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A Study on Forced Convective Boiling Heat Transfer of
Non-Azeotropic Refrigerant Mixture R134a/R123
Inside Horizontal Smooth Tube

Tae-Woo Lim and Kyu-Il Han
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Abstract

An cxperimental study was carried out to measure thc heat transfer coefficient in flow boiling to mixtures
of HFC-134a and HCFC-123 in a uniformly heated horizontal tube. Tests were run at a pressure of 0.6 MPa
and in the ranges of heat flux 1-50 kW/nf., vapor quality 0-100 % and mass velocity 150-600 kg/m:s. Heat
transfer coefficients of mixturc were less than the interpolated values between pure fluids both in the low
quality region where the nucleate boiling is dominant and in the high quality region where the convective
evaporation is dominant. Measured data of heat transfer are compared to a few available corrclations proposed
for mixtures. The correlation of Jung et al. satisfactorily predicted the present data. but the data in lower
quality was overpredicted and underpredicted the high quality data. The correlation of Kandlikar considerably
underpredicted most of the data. and showed the mean deviation of 35.1%

7MYy S o} Al (suppression) AF
d Do wWE (ml T TR (K]
F : &4 enhancement) A4 X, ©oohA o] E)
h ooalerd] [J/kgl X o mbeld 2l Martinelld) W
G DA% §4% [kg/m's] Y DoF7 e
P ©st¥ [Pal - o e A (ml
Pr ¢ Prandtl +
d2| A &K}
a CodAE A [Wm' - K]

+ Aol ygat JY WAHN 7| A ER B 77 A%

E-mail . kyunlim@hanmail.net g 9 (kg /m’{]

TEL : (051) 620-1581 FAX : (051)-620-1574 n HA AL [Pa- sl

* A A Ay A 9dEE A% (Wm-K]




382 S

SHE R}
b 3o e vE
c ol &
1 Y+
! ol 7
v d
1. M &

flo
oo
oo

ot
ill‘
|m
ROt
[
(&l
Lo
B oy
k1
oy,
bl
Rl
=
pack
o
s
©

o

A
ojft
o
o
rE
o
B
An)
il
2
=

}—J
I
(ot
i

o L oox
b o
X
'3
b
;)L
ir
pork
é
J#’
o
o
sl
2
.\1
Ll
L

8% 5h02: 94 %}"ﬂo}oﬂﬁ g
¥ 2EE 7}{ T Aot FE7] SAA ¥
& EJe ANOB o8 AS A &4

ZolAY oux WE TS FAANE A%
2o ww ggso] g ey, £ Y
=g oshx vdE AXn Qed, 2 FAA4 7

B2 gAzA £ W09 d4Y ASE w5
gulel dng ASs MuRe W Asteths
Aoleh,

Ha7A, 3 Bd ZAA dF 2sA =R
Yool ddg H5S d587) 9% € A=
7} o) Folx gtow, nela o] 7k G ol
Aet Hqtt. Webb and Gupte'’= &A7HA] A
obgl dAY A#ALE M I1F F FA
(superposition) 249, % (enhancement) =¥
183 A S(asymptotic) LAE BEFIIAT. F
d 292 Chen?o] Hxz st on, oA
& o] Bennett and Chen,™ Gungor and
Winterton” 283 Jung® S$& Jehido &
4 292 WESE R Shah® Gungor and

i

Winterton”' 12]3 Kandlikar™'¢ 2#4% &
4 gy Ee A 23S Kutateladze,"” Liu
and Winterton''? 223 Klimenko'? A#2E
A AL&E ATt

Chen'& 24 #% ul5 4xgE “& ng
3 “gif FR'dor EFH FH Zdg AMESt
o ¢4 Wold d3 dAg FEAE Adetgo

Bennett and Chen”& &4 Wujol ti$ Chen
o Am@Ae £F Yuz FFRUY & X
7% A (temperature driving force)ol #3 A%
Age] A&7 Chend @A THA &2
H S dddd Bg EFE F(Prandtl number)
o] og&e A

Jung et al.¥& R22/R114 ¢ RI2/R152a vl
2§59 ddle] Chend Z9& EUR 484
& Agslgct Jung et a2 ¥ |5 oA #
3 4 f%o 9F¥e 1357 W8 Chend 9
A Agde O A2 AFE EYstded,
&4 JYojo} EFE ztzbo) st 159 A
2L 72%9 96%2 A5 Jeti AT

Kandlikar'*”& #% ul5 442& & v 5ol
ZIBHZ«‘P] g3 i F ol AuiHQ JHo=

ﬂa'io l"

= us

Falel 4 woish 2% Jhd g 942
GaAe Awagen, 58 olw ¢ el
g 2 gtol AdY Az ASdT £, oF
oA 2E FA dstel ZYHow A4
Sojokat 4 & stetulett ivfmoion:}

e FRRU dF vSA o

R134a%t R123, 18la ojE59 &% %HH%

3 dAg BEAL 93 Aot xF V)

AuA g vjusted 8 JbedE A
2 gtk agzn B aAFdA FE FA
R134a¢t R123¢] u]3H] 31‘?} JdojE Ag3 A
AYg g o & Ay A H4A
Oﬂ*‘] > (dew point)H# HH‘:‘.’(bubble point) Apel
A & LEAZ F& F U] WEolrh

ﬁotoérl{t.?_rﬂ
o
-
o

H S o2

10

I]9_

2 METE 2wy

B Ao Agd AP MEFEE Fig. 1
7 g 2" N3 "3, X %4, &
A, g7, "]@ -317} h 2 X.(sight glass section),
=7 a8 AXgEZ FAEHACY 2E



T3 ddad vlFH Z3¥el R134a/R1239) AU Fus ddge] 83 97 383

s

= R . ._ 3
; 7“de°h€ﬁTCT 5.G. | " Testsection | S.G. % ' Condenser
@DQ [ @4 Mixing Y
chamber |
U Mixing chamber O ;
B
|
_K 1st preheater T :
— : iI
‘ & X | % -— i
Flow + 4 ) g_L
T meters : Reserwir Tank |
* % x| -
- 7 =
Strainer i
OGN0 © T
e N T
- < %

Pumm

Fig. 1 Schematic of Experimental apparatus

A4
T 200200 | 200 | 200| 200|200 200 | 200 | 200
100 100
Pressure Pressure
tap tap

Fig. 2 Detail of test section

Table 1 Experimental conditions

Pressure 06 - MPa
Mass velocity 150, 300, 600 kg/m’s
Heat flux 1~50 kW/m”
Quality at the inlet 0~0.8
Test fluid R134a

R123

R134a/R123(X,=0.49)

d9e sy gueld Egaz wolste. 4
3 ogee) el B adle A AY T
Q7o ARxEd AVIAA el AY 7
HOR FolNt £% YL AWR T ¥
QARG FUAF WHE A #EEE Fa
FRekA. B AT AsE 2Y zAe

o (more volatile,

Table 13} Zom A& Zu
e w87 Y8l A

Ri34a)e] & 9|7t &8 =

|5 At

Table 2 Physical properties for the saturation
or bubble-pomt temperature at 0.6MPa

\h\(ture
Pure fluid :
Property [ J,-\I,O-‘?m
. R134a
R 134a R 123
- o . e RIZ
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temperature  ° S, .
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Specific heat‘ liquid | 1. 4)
(kJ kg }\) vapo 1.01
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Latent heat (k]/'kg) 181.1 1 14086 171.1
ﬂirﬁcjurrface tensxon .
R.38 8.03 987

(mN/m)

Fig. 2 &= A@% 2ol 2mel AeAas ~9
24 W72 10mm, ¥4 1.5mme]t} upzk #w
2523 AE S wet 200mm HFFReE # ¥
wiitol 3 & H(spot-welded) ¥ ZZW-4F4
(Chromel-Alumel) 8 ddlol] & FAHSHJY, 7
s FHY ARA AA wsEom ()
45°, 90%, 1357, 180" zE]aL 270°¢] %] el
o] Mg FHUY THRY E &4 F
o]7] & Al¥FE-= o]y F# A(fiber glass)
2 gdstedn AR wF i 4y g

NZow, e s AGAF o §el HRe

o
[@)]
=

Ak W N R YU AUR - w T
2t EF AN SHHAC
@ MW SEb 34 o Wp emo

# T ey skl Aol gAETh: 7
Al AE GAE NS Apdel AN

Table 2= 4 dulgt &% Wuljd g o=
b4 BAAE JEl D oy, &% o A
2 e o] 2 v 0490t} £ES AHEH
= k2 el B3 %] (thermodynamic pro-
15719 A4 & 712 = Benedict-Webb

w.
o ﬂ'

perties) s



384 4§
%0 —r v : -
R-134a/R-123
8o P=0.6MPz ]
700 .
L
=
sl -
bubble point
qaor T,=389 —
30}
r X,=0.49
20 2 i 1 ' 1 - 1 .
0.0 02 0.4 06 08 10

Mole fraction of R-134a, X1 and Y1

Fig. 3 Phase equilibrium diagram

-Rubin™ A4S AHgstd] Hrisid o,
A 24 X (transport properties)s Reid 7}
ek g AbRsled et Fig. 39 06
MPa9l o4 &t A R134a/R123¢] nv]EH]
3 Qoo e FHEI=E JERE Rolt)

AF Fre] FAMRE & B Ag 2%
o) ddY A% et 2ol A wh
o= —— gf,
T,-T,) M)

T duie) &3 B 2xoivh ¥ Hd &
EE A #29 AR E ol X7t
o5e 9% wAHdE Grs AFsol
c}.

h=nh, +4qz/Gd o

4714 haiz GFAMY A AL, G 4G
#4293 d B WA

o) Y AT enn EFE v dgy, h
o F7] 5 B oS Po] ¥x3E £ I
h=h (-B)+hB 3)
B=X;'f',,—X£
Y - X! @)

ST Y

A71A ¢ AR *E= A (mass fraction)E
Buin, Axe Y] dgge fE, 28 adn

249 B4EA 247 983 2o
hL =h1. (P,TI»X]) (5)
hy =hy (P,T,.Y,) ©)

FA % Pe A oA B& SFs 4d
3elE My Bse AAegch wEkbA, P, h
a3 X e 74 gy & de Fgel=
2 omxe] WEEd T B X ITI YiE
Benedict-Webb-Rubin ‘g8 @A o=zRE 4
@A (6)2 HEAZ W ARG

QAY ArE AUY qA eErb UF 4

™~

of we} chEy] WEol Azte] AF WG AN
N ANE F Atk webd, B ATeae) 3

)\«] 2]
949 A5E 0P 2L ¥ U9 g9 2k
AL &3te] A4 ATt
4 AT+ T + 1) + T
" 8 ™

A (Deld Qdg A5 oRE das g9
WAAE (T,-Tye) 23bel o) sl

) e
54 g AGH AFAS LAZA 2~3%2
Zdoh a3, AR 9d2E S3ez A
5
Kl

=]

SAy dAd EAoRREEH 9
Ak Te Yol AHFH (AR
FeEAA 012°Cdl A—HHIH? FEFEFA
(1% TEEwdA 01°Ce) sddvh) e A&
Aol o8 AR5, ThE 787l A AHEHe
BWRZH®E A48 2xt= +02°Cx H7idth
welr, dAG AF ey 2ab 10% WE
7 At

3. 2% H ¥

fl

31 £ WoHeH BB ool HH 25 B3

Fig. 4@ (b w5 Woiet % Jojg A
g 73 dolo) wel e AF FH e dt
Foowy ex 9@ FTE Hy 2o WEE



73 AEAN v Fu] 3
32 e e e
: © Wall Tenp.
3o - R-134a "““T’“p
G=300 kg/m's * - Side
28 =20 kW/m' A - Botiom !

i
I

| . Bubble pint remp.
I |

Ao -A
e - 3-8

. - . . .
v v voov vy v v v

00 02 04 06 08 10 12 14 16 18 20
Axial distance z, m

(a) Purc rcfrigerant (R134a)

80 - - S P
75 4IRIM/SIRIZ Wall Temp.
© G=300 kg/mis = Top
o =20 kWi - Side
65> 4 Rotiorn
Bubble poirt tenp.
< o
‘ 55} - - e W
- B 1t
501 g kDo . § 2 3 vy
sl voTT T
|
40 l—— :

00 62 04 06 08 10 12 14 16 18 20
Axial distance z, m
(b) Mixture (X1=0.49)
Fig. 4 Typical plots of wall and fluid temperaturc
along the tubc axial

Rl Aojth G dufe] S 3 apel A9
Hul 2ob gyl wjel Al vrbvboki: 418

& o oAdd ozl Tl 971611 shato] efwrel
CRR A B ek R B ] A D A U 2
ER oELt v ke S %‘3&—% ut it 7t
2 012°0)gh ek As & odind,
Al rgbel qby SdR olsl ok det

B
raety) gEolth &4 wWuhel Ao nholE
Eg Yol TR &yl weh o) 2
Yebstth o) 28 v)e Algie) A wjgn] E3}
Wele) AR e oa 3 ¥ W st
ofup 2ol #F Yujsl vhev] wF-olela @
Z slch Jung et al”e R22/R114°] &8 o)
of thet Ao ¥ e A oA 4o
ghatoll wja 2ok A8 W= Au Figo 4
of viebvt &3 Yoo et 23l i o
ool de] wel & Ygs web Fopsnis 4
& o & qlth o] 2O Fig. 3o lEhvE A

~hE vl R134a/R1238] AW RS o dyo]

skl lL}

,4
~oh
=

2
iy

385

R1344/R123 O q-S0KWni
P=0.6MPa § 20KWni
e G=300kg/nis ¢ q 10kWai
£
5 Lopr A @ 4

O.b 01 02 03 04 05 06 07 08 08 10
fi

Fig. § Hecat transfer coefficient versus quality

with vanation of heat flux

™ T T T T T T
R134a/R123 o G.oe0 kg ms
P=0.6 MPa G300 kg nis

WE g=20kWoni 5G5S0 ke mis E

. RWmk

o0 ©¢1 02 03 C4 05 C& 07 08B 09 10

Fig. 6 Hecat transfer cocfficient versus quality
with vanation of mass flux

=9} AREE ATl A gel it
olgetel Al M b At A
ojulshy, o AL 3+ A

S Al A s vl Fln
AEe Wemste] diie) St
AsEel Wk vpeps geln C19
k%ol M oMol Ad

el GFo YrS 4 F 9
o .

HoAnsh Srhgel et A &
ol ojer 91%—19,% fobxjw M thit A ¥
% oguolde) 499 A5 oM s 94
el Al M v "eks A% 9 % Atk o



e dHg AFE F7) ALdu JzaA gt

Fig. 62 9%% 20 kW/m’22 dAsA 3t
ddg Afol hE AFF5 4FE v A
olth. Fig. 614 & F %ol 4 Wule} vpi
Mz A A% G99 AF 59 Fe @
A dAg AFE F1ES ¢ §

g9
Agolil, e @ 5 9
S
&

(enhancement factor)®} <Al A4 (suppression

factor)o]t}.

% H5o] s dAPn dF Fwe] A4
g2 Auss 29 9 w59 4T TN 5
gov, UG A5t ¥ #4 L 3] A=
oAur fEdvn ¥ + Aok % P34 @
ged 4 @z 48 + A

a
—=Fll/X
o " FUx) o

adgel Be W uSH oF el A
ldg HrAsr]l A ¥4 AF Fevas ot
g9 wpe 45E Agstel ded $ glo
o, Fig. 7¢ °ld@ 2348 dehd Relg. o
1A, ash UXes g3t Zol EAY & ek

0.8

a _0023 [ ( ﬁ)d:| 04
H, (10)

B 09 o 0s B, 01
1-8) \p. ) \ an

:1%’ cgiy F4 AT FEda)= vHEdd
9 5 Fho] 2 ojslM = E F&A &

1
Xﬂ

LRI
100 T T
R134a/R123
P=0.6 MPa o
-~ G=300 /s 30°
g &5
10F ]
i
£
=~ 2
o o oo gm °  ¢=50kW/m
SRR = z
. 5 00 PP © g=20 ]x(W/m2
9 g=10 kW/m
1 . L
0.1 1 10 100

/X

o

Fig. 7 Normalized heat transfer coefficient versus

1/Xtt
100 T T "33
P=0.6 MPa & ]
2 %ngﬁ
G=300kg/ms @@ b5
~ q=S0KW/ar oo
3 a AT %Dwgﬁ; hd
3 10k e AD A & 'Y i
n : ¢
[ 3
F .a?®
. o o *  RI34a/R123
o Rl134a
& RI123
; . \
a1 1 10 100
/X

Fig. 8 Normalized heat transfer coefficient for
mixture and pure fluids

& 4 Qom, oAewyE o uso o o
& gt 28 2 5 Atk /XS @ol
Agrel wek G frgel U AEHE Hobx]
L ddee 24 dFFge] Ausi g
oA Qojd HelHYH o

=

go ox [l o 1R o

F =0.7+3.1(—5)
X, (12)

34 8|38 2 dojollA{e] MY A
Fig. 82 /a9 1/Xx9 E-AA B A7
AHgE ERES TAHEE eF Wed &%
vl g AAdG Ao vuwE dephd Ael
/X9 A gl diste] E3golol i3 &
e B 458 ¢ <+ dH
/Xe®) #tol 2 M dAg AF9

ux

o X

[

o
2

N
rir
N
4
ok

o



3 ddad v @] Eg@el R134a/R1232) ZFAdFHE ddage @8 dF 387

e ———
10| +20% i
Kandlikar's correlation S
HFC- 134/HCRC-123 T
P=0.6MPa S
Y X =049 "
g
§ L e %9@000
&
.t L2
B} b
o] . s °
o o pa [T T
t . T G=150kg/mis

0 G=3kym's
A G=6Wkgms | {

Fig. 9 Comparison between measured data and
those calculated by the correlation of

Kandlikar
T 1
e 0]
or Jung & al.s corrlation 5 :// Pid
HRC-13/HCRC-13 . L
P0.6MPa A LS A%
X 049 .
X B . °
[ A eg
2 o égov - %"
s ; e
B o fy ©
T © 9,
- ¢
- a c a e
5’5 1k © oo d “Pis ]
R b T
coe 5e e & G- ISGkgm's |
LS 0 G-300kym’s
LS & Got00gm's |
L _ ]

N KWK
Fig. 10 Comparison between measured data
and those calculated by the correla-
tion of Jung et al

Bt E oM AR BY
5 ddg Ase] e WEeldn Ard
[e]

j =4
3l
:
o md, £% Mol #PFoln WF Fuol

gl

1 ] =)
ol et Bl AudNel EgE z4e 9
= wsl wsl weom ARk 3R A9
Aube y Mol sl gfomam Zuwe oy
A oufg- st dojuba, # sk Aule] w &)
AR A AL F=g Yusl WA FuetA 5
AvA oz 71%H(bubble point) X7} F&at
A |rk olsh o) Avh 2w MHAN S 1

Table 3 Percentage deviation between the
available correlations and present data

Shah Jung et al. Kandlikar

Ahxture :
AMean & Ave. Mean & Ave, Mean & Ave.

R134a/R123 534 333 402 197 3.1 34.8

a,

(a_. el
= 2[ Sa ansd W 1

2 A4 E Kandlikar ¢ Jung S8 A#do=
Asket At vlwek Aot o)E guAe zzt
35%9 40%9 3t Hx(mean deviation)d ol A
B A9 delgE sty Kandlikard 4
T/ g gyt wiel AsstX vl g FE
2l deolyE 4338 A o%F3n k. Table
38 2@y ARAEY i3t mean deviation 2

average deviation® YWERd Rolth

4. B B

44 AP &4 W R134as R123 19
5oolEe) E8 WulE At WF uE 94
gol e AU A7E Fqste] god 2L
NEdE nAERA A o
g Fou, das

1A Ed" Al

2N
B

T e
B4
2

3 AR YA  FHE EE K
LR Y gioR Alug
(3) HA 2 do) ddd Are ¥E 4
P15 vwd A3 Kandlikar 34 o] ¥
Ao dAEd oy iR A &= A
Syl

(1) Webb. R. L. and Gupte N. S. 1992, “A
Crtical Review of Correlations for Convective
Vaporization in Tubes and Tube Banks.” Heat



388

oA
)

o

Transfer Engineering, Vol. 13, pp. 58 — 8L

(2) Chen. J. C.. 1966, “Correlation for Boiling Heat
Transfer to Saturated Fluids in Convective Flow.”
LEC. Proc. Dev., Vol. 5, pp. 322~329.

(3) Bennett. DL.. and Chen, J.C.. 1980. “Forced
Convective Boiling in Vertical Tubes for Saturated
Pure Components and Binary Mixtures,” A/ChE J.,
26. pp. 451~461.

(4) Gungor. K. E. and Winterton, R. H. S.. 1986,
“A General Correlation for Flow Boiling in Tubes
and Annuli,” Int. J Heat and Mass Transfer, Vol.
29, pp. 351~358.

(5) Jung. D. S. 1989,
Prediction of Pressure Drop during Horizontal

Boiling of Pure and Mixed
Refrigerants.” Int. J. Heat and Mass
Vol. 32. pp. 2435~2446.

(6) Shah, M. M., 1976, “A New Cormelation for
Heat Transfer during Boiling Flow Through
Pipes.” ASHRAE Trans. Vol. 82. pp. 66~86.

(7) Gungor, K. E. and Winterton. R. H. S., 1987,
“Simplified General Correlation for Saturated Flow

and Radermacher, R.,
Annular Flow

Transfer,

Boiling and Comparison of Correlations with
Data.” Chem. Eng. Res. Des. Vol. 65, pp. 148~
156.(8) Kandlikar. S. G.. 1990, *A General
Correlation for Saturated Two-phase Flow Boiling
Heat Transfer inside Horizontal and Vertical
Tubes.” J. Heat Transfer. Vol. 112, pp. 219~228.

ST Y

(9) Kandlikar, S. G., 1991. “Correlation Flow
Boiling Heat Transfer Data in Binary Systems,
HTD-Phase Change Heat Transfer,” ASME, Vol.
159, pp. 163~170.

(10) Kutateladze. S. S.. 1961, “Boiling Heat
Transfer, Int. J. Heat Mass Transfer,” Vol. 4, pp.
31~45.

(11) Liu. Z.. and Winterton, R. H. S..1988, “Wet
Wall Boiling Comelation with Explicit
Nucleate Boiling Term, in Multi-Phase Transport
and Particulate Phenomena, (Veziroglu. T.N.. ed.).
Hemisphere. Washington. DC., Vol. 1, pp. 419~
432.

(12) Klimenko. V. V. 1988, “A Generalized
Correlation for Two-Phase Forced Flow Heat
Transfer,” Int. J. Heat and MAlass Transfer. Vol
31, pp. 541~552.

(13) Nishiumi, H., and Saito. S., 1977, “Cormrelation
of the Binary Interaction Parameter of the
Modified Generalized BWR Equation of State.” J.
Chem. Eng. Japan, Vol. 10. pp. 176 ~180.

(14) Reid. R. C., Prausnitz. J. M., and Sherwood.
T. K. 1977, “The Propertiecs of Gases
Liquids.” 3rd Edn. McGraw-Hill. New York.
(15) Jung. D. S. and Radermacher, R..

“Horizontal  Flow  Boiling  Heat
Experiments with a Mixture of R22/R114, Int. J.
Heat and Mass Transfer. Vol. 32, pp. 131~145.

Flow

and

1989,
Transfer



