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"Ovm|t =O}B \=@DQ= CaQU =@ z VvQm MQv QwUv=D T=U=Q@ VvD QwUv=D "CU= VvD
$� = 2�$z (4)

$z = 1
2
h
(~r~V ) + (~r~V )T

i
(5)

w R=o� `}=t lQDWt K]U |@=}OQ |=Q@ Qo}O |xrO=at l} 'jwi CqO=at Q@ uwRi=
CmQL 'p=}U |tHL C@Uv VwQ QO "CU= sRq =yv; u}@ sQH pO=@D |R=UpOt

[19]%OwW|t pOt f(x; t) Qou=Wv `@=D |xr}Uwx@ p=}U wO u}@ lQDWt RQt

f(x; t) =

8>>>><>>>>:
1 in liquid

> 0; < 1 at the liquid� gas interface

0 in gas

(6)

p=kDv= |xrO=at QO 'OwW|t QWDvt u=} QH \UwD f |Sv=Qo q Q}eDt xm u}= x@ xHwD =@
%Ovm|t jOY

df
dt

= @f
@t

+ ~V � ~rf = S (7)

|xrO=at xm =Hv; R= "CU= R=i wO sQH pO=@D xtWJ |xrtH |xOvyOu=Wv S QDt=Q=B
u; (�) |m}t=v}O CHRr w (�) |r=oJ 'xOW xDWwv |R=iwO \wrNt |=Q@ u=} QH

[19]%OwW|t x@U=Lt 8 |x]@=Q j@=]t

� = f�l + (1� f)�v

� = f�l + (1� f)�v (8)

"CU= `}=t R=i Qou=Wv l T} wvQ} R w Q=N@ R=i Qou=Wv v T} wvQ} R x]@=Q u}= QO

|OOa pOt "3
wQW}B Qr} w= VwQ =@ w xOW =Hx@=H xm@W |wQ CmQL xR=Ov= |xrO=at |R=UxDUUo

%OwW|t u=}@ 9 |x]@=Q j@] u=tR QO
~V n+1 � ~V n

�t
=� ~r � (~V ~V )n � 1

�n
~rpn+1 + 1

�n
~r �$� n

+ ~g n + 1
�n

~Fnb (9)

CQwYx@ 9 |x]@=Q QO xm |}xrtH =yvD "CU= pw= x@DQt R= jwi |R=UxDUUo CkO
R= K} QY CQwYx@ C=Q=@a |x}k@ w CU= Q=Wi CQ=@a OwW|t x@U=Lt |vt[
CQ=@a 9 |xrO=at pL |=Q@ |}xrLQtwO |x} RHD "OvwW|t ?=UL xDWPo u=tR

%R= CU=
|Wv=Qo '|HRr '|}=Hx@=H CqtH T=U=Q@ (~~V ) x]U=w CaQU l} %pw= |xrLQt
%OwW|t x@U=Lt �p@k u=tR R= swrat� CaQU u=O}t R= xO=iDU= =@ w |tHL |wQ}v w
~~V � ~V n

� t
= �~r � (~V ~V )n + 1

�n
~r � $� n + ~g n + 1

�n
~Fnb (10)
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|D}w=m |=UB ?} Q[ w Q]k 'pw] |OOa |x@U=Lt |@Uv |=]N OYQO "2 pmW
?ULQ@ �21�19\@=wQ� COQ=J} Q|r}rLD\@=wQ =@ xU}=kt QOlU}O xDi=} xaUwD

"CPDR QDt=Q=B

lU}O l} CWB xDi=} xaUwD |D}w=m |=UB ?} Q[ w Q]k 'pw] Q}}eD "3 pmW
"CPDR QDt=Q=B ?ULQ@ 38mm Q]k =@

|mU}O QwD=D} w=m CWB xDi=} xaUwD uw}U=D}w=m "2"4
"OQ}o|t Q=Qk|UQQ@ OQwt|mU}O QwD=D} w=mCWB xDi=} xaUwD uw}U=D} w=mVN@u}= QO
'1000kg/m3 %(�) |r=oJ %CU= xOW xDiQo Q_v QO KQW u}= x@ ?; X=wN
"0 072N/m %(
)|L]UVWm w '1 0�10�6 m2/s %(�)|m}D=tv}UCHRr
'0 5542kg/m3 %(�) |r=oJ %CU= xOW ZQi KQW u}= x@ R}v Q=N@ X=wN
'|OOa sD} Qwor= OwW|t x_Lqt "24 18�10�6 m2/s %(�)|m}D=tv}UCHRr
|v=tR |xaUwD "OQ=O =Q 1800 OwOL |r=oJ C@Uv =@ u=} QH u=O}t pL C}r@=k
OOa s} SQ QO 54mm Q]k =@ lU}O l} CWB xDi=} xaUwD uw}U=D} w=m |x}L=v
"CU= xOW xO=O u=Wv 4 pmW QO 1 7�106 ROrwv} Q OOa w 0 20 uw}U=D} w=m
(�) uw}U=D} w=m OOa 'Oa@ uwO@ OOa u} QDsyt 'uw}U=D} w=m =@ x=Qty |=yu=} QH QO

%R= CU= CQ=@a xm CU=
� = p1 � pv

0 5�V 21
(17)

(t = 13ms) OQ}o|t pmW x@=OQo w OyO|t |wQ u=} QHV}=OH 'lU}OCWB QO
pN=O QO x}rw= uw}U=D} w=m =Pr w OwW|t xv}tm Q=Wi '|QwLt uQ=kDt |x@=OQo u}= QO
|x}L=v 'u=tR |] QO x@=OQo Q=Wism |x}L=v |H} QOD VQDUo =@ "OQ}o|t pmW u;
x}L=v u}= QO Q=Wi Q=Okt '|D} w=m |x}L=v |Q}opmW =@ "O@=}|t xaUwD uw}U=D} w=m
"OwW|t |Q}owrH Q=Wi QDW}@ Vy=m R= w Ov=t|t |k=@ Q=N@ Q=Wi C@=F Q=Okt =@ Q@=Q@
'u=tR CWPo =@ w OQ}o|t pmW t = 49ms u=tR QO |t�=O |xDi=} xaUwD |D} w=m

xOW |R=UR=@ w |ak=w O=R; K]U xU}=kt "1 pmW

uw}U=D}w=m sQH p=kDv= |OOa pOt "2"3
Q_v QO =@ =} '|OOa� |r}rLD \@=wQ T=U=Q@ uw}U=D} w=m sQH p=kDv= j}kO |=ypOt
|UQQ@ =@ u}kkLt "CU= xOW G=QNDU= R=i wO lQDWt RQt QO pO=aD |x]@=Q uDiQo
'|r}rLD hrDNt |=ypOt w |r} Q pOt� uw}U=D} w=m sQH p=kDv= hrDNt |=ypOt
xS} wx@ ��|D} w=m |R=UpOt QO [3]Rv=m\UwD xOW x�=Q= pOt xm [20]OvO=O u=Wv �|OOa
QO "OQ=O =Q CkO u} QDW}@ �� Q=N@ |=yQ=DN=U V}=OH w |DWoR=@ CH |x}L=v QO

%OwW|t xDWwv u}vJ p=kDv= |xrO=at 'pOt u}=
@f
@ t

+ ~V :~rf = Cdest�vMin(Pl � Pv; 0)f
�l(0 5�lV 21)t1

+ Cprod(1� f)f 2

�lt1
Cdest = 9� 105; Cprod = 3 0� 104 (15)

x@ xYNWt pw] C@Uv CQwYx@ xm CU= O=R; u=} QH |xYNWt u=tR hQat t1
"OwW|t h} QaD (D=V1) O=R; u=} QH CaQU

G}=Dv |x�=Q= "4
=yxQo O=OaD x@ pL CkO |oDU@=w |UQQ@ "1"4

xaUwD uw}U=D} w=m pL |=Q@ |OOa sD} Qwor= '?U=vt |OOa |xm@W ?=NDv= |=Q@
OvJ R= xO=iDU= =@ 0 30 uw}U=D} w=m OOa QO 38mm Q]kx@ |mU}O CWB xDi=}
O=a@= =@ pL u=O}t |=Q@ "OW xU}=kt j}kO Q}O=kt =@ G}=Dv w '=QH= Cw=iDt |xm@W
1 27mm w 1 58mm '2 38mm xQo O=a@= =@ xm@W xU R= 115�282mm

xaUwD |D} w=m |=UB ?} Q[ w Q]k 'pw] |x@U=Lt |OOa pL G}=Dv xm OW xO=iDU=
QO [21]|r}rLD \@=wQ =@ xU}=kt QO x]w@ Qt |@Uv |=]N OYQO w 2 pmW QO xDi=}
�8�CPDR� lU}O `=aW OL=w QO pwrU� |UOvy QDt=Q=B ?ULQ@ w 3 pmW

%R= CU= CQ=@a h} QaD ?ULQ@ QDt=Q=B u}= "CU= xOW xO=O u=Wv
CPDR = Number of cells

Disk Radius
(16)

`=aW =Hv}= QO� |OOa |xm@W QO XNWt pw] |=Q@ xm OyO|t u=Wv CPDR

%x@ Ov=\w@ Qt xOW xO=iDU= |xm@W xU "CU= xOW xO=iDU= pwrU OvJ R= '�lU}O
|oDU@=w xm OwW|t xOy=Wt "CPDR= 15 w CPDR= 12 'CPDR= 8
sm ,=D@Uv �CPDR= 8� xm@W u} QDCWQO |=Q@ |DL xm@W |=yxQo x@ =y?=wH
xHwD =@ "�xDi=} xaUwD |D} w=m pw] u}tND QO =]N OYQO 12 88 QFm =OL� CU=
CU=UB ?} Q[ |=]N Vy=m '|Ov@xm@W CkO V}=Ri= Q}F-=D u} QDsyt '2 pmW x@
R= xO=iDU= Qo}O C} Rt "�CU= OYQO 0 2 =@ Q@=Q@ =]N u}= CPDR= 15 QO�
"CU= |DWoR=@ CH w |D} w=m |}=yDv= |x}L=v QDj}kO |R=UR=@ 'h} Q_ |xm@W
QO CPDR Q}O=kt =@ ?U=vt |=yxm@W R= xO=iDU= =@ xr=kt u}= QO xOW x�=Q= G}=Dv

"CU= xOt; CUO x@ 15 =D 12 xR=@
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L=

"(� = 0 20; V1 = �31 20m=s; Re = 1 7� 106; ddisk = 54mm) lU}O CWB xOQDUo |R=UxQiL |x}L=v |xaUwD "4 pmW

(� = 0 15; V1 =lU}OCWB xOQDUo |R=UxQiL |x}L=v |xaUwD "5 pmW
"�36 m=s; Re = 8 6� 106; ddisk = 240 mm)

uw}U=D} w=m s} SQu}= QO �CP � Q=Wi?} Q[w|OwtaCaQU|D} w=m 6pmW QO
w OQ}o|t pmW x@=OQo |D} w=m pN=O QO OW xQ=W= xm u=vJ "CU= xOW xO=O u=Wv
=Hv; R= "(Vmax = 30 m/s) OyO|t |wQ x}L=v u}= QO |Owta CaQU xv}W}@
|Q=Okt |D} w=m |x}L=v QO |@Uv Q=Wi 'CU= QiY Q@=Q@ O=R; u=} QH |@Uv Q=Wi xm
u=} QH "(Pv � P1 = 2763� 100000 = �97237 Pa) OwW|t |ivt
pmW uwmU |x]kv w OUQ|t Q=Wi Q=Okt u} QDq=@ x@ lU}O x@ OQwNQ@ R= Oa@
u}= "OOQo|tQ@ O=R; u=} QH Q=Wi x@ G} QODx@ Q=Wi '|D} w=m |x}L=v R= GQ=N "OQ}o|t

'|D} w=m |x}L=v x@ `}=t CH CWoR=@ QF= QO "O@=}|t xaUwD |DWoR=@ CH |x}L=v
|oS} w wO u}=Q@=v@ (t = 51ms) OwW|t =OH |D} w=m R= Q=N@ lJwm |=yQ=DN=U
CH |xaUwD "1 %CU= x_Lqt p@=k |t�=O |xDi=} xaUwD |D} w=m |=yDv= QO |Q=DiQ
|DWoR=@ CH CmQL QF= Q@ |rY= u=} QH x@ Q=N@ |=y?=@L V}=OH "2 &|DWoR=@
Q=N@ Q=Wi =@ Q@=Q@ w 'C@=F Q=Wi Q=Okt uw}U=D} w=m |x}L=v QO [21]"|D} w=m pN=O x@
|x]kv l} |DWoR=@ CH R=e; C}akwt QO xm OyO|t u=Wv |@ QHD G}=Dv "CU=
|x]kv u}= C}akwt "�51ms w 49ms QO 4 pmW� OQ}o|t pmW �S� uwmU
?} Q[ Q=Okt OwW|t Ea=@ Qt= u}= "CU= Q=O}=B=v w Ovm|t Q}}eD u=tR =@ uwmU

"�Cp = 0 42 %uw}U=D} w=m s} SQ u}= QO� OW=@ 1 R= QDsm ?D=Qtx@ u; Q=Wi
|D} w=m |x}L=v '�O=R; u=} QH CaQU V}=Ri= =}� uw}U=D} w=m OOa Vy=m =@
� = 0 15 s} SQ QO xDi=} xaUwD |D} w=m '5 pmW QO "OwW|t QDnQR@ xDi=} xaUwD
|v=tR C}akwt wO QO '�240mm Q]k x@ |mU}O |=Q@� Re = 5 83� 106 w
|t�=O Cr=L x@ xDi=} xaUwD |D} w=m x}v=F|r}t 30 u=tR QO "CU= xOW xO=O u=Wv
V}=Ri= COWx@ xDi=} xaUwD |D} w=m pw] 'uw}U=D} w=m |xaUwD R=i |] QO "OUQ|t
|D} w=m pmW |xU}=kt ,qFt [1]"CU= sm Q=}U@ |D} w=m Q]k C=Q}}eD |rw O@=}|t
|r=L QO xm OyO|t u=Wv s} SQ u}= QO x}v=F|r}t 30 w 21 u=tR wO QO xDi=} xaUwD
u; Q]k 'O@=}|t V}=Ri= 1450mm x@ 965mm Q=Okt R= |D} w=m |x}L=v pw] xm
pmW |rm Cw=iD OwW|t Ea=@ |oS} w u}ty "OUQ|t 208mm x@ 204mm R=
uOw@ QDxO}Wm 'uDi=} xaUwD R=i QO u; pmW w |}=yv Cr=L QO xDi=} xaUwD |D} w=m
|=yQ=DN=UV}=OH '|DWoR=@CH OWQ QF= Q@ "OW=@ |}=yv xDi=} xaUwD |D} w=m pmW
C}akwt "�30ms QO 5 pmW� CU= x_Lqt p@=k |D} w=m |=yDv= QO Q=N@ lJwm

"CU= xOW xO=O u=Wv pmW u}= QO R}v Q=O}=B=v uwmU |x]kv
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"""u
Q=kDt

|=y
xUO

vy|
wQu

w}U
=D}w=

m|
xO}O

B|
OOa

pL

"Q=Wi ?} Q[ w |Owta CaQU |=yQwDv=m "6 pmW

|@ QHD G}=Dv "OQ=O |ovy=ty [21]|@ QHD G}=Dv w �COQ=J} Q |x]@=Q� 20 |x]@=Q
pvwD |xQ=w}O C}OwOLt Q}F-=D w CU= Iv}= 0 5 Q]k =@ lU}O x@ \w@ Qt ?; pvwD
|mOv= |Q_v |x]@=Q w |@ QHD G}=Dv u}=Q@=v@ "CU= xOWv KqY= |@ QHD G}=Dv Q@
OOa ?ULQ@ |D} w=m Q]k u} QDW}@ |x]@=Q 8 pmW QO "OvQ=O Cw=iD Qo}Om} =@
|=UB ?} Q[ "CU= xOW sUQ |D} w=m |=UB ?} Q[ 9 pmW QO w 'uw}U=D} w=m
|xYNWt QDt=Q=B '10 pmW QO "CU= xOW x@U=Lt 21 |x]@=Q T=U=Q@ |Q_v
'xv}W}@ Q]k 'xv}W}@ pw]� |D} w=m |xYNWt xU Qy xm ( Lmax

(Dmax�C0 5
D )

) QwD=D} w=m
|tD} Q=or |xLiY QO uw}U=D} w=m OOa ?ULQ@ OwW|t pt=W =Q �=UB ?} Q[
pmW l} QO QwD=D} w=m C=aq]= s=tD 'xYNWt QDt=Q=B s}UQD =@ "CU= xOW sUQ
?ULQ@ xYNWt QDt=Q=B C=Q}}eD 'xOW xO=O u=Wv |xOwOLt QO "OwW|t x�=Q= OL=w

"CU= |]N ,=@} QkD �

\wQNt CWB xDi=} xaUwD uw}U=D}w=m "3"4
Q=Wi QwDv=m 11 pmW QO "CU= \wQNt '=yQwD=D} w=m pw=ODt |=yxUOvy R= |m}
|=Q@ 0 20 uw}U=D} w=m OOa s} SQ QO xDi=} xaUwD |D} w=m |xaUwD 12 pmW QO w
xOy=Wt "CU= xOW xO=O u=Wv 900 T-=Q |x} w=R w 7 34mm Q]k =@ \wQNt l}
OWQ =@ w CU= \wQNt CWB |=yx@=OQo C}akwt R= uw}U=D} w=m R=e; xm OwW|t
|D} w=m R= \wQNt CWB |D} w=m Q]k w pw] "O@=}|t xaUwD |D} w=m |x}L=v '=yx@=OQo
QDsm w u=} QH V}=OH |x}L=v Vy=m 'xr�Ut u}= p}rO "CU= QDsm lU}O CWB
QO "CU= lU}O =@ xU}=kt QO \wQNt CWB QO Q=Wism |=yx@=OQo xOwOLt uOW
"CU= xOW xO=O u=Wv \wQNt CWB |ki= w |Owta CaQU |=y|D} w=m 13 pmW
|mU}O =yQwD=D} w=m CWB u=} QH Q=DiQ x@=Wt pmW wO u}= QO xOW xOy=Wt Q=DiQ

"CU=
QwD=D} w=m OQwtQO '|mU}O QwD=D} w=m |UOvy |=yQDt=Q=B |=Q@ xOWx�=Q= \@=wQ
QO \wQNt CWB |D} w=m O=a@= Q}}eD Q@ Q=PoQ}F-=D pt=a "CU= jO=Y R}v |]wQNt
T-=Q |x} w=R R= |a@=D u; Q=Okt xm CU= CD0 ?} Q[ '|mU}O QwD=D} w=m =@ xU}=kt
QO xDi=} xaUwD |D} w=m pw] |=Q@ xOt; CUOx@ G}=Dv 14 pmW QO "CU= \wQNt

u=} QH |x}L=v w |D} w=m pN=O Q=Wism |x}L=v u}@ pO=aD O=H}= |=Q@ Q=Wi V}=Ri=
QO "OyO|t |wQ |O}OW Q=Wi V}=Ri= 'uw}U=D} w=m |x}L=v |=yDv= QO "CU= O=R;

%s} Q=O x}L=v u}= QO &CU= ?; Q=N@ Q=Wi Q@=Q@ Q=Wi '|D} w=m |x}L=v pN=O8><>:1) Cp = P�P1
0 5�V 21 ;

2) � = P1�Pv
0 5�V 21

P = Pv(|D} w=m pN=O);) Cp = Pv � P1
0 5�V 21

;) Cp = �� (18)

|ivt =@ Q@=Q@ Q=Wi ?} Q[ |D} w=m pN=O QO xm OwQ|t Q=_Dv= |Q_v ^=Lrx@ u}=Q@=v@
Q=Wi ?} Q[ "CU= xOW O}}-=D xr�Ut u}= '?6 pmW QO "OW=@ uw}U=D} w=m OOa
u}= 'lU}O x@ O=R; u=} QH OQwNQ@ |x]kv QO "CU= �0 15 Q@=Q@ |D} w=m pN=O QO
S |=}=B=v uwmU |x]kv QO ?} Q[ u}= Q=Okt .(CP = 1) CU= xv}W}@ ?} Q[

"CU= 0 17 Q@=Q@
lU}O CWB xDi=} xaUwD |D} w=m |OOa G}=Dv |@=} RQ= "1"2"4

xaUwD |=y|D} w=m |=UB ?} Q[ w pw] 'Q]k |=Q@ |]@=wQ |Q_v p}rLD =@ u}kkLt
[21]%OvOQm u=}@ u}vJ =Q |QwLt uQ=kDt xDi=}

dcavitymax

Dcavitator
=
�

CD
�(1� 0 132�0 5)

�0 5
(19)

lcavitymax

Dcavitatormax
=

�+0 008
�(1 7�+0 066)h

CD
�(1�0 132�0 5)

i0 5 (20)

CD = CD0(1 + �); CD0 = 0 79 (21)

%R= Ov=CQ=@a =UB ?} Q[ |=Q@ Qi=W � CUrB w QW}i \@=wQ
CD = CD0(1 + �); CD0 = 0 84 (22)

CD = CD0(1 + � + 0 028 �2); CD0 = 0 8053 (23)

?ULQ@|D} w=m pw] u} QDW}@ |=Q@ |Q_v |x]@=Q w|@ QHD '|OOa G}=Dv '7 pmW QO
=@ |@ wN Q=}U@ CkO =@ xrY=L |OOa G}=Dv "CU= xOW s}UQD uw}U=D} w=m OOa
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?ULQ@lU}OCWB xDi=} xaUwD|D} w=m |=Q@ L
(D�C0 5

D )
QDt=Q=B Q}}eD "10 pmW

"COQ=J} Q |Q_v \@=wQ =@ |OOa G}=Dv |xU}=kt 'uw}U=D} w=m OOa

(� = '|]wQNt R=UxQiL h=Q]= QO Q=Wi |xQiL "11 pmW
0 20; V1 = �31 20 m=s; Re = 1 87 � 105; dcone =

"7 34 mm; Cone angle = 900)

lU}O w \wQNt |wQ xDi=} xaUwD |D}w=m |OOa pL G}=Dv |xU}=kt "1 pwOH
"�� = 0 25�

lcavitymax
Dcavitator

dcavitymax
Dcavitator

lcavitymax
dcavitymax

QwD=D} w=m pmW
2 57 1 69 4 34 Cone (900)

2 55 2 07 5 28 Disk (1800)

"CU= G=QNDU= p@=k 20 w 19 \@=wQ T=U=Q@ xUOvy R= |D} w=m Q]k x@ pw] C@Uv
%O};|t CUO x@ |D} w=m Q]k x@ pw] C@Uv 19 Q@ 20 |xrO=at s}UkD =@

lcavitymax

dcavitymax
= � + 0 008
�(1 7� + 0 066)

(24)

|YNWt Q=Okt |r}rLD pOt Qy w xUOvy Qy |=Q@ xm 'CD0 C@=F R= CQ=@a u}=
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1. surface tracking methods
2. hoemgenous equilibrium 
ow models

3. transport based equation model
4. Rayleigh
5. donor-acceptor
6. simple line interface construction (SLIC)
7. piecewise linear interface construction (PLIC)
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9. plano-circular
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