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C=ar=]t xOta =t= "CU= xOW s=Hv= 'hrDNt \}=QW CLD Qwr}D |=y?=@L Q=DiQ
Tv=mQi w xOw@ Qwr}D |=y?=@L |wQW}BCaQU w pmW x@ \w@ Qt 'uwvm =D xOW s=Hv=
QO xS} wx@ 'nqB u=} QH syt Q=}U@ |=yQDt=Q=B R= |m} u=wvax@ �� =y?=@L u}=
Qwr}D |=y?=@L Tv=mQi |xar=]t "CU= xOw@ xHwD OQwt QDsm �� Q=O?}W |=yp=v=m
=@ =y?=@L Tv=mQi xm �2007� O=O u=Wv 50 mm Q]k =@ |ki= |xrwr l} QO
|oDU@=w OQwt u}= xm |r=L QO O@=}|t V}=Ri= Kw[wx@ `}=t |Qy=_ CaQU V}=Ri=
l} pN=O QO Qwr}D |=y?=@LTv=mQi|UQQ@ [5]"OQ=O R=o |Qy=_CaQU x@|i}a[
=y?=@L Tv=mQi Vy=m ?@U R=o R=i |@O V}=Ri= xm O=O u=Wv �2010� p=v=mR} Q
QUm '=yR=i |tHL |=y|@O C@Uv T=U=Q@ |]@=wQ '=DU=Q u}ty QO [6]"OwW|t
|UQQ@ [6]"OW O=yvW}B =y?=@L Tv=mQi |v}@V}B |=Q@ '5|ov}�wt OOa w 4|yD
11 =D 'ji= x@ l}ORv w |ki= |=yp=v=m pN=O QO nqU= w =wy |=y?=@L Tv=mQi
|m} R}i pOt T=U=Q@ 'OYQO 60 CkO =@ |@ QHD |x]@=Q l} |x�=Q= x@ 'xHQO

wO lQDWt K]U |UOvy pmW x@ xDU@ 'p=v=m pN=O QO `}=t w R=o u=tRsy u=} QH
u} QDptDLt R= |m} u=}t u}= QO "OQ}o|t CQwY hrDNt |=ywor= ?r=e QO 'R=i
s} SQ 'OwW|t xOy=Wt `}=t u=} QH |@O R= |a}Uw |xOwOLt |=R=x@ xm '=ywor=
u} QDxO}J}B R= |m} '=}=B=v w ?w=vDt C}y=t p}rOx@ s} SQ u}= "CU= nqB u=} QH
w nQR@ |=y?=@L CmQL 'u; RQ=@ |xYNWt w [1]CU= |R=iwO u=} QH |=ywor=
s} SQ x@ xm s} SQ u}= "CU= `}=t R=i R= |}xDUw}B \}Lt u=}t QO R=o R=i R= |}xO}Wm
|UOvyt |=yOQ@ Q=m w `}=vY R= |Q=}U@ QO 'CU= hwQat R}v 1Qwr}D |=y?=@L
|Q=mlvN w =yQr} w@ '|}=tQou}tR |=yx=owQ}v '=yu@ QmwQO}y p=kDv= w G=QNDU= Ovv=t
x=Qty |=yOv}=Qi QO [3w2]"OwW|t xOy=Wt |}=}t}W w |}xDUy |=yQwDm =Q |Q=Q][=
?} Q[ QO xHwD p@=k C=Q}}eD RwQ@ ?@U Qwr}D |=y?=@L Qw[L 'CQ=QL p=kDv= =@
xrwr |xQ=w}O x@ |DQ=QL |=ylwW O=H}= Ea=@ w xOW p=v=m pN=O CQ=QL p=kDv=
=yx=owQ}v QO Qr} w@ |=yxrwr 2uDNwU |rY= pt=wa R= |m} u=wvax@ OQwt u}= "OwW|t
h=Q]= R= `}=t sr}i u=} QH |x]U=wx@ xm 3|}=yx@=OQo 'u}= Q@ xwqa "CU= KQ]t
QO |O}OW C=v=Uwv 'OvQ}o|t pmW ?=@L |xr=@vO CtUk QO w Qwr}D |=y?=@L

pw�Ut xOvU} wv �
"1393 6 29 VQ}PB '1393 6 10 x}LqY= '1392 9 4 Ci=} QO %M} Q=D

www.sid.ir


www.SID.ir

Arc
hive

 of
 S

ID

"""u
=}QH

QOQ
wr}D

|=y
?=@

LT
v=mQi

|@Q
HD|

xar=]
tQB |v}at `=iDQ= =D =Q 2 lv=D 'xOW xDiQo Q_v QO |=yQDr}i R= Qw@a =@ ?; u=} QH

'OQ=O Q=Qk |QDt 4 `=iDQ= QO xm 1 lv=D x@ =Q lv=D u}= ?; 2 AtB TBU "Ovm|t
x@ |i=[= ?; R} QQU =@ OQwt u}= &CU= C@=F lv=D u}= QO ?; `=iDQ= "Ovm|t AtB
"OQ}o|t CQwY 2 xQ=tW lv=D x@ x}rND R= p@k 'lv=D u}= QO xOW x}@aD swO CtUk
Q@ xwqa "Ovm|t u}t-=D =Q p=v=m pN=O ?; u=} QH |=Q@ R=}v OQwt Oy 1 xQ=tW lv=D
?; |@O Q=Okt "OwW|t Q=Ot OQ=w ,=t}kDUt 1 AtB 'QDq=@ Oy x@ R=}v CQwY QO 'u}=
|HwQN ?; |=tO w Q=Wi '|@O TBU w xOW s}_vD 23 Q}W \UwD R}v R=}v OQwt

"OwW|t |Q}oxR=Ov= p=v=m x@ OwQw R= p@k 1 lv=D R=
u=wD =@ QwUQBtm l} \UwD R}v 'p=v=m pN=O QO u=} QH |=Q@ R=}v OQwt |=wy
R= Qw@a =@ x=oW}=tR; \}Lt R= =wy QwUQBtm Vmt =@ "OwW|t u}t-=D C=wwr}m 45
R= GwQN =@ 'uRNt pN=O |xOQWi |=wy Q=Wi "OwW|t =wy uRNt OQ=w =wy QDr}i
|=tO "O@=}|t Vy=m QiUtD= Q=Wi =D 'Q=Wi |xOvvms}_vD sDU}U l} \UwD uRNt
l} \UwD '|R=iwO u=} QH |w=L p=v=m x@ OwQw R= p@k swRr CQwY QO R}v =wy
u}@ |}=tO pO=aD \QW =D O@=}|t Vy=m \}Lt |=tO x@ =wy |xOvvmlvN sDU}U
hrDNt |=y|@O s}_vD |=Q@ xm CU= QmP x@ sRq "OwW ^iL p=v=m pw] QO R=iwO
x@=Wt "CU= xOW xO=iDU= QwUQBtm QwDwt QwO Q}}eD |=Q@ QDQwv}= l} R= '|OwQw |=wy
p=v=m |OwQw =D =wy lv=D Q}Ut QO =wy u=} QH |@O w =tO 'Q=Wi '?; u}t-=D sDU}U

"OwW|t |Q}oxR=Ov= |irDNt \=kv QO '|R=iwO u=} QH
`]kt =@ h=iW Tro|UmrB TvH R= =wy � ?; |R=iwO u=} QH |w=L p=v=m
QDt|r}t 10 Ct=N[x@ w `@ Qt QDt|r}t 50 � 100 |rN=O O=a@=x@ |r}]DUt
"OR=U|t =}yt =Q u}@ QwO \UwD u=} QHC@F w |QY@ |xOy=Wt u=mt= w xOW xDN=U
CtUk QO w QDt 15 2 Q=O?}W `]=kt R= p@k |ki= CtUk QO p=v=m u}= pw]
QO p=v=m pw] u}vJty "CU= QDt 4 5 OwOL QO Q=O?}W `]=kt R= Oa@ |ki=
"CU= xOW xDiQo Q_v QO QDt 1 3 Q@=Q@ xar=]t OQwt Q=O?}W `]=kt R= l} Qy

|=y?=@L Tv=mQi |xar=]t [8w7]"OW |yDvt �1976� Qrm =O w pD}=D |O=yvW}B
xm O=O u=Wv �2002� xrwr hrDNt |=}=wR CLD w 54 mm Q]k =@ |}xrwr QO Qwr}D
|x} w=R QO u; Q=Okt w xOw@ =yu; OwaY CaQU w pw] x@ xDU@=w =y?=@L Tv=mQi
|=y?=@L |q=@ x@ wQ u=} QH |UQQ@ [1]"OwW|t xv}W}@ ji= x@ C@Uv xHQO 60
R= xO=iDU= =y?=@L Tv=mQi |v}@V}B QO xm O=O u=Wv �1997� s�=k xrwr QO Qwr}D
|@U=vt G}=Dv x@ |ki= p=v=m |=Q@ �1979� uwUOQ=J} Q w Oww}y |O=yvW}B |x]@=Q
|=yxrwr QO Qwr}D |=y?=@L Tv=mQi |xar=]t Qo}O |wU R= [10w9]"OwW|t QHvt
|]N CQwYx@ =y?=@L Tv=mQi xm O}t=Hv= xH}Dv u}= x@ �1999� sm Q]k =@ w s�=k

[11]"Ovm|t Q}}eD |R=iwO \wrNt ROrwv} Q =@
nQR@ |} wv=Rl} QO Qwr}D |=y?=@LTv=mQi|@ QHD xar=]t x@ Q[=L j}kLD QO
|Wmxrwr |=ysDU}U QO pw=ODt p=mW= R= |m} �� |r=wDt |=y?}W R= pmWDt
�� R=ow Civ p=kDv= \w]N u}vJty w nQR@ |=yQr} w@ '=yx=owQ}v Ovv=t '|DavY
|ki= CtUk w |} wv=R u}= |=Q@ u=} QH Q=Owtv =OD@= 'Qw_vtu}O@ "CN=OQB s}y=wN
Qwr}D |=y?=@L u=} QH s} SQ x@ \w@ Qt |xOwOLt =D O@=}|t xaUwD u; CUOq=@
=yR=i R= s=OmQy |@O w CUOq=@ u=} QH Q}F-=D |xar=]t =@ TBU 'OwW XNWt
'=y?=@L u}= Tv=mQi |v}@V}B |=Q@ |@ QHD |]@=wQ 'Qwr}D |=y?=@L Tv=mQi Q@

"OwW|t O=yvW}B 'R=o w `}=t |=yu=} QH 6|Qy=_ ROrwv} Q O=Oa= T=U=Q@

|y=oW}=tR; sDU}U "2
"CU= xOW xO=O u=Wv xO=iDU= OQwt |y=oW}=tR; sDU}U |xQ=wKQ] 1 pmW QO
'|R=iwO u=} QH |w=L p=v=m '?; u}t-=D \N '=wy u}t-=D \N pt=W sDU}U u}=

"CU= |Q}oxR=Ov= C=R}yHD w =wy w ?; |OwQw =} xOvvm\wrNt

"|y=oW}=tR; sDU}U |xQ=wKQ] "1 pmW

80

www.sid.ir


www.SID.ir

Arc
hive

 of
 S

ID

"""w
QwB?

}@L
l@

=@'|
Q=Y

v==[
QOt

Lt

V}=tR; s=Hv= VwQ "3
`}=t R=i u=wvax@ ?; R= 'q=@ |vt}= w u=U; |UQDUO p}rOx@ Q[=L |xar=]t QO
QO w l} QiUtD= Q=Wi QO =yV}=tR; "CU= xOW xO=iDU= R=o R=i u=wvax@ =wy R= w
Q=Owtv u}}aD QO "CU= xOW s=Hv= 'O=Qo|Dv=UxHQO 27 x=oW}=tR; \UwDt |=tO
pt=m uOWQB R= Oa@ 'TBU w OW Q=QkQ@ p=v=m QO u}at |@O =@ ?; u=} QH =OD@= 'u=} QH
Q=Okt =D |mJwm |=ys=o QO p=v=m QO =wy u=} QH '?; u=} QH |Q=O}=B w p=v=m \N
x@ uO}UQ R= TB xOW O=H}= hrDNt |=ys} SQ w xDi=} V}=Ri= Q_v OQwt |xv}W}@
"CU= xOW C@F |Q=OQ@sr}i u}@ QwO \UwD w u}}aD xOy=Wt j} Q] R= 'Q=O}=B Cr=L
u}= |xOwOLt Q@ C=ar=]t 'Qwr}D |=y?=@L Tv=mQi |UQQ@ |=Q@ |Oa@ |xrLQt QO
COt QO xm |Qwr}D |=y?=@L O=OaD 'Tv=mQi u}}aD |=Q@ w xOW RmQtDt u=} QH s} SQ
,=D}=yv w xOW C@F C@ wv xU QO 'xOQm Qw@a Q=O?}W `]=kt R= l} Qy R= x}v=F 120
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%CU= xOW xO=iDU= (Dh) p=v=m |m}rwQO}y Q]k w '�swO ?}W�
Resl < 22000 : St = f �Dh

ud
= 2 03� 1025Re�5 88

sg Re�1 04
sl

(4)

Resl > 22000 : St = f �Dh
ud

= 6 9� 104Re�3 29
sg Re1 19

sl (5)

CaQU |=yxO=O Q=Okt |@=}uwQ@ R= (ud) Qwr}D |=y?=@L |Wv=Q CaQU u; QO w
pOt R= xO=iDU= =@ w �15 pmW� swO ?}W QO 'V}=tR; R= pY=L Qwr}D ?=@L

%CU= xOt; CUO x@ �6 |x]@=Q� 18|Wv=Q Tmqi OQ@ Q=mQB
uTb = cum + ud (6)

um = usl + usg (7)

Qwr}D |=y?=@L Tv=mQi |v}@V}B "6
|xwOLt QO Qwr}D |=y?=@L Tv=mQi |v}@V}B |=Q@ Q[=L |xar=]t QO
u}@ l}ORv Q_=vD w =y?=@L u}= p}mWD Q=mwR=U x@ xHwD =@ 'Resl < 22000
\@=wQ 'CUOq=@ |ki=CtUk QO nqU=Tv=mQi w |} wv=R pLt QO =y?=@LTv=mQi
OQwt |ki= |=yp=v=m QO nqU= Tv=mQi |v}@V}B |=Q@ VywSB |xv}W}B QO OwHwt
\UwD xOW x�=Q= |@ QHD \@=wQ R= pY=L G}=Dv Qw_vtu}O@ "CU= xDiQo Q=Qk xO=iDU=
14 =D 12 |=ypmW QO Q[=L |xar=]t |@ QHD G}=Dv R}v w [18w17'11'7]u}kkLt
xOW xU}=kt 'Ca=U Q@ ?amt QDt 5 w 3 '1 `}=t u=} QH |=y|@O |=Q@ =yQ=Owtv

"CU=
Tv=mQi Q=Okt xm OwW|t xOy=Wt 14 =D 12 |=ypmW |=yQ=Owtv x@ xHwD =@
|v}}=B Q=}U@ C}U=UL VywSB |xv}W}B QO xOW x�=Q= |@ QHD \@=wQ R= xOW x@U=Lt
x@ xDU@=w ,=YNWt Q=Okt u}= xm |r=L QO OyO|t u=Wv R=o u=} QH |@O C=Q}}eD x@
QO nqU= Tv=mQi V}=Ri= ?@U `}=t u=} QH |@O V}=Ri= w xOw@ `}=t u=} QH |@O
O}}-=D w j}kLD OQwt R}v �2007� Qo}O |WywSB QO OQ=wt u}= "CU= xOW |ki= p=v=m
nqU= Tv=mQi 'Q[=L j}kLD R= pY=L G}=Dv j@=]t OwHw u}= =@ [5]"CiQo Q=Qk
xDU@=w ,=O}OW |} wv=R pLt QO Qwr}D |=y?=@L Tv=mQi u; `@Dx@ w |ki= CtUk QO

u=Qo}O \@=wQ =@ Q[=L |xar=]t QO Qwr}D |=y?=@L Tv=mQi |xU}=kt "12 pmW
"Qw = 1 m3=hr |=Q@

u=Qo}O \@=wQ =@ Q[=L |xar=]t QO Qwr}D |=y?=@L Tv=mQi |xU}=kt "13 pmW
"Qw = 3 m3=hr |=Q@
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txm |r=L QO "OwW|t ^=Lr ,=t}kDUt R=o u=} QH |@O x@ Qwr}D |=y?=@L Tv=mQi

CaQU ?r=k QO CiQo Q=Qk xU}=kt OQwt QDV}B xm |]@=wQ QO R=o u=} QH |@O Q}F-=D
j@=]t w OvOw@ xOW ^=Lr �R=iwO |Qy=_ |=yCaQU ẁtHt� |R=iwO \UwDt
=@ =Q Qwr}D |=y?=@L Tv=mQi Q=Okt lOv= C=Q}}eD OQwt u}= '14 =D 12 |=ypmW

"OyO|t xH}Dv R=o u=} QH |@O

|Q}oxH}Dv "7
xar=]t |@ QHD Qw]@ nQR@ |} wv=R l} QO Qwr}D |=y?=@L Tv=mQi 'Q[=L Q=DWwv QO
|} wv=R |=Q@ =yR=i |tHL |@O T=U=Q@ u=} QH Q=Owtv =OD@= Qw_vt u}= |=Q@ "OW
w u=} QH s} SQ u}= x@ \w@ Qt |x}L=v =D OW s}UQD u; CUOq=@ |ki= `]kt w
"OwW u}}aD |} wv=R CUOq=@ u=} QH s} SQ ẁv \UwD =y?=@L p}mWD Q=mwR=U
CtUk QO nqU= Tv=mQi u}vJty w R=o w `}=t |=yu=} QH |@O Q}F-=D TBU
xar=]t OQwt |} wv=R pLt QO Qwr}D |=y?=@L Tv=mQi |wQ Q@ CUOq=@ |ki=
'VywSB |xv}W}B QO OwHwt |@ QHD \@=wQ |UQQ@ =@ C}=yv QO w CiQo Q=Qk
ROrwv} Q O=Oa= T=U=Q@ Qwr}D |=y?=@L Tv=mQi |x@U=Lt |=Q@ |@ QHD \@=wQ
Q} R KQW x@ V}=tR; R= xOt; CUO x@ G}=Dv xOta "OW O=yvW}B =yR=i |Qy=_

%CU=
'p=v=m ?}W C=Q}}eD R= Q}F-=D uwO@ p} w] |@=@L u=} QH s} SQ x@ \w@ Qt |x}L=v �

"CU= j@]vt sy Q@ ,qt=m Q=O?}W `]kt xU Qy |=Q@
QDsm R=o |Qy=_ |=yCaQU QO Qwr}D |=y?=@L u=} QH s} SQ x@ \w@ Qt |x}L=v �
MQ |} wv=R CUOq=@ |ki= CtUk QO nqU= s} SQ =@ u=tRsy w x}v=F Q@ QDt 5 R=
x@ xO}UQ |=ynqU= |x}=B Q@ Qwr}D |=y?=@L p}mWD Q=mwR=U `k=w QO &OyO|t

"CU= |} wv=R |=B
R= u}vJty w Qo}Om} =@ =y?=@L s=eO= |xO}OB |xOy=Wt sOa x@ xHwD =@ �
Tv=mQi Q@ |Q}F-=D p=v=m ?}W C=Q}}eD '|} wv=R pw] QO =y?=@L uO}W=B sy
|Oa@ ?}W xU Qy R= pw= ?}W QO xOW p}mWD ?=@L w OQ=Ov Qwr}D |=y?=@L

"Ovm|t Qw@a
'�Ca=U Q@ ?amt QDt 9 =D 1� V}=tR; OQwt `}=t |=y|@O |xOwOLt s=tD QO �

"OwW|t Qwr}D |=y?=@L Tv=mQi Vy=m ?@U R=o u=} QH |@O V}=Ri=
w CU}v u=Um} `}=t u=} QH |@O =@ Qwr}D |=y?=@L Tv=mQi C=Q}}eD OvwQ �
=D 1 |xOwOLt QO� |@O V}=Ri= 'Resl < 22000 =@ |}=yu=} QH QO
QO OwW|t Qwr}D |=y?=@L Tv=mQi Vy=m ?@U �Ca=U Q@ ?amtQDt 5
|@O V}=Ri= =@ =y?=@L Tv=mQi 'Resl > 22000=@ |}=yu=} QH xm |r=L
V}=Ri= '�Ca=U Q@ ?amt QDt 9 =D 5 u=} QH xOwOLt QO� `}=t u=} QH

"O@=}|t
=y?=@L Tv=mQi u}@ |m}ORv Q_=vD 'Resl < 22000 =@ |}=yu=} QH |=Q@ �
OQ=O OwHw CUOq=@ |ki= `]kt QO nqU= Tv=mQi w |} wv=R pLt QO
|v=QL@ Q=Okt R= QDnQR@ `}=t |Qy=_ ROrwv} Q |}=yu=} QH QO xm |r=L QO
xOy=Wt nqU= w Qwr}D |=y?=@L Tv=mQi u}@ |yHwD p@=k Cw=iD '22000

"OwW|t

"swO ?}W QO |Wv=Q Tmqi pOt =@ Qwr}D |=y?=@L OwaY CaQU "15 pmW

|O=yvW}B \@=wQ w |@ QHD G}=Dv =@ Qwr}D |=y?=@L Tv=mQi |xU}=kt "16 pmW
"0 1 |=]N ?}W =@

xHwD =@ u; Q=Okt xm CU= C@=F ?} Q[ c w |R=iwO \wrNt CaQU um u; QO xm
"CU= 0 38 Q[=L |xar=]t |@ QHD G}=Dv x@

R= `}=t R=i |Qy=_ ROrwv} Q OOa |x@U=Lt |=Q@ |O=yvW}B \@=wQ QO u}vJty
"CU= xOW xO=iDU= 10 |x]@=Q R= R=o R=i |=Q@ w 3 |x]@=Q

usg = �gug (8)

Dhg = 4Ag
Sg + Si

(9)

Resg = �gDhg jusgj
�g

(10)

COt 'V}=tR; R= x]kv Qy QO ?=@L OwaY CaQU |Q}oxR=Ov= |=Q@ CU= |vDio
C@ wv 10 QO swO ?}W |=yDv= w =OD@= u}@ Qwr}D ?=@L lwv |}=Hx@=H u=tR
xOW VQ=Ro u}ov=}t Q=Okt w C@F 'xOW xDiQo |=ysr}i R= xO=iDU= =@ w |r=wDt

"CU=
x]@=Q u}= \UwD xOW |v}@V}B Tv=mQi Q=Okt 'xOW x�=Q= \@=wQ |@=} RQ= |=Q@

"CU= xOW x�=Q= 16 pmW QO V}=tR; R= pY=L |@ QHD |=yxO=O x=Qtyx@
=Q Qwr}D |=y?=@L Tv=mQi Q=Okt |O=yvW}B \@=wQ OwW|t xOy=Wt xm u=vJ
u}= QO "Ovm|t |v}@V}B xar=]t OQwt |xOwOLt wO Qy QO |@U=vt ,=D@Uv CkO =@
Q=Okt |q=@ C}U=UL 'R=o R=i |Qy=_ ROrwv} Q pkDUt C}tm uDiQo Q_v QO =@ \@=wQ
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QOt

Lt "(m/s) ?=@L OwaY CaQU %uTb

|v=vw} s�qa
&(kg/m.s) |m}t=v}O xD} RwmU} w %�

&(kg/m3) |r=oJ %�
&�|yD QUm � R=o |tHL QUm %�g

"`}=t |tHL QUm %�l

T}wvQ} R
&R=o %g
&`}=t %l

"lQDWt K]U %i

s�qa CUQyi
&(m2) `]kt K]U %A

&(m) |m}rwQO}y Q]k %Dh
&(1/s) Tv=mQi %f

&(m3/s) u=} QH |tHL |@O %Q
&|Qy=_ ROrwv} Q OOa %Res

&(m) T=tD pw] %S
&(m/s) |ak=w CaQU %u

&(m/s) |Qy=_ CaQU %us
&(m/s) Qwr}D ?=@L |Wv=Q CaQU %ud
&(m/s) |R=iwO \wrNt CaQU %um

=yCWwv=B
1. Taylor bubbles
2. burn out
3. wakes
4. void Fraction
5. capillary number
6. super�cial Reynolds number
7. Slug
8. rollwave
9. misty
10. vortex misty
11. annular
12. misty annular
13. merging
14. liquid super�cial Reynolds number
15. Kelvin-Helmholtz
16. hydraulic jump
17. Strouhal number
18. drift Flux method
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