  À    ^     u   J q D X [ n p    6 [ s ][ ; B q 2 T ^

� » �    ^ ç   u   J q  g K  ( 2 .41 ) ; n a  (2 .42 ) n p

! ( 6 )" ( 6 ) s in ( 6 )  ! ( 6 )" ( 6 ) cos ( 6 )u   H  N ^ Á W ç   u   J q 

" # " # " # )()(ˆ)(ˆ)(sin ABBA 6.6.6.6.6"6"6! %, (2 .41 )

" # " # " # )()()(ˆ)(ˆcos ABBA 6.6.6.6.6"6"6! $, (2 .42 )

" # " #
" #6"!"

6"!"
6

cos

sin
tan 1%, (2 .43 )

D ^ ç       W _  � » �   X    ÷  ^     =  I W 6 q

D X < o   2 .3 .3  W  H P      X    ç   k � » �   ^  

  X  I   W   W > q  D r _ J Z t R  Loca l -FFT ^ n 8 [    [

; 7 V ¤ ¹ ½ � ² ½ ¥ ^     = ¾  W Z @ X k    W ç   =   W >

q D X u  J  D ^      Ó   [ ; 7 V       ^   [  I V 

 u   [   W > q X Ñ  F r q
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F ig .2 .16 H i lbe r t -based ca l cu la t i on f low for
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  W _   W   H P ç       u   H V      Â W ^   

 ý ^   u  j V  ó J q   2 .17 [      [  J q     ^   þ

 u  J   n p    = 0 .6 [ m/s ]^   u ^ O >    þ  =    í  [

 ô Z @ ¾  ^   u  H V 7 q D X = t < q    = 0 .8 [ m/s ]ß Á W   

í  ^   u  B Z 7 X 7 8   _   2 .13 ^   X _  Z q  D ^ D X < o 

Loca l -FFT  W _   2 .3 .3  W   H P      ^   [   W > K   

^ ç   n p è 7 ý u   H V 7 P X  9 o r q 

D D W   2 .17 ^   = 0 .8 [ m/ s ]ß Á ^  á [ ; B q     ^     þ

  [ g K   J q X       =  1%ß  W _     þ   _ 0%W 6

q =  1%u  9 P 6 P p < o 0%< o   H V 7 q D X = t < q  D D W  

2 .12 W  H P   � z » =   J q X $ T k   J q X  9 o r q ^ W  $ T =

     [  H V   [   J q X  (2 .22 ) _  Z 7 Z = o k   _ J q X

 9 o r q 

" #

" # " # 2

Tn

2

TnT

2

TnT

F

F

$()

()

#

#

$%

%
,

<
(2 .22 )

N D W    þ  =   H Z 7   u  o < [ J q P j        1% 

 ^   [   u  V P      � z » ^      [  = 6 q D X u  

J q   2 .18   2 .19 [ µ z »   0 .2 [ MPa]    1 . 2 [ m/ s ]^    í  [ ;

B q      = 0 . 91%  1 .2%W 6 q  ^   � z » ^      u  J  g

K   2 .18 n p       = 0 .91%W 6 q  _    � z » ^   =   

 [ Z S V 7 q  D r _  � » �   u « � � y ¥ ¤ y ½ � � � � J q D X [

n p    � z » u   H V 7 q P j    ^ � »  ½   [  I V   � z

» ^   =   H V 7 q P j W 6 q  ¾  W   2 .19 n p       = 1 .2%

W 6 q  _    � z » ^   =     [ Z S V 7 q  D r _  � ¶ ~ ¶ 

    [ ; 7 V     [ n q � z · ^   u  A P j ^ ö    [ n q k

^ W 6 q       =   J q X   � z » =   J q D X _  2 .12 [  H

P  p Q =  D ^   � z » ^   _    (2 .44 )^ $ T [  ð J q ^ W _ Z 7
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X  9 o r q  J Z t R      ö    [ n p Ã  H P  2 .19 ^ £ ½ � 

Q B   J q X h o r q 

� ( ( ; Ȋ N : Ŏ 2 . 17 ^   = 0 .6 [ m/s ]^   [   J q X   2 .3  W  d

P X ; p    = 0 .6 [ m/s ]^  _   =   H    ^    =    [  

H V 7 q   =   F r V 7 P  D ^ D X < o    = 0 .6 [ m/s ]^   ^ h 

     = 1%ß Â W k     þ  =   H V 7 q X  9 o r q 

Fig .2 .17 St a t ic cha rac t e r i s t i c s o f ma ss f lo w er ro r in ae ra ted wa te r f l ow u s ing

H i lbe r t t r a ns fo r m
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F ig .2 .18 Dr iv ing s ign a l w hen vo lu met r i c f l ow r a t i o i s 0 .91%

( Line pre ssu re 0 . 2 [MPa] , w a te r f l ow ra te 1 .2 [ m/ s ] )

F ig .2 .19 Dr iv ing s ign a l w hen vo lu met r i c f l ow r a t i o i s 1 .2%

( L ine pre ssu re 0 . 2 [MPa] , w a te r f l ow ra te 1 .2 [ m/ s ] )
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� k � b � ͢ Κ ɸ Κ ̽ ; C ϕ ( V K ; Ĝ ʽ ɸ Y ʈ Ż ɸ Ï < , : � 4 ή ϕ

Loca l -FFT  [ n p       [ ; B q ç    N H V     u   H V

7 P  H < H     W _   Ó   u   J q [ 6 P p  ¡ · § · �   u

ï  H       ^     [ ; B q   [   u 6 V    ^     

 u ï  J q D X c ^    u   H P  N ^    ¤ ¹ ½ � ² ½ ¥ c ^  

 Z    [ n p      =     W   H V 7 q D X =   F r P  

D ^ D X < o  Loca l - FFT [ ; 7 V    u   H       W 6 r `  

   J Z t R ç       = ¾  W 6 q X à  J q D X _  H 7 D X u 

o < [ H P 

� ¢ Ț ; ϕ ( B ɥ ʀ · ʽ ɸ ¦ ? � � : O ΐ ʪ Ĭ ̒ > ɸ Κ ˥ ù Ǡ ɰ < , : ϕ � �

§ · �   u   H V ç   u   J q D X u   H P  ¡ · § · �   W 6

r `       ^      [  ô Z @  ç   ; n a      u   W

> q ^  D ^ ç       u   H      þ  u   H P X D s  ò 

X H V     [  H      þ  _   J q k ^ ^      ° � · W 

 F r V 7 P n 8 [        g P _   � z »  [  H V     í 

[  ô Z @ ¾  ^     u  T D X u   W > P  D ^ D X < o  D r g W

^   Ó   [ ; B q     þ  =    ° � · X   H Z < S P   _ 

ç   ^     [ 6 S P X 7 9 q 

g P  ¡ · § · �   [ n q   Z       c ^   [ n p     

 = 1% ß Â [ ; 7 V   =   H V k      þ  =   H Z 7 D X u 

o < [ H P  D ^   u   H P X D s    � z » =   � z · [   [ ñ

 F r V 7 q   _     þ  =   L K      ö    [ n p   

� z » ^     ^ £ ½ � = � � � F r P    J Z t R ¾   [   =  

J q   [ ; 7 V     þ  =   J q D X u  o < [ H P  D ^   n p 

  =   H P   W k      ö    =  @ g W [      u   W

> r `     [    í  u   J q D X k   X Z q    W _    

 =   [   u  J  á u  o < [ H V 7 @ 
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²� � `&>L=LÍÑ�

ÑÄ3�Ñ¡p^2T#8w×

 3  [ V   Ó   [ ; 7 V   Z       u   H P =  N ^   

    [  H V     ^   þ  =   H   ^ ý [  H V è 7    

=   F r q D X u  o < [ H P     Z   X H V _   Ó   [ ; 7 V

k      ^   Z   u   W > q D X =   W _ 6 q =     ^  j

 X H V g K     ë W 6 q  ë [  ë =   H P     [   u  J 

[     ^   u   J q D X u   X J q    W _ N ^  ¾   X H V 

     X     ^   þ  ^  ô u  o < [ J q D X W      u 

 J d >     u    H V 7 @ 

� ˟ 2 .5  [ ; 7 V   2 .2  ^  (2 .22 )^   þ  ^  ô   ; n a  2 .3 .3

 [ ; B q  2 . 12 ^   � z » ^   [   H  $ T ^   [ n p     þ

 u   J q X H P  H < H  (2 .22 )W _   ô  X H V   ; n a   ^  1

 _ ¾  X h Z L q =     2  ^      n =     þ  ^    á

[   u Ä 9 q  r = 6 q  ¤ ¹ ½ � ² ½ ¥ ^      _  ¤ ¹ ½ � ² ½ ¥

^   l Ý    Z q   ^    [ n q   [ ; 7 V k  Z q =     W

_  ¾ ^    [ ; 7 V     ë ^   =  t S P   ^   þ  u   J

q D X W       =     þ  [ Ä 9 q   u  o < [ H V 7 @ 

" #

" # " # 2

Tn

2

TnT

2

TnT

G

$()

()
%

$%

%
, (2 .22 )

    ^  ë X H V   u ï  J q          u   J q [ _  

 u  g Z 7   ^   s a l t u   J q   = 6 q  N D W    u   F L

Z 7 X > [ � ¶ ~ ¶      W   H P   ^   s a l t X   - u    
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 J q  D r [ n p  o r q   X   ^  ô < o    =   H V 7 q  

W k   ^   u   J q     ¦ µ » � W _    = 1 .1 # 10 - 3  1 .2 #

10 - 3 [kg /m 3 ]^ 2   ^   [ ; 7 V   u  S P 

D D W g K    Ó   W ^       u   J q  [   H P    

 [   J q   [ � ¶ ~ ¶      ^     [  H  � » �   ^ � z

�   u ¤ y · �   J q =       = ¤ y · � ^    g W   H P 

   Z     =   W > Z 7  r = 6 q  D ^ D X < o       ^ 

 ý X  t L V ¡ · § · �   W   H P      [ k   J q 

 3 .1   3 .3 [   g P _ 2 T ^   ^   [ ; 7 V   H P � ¶ ~ ¶  

   ^      X      ^  ô u  J     í  _  µ z »   u

0 .2  0 .3 [ MPa]      u 0 . 4 [MPa]X H        1 .2  1 .6  2 .0  2 .4 

2 .7 [kg / s ][ ; 7 V     ë [   u   F L q   3 .1  3 .3 n p     í

 [ ; 7 V       =   H P   ^   [   J q X       _ 

    [  ð H V   H  N ^  > _ 7 K r ^    í  k e f  I W 6 q

D X = t < q  D r _    u      < o   H V 7 q D X < o  9 V 

 Z   W 6 q  Z ;       0% W _   =  > 7  ë e Y     

=  F 7 D X u   W > q  D r _  Á  W  d P n 8 [       _  

[   ð J q < o W 6 q  g P      ^  ë =  I W k     í  [ n

S V      ^  > F =  Z S V 7 q  D r _    ¦ µ » � [ ; B q  

Á     í  u   H V 7 q � ½ �  W ^     [ n p      ^  ë

  = Á  H    = è Â H P P j W 6 q  g P  ¤ ¹ ½ � ² ½ ¥  ë ^  

[ n q      ^   k 6 q X F r q    ^ � ¶ ~ ¶      ^   

 W _ D ^   [ n q      ^  7 k  j   F r q  Z ;    ^  

 Z    [ n p       _ ¾   [  > @   J q      ë [ ; 7

V  k      ^   =  7 X  9 o r q µ z »   0 .2 [MPa]   

0 .6 [ m/s ][ ; B q      ^      u  3 .4   3 .6 [  J   n p  

    _      [  H V    W  10[ Hz]   H V 7 q D X = t < q 

P Q H   k      ^  7  [ ; 7 V k   W 168[ Hz]ß Â X Z S V 7 q 

D ^ D X < o  ç      ^ � » �  � ¤ y · � ^ � » �   _ 150[Hz] 

170[Hz]W   X J q 
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F ig .3 .1 Re la t i ons h ip b e twee n res ona nt f r equency and volumet r i c f l ow ra t io w he n

f lu id i s wa te r

Fig .3 .2 R e la t ionsh ip b e tw een resona t e f requ ency and vo lumet r ic f l ow r a t i o when f lu id

i s sa l t wa t e r

( f l u id dens i t y : 1 .1#10 - 3 [ kg /m 3 ] )

F ig .3 .3 R e la t ionsh ip b e tw een resona t e f requ ency and vo lumet r ic f l ow r a t i o when f lu id

i s sa l t wa t e r

( f l u id dens i t y : 1 .2#10 - 3 [ kg /m 3 ] )
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F ig .3 .4 R e la t i onsh ip be tween resonan t f req uency and vo lu me t r ic f lo w r a t i o a t w a te r

l ine

Fig .3 .5 R e la t ionsh ip b e tw een resona t e f requ ency and vo lumet r ic f l ow r a t i o when f lu id

i s sa l t wa t e r

( f l u id dens i t y : 1 .1#10 - 3 [ kg /m 3 ] )

F ig .3 .6 R e la t ionsh ip b e tw een resona t e f requ ency and vo lumet r ic f l ow r a t i o when f lu id

i s sa l t wa t e r

( f l u id dens i t y : 1 .2#10 - 3 [ kg /m 3 ] )
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  W _    W  o < H P Loca l - FFT  [ n p   H P     þ  ^ 

  =    ë ^   [  ô Z 7 D X u   H  F o [ D ^   J ¡ · § · �

  u   H P       X ^  7 u   [ J q P j   3 .7   3 .9 [  

; n a 2 T ^   ^   [ ; B q      X Loca l -FFT  [ n p   H P 

   ^   þ  ^  ô u  J     í  _  µ z »   u 0 .2  0 .3 [ MPa] 

    u 0 .4 [ MPa]X H    u 0 .6  0 .8  1 .0  1 .2  1 .4 [ m/s ]X J q  á ^ k

X W   u   F L q  g P       _ 0 < o 10[N# / min ]g W 1[N# / min ]

K T   F L  D ^ X >     1 .6#10  1 [ s ]      100[s ]W     u

  H  N ^      [  J q     þ   ^   u  q  D D W   

^  7 [ n q Loca l -FFT  [ n p   H P     ^   þ  [   J q X 

  ^   =   F r P k ^ u   H P   W k       = è 7 e Y  

   þ   =   J q D X = t < q  D ^ D X < o  l _ p Loca l -FFT  [

n p   H P     ^ þ  _    ° � · X _ Í  = 6 q X  t G q u 9 Z

7 

D D W   3 .1 .1  X  I  á W       [  J q ¡ · § · �  [ n p

  H P     ^   þ  X      ^  ô u  H    ^     X ^

 7 u  o < [ J q   3 .7   3 .9 [   ; n a 2 T ^   ^   [ ; 7 V 

 ë ^ h ^     u       X H P X > ^   þ  X      ^  ô

u  J  g K   3 .7   3 .9 [ ; 7 V 7 K r k   = 0 .6 [ m/ s ]^  ^    

þ   X      ^  ô = Ü ^   X _  > @  Z S V 7 q  D ^   _ 

  ^  p     ë =   u  H  J  =  @   =   H P P j W 6 q 

D ^ P j         W   H P  p [  r K       =   [  

[  r q  X  @  r Z 7  =    [  @ n 8 Z    á [ Z S V H g S P 

ß Á n p    0 .6 [ m/ s ]^   _ Ü ^   X   J q 

N ^ Á W   3 .7   3 .9 u  j V   J q X  7 K r k 6 q      g W

_     þ   =   H Z 7 D X = t < q   [      1 .1#10- 3 [kg /m 3 ]

^    1 .2#10-3 [ kg /m 3 ]^   ^  [      þ   =   J q     

=   H V 7 q    [ V    =   H V k     ö    [ n p   �

z » ^ £ ½ � =   F r Z 7  p     þ  =   H Z 7 D X u  H V 7 q 

N D W   3 .10  3 .12 [   � z » X      X ^  ô u  J   n p  

=   J q X       ^   [ H P = 7    � z » =   H V 7 q D X
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= t < q  P Q H       [  J q   � z » ^    _   [ e f  ô

= Z 7 D X = t < q  D D W   j V  (2 .22  [   J q 
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" # " # 2
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TnT
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%

$%

%
, (2 .22 )

D ^  u   J q X 

" #

" #2

TnT

2

Tn

G

1

1

()

$
%

%
$

, (2 .23 )

X  L q  D D W   (2 .21 )^    [ ; B q   ô  # F [   J q 

" #
" #2

22

nTTR

F
2/

(4'
#

%
, (2 .20 )

¾  [ � ¶ ~ ¶      _     [   ô  # F u     [ n p   H 

D r u   X H V  S V 7 q  D ^ 8 R  � ¶ ~ ¶      ^ ë  =  g S

V 7 r `  ' R ; n a / _   X h Z L q  H P = S V   (2 .20 )^     k

  X H V  9 q  D D W  j V  (2 .23 )u h q X   (2 .20 )^     [ 6 q

  [  H V       ; n a ] I r ^ � » £ » �   $ T ^  =    >

7 X > [      ^   þ  =   J q D X = t < q  D D W  3 .1  3 .3 n

p     ë =  W 6 S P   ^      156Hz [  H V     _ N ^ 

 [  I V 157[H z]  159[H z]g W   H V 7 q  D r u  (2 .23 )[  V _ j q

X      ö    [ n p    � z » =     [ Z S P   W  $ T = 

 H  j q X       =  7  J Z t R   ^ è 7  < o   þ  =  

H  j q X  9 o r q  H P = S V      þ  ^   ^   _    � z

» ^     ö    ^ e < [   ë ^   = 6 q X  9 o r q 



57

F ig .3 .4 Re la t ionsh ip be tween mass f low er ro r and vo lumet r ic f lo w r a t i o a t w a te r l i ne

Fig .3 .5 Re la t ionsh ip be tween mass f low er ro r and vo lumet r ic f l ow ra t io w hen f lu id i s

s a l t wa t e r

( f l u id dens i t y : 1 .1#10 - 3 [ kg /m 3 ] )

F ig .3 .6 Re la t ionsh ip be tween mass f low er ro r and vo lumet r ic f l ow ra t io w hen f lu id i s

s a l t wa t e r

( f l u id dens i t y : 1 .2#10 - 3 [ kg /m 3 ] )
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F ig .3 .7 R e la t i ons h ip b e tween ma ss f lo w er ro r and vo lu met r ic f l ow ra t io a t w a te r l i ne

Fig .3 .8 Re la t ionsh ip be tween mass f low er ro r and vo lumet r ic f l ow ra t io w hen f lu id i s

sa l t w a te r ( f lu id den s i ty : 1 .1#10 - 3 [kg /m 3 ] )

F ig .3 .9 Re la t ionsh ip be tween mass f low er ro r and vo lumet r ic f l ow ra t io w hen f lu id i s

sa l t w a te r ( f lu id den s i ty : 1 .2#10 - 3 [kg /m 3 ] )
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F ig .3 . 10 R e la t ions h ip be tw een dr ive ga in and vo lu met r ic f l ow ra t i o a t wa te r l ine

Fig .3 .11 Re la t i onsh ip be tw een d r ive ga in and vo lu met r ic f l ow ra t io w hen f lu id i s sa l t

w a te r ( f l u id dens i t y : 1 .1#10 - 3 [kg /m 3 ] )

F ig .3 .12 R e la t ions h ip be tween dr ive ga in a nd vo lu me t r ic f l ow ra t i o w hen f lu id i s sa l t

w a te r ( f l u id dens i t y : 1 .2#10 - 3 [kg /m 3 ] )
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  � ½ ¬ X H V  j o r V 7 q k ^ W 6 p  Ù  ^   [ n S V _ n p  @

^   =   H P   W 6 S V k    W ^     ^   =   [ Z q D X

=   F r q 
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2 -3BO?bdÓ2$'8

Ô3� e;cª),²� � `Æ�

 3  [ V     ë c   =   H P  [      ö    [ n S V  

� z » ^   =   F r q D X [ n p     ^   þ  =   J q D X u 

o < [ H P  ¾  W    � z » =   F r q g W _    =   H P   W

k     þ  =   H Z 7 D X < o    W _   [   u  J   ^  

 á u  o < [ H P    W _  ¤ ¹ ½ � ² ½ ¥ ^ Æ  [   F r P � » � ^

  [   H    ^    Z    [ n p ¤ ¹ ½ � ² ½ ¥  [ ; 7 V � » �

  ^   =    [   J q D X u   H      [ n p  g q 2 � » �

  ^   ^   u   X H V  7  N ^  > F < o     ^   u   J

q   u   H  N ^    u  o < [ J q 

2 RMS

� ¢ ̙ ? ʈ Ż ɸ Ï B ʠ Ǘ Y ͂ Ș . U ş Ĳ ϕ ͂ Ș ƈ ͚ ; � U � � s q B Œ Ċ ϕ ɸ

    Z Y ^   ^ ¦ ¹ � � ý u   H   J q ^ = ¾   W 6 q  H < H 

 ¦ µ » � [   F r P   _  � ¶ ~ ¶      W _   W > Z 7 ¦ ¹ �

� ý u   X H V  o r q < _ ö  F r V 7 Z 7 Ü      [ n S V _ N ^

  [ n p ¦ ¹ � � ý N ^ k ^ =   Z ý u  J P j ï  W > Z 7 D X k 6 q 

   W  S V 7 q � ¶ ~ ¶      [ ; B q     [ ; 7 V k   [ 

H P  p  � ¶ ~ ¶      W   F r q     ; n a   =   Z ý u

 J  H P = S V      ^   ^  F [ n p   ^   =  Z q ¦ ¹ � �

ý N ^ k ^ u   [   J q D X = W > q <   [ H Z @ V _ Z o Z 7 

� ( V ? ƈ , ȸ ˇ ˘ ; C ϕ � � s q á B ǰ 8 ό ĺ ɲ ǜ ú ϕ . > X 6 ȁ Đ Y ͂ Ș

[   J q D X u   J q  ¦ ¹ � � [ ; 7 V      =  T     _ 

¾  [ « » ¦  ª z µ     Z Y ^   l       � » � ¹ ½ ·  Z Y

^     [ n p e X v Y ^ ¦ µ » � W  o r q   W 6 q  D ^     u

  U B q ¯ � � � ® _  o < [ _ Z S V 7 Z 7 ¾   ¦ ¹ � � [ ; B q  

 á ^   u  B Z 7 n 8 [    ó  u   J q D X [ n p  ¦ ¹ � � ý =
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  ý W 6 q < [  ô Z @    W > q D X =   W 6 q 

� ¶ ~ ¶      [ ; B q   [  J q   ^   X H V  g K   ä 

 [ ; B q    ^  g p     X H V  ¬ · � � ¶ x ¥ ·   ä   W 

 H P ~ ¶ ¤ y �   ^     [   H P   ^    u Â  [  J   

o ^   W _ ~ ¶ ¤ y �   ^     ^  ó   X H V ç      ^  ó

  u   H V 7 q =     W _      ^  > F u  (4 .1 )[  J  1 

 ^ R MS W  ó J q   u  J 

@
,

%%,
*

2

22 88
* 1

2
1 )(

1
RMS (4 .1 )

D D [  8 2  2   ^  ó  

*    H P � ½ � ^  

   ^  g p   [ ; 7 V _  (4 .1 )u  7 V  ~ ¶ ¤ y �   W   F r q

   ß   N r O r       è     X  b  u 100[s ]   H N r O

r ^   ^  > F u  R MS W    ó J q D X u   H V 7 q  D ^    

^    u  o < [ J q P j     ^    ^  g p u � ½ � ·  [ n q 

   #7 ý   u  F @ J q D X [ n p   H P X > ^   u  4 .1 [  J 

 4 .1 - a )^ h    ë =  W 6 p   4 .1 -b )   4 .1 -d )W _   [ n S V   

=   J q � ¶ � ½ » ~ z · u    ë [   J q D X W     ë ^   =

    [ Ä 9 q   k  ó H V 7 q  D r o ^   n p 7 K r ^    í 

W k   ^  > F [ _  = 6 q k ^ ^     W _ e f  I  > F W 6 S P 

    X è     ^ RM S [ ; 7 V     ^  g p =   J q X   [ 

     ^ RMS = è Â H V 7 q D X = t < q  D ^   u   H V    

  ^ R MS X è     ^ R MS u     X H      = 1 < o   J q

< W     ^  g p ^     7  ; n a    g P _ è   ^ Y R o ^ 

  =  g S P ^ < u   J q D X u   H V 7 q 
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a) w a te r l i ne ( l i ne p r essu r e :900[ kPa] ,

d i f fe r en t ia l p res su re 45[ kPa] )

b ) O i l l i ne ( l ine p ressu re :100[k Pa] ,

d i ff e ren t ia l p ress u r e : 20 [kPa]

k ine t ic v i s cos i t y :1 .0 #10 - 5 [ m 2 / s ] )

c ) Oi l l i ne ( l i ne p ress u re :100[ kPa] ,

d i ff e ren t ia l p res su r e : 80 [kPa]

k ine t i c v i scos i t y :1 .0#10 - 5 [ m 2 / s ] )

b ) O i l l i ne ( l ine p ressu re :100[k Pa] ,

d i ff e ren t ia l p ress u r e : 20 [kPa]

k ine t ic v i s cos i t y :3 .0 #10 - 5 [ m 2 / s ] )

F ig .4 .1 Va r i a t i on of RMS under High -s id e b lockage

  W _  D ^     [   H P     = � ¶ ~ ¶      ^   

   [ ; 7 V k   W 6 q D X u  o < [ H V 7 @  Z ;  � ¶ ~ ¶   

  [   =   H P   [ ; 7 V _      ^   [ n p     =  

H ¦ ¹ � � ^    á N ^ k ^ =   J q D X =   F r V 7 q  N D W  F

o [    á ^   u   H T T     ^  > F u    ó J q   X H V 
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    ^ 2   ^ Ó Î    ß  2   RMS  u   H      u   

ó J q 

@
,

%$ $%,
*

2

222 888
* 1

2
11nd2 )2(

1
RMS (4 .2 )

D D [  8 2  2   ^  ó       W _ !"cos 

*    H P � ½ � ^  

� ȸ ˧ ; C ϕ ( B 2   RMS W  ó J d >     X H V  ¤ ¹ ½ � ² ½ ¥ [

  H P 2 T � » � � z · < o  o r q � » �   ^    ô [   H  D r

u       [   J q D X u   J  g K      ^ ü  X H V  ¡ ·

§ · �   [ n q     ^  [   H P !"cos  !" s in  N H V N ^  W

6 q t a n u ü  X H V     X H V ^   u   J q  � » �   A  B

u     8#10  4 [ s ]      100[s ]W ~ � ¹ � � ½ ¦ [ n p   H P � ½

� n p       [  J q t an  !"s in  !"cos ^ 2   RMS u ü  X

J q 

" # " # " # )()(ˆ)(ˆ)(sin ABBA 6.6.6.6.6"6"6! %, (2 .35 )

" # " # " # )()()(ˆ)(ˆcos ABBA 6.6.6.6.6"6"6! $, (2 .36 )

" # " #
" #6"!"

6"!"
6

cos

sin
tan , (4 .3 )

D D W  g K     X H V ^   u   J q P j [     ë _  X H P 

 W µ z »   0 .2 [ MPa]    = 1 .4 [ m/ s ]    u 0 < o 10[ N# /min ] g W

1[N# / min ]E X [   F L P  [ ; B q       [  J q      ü  

!" s in  !"cos  t an ^ 2   R MS ^  ô u  4 .2 [  J 

 4 .2 - a )n p  !"s in ^ 2   RMS _      =   H V k  0 W   =

Z 7 ^ W     X H V Ã  W 6 q  D r _ =   [  F 7 P j  s in ^ ý

N ^ k ^ =   [  F 7 P j   =  ó W > Z 7 k ^ X  9 o r q  ¾   

4 .2 -b )n p  !"cos ^ 2   RMS _     =  7   [ 0 W 6 q =   

   =   J q [ T r V     _   H V 7 q  D r _     W 6 q 

    1%g W [ 1#10 - 3 [V]g W   H V 7 q D X < o     ^   u  

W > q    [  4 . 2 -c )n p  t an ^ 2   RMS _      ^   [ T r

V     k   H V 7 q  H < H       = 0%^  [ t an ^ 2  
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R MS = 'W Z 7   [ � ¶ ~ ¶      W _  =   [  F @  t an X 

æ W > q D X u  9 q X  t an ^ 2   RMS _      ^   u  ó H V

7 q D X [ Z q  N ^        ^   =  > 7 D X = D ^   ^ 2  

R MS =      0%^  [ 'X Z o Z 7   X  9 o r q  ¾  ^ ¦ µ » � W

_  N ^   l    X ^   [ n S V     ^   _   [   J q D X

= Ñ  F r q P j  Ò  [     ^   ^  > F [  J q � ½ � u 6 o < I

j   H Z 7  p  t an ^ 2   R MS _     X H V _ Ã  W 6 q  D D

W  j V  !"cos ^ 2   R MS ^     X H V ^    u   J q  g K

    X ^  ô [ ; 7 V  =   [  F 7 D X u  9 q X cos _ e f (

X Z S V 7 q X  9 o r q  F o [ =     ß  ^   W     ^  

  =   H P   W k     [   J q cos ^    _ s in X Z q P j 

!"cos ^ 2   R MS ^     [ _ ¾    = Z 7 X  9 o r q  F o [ 

 ^  p       ^   [  H V  0 < o   J q   u  T  D r o u

  J q X  !"cos ^ 2   RMS W 6 r `      ^   g P _    í

 ^   ^   u  B q D X Z @    ^   ^   u   W > q    = 6

q  D r [ n p    W _  !"cos ^ 2   R MS u     X H V ï  J q

D X u   H  N ^    u  o < [ H V 7 @ 

  W _      ü  ^   [ ; 7 V 2   R MS u   J q  R MS _ 

    ^ � z � � �    [  7     ^   u Ê [    ó W > q D X

< o     Á ^ P j   Z     W   J q   = 6 q  N D W   W _ 

� » �   [ ; B q     = Y ^    W   J q ^ < u   J q    

[ ; 7 V k     ë _      í  _ µ z »   0 .3 [ MPa]W      

u 0 .6  1 .0  1 .4 [ m/ s ]^ 3   X H       u 0  10[ N# /min ]X   F L P

  ^ !"c os ^  º ½ � ¨ � � ·   u  4 .3 [  J   _     8× 10 

4 [ s ]      100[s ]^ � ½ � u   X H  FFT   H P k ^ W 6 q   4 .3 n

p  !"c os ^  º ½ � ¨ � � ·   ^ £ ½ �    ^   _    Z q = 

7 K r k    = 0 .1  10[H z]Ý  [ ; 7 V       =   J q [ T r V  

º ½ � ¨ � � ·   k  > @ Z S V 7 q  D r n p    Z        

X H V  ¡ · § · �  [ n p 200    W   H P !"cos ( 3 .12 5[Hz ] )^ 2 

 R MS u  7 q D X u   J q  D r ß  ^ ¡ · § · �  u   H P   W _

    u 1 .6#10 - 1 [ s ]X H V 2   RMS u   H      ^     u 

Á F L q 



67

a) !" s in SecondR MS v s vo lu met r ic f lo w ra t io

b ) !"cos SecondRMS v s vo lumet r i c f lo w r a t i o

c ) t an SecondRMS vs vo lumet r i c f lo w ra t io

F ig .4 .2 R e la t i on be tween d iagnos t ic indexe s r a te and vo lumet r i c f lo w r a t i o (Hi lbe r t

me thod)

Vo l um e t r i c f l ow ra t i o %

Vo l um e t r i c f l ow ra t i o %

Vo l um e t r i c f l ow ra t i o %
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a) Line p ressu re : 0 .3 [MPa] , t rue wa te r f l ow ra t e : 1 .4 [ m/ s ]

b ) L ine press u re : 0 .3 [ MPa] , t rue wa te r f lo w ra t e : 1 .0 [ m/ s ]

c ) Line p ressu re : 0 .3 [MPa] , t rue wa te r f l ow ra t e : 0 .6 [ m/ s ]

F ig .4 .3 Po wer spec t ra l dens i t y o f !"cos
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 4 .2  ^   n p  2   R MS [ ; 7 V   u  Á F L q ^ [   Z  

^   u  o < [ H P    W _ D ^   u   H V  � � � cos ^ 2   R MS

X      ^  ô u   H      ^   u   J q     X H V ^ 

  u  o < [ J q     ë _  X    = N r O r 1 .1 [ kg /# ]  1 .2 [ kg /# ]^

  X J q     í  _  µ z »   u 0 .2  0 .3 [ MPa]      u 0 .4 [ MPa]

X H    u 0 .6  0 .8  1 .0  1 .2  1 .4 [ m/ s ]X J q  á ^ k X W   u   F L

q  g P       _ 0 < o 10[N# /min ]g W 1[ N# /min ]K T   F L q  D ^

      100[ s ]W   H P � » �   A  B u ÷    H      1 .6#

10 - 1 [ s ]X Z q n 8 [   H P Á W  ¡ · § · �  [ n p !"cos ^ 2   RMS

u   J q 

 4 .4   4 .6 [     W  P  ; n a 2 T ^   ^   [ ; B q  !"cos

^ 2   RMS X      ^  ô u  J  D D W g K      ^   u  

W > q < u   J q  7 K r ^  [ ; 7 V k       = 0% < o   J q

 [ !"co s ^ 2   R MS =   H V 7 q D X = t < q  D D W g K   

 ë =  W 6 q  4 .4 [   J q X    = 1 .2 [ m/s ]; n a 1 .4 [ m/s ]^   = 

   1%ß Â W 6 q   [ !"cos ^ 2   R MS ^    =  Z 7  P Q H 

     0%< o 1%g W [ !"cos ^ 2   R MS ^    _ 10 û g W  

H V 7 q  g P   4 .5 ; n a  4 .6 X   J q X  7 K r k   = 1 . 2 [ m/ s ]

; n a 1 .4 [ m/ s ]^   [  9  q 0%< o 1%g W ^    _  I W 6 q  D ^

D X < o  ¾     =  Z 7 n 8 [  9 q       =  7  á [ ; 7 V

k      u   W > q X 7 9 q 

� ɚ ? ϕ Ŝ ʋ ͢ Κ ɸ Κ ? � & U !"co s ^ 2   R MS ^    ^  7 u  

J q   4 .4 [   J q X    0 .6 [ m/ s ] ^ X >   =     H P Q B W

!"cos ^ 2   R MS =  > @   H V 7 q  ¾  W    1 .4 [ m/ s ]^ X > 

    =  1  g W u  [ !"cos ^ 2   R MS =  > @   H V 7 q  D

^    ^  7 _      ^   þ  X      � z » ^     ö  

 =   H V 7 q  !"cos _ � » �   A ; n a B ^   u  v W 7 q  

 =   H      ö    =   H  j q X  � ¶ ~ ¶      _ � »

�   ^   u ¾  [   J q D X =   [ Z q  D ^    A ; n a B _ ¾

  [   H  D r o ^  u  i !"cos [ ; 7 V   X H V   F r q D X

[ Z q  ¾  W        = è 7  _    =   H P   W k  � » �

  ^   A ; n a B _ e f ¾  [   F r V 7 q  D ^ D X < o     

[ n q !"cos [ ; B q   ^   ^ h =  ó F r q  D ^      J q 
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   _    ^     [ n S V    = Ó   [  < r V 7 q X 7 9 q 

Z ;       _    ^  p     ö  =   H Z 7   W k    

^   u   W > q e <  g Q     ^   þ  =   H V 7 Z 7   

1 .0 [ m/s ]  ª z �  1%^   ^     u h q X  1%ß Â W 6 S V k !"cos

^ 2   RMS _  > @   H V 7 q D X = t < q  D ^ D X < o      ^

  þ  =   J q  [  !"cos ^ 2   RMS ^    =  [   J q D X

W    [   u  J  [   [     ^   u   W > q X  9 o r q 

� > � ϕ Ŏ 4 .4   4 .6 u h q  p W ^ !"cos ^ 2   RM S ^    X H V 

!"cos ^ 2   R MS _ 7 K r k      ^   [  H  ¾    H P  

 H V 7 q  F o [      =   H P X > !"co s ^ 2   R MS =  

H 0 [   J q D X = 6 r `      ^   =   W > Z 7    = 6 q 

N D W       u 0  100[N# / min ][ g W   F L V   j V !"cos ^ 2

  RMS ^   u  ó H P   4 .7  4 .9 [ D ^ X > ^ !"cos ^ 2   RMS

u  J  7 K r ^   k       = 10[N# /min ]ß Á [   J q X  ¾  

 J q = N ^    J q D X = t < q  D r _       = 0  10%g W _

  =   H V 7 r ` � » �   ^   A ; n a B =   H V 7 q =  6 q 

      =   J q X    � z » =   [   H V H g 7    A  B

N ^ k ^ =  � z �   g W   H V H g 8 P j W 6 q    [      u

0  100[N# /min ]g W   F L P  ^   � z » u  4 .10  4 .12 [  J  D r o

^  W k  o < [ n 8 [    � z » _  g K       1% ß Á W g K 

   ö  =   H P      ^   u   [ J q D X W    u J q k ^

^       10  u  9 q X    � z » ^ ý =    J Z t R   Z  

 [ Z S V H g 8  D ^  k      ^   [ H P = 7  � »  ½   _ 

 J q =    � z » =   H Z 7 D X < o  1 [   =   H     [ ¤

¹ ½ � ² ½ ¥ ^   _      ^ � z �   [  k r V H g 8  P Q D ^ n

8 Z   W k  4 .7  4 .9 ^ n 8 [      ^    Z    [ n p  � » �

   ^   _ !"cos   Z   u  T  ß Á ^ D X < o    ^    

 =    [  > P   W k  !"cos ^ 2   R MS Z o `      ^  

u   W > q X 7 9 q 
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F ig .4 .4 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

r a t i o a t wa te r l in e

F ig .4 .5 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

w hen f lu id i s sa l t wa te r ( f l u id dens i t y : 1 .1#10 - 3 [ kg /m 3 ] )

F ig .4 .6 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

ra t io when f lu id i s sa l t wa t e r ( f lu id dens i t y : 1 . 2#10 - 3 [kg /m 3 ] )
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F ig .4 .7 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

r a t i o a t wa te r l in e

F ig .4 .8 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

w hen f lu id i s sa l t wa te r ( f l u id dens i t y : 1 .1#10 - 3 [ kg /m 3 ] )

F ig .4 .9 R e la t i ons h ip be tween second orde r RMS of !"cos and vo lumet r i c f lo w

ra t io when f lu id i s sa l t wa t e r ( f lu id dens i t y : 1 . 2#10 - 3 [kg /m 3 ] )
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F ig .4 .10 Re la t ionsh ip be tween d r ive ga in a nd vo lu met r ic f lo w r a t i o a t wa te r l i n e

Fig .4 .11 Re la t i onsh ip be tween dr ive ga in and volumet r i c f lo w wh en f lu id i s sa l t wa t e r

( f lu id den s i ty : 1 .1#10 - 3 [kg /m 3 ] )

F ig .4 .12 Re la t i onsh ip be tween dr ive ga in and vo lumet r i c f lo w ra t i o when f lu id i s sa l t

w a te r ( f l u i d dens i t y : 1 .2#10 - 3 [kg /m 3 ] )
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  W _    W  o < [ H P     ^     u k X [  ¤ ¹ ½ � ² ½ ¥

^   [   H P � » � � z · < o  o r q   ^   [   H      [

n p  � » �   ^   ^   < o     ^   u   J q   u    

 ¦ µ » � [ ; 7 V N ^    u  o < [ H P    W   H P     _ 

    ^   X H P     ^   þ  X   [      ö  [ n q  

� z » ^   [   u  B  F o [      = è 7   W k     [ n q

  ^   u    W > V 7 q  F o [    =   H Z 7 X > _     =

0 X Z q D X  D r g W   X Z S V 7 P      = è 7   W k    

=   J q  D ^ D X < o     í  [  ô Z @   H P     = 0 < 

< u   J q D X W     ^   u   W > q D X u  o < [ H P  g P 

  ^  p     ö    [ n q   � z » ^   [   u 8 B     

  þ  =   J q  [   [   J q     =   J q D X =   F r V

7 q  D ^ D X < o     ë =  Z q     [   W  H P   = è 7 

  ë l      [  7 ë  u  T    W 6 S V k    [   u  J 

[     u   W > q   u  S V 7 q       _      ^   [

 H V  ¾    H P    H  N ^  0 n p  > 7 ý W   J q  D ^ D X

< o      ^  > F n p       u   J q D X _ W > Z 7  P Q H 

   ^    X H V _ N k N k   [   u  J  [     ^   u  

J q D X u   X H V ; p    ^   _   F r P X  9 q 

Z ;  D D [   J q     _     =   X J q FO UN DATION ¤ y

½ · � � �   ^    [ V       X H V  h  i D X =  g H 7  

[ � ¶ ~ ¶      _  ç     ^ P j [    W   Z   u   X H

V ; p     W   H P   ^ h u    DC S l ~ ¨ ¸ ½ �  [   J q D

X =   ÷ c ^   k è  W >    W 6 q  g P    ^   _ © � � ^ �

{ »    · ½ ¦ ^ Ã   [ n S V   J q  r k 6 q D X < o 

FOUN D ATION ¤ y ½ · � � � ^       [ n p      ÷   u ï S V

© � � c   u  o L q x µ ½ ® u  J q X   [    ý [ Ý  J q � � ½

� � u   H V   · ½ ¦ ^  í ° ½ � u    c   J q  ð 9 `    

 < o   [    D X k W > r ` ¦ µ » � ^    =  7 [  Á J q 

   PA ^   [ ; 7 V k  FA ^   X   [  ¤ y ½ · � � �   _ 

 [   H V ; p  D ^ n 8 Z ¦ ¹ � � Z o a [     ^   ^   =  Ù

 ^ ¤ y ½ · � �   ^   [   u < B q D X [  a Ý @ X   H V 7 q 
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BO?bd3� u;cª),

�Ñ¡p_s3� p

 4  ^     ^   u   W > q     =    F r P    Ù  

ë u ¦ ¹ � �  ë X J q µ z » [ ; 7 V ¿ = ¾   =   H P       

 =  Z 7  [     u 7 R  @   W > q  g P  D ^  © � � c   

g P _    c  í u   J q D X [ n p  � ¶ ~ ¶      ^   [  

u  J  [ Ò  u   W > q    =  g S P X 7 9 q  P Q H      

=    [   H    [   u  J   [ ; 7 V k   ë ^ h ^     Q

B W k   W > r `  ¦ µ » � ^    [   W > q X  9 o r q    Ó 

 W k    ^   X    7   u   J q   [ _  J .He mp o ^ ° � · [

 U 7 V � ² ½ µ · � � � º ½ � u   H P       u   H V 7 q  R.

P. Liu o ^   u     W   J q       u   J r ` n 7 X  9 o

r q  P Q H     c  í u   J q D X Q B u  9 q   _     W ö

 H V 7 q     ß Â W k   H P     =   F r r ` n 7   k  

J q 

  W _     X   ^     _ ö  W > Z 7 k ^ ^    ^   = 

o < [ Z S P    ë ^     ^   þ  u   J q   u   H  N ^ 

  u     W  o < [ H V 7 @ 

 3  [ ; B q     [  J q     þ   ; n a  4  [ ; B q  
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F ig .5 .1 R e la t i onsh ip b e tw een ampl i t ude A and vo lumet r i c f l ow ra t io a t wa t e r l i ne

F ig .5 .2 Re la t i ons h ip b e twee n ampl i t ude A and vo lu met r i c f lo w w hen f lu id i s s a l t

wa t e r ( f lu id dens i t y : 1 .1#10- 3 [kg /m3])

F ig .5 .3 R e la t i onsh ip b e tw een ampl i t ude A and vo lume t r i c f l ow ra t i o w hen f lu id i s

s a l t wa t e r ( f l u id dens i t y : 1 .2#10- 3 [kg /m3] )
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F ig .5 .4 Re la t ionsh ip be tween ma ss f low er ro r and ra t i o o f a mpl i t ude A a t w a te r l ine
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F ig .5 .5 R e la t i onsh ip b e tw een ampl i t ude A and vo lumet r i c f l ow ra t io a t wa t e r l i ne

F ig .5 .6 Re la t i ons h ip b e twee n ampl i t ude A and vo lu met r i c f lo w w hen f lu id i s s a l t

wa t e r ( f lu id dens i t y : 1 .1#10- 3 [kg /m3])

F ig .5 .7 R e la t i onsh ip b e tw een ampl i t ude A and vo lume t r i c f l ow ra t i o w hen f lu id i s

s a l t wa t e r ( f l u id dens i t y : 1 .2#10- 3 [kg /m3] )
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Fig .5 .8 Re la t ionsh ip b e tw een mass f low er ro r and volu met r ic f low r a t i o a t w a te r l ine

F ig .5 .9 Re la t ions hip be tween mas s f lo w er r o r and vo lu met r ic f l ow w hen f lu id i s sa l t

wa t e r ( f lu id dens i t y : 1 .1#10- 3 [kg /m3])

F ig .5 .10 Re la t i ons hip be tween mass f low er r o r and vo lu met r i c f lo w ra t io wh en f lu id

i s sa l t wa t e r ( f lu id de ns i t y : 1 .2#10- 3 [kg /m3 ])
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TableA.1 Conditions of experiment

Conditions Value

Line pressure 0.2,0.3 MPa

Water flow rate 0.6,0.8,1.0,1.2,1.4 m/s
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Fig.A.1 Mass flow error in water flow
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