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QO Q}O=kt uOw@ |ivt "OwW|t O=H}= umW?; h=Q]= QO xDiQopmW |WQ@ |x}q
|a=aW w |U=tt O=ODt= wO Qy QO umW?; h=Q]= QO xOWp}mWD |WQ@ |x}q
|L=wv QO |@ wQ=H w |v=QuwQ}@ |=yxO}OB C}tm =L |xOvyOu=Wv '|WQ@ |x}q QO
C@Ft 'umW?; h=Q]= QO xDiQopmW |DWoQ@ u=} QH |x}L=v QO "CU= QwmPt
C}tm =L R= |W=v Ov=wD|t |U=tt O=ODt= QO Cov(rz) w Cov(tz) Q}O=kt uOw@

"O=ODt= QO CaQU |=yu=Uwv ?Q[pY=L u}ov=}t QwDv=m "10 pmW

xm CU= xOw@ QDW}@ � 5
3 Q=Okt R= |oDiW; |SQv= h}] ?}W '=yOt=U@ R= |a}Uw

|=yOt=U@ QO u; O}rwD x@ C@Uv |oDiW; |W@vH |SQv= QDW}@ hqD= |xOvyOu=Wv
"CU= xOWQmP

|xOwOLt QO |UQQ@ OQwt Qo}O |x]kv wO |=Q@ |SQv= hqD= |=yOt=U@
Ot=U@ R= uOw@ QDW}@ x@ xHwD =@ xm OvDi=|t j=iD= 10 �HZ� R= QDnQR@ |=yOt=U@
`]kt QO xm |}x]kv QO "OQm Q_vQ=y_= u=wD|tv =yu; OQwt QO `]k Qw]x@ |OL
|=yOt=U@ QO |oDiW; |SQv= h}] xmv}= seQ|ra 'CU= umW?; u=H |Q}oQ=Qk
|SQv= hqD= ?}W =t= 'CU= Qo}O |x]kv wO x@ C@Uv |QDnQR@ Q}O=kt 'lJwm
QDW}@ |xOvyOu=Wv xm CU= xOw@ QDW}@ 'QDnQR@ |=yOt=U@ QO |oDiW; |W@vH

"CU= xOWQmP |=yOt=U@ QO |SQv= hqD= u=R}t uOw@
=yOt=U@ R= |QD`}Uw |xOwOLt QO umW?; CUOq=@ QO xDiQoQ=Qk |x]kv QO
R= QDtm |@}W |oDiW; |SQv= h}] 'Qo}O |x]kv wO x@ C@Uv �0 05�5� �HZ�
|oDiW; |W@vH |SQv= xOWQmP |=yOt=U@ QO OyO|t u=Wv xm CU= xDW=O � 5

3
h}] R= u=wD|t |oDiW; |SQv= h}] u=wD w =yOt=U@ G=QNDU= |=Q@ "OvwW|t O}rwD

"�4 |x]@=Q� OQm xO=iDU= |oDiW; |v=wD
S(f) =

n
su(f)2 + sv(f)2 + sw(f)2o0 5

(4)

hrDNt \=kv |=Q@ |oDiW; |SQv= h}] |xOvyOu=Wv '? w hr=9 |=ypmW
`]kt QO xDiQoQ=Qk |x]kv QO |}=yl}B OwHw 'OwW|t x_Lqt xJv=vJ "OvDUy
l}B |x]kv QO s_vt |}x@=OQo |=yQ=DN=U OwHw |xOvyOu=Wv 'umW?; |Q}oQ=Qk
\w@ Qt Ov=wD|t xOWQmP |}x@=OQo |=yQ=DN=U "CU=Hv; QO |oDiW; |SQv= O}rwD w
\w@ Qt l}B Ot=U@ "OvwW|t =OH umW?; lwv R= xm OW=@ |}=yx@=OQo VR} Q x@

"|oDiW; |v=wD h}] C=Q}}eD "9 pmW
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R=e; umW?; lwv l}ORv |L=wv R= |oDUW?; ẁQW 'u}W}B C=ar=]t j@=]t
|DWoQ@ u=} QH w umW?; h=Q]= R= |Qw@a u=} QH u}@ RQt O=ODt= QO w OwW|t
|=yV}=tR; |=OD@= QO [9�1]"O@=}|t VQDUo umW?;CUOu}}=B QO OwW|t p}mWD
sm =@ w u=tR CWPo =@ =t= 'Ow@ jrat Q=@ CQwYx@ C=@ wUQ p=kDv= '|oDUW?;
Ov}=Qi 'umW?; lwv l}ORv |xk]vt R= C=@ wUQ ptL |=Q@ u=} QH CQOk uOW
u=R}t xm O=O u=Wv u}W}B C=ar=]t "OwW|t p}O@D QDU@ Q=@ s} SQ x@ |oDUW?;
V}=Ri= =@ OvD Twk QO xDiQoQ=Qk |=yumW?; h=Q]= QO xOWO=H}= |oDUW?;

[8]"O@=}|t Vy=m Twk |=OD@= x@ C@Uv |}xe}D umW?; |Q}oQ=Qk |x} w=R
x@ l}ORv j]=vt R= |oDUW?; OvO=O u=Wv xm u}W}B |=yVywSB x@ xHwD =@
C=ar=]t xJv=vJ w O@=}|t O=ODt= |WQ@ |x}q QO w OwW|t R=e; umW?; lwv
xm |]}=QW QO |oDUW?; |xQiL jta |xv}W}@ 'CU= xO=O u=Wv xOWs=Hv=
xDiQo Q=Qk OvD Twk |=OD@= x@ C@Uv 600 w 450 '300 |x} w=R QO umW?;
xH}Dv u=wD|t [8]'CU= u=} QH jta Q@=Q@ 1 5 w 1 6 '1 67 ?}DQD x@ 'OW=@
|WQ@ VvD C=Q}}eD uOw@ |]N |x}[Qi |=v@t Q@ xm |WQ@ |=yVvD xm CiQo
Ovv=wD|tv 'Ov=xOt; CUOx@ CaQU |kta |=yu=Uwv w |oDiW; |W@vH |SQv= =@
=QJ "Ovvm |v}@V}B |DUQOx@ =Q OwW|t R=e; =yu; R= |oDUW?; xm |k]=vt
QO w QDU@ l}ORv QO |oDiW; |W@vH |SQv= Q}O=kt u}@ |v=OvJ Cw=iD xm
Qy |=Q@ CaQU |kta |xir-wt |=yu=Uwv Q}O=kt QO R}v w umW?; lwv l}ORv
u=R}t 'u}W}B C=ar=]t j@] xm |r=L QO 'OQ=Ov OwHw xar=]tOQwt umW?; 3
V}=Ri= Twk |=OD@= x@ C@Uv umW?; |Q}oQ=Qk |xrY=i V}=Ri= =@ |oDUW?;

[8]"O@=}|t
R}v ROrwv} Q |=yVvD R= xO=iDU= =@ QDU@ Q@ OQ=w |WQ@ |=yVvD u}tND VwQ
|kta |=yu=Uwv R= xO=iDU= =@ QDU@ Q@ OQ=w |WQ@ VvD u}tND |=yVwQ Ovv=ty
MQv w |oDUW?; |=Q@ OaDUt \=kv u}}aD QO |oDiW; |W@vH |SQv= w CaQU
"CU= u=wD=v 'xar=]tOQwt umW?; 3 h=Q]= QO xOWO=H}= |oDUW?; |}xU}=kt
xDiQoQ=Qk umW?; |=Q@ QDU@ Q@ OQ=w |WQ@ VvD |xv}W}@ 'QwmPt VwQ QO =Q} R
xm |r=L QO 'CU= xOW O=H}= |WQ@ |x}q |=yDv= QO 'Twk R= 300 C}akwt QO
Q}O=kt 'Qo}O |} wU R= "OwW|t R=e; umW?; lwv l}ORv |L=wv R= |oDUW?;
CUOx@ xDi=}xaUwD ROrwv} Q VvD VwQ R= xO=iDU= =@ xm QDU@ Q@ OQ=w |WQ@ VvD
xDiQoQ=Qk umW?; |=Q@ umW?; lwv l}ORv QO =Q |WQ@ VvD Q}O=kt 'Ov=xOt;
Q=Okt xm |r=L QO 'OvyO|t x�=Q= |v=Um} Q}O=kt ,=@} QkD 450 w 300 |x} w=R QO
OwN u}= w CU= 450 umW?; R= QDW}@ 300 umW?; h=Q]= QO |oDUW?;
u=R}t w OaDUt \=kv u}}aD |=Q@ |WQ@ VvD |x@U=Lt VwQ xm CU= |Qo}O p}rO
|=yCtqa x@ xHwD =@ "CU}v ?U=vt umW?; h=Q]= QO xOWO=H}= |oDUW?;
|WQ@ |x}q |x}L=v QO xm CiQo xH}Dv u}vJ u=wD|t 3 |xHQO |=y|oDU@ty
QO |v=QuwQ}@ |=yxO}OB 'umW?; CUOq=@ QO w umW?; h=Q]= QO xDiQopmW
sm =L |v=QuwQ}@ |xO}OB uOW x=Qty w CU= sm =L |a=aW w |U=tt C=yH
|xO}OB O=} R ?w=vD x=Qtyx@ umW?; CUOq=@ QO w umW?; h=Q]= |L=wv QO
R= 'OwW|t G=DvDU= 4 |xHQO |=y|oDU@ty R= xm |a=aW O=ODt= QO |v=QuwQ}@
=@ "CU= |oDUW?; |=OD@= pL=Qt QO xOWQmP |L=wv QO ?wUQ p=kDv= pt=wa
'OQ=O umW?; lwv l}ORv QO |oQR@ Q}O=kt '|oDiW; |v=wD h}] xmv}= x@ xHwD
l}ORv |x}L=v QO xDiQopmW s_vt |=yQ=DN=U xm O}UQ xH}Dv u}= x@ u=wD|t

|@ wQ=H w |v=QuwQ}@ |=yxO}OB O}OWD "OW=@ |U=tt |=DU=Q QO |WvmQOv= |=yxO}OB
|x@=OQo p}mWD p}rOx@ Ov=wD|t umW?; h=Q]= QO xOWp}mWD |WQ@ |x}q QO
|WQ@ |x}q QO xm OW=@ umW?; lwv R= xOW=OH |=yx@=OQo VR} Q w |@U= pav

"O@=}|t xaUwD
|=yxO}OB w |WQ@ |x}q QO |@ wQ=H w |v=QuwQ}@ |=yxO}OBC}tm =L u}}aD |=Q@
xOWp}mWD |DWoQ@ u=} QH QO GQ=N x@ wQ VvmQOv= w pN=O x@ wQ VvmQOv=
|=yVvD QO =Q (RS) =yxO}OB R= s=OmQy syU u=wD|t umW?; CUOu}}=B QO
,qwtat '|v=tR |QU QO Q=PoQF= |=yxO}OB uDiQo Q_vQO |=Q@ "OQm u}}aD ROrwv} Q
OwW|t x�=Q= |v=tR |QU QO h}a[ w |wk |=yxO}OB RQt u=wvax@ |}xOwOLt

%�5 |x]@=Q�

xQ =

8><>:1if ��v0jv0z�� � k:qv0j2:
q
v0z2

0if ��v0jv0z�� � k:qv0j2:
q
v0z2

(5)

CQOk =@ |=yxO}OB 'OwW ?=NDv= QDnQR@ �xQiL |xR=Ov=� k Q=Okt xJ Qy 'u; QO xm
C=Q}}eD |xOvyOu=Wv '11 pmW "OvwW|t xDiQo Q_v QO |v=tR |QU QO QDW}@
u=} QH w |WQ@ |x}q 'CUOq=@ QO xOWxDiQo Q_v QO |x]kv 3 QO sm =L |=yxO}OB

"CU= umW?; h=Q]= QO xOWp}mWD |DWoQ@
w|v=QuwQ}@|=yxO}OB �1|x]kv�umW?;CUOq=@ QO 'OwW|t x_Lqt xJv=vJ
'|WvmQOv= |=yxO}OB w OvQ=O |U=tt ROrwv} Q VvD QO |v=Um} ,=@} QkD syU '|@ wQ=H
|U=tt ROrwv} Q VvD QO |@ wQ=H w |v=QuwQ}@ |=yxO}OB x@ C@Uv |QDtm syU
sy R=@ 'CU= xOW xDiQo Q_v QO umW?; lwv l}ORv QO xm 2 |x]kv QO "OvQ=O
|=yxO}OB R= QDW}@ |U=tt ROrwv} Q VvD QO |@ wQ=H w |v=QuwQ}@ |=yxO}OB syU
|xO}OB syU uOw@ QDW}@ '2 |x]kv QO xOWx_Lqt Cw=iD "CU= |WvmQOv=
"CU= umW?; lwv l}ORv |x}L=v QO |@ wQ=H |xO}OB x@ C@Uv |v=QuwQ}@
u=} QH |x}L=v QO |@ wQ=H w |v=QuwQ}@ |=y xO}OB x@ C@Uv |WvmQOv= |=yxO}OB
wQ VvmQOv= |xO}OB syU w OvQ=O |U=tt ROrwv} Q VvD QO |QDW}@ syU |DWoQ@
|U=tt ROrwv} Q VvD QO |QDW}@ syU uwQ}@ x@ wQ VvmQOv= x@ C@Uv pN=O x@

"OQ=O

ROrwv} Q VvD QO |oDiW; Q=Hiv= |xv=oQ=yJ |=yxO}OB syU C=Q}}eD "11 pmW
"xQiL |xR=Ov= hrDNt Q}O=kt |=Q@ x]kv 3 QO |U=tt
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yt |=yV}=tR; s=Hv= |=OD@= QO =Hv; QO C=@ wUQ |v}WvxD ?Hwt w OyO|t Vy=m

"OW Oy=wN |oDUW?;

|Q}oxH}Dv "5
|x}q QO |UQQ@OQwt |=yumW?; h=Q]= QO CaQU |=yu=Uwv Q=Okt u} QDW}@ "1
|]N \=@DQ= |x}[Qi x@ xHwD =@ w Ow@ umW?; h=Q]= QO xOWp}mWD |WQ@
'|oDiW; |W@vH |SQv= w |kta |=yu=Uwv w QDU@ Q@ OQ=w |WQ@ |=yVvD u}@
h=Q]= QO xOWO=H}= |oDUW?; w |oDiW; |=yQDt=Q=B u}@ |@U=vt \=@DQ=

"Ot=}v CUOx@ =yumW?;
QDU@ l}ORv |x}q QO ROrwv} Q |=yVvD R= xO=iDU= =@ |WQ@ VvD |x@U=Lt "2
|v}@ V}B |=Q@ |@U=vt VwQ 'u}W}B C=ar=]t R= xOt; CUOx@ G}=Dv Ovv=ty

"CU}v xO}J}B |=yu=} QH h=Q]= QO |oDUW?; OaDUt \=kv
|v=QuwQ}@ |=yxO}OB OwHw|xOvyOu=Wv '4 w 3|=yxHQO|=y|oDU@ty|UQQ@ "3
QO |oDUW?; |rY= pt=a Ov=wD|t xm CU= umW?; h=Q]= QO O=} R ?w=vD =@
|xO}OB w |WQ@ |x}q QO |v=QuwQ}@ |xO}OB C}tm =L "OW=@ umW?; h=Q]=
|=yxO}OB syU R= xO=iDU= =@ xDiQopmW |DWoQ@ u=} QH QO pN=O x@ wQ VvmQOv=

"OW C=@F= R}v ROrwv} Q |=yVvD QO xOWQmP
OwHw |xOvyOu=Wv '|oDiW; |SQv= h}] R= xOt; CUOx@ |v=wD |=yh}] "4
VR} Q p}rOx@ Ov=wD|t xm OvDUy |oDiW; |SQv= O}rwD |=yOt=U@ QO |}=yl}B

"OW=@ |}xe}D umW?; lwv R= =yx@=OQo

CUOu}}=B CtU x@ x}L=v u}= R= ?wUQ p=kDv= |=Q@ |O=} R |}=v=wD 'umW?; lwv
CU= QDW}@ \=kv Q}=U x@ C@Uv =Hv; R= |oDUW?; ẁQW p=tDL= w OvQ=O p=v=m
|oDUW?; Ov}=Qi w |v=wD h}] u}@ |@ wN |oDU@ty xm CiQo xH}Dv u=wD|t w
|@ wQ=H w |v=QuwQ}@ |=yxO}OB C}tm =L x@ xHwD =@ "OQ=O OwHw umW?; h=Q]= QO
|L=wv xm CW=O Q=_Dv= u=wD|t |WQ@ |x}q QO |a=aW w |U=tt O=ODt= QO
umW?; lwv R= |oDUW?; xm |}=Hv; R= w OvW=@ |oDUW?; |=Q@ OaDUt 'QwmPt
xm CiQo xH}Dv u=wD|t 'O@=}|t VQDUo |WQ@ |x}q O=ODt= QO w OwW|t R=e;
OwHw |oDUW?; |xO}OB w |@ wQ=H w |v=QuwQ}@ |=yxO}OB u}@ |@U=vt |oDU@ty
pt=wa R= |m} |WvmQOv= |=yxO}OB C}tm =L '|DWoQ@ u=} QH |x}L=v QO "OQ=O
pt=wa R= |m} Ov=wD|t w CU= QwmPt |x}L=v QO QDU@ Q@ OQ=w |WQ@ VvD Vy=m
|DWoQ@ u=} QH |x}L=v QO |oDUW?; |=yV}=tR; |=OD@= QO C=@ wUQ |v}WvxD

"OW=@
QDU@ Q@ xOWOQ=w |WQ@ VvD QO |@ wQ=H w |v=QuwQ}@ |=yxO}OB syU x@ xHwD =@
|L=wv xm CW=O Q=_Dv= u=wD|t umW?; lwv l}ORv QO w umW?; CUOq=@ QO
umW?; CUOq=@ QO xmv}= x@ xHwD =@ =t= 'OvDUy |oDUW?; OaDUt |L=wv 'QwmPt
QO C=@ wUQ |}=Hx@=H 'CU}v |i=m C=@ wUQ p=kDv= |=Q@ hm Q@ OQ=w |WQ@ VvD
QDW}@ 'umW?; lwv l}ORv |xk]vt QO p=L u}= =@ "OwW|tv s=Hv= j]=vt u}=
QO jrat Q=@ CQwYx@ ,=DOta C=@ wUQ p=kDv= Ea=@ |v=QuwQ}@ |xO}OB syU uOw@
syU R}v |DWoQ@ u=} QH |x}L=v QO "CU= |oDUW?; |=yV}=tR; s=Hv= |=OD@=
Vy=m R= |W=v xm pN=O x@ wQ VvmQOv= XwYNx@ |WvmQOv= |=yxO}OB QDW}@
=Q QDU@ Q@ OQ=w |WQ@ |=yVvD 'CU= |DWoQ@ u=} QH |x}L=v QO u=} QH CaQU

=yCWwv=B
1. ori�ce plate
2. acoustic doppler velocimeter
3. side looking probe
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