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|Q=m `]kt "CU= 600 mm `r[x@ |a@ Qt u; `]kt w '1200 mm u; uwtR;
u; pN=O |=wy xm |twvrB \UwD w CU= Q=OM=QwU |=yxQ=w}O x@ RyHt pvwD u}=
|=yxQ=w}O =@ =yxQ=w}O u}= |Q=H j}kLD QO =t= "CU= xOW x]=L= 'CU= s}_vD p@=k
u=wvax@ OwW|t GQ=N u; R= CH xm |}xLiY `k=w QO &CU= xOW u} Ro}=H ?rY
\}=QW Ov=wD|t M=QwU uwO@ |xQ=w}O u}= "OwW|t xO=iDU= pvwD |=yxQ=w}O R= |m}
|@ QHD C=ar=]t =@ u; |xU}=kt w |OOa C=ar=]t s=Hv= |=Q@ =Q |}xO=U |RQt

"Ovm sy=Qi
|xLiY l} |wQ Q@ pR=v xm |Dr=L x@ C@Uv pvwD |xQ=w}O |wQ pR=v ?Yv
QO xLiY |wQ pR=v xm |Dr=L QO =Q} R 'OQ=O |QDQ@ OwW ?Yv pvwD RmQt QO w CND
OwHw pvwD QOCND |xLiY h=QLv= R=|W=v|D}]k sOa 'OwW|t?Yv pvwD\Uw
|xLiY Q} R QO CH j} QRD C=R}yHD w u=} QH R= |W=v CqN=OD u}vJty "OQ=O
Ov=wD|t M=QwU uwO@ |xQ=w}O R= xO=iDU= "OR=U|t xHwt =Q |QDQ@ u}= R}v CND
M=t |xOwOLt x@ xHwD =@ R}v u}= xm OyO Vy=m =Q TQDUO QO M=t OOa |xOwOLt

"CU= pw@k p@=k C=W}=tR; s=Hv= |=Q@ Q_v OQwt

CwY jwi=t CH O}rwD |xv=t=U "2"2
CwY jwi=t CH O}rwD |xv=t=U l} R= Q_v OQwt CwY jwi=t CH O}rwD |=Q@
hYv xm xOW xO=iDU= |]wQNt pR=v l} R= xv=t=U u}= QO "CU= xOW xO=iDU=
l} x@ =yDv= R= pR=v "CU= QDt|r}t 8 u; |HwQN Q]k w xHQO 5 u; T-=Q |x} w=R
pt=a p=}U "CU= pYDt 'xOW |L=Q] QiUtD= 35 Q=Wi |=Q@ xm Vt=Q; |x_iLt
xOW|L=Q] pR=v xm OwW|t Qw;O=} "�2 pmW� CU=wy xv=t=U u}= QO xO=iDU= OQwt

"CU= xOW ?Yv u; hm QO w pvwD |RmQt |xLiY QO

lr=@ "3"2
?}DQDx@ u; QDw w xv=yO xm CU= |O=a lr=@ l} 'j}kLD u}= QO xO=iDU= OQwt lr=@
lr=@ u}= `]kt "�3 pmW� CU= xOW xDiQo Q_v QO CH |HwQN Q]k Q@=Q@ 5 w 10

30



"""w
|v=]

rU=
[Q

OtL
t'|

HH
LO

tLt "O=@ pvwD QO CH |=Q@ |y=oW}=tR; \}=QW "2 pwOH
Rej � 105 Ptj ; (kPa) J Cr=L

7 2 1285 15 66 1
8 8 1585 19 31 2
10 5 1885 22 96 3

xOW xO=O u=Wv 6 pmW QO M=t OOa w uwmU Q=Wi |=yp}iwQB 'xOW |Q}oxR=Ov=
pwOH ROrwv} Q O=Oa=� OyO|t u=Wv =Q =yV}=tR; u}= \}=QW R}v 2 pwOH "CU=
'2 pwOH QO xOWu=}@ \}=QW x@ xHwD =@ "�Ov=xOW x@U=Lt CH |HwQN Q]k T=U=Q@
=@ 'J w M1 ?=NDv= xm CU= QmP u=}=W "CU= \U@vtwQi =yCr=L s=tD QO CH
|=yxQ=w}O |Q}oQ=mx@ R= |W=v |O=OUv= C=QF= p}rOx@ 'xOWp=ta= C} wOLt x@ xHwD

"CU= xDiQo CQwY pvwD uwtR; `]kt QO ?rY

C}a]k sOa p}rLD "4
Q=Wi w =tO 'xOW s=Hv= hrDNt C=a=U QO w C@ wv u}OvJ QO =yV}=tR; xm =Hv; R=
sOa u}}aD |=Q@ "CU= xOw@ u=Uwv QO =yV}=tR; u}= s=Hv= u}L QO \}Lt |=wy
s=Hv= xrY=L G}=Dv |wQ Q@ C}a]k sOa p}rLD l} 'C=v=Uwv u}= R= |W=v C}a]k
*|tU= \}=QWQO pvwD |Q=QmD |=QH= OvJ R= xO=iDU= =@ xm p}rLD u}= "CU= xDiQo
CQwY CND |xLiY |wQ xOW |Q}oxR=Ov= |=yQ=Wi |wQQ@ 'xOW s=Hv= u=} QH
Q=Wi ?} Q[ C}a]k sOa xm OyO|t u=Wv p}rLD u}= R= pY=L G}=Dv "CU= xDiQo

"O=@ pvwD QO xOW |Q}oxR=Ov= |RQt |x}q p}iwQB "6 pmW

=yxR=Ov=� CND |xLiY |wQ Q@ lr=@ ?Yv |=Q@ xOW?=NDv= |=yu=mt "4 pmW
"�CU= QDt|r}t ?ULQ@

|wQ Qo}Om} R= QDt|r}t 16 xrY=ix@ w pvwD hm =@ |R=wt CQwYx@ l} Q C=k@]
5 pmW "CU= xOW ?Yv 'Ovm|t CmQL Z CyH QO xm 'l} Q *p=kDv= sDU}U
|QU l} x@ QwmPt |=y?wQB "OyO|t u=Wv =Q |y=oW}=tR; C=t}_vD u}= R= |}=tW
l} R= C=aq]= PN= |=Q@ 'u}vJty "CU= xOW pYDt |r}Uv=Qi}O |=yxU=UL

"CU= xOW xO=iDU= A/D OQw@ l} w |rwtat sw}DvB |xv=}=Q

V}=tR; \}=QW "3
QO xm xOW ?=NDv= |}xvwox@ =yV}=tR; \}=QW 'Q_v OQwt |=yuwtR; s=Hv= |=Q@
=} w C}a[w pQDvm |=Q@ CwY jwi=t CH R= xm |DwYQPo |=yxOvQB |R=wQB \}=QW
'|tU= M=t OOa |Q=H |=yV}=tR; QO "OW=@ xDW=O OQ@ Q=m 'Ovvm|t xO=iDU= Cre
85 kPa '0 7 ?}DQDx@ uwtR; `]kt QO O=R; u=} QH ROrwv} Q OOa w uwmU Q=Wi
QO R}v |HwQN CH M=t OOa "OvOW xDW=O xov C@=F w xOw@ 9 9�10�6 m w
Q=Wi |=yC@Uv R= |}xvt=O uOQw; CUO x@ |=Q@ "CU= xOw@ 2 5 =yV}=tR; u}=
�� OwW|t h} QaD Q} R |x]@=Q j@] xm �� �J � |@v=H u=} QH x@ CH |m}t=v}O

"CU= xOW xO=O Q}}eD CH uwmU Q=Wi

J =

jpeM 2

j


jpwM 21

sQo =yV}=tR; u}= QO CH |=wy |xOvvmu}t-=D `@vt w O=@ pvwD |=wy 'u}vJty
u}@ x=oW}=tR; \}=QW x@ xHwD =@ CH w O=@ pvwD |=wy pm |=tO u}=Q@=v@ w Ov=xOWv

"CU= xOw@ u=Uwv QO u} wrm |xHQO 310 =D 298
QO |@v=H j} QRD xvwoI}y xm |Dr=L QO� pvwD |Q=m `]kt |RQt |x}q Ct=N[
|QDt|r}t 50 |xrY=i QO xm OQ=Ov=DU= wD}B |xrwr R= xO=iDU= =@ �CW=Ov OwHw pvwD
M=t OOa |=Q@ xOW ?Yv pvwD uwtR; `]kt hm QO w pR=v QwLt CUOq=@ QO `k=w
u}= xm OyO|t u=Wv xOt; CUO x@ |=yxO=O "CU= xOW |Q}oxR=Ov= M = 0 7
|RQt |x}q OQwt QO QDW}@ C=aq]= |=Q@ "CU= �3 2D� � = 26 mm Ct=N[

"=yV}=tR; s=Hv= |=Q@ O=@ pvwD C=t}_vD R= |}=tW "5 pmW

31



"""|
@v=H

u=}Q
H'

CwY
jwi

=tC
HV

vmQO
v=|

@QH
D|

UQQ
@

�X > 0�CUOu}}=B QO|rw 'OvQ=OQwNQ@|@ wN j@=]D R= �X < 0�CHCUOq=@
\}=QW QO OwHwt C=iqDN= OUQ|t Q_v x@ "OwW|t xO}O |mOv= C=iqDN= CH
�|m}t=v}OQ=Wi C@Uv w |RQt |x}q Ct=N[ 'O=R; u=} QH M=t OOa� V}=tR; wO

[15w14]"OW=@ C=iqDN= u}= |rY= pt=a

lr=@ *|rw] C}akwt C=QF= "6
pm Q=Wi u=O}t w ?Yv hrDNt |rw] C}akwt xU QO lr=@ C=W}=tR; u}= QO
"CU= xOW |Q}oxR=Ov= u; CUOu}}=B QO lr=@ QDw Q@=Q@ wO |xR=Ov=x@ |}xrY=i QO
"OvDW=Ov |[Qa |xrY=i xvwoI}y R}v |UOvy uQ=kD |xLiY R= C}akwt xU u}=
w C@=F CQwYx@ =yV}=tR; u}= QO |@v=H u=} QH x@ CH |m}t=v}O Q=Wi C@Uv

"OW s}_vD 19 31 Q@=Q@
lr=@ CUOu}}=B QO |WQ@ `]kt l} QO pm Q=Wi u=O}t Oy=W hr=9 pmW QO
?9 pmW "�X=19 5� CU= xOW ?Yv �1 pwOH� A1 C}akwt QO xm s}DUy
C}akwt wO QO xm =Q lr=@ CUOu}}=B QO pm Q=Wi u=O}t ?}DQDx@ R}v G9 pmW w
R= "OvyO|t u=Wv �X = 37 5 w X = 28 5� xOW xO=O Q=Qk C1 w B1 Qo}O
QO =Q pm Q=Wi u=O}t xm �� ?10 pmW w hr=10 pmW =@ pmW xU u}= |xU}=kt
OvyO|t u=Wv lr=@ Qw[L uwO@ w X = 37 5 w X = 19 5 |WQ@ `]kt wO
C=Q}}eD uQ=kD |xLiY O=ODt= QO |rm Qw]x@ lr=@ |}=Hx@=H xm Ci=} QO u=wD|t ��
R= |DL=Qx@ =yx@=OQo w Ovm|tv O=H}= u=} QH uwQO |}x@=OQo Q=DN=U |wQ =Q |}xOta
Qw[L sOa w Qw[L R= pY=L G}=Dv QDj}kO |xU}=kt R= "Ovvm|t Qw@a lr=@ Q=vm
hr=10 w hr=9 |=ypmW QO xm �� �A1 C}akwt� CH x@ l}ORv |L=wv QO lr=@
|Dr=L QO '=yx@=OQo uwQO pm Q=Wi ?} Q[ xm Ci=} QO u=wD|t �� xOW xO=O u=Wv
=yx@=OQo uwQO CPt;min xm |Qw]x@ O@=}|t Vy=m 'OQ=O Q=Qk u=O}t uwQO lr=@ xm
O@=}|t Vy=m u=O}t QO lr=@ Qw[L =@ �0 75 x@ lr=@ uwO@ Cr=L QO �0 57 R=
u=O}t QO lr=@ Qw[L QF= QO =yx@=OQo C} wkD |xOvyOu=Wv xDmv u}= &�9 pmW�
|vQ=kDt=v xm OwW|t xOy=Wt 9 pmW x@ xHwD =@ "�11 =D 9 |=ypmW� [16]CU=
|}=Hx@=H w =yx@=OQo uQ=kD sOa u}= &�hr=9 pmW� CU= xOW QDO=} R R}v =yx@=OQo
C=ar=]t QO 'OwW|t xO}O R}v lr=@ Qw[L uwO@ \}=QW QO xm 'CU=Q CtU x@ =yu;
|x} w=R l} OwHw R= |W=v ,q=tDL= xO}OB u}= [10]"CU= xOW xOy=Wt sy |r@k
w �CU= umtt Q}e u; hPL xm � O=@ pvwD uwtR; `]kt QO lJwm Q=}U@ CtU
pmW w C}akwt 'xR=Ov= u}vJty "CU= O=R; u=} QH uOw@ uoty=v R= |W=v C=QF=
|x@=OQo |xU}=kt R= "CU= xDiQo Q=Qk Q}F-=D CLD R}v CU=Q CtU Q=WiQB |xOwD
'lr=@ Qw[L QF=Q@ xm OwW|t xOy=Wt hr=10 w hr=9 |=ypmW QO CU=Q CtU
xO=O Q=Qk Q}F-=D CLD R}v =Q OwN CtU |RQt |x}q |DL w xOW QDnQR@ x@=OQo u}=
R}v Cr=L wO u}= QO AJ CtU CH |xOwD uwQO CPt;max |xU}=kt "CU=
CaUw xm |r=L QO 'CU= |Q}oxR=Ov= |=yCkO OL QO u; R}J=v C=Q}}eD R= |m =L
w Y = 0 QO 'xwqax@ "CU= xDi=} Vy=m CU=Q CtU Q=WiQB |xOwD uwQO Q=Wi w
QO lr=@ Qw[L =@ 'OwW|t xOy=Wt lr=@ w CH |xr=@vO ?}mQD xm |}=H Z < 6
QDj}kO |UQQ@ =@ "OwW|tv xOy=Wt pm Q=Wi u=O}t QO |}x_Lqt p@=k Q}}eD u=O}t
CH CUOu}}=B QO `k=w CUOQwO pY=wi QO lr=@ Qw[L R= xOt; CUO x@ G}=Dv
uwQO pm Q=Wi xv}tm C=Q}}eD xm OQm xOy=Wt u=wD|t �?10 pmW w G9 pmW�
Qw[L C=QF= xm Ci=} QO u=wD|t G}=Dv u}= R= "CU= R}J=v pmW wO QO =yx@=OQo
|L=wv QO =yx@=OQo C} wkD CQwYx@ QDW}@ uQ=kD |xLiY QO w X |=DU=Q QO lr=@

"O=@ pvwD |xQ=w}O O=ODt= QO Q=Wi ?} Q[ C=Q}}eD "7 pmW

Q=R@= QO OwHwt C}a]k sOa xm OwW|t Qw;O=} "CU= �CP = �0 045 OLQO
|xrY=i p}rLD u}= QO "CU= xOW ^=Lr C}a]k sOa |x@U=Lt QO R}v |Q}oxR=Ov=
VwQ u}= OQwtQO "CU= xOt; CUO x@ wHWv=O t `} RwD R= xO=iDU= =@ �95 O=tDa=
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xDiQo s=Hv= R}v Q=Wi |=y?wQB |=Q@ C}a]k sOa p}rLD 'u}vJty "CU= CUOq=@

"OyO|t u=Wv =Q �0 045CP C}a]k sOa u=ty u; |xH}Dv xm

EL@ w G}=Dv "5
CUOu}}=B QO `k=wlr=@ =@|@v=H u=} QH QOCHVvmQOv= p@=kDt C=QF=|UQQ@ |=Q@
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CtU |x@=OQo *uDiQ u}@ R= *p}rOx@ Ov=wD|t xO}OB u}= xD@r= "CU= xOQm u=mt pkv
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pmW� lr=@ CUOu}}=B QO pm Q=Wi |Q}oxR=Ov= R= pY=L G}=Dv "OwW|t uwoQoO
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R= |W=v ,q=tDL= xm OwW|t xO}O u}}=B pm Q=Wi =@ |}xk]vt R}v 2 < Z < 4
QO "CU= CU=Q CtU |x@=OQo \UwD u; C} wkD w lr=@ u}}=B QO |}x@=OQo p}mWD
xOy=Wt Qo}O Q=Wism |xOwD l} R}v 9 < Z < 10 w 5 < Y < 7 |xOwOLt
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w xOW QDlJwm 'u; uwQO x@ lr=@ |xr=@vO OwQw w lr=@ Qw[L QF= Q@ CU=Q CtU

"CU= xDi=} Vy=m R}v u; uwQO Q=Wi ?} Q[
u=O}t Q@ uQ=kD |xLiY R= lr=@ |[Qa |xrY=i C=QF= QDW}@ |UQQ@ |=Q@
wO =@ w �X = 25� CUOQwO QO Qo}O C}akwt wO QO Q_v OQwt lr=@ 'u=} QH
xO=O Q=Qk �C3 w C2 C}akwt� uQ=kD |xLiY R= 5D w 2 5D |[Qa |xrY=i
"OW |Q}oxR=Ov= xv=o =OH Qw]x@ Cr=L Qy QO lr=@ CWB QO Q=Wi u=O}t w OW
OQ xm u=O}t QO lr=@ Qw[L seQ|ra Cr=L wO u}= QO 'xrY=L G}=Dv T=U=Q@
QO ?}DQDx@ CU=Q CtU |x@=OQo u}}=B QO ? w hr=13 pmW QO R}v u; |=B
u=OvJ lr=@ Qw[L R= u=} QH u=O}t 'OwW|t xOy=Wt Y = 5 w Y = 2 5
|Q}oxR=Ov= |=yCkO OL QO R}v =yx@=OQo uwQO CPt;min C=Q}}eD w xOw@v QF-=Dt
|x@=OQo xm OyO|t u=Wv ?10 pmW w ?13 pmW QDj}kO |xU}=kt 'xD@r= "CU=
xOW xOv=Q AJ CtU x@ w QDsm =QDt |mOv= 'lr=@ Qw[L QF= Q@ CU=Q CtU

"CU=
CH R= CUOQwO |L=wv QO xm Ci=} QO u=wD|t xOt; CUOx@ G}=Dv x@ xHwD =@
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"C2 C}akwt QO lr=@ Qw[L =@ w CH QwLt R= X = 37 5 |xrY=i QO pm Q=Wi u=O}t Q@ J C=QF= "16 pmW

?Yv C2 C}akwt QO lr=@ xm |r=L QO 'J C=QF= |UQQ@ |xt=O= QO
CUO x@ G}=Dv |xU}=kt "OW |Q}oxR=Ov= u; CUOu}}=B pm Q=Wi u=O}t 'OW
Q}}eD sOa seQ|ra xm OyO|t u=Wv �15 pmW =@ 16 pmW |xU}=kt� xOt;
xm xJv; hqNQ@ u=} QH |rm Q=DN=U ^iL w �3 pwOH� =yx@=OQo uwQO CPt;min

"Ov=xOQm Pwiv |@v=H u=} QH uwQO x@ =yx@=OQo J V}=Ri= =@ 'O=O MQ A2 Cr=L QO
x=Qty CU=Q CtU |x@=OQo |oDiW; V}=Ri= xOWV}=tR; |=yJ |t=tD QO ,=vt[
xOy=Wt u=vJty lr=@ Qw[L p}rOx@ |@v=H u=} QH uwQO x@ u; QDW}@ Pwiv =@

"OwW|t
QDnQR@ |mOv= lr=@ Qw[L =@ CU=Q CtU |x@=OQo J = 15 66 \}=QW QO
Qw[L sOa =} Qw[L xJQo = xm OQm xQ=W= xDmv u}= x@ u=wD|t =Hv}= QO "CU= xOW
R}yQB Qw_vtx@ 'OQ=Ov Q=Wi u=} QH u=O}t Q@ |v=OvJ QF= CUOQwO |L=wv QO lr=@
pw] w J C@Uv 'lr=@ |}=yDv= |L=wv Q=Wi `} RwD Q@ u=O}t |r=tDL= C=QF= R=

|xv}W}@ w xv}tm pm Q=Wi ?} Q[ Q@ lr=@ Qw[L sOa w Qw[L Q}F-=D "3 pwOH
"lr=@ CUO u}}=B QO pm Q=Wi u=O}t

CPt;max CPt;min J lr=@ C}akwt
0 03 �0 39 15 66 C1
0 06 �0 41 19 31 C1
0 06 �0 46 22 96 C1
0 02 �0 38 15 66 lr=@ uwO@
0 06 �0 39 19 31 lr=@ uwO@
0 06 �0 47 22 96 lr=@ uwO@
0 02 �0 39 15 66 C2
0 06 �0 4 19 31 C2
0 08 �0 48 22 96 C2

35



"""|
@v=H

u=}Q
H'

CwY
jwi

=tC
HV

vmQO
v=|

@QH
D|

UQQ
@

s�qa CUQyi
QDw pw] %C

Q=Wi ?} Q[ %CP
�D = 8 mm� pR=v |HwQN `]kt Q]k %D

|@v=H u=} QH x@ CH |m}t=v}O Q=Wi C@Uv %J
M=t OOa %M

Q=Wi %P
ROrwv} Q OOa %Re

C=YDNt |=yQwLt %x; y; z
(x=D; y=D; z=D) C=YDNt |=yQwLt Oa@ |@ sQi %X;Y; Z

|v=vw} s�qa
xS} w |=tQo C@Uv %


|RQt |x}q Ct=N[ %�

T}wv Q} R
|@v=H u=} QH Q=Okt %1

CH Q=Okt %j
Q=w}O |wQ Q=Okt %w

pR=v |HwQN QO Q=Okt %e
uwmU Q=Okt %t

xDW=O Qo}Om} =@ =Q CqN=OD u} QDsm xm OvwW ?=NDv= |}xvwox@ CU= QDy@ lr=@
"OvW=@

|Q}oxH}Dv "9
CH l} Ot=aDt |x}rND R= |W=v |}x@=OQo u=O}t Q@ lr=@ l} C=QF= j}kLD u}= QO
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"CU= xOw@ 2 5 w 0 7 =@ Q@=Q@ ?}DQDx@ w C@=F xOt; CUO x@ G}=Dv |t=tD QO O=R;
|x}rND pLt x@ C@Uv lr=@ C}akwt pt=W j}kLD u}= QO |UQQ@ OQwt |=yQDt=Q=B

"Ov=|@v=H u=} QH x@ CH |m}t=v}O Q=Wi C@Uv w CH
O=ODt= QO lr=@ Qw[L C=QF= xm OvyO|t u=Wv =yV}=tR; u}= R= pY=L G}=Dv
|x@=OQoCiH C} wkD CQwYx@ QDW}@ CH x@ l}ORv |L=wv QO w uQ=kD |xLiY
"OwQ|t u}@ R= C=QF= u}= G} QODx@CH |x}rND pLt R= uDiQoxrY=i =@ wCU= u=NQJ
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G} QODx@ =yx@=OQo 'CUOQwO |L=wv QO |@v=H u=} QH x@ CH |m}t=v}O Q=Wi C@Uv
|m}t=v}O Q=Wi |=yC@Uv |xty QO u}vJty "Ov=xOQm Pwiv |@v=H u=} QH uwQO x@
"OwW|t xOy=Wt u=vJty lr=@ =@ Q}oQO |x@=OQo |oDiW; V}=Ri= 'V}=tR; OQwt

CWwv=B
1. counter rotating vortex pair (CRVP)
2. trisonic
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