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[2]"Ot; Oy=wN CUO x@ |}=kr= |=UB C=Q}}eD u=R}t R= |QwDm =i u=wva
D = Dpr 0 + kL2

�qb2 (6)

k = �qb2(dD=dL2) (7)

=yVwQ w =yOQm} wQ "3
=yp}rLD |HvUQ=@Da= w |OOa pL VwQ '|@ QHD '|Q_v OQm} wQ x@ VN@ u}= QO

"s} R=OQB|t

|Q_v OQm}wQ "1"3
CqO=atpt=W '|]NQ}e p}Uv=Qi}O CqO=at '|OOa |R=Uwor= |=Q@ sm =L CqO=at

"OvDUy |SQv= w swDvtwt 'sQH |=k@
sQH |=k@ |xrO=at �

sHL x@ |OwQw u=} QH sQH `tH R= |rQDvm sHL l} QO sQH Q}}eD |v=tR MQv
w |OL Cr=L QO "O};|t CUO x@ |rQDvm sHL pN=O QO sQH O}rwD MQv w |rQDvm

%s} Q=O OwW lJwm C}=yv|@ |rQDvm sHL xm |v=tR
@�
@t

+ @ (�uj)
@xj

= 0 (1)

z 'y 'x |=DU=Q QO |v=mt C=YDNt xj 'u=tR t 'p=}U |r=oJ � 'CqO=at u}= QO
`k=w QO 1 |x]@=Q "CU= |v=mt C=YDNt |=DU=Q QO p=}U CmQL CaQU uj w
Q}}eD MQv |xOvyOu=Wv x]@=Q pw= sQD "CU= Q}PBsm =QD p=}U |=Q@ sQH |=k@ |x]@=Q
|xYDNt xU |=DU=Q QO sQH u=}O=Qo |xOvyOu=Wv swO sQD w u=tR QO p=}U |r=oJ
QO "CU= |oDUw}B |=k@ |xrO=at |r}Uv=Qi}O sQi `k=w QO xrO=at u}= "CU= |v=mt
'xtWJ O=H}= sQD uwO@ "CU= xOW xO=iDU= Q}PB=vsm =QD u=} QH ZQi R= |OOa pL

%OwW|t xO=U u}vJ 1 |xrO=at
@uj
@xj

= 0 (2)

swDvtwt |=k@ |xrO=at �
u=Wv 3 |x]@=Q QO |v=mt C=YDNt |=DU=Q QO |Oa@xU swDvtwt |=k@ |xrO=at
|=DU=Q l} QO swDvtwt C=Q}}eD MQv uO=O Q=Qk |w=Ut =@ x]@=Q u}= "CU= xOW xO=O
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[28]"|Diy |x} w=R =@ p=@ "2 pmW
Q@ =Q |Diy |x} w=R Q}F-=D 'lr=@ xUOvy Q}F-=D x@=Wt u=wD|t '2 pmW x@ xHwD =@

[26]"OQm |UQQ@ p=@ xv=yO xOR=@ ?} Q[
b
2 = beff

2 cos� (15)

beff
b

= 1
cos�

(16)

e� = 1
cos2�e (17)

xOR=@ ?} Q[ u=wD|t '=ylr=@ |Diy |x} w=R V}=Ri= =@ '17 |x]@=Q =@ j@=]t u}=Q@=v@
|rY= |=}=Rt R= |m} "O=OVy=m =Ql} Qy |}=kr= |=UB w xO=OV}=Ri= =Q =yv; |xv=yO
=@ xm xOw@ pw= lr=@ |=Q@ p=@ |xv=yO xOR=@ ?} Q[ V}=Ri= Q@ u; Q}F-=D '|Diy |x} w=R
|=UB Vy=m |=Q@ |@U=vt pL x=Q Ov=wD|t 'u; |rw] Q}}eD sOa C}OwOLt x@ xHwD
Vy=m QO Ov=wD|t R}v lr=@ VJ}B |x} w=R '|Diy |x} w=R Q@ xwqa "OW=@ pw= lr=@
w p=@ pwL VOQo |xrO=at R= xO=iDU= =@ "OW=@ Q=PoQ}F-=D p=@ pm |}=kr= |=UB u=R}t
VJ}B |x} w=R xv}y@ Q=Okt u=wD|t 'Q} R |xrO=at j@] 'pDv=QB |=R;Q@ \N |x} Q_v

"OQm x@U=Lt |Q_v CQwY x@ =Q lr=@
2� (z)
V1c (z)

+
gCL;�

4�V1 s
b2

�=�b2
1

z ��

�
d�
dz

�
z=�

d�

= gCL;� [� (z)� �L0 (z)] (18)

'[23]TB}r}i \UwD xOW x�=Q= pL u}vJty w u=} QH Q@ sm =L |xrO=at x@ xHwD =@
%R= Ow@ Oy=wN CQ=@a p=@ VJ}B Q=Okt ?ULQ@ |}=kr= |=UB ?} Q[ `@=D Q=Okt

CDi =
C2
L

�
1 +KD �KDLCLCL;�
 +KD
(CL;�
)2�

�AR
(19)

|xrO=at x@ xHwD =@ "CU= p=@ pw] QO VJ}B u=R}t u} QDW}@ 
 'x]@=Q u}= QO xm
%[23]=@ CU= Q@=Q@ |oOvwWl} Q=@ C@Uv uwO@ lr=@ |=Q@ 
 xv}y@ Q=Okt 'pY=L

w (z) = 1�
q

1� � 2z
b

�2
c(z)
Croot

(20)

Oy=wN CQ=@a VJ}B xv}y@ `} RwD '�TR� |oOvwWl} Q=@ C@Uv uwO@ lr=@ |=Q@
%[24]R= Ow@

w (z) = 1�
q

1� � 2z
b

�2
1� (1� TR)

�� 2z
b

�� (21)

CQwY x@ VJ}B |xv}y@ `} RwD '�TR� |]N |oOvwWl} Q=@ C@Uv =@ p=@ |=Q@
[28]"Ow@ Oy=wN 22 |xrO=at

w (z) = 1�
q

1� � 2z
b

�2
1� (1� TR)

�� 2z
b

�� (22)

[27]"lr=@ =@ x=Qty p=@ |xUOvy "1 pmW

\UwD =Q p=@ |}=kr= |=UB ?} Q[ u=wD|t '|mUiwmwH � =Dwm x}[k R= xO=iDU= =@
"OQm u}}aD Q} R CQwY x@ p=@ |rY= |=yQDt=Q=B

CDi = CL2

�eAR
(8)

[2]"OwW|t xO}t=v p=@ xv=yO xOR=@ ?} Q[ =} Or=wU= C@Uv u; QO e xm
|}xm@W lr=@ |L=Q] QO Q=PoQ}F-=D |=yQDt=Q=B |UQQ@ �

?} Q[ Q@ |Diy |x} w=R wlr=@ uwJ |}=yQDt=Q=B Q}F-=D QDj}kO |UQQ@ x@VN@ u}= QO
=@ ?U=vDt p=@ xv=yO xOR=@ ?} Q[ 'Q=Olr=@ p=@ QO "OW Oy=wN xDN=OQB p=@ xv=yO
|x]@=Q QO xrO=at p=@ Q@ sm =L \@=wQ '1 pmW =@ j@=]t "Ovm|t Q}}eD lr=@ xUOvy

[27]"CU= xOW x�=Q= 9

beff
b

= 1 + 2h
b

(9)

CDiWL = CL2

�Aeffe
= CL2

�AReWL
(10)

eWL =
�
beff
b

�2
e (11)

?} Q[ |}=yv Q=Okt 'beff=b C@Uv V}=Ri= =@ 'CU= XNWt xm Qw]u=ty
u=R}t |DU}=@ =t= &Ci=} Oy=wN Vy=m |}=kr= |=UB u=R}t w xDi=} V}=Ri= p=@ xv=yO
uDiQo Q_v QO =@ u=wD|t p=L "OQ}o Q=Qk Q_vOt x]@=Q u}= QO R}v ;Q@ |wQ}v Vy=m

[27]"CN=OQB lr=@ QDt=Q=B |UQQ@ x@ ';Q@ ?} Q[ |=Q@ |D@=F Q=Okt
CL = �ARA1 = Constant (12)

AR = b2

s
= Constant (13)

xO=iDU= R= TB p=@ l}t=v}OwQ}= C=Q}}eD |xU}=kt u=mt= |=Q@ xm u}= x@ xHwD =@
%CW=O s}y=wN u}=Q@=v@ 'OW=@ C@=F p=@ xv=yO pw] |DU}=@ 'lr=@ R=

beff = Constant (14)

Q}F-=D ;Q@ |wQ}v u=R}t |wQ Q@ =Q} R Ov=t@ |k=@ Q}}eD uwO@ O}=@ R}v b Q=Okt |iQ] R=
swO |=ylr=@ pw] =yvD '|UOvy Q_v R= |UQQ@ p@=k QDt=Q=B u}=Q@=v@ &CW=O Oy=wN
'u=Um} p=@ |xv=yO pw] u}t-=D |=Q@ O}=@ pw= lr=@ pw] =Q} R 'Ow@ Oy=wN Oa@ x@
x@ xHwD =@ 'OW=@ QDtm Oa@ x@ swO |=ylr=@ pw] xJQy p=L "OwW xDiQo Q_v QO C@=F
|}=kr= |=UB Vy=m Ea=@ w xDi=} V}=Ri= |Q_vt C@Uv 'p=@ QF-wt CL=Ut Vy=m
V}=Ri= Ea=@ xm OW=@ |wLv x@ |DU}=@ =ylr=@ pw] C=Q}}eD u}=Q@=v@ &"OW Oy=wN
Q@ u; QF= w lr=@ |Diy |x} w=R Q}F-=D |UQQ@ x@ 'xt=O= QO "OwW pm |Q_vt C@Uv

"OwW|t xDN=OQB |}=kr= |=UB
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xQ=t

W3
8�3

|xQ
wO�
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R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt

"|} wQ}v Tvq=@ uwtR; C=t}_vD xawtHt "4 pmW

|}=[i=wy |=yOQ@ Q=m |=Q@ q=@ CkO seQ}ra pOt u}= "CU= xOW |Q}oxQy@ CU=
u}= QO Q_v OQwt OOaDt |=y|R=Ux}@W |=Q@ w xOw@ xv} Rysm |rOt '|m}t=v}OwQ�; w
|rOt QF-wt Qw] x@ OwN |rY= CQwY QO pOt u}= 'u}vJty "CU= ?U=vt VywSB
CU= |RQt |x}q R= |}x}L=v K}LY pL sRrDUt xm CU= u}}=B ROrwv} Q OOa =@
u}= =@ xm xOW xOy=Wt 'xDiQo CQwY C=ar=]t QO "OQ=O Q=Qk CHRr Q}F-=D CLD xm
|QDm}ORv G}=Dv u=wD|t 'xDiW; u=} QH |R=Uwor= |OOa |=yVwQ Q}=U Q}_v pOt
x@ w OQw; CUO x@ Q=Wi `} RwD w =UB '=Q@ |wQ}v x@U=Lt QO |y=oW}=tR; G}=Dv x@
CUO x@ q=@ xrtL |=}=wR QO |oOv=t=w |=yxYNWt R= |@ wN |=yu}tND |tm Qw]
|oDiW; pOt u}= '|}xm@W lr=@ |=Q@ xDiQo CQwY C=k}kLD x@ xHwD =@ "OyO|t
xSwQB u}= R=}v x@ xHwD =@ w xDW=O =Q O=@ pvwD w |OOa pL G}=Dv j@=]D u} QDW}@
'|oDiW; pOt u}= QO "CU= xOW ?=NDv= pOt u}= 'O=@ pvwD |=yV}=tR; s=Hv= x@
u; u}ov=}t Q=Okt w �vT � |}x@=OQo |wQv=Qo R= |}xrO=at CQwY x@ ��T � 24|wQv=Qo
"CU= xOW |iQat 26 |xrO=at j@=]t �fv1� nv}BtO |xrO=at l} u}vJty w

"O=@ pvwD uwtR; |x_iLt QO pOt |Q}oQ=Qk "3 pmW

%=@ CU= Q@=Q@ ?}DQD x@ KD
 w KDL |=yQDt=Q=B Q}O=kt

KDL = �gCL�
(1 + TR)CL�

KD (23)

KD
 =
�

�CL;�
2 (1 + TR)CL�

�2
KD (24)

;Q@ ?} Q[ ?ULQ@ VJ}B u} QDW}@ xv}y@ Q=Okt OwHwt \@=wQ x@ xHwD =@ C}=yv QO
[28]%=@ CU= Q@=Q@


opt =
�2(1 + TR)

�CL�

�
CL (25)

|@ QHD OQm}wQ "2"3
CwYuwO=t O=@ pvwD QO |@ QHD |=yV}=tR; '3 pmW =@ j@=]t j}kLD u}= QO
QO w `@ Qt QDt|Dv=U 30 � 30 uwtR; |x_iLt O=a@= =@ h} QW |DavY x=oWv=O
CQwY x}v=F Q@ QDt 20 CaQU w xHQO 14 w 8 '6 '4 '0 xrtL |=}=wR \}=QW
G}=Dv QO Ow@y@ |=Q@ w xOW s=Hv= |Oa@xU QoB=J \UwD pOt CN=U "CU= xDiQo
'p=@ |xW} Q CtUk QO '=yV}=tR; Ov}=Qi =@ xUOvy uOW nvy=ty w |H=QNDU=
uOW QD?rY x@ V}=tR; s=ovy QO =D CU= xOW xDiQo Q_v QO QDW}@ sm =QD w uRw
|m}ORv =D p} wiQ}= QO xOW O=H}= M=QwU 'u}vJty "Ovm ltm p=@ u=tr= |}=}=B w
Ea=@ 'OQ}o|t Q=Qk u; uwQO xOvQ=Oyov |xr}t xm|t=ovy =D O@=}|t xt=O= p=@ lwv
Qw_vt x@ 'OwW|t xOy=Wt 4 pmW QO xm Qw]u=ty "OwW xR=U QO QDtm VRQr
s=v |=}=wR QO |} wQ}v Tvq=@ uwtR; 'xOW s=Hv= |OOa pL |=Q@ |HvUQ=@Da=
xOW s=Hv= |w[}@ lr=@ =@ x=Qty w `HQt p=@ |=y|Ov@ Qm}B |=Q@ q=@ QO xOQ@

"CU=

|OOa OQm}wQ "3"3
xO=iDU= x
r5 w Cv�wri T}Uv= |=yQ=Ri=sQv R= G}=Dv p}rLD w |OOa OQm} wQ QO

"OwW|t xO=O KQW l} Qy |R=Uwor= |xwLv 'xt=O= QO "CU= xOW
Cv�wri T}Uv= QO |R=Ux}@W OvwQ �

Cv�wri � T}Uv= |Q=HD Q=Ri=sQv R= 'u=} QH Q@ sm =L CqO=at |OOa pL |=Q@
COW '=v@t Q=Wi QorL ' 22pBt}U |xw}W C=YNWt =@ OwOLt sHL VwQ w
|=yxO=O w swDvtwt w Q=Wi |=Q@ wO x@DQt |R=UxDUUo CkO 'OYQO 5 |oDiW;
R= |}xm@W |R=Ux}@W |=Q@ "OwW|t xO=iDU= |D=@U=Lt `HQt u=wva x@ |OwQw
|oDiW; |xrO=at l} |=Q=O xm '23T=Q=tr; CQq=BU= |Uvqw@ QwD pOt R= =ylr=@
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"�uQ=kD xLiY |RQt \QW hQ] R= O}O� p=@ pwL |D=@U=Lt xm@W "6 pmW

Q=Ri=sQv QO Sweep=0 w C3 |Diy |x} w=R Vv}J QO lr=@ |wor= "7 pmW
"XFLR5

|=yQDt=Q=B x@ xHwD =@ 'Q=m u}= |=Q@ "O=O Q=Qk |@=} RQ= OQwt pwrU O=OaD w sHL Q_v
xOW x�=Q= hrDNt Cr=L xU '|Dq=}U |x}L=v |}=yv pwrU O=OaD u}}aD QO hrDNt
CQwY x@ |r@k Cr=L x@ C@Uv Cr=L Qy QO xOW x�=Q= |=ypwrU O=OaD "CU=
|D=@U=Lt xm@W R= Cr=L Qy QO =ypwrU O=OaD "CU= xDW=O V}=Ri= �100 |@} QkD
R= pY=L G}=Dv x@ xHwD =@ "CU= 6958312 w 3363893 '1407369 ?}DQD x@
x@ w xOw@ �5 R= QDtm p=@ =UB w ;Q@ ?}=Q[ |=Q@ pY=L G}=Dv hqDN= '|R=Ux}@W
?=NDv= x}=B |xm@W u=wva x@ Cq=L |x}k@ |=Q@ swO |D=@U=Lt |xm@W 'p}rO u}ty
hrDNt |=yVv}J QO xUOvy Q}}eD x@ xHwD =@ xm CW=O xHwD O}=@ "CU= xOW
CLY QO |v=OvJ Q}F-=D C}=yv QO =t= xDW=O OwHw =ypwrU O=OaD Q}}eD u=mt= lr=@
xOW xOQw; 5 pwOH QO xm@W pqkDU= |UQQ@ R= pY=L G}=Dv "CW=O Oy=wNv G}=Dv
0/702811076 ?}DQD x@ swO Cr=L QO =UB w ;Q@ ?} Q[ xvwtv u=wva x@� CU=

"�CU= xOt; CUO x@ 0/0507219 w
XFLR5 Q=Ri=sQv QO |R=Ux}@W OvwQ �

w xOW |L=Q] 7 pmW =@ j@=]t Q=Ri=sQv u}= QO |O=yvW}B |=yxUOvy =OD@= QO
"CU= xDiQo CQwY |D=tOkt |R=Ux}@W 'Q_v OQwt u=} QH \}=QW =@ ?U=vDt TBU
|@U=vt u}tND w x}rw= OQw;Q@ Qw_vt x@ =yvD XFLR5 Q=Ri=sQv R= xm CU= QmP u=}=W

"CU= xDiQo Q=Qk xO=iDU= OQwt ;Q@ ?} Q[ R=
"CU= xOW |Ov@xm@W Q_v OQwt p=@ OwW|t xOy=Wt 8 pmW QO xm Qw]u=ty
Q@ Q=PoQ}F-=D |=yQDt=Q=B |UQQ@ w =ylr=@ p}rLD QO R=}v OQwt |q=@ CkO Cra x@
XFLR5 Q=Ri=sQv QO xm@W O=OaD QO umtt Cr=L u} QDW}@ R= |m}t=v}OwQ�; ?}=Q[

"CU= xOW xO=iDU=

"T=Q=tr; CQq=BU= |oDiW; |R=Uwor= |=yQDt=Q=B "3 pwOH
K 0/41
Cb1 0/1355
Cb2 0/622
Cv1 7/1
Cw1 Cb1

K2 + 1+Cb2
�vT

Cw2 0/3
Cw3 2

prandtl Number 0/667

"Sweep=0 'C3 V}=Q; QO xOW |R=Ux}@W lr=@ "5 pmW
"|D=@U=Lt xm@W |RQt \}=QW Q=Okt w ẁv "4 pwOH

|RQt \QW ẁv Q=Okt
CaQU |OwQw Velocity inlet 10 '20 '30 '80 m/s

uQ=kD xLiY Symmetry �
Q=Wi |HwQN Pressure outlet 0�Pa�

p=@ Wall �
|D=}rta \}=QW � 101325 �Pa�

�T = �vT = ��vfv1(X) (26)

|wQv=Qo C@Uv T=U= Q@ |}x]@=Q CQwY x@ 'nv}BtO CQ=@a 'q=@ |xrO=at QO
"CU= xOW xOQw; 27 |xrO=at QO xm CU= �X = �v

v � |}x@=OQo
fv1(X) = X3

X3 + C3
v1

(27)

|R=Ux}@W |=Q@ 3 pwOH QO xOW x�=Q= |oDiW; pOt ?}=Q[ R= 'VywSB u}= QO
ZQiV}B |=yQDt=Q=B|NQ@ T=U= Q@?}=Q[ u}= ?=NDv= "CU= xOW xO=iDU= |OOa
`=wv= |R=Ux}@W |=Q@ xDiQo CQwY |OOa C=k}kLD u}vJty w T}Uv= Q=Ri=sQv

"CU= |}xm@W |=ylr=@
QO xOW |R=Ux}@W lr=@ =@ x=Qty p=@ u}vJty w |Dq=}U |x}L=v 'xt=O= QO
R= l} Qy ẁv 'u}vJty "CU= xOW xO=O u=Wv 5 pmW QO swU ẁv V}=Q; Cr=L

"CU= xOW x�=Q= 4 pwOH QO |RQt \}=QW
xm@W R= pqkDU= �

"CU= xOW xDiQo Q_v QO 6 pmW =@ j@=]t p=@ pwL |D=@U=Lt xm@W VywSB u}=QO
R= =Q Q_v OQwt |D=@U=Lt |xm@W O}=@ 'pOt l} |Dq=}U |OOa p}rLD l} QO
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xQ=t

W3
8�3

|xQ
wO�
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R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt "xm@W R= pqkDU= "5 pwOH
xm@W Cr=L pwrU O=OaD CL CD ��CL ��CD

1 Cr=L 1407369 0/63574 0/044201 � �
2 Cr=L 3363893 0/70281 0/050722 10/549 14/751
3 Cr=L 6958312 0/72774 0/055695 3/5475 4/6350

x=Qty w lr=@ uwO@ p=@ |=Q@ Q=Qi x@r CWB |=tv R= OwO |R=UQ=mW; uwtR; "9 pmW
"lr=@ =@

QO lr=@ x=Qty x@ p=@ |=Q@ pvwD Q=vm |=tv R= OwO |R=UQ=mW; uwtR; "10 pmW
"xv}y@ |Diy |x}w=R Cr=L

|x} w=R 'C1 Cr=L QO "CU= xOW xDiQo Q_v QO =ylr=@ |Diy |x} w=R `} RwD |=Q@
xv}tm Q=Okt C2; C3; C4 |=yCr=L QO "CU= xHQO QiY =ylr=@ |t=tD |Diy
x} w=R u}= Cw=iDt |@}W =@ Cr=L Qy QO w xOW ?=NDv= xHQO �20 |Diy |x} w=R
?} Q[ OL R= V}@ |oDU@=w x@ xHwD =@ "Ci=} Oy=wN V}=Ri= Qo}O |=ylr=@ |=Q@
'u}}=B ROrwv} Q u=} QH s} SQ QO u; |Q_vt C@Uv w Q_v OQwt p=@ K]U u=R}t x@ ;Q@
hrDNt |=yVv}J w xOW xDiQo Q_v QO C@=F VywSB |] QO `HQt p=@ pw]
|Diy |x} w=R V}=Ri= =@ "CU= xOW xi=[= u; x@ p=@ lwv QO ?Yv |=Q@ lr=@

"XFLR5 Q=Ri=sQv QO `HQt p=@ |Ov@xm@W "8 pmW
xOW s}UkD CtUk 35 x@ p=@ xv=yO w CtUk 12 x@ p=@ QDw '8 pmW j@=]t
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