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T=}kt QO |=yx@=OQo QDr}i u}= "OwW|t s=Hv= |m} R}i |=[i =} x} Qwi |=[i QO
\@=wQ |xaUwD QO =Q QDoQR@ |=yT=}kt w xOQm QDr}i =Q |D=@U=Lt |=y pwrU R= QDtm

%R= CU= CQ=@a =yQ}eDt |=Q@ xO=iDU= OQwt QDr}i "OQ=O|t xov
�': =

Z
':0G(x; x0)dx0 (5)

|xrO=at CU=Q CtU T=U= u}=Q@ "CU= QDr}i QwD=QB= ' w QDr}i `@=D G u; QO xm
"OwW|t xDWwv u}vJ 4 swDvtwt

@
@xj

�
�@�ij
@xj

�
� @�p
@xi
� @�ij
@xj

(6)

h} QaD xD} RwmU} w `@=D CQwY x@ xm CU= VvD QwUv=D �ij pO=at u}= QO
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|=ypOt |=yVwQ [13]lQDWt K]U V}=tv QO |Uvqw@ QwD |=ypOt CqmWt x@
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level set |=yVwQ ?}mQD =} Kw]U |R=UR=@ ?U=vt |=yVwQ R= O}=@ w CU}v
K]U pmW w C=Q}}eD QDj}kO |x@U=Lt u=mt= xm �VOF� p=}U sHL VwQ =@

"OQm xO=iDU= 'Ovm|t sy=Qi =Q lQDWt
|x]U=w x@ u=} QH QO xOW O=H}= C=Q}}eD wQ V}B j}kLD QO T=U= u}= Q@
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p=}U sHL VwQ |x}=B Q@ |Oa@ xU |R=iwO |=QPo u=} QH l} R}i "CU= EL@ OQwt
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"CU=
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w xOW pkDvt Tv=mQi u=O}t x@ u=tR u=O}t R= =yxO=O �FFT� x} Qwi p}O@D ltm =@
=y?=@L uOW =OH Tv=mQi xrtHR= |i}] |=yp}rLD '|m}DUwm ; |=yC}tm C@F =@

"CU= xOW s=Hv=

sDU}U CqO=at "2
=ypOt '=ysDU}U QO G=wt= Q=WDv= |=yQDt=Q=B uDi=} |=Q@ [17�15]u}W}B u}kkLt QFm =
Q=WDv= |=yQDt=Q=B w xOQm |R=U xO=U Q=WDv= |=DU=Q QO '|Oa@ lD CQwY x@ =Q
w O=H}= p�=Ut QO "Ov=xOQm x@U=Lt =Q |}=Q}t w CwY CaQU xrtHR= G=wt=
O}rwD `@vt |=yQDt=Q=B 'G=wt= Q=WDv= |=yQDt=Q=B Q@ xwqa 'sDU}U QO R} wv Q=WDv=
w G=wt= O}rwD |xwLv 'sDU}U l} R}i |UQQ@ OvtR=}v w CU= syt Q=}U@ R}v
R= |[a@ u=}t u}= QO "CU= `t=H pOt l} \UwD '\}Lt QO u; Q=WDv=
pOt u}= "Ov=xOQm xO=iDU= R} wv |UQQ@ |=Q@ |Oa@ wO |=ypOt R= [5]u}kkLt
|=ypOt =t= OvyO|t u=Wv =Q xOW O}rwD |=yR} wv Tv=mQi |xOwOLt xJQo =y
u}vJty "OvDU}v |O}rwD |=yR} wv K]U R= |ak=w |xvt=O uDi=} |=Q@ |@U=vt
QO l}DUwm ; G=wt= |Oa@xU Q=WDv= w xDiW; u=} QH |Oa@xU C}y=t x@ xHwD =@
sy=Qi =yR} wv |ak=w xvt=O w u=} QH R= |QDy@ syi |Oa@xU |=ypOt ,=U=U= \}Lt

"Ovvm|t
R=o |xOwD CUQO CmQL u}tND w |O}rwD |=y?=@L pmW C}ty= x@ xHwD =@
K]U |Q}opmW |xwLv w CmQL u}}aD QO xm p=}U sHL pOt 'R} wv Rm =Qt u}}aD QO

[18]"OwW|t ?=NDv= CU= QD=v=wD OwHwt |=ypOt Q}=U x@ C@Uv ?=@L
=Q lQDWt K]U 'xm@W QO |tHL QUm uOQm p=@vO =@ p=}U sHL VwQ
xrO=at pL j} Q] R= lQDWt K]U uOQm p=@vO pOt u}= QO "Ovm|t |R=Ux}@W
|x]@=Q T=U= u}= Q@ "OQ}o|t s=Hv= =yR=i |tHL QUm uDi=} w =yR=i |=Q@ |oDUw}B
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p=QoDv= \@=wQ pt=W pL w xOW x@U=Lt u} Qo `@=wD ltm x@ 7 |xrO=at pL
|@]kwO w |@]k lD |DwY `@=vt Qov=}@ |L]U p=QoDv= "CU= |tHL w |L]U
|DwY `@=vt Qov=}@ =yvD |tHL p=QoDv= xm |r=LQO "CU= |@]kQ=yJ |OL =D w
CQwY QO |@]kQ=yJ |DwY `@=vt "CU= K]U R= GQ=N |L=wv QO |@]kQ=yJ
|=yp=QoDv= hPL =@ u}=Q@=v@ "OvQ=O CwY `@=vt Q}=U x@ C@Uv |QDtm CQOk 'OwHw
|=ysQD "OwW|t G=QNDU= Q} R CQwY x@ |DwY G=wt= Q=Wi 'u; R= |W=v |tHL
x@U=Lt CaQU C=Q}}eD w |Q=PoQ=@ R= |W=v |L]U |=yp=QoDv= R= pY=L |Q=Wi

%R= CU= CQ=@a xOW
p0(~x; t) = p0T (~x; t) + p0L(~x; t) (8)

4�p0T (~x; t) =
Z
f=0

�
�0( _Un + U _n)
r(1�Mr)2

�
ds

+
Z
f=0

�
�0Unfr _Mr + a0(Mr �M 2)g

r2(1�Mr)3

�
ds (9)

4�p0L(~x; t) = 1
a0

Z
f=0

� _Lr
r(1�Mr)2

�
ds

+
Z
f=0

�
Lr � LM

r2(1�Mr)2

�
ds

+ 1
a0

Z
f=0

�
Lrfr _Mr + a0(Mr �M 2)g

r2(1�Mr)3

�
ds (10)

|xOvyO u=Wv r &OwW|t h} QaD 12 w 11 \@=wQ j@=]t L w U CqO=at u}= QO
[21]"CU= xOvvm Ci=} QO pLt =D xrY=i

Ui = vi + �
�0

(ui � vi) (11)

Li = Pijnj + �ui(un � vn) (12)

|RQt \}=QW w |D=@U=Lt u=O}t "3
CQwY x@ '`}=t R=imD Qo}O \=kv Q}=U QO w R=iwO CQwY x@ Pwiv pLt QO sDU}U
QO p=}U w |R=o R=i u}@ CQ=QL w sQH p=kDv= uwO@ w q=@ x@ wQ |Owta |Oa@ xU
200 `=iDQ= w QDt|r}t 100 Q]k =@ |}xv=wDU= CQwY x@ pOt "CU= xOW xDiQo Q_v
QDt|r}t 5 `=iDQ= w 4 Q]k x@ T}i} Qw= l} QOvr}U |=yDv= \Uw QO w CU= QDt|r}t
l} |Q=Wi C=v=Uwv R= |Q=OQ@xvwtv |=Q@ w xOW xDiQo Q_v QO =y x QwLt |=DU=Q QO
|Q=Wi C=v=Uwv 'u=} QH |R=wt xLiY QO =D xOW xO=O Q=Qk u=} QH uwQO xv=wDU= s}v

"OwW G=QNDU= ?=@L uOW =OH w p}mWD s=ovy x@ u=} QH
u=O}t QO u; pL w CqO=at |R=U xDUUo |=Q@ |Ov@Vt xm@W |=tv 1 pmW
KqY= l}DUwm ; |=yxO=O C@F |xOwOLt w R=o OwQw |xOwOLt QO xm@W "CU=
K]U |@=}OQ Qw_vt x@ "CU= Q=Ry 280 OwOL QO xm@W |=ypwrU pm O=OaD w xOW
pL C}U=UL O=H}= sOa w Vt |xm@W \UwD ?=@L CmQL V}=tv w lQDWt
x}v=F Q@ sQowr}m 0 4 =D 0 1 |xOwOLt QO Pwiv MQv '|D=@U=Lt u=O}t x@ C@Uv w ?;
x@ VRer sOa \QW '=wy w ?; |tQH |@O CQwY x@ |OwQw |RQt \}=QW "CU=
|HwQN |RQt \QW u=wva x@ l} QUitD= Q=Wi \QW '|}xQ=w}O |RQt \QW u=wva

"CU= xOW xDiQo Q_v QO

|=yT=}kt |W@vH |SQv= pOt w WALE pOt '|r}r w |mUvwQm =tU= pOt x@
[19]"OQm xQ=W= xm@WQ} R

|=ypOt w u=} QH l} R}i Q@ j@]vt j}kO |v=tR pL l} uDiQo Q=m x@ Q=vm QO
xO=iDU= R}v |m}DUwm ; ?U=vt |=ypOt R= 'u=} QH |oDiW; j}kO |UQQ@ |=Q@ Q@Dat
G=wt= u}= w OwW |UQQ@ \}Lt QO G=wt= Q=WDv= '|DwY `@=vt u}}aD =@ =D OwW|t

"OvwW C@F xOvQ}o pLt QO
%OwW|t xO=iDU= VwQ xU R= l}DUwm ; u=O}t p}rLD |=Q@ CU= QmP u=}=W

|xOwOLt QO Ov=@ |=vyB T=U=Q@ R} wv `@=vt |UQQ@ |=yVwQ '17s}kDUt |=yVwQ
"19l}DUwm ; |Swr=v; |x}=B Q@ |r=QoDv= |=yVwQ w 18Tv=mQi

CqO=at \UwD s}kDUt CQwY x@ Q=WDv= sy w O}rwD sy s}kDUt |=yVwQ QO
'C=@U=Lt R= |O=} R sHL OvtR=}v VwQ u}= "OwW|t pL xm@W QO |m}t=v}O
|RQt \}=QW p=ta= w xOvvm Ci=} QO w `@vt u}@ j}kO ,qt=m |Ov@Vt |xm@W
|=ypLt =yvD xv w CU= u=O}t pL OvtR=}v COW x@ pOt "CU= T=mav= p@=kQ}e
q=@ C}i}m =@ O}=@ R}v xOvvm Ci=} QO =D u=O}t xmr@ OwW pL CkO=@ O}=@ R} wv O}rwD

"OQ=O OQ@ Q=m l}ORv |=yu=O}t QO ,=DOta VwQ u}= "OwW pL w xOW xOR Vt
xOwOLt G=QNDU= |=Q@ ,=twta Ov=@ |=vyB T=U=Q@ R} wv `@=vt uDi=} |=yVwQ R=
|}=v=wD =yvD VwQ u}= "OwW|t xO=iDU= =yR} wv O=H}= pLt w xOW QWDvt G=wt=Tv=mQi
QO G=wt= Q=WDv= j}kO |x@U=Lt u=mt= w OQ=O =Q u=} QH QO R} wv O}rwD pLt uDi=}
"OwW|t xO=iDU= CwY O}rwD Rm =Qt uDi=} w x}rw= pL |=Q@ =yvD w xDW=Ov =Q xOvQ}o

|x}=B Q@ |r=QoDv= |=yVwQ =yvD QwO w xv=}t |=yu=O}t |UQQ@ |=Q@ T=U= u}= Q@
|=yVwQ QO "OW=@ s}kDUt pL |=Q@ |@U=vt u} Ro}=H Ov=wD|t p}yC}q |Swr=v;
|r=QoDv= \@=wQ 'xOW |@]k Q=yJ =} wO 'l} `@=vt pO=at CwY O}rwD `@=vt |r=QoDv=
QO u; pL \UwD w OwW|t G=QNDU= sDU}U |=QPo CqO=at R= u=tR u=O}t QO
"OwW|t x@U=Lt xOvQ}o QOl}DUwm ; |=yp=vo}U w |Q=Wi C=Q}}eD |r=QoDv= Kw]U
OwW|t u; O}rwD w G=wt= Q=WDv= \@=wQ uOW =OH ?@U l}DUwm ; |Swr=v; R= xO=iDU=
xrtHR= FWH pOt "Ovm|t =OH =Q u; Q=WDv= R= l}DUwm ; |=yQDt=Q=B |x@U=Lt w
=Q u=} QH QO |DwY `@=vt p}yC}q |Swr=v; ltm =@ xm CU= |r=QoDv= |=yVwQ
p}O@D =@ TBU w xOW pL |r=QoDv= Kw]U QO u=O}t |=yQ}eDt pOt u}= QO "O@=}|t
|=yQDt=Q=B =yu; VR=OQB =@ w OwW|t pkDvt Tv=mQi u=O}t x@ =yQDt=Q=B u}= x} Qwi
xrtH R= "OwW|t x�=Q= |i}] u=wD w �SPL� CwY Q=Wi K]U CQwY x@ l}DUwm ;

%OQm xQ=W= Q} R OQ=wt x@ u=wD|t VwQ u}= syt |=yC}OwOLt
"Ovm|t xHwD Q=WDv= \}Lt R= V}@ |DwY `@=vt x@ "1

"OwW|t xDiQo xO}O=v Q=WDv= Q@ u=} QH QF= "2
[20]"CU= R}J=v G=wt= Q@ T=mav= w xQ=w}O QF= "3

|oDUw}B xrO=at ?Q[ R= Gwt uoty=v CqO=at CQwY x@ FWH pOt CqO=at
%O};|t CUO x@ TmwDU= � Q} w=v |xrO=at QO

1
a0
@2p0
@t2 �r

2p0 = @2

@xixj
[TijH(f)]

� @
@xi
f[Pijnj + �ui(un � vn)]�(f)g

+ @
@t
f�0vn + �(un � vn)�(f)g (7)

K]U Q@ Owta |=DU=Q R}v n &CU= K]U CaQU v w p=}U CaQU u u; QO xm
QwUv=D Pij w p}yC}q VvD QwUv=D Tij "CU= u=O}t QO CwY Q=Wi p0 "CU=

"CU= |Q=Wi VvD
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"OQ=O OQ@ Q=m |OOa Pwiv Vy=m |=Q@ ,=twta w
pOt |wQ LES VwQ l}DUwm ; Q=Wi C=v=Uwv C=@U=Lt Qw_vt x@ TBU
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|=Q@ |@U=vt xv} Ro CICSAM26sD} Qwor= =} w xOW KqY= HRIC VwQ LES
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G}=Dv w pOt QO xOWC@F Tv=mQi u}@ xU}=kt |i}] u=O}t x@ =yxO=O p=kDv= =@
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2. large eddy simulation
3. high resolution interface capturing scheme
4. fowcs-Williams & Hawkings
5. fast fourier transform
6. active
7. passive
8. low pass �lter
9. high pass �lter
10. monopole
11. dipole
12. quadrupole
13. virtual mass
14. two 
uid model
15. compressive scheme
16. reynolds averaged navier stokes
17. direct method
18. method that utilizes broadband noise source models
19. integral method based on acoustic analogy
20. unstructured
21. courant - friedrichs - lewy (CFL)
22. cute cell
23. pressure implicit with splitting of operator
24. pressure staggering option
25. bounded central di�erencing
26. compressive interface capturing scheme for arbitrary meshes

27. forward-time projection
28. Vazquez
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