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C@Uv jr]t QOk xm |}xvwox@ 'OwW|t xOwRi= |WJ}B |=yu=} QH COW Q@ u=} QH
|=Q@ 0 0148 *Q=Okt R= '|OwQw CaQUx@ |oDUmW QO u=} QH CaQU u} QDsm
"OUQ|t 1 m/s |OwQw *CaQU |=Q@ 0 328 *Q=Okt x@ 0 01 m/s *|OwQw CaQU
`]kt 64 O=OaD 'CaQU Q=OQ@ y |xir-wt Q@ |oDUmW |=yxQ=w}O Q}F-=D |UQQ@ |=Q@
xOW xDiQo Q_v QO |oDUmW |UOvy |xvt=O pN=O QO 10 �m |xrY=i =@ |ki=
R= l} Qy |=Q@ CaQU Q=OQ@ y |xir-wt \UwDt Q=Okt |ki= `]kt Qy QO "CU=
|OwQw CaQU x@ C@Uv Q}O=kt u}= "CU= xOW x@U=Lt u=} QH |OwQw |=yCaQU
CaQU |=Q@ "Ov=xOW sUQ 3 pmW QO `]kt `=iDQ= x@ C@Uv w Ov=xOW 6Oa@|@
xOy=Wt 205 �m `=iDQ= QO ,=@} QkD xOWOa@|@ CaQU u} QDW}@ 0 01 m/s |OwQw
CaQU u}= |=Q@ 1 47 |xOWOa@|@CaQU "CU= 1 47 ,=@} QkD u; Q=Okt xm OwW|t
CaQU u} QDW}@ ?amt uwv=k� ?amt uwv=k =@ |OQw;Q@ CaQU xv}W}@ =@ |OwQw
Q@=Q@ ,=@} QkD �Ovm|t OQw;Q@ \UwDt CaQU Q@=Q@ 1 5 =Q |oDUmW |ki= `]kt QO

"CU=
50�m R=|L}LY ?Q=[t CQwYx@|oDUmW QO xOW`} RwD |xv=yO Q}O=kt
w p@k *|r=wDt *|ki= `]=kt u}@ xH}DvQO w 'OvDUy 650 �m =D 350 �m R= w
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"u=} QH |OwQw R= xrY=i =@ s�=k `]=kt |=Q@

`]kt Qy QO OwHwt *|oDUmW C=a]k |xOWOa@|@ CaQU Q}O=kt w xOW xDiQo Q_v
xO=O u=Wv �G =D hr= R= ?}DQDx@� 5 pmW QO u=} QH |OwQw CaQU x@ C@Uv s�=k
CaQU V}=Ri= =@ 'u=} QH |OwQw R= 1 25 mm |xrY=i =@ s�=k `]kt QO "Ov=xOW
|xv=yO =@ |oDUmW C=a]k |=Q@ xOWOa@|@ CaQU Q}O=kt u}@ hqDN= |OwQw
"Ovm|t p}t 1 CtU x@ C=a]k u}= xOWOa@|@ CaQU w O@=}|t Vy=m 350 �m

=@ xm OyO|t u=Wv ẁ[wt u}= "CU= xO}UQ 1m/s |OwQw CaQU |=Q@ 180�m

QDl}ORv QDsm |Q@ R =@ xQ=w}O x@ xOWOa@|@ CaQU u} QDW}@ '|OwQw CaQU V}=Ri=
CaQU �MQs}v� p}iwQB xH}DvQO &OwW|t QDQwO QDW}@ |Q@ R =@ xQ=w}O R= w xOW
?4 w hr=4 pmW QO "OwW|t xrwJ QDsm |Q@ R =@ xQ=w}O CtU x@ w xOW QDuQ=kDt=v
"CU= xOW u=}@ QDj}kO Qw]x@ |ki= `]=kt |=Q@ xOWOa@|@ CaQU C=Q}}eD OvwQ
h=Y |xQ=w}O x@ l}ORv |ki= `]=kt |wQ xOWOa@|@ CaQU C=Q}}eD hr=4 pmW
|xQ=w}O R= xrY=i V}=Ri= w u=} QH |OwQw CaQU C=Q}}eD x@ C@Uv =Q |oDUmW
|oDUmW |v}}=B |xQ=w}O x@ l}ORv |ki= `]=kt QO "OyO|t u=Wv |oDUmW
|wQ xOWOa@|@ CaQU Q}O=kt 'u=} QH |OwQw CaQU *V}=Ri= QF=Q@ '�h=Y |xQ=w}O�
V}=Ri= MQv |OwQw CaQU V}=Ri= =@ xm O@=}|t V}=Ri= |]NQ}e Qw]x@ |ki= `]=kt

"O@=}|t Vy=m |ki= `]=kt |wQ xOWOa@|@ CaQU
R= xrY=i V}=Ri= =@ '35�m =D 5�m `=iDQ= QO xOW `k=w |ki= `]=kt QO
V}=Ri= |]N CQwYx@ ,=@} QkD xOW Oa@|@ CaQU Q}O=kt '|oDUmW |v}}=B |xQ=w}O
sy =@ ,=@} QkD hr=4 pmW QO `]=kt u}= x@ \w@ Qt |=yQ=Owtv u}=Q@=v@ w 'O@=}|t
xOWOa@|@ CaQU Q}O=kt 45�m =D 35�m `=iDQ= =@ |ki= `]=kt u}@ QO "Ov=|R=wt
CtU x@ |v=yo =v Qw]x@ xOWOa@|@ CaQU Q=Owtv w xDi=} V}=Ri= |v=yo =v Qw]x@
|t=tD |=Q@ 'xOW Oa@|@ CaQU QO |v=yo =v C=Q}}eD u}= xm OwW|t pkDvt q=@
C=Q}}eD u}= "OwW|t xOy=Wt hrDNt |=yCaQU =@ xOWs=Hv= |=y|R=Ux}@W
|wQ xOW p}mWD |RQt |x}L=v x@ \w@ Qt xOWOa@|@ CaQU Q}O=kt QO |v=yo =v
45�m =D 35�m u}@ `=iDQ= QO |RQt |x}L=v xm CU= |oDUmW |v}}=B |xQ=w}O
V}=Ri= |v=yo =v Qw]x@ |ki= `]=kt |wQ xOWOa@|@ CaQU xH}DvQO w xDiQ u}@ R=

"O@=}|t
Q@ R |xQ=w}O x@ l}ORv |ki= `]=kt |wQ xOWOa@|@ CaQU C=Q}}eD ?4 pmW
|xQ=w}O R= xrY=i V}=Ri= w u=} QH |OwQw CaQU C=Q}}eD x@ C@Uv =Q |oDUmW
|}q=@ |xQ=w}O x@ `]=kt u}= |ki= `]=kt `=iDQ= V}=Ri= =@ "OyO|t u=Wv |oDUmW
Vy=m ,=O}OW xOWOa@|@CaQU Q}O=kt 'Cr=L u}= QO w OvwW|t QDl}ORv|oDUmW
|ki= `]=kt |xOWOa@|@ CaQU 'u=} QH |OwQw CaQU V}=Ri= =@ u}vJty "O@=}|t
Q=Okt xm |}xvwox@ O@=}|t Vy=m |rwRv CQwYx@ |oDUmW Q@ R |xQ=w}O x@ l}ORv
|ivt 1m/s |OwQw CaQU QO 625�m |ki= `]kt |=Q@ xOWOa@|@ CaQU
"Ovm|t CmQL Q=Wi u=}O=Qo hr=Nt CyH QO ,qt=m |L=wv u}= QO p=}U w CU=
|=yu=} QH COW Q@ 'u=} QH |OwQw CaQU V}=Ri= =@ xm OyO|t u=Wv ẁ[wt u}=
|OwQw CaQU V}=Ri= =@ u}vJty "OwW|t xOwRi= Q@ R |=y|oDUmW QO |WJ}B
xrY=i =D u=} QH |=yx@=OQo w O@=}|t V}=Ri= |WJ}B |=yu=} QH |xvt=O 'u=} QH

"OvwW|t xOQDUo |oDUmW |=yxQ=w}O R= |QDW}@
|xrY=i =@ s�=k `]kt 11 O=OaD 'CaQU |xvt=O |wQ xv=yO Q}F-=D |UQQ@ |=Q@
'"""'11 25mm |xrY=i QO w '|oDUmW |UOvy |xvt=O pN=O QO 'sy R= 1mm

6 R= s�=k `]kt Qy "CU= xOW xDiQo Q_v QO u=} QH |OwQw `]kt R= 1 25 '2 25
s�=k `]kt Qy QO "CU= C@=F xa]k Qy |xv=yO xm xOW p}mWD |oDUmW xa]k
QO OwHwt *|oDUmW C=a]k R= l} Qy |=Q@ CaQU Q=OQ@ y xir-wt \UwDt Q=Okt
\UwDt Q=Okt "CU= xOW x@U=Lt hrDNt |OwQw |=yCaQU |=Q@ w s�=k `]kt
\UwDt CaQU x@ C@Uv |oDUmW C=a]k R= l} Qy |=Q@ CaQU Q=OQ@ y |xir-wt
�s�=k `]kt CL=Ut Q@ s}UkD |Qw@a u=} QH |@O pm � s�=k `]kt R= |Qw@a u=} QH
OwHwt |oDUmW C=a]k R= l} Qy |=Q@ xOWOa@|@ CaQU Q}O=kt "Ov=xOW Oa@|@
xU "CU= xOW x@U=Lt u=} QH |OwQw |=yCaQU R= l} Qy |=Q@ w s�=k `]kt QO
QO u=} QH |OwQw R= 10 25mm w 6 25mm '1 25mm |xrY=i =@ s�=k `]kt
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u} QDnQR@ =@ |oDUmW |xa]k x@ \w@ Qt xOWOa@|@ CaQU u} QDsm w CU= 350
"CU= s�=k `]kt QO OwHwt |xv=yO

|xv=yO |xR=Ov= 'u=} QH CaQU |xvt=O Q@ |oDUmW |xv=yO Q}F-=D |UQQ@ |=Q@
xOW Oa@|@ s�=k `]kt Qy QO xv=yO Q}O=kt \UwDt x@ C@Uv |oDUmW |xa]k Qy
*|t=tD x@ \w@ Qt |oDUmW C=a]k |xOWOa@|@ CaQU Q}O=kt |oOvm =QB "CU=
|=Q@ w |oDUmW |xa]k |xOWOa@|@ |xv=yO |xR=Ov= x@ C@Uv s�=k `]kt 11
hr=6 ?}DQDx@� 6 pmW QO 1m/s '0 2m/s '0 01m/s |OwQw |=yCaQU
xOWOa@|@ CaQU Q}O=kt 0 01m/s |OwQw CaQU |=Q@ "Ov=xOW sUQ �G6 =D
CaQU V}=Ri= =@ "Ov=xOW `} RwD 1 42 =D 0 54 smCUO R= w OvQ=O |O=} R |oOvm =QB
OvwW|tl}ORv 1CtU x@ xOWOa@|@CaQU |xv}tm w xv}W}@ Q}O=kt u=} QH |OwQw
1m/s |OwQw CaQU |=Q@ xOW Oa@|@ CaQU Q}O=kt |xv}W}@ w xv}tm xm |}xvwox@
=@ xm OyO|t u=Wv 6 pmW |xU}=kt u}vJty "OUQ|t 1 37 w 0 58 x@ ?}DQDx@
'xOWOa@|@ CaQU Q}O=kt |oOvm =QB Vy=m Q@ xwqa 'u=} QH |OwQw CaQU V}=Ri=
|OwQw CaQU nQR@ Q}O=kt QO "OwW|t p}O@D �s_vt� x@ �s_vt=v� R= |oOvm =QB ẁv
QO ẁ[wt u}= xm O@=}|t Vy=m xOWOa@|@ CaQU Q=Okt xv=yO V}=Ri= =@ 'u=} QH

"CU= xOy=Wt p@=k G6 pmW

|Q}oxH}Dv "5
|xQ=w}O l} =@ |Oa@xU |oDUmW uwQO p=}U |xDiW; u=} QH Q=DiQ 'xar=]t u}= QO
OQwt |tHL u=} QH |@O R= |a}Uw |xOwOLt |=Q@ OwOLt sHL VwQx@ 'Q@ R
|oDUmW uwQO p=}U u=} QH Q=DiQ |wQ xQ=w}O |Q@ R Q}F-=D "CU= xDiQo Q=Qk |UQQ@
T=}kt QO u=} QH CaQU Q}O=kt |Q}ou}ov=}t R= xO=iDU= =@ 'wQm =t T=}kt QO
xOW |@=} RQ= |oDUmW |UOvy |xvt=O QO s�=k w |ki= hrDNt `]=kt |wQ wQm}t

"CU=
h=Y K]Ul} CQwYx@ u=} QH |R=Ux}@W |=Q@ xOWxO=iDU=|UOvy |xvt=O
=Q u=mt= u}= h=Y K]U l} R= xO=iDU= "CU= O=} R |Q@ R =@ |L]U w p;xO}=
|QDsm CqmWt =@ =Q u=} QH Q=DiQ |wQ |oDUmW |Q@ R Q}F-=D u=wD@ xm Ovm|t sy=Qi
xm OQm xHwD O}=@ xD@r= "OQm p}rLD w |UQQ@ Q@ R K]U wO =@ |oDUmW x@ C@Uv
|=yp}rLD |=Q@ u}=Q@=v@ w Ov=xOW p}mWD Q@ R K]U wO R= |ak=w |=y|oDUmW
Q@ R CQwYx@ |oDUmW K]U wO Qy O}=@ '=y|oDUmW QO u=} QH Q=DiQ QDj}kO
OQwt |oDUmW O=a@= 'C=@U=Lt CQOk QO C}OwOLt p}rOx@ u}vJty "OvwW ^=Lr
QDlJwm Q=}U@ |ak=w |=y|oDUmW O=a@= x@ C@Uv u=} QH |R=Ux}@W |=Q@ xO=iDU=
QO |oDUmW |=vLv= w |oDUmW T=}kt Q}F-=D pFt |irDNt pt=wa Q}F-=D w CU=

"CU= xOWv xDiQo Q_v
|ovU |=y|oDUmW uwQO u=} QH Q=DiQ uwt=Q}B xOWs=Hv= C=ar=]t G}=Dv
|@O =} ROrwv} Q OOa V}=Ri= =@ xm OyO|t u=Wv [20w19'17]hrDNt u}kkLt \UwD
OOa w OwW|t QDOwyWt u=} QH |]NQ}e Q=DiQ Q}F-=D '|oDUmW R= |Qw@a u=} QH
xOW O=yvW}B 15 =D 10 |xOwOLt QO C=ar=]t R= |Q=}U@ QO |v=QL@ ROrwv} Q
xar=]t u}= QO xOWx@U=Lt ROrwv} Q OOa Q}O=kt x@ xHwD =@ xH}DvQO [20w17]"CU=

"CU= xOW ?=NDv= xDiW; u=} QH |R=Ux}@W VwQ
\=U@v= w Z=@kv= R= |W=v |}=[i |=y?=DW ROrwv} Q OOa nQR@ Q}O=kt QO
u=} QH |xvt=O QO |oDUmW `]kt K]U C=Q}}eD p}rOx@ |oDUmW uwQO u=} QH

|t=tD x@ \w@ Qt|oDUmW C=a]k |xOW Oa@|@CaQU Q}O=kt|oOvm =QB "6 pmW
"|oDUmW |xa]k |xOWOa@|@ |xv=yO |xR=Ov= x@ C@Uv s�=k `]kt 11

C=Q}}eD OvwQ 450 �m w 550 �m |xv=yO =@ |oDUmW C=a]k |=Q@ u}vJty
u}= QO "CU= |rwRv CQwYx@ u=} QH |OwQw CaQU V}=Ri= =@ xOWOa@|@ CaQU
CaQU Q=Okt =@ 550 �m |xv=yO =@ |}xa]k QO 'xOW Oa@|@ CaQU u} QDsm `]kt
`]kt xU Qy QO "OwW|t xOy=Wt 1m/s |OwQw CaQU |=Q@ 0 87 |xOW Oa@|@
xc = 0 25 mm x@ \w@ Qt C=a]k� |@v=H |xa]k wO R= Q}ex@ �5 pmW� s�=k
V}=Ri= =@ '0 2 m/s R= QDnQR@ |OwQw |=yCaQU QO �xc = 2 75 mm w
xm |}xvwox@ O@=}|t Vy=m xOWOa@|@ CaQU Q}O=kt '|oDUmW |xa]k |xv=yO
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|xrY=i =D u=} QH |=yx@=OQo w xDi=} V}=Ri= |WJ}B |=yu=} QH |xvt=O 'u=} QH
QO u=} QH |=yx@=OQo |xaUwD =@ "Ov@=}|t VQDUo |oDUmW |=yxQ=w}O R= |QDW}@
R= |O}OH V}=Q; 'u=} QH |OwQw CaQU V}=Ri= p}rOx@ |oDUmW |UOvy |xvt=O
|OwQwCaQU lOv= Q}O=kt QO "OwW|t xOy=Wt |oDUmW uwQO xOWC}=Oy u=} QH
=@ &CU= |oOvm =QB |=Q=O |oDUmW C=a]k |xOWOa@|@ CaQU Q}O=kt 'u=} QH
|xOWOa@|@ CaQU Q}O=kt *|oOvm =QB *Vy=m Q@ xwqa 'u=} QH |OwQw CaQU V}=Ri=
OwW|t p}O@D �s_vt� x@ �s_vt=v� Cr=L R= |oOvm =QB ẁv '|oDUmW C=a]k
CaQU Q=Okt R= xv=yO V}=Ri= =@ 'u=} QH |OwQw CaQU nQR@ Q}O=kt QO xm |Qw]x@

"OwW|t xDU=m xOWOa@|@

|=yu=} QH Cr=L u}= QO "OwW|t OwyWt u=} QH Q=DiQ QO |UQv}= Q}F-=D w xOWQy=_
=@ hr=Nt CyH QO |SQv= p=kDv= w OvwW|t syt w xHwD p@=k =yx@=OQo w |WJ}B
'|oDUmW Q@ R |xQ=w}O x@ |ki= `]=kt uOWl}ORv =@ "OwW|t Qy=_ Q=Wi u=}O=Qo
'u=} QH |OwQw CaQU V}=Ri= =@ "O@=}|t Vy=m ,=O}OW xOW Oa@|@ CaQU Q}O=kt
|Q@ R =@ |xQ=w}O R= w QDl}ORv QDsm |Q@ R =@ xQ=w}O x@ xOWOa@|@ CaQU u} QDW}@
|xQ=w}O CtU x@ w xOW QDuQ=kDt=v CaQU p}iwQB xH}DvQO &OwW|t QwO QDW}@
CaQU 'u=} QH |OwQw CaQU V}=Ri= =@ u}vJty "OwW|t xrwJ QDsm |Q@ R =@
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2. Reynolds-averaged navier-stokes
3. inlet velocity boundary condition
4. turbulence intensity
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