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Figure 1 (Color online) Schematic view of the experimental apparatus

472



A% S O s g I B ) A 4 X T

1.2 MRS E L 534

— b, B P TRE JE A A FRE R T P B R L
JE R RNl 7 e B 4R
Api. =Apyy — Apgrav —AP o @Y)
A, Apiow PRI BEFE, KPa; Apg N J1JERE,
kPa, i F BRI B KR, W Apgray I %
Apmon N B J1 R, kPa, BT MRl il B 4 #4, T
Apmon W ZE . BT LA, 25 vp I 22 4% B T i 45 1) £k
TEEIUOQEU%@TE%EF%APW
T3 A, A SO S AR P R B T R A
M FA T 2T B2, AHF- 51 5k Fl Peng-Robinson
(PR)JFF2MZE A Van der Waals(VDW)TEA #8023
BT RS SR A, C RN SO Xiic Tos
M. Open~ Qurs Pinfpou. FeH, Xiid RAE T INIAS:
(A3 i A AR S TR B W vh B 8 R 2R 43 (R
SCHOARS0) IR R RE s T A I FAEE A 11 20 5 0
IR, K, Seg b Ok H o ad v 25 MO Bl i iy
i, kg 57 Quen WIEABIMII)Z, W, Qurhy
PPN BLE R BER, W pin Ml pou i il 9 12 Bl B
A BRI EE S, MPa. i #8635l 15
Qpen =M (H, —H,, ). 2)
X, Hy AR BEA DA, T k™5 Hpren MR
BADKME, J kg, H—BAdwd, wild
Refprop V9.1 iy 15 51 :
Hpreh =f(T<uh’PHT’Xinn)~ (3)
DU A% PR B B A T B2 AT e A Y AR
AR

F1 NESHHTHEE

Table 1 Measurement instruments and their uncertainties

X =Hm_H(Tb’pin’Xmil). (4)
AHm
K, T 5 IR G W) i vk J32 20 4 Joe XoF g )
W RUREE, K AH O E R ARAS i AR VR 5 ) 1 74
K An g, T kg™ AT T 3 AP A AR E.
A, AL PRl Be iy o B2

QHT=M(Hin_Hout)’ (5)
xom — Hout _H(Tb’poul’Xinil)‘ (6)
AH
A SOR A% BN B 1) 1 BE AR SRy e B 3k B

RO O TR

F I 12 SIC 50 v A% I i S 40 0 T 4% AR
Y R M AN B RS W B R BE A 4y A e Ay
BT ASL#S T 1 SP3400 7 5 S AH (8 1% A I 1 75 2], =]
T AN R A +0.01%. 256 AR 3k AT I i Y
RAYK A SR & O AR REED, T ARE
JIT I A TR A 0k B 21 53 Sk i AR G B &
() L B 2H 4y, BRSO B I A R A A
HRHE SCHR[ 1417 TR0, 15 S BE 48 e A 1) AS A
B840 Pa, T B Ky R AHXT AN B M 11.74%.

2 SEESERA T B ORI AR b

2.1 SEEREER

AR SRR IR A MR S0/R 170(49) 4 e 3 41 43 e
A (EEJR43%0)0.27:0.73.0.54:0.46410.7 : 0.3)7E JE 170
Fil M 1.5~2.5 MPa, Jii i RyaHh99~255 kg m > s7',
TEEVE I R0~0.9, 454 mmit) 7K -5 N PR AH R
RS PR B AR MR AT T SEIR A SY, AT T R L
FIUE A7 . B2 e i 20 %o JEE 48 S g (1) 5 1)

S8 (& 23 T R o
TR PT1007 & i 80~373 K 0.1 K

JE 1 Mensor 6000 71 1% /&4 0~5 MPa 0.02%

2z GE UNIK 5000/ 2414 4% 0~100 kPa 0.04%

Jo S Y EMERSON = B} H 8 F i i 71 ELITEZR 1 0~108 kg h™! 0.1%

Hi Keithley 270044 K 4& 2% 0~300 V 0.005%

CERF ZW 1659 TH i 3 0.03~15 A 0.2%

K [T N 0~300 mm +0.02 mm

473



4 % B B 2018528 #63% HaH

E 20 7R A SR AR BT i 3 T, RS0/R1701R G
JEE S JR Bt T R (A8 Ak, AT AR 3, BB [ It I
TR MG, HBEE TR MmN, 5 X,
JEE 488 S 88 1 2 ) 2 B DR/ . 3K R PR A O o O R R
AVRORH TR K, S O AR S R T [ Y R A T B R
AR IR RRIG K. S4h, BiE TIEMEDN, HEA
G A, E— R T, MRS
Y /IN, T P A PEE 8 e A AR B R R — i o
7, T LA A5 o e 38 0 B 45 e A 11 R i R B D/ )N

FEI3FTR SRR A S, RSO/R1T0IR S
JRE 45 T [ Bt T B 1 A8 Ak, AT AR 3, B (A 5 1
FUE T B 38 M /s, AR BER, AR AT % R 42
FERERYFZmAR /N, TR TR AR, AR RN R X B
52 S 6 100 552 W) A2 B2 8 . 0 R T g ke B 4 T R 1) 5
WA W 7 A R (1) fE— B TR R M T T,
TR R, SR B RN K, el A5 AR I
/N, DT A R A TR Bk /N (2) il AR R )
K, WO R A RE RO kN, ASORORE 2 B ER RGO
{65 75 T P 9L R 22 DR/, A2 T BOBE SR R RSN
G, FEARTET, M TEBRERR/N, SO 22k
Xof JBE 2 S I 110 55 W) 2 R A /N, 00 R R g 0o B 4
FERE AR /N, BEE TR R, ZSBURIE R, 34
5ER T AR R o X 4 I 11 S i R

E2F3 4@ /s T T EEAEAS [A] T8 & XFR50/R170
TRE W BRI, v LAE S, BRI 34 ek
BT BB KA A R E s, B e s TR IX
[B], BERARE ST S8 5 BA MR A%,
A, 5 2R A B SRR R S Bk, R X B
PEERE R SE R R K. R TR, SH%E
B, B2 WA M, fE— TR T,
M E SRR, WS BB RERIE . AN, AR
5 P AH R ADULEE AT AT, FEE s T RER, RSO/R170TR G
Yy K 22 A 57 - PR A . 20 B ) YRR A
STV, I 114 398 R YR B B T i 9 R 1 S ) R
BHS, T BB B AR R TR X JE] A2 T BE Y 5
FEEEURET. Sy 40, B 7L 56 A 3 R AR N e 7 1%
N, SRR A3 K, 8 T 4 R R 1 R
FERE.

P14 JT 7% 114 J2 6 2 JO k3 2R G R R 7 1) 45 A
T, R [RIA b R R 2 A BT TR 4 R A Bt T B A AR Ak
Horp, 4l FTRSOMY 52 58 204 >k [ SCik[10]. 7] LA 5,
4l RSO FEE 48 1 FE A T RSO/R170IR-A W, M40 Uh ik

474

i R50:R170=0.27:0.73
= p=2MPa G=99kgm?s’
e p=2MPa G=155kgm?’s’
A p=2MPa G=199kgm?’s’
~ 10} v p=2MPa G=255kgm?s’
E v
[} L
& v
-.; v
= v
E 5k v a & A ‘
v A ~ °
- A o .
v A : ® o
Yy A L] L]
e e L R
0.0 0.2 0.4 0.6 0.8 1.0
X
- R50:R170=0.54:0.46
s p=2MPa G=99kgm?s’
o p=2MPa G=155kgm?’s’
4 p=2MPa G=199kgm?s’
~ 10} v p=2MPa G=255kgm?’s’
E
o -
= v
k- A ”
3 st ¥ a
5 , % —
L ]
v A [ ]
A L ]
Wik L] : = " = =
ho o o - (b)
0 " 1 1 1 A '} "
0.0 0.2 0.4 0.6 0.8 1.0
X
- R50:R170=0.7:0.3
m p=2MPa G=100kgm?s”’
o p=2MPa G=156kgm?s”’
A p=2MPa G=199kgm?s’
—~ 10F v p=2MPa G=255kgm?s’
E
& v
x v .
£ A
g 5t Y A
v A ° L] L]
v A . e
v g.*I " " | | -
gty v ¥ 5 % .9
0.0 0.2 0.4 0.6 0.8 1.0

X

Bl 2 (MR )RSORITO TRAYIEE A AN R o i i % T Bl
TEEMASE. (a) R50:R170=0.27:0.73; (b) R50:R170=0.27:0.73; (c)

R50:R170=0.27:0.73
Figure 2 (Color online) The change of frictional pressure drop of
R50/R170 mixtures with vapor quality for several mass fluxes. (a)

R50:R170=0.27:0.73; (b) R50:R170=0.27:0.73; (c) R50:R170=0.27:
0.73

JEE 20 43 1o 0.27:0.73 9 R50/R 17078 A 4 E 15 1 et
A AT 0 A0 W RN ) I vk BE 40 43 L IR B . D34k,
FEARTBE D], Al AT A 22 S B Bk, i e A o T B IX
[, o 2 I 9 23 R0 B 4 48 K R A R T /)N,



R50:R170=0.27:0.73

10
s p=15MPa G=155kgm’s’
8 s p=20MPa G=155kgm?s’
A p=25MPa G=155kgm®s’
E 6}
(]
& I ]
— -
2 4t - "
S‘!’ . - e * @
3 L]
[ & = PR B
2 . o5
| e a ook
l. ‘. 2 1 'l L L (a]
0.0 02 04 0.6 0.8 1.0
X
10 R50:R170=0.54:0.46
s p=1.5MPa G=155kgm™s’
" e p=20MPa G=155kgm~s’
A p=25MPa G=155kgm?*s’
—E 6|
£ -t
é -
C}.‘b: 4r i ) ° ¥ g
<] Ll
= < L A A A
. A
2F a We® A .
pe 4° *
0 ¥ i i 1 i 1 i 'l (b)
0.0 0.2 04 0.6 0.8 1.0
X
10 R50:R170=0.7:0.3
s p=1.5MPa G=155kgm™s’
o e p=20MPa G=155kgm~s’
4 p=25MPa G=155kgm?s’
E 6 i - Ll
%_ i [ ]
QE_ 4 n [} ? o
< ' ® A A _
" . .A -
2F = @ &
[ Y A
0 [* . . . i
0.0 0.2 04 0.6 0.8 1.0

X

B 3 (MR L)RSO/RIT0 TRAYIERR AR T Rl
TEEMASE. (a) R50:R170=0.27:0.73; (b) R50:R170=0.27:0.73; (c)

R50:R170=0.27:0.73
Figure 3 (Color online) The change of frictional pressure drop of R50/
R170 mixtures with vapor quality for several saturation pressures. (a)

R50:R170=0.27:0.73; (b) R50:R170=0.27:0.73; (c) R50:R170=0.27:
0.73

AT Ay 2 0300 e T I8 P VPR RS 4 e AR v AR R R
JE R — G = Sz, 00 B DL B 5 1 P AT
FE ST AR G, TR X, hTa
B R AN, (A SR I ) 7 o FEE 48 T 9 ) S

BUN, LIS E A RS0FIRS0/R 17078 4 4 i) FE 18

FE2ZEBIRHE. 5o, T4 RS0 S A% T
RSO/R170VE AW, WiH0 46 e B 20 43 L 5 0.27:0.73 1)
AW s T 55 A0 P A A 6 e B 4H 43 HE G
BEY. ilh, E—EHRERREMTET, 4iiR50
(Y SAH O T A /DN, B AR R W AR R BE 4L 4 LR 0.27:
0.730IRA . A M PR /)N, BB R /N
i 2 T S 900 SR RN T B A 0 R Rt R R T BN, At
AT A SR I T8 22 SR R, T A At 1] A JEE 488 e oA 22 )
R

2.2 SEUSEE LSOOG g

AR SR BT 204 25 B P R U JBE 488 1 e O BBk X
Xt b, A AR, 167 A AHA L. )
Ab, R T I B PRAL 2R T 3 E e bR P
Y4 48 557 #H X5 i 2% (mean  absolute relative deviation,
MARD) . F 3 # X} i 2% (mean relative deviation,
MR D) 13- 255 1 5 i 22 76 £30% LA P9 B8 4 7 B4
ot B He Bl (), BAE SCAnTF

pl'rlc cal Apfm exp
MARD = %100, (7
Z | Ap fric,exp |

p fric,exp

MRD = %i|:Apl'ric,cal _Apfric,exp :|><100. (8)
FE2PT 7 I S A5 BE AR 1 B ORI T R 4 R 5 AR 51

B K04 A XF e, AT OLXE FRSO/RITOTR &4, T A
JF f% 55 1Y 2 Friedel P8 6 6 2, HXMARD 519.26%,
. 87.45% 1) B8 15 7 £30% 1) - X5 A1 X6F i 2 715 [l
Py R R Kim S A" R B, HMARD K
21.85%, H A 68.40% M HE 53 7 £30% 1 ~F- X AH KT i
ZENEFEIN. J3Ah, KR I O AR 5250 FcHe 1 T
/Iy, BR T LockhartZs: A PO SEIER, H H XA 9256
KOs B WAL 2% . Whalley™ '35 Hy HAE T 5 &7
TR (G<100 kg m*2 ’I)I/RT 7T AR S 1 S5 £ R L

F-HIK T 100 kg m™ s™', 3 AT A S H X AR 52 0 4 il
T 452 22 1 SR
FE SRR T 64 T 45 5 5 4 1 S R oA 45

55 S0 50 B0 4 6 L p B B G 6 O HR = A B R
Hossain% A" Kim% A" Zhang% A Yan%
A Miiller-Steinhagens A 71L& Friedel ** G BX 2L,
PR oy MR AT UL, 3 AFASE AR 45 T S5 A A 2 F5 )
K EE# . ST 1S, Hossain® A Y G 200 5
JEE $6% T 3% 50 4l o0 A T 0 R 4 e e A . AE I b,

475



4 % B B 2018528 #63% HaH

p=1.5MPa G=155kgm?s”

10
| = R50:R170=0.27:0.73
o R50:R170=0.54:0.46
8F 4 R50:R170=0.70:0.30
E 6 a
& 6 * 3
2 A® e, ]
g g
.
2+ "
- 4 .
u = (a)
D L 1 L L

0.0 0.2 0.4 06 0.8 1.0

p=2.0MPa G=156kgm~s’

8
= R50:R170=0.27:0.73
* R50:R170=0.54:0.46
sl 4 RS0:R170=0.70:0.30
~ v R50:R170=1:0
E
4]
i&_ 4+ & ot .
é » . 5 L8 Y
= e,
a _uY
2r sy 7
™ v’
D A L i L L (C)
0.0 0.2 0.4 06 0.8 1.0
X
15 p=20MPa G=255kgm*s’
= R50:R170=0.27:0.73
* R50:R170=0.54:0.46
4 R50:R170=0.70:0.30
~ 10} ¥ RS0:R170=1:0
E -
(] L]
¢ Sl
¥ L]
g st £, v
3~
F
27 '
U Il i i L (E)
0.0 0.2 04 06 0.8 1.0
X

p=20MPa G=99kgm?s”

5
= R50:R170=0.27:0.73
s R50:R170=0.54:0.46
4F a4 R50:R170=0.70:0.30
— v RS50:R170=1:0
E a4l
m
o
=3
2 ol
= oS
Vv
1F :: :v‘." L4 Y
W "
oA
{. " s (b)

=2.0MPa G=199kgm?s’

12
= R50:R170=0.27:0.73
10k * RS50:R170=0.54:0.46
4 R50:R170=0.70:0.30
~ gl v RS0:R170=1:0
E
m
¢ of P
# A® - =
91: al A® L. v ¥ L.
Suvy
¥
2F an -
0 " .. i ' L 'l (d)
0.0 0.2 0.4 0.6 0.8 1.0
X
p=25MPa G=155kgm?s’
= R50:R170=0.27:0.73
5l * R50:R170=0.54:0.46
4 R50:R170=0.70:0.30
=al * R50:R170=1:0
E
[od A
% 3L : A. 4 .
— L ]
9"!'2 a® ‘:.d“-""‘
= M
s PR L
-".‘
U L 1 'l ' (f)
0.0 0.2 04 0.6 0.8 1.0
X

B 4 (M4 MUE )RSO/R170 RGBS R AR A RWI IR M B 414y L R BE T EE Y 2E 4. (a) p=1.5 MPa, G=155 kg m ™ s7'; (b) p=2 MPa, G=99 kg
m?s™"; (c) p=2 MPa, G=156 kg m ™~ s'; (d) p=2 MPa, G=199 kg m™s™'; (e) p=2 MPa, G=255 kg m > s™'; (f) p=2.5 MPa, G=155 kg m > s™"
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Table 2 Deviations between calculated and experimental frictional pressure drop of R50/R170 mixtures

PIS:¥ MRD(%) MARD(%) (%)
Sy AR

Hossain% A1) -25.07 25.88 67.53
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Ligg A1 —47.75 47.75 6.06
Zhang% AP -23.04 24.08 62.77
SunZ AP -37.52 37.52 19.48
Chen% A —88.69 88.69 0.00
Zhang% A\ 123 —54.62 54.62 0.43
Yan% AP -8.16 31.54 51.08
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Lockhart%: A% 62.93 72.48 16.45
B AHAR TR

Lin% AP -50.25 50.25 3.03
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Figure 5 Comparison between the experimental frictional pressure drop and the calculated data for RS0/R170 mixtures
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Experimental investigation on two-phase frictional pressure
drop of zeotropic mixtures of RS0/R170 in a horizontal tube
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In recent years, due to the environmental issues, suitable substitutes are being searched to replace the traditional
chlorinated refrigerants. With zero ozone depleting potential, low global warming potential and high thermody-
namic performance, the hydrocarbons are suitable selections in refrigerators and heat pump systems. As hydrocar-
bons, R50 and R170 are also the important parts of the natural gas and often-used components in mixture refriger-
ants for the low-temperature Joule-Thomson refrigerator. As the flow characteristics play important parts in the
design and optimization of the heat exchangers in refrigerators and air-conditioning systems, the two-phase fric-
tional pressure drop should be well examined and analyzed. Although there are massive experimental studies on
two-phase frictional pressure drop of hydrocarbons in horizontal tubes, the published experimental investigations
for zeotropic mixtures of R50/R170 are rare. Therefore, it’s desirable to conduct an experimental investigation on
two-phase frictional pressure drop of zeotropic mixtures of R50/R170 in a horizontal tube and find a suitable corre-
lation.

In this paper, two-phase frictional pressure drop of R50/R170 mixtures (0.27:0.73, 0.54:0.46 and 0.7:0.3 by
mole) was studied experimentally in a horizontal tube with inner diameter of 4 mm. The tests were carried out at
saturation pressures from 1.5 MPa to 2.5 MPa for mass fluxes from 99 kg m™ s to 255 kg m™> s™', vapor qualities
from O to 0.9. The uncertainty for the pressure drop was 40 Pa and the uncertainties for the vapor quality with a
95% confidence interval were less than 11.74% under the employed operation conditions. The effects of mass flux,
saturation pressure, vapor quality and concentration on two-phase frictional pressure drop were examined and ana-
lyzed. Some conclusions can be drawn that (1) the frictional pressure drops increase with the increasing mass flux
and the impact becomes more obvious when the vapor quality increases; (2) the frictional pressure drops decrease
with the increasing saturation pressure and the impact enhances when the vapor quality increases; (3) the frictional
pressure drops increase with the increasing vapor quality and then change to be smooth even decline at high vapor
qualities. And the effect of vapor quality enhances as the mass flux increases and the saturation pressure decreases;
(4) the frictional pressure drops of pure R50 are lower than that of all R50/R170 mixtures and the frictional pressure
drops of the initial concentration of R50/R170 mixtures at 0.27:0.73 are also lower than that of other two initial
concentrations of R50/R170 mixtures. Their differences are not obvious at low vapor qualities, while the differences
enhance when the mass flux and vapor quality increase as well as the saturation pressure decreases. The influence of
concentration may be mainly related to the difference of the vapor densities. In addition, the experimental data were
compared with twenty well-known frictional pressure drops correlations. The comparison results showed that the
Friedel correlation showed the best agreement with a mean absolute relative deviation of 19.26% and 87.45% of
points in the deviation bandwidth of +30%.

frictional pressure drop, zeotropic mixture, RS0/R170, two-phase flow, horizontal tube
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