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Q_vhQY �� `}=t =@ xOWT}N CtUk =@ xU}=kt QO �� lWN CtUk QO CQ=QL
w OwW|tsm xQ=w}O *T}N *CtUk *Ct=N[ Q=N@ C}i}m V}=Ri= =@ u}vJty "OQm
u=tRsy "O@=}|t Vy=m R}v CQ=QL p=kDv= ?} Q[ 'Q=N@ u}}=B C}=Oy ?} Q[ p}rOx@
Q=Okt x@ l}ORv CQ=QL p=kDv= ?} Q[ OwQ|t Q=_Dv= 'xQ=w}O pm uOWlWN =@

"OwW `=@W= Q=N@ |Q=@H= |}=Hx@=H CQ=QL p=kDv= ?} Q[
|=yxrwr QO CQ=QL p=kDv=?} Q[ xm OvyO|t u=Wv 6 w 5 p=mW= 'Qo}O hQ] R=
Ea=@ |tQH CaQU V}=Ri= "O@=}|t V}=Ri= |tQH CaQU V}=Ri= QF=Q@ CND w OQo
'|}=Hx@=H VWwH QO "OwW|t |wkrL x@ xOvwW=OH *|Hwt R= u=} QH |wor= Q}}eD
xDiQo p=}U \UwD CaQUx@ xrwr |xQ=w}O |=tQo 'O@=}|t V}=Ri= p=}U CaQU |Dkw
OOa 'q=@ CaQU Qo}O CQ=@ax@ "O@=}|t V}=Ri= CQ=QL p=kDv= xH}DvQO w OwW|t
'R=ilD |Q=@H= |}=Hx@=H Ovv=t u}=Q@=v@ w OyO|t q=@ Re = GD=� ROrwv} Q

"O@=}|t V}=Ri= CQ=QL p=kDv= ?} Q[
CQ=QL p=kDv= ?} Q[ C@Uv CQwYx@ CQ=QL p=kDv= V}=Ri= ?} Q[ h} QaD =@
'hfm=hrs 'h=Y OQo |xrwr CQ=QL p=kDv= ?} Q[ x@ CND Q=Ou}iwQm}t |xrwr
CQ=QL p=kDv= ?} Q[ V}=Ri= u=R}t QO xrwr uOQmCND w u}i Qw[L Q}F-=D |UQQ@ x@

"s} R=OQB|t
CaQU QO C}i}m ?ULQ@ CQ=QL p=kDv= V}=Ri= ?} Q[ C=Q}}eD 7 pmW QO
u=vJ "CU= xOW xO=O u=Wv CND |=yxrwr w OQo |xrwr |=Q@ 74 kg/m2s |tQH
C@Uv 'Q=N@ C}i}m V}=Ri= =@ xm OyO|t u=Wv Q=Owtv |rm OvwQ 'OwW|t xOy=Wt xm
|tQH |=yCaQU QO V}=Ri= u}= "O@=}|t V}=Ri= CQ=QL p=kDv= ?} Q[ V}=Ri=
`=iDQ= Vy=m =@ C@Uv u}= xm CU= XNWt u}vJty "CU= QDTwtrt Q=}U@ u}}=B

"O@=}|t V}=Ri= xrwr |rN=O

hrDNt |=yxrwr QO Q=N@ C}i}m =@ CQ=QL p=kDv= V}=Ri= ?} Q[ C=Q}}eD "7 pmW
"74 kg/m2s |tQH CaQU QO Q=Ou}iwQm}t

"OQo Q=Ou}iwQm}t |xrwr |=Q@ CQ=QL p=kDv= ?} Q[ C=Q}}eD "5 pmW

Q=Ou}iwQm}t |xrwr |=Q@ Q=N@ C}i}m =@ CQ=QL p=kDv= ?} Q[ C=Q}}eD "6 pmW
"QDt|r}t 3 8 |rN=O `=iDQ= =@ CND

w �|}=Hx@=H w |}xDUy� VWwH Q=mwR=U wO |@Uv `} RwD R= QF-=Dt Q=N@ C}i}m x@
"CU= |WWwH u=} QH |wor=

C}i}m V}=Ri= =@ CQ=QL p=kDv= ?} Q[ xm OvyO|t u=Wv 6 w 5 |=ypmW
`}=t |x}q 'q=@ *Q=N@ C}i}m QO xm CU= u; xO}OB u}= Cra� O@=}|t V}=Ri= Q=N@
�OwW|t |QDsm |DQ=QL Ctw=kt Ea=@ w CU= QDlR=v xrwr |rN=O |xQ=w}O |wQ
?} Q[ |vLvt ?}W Q}}eD "Ovm|t Ci= TBU w OUQ|t xv}W}@ |Q=Okt x@ =D
|=yQ=mwR=U w u=} QH |wor= Q}}eD R= |W=v CU= umtt Q=N@ C}i}m =@ CQ=QL p=kDv=

"OW=@ �|}=Hx@=H w |}xDUy� VWwH hrDNt
VWwH *?r=e *Q=mwR=U |}xDUyVWwH (x < 0 2) |@=@L u=} QH |wor= QO
CaQU x@ xHwD =@ w (0 2 < x < 0 5) Q=N@ C}i}m V}=Ri= =@ |rw "CU= |v=} QH
"Ovm|t Q}}eD xOvwW=OH *|Hwt u=} QH =} |wkrL u=} QH x@ u=} QH |wor= '|tQH
u=tRsy "O@=}|t V}=Ri= |yHwD p@=k CQwYx@ |}=Hx@=H VWwH \}=QW u}= QO
QO xH}DvQO "OQ=O OwHw Rwvy |rw O@=}|t Vy=m `}=t *sr}i QO R}v |}xDUy VWwH

"OQ=O OwHw |}=Hx@=H w |}xDUy VWwH Q=mwR=U wO Qy x}L=v u}=
xOvwW=OH |Hwt u=} QH w |wkrL u=} QH QO |v=}t |xDUy Q=N@ |q=@ CaQU
u}= QO uOWjrat w `}=t sr}i R= `}=t C=Q]k uOW=OH Ea=@ VWwH u}L QO

60



"""w
|O

=@=y@
u=wN

=|r
aOt

Lt
'QY

vsF
}t

Q=Ou}iwQm}t |xrwr |rN=O `=iDQ= =@ CQ=QL p=kDv= ?}=Q[ C@Uv C=Q}}eD "9 pmW
"CND

V}=Ri= w |}=Hx@=H CQ=QL p=kDv= QO |oDiW; uOQ@q=@ =@ I}B Q=t |=yu}i "1
p=kDv= ?} Q[ Q@ '|WNQJ |=yu=} QH O=H}= w xQ=w}O l}ORv QO |U=tt CaQU

"OvQ=Po|t Q}F-=D CQ=QL
"OwW|t xrwr uwQO QO RmQt R= R} Qo ?=DW u=O}t O=H}= Ea=@ |WNQJ CmQL "2
'ODi=|t j=iD= xrwr |xQ=w}O QOVWwH u; QO xm R=iwO|WNQJ |=yu=} QH |=Q@
x]=L= |WNQJ `}=t \UwD ,=a} QU xrwr d=O K]U QO xOWp}mWD |=y?=@L
|QDW}@ RmQt R= R} Qo |wQ}v 'Q=N@ w `}=t u}@ |r=oJ hqDN= Crax@ "OvwW|t
xQ=w}O R= CaQUx@ =y?=@L u}=Q@=v@ "OwW|t OQ=w �=y?=@L x@ C@Uv� `}=t x@

"OwW|t =yv; u} Ro}=H `}=t w 'pkDvt xrwr RmQt CtU x@
C@Uv OQwt u}= C}ty= "OwW|t CQ=QL p=kDv= K]U V}=Ri= Ea=@ |v}i QF= "3

"CU= R}J=v Qo}O OQ=wt x@
?} Q[ V}=Ri= Ea=@ R}v =yu}i Qw[L |x]U=wx@ |m}rwQO}y Q]k Vy=m "4
w ?w]Qt \}Lt V}=Ri= 'u=} QH `]kt K]U Vy=m "OwW|t CQ=QL p=kDv=
"OwW|t QHvt CQ=QL p=kDv= ?} Q[ V}=Ri= x@ |oty u=} QH CaQU V}=Ri=
|}=yx}[Qi =t= 'CU}v XNWt CND |=yxrwr QO CQ=QL p=kDv= V}=Ri= p}qO
[3]xOW KQ]t QwUv=Ovm QO CND |=yxrwr R= xO=iDU= =@ CQ=QL p=kDv= V}=Ri= |=Q@

%OvQ}PBx}HwD R}v |WWwH CQ=QL p=kDv= |=Q@ xm
K]U uOQmQD |=Q@ R=}v OQwt |SQv= Vy=m ?@U xrwr |rN=O `=iDQ= Vy=m ',qw=
C@Uv |wkrL x@ xOW=OH u=} QH R= u=} QH s} SQ Q}}eD xH}Dv QO "OwW|t xrwr |}q=@
?@U xrwr h=Q]= `}=t sr}i xm u}= x@ xHwD =@ "ODi=|t j=iD= QD`} QU OQo |xrwr x@
CQ=QL p=kDv= u=R}t xH}DvQO 'OwW|t R=o w `}=t R=i u}@ Tvqw@ QwD C=QF= V}=Ri=
CND |=yxrwr QO CQ=QL p=kDv= u=R}t 'u}=Q@=v@ "CU= QDW}@ |wkrL u=} QH s} SQ QO

"CU= QDW}@ OQo |xrwr x@ C@Uv
xm OyO Q}}eD |}xvwox@ =Q u=} QH u=O}t CU= umtt CND |=yxrwr R= xO=iDU= ',=}v=F
uwO@ u=} QH u=O}t |va} &O@=} V}=Ri= CQ=QL p=kDv= u=R}t 'u=} QH s} SQ Q}}eD uwO@
QO ,qFt "OQ}o|t Q=Qk Q}F-=D CLD Ovm Q}}eD |wkrL x@ xOW=OH R= u=} QH s} SQ xm u;
xO}O |wkrL Gwt =} VwWet |=yGwt =yu=} QH R= |[a@ QO '|wkrL u=} QH s} SQ

"OvwW|tv xO}O =yGwt u}= |wkrL C=v=} QH R= |[a@ QO xm |r=L QO OwW|t
xm |wLvx@ �� Cw=iDt |v=} QH s} SQ |Q}opmW R= |W=v u=wD|t =Q p=tDL= u}twU

"CUv=O �� O@=} V}=Ri= CQ=QL p=kDv= u=R}t

C=ar=]t R= xO=iDU= =@ Q=Ou}iwQm}t OQo |xrwr QO u=} QH s} SQ XwYNQO
|=yxO=O R}v w [11]|ki= u}iwQm}t |xrwr |=Q@ u; |xOWKqY= |xWkv w [10]u}W}B
QO =yxO=O R= |[a@ xm OwW|t xOy=Wt '|@ QHD |xar=]t u}= QO xOW |Qw;`tH
"OvQ}o|t Q=Qk |wkrL u=} QH |x}L=v QO |[a@ w |Hwt |xOW=OH u=} QH |x}L=v
|�RH |oOWlWN =@ |wkrL s} SQ |awv |Hwt |xOW=OH pOt xm u}= x@ xHwD =@
"CU= |wkrL ,=@} QkD `]=kt |t=tD QO u=} QH s} SQ xm Cio u=wD|t 'OwW|t h} QaD
xrwr QO u=} QH |wor= C}a[w R= |k}kO `q]= xOWCND |=yxrwr XwYNQO
R= |W=v CQ=QL p=kDv= ?} Q[ V}=Ri= |=Q@ ptDLt p}qO R= |m} xJQo = 'CU}v
|Hwt |xOW=OH Cr=L R= u=} QH |wor= QDOwR Q}}eD CU= umtt xrwr uOW CND

"OW=@ |wkrL Cr=L x@
|rN=O `=iDQ=?ULQ@ CQ=QL p=kDv=V}=Ri=?} Q[C@Uv C=Q}}eD 8 pmW QO
u=Wv �45 Q=N@ C}i}m w Cw=iDt |tQH |=yCaQU QO CND Q=Ou}iwQm}t |xrwr
V}=Ri= =@ 'CU= OwyWt R}v pmW u}= QO w OW xDio QDV}B xm u=vJ "CU= xOW xO=O
CQ=QL p=kDv= ?} Q[ V}=Ri= C@Uv �|oOWCND u=R}t Vy=m � xrwr |rN=O `=iDQ=
u=Wv [3]QwUv=Ovm QO xOWs=Hv= |xar=]t xm CW=O xHwD O}=@ xD@r= "O@=}|t Vy=m
C@Uv R= QDsm 'QDt|r}t 2 R= QDsm |rN=O `=iDQ= =@ |}xrwr QO C@Uv u}= xm Oy|t
C=k}kLD s=Hv= p}rO u}tyx@ "CU= QDt|r}t 3 |rN=O `=iDQ= =@ |}xrwr x@ \w@ Qt
u=wD|t u}vJty 8 pmW x@ xHwD =@ "OUQ|t Q_v x@ |QwQ[ QwD=QB=w= QO x@=Wt
u}@ |DN=wvm} OvwQ 'XNWt C}i}m QO w X=N |xUOvy =@ |}xrwr QO xm Ci=} QO

"OwW|tv xO}O CQ=QL p=kDv= V}=Ri= C@Uv w |tQH CaQU
x@ Q=Ou}iwQm}t CND w OQo |xrwr CQ=QL p=kDv= ?}=Q[ C@Uv 9 pmW QO
"CU= xOW xO=O u=Wv xrwr |rN=O `=iDQ= ?ULQ@ OQ=wt |t=tD QO 'h=Y OQo |xrwr
CND |=yxrwr QO |WWwH CQ=QL p=kDv= ?}=Q[ C@Uv 'OwW|t xOy=Wt xm u=vJ
=@ C@Uv u}= "CU= 1 R= QDW}@ OQ=wt |t=tD QO h=Y OQo |xrwr x@ Q=Ou}iwQm}t
"CU= Q}}eD QO 3 39 =D 1 34 u}@ w O@=}|t V}=Ri= xrwr |rN=O `=iDQ= Vy=m
|rN=O `=iDQ= u} QDsm =@ CND |xrwr QO hfm=hrs C@Uv xv}W}@ 'Q=_Dv= j@=]t
u}= Q=Okt u} QDsm "OyO|t |wQ 85 kg/m2s|tQH CaQU QO w 2 8 mm |va}
"OyO|t MQ |tQHCaQU u}ty w |oOWCND u=R}t u} QDsm =@ |}xrwr QO R}vC@Uv
R= |W=v ,=twta Q=Ou}iwQm}t |=yxrwr OQwt QO |WWwH CQ=QL p=kDv= V}=Ri=

%CU= Q} R QF= Q=yJ ?}mQD

|xrwr |rN=O `=iDQ= =@ CQ=QL p=kDv= V}=Ri= ?} Q[ C@Uv C=Q}}eD "8 pmW
"�45 C}i}m w hrDNt |=y|tQH CaQU QO CND Q=Ou}iwQm}t

61



"""?
}Q[

Q@xr
wru

OQmC
NDQ

}F- =D
|@Q

HD|
xar=]

t

CND Q=Ou}iwQm}t |xrwr |y=oW}=tR; CQ=QL p=kDv= ?}=Q[ |xU}=kt "10 pmW
"2 |x]@=Q |v}@V}B =@

|v}@V}B Q}O=kt w |y=oW}=tR; G}=Dv |xU}=kt R= pY=L G}=Dv 10 pmW QO
h=QLv= u=R}t 'OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv 2 |x]@=Q\UwD xOW
"CU= ��20 |xOwOLt QO |y=oW}=tR; G}=Dv R= x]@=Q u}= |O=yvW}B |=yxO=O

|Q}oxH}Dv
%OQm x�=Q= u}vJ xYqN Qw]x@ u=wD|t =Q xOWs=Hv= |xar=]t R= pY=L G}=Dv

|xrwr Ovv=t R}v CND Q=Ou}iwQm}t |=yxrwr QO |WWwH CQ=QL p=kDv= ?} Q[ �
"O@=}|t V}=Ri= Q=N@ C}i}m w |tQH CaQU V}=Ri= =@ OQo Q=Ou}iwQm}t

QO OQo |xrwr x@ C@Uv CQ=QL p=kDv= V}=Ri= ?@U CND |=yxrwr R= xO=iDU= �
p=kDv= V}=Ri= u=R}t u} QDW}@ "OwW|t u=Um} Q=N@ C}i}m w |tQH CaQU
u} QDCND� QDt|r}t 2 8 |rN=O `=iDQ= =@ Q=Ou}iwQm}t CND |xrwr QO CQ=QL
C@Uv �239 u=R}tx@ xm OyO|t |wQ 85 kg/m2s |tQH CaQU QO w �xrwr

"CU= OQo h=Y |xrwr x@
CQ=QL p=kDv= ?} Q[ x@ CND Q=Ou}iwQm}t |xrwr CQ=QL p=kDv= ?} Q[ C@Uv �
=@ u; Q}}eD OQwtQO |rw O@=}|t V}=Ri= Q=N@ C}i}m V}=Ri= =@ h=Y OQo |xrwr

"CW=O |Y=N |v}@V}B u=wD|tv |tQH CaQU V}=Ri=
p=kDv= ?}=Q[ u}tND |=Q@ |}x]@=Q 'Q[=L |xar=]t |@ QHD |=yxO=O T=U=Q@ �

"OW x�=Q= CND Q=Ou}iwQm}t |=yxrwr QO CQ=QL

CQ=QL p=kDv= ?} Q[ |x@U=Lt |=Q@ |O=yvW}B |x]@=Q
CQ=QL p=kDv= ?} Q[ |v}@V}B |=Q@ 2 |x]@=Q 'xrY=L |y=oW}=tR; G}=Dv T=U=Q@

%OwW|t x�=Q= CND Q=Ou}iwQm}t |=yxrwr QO

hTP = hf

 
1 + 3000Bo0 86 + 1 12

�
x

1� x
�0 75��f

�g

�0 41!
� D
Df
� Sm
Ss
� ( x

1� x )0 05 (2)

|m}rwQO}y Q]khQatDf w OQo |xrwru}i|xW} Q QO|rN=O Q]khQatD u; QO xm
|rN=O CL=Ut A� O};|t CUO x@ Df = 4�A

P x]@=Q R= xm CU= CND |xrwr
V}=Ri= C@Uv Sm=Ss C@Uv "�CU= xrwr u}i |xW} Q |rN=O K]U \}Lt P w
CQ=QL p=kDv= ?} Q[ "CU= u}i Qw[L QF= QO Q=Ou}iwQm}t |xrwr |rN=O K]U
CUO x@ 4 w 3 |=yx]@=Q j} Q] R= R}v (Bo) VWwH OOa w (hf ) `}=t R=ilD

%Ov};|t

hf = 0 023Re0 8
f Pr0 4

f

�
kf
D

�
(3)

Bo = q
Ghfg

(4)

%OwW|t x@U=Lt 5 |x]@=Q R= R}v (Ref ) `}=t ROrwv} Q OOa

Ref = G(1� x)D
�f

(5)

xar=]t u}= |=yxO=O =@ |@ wN j@=]D [9]uwDQDv} w w Qov=H |x]@=Q xm u}= x@ xHwD =@
CQ=@a "CU= x]@=Q u}= |=v@t Q@ xOW x�=Q= |x]@=Q `k=wQO 'CW=O OQo |xrwr QO

hTP = hf

 
1 + 3000Bo0 86 + 1 12

�
x

1� x
�0 75��f

�g

�0 41!
Q}F-=D |=Q@ D

Df
� Sm

Ss
� ( x

1�x )0 05 ?}=Q[ w CU= OQo |xrwr |x]@=Q x@=Wt
xOW xDiQo Q_v QO V}=tR; |=yxO=O =@ QDy@ j@=]D w xrwr |Q@ R '|oOWCND u=R}t
C}i}m QO 107 kg/m2s =D 74 kg/m2s u}@ |tQH CaQU |=Q@ x]@=Q u}= "CU=

"CU= xOt; CUOx@ R-134a OQ@t w 0 9 =D 0 2 u}@ Q=N@

CWwv=B
1. evaporator

`@=vt
1. Akhavan-Behabadi, M.A.; Kumar, R. and Jamali, M.

\Investigation on heat transfer and pressure drop dur-

ing swirl 
ow boiling of R-134a in a horizontal tube",
International Journal of Heat and Mass Transfer, 52,
pp. 1918-1927 (2009).

2. Akhavan-Behabadi, M.A.; Kumar, R. and Mohseni, S.G.
\Condensation heat transfer of R-134a inside a mi-
cro�n tube with di�erent tube inclinations", Interna-
tional Journal of Heat and Mass Transfer, 50, pp. 4864-
4871 (2007).

3. Wilson, M.J.; Newell, T.A.; Chato, J.C. and Infante Fer-
reira, C.A. \Refrigerant charge, pressure drop and con-

62



"""w
|O

=@=y@
u=wN

=|r
aOt

Lt
'QY

vsF
}t

densation heat transfer in 
attened tubes", International
Journal of Refrigeration, 26, pp. 442-451 (2002).

4. Sonntag, R.; Borgnakke, C. and VanWylen, G., Funda-
mentals of Thermodynamics, Sixth Edition, John Wiley
& Sons, New York, pp. 700-701 (2003).

5. Collier, J. and Thome, J., Convective Boiling and Con-
densation, Oxford, University Press (1994).

6. Schultz, R.R. and Cole, R. \Uncertainty analysis in boil-
ing nucleation", AIChE Symp. Series, 75(189), pp. 32-38
(1979).

7. Koyama, S.; Yu, J. and Momoki, S. \Experimental study
of 
ow boiling heat transfer in a horizontal micro�n
tube", The Reports of Institute of Advanced Material
Study, Kyushu University, 9, pp. 27-42 (1995).

8. Gungor, K.E. and Winterton, R.H. \A general correla-
tion for 
ow boiling in tubes and annuli", International

Journal of Heat and Mass Transfer, 29(3), pp. 351-358
(1985).

9. Gungor, K.E. and Winterton, R.H. \Simpli�ed general
correlation for saturated 
ow boiling and comparison of
correlations to data", Industrial & Engineering Chem-
istry Process Design and Development, 65, pp. 148-156
(1987).

10. Kattan, N.; Thome, J.R. and Favart, D. \Boiling of R-
134a and R-123 in a micro�n tube", Proc. 19th Int.
Congress of Refrigeration Iva., pp. 337-344 (1995).

11. Spindler, K. and Steinhagen, M.H. \Flow boiling heat
transfer of R134a and R404A in a micro�n tube at low
mass 
uxes and low heat 
uxes", Heat Mass Transfer,
DOI 10.1007/s00231-007-0326-8 (2007).

63




