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C@Uv Q=Wi ?wr]t=v u=}O=Qo '|Q=m `]kt ẁQW R= QDt|Dv=U 54 ' xL = 0 79 QO lR=v
Cr=L u}= |=Q@ "OwW|t QDsm u=} QH |Q=O}=B=v xH}DvQO w QDh}a[ Qo}O |=yC}akwt x@

"CU= xOW pY=L R}v O=@ pvwD |Q=m `]kt QO |oDiW; COW u} QDsm

msoltani@sharif.edu
ghorbanian@sharif.edu
mihsen.mirzaei.a@gmail.com
mdmanshadi@alum.sharif.edu "lR=v s}U '|oDiW; 'Q=Wi u=}O=Qo 'xOvvmZ@kvt 'O=@ pvwD %|O}rm u=oS=w

xtOkt
"CU= xOWp}mWD Qakt w?OLt|vLvt wO R= xOvvmZ@kvt "OwWC=W=WDe= uOWsm
xOvvmZ@kvt pw] O}=@ xQ=wty 'u=} QH Q=WDv=CYQiV}=Ri= w|}=OH R= R}yQB Qw_vtx@
|RQt |x}q Ct=N[ V}=Ri= w CN=U |xv} Ry V}=Ri= |xr�Ut =t= 'OW=@ QDW}@
l} R}i [13w12]"OvQDt=Q=B u}= |xOvvmOwOLt pt=wa xrtHR= u;V}=OH p=tDL= =@ x=Qty
C=ar=]t QO "CU= |O=} R |=y|oO}J}B |=Q=O pvwD |xOvvmZ@kvt pN=O u=} QH
CaQU `} RwD 'pvwD |xOvvmZ@kvt pN=O u=} QH uwt=Q}B xOWs=Hv= *|OOa w |@ QHD
[14]"Ot; CUO x@ xOvvmZ@kvt *|rw] |=DU=Q QO Q=Wi `} RwD w |[Qa `]=kt QO
QO QF-wt |=yQDt=Q=B Q}F-=D [15]xOvvmZ@kvt pN=O |RQt |x}q Q=DiQ |xar=]t QO
|UQQ@ 'OW=@ xDW=Ov OwHw |RQt |x}q V}=OH xm |Dr=L QO 'xOvvmZ@kvt |L=Q]
|=OD@= QO xQ=w}O |=vLv= uOWK]Ut p}rOx@ xm O=O u=Wv C=ar=]t u}= "CU= xOW
xm OQ=O OwHw ?wr]t=v Q=Wi u=}O=Qo OwHw u=mt= 'u; |HwQN QO w xOvvmZ@kvt

"OwW u=} QH V}=OH Ea=@ Ov=wD|t Qt= u}=
'OQ=O =Q xOvvmZ@kvt pN=O QO u=} QHV}=OH u=mt= xm |}xOwOLt 1 pmW QO
|Oa@xU V}=OH u=mt= xm OyO|t u=Wv u=} QH Q=DiQ |UQQ@ "CU= xOW xO=O u=Wv
x}HwD |=Q@ |O=yvW}B pOt l} "OQ=O OwHw xOvvmZ@kvt Qakt CtUk QO u=} QH
|x}q u=} QH lJwm |=y|DN=wvm} Q}e =@ 'V}=OH Ov}=Qi xm CU= u}= xO}OB u}=
'OQ}o|t pmW u=} QH *CUOq=@ CtUk QO |=y|QwD Qw[L |x]U=wx@ xm |RQt

"CU= |Q=m `]kt QO =}=B w pQDvm p@=k u=} QH x@ |@=}CUO |U=U= hOy O=@ pvwD QO
pvwD |Q=m `]kt QO |oDiW; COW uOw@u}}=B 'hOy u}= |=Q@ syt |=yQDt=Q=B R=
Ea=@ u=} QH |oDiW; COW "OQ=O |RQt |x}q Q@ |@ wr]t=v C=Q}F-=D |oDiW; "CU=
|wQ}v +=DH}Dv w OwW|t pOt |wQ xOWp}mWD |RQt |x}q |R=UxDiW; QO `} QUD
C=QF= pvwD QO |oDiW; u}= Q@ xwqa [3�1]"CiQo Oy=wN Q=Qk Q}F-=D CLD COWx@ =UB
"OQ=O V}=tR; OQwt pOt |wQ +=DH}Dv w |Q=m `]kt QO Q=Wi `} RwD |wQ |UwULt
|O}OW ,=D@Uv |oDU@=w R}v '|oOv=t=w x@ l}ORv 'q=@ |xrtL |x} w=R QO =Q@ |wQ}v
O=@ pvwD QO |oDiW; Vy=m |=Q@ |O=} R |=yVwQ [5w4]"OQ=O u=} QH |oDiW; =@
2|xOvvmZ@kvt C@Uv R= xO=iDU= x@ u=wD|t xrtH u; R= xm CU= xOW O=yvW}B
|m} "OQm xQ=W= [9�7]pvwD Vt=Q; |x_iLt QO |Qw@vR xvq w |QwD ?Yv [6]'?U=vt
QO u=} QH |DN=wvm} xm |oDiW; COW Vy=m |=Q@ xv} Rysm w O}OH |=yVwQ R=
|xOvvmZ@kvt pN=O QO lR=v s}U uO=OQ=Qk 'CW=O Oy=wN x=Qtyx@ =Q |Q=m `]kt

[11w10]"CU= pvwD
|xrY=i QO O}=@ xm CU= u; |xOvvmZ@kvt 'pvwD |=yVN@ u} QDsyt R= |m}
w|DN=wvm} Q}eVy=mEa=@ R}v w Ovm sm =QDt w =Qosy ,=O}OW =Q u=} QH \w]N '|y=Dwm

"1388 2 1 VQ}PB '1387 9 17 |Qw=O '1387 2 24 Ci=} QO %M} Q=D

www.SID.ir


Arc
hive

 of
 S

ID

www.SID.ir

"""V
y=m

|=Q@
xOvv

mZ
@kvt

Q=W
i`}

RwDO
w@y@u}= "OQ=O Q=Qk QrDQwo *|JQ=k |x@=OQo CiH |}q=@ K]U |m}ORv QO |Qo}O w

C=W=WDe= OWQ uOQ@ u}@ R= ?Hwt ?wr]t Q=Wi u=}O=Qo xm O=O u=Wv =y|UQQ@
Q=Wi u=}O=Qo |rY= QF= "OwW|t x} wv=F |=y|Q=O}=B=v uDN=Ov= Q}N-=D x@ w CaQU
K]U R= GQ=N CtU x@ �|}q=@ K]U� O=} R VvD |x}q uO=OCmQL ?wr]t=v
V}=Ri= u}= "OQ=Po|t K]U l}ORv |q=@ VvD |x}q Q@ |tm QF= w CU= xQ=w}O
"OwW|t x}HwD K]U R= =yx@=OQoCiH uOW QwO =@ 'sy R=VvD |=yx}q |xrY=i
K]U R= =yx@=OQo uOWOvr@ Ea=@ |ivt Q=Wi u=}O=Qo O=@ pvwD |xOvvmZ@kvt QO

"OwW|t xOvvmZ@kvt
|}=Qosy xm OvyO|t u=Wv xOW s=Hv= |=y|UQQ@ %|[Qa Q=Wi u=}O=Qo �G
Ot=Hv}@ |}=yx@=OQoCiH O}rwD x@ CU= umtt '|[Qa Q=Wi u=}O=Qo QF= Q@ u=} QH
|x}ql} =yx@=OQoCiHu}= O}rwD |xH}DvQO [20]"OvwW|t u=} QH|}=OH?@U xm
pN=O QO |}xv}W}@ |=Q=O u; |[Qa |xir-wt xm OwW|t p}mWD ?} Q= |RQt
uOt; OwHwx@ Ea=@ K]U l}ORv |[Qa u=} QH |}=Qoty "CU= |RQt |x}q
|=y|Q=O}=B=v |xr}Uwx@ xm OwW|t |i}a[ |=yx@=OQo C} wkD |=Q@ |Q=mwR=U

"Ov=xOt; OwHw x@ QrDQwo
|=yx@=OQo R=h}OQl} xOvvmZ@kvt QaktCtUk QO xm OvOQm xOy=Wt u}kkLt
[21]"OwW|t |oDiW; V}=Ri= Ea=@ w OvmW|t C}=yv QO w Ovm|t =O}B xaUwD QrDQwo
?=DW "CU= xDiW; x@ s=Q; u=} QH p=kDv= |rY= pt=a 'QrDQwo |=yx@=OQo `k=w QO
Twmat p=kDv= xH}DvQO w 'u=} QH |oDiW; |xaUwD R= |Q}owrH Ea=@ u=} QH O=} R
R= |}xQ_DvtQ}e |=yxv=Wv u}vJty "OwW|t xOvvmZ@kvt ?OLtCtUk QO u=} QH
G}=Dv "OW xOy=Wt 'u=} QH uOWs=Q; R= Oa@ 'xOvvmZ@kvt ?OLtCtUk QO |oDiW;
'xOvvmZ@kvt Qakt CtUk QO xDiW; |RQt |x}q xm OyO|t u=Wv |@ QHD C=k}kLD
?=DW xJQo =CU= uOWs}N[ p=L QO 'CU= QrDQwo |Q=O}=B=v =@\@DQt xm |@} Q[ =@
CQ=@ax@ [22]"Ot=Hv=|t xOvvmZ@kvt ?OLt CtUk QO u=} QH uOW s=Q; x@ u=} QH
x@ xDiW; Cr=L R= |RQt |x}q 4Twmat p=kDv= 'xOvvmZ@kvt CtUk u}= QO Qo}O
=@ O=@ pvwD |xOvvmZ@kvt QO |RQt |x}q Twmat p=kDv= C=QF= "OyO|t |wQ s=Q;
|=y|Q}oxR=Ov= [23]"CiQo Q=Qk |UQQ@ OQwt |@ QHD Qw]x@ w d=O s}U R= xO=iDU=
|=yx@=OQo \UwD s=Q; |RQt |x}q u}}=B ROrwv} Q QO xm OyO|t u=Wv xOWs=Hv=
O}rwD xOvvmZ@kvt Qakt CtUk QO QrDQwo |=y|Q=O}=B=v |x]U=wx@ xm |oQR@ |rw]
?OLt CtUk QO xDiW; |RQt |x}q u}= C}=yv QO w OyO|t pmW Q}}eD 'xOW
|RQt |x}q QDq=@ ROrwv} Q QO "OwW|t s=Q; xQ=@ wO 'u=} QH ?=DW p}rOx@ xOvvmZ@kvt
Qakt CtUk QO |[Qa nQR@ C=W=WDe= w CU= xDiW; xOvvmZ@kvt |OwQw QO
xOvvmZ@kvt ?OLt CtUk QO xDiW; |RQt |x}q u}= "OwW|t xO}O xOvvmZ@kvt
QO Twmat p=kDv= |=Q@ xm Ov=xO=O u=Wv u}kkLt "OwW|t s=Q; 'O=} R ?=DW QF=Q@

[24]"CU= R=}v OQwt |QDW}@ ?=DW 'CND |xLiY =@ xU}=kt QO 'xOvvmZ@kvt
Ea=@ xm OwW|t xO}O|}=y|Q=O}=B=v R}v pvwD |xOvvmZ@kvt ?OLtCtUk QO
|tm "CU= xDiW; x@ =QPo u=} QH Q}}eD pLt `k=w QO xm OwW|t u=} QH V}=OH
R=|W=v 5 *|WtN *|Q=O}=B=v =@ 'xOW s=Q; |RQt |x}q '|Q=m `]kt R= p@k w QDwrH
CtUk QO "OW Oy=wN u=} QH V}=OH Ea=@ R}v u}= xm OwW|t xH=wt K]U |=vLv=
uDN=Ov=wrH Ea=@ |v=yo =v Qw]x@ |Q=O}=B=v u}= 'xOvvmZ@kvt |HwQN QO w ?OLt
O=@ pvwD xU u}@ xm |D=k}kLD x@ xHwD =@ "OwW|t VwWet x@ s=Q; R= u=} QH Q}}eD
xO}OB u}= xm OW xOy=Wt 'OW s=Hv= u=WxOvvmZ@kvt pmW x@ xHwD uwO@ 'Cw=iDt
w xOvvmZ@kvt |OwQw R= xrY=i x� [22]ODi=|t j=iD= Rex � 4� 106 QO ,=@} QkD
QF=Q@ CU= |y}O@ "�CU= xOvvmZ@kvt pN=O |x]kv u=ty QO 6|a[wt CaQU Ue

"xOvvmZ@kvt QO V}=OH |x}L=v "1 pmW

`]kt K]U =@ xOvvmZ@kvt |=Q@ u=} QH |Oa@xU V}=OH *|twyit pOt "2 pmW
[16]"pmW `@ Qt

'QrDQwo |=y|Q=O}=B=v V}=Ri= =@ xOvvmZ@kvt |=OD@= QO C=W=WDe= u}= "OwW|t R=e;
x@ C}=yv QO w OwW|t C} wkD |rw] ?wr]t=v Q=Wi u=}O=Qo w |[Qa Q=Wi u=}O=Qo
Q=DiQ Qou=Wv 2 pmW [17]"Ot=Hv=|t K]U R= xOW=OH |=yx@=OQo CiH l} O}rwD
|=yCaQU QO Q=DiQ u}= "CU= `@ Qt `]kt K]U =@ xOvvmZ@kvt pN=O u=} QH
u}vJ =Q u=} QH V}=OH *OHwt pt=wa u=wD|t xYqN Qw]x@ "CU= QDOwyWt u}}=B

%OQm |iQat
|DN=wvm} Q@ pvwDVt=Q; |x_iLtCtUk QO |QwD OwHw %x}rw= C=W=WDe= �hr=
|QwD |xm@W QO lOv= |Q}}eD xm Ov=xO=O u=Wv u}kkLt "OQ=O Q=}U@ Q}F-=D u=} QH
u}= [18]"OW=@ |QwD *CUOu}}=B u=} QH QO xvt=Osm |DN=wvm} Q}e `@vtCU= umtt
xOvvmZ@kvt |OwQw QO |RQt |x}q Ct=N[ |[Qa Q}}eD pt=a |DN=wvm} Q}e
CQ=@a Ot=Hv=|t xOvvmZ@kvt QO |wk V}=OH x@ xm |Oa@ |xrLQt "CU=
xOvvmZ@kvt K]U QO xm =RHt |x}q OvJ x@ |RQt |x}q pmW Q}}eD R= CU=
|m}ORv QO sm CaQU u=} QH |oDW=@v= =@ '=RHt |=yx}q u}= "Ov};|t OwHw x@
Qw;O=} "Ovvm|t O=H}= =Q QrDQwo |=yx@=OQo �� u=} QH Vmt |x}L=v �� xQ=w}O
QO w xOvvmZ@kvt Qakt CtUk QO �G�o = 2Re0 5�� 3QrDQwo OOa xm OwW|t

"OQ=O Q=Qk QrDQwo |=y|Q=O}=B=v O=H}= |xOwOLt
Q=Wi u=}O=Qo C=QF= uwt=Q}B xOt; ptax@ |=y|UQQ@ QO %|rw] Q=Wi u=}O=Qo �?
u=Wv xOWs=Hv= |=yV}=tR; [19]'QrDQwo |x} wv=F |=y|Q=O}=B=v p}mWD QO |rw]
|=vLv= =@ x]kv wO w CU= p}=t |Owta CyH QO CaQU p}iwQB *|vLvt xm O=O
xOvvmZ@kvt |xQ=w}O K]U l}ORv QO |m} x]kv wO u}= "OQ=O �O=} R VvD� O=} R

12

www.SID.ir


Arc
hive

 of
 S

ID

www.SID.ir

"""'u
=}v=@

Qkx
w=m'

|v=]
rU=

[Q
OtL

t OwOL QO u; |HwQN S=Drw 'OW=@ QiY u; QU wO Q=Wi hqDN= |Dkw w xOw@ s}kDUt
C=Q}}eD x@ �=yxU=UL� =yQwUvU u}= |} woMU=B u=tR "CU= Crw 3 4 =D 3 2
Qw]x@ =Q =yv; R= s=OmQy O}=@ =ypO@t R= xO=iDU= |=Q@ "CU= x}v=F |r}t 1 |Q=Wi
sm Q=Wi =@ Q=@l} 'CU= xDiQo CQwY xrLQt wO QO uw}U=Q@}r=m "OQm xQ@}r=m xv=o =OH
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?Yv |xr}Uwx@ |Q=@H= p=kDv= =@ Q=m u}= xm CW=O xov C@=F |rLt QO =Q |Q=O}=B=v
xOWs=Hv= C=k}kLD [11w10]"OwW|t s=Hv= xOvvmZ@kvt |}=yDv=CtUk QO lR=v s}U
QO |oDiW; COW 'xOvvmZ@kvt |HwQN QO lR=v s}U ?Yv =@ xm OyO|t u=Wv
OyO|t u=Wv VywSB u}= QO =y|UQQ@ "CU= xDW=O |yHwD p@=k Vy=m |Q=m `]kt
pvwD |xOvvmZ@kvt |HwQN |xv=yO 'lR=v s}U ?Yv |=ypLt u} QDy@ R= |m} xm

"CU=
'hrDNt |=yCaQU QO xOvvmZ@kvt pN=O Q=Wi `} RwD =OD@= VywSB u}= QO
QO lR=v s}U |Oa@ Cq=L QO "CU= xOW |UQQ@ xOvvmZ@kvt pw] |=DU=Q QO w
|xU}=kt w |Q}oxR=Ov= =@ w xOW?Yv xOvvmZ@kvt ?OLtCtUk QOC}akwt Q=yJ
V}=OH C=QF= Vy=m Qw_vtx@ lR=v s}U ?Yv |=Q@ ?U=vt C}akwt 'Q=Wi `} RwD
|Q}oxR=Ov= "CU= xOW XNWt |Q=m `]kt QO |oDiW; COW Vy=m xH}DvQO w
|oDiW; COW Q=Okt u} QDsm |=Q@ C}akwt u}= O} -wt |Q=m `]kt QO |oDiW; COW

"CU= O=@ pvwD QO

C=R}yHD
'O=@ pvwD R= 'u; Q@ |Q=@H= p=kDv= Q}F-=D w xOvvmZ@kvt Q=Wi `} RwD |UQQ@ |=Q@
|Q}oxR=Ov= |=Q@ d=O s}U w |Q=OQ@xO=O sDU}U 'lR=v s}U '|Q=Wi |=y7pO@t
ẁv R= xm R=Q}W O=@ pvwD l}D=tW 3 pmW QO "CU= xOW xO=iDU= |oDiW; COW
QDt 3 8� 6 5� 18 pvwD u}= |rm O=a@= "CU= xOW xO=O u=Wv 'CU= xDU@ Q=Ot
u} QDW}@ w QDt|Dv=U 80 � 80 � 200 pvwD u}= V}=tR; |x_iLt O=a@= "CU=
xOvvmZ@kvt |}=Qosy C@Uv "CU= x}v=F Q@ QDt 100 V}=tR; |x_iLt QO CaQU
CU= s}_vD p@=k V}=tR; |x_iLt pN=O |=tO C=Q}}eD |xvt=O "CU= 7 ,=@} QkD
QDt Q@ 5 26 � 106 =D 5 29 � 105 R= V}=tR; |x_iLt QO ROrwv} Q OOa w
OQwt `H=Qt |NQ@ QO pvwD |Q=m `]kt QO u=} QH Q=DiQ w =y|oS} w "CU= Q}}eD p@=k

[26w25]"CU= xDiQo Q=Qk |UQQ@
|Q=Wi |=ypO@t R= xOvvmZ@kvt QO l}D=DU= Q=Wi C=Q}}eD |Q}oxR=Ov= |=Q@
|@Uv Q=Wi hqDN= w Ov=|r[=iD ẁv R= =ypO@t u}= "CU= xOW xO=iDU= ?U=vt
u=} QH Crw 8� 0 005 =ypO@t u}= |OwQw |x}PeD S=Drw "Ovvm|t |Q}oxR=Ov= =Q

"VywSB u}= QO xO=iDU= OQwt O=@ pvwD R= |}=tv "3 pmW

13

www.SID.ir


Arc
hive

 of
 S

ID

www.SID.ir

"""V
y=m

|=Q@
xOvv

mZ
@kvt

Q=W
i`}

RwDO
w@y@u=} QH \w]N 'u; |}=yDv= C@=F `]kt l}ORv w xOvvmZ@kvt |HwQN QO xm CU=

C=QP |@Uv Q=Wi V}=Ri= x@ QHvt xm xOW R=@ |Q=Okt C@=F `]kt x@ uO}UQ R= TB
MQ C@Ft Q=Wi u=}O=Qo R}v x}L=v u}= QO w OwW|t xOvvmZ@kvt |=yxQ=w}O |wQ Q@
?OLt u; |vLvt xm xOvvmZ@kvt |HwQN |x}L=v QO 'Qo}O CQ=@ax@ "OyO|t
|t=ovy "CU= QDW}@ uQ=kD QwLt |wQ CaQU R= =yxQ=w}O |m}ORv QO CaQU 'CU=
u}= O}=@ OUQ|t C@=F `]kt =@ |x}L=v x@ w OwN |=yDv= x@ ?OLt |x}L=v u}= xm
|wQ CaQU Vy=m =@ xr�Ut u}= &OwW CN=wvm} `} RwD x@ p}O@D CN=wvm} Q}e `} RwD
O=H}= w xQ=w}Ol}ORv Q=WiV}=Ri=Ea=@CaQUVy=m u}= "OwW|t jkLt =yxQ=w}O
xm CU= |}=y|Q=O}=B=v TmaQ@ =y|Q=O}=B=v u}= Q=DiQ "OwW|t C@Ft Q=Wi u=}O=Qo
|=y|Q=O}=B=v u}= CaQU V}=Ri= =@ |va} 'O};|t OwHw x@ xOvvmZ@kvt |=OD@= QO

"OyO|t u=Wv Kw[wx@ =Q Q=DiQ u}= 5 pmW "OvwW|t QDW}@
|=yCaQU QO C=aq]= xOvvmZ@kvt QO lR=v s}U ?Yv =@ |Oa@ Cq=L QO
"CU= xOW ?Yv xL = 0 91 QO lR=v s}U pw= Cr=L QO "CU= xOW PN= QwmPt

"CU= Cr=L u}= x@ \w@ Qt 7 w 6 |=ypmW
=OD@= QO Q=Wi u=}O=Qo =yCaQU |t=tD QO xm OwW|t xOy=Wt Cr=L u}= QO
Q=Okt �50 m/s R= QDW}@� q=@ |=yCaQU QO "OQ=O OwHw xOvvmZ@kvt |=yDv= w
QO xm CU= u}= �7 pmW� C=Oy=Wt u}= QO ?r=H |xDmv "OwW|t C@=F Cp

s}U uwO@ Cr=L =@ xU}=kt QO 'xOvvmZ@kvt |=OD@= QO Cp Q=Okt u}}=B |=yCaQU

"Q=Wi `} RwD Q@ lR=v s}U C=QF= |UQQ@ "6 pmW

"30 m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "7 pmW

"O=@ pvwD QO lR=v s}U ?Yv |=yC}akwt "4 pmW

G}=Dv
xOW PN= =yxO=O �R}tD w |r=N pvwD� xOvvmZ@kvt QO lR=v s}U ?Yv uwO@ =OD@=
|UQQ@ "CU= xOW xO=O u=WvhrDNt |=yCaQU |=Q@ Q=Wi `} RwD 5 pmW QO "CU=
'xOvvmZ@kvt |=OD@= QO 50 m/s R= QDu}}=B |=yCaQU QO xm OyO|t u=Wv G}=Dv
u}= �ROrwv} Q OOa V}=Ri=� CaQU V}=Ri= =@ &OQ=O OwHw ?wr]t=v Q=Wi u=}O=Qo
xOvvmZ@kvt Qakt CtUk QO 50 m/s CaQU QO ,=D}=yv w OwW|t QDsm u=}O=Qo
x@ QHvt CU= umtt OW=@ O=} R ?wr]t=v Q=Wi u=}O=Qo Qo = "OwQ|t u}@ R= ,qt=m
u=mt= 50m/s R= QDsm |=yCaQU QO xm CU= XNWt "OwW u=} QH V}=OH
QDW}@ R}vCtUk u}= QOV}=OH u=mt=CaQUVy=m =@ wCU= O=} R u=} QHV}=OH
?OLt CtUk QO w QDwrH |tm QO xm OwW|t xOy=Wt =ypmW x@ xHwD =@ "OwW|t
'� xL = 0 73� Vt=Q; |x_iLt R= |QDt|Dv=U 190 |xrY=i QO 'xOvvmZ@kvt
|RQt |x}q Twmat p=kDv= Q=DiQ Q}}eD u}= p}rO "OwW|t Q}}eD Q=JO u=} QH Q=DiQ
=Q xOvvmZ@kvt |=OD@= QO C@Ft Q=Wi u=}O=Qo ẁkw |m} R}i Cra "CU= u=} QH
'`]kt K]U |v=yo =v Q}}eD Crax@ xOvvmZ@kvt |=OD@= QO %OQm u=}@ u}vJ u=wD|t
QO Q=Wi |@Uv V}=Ri= x@ w OwW|t xDW=@v= xQ=w}O l}ORv \=kv QO u=} QH \w]N
u=} QH V}=OH Ea=@ Ov=wD|t '?wr]t=v Q=Wi u=}O=Qo u}= "Ot=Hv=|t xk]vt u}=

"OwW
Q=Wi |=yu=}O=Qo|WtN |Q=O}=B=v p}rOx@ 'R}v xOvvmZ@kvt|HwQNCtUk QO
Q=Wi u=}O=Qo OwN C=W}=tR; QO R}v u}kkLt R= |NQ@ "OwW|t xOy=Wt |@ wr]t=v
u}= xO}OB u}= |m} R}i p}rO [22]"OvOQm xOy=Wt xOvvmZ@kvt |HwQN QO |@ wr]t=v

"R}tD Cr=L |=Q@ Q=Wi `} RwD "5 pmW
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w=m'

|v=]
rU=

[Q
OtL

t xOvvmZ@kvt |=OD@= |=y|Q=O}=B=v xm CiQo xH}Dv u=wD|t C=aq]= u}= R= xO=iDU=
'� xL = 0 91 QO lR=v s}U� |r@kCr=L x@C@Uv w QDh}a[ R}tDCr=L x@C@Uv
x
L = 0 88 QO lR=v s}U ?Yv 'QDq=@ |=yCaQU QO "Ov=xOW QD|wk |mOv=
|HwQN QO u=} QH |Q=O}=B=v Vy=m xH}DvQO w ?wr]t=v Q=Wi u=}O=Qo h}a[D Ea=@
Cr=L x@ C@Uv xOvvmZ@kvt |=OD@= QO Cp Q=Okt |iQ] R= "OwW|t xOvvmZ@kvt
'C}akwt u}= QO lR=v s}U ?Yv "OwW|t QDsm ' xL = 0 91 'p@k Cr=L w R}tD
xOvvmZ@kvt |=OD@= QO |=y|Q=O}=B=vC} wkDEa=@ q=@ |=yCaQU QO ' xL = 0 88
u}}=B |=yCaQU QO w OwW|t xOvvmZ@kvt |HwQN QO |=y|Q=O}=B=v h}a[D w
u; h}a[D Ea=@ w OQ=Po|t QF= xOvvmZ@kvt |=OD@= |=y|Q=O}=B=v |wQ QDW}@
u; G}=Dv xm CU= xOW ?Yv xL = 0 79 QO lR=v s}U swU Cr=L |=Q@ "OwW|t

"CU= xOW xOQw; 11 w 10 |=ypmW QO
?wr]t=v Q=Wi u=}O=Qo =yCaQU |t=tD QO 'p@k Cq=L Ovv=t R}v Cr=L u}= QO
x@ xOvvmZ@kvt |=OD@= Q=Wi u=}O=Qo w OQ=O OwHw xOvvmZ@kvt |=yDv= w =OD@= QO
"CU= QDsm p@k Cr=L wO x@ C@Uv u; COW =t= 'xOQm CmQL u; |OwQw CtU
u=}O=Qo h}a[D Ea=@ QDq=@ |=yCaQU QO ,=YwYN lR=v s}U ?Yv u}vJty
x}L=v u; QO u=} QH |Q=O}=B=v Vy=m xH}DvQO w xOvvmZ@kvt |HwQN ?wr]t=v Q=Wi
=@ xU}=kt QO 'u}}=B |=yCaQU QO 'xOvvmZ@kvt |=OD@= QO Cp Q=Okt "OwW|t

"Q=Wi `} RwD Q@ lR=v s}U QF= |UQQ@ "10 pmW

"30 m/s CaQU QO Q=Wi `} RwDQ@ lR=v s}U C=QF= |xU}=kt "11 pmW

xOvvmZ@kvt |OwQwCtU x@ =y|Q=O}=B=v p}mWD pLt u}vJty w xDi=}V}=Ri= lR=v
p}rOx@ xOvvmZ@kvt |OwQw CtU x@ |=y|Q=O}=B=v CmQL "CU= xOW l}ORv
Q=Wi u=}O=Qo CmQL Qo}O CQ=@ax@ "CU= CwY uwO=t u=} QH QO lR=v s}U Q}F-=D
uwO=t u=} QH QO CUOq=@ u=} QH |wQ Q@ CUOu}}=B u=} QH Q}F-=D p}rOx@ ?wr]t=v
Ci= |DQ=@ax@ =} |SQv= Ci= xm OwW|t Ea=@ u=} QH |=y|Q=O}=B=v "CU= CwY
OwHw |QDW}@ |Q=O}=B=v xm |Dr=L QO Cp Q=Okt xH}DvQO 'OW=@ QDW}@ u=} QH Q=Wi
|=OD@= QO Cp Q=Okt lR=v s}U ?Yv =@ xm xDmv u}= x@ xHwD =@ "CU= QDsm OQ=O
|=y|Q=O}=B=v xm CiQo xH}Dv u=wD|t 'xOW QDW}@ sm |=yCaQU QO w xOvvmZ@kvt
lR=v s}U ?Yv =@ QDq=@ |=yCaQU QO "CU= xOW QDh}a[ xOvvmZ@kvt |=OD@=
"OwW|t QDsm |tm 's}U uwO@ Cr=L x@ C@Uv xOvvmZ@kvt |=OD@= QO Cp Q=Okt
9 w 8 |=ypmW "CU= xOW ?Yv x

L = 0 88 QO lR=v s}U swO Cr=L QO
"CU= Cr=L u}= x@ \w@ Qt

=yCaQU |t=tD QO 'p@k Cr=L Ovv=t xm OwW|t xOy=Wt C}akwt u}= QO
|=y|Q=O}=B=v p}mWD pLt w OQ=O OwHw xOvvmZ@kvt |=yDv= w =OD@= QO Q=Wi u=}O=Qo
u}}=B |=yCaQU QO u}vJty w CU= xOW l}ORv xOvvmZ@kvt |OwQw CtU x@ R}v
C@Uv w V}=Ri= s}U uwO@ Cr=L =@ xU}=kt QO 'xOvvmZ@kvt |=OD@= QO Cp Q=Okt
=@ "CU= xDi=} Vy=m |mOv= ' xL = 0 91 C}akwt QO lR=v s}U OwHw Cr=L x@

"Q=Wi `} RwD Q@ lR=v s}U C=QF= |UQQ@ "8 pmW

"30m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "9 pmW
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RwDO
w@y@|=Q@ |QDW}@ u=tR |Q=m `]kt x@ OwQw R= p@k =D OyO|t xR=H= u=} QH x@ xr�Ut u}=

pN=O QO u=} QH C}i}m Ow@y@ Ea=@ C}=yv QO w OW=@ xDW=O Q=Wi u=}O=Qo u}= u=Q@H
x
L = 0 79 QO XwYNx@ lR=v s}U?Yv xmCU=XNWt =Pr "OwW |Q=m `]kt
|Q=m `]kt l}ORv QO xOvvmZ@kvt QO Q=Wi `} RwD QO OwHwt C=v=Uwv Vy=m Ea=@
QO lR=v s}U '=yCaQU s=tD QO xm OvyO|t u=Wv =ypmW u}= u}vJty "CU= xOW
Vy=m QDW}@ lR=v s}U |=yC}akwt Q}=U x@ C@Uv =Q Q=Wi Gw= Q=Okt 'C}akwt u}=

"30 m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "14 pmW

"40 m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "15 pmW

"50 m/s CaQU QO Q=Wi `} RwDQ@ lR=v s}U C=QF= |xU}=kt "16 pmW

|=yCaQU QO w CU= xDi=} V}=Ri= '�11 w 10 pmW� |r@k Cq=L w R}tD Cr=L
Cq=L R= w QDsm R}tD Cr=L x@ C@Uv xOvvmZ@kvt |=OD@= QO Cp Q=Okt QDq=@
|OwQw QO |=y|Q=O}=B=v CQOk xm CU= u; R= |m =L Q=DiQ u}= "CU= QDW}@ |r@k
QDsm 'lR=v s}U ?Yv |r@k \=kv x@ C@Uv '?Yv pLt u}= |=Q@ xOvvmZ@kvt
Cr=L QO xm CU= u}= q=@ |=yCaQU QO R}tD Cr=LCp uOw@ QDsm p}rO "CU=
|=Q@ "OQ=Ov OwHw �|Q=O}=B=v� |@ wr]t=v Q=Wi u=}O=Qo xOvvmZ@kvt |=OD@= QO 'R}tD
"�13 w 12 |=ypmW� CU= xOW ?Yv xL = 0 71 QO lR=v s}U sQ=yJ Cr=L
C}kwt u}= |=Q@ Q=Wi `} RwD xm OwW|t xOy=Wt 13 w 12 |=ypmW x@ xHwD =@
QDW}@ lR=v s}U ?Yv pLt QO ?wr]t Q=Wi u=}O=Qo xm OwW|t Ea=@ 'lR=v s}U
|OwQw QO Q=Wi `} RwD "CU= x}L=v u}= QO u=} QH |Q=@H= p=kDv= u; Cra xm 'OwW
QO lR=v s}U 'p@k Cr=L x}@W ,=@} QkD 'Cr=L u}= |=Q@ xOvvmZ@kvt |HwQN w
|HwQN |=y|Q=O}=B=v 'q=@ |=yCaQU QO xm Cw=iD u}= =@ CU= x

L = 0 88
"Ovm|t QDh}a[ =Q xOvvmZ@kvt

|x]kv xU w R}tD� hrDNt Cq=L |=Q@ Q=Wi `} RwD 19 =D 14 |=ypmW QO
OvyO|t u=Wv =ypmW u}= "CU= xOW xO=O u=Wv hrDNt |=yCaQU QO w �?Yv
|=OD@= QO OwHwt Q=Wi u=}O=Qo lR=v s}U 'x}v=F Q@ QDt 40 w 30 |=yCaQU |=Q@ xm
"OR=U|t p}=tDt Vt=Q; |x_iLt CtU x@ =yC}akwt |xty |=Q@ =Q xOvvmZ@kvt

"hrDNt |=yCaQU QO Q=Wi `} RwD Q@ lR=v s}U QF= |UQQ@ "12 pmW

"30 m/s CaQU QO Q=Wi `} RwDQ@ lR=v s}U C=QF= |xU}=kt "13 pmW
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s}U ?Yv C}akwt 4 |=Q@ O=@ pvwD RmQt QO |oDiW; COW C=Q}}eD "20 pmW
"lR=v

' xL = 0 79C}akwt QO lR=v s}U?Yv =@ xm OyO|t u=Wv pmW u}=|UQQ@
'xOvvmZ@kvt QO Q=Po |x]kv uOQmC@=F =@ w xDi=}|yHwD p@=kVy=m|oDiW; COW
|=yC}akwt QO =t= "CU= xOW CN=wvm} Cr=L u}= QO |oDiW; COW C=Q}}eD
|Q}otWJ QF= q=@ |=yCaQU QO |rw xDi=} Vy=m u}}=B CaQU QO |oDiW; Qo}O
u}= xm xO=O V}=Ri= =Q u; =yCaQU |[a@ QO |DL w xDW=Ov |oDiW; Vy=m QO

"OQ=O Ck@=]t |@ wNx@ xOW KQ]t EL=@t =@ xO}OB

|Q}oxH}Dv
|=Q@ QwWm QO OwHwt CwY Q} R O=@ pvwD l} |xOvvmZ@kvt QO Q=Wi `} RwD
QO lR=v s}U ?Yv QF= QO Q=Wi `} RwD Q}}eD w xOW |Q}oxR=Ov= hrDNt |=yCaQU
xm OyO|t u=Wv C=W}=tR; u}= "CU= xOW |UQQ@ xOvvmZ@kvt ?OLt CtUk
u}vJty w CU}v ?wr]t xQ=wty xOvvmZ@kvt pw] QO 'R}tD Cr=L QO Q=Wi `} RwD
TwULt ,qt=m u}}=B |=yCaQU QO Q}}eD u}= xm Ovm|t Q}}eD CaQU =@ u; Q=Okt
|Q=O}=B=v hQat xm |@ wr]t=v Q=Wi |=yu=}O=Qo xOvvmZ@kvt |=yDv= w =OD@= QO "CU=
|=OD@= QO |@ wr]t=v Q=Wi u=}O=Qo u}}=B |=yCaQU QO "OQ=O OwHw CU= u=} QH
R= ,=D}=yv w QDsm ?wr]t=v u=}O=Qo u}= CaQU V}=Ri= =@ w OQ=O OwHw xOvvmZ@kvt
O=} R u=} QH V}=OH u=mt= u}}=B |=yCaQU QO xm CU=vat u=O@ u}= "OwQ|t u}@
CtUk QO "OyO|t MQ CtUk u}= QO |QD|wk V}=OH CaQU Vy=m =@ w CU=
xm OwW|t xOy=Wt |@ wr]t=v Q=Wi |=yu=}O=Qo R}v xOvvmZ@kvt |HwQN ?OLt
=yCaQU |t=tD QO ?wr]t=v u=}O=Qo u}= "CU= |WtN ẁv |Q=O}=B=v u; p}rO
x@ |=y|Q=O}=B=v u}= xm =Hv; R= &OwW|t QDO}OW CaQU V}=Ri= =@ w OwW|t xOy=Wt
xOvvmZ@kvt pN=O u=} QH |oDiW; COW Q@ |QDW}@ QF= 'CU= QDl}ORv |Q=m `]kt
QO C}akwt Q=yJ QO xm lR=v s}U =@ '=y|Q=O}=B=v u}= h}a[D |=Q@ =Pr "OQ=Po|t
G}=Dv |UQQ@ "CU= xOW O=H}= |Q=@H= p=kDv= 'xOW ?Yv lR=v ?OLt CtUk
xm xOW Ea=@ lR=v s}U ?Yv u}}=B |=yCaQU QO xm CU= ?r]t u}= O} -wt
u}= "OwW l}ORv xOvvmZ@kvt |OwQw CtU x@ Q=Wi ?wr]t=v u=}O=Qo p}mWD pLt
R= |W=v C=W=WDe= uOQ@ u}@ R= |=Q@ |QDW}@ CYQi u=} QH OwW|t Ea=@ xO}OB
u=}O=Qo COW w Q=Okt OwW|t ?Hwt u}vJty "OW=@ xDW=O u=} QH |Q=O}=B=v u}=
Q=Wi u=}O=Qo u} QDh}a[ ' xL = 0 79 QO s}U ?Yv C}akwt xm Ovm Q}}eD Q=Wi

"OQ=O =Q

"60m/s CaQU QO Q=Wi `} RwDQ@ lR=v s}U C=QF= |xU}=kt "17 pmW

"70m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "18 pmW

"80 m/s CaQU QO Q=Wi `} RwD Q@ lR=v s}U C=QF= |xU}=kt "19 pmW

|=y|oO}J}B |=Q=O u=} QH u}}=B |=yCaQU QO xm OW xDio QDV}B "CU= xO=O
'Qo}O hQ] R= "OvwW|t xO}O Kw[wx@ |=y|Q=O}=B=v w =yx@=OQo w CU= |QDW}@

"OQ=O OwHw x
L = 0 79 QO lR=v s}U Cr=L |=Q@ |=y|Q=O}=B=v u} QDsm

|r=N pvwD Cr=L |=Q@ |Q=m `]kt QO |oDiW; COW C=Q}}eD 20 pmW QO
?Yv xL = 0 71; 0 79; 0 88; 0 91 C}akwt Q=yJ QO lR=v s}U xm |v=tR w

"CU= xOW xO=O V}=tv 'xOW
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"""V
y=m

|=Q@
xOvv

mZ
@kvt

Q=W
i`}

RwDO
w@y@?Yv C}akwt 'O=O Vy=m xHwD p@=k Q=Okt x@ =Q |oDiW; u=wD|t xOvvmZ@kvt

"CU= syt Q=}U@ VwQ u}= QO lR=v s}U

s�qa CUQyi
�cm� xOvvmZ@kvt |OwQw R= |rw] |xrY=i %X

�cm� xOvvmZ@kvt pw] %L
�Pa� Q=Wi %P

�kg/m3� |r=oJ %�
�m2/s� |m}D=tv}U CHRr %�

�m/s� pw] |=DU=Q QO CaQU %U
�m/s� xOvvmZ@kvt QO |a[wt CaQU %Ue

Q=Wi ?} Q[ %CP = P�P112 �U21
QrDQwo OOa %GO = 2Re0 5�

|a[wt ROrwv} Q OOa %Re = UeX
�

|oDiW; COW %TI = 100� ((u2
rms+v2

rms)=2)1=2
(U2
mean+V 2

mean)1=2

V}=Ri= xOvvmZ@kvt |=OD@= Cp Q=Okt lR=v s}U ?Yv =@ OyO|t u=Wv G}=Dv
C}akwt "CU= x}L=v u; QO |=y|Q=O}=B=v uOW h}a[ xOvyOu=Wv xm Ovm|t =O}B
uOw@ QDh}a[ hQat xm =Q Cp Q=Okt u} QDW}@ x

L = 0 79 QO s}U ?Yv
s}U ?Yv QDq=@ |=yCaQU QO "OyO|t X=YDN= OwN x@ CU= |=y|Q=O}=B=v
w xOvvmZ@kvt |HwQN QO |Q=Wi ?wr]t=v |=yu=}O=Qo h}a[D Ea=@ lR=v
Qo}O CQ=@a x@ "OwW|t CtUk u; QO u=} QH |=y|Q=O}=B=v uOW QDsm xH}DvQO
,=@} QkD |Q=m `]kt l}ORv QO Q=Wi `} RwD QO OwHwt C=v=Uwv lR=v s}U ?Yv =@
|=OD@= QO q=@ |=yCaQU QO lR=v s}U ?Yv =@ u}vJty "CU= xOW hPL
u}= 'lR=v s}U uwO@ Cr=L QO xm xOW O=H}= ?wr]t=v Q=Wi u=}O=Qo xOvvmZ@kvt
u=}O=Qo ' xL = 0 79 QO s}U ?Yv Cr=L QO "CW=Ov OwHw ?wr]t=v u=}O=Qo
|=yCaQU QO "CU= QDsm u=} QH |Q=O}=B=v xH}DvQO w QDh}a[ |Q=Wi ?wr]t=v
QDsm |tm s}U uwO@ Cr=L x@ C@Uv xOvvmZ@kvt |=OD@= QO Cp Q=Okt q=@

"OwW|t
'|Q=O}=B=v u} QDsm |=Q@ lR=v s}U ?Yv C}akwt u} QDy@ q=@ G}=Dv x@ xHwD =@
pvwD QO |oDiW; COW |Q}oxR=Ov= QO syt u}= xm CU= xL = 0 79 pLt QO
pN=O QO lR=v s}U ?Yv =@ xJQo = xm OyO|t u=Wv G}=Dv "O}UQ C=@F= x@ R}v O=@

CWwv=B
1. turbulence
2. contraction
3. Gortler number
4. reverse transition
5. inection-type
6. local velocity
7. transducer
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