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Vapor Liquid Equilibria Modeling for Strong Zeotropic Ternary System
of R1234yf/R170/R14

Qin Yanbin Zhang Hua Meng Zhaofeng Zhou Guoliang

(Institute of Refrigeration and Cryogenic Engineering, University of Shanghai for Science and Technology, Shanghai,
200093, China)

Abstract The excess Gibbs free energy-equation of state (G"-EoS) is a new method for predicting the vapor liquid equilibrium ( VLE)
with respect to the equation of state (EoS) and activity coefficient method. In this study, the Peng Robinson (PR) equation of state was
employed in combination with the Wong-Sandler (WS) mixing rule to predict binary and ternary systems coupled with the activity coeffi-
cient model; the modified universal quasichemical functional group activity coefficient (UNIFAC) used in the predictive Soave-Redlich-
Kwong (PSRK). So a gas-liquid equilibrium prediction model of the mixture (PRWS-UNIFAC-PSRK) was constructed to calculated VLE
data of R161/R1234yf, R32/R125/R134a, and the strong zeotropic ternary system of R1234yf/R170/R14 were calculated. The results
indicated that for R161/R1234yf, the relative deviation of the pressures and the absolute deviation of the vapor phase mass fraction be-
tween the experimental and calculated data were within £1.5% and +0. 02, respectively, which were better than those found using the
REFPROP9. 0 software, while the deviations for R32/R125/R134a were within +4% and +0. 02, respectively. The calculated VLE da-
ta and three-dimensional phase equilibrium diagrams showed that the temperature glide phenomenon of R1234yf/R170/R14 was the most
obvious at the mass fraction ratio of 0.4/0.2/0.4, and the maximum sliding temperature reached 72.5 K. The dew-point and bubble-
point temperatures increased with the increase in the mass fraction of R1234yf.

Keywords vapor liquid equilibria; G*-EoS model; mixed refrigerants; temperature glide; R1234yf
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Tab. 1 Basic physical parameters of pure components

2H 4y FE IR JE & M/ (kg/kmol ) IR T/K G RES p/MPa  IGRLLERF v, WMOFFo IS T,/K
R161 48. 06 375.30 5.091 0.003 051 0.217 0 235.6
R32 52.02 351.26 5.782 0. 002 647 0.276 9 221.5
R1234yf 114. 04 367. 85 3.382 0. 002 220 0.276 0 243.7
R170 30.07 305. 32 4. 872 0. 004 493 0.099 5 184.6
R134a 102.03 374.21 4. 059 0.001 829 0.326 8 247.1
R125 120. 02 339.17 3.618 0. 001 669 0.305 2 225.1
R14 88. 01 227.51 3.750 0.002 125 0.178 5 145. 1
WS IR I f AT 2 RIBHAT SR «, Sx, WAL i F1j LERO T /R
. _RroD ,_ 0Q (5) PG R AT S RS b, IO
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(9 SCHRESCHE Rl LA A5 21
E?é{ﬁl Yi EBEAZ f) PSRK tin{imﬂfg UNIFAC
X 38%;%; EEP 2 R AWMAEERREK,
Iny, = In Yic +1n )’iR (14) Tab. 2 Regressed k; from binary system
. o, q. 6, b, & b i PRWS-UNIFAC-PSRK
7 ]_ R1234yf R161 0.005 0
i = 5 (1 —g) (=Dt zk: Ui M R1234yf R170 0.095 3
. q, X, I, X R1234yf R14 0.005 1
5= 2 Qb= 0= 16 R134 R125 0.002 5
k .
2 q; %; z L x; !
i= i=1 R134a R32 -0.0350
Iny® = 3 d(Inl, -InT}) an ro R14 0.150 4
R32 R125 0.010 0
RIBAYXMICE
Tab. 3 Literature summary for mixtures
REYIER 27 3CHk AEA IR EESE I T/K [EJIVEH p/MPa
H. Miyauchi %% 2012 274.15 ~283. 15 0. 056 ~0. 461
R134a/R32 G. D. Nicola 2% 1998 240 ~360 0.153 ~4. 63
S. Shimawaki 2 2002 263.15 ~293. 15 0.251 ~1.396
R134a/R125 R. Kato 25 2006 303. 15 ~363. 15 0.92 ~4.83
R32/R125/R134a M. Nagel 2514 1995 205 ~354 0.025 ~4. 768
Hu Xiaozhen 247/ 2017 283.15 ~323.15 0.44 ~3. 14
R161/R1234yf
Chen Longxiang 451%*/ 2015 283.15 ~323. 15 0.44~1.74
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JITAT - BE W 1 52 AR FH 2R B0 AR [R] 8, PRI 248 DR
438 HFCs F1 HFO ] ¥ 551 1Y A ~F- 5 %5 48 #5 T LLi
i =A~F M CH, (CF, F1 F (% 9 28 B AR H & 5K
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$£39% F2H 4 2R Vol. 39,No. 2

2018 £4 A Journal of Refrigeration April, 2018
VEFI 280, X 2 240 — 00 K = J0iR & LBk A7 SO 1 800 BAH A “ 323.15K
- I e
313.15K
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Tab. 4 UNIFAC group interaction coefficient A , 3 03_']5 K
and A,,, based on mathematical fit'*"] - RS o 1293.15K
L CH, CF, F IPUPE e TN
CH, 0 42.257 117.766
CF, ~7.474 0 218.900 02 04 y0-6 08 10
1’71
F 1 538.301 16. 03 0
& 1 R161(1)/R1234yf(2) RitEEH 5L
%5 ZAKRSHR MEARSHQ, " BENED-BH KR
Tab.5 Volume and surface area used to fit HFC and HFO Fig. 1 Pressure-composition relationship between
refrigerants phase equilibria parameters'*! calculated results and experimental data for the
R161(1)/R1234yf(2) system
FEEH JFe AR R, Q,
1.5 N =]
1 CH, 0.901 0.848 8g o
NS 05} * é o g §
2 CH, 0. 674 0. 540 NS s R
CH, T -05% g
s 283.15K 8
3 CH 0. 447 0. 228 astoe %B%JSK . g e<§> _3?
4 C 0. 220 0. 000 ool l o 393128 ] T
o * 323.15K . 8
5 CF, 1. 406 1.380 S I S oo 8.8 * Bg
i s . ¢
6 CF, 1.011 0. 920 -0.01 | i ¢
8
-0.02 =2 : : :
o 7 CF 0.615 0. 460 02 04 06 08 10
’ 8 CH,F 1.051 0. 980 )
9 CHF, 1.201 1.108 2 R161(1)/R1234yf(2) R HESIREMNIREXR
10 CHF, 0. 824 0. 668 Fig. 2 Deviation between calculated results and experimental
data for the R161(1)/R1234yf(2) system
F 11 F 0.377 0. 440
1 800 RBAH AT 323.15K
- o % B_I{EéPROP 90 = '
1. 2 1 = 1 73 1 N T | VIRIE o=
ﬁﬁ: e ‘ o 1500 e 313.15K
BRSO B, AN SO B A SR S 30 4k e e i
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HE RN SR 5 SR 5 0 5k R 56 ] ] b o S R = 00F _ guesest=""" " 293.15K|
BFFEB% (NIST) 5 (1 REFPROPO. O %40 FE kA 7 6004——= st B .
XTLCATHT, 4ndk 6 FiR o 4 s 283.15K
17 R161/R1234yf Z M 283. 15 ~323. 15 032"02 06 08 10
y . N X
K Y R N ) 5 2 23 G ZR AR LG, e T R A o
P 15391y S5 00 50 8 A0 0 L 7 T3 48, 5 B 3 RIGL(1)/R1234y1(2) Rt HAES
SRR 5 A BR84SR 4 P 7 85 2 O A REFPROPY. 0 $(i e 5 71- 15 % 5
2B AT DA SR 2 R A U R Fig. 3 Pressure-composition relationship between calculated
N \ R1234yf(2) system
RS | FE 7S A 5 S A AN 2 AT ¢ V) s
1.5% DLW, SOAH 2H 73 Jo 6 53 5000 46 %1% 22 I 7E + BB 45 2R 5 REFPROPI. 0 B4 )5 E 47 X4 L,
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ATE +0.012 DI, R R ARG R R . g
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TR I 2E , B SEI0(E K I RAE, A4
Gy TR AL BRI N e 2%, B SE B /N TIH 5
{8 ;4 RI61 T 43 BOK T 0.5 B, 48 fh#a #5 NI 4

5 ERTE AR . HE AR - 1) 225 3CHAR
BRI TR ZE52) t T WS RS AU B4R AR

SCOTAFECIEAS B 0 16 B 2R OB S 400R — ool B
VE B B0k, B S e TR DSR4, B LAY

T FE AN T MR RE (B RIR 25 — 2 1R 2253) %
FH PRWS-UNIFAC-PSRK AU & Wtk A 1B F-
M TR , S S ST AR R A T KL A 40 A 1) LAl
b, UNTFAC JE P m ik 320 T 3 B 1 31
AL SAHIR BE AT TR 2 R HIIRAS 5 A2, IR A8 7 2
FETE R T4 A sk s RIE DR 2 th 3097l 22
BN Ol DRI, SR FH B R R IR A T R DL RXT
UNIFAC SEPH 57 ik vk S S 50047 B8 UR A 42 1 19 43 AT
WEGY K 23 R B TR T moHe 2 s S

% 6 {2 A 283.15 ~323. 15 K B} R161 (1) /RI1234yf(2) &S ikiE T &R
Tab. 6 VLE data for the R161(1)/R1234yf(2) system at 283. 15 —323.15 K

SRR

PRWS-UNIFAC-PSRK #5#4

REFPROP 9.0

Pey/ kP X, exp Y1, exp P/ kPa Y1, el dp/ % Ay, Pu/kPa oy B/ Ay
7=283.15 K
437.9 0. 000 0. 000 436. 98 0. 000 0.21 0.000  437.53  0.000  0.13 0. 000
472.0 0. 161 0.211 466. 87 0.218 1.09 -0.007 483.18  0.224 3.38 0. 006
482. 8 0.227 0.279 477.06 0.297 1.19 -0.018 498.98  0.300  4.39 0. 003
496. 6 0.294 0.361 489.59 0.371 1.41  -0.010 513.30  0.371 4.62 0. 000
514.8 0.412 0. 491 512.18 0. 491 0.51 0.000 535.28  0.485  4.32  —0.006
536. 0 0.517 0. 590 532.56 0. 589 0.64  0.001 551.94  0.579 3.51  -0.010
551.3 0. 625 0. 685 553. 14 0.684 -0.33 0.001  566.58  0.673 2.37  -0.011
564. 4 0.733 0.778 572. 44 0.774 -1.42  0.004 578.97  0.765 113 —0.009
579. 8 0.815 0.851 585. 48 0.842  -0.98 0.009 586.95 0.836  0.25 —0.006
589. 1 0. 884 0. 903 594. 81 0.899  -0.97 0.004 592.71  0.896 -0.35 —0.003
594. 4 0.928 0.939 599. 83 0.937 -0.91 0.002  595.95 0.935 -0.65 —0.002
601.2 1. 000 1. 000 606. 27 1,000  -0.84  0.000 600.57  1.000 —-0.95 0. 000
7=293.15 K
591.5 0. 000 0. 000 591.72 0.000  -0.04  0.000 591.72  0.000  0.00 0. 000
636.7 0. 161 0.207 628. 54 0.213 1.28 -0.006  650.31  0.218 3.35 0. 005
650. 6 0.227 0.276 644. 57 0.291 0.93 -0.016 670.79  0.295 3.91 0. 004
668. 6 0.294 0.353 661. 01 0. 365 113 -0.012  689.45  0.365 4.13 0. 000
694. 4 0.412 0. 486 690. 56 0. 485 0.55 0.000  718.26  0.480 3.86  —0.005
720.5 0.517 0. 583 717.15 0. 584 0.47 -0.002  740.23  0.575 312 -0.009
740. 2 0. 625 0. 682 743.94 0.680  —0.51 0.002  759.64 0.670  2.07 -0.010
758.3 0.733 0.773 769. 13 0.772  -1.43 0.001  776.16  0.763 0.91  —0.009
778.3 0.815 0. 849 786. 25 0.841 —-1.02  0.008 786.89  0.835 0.08  —0.006
789. 6 0. 884 0.901 798. 62 0.899 —1.14  0.002 794.71 0.895 -0.49 -0.004
797.9 0.928 0. 937 805. 35 0.936  -0.93 0.001  799.15 0.935 -0.78 —0.001
805. 6 1. 000 1. 000 814. 18 1.000  -1.07 0.000 805.55  1.000 —1.07 0. 000
T=303.15 K
782.9 0. 000 0. 000 784.7 0.000 -0.23 0.000  783.51  0.000 -0.15 0. 000
843.5 0. 161 0. 200 832.43 0. 208 1.31  -0.008 857.34  0.213 2.91 0. 005
859. 1 0.227 0.271 853. 13 0. 286 0.70 -0.015  883.41  0.289 3.43 0. 003
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SRR 2 PRWS-UNIFAC-PSRK £ REFPROP 9. 0

p..,/kPa - V1w ../ kPa Y1 op/ % Ay,  pu/kPa oy /% Ay
881.1 0.294 0. 348 874.31 0. 359 0.77  -0.012 907.26  0.359  3.63 0. 000
913.6 0.412 0.475 912.27 0. 480 0.15  —-0.005 944.30  0.475 3.39  -0.005
948.5 0.517 0.577 946. 32 0.579 0.23  -0.003 972.72  0.571 2.71  -0.008
973.5 0. 625 0. 673 980. 58 0.676  —-0.73  -0.003 997.95  0.667 1.74  -0.009
998. 6 0.733 0.771  1012.84 0.770  —1.43 0.001 1019.50 0.762  0.65 —0.008
1022.9 0.815 0.845 1 034.89 0.840 —1.17 0.005 1033.70  0.834 -0.12 —0.006
1036.5 0. 884 0.899 1 050.96 0.898  —1.40 0.001 1044.00 0.895 -0.67 —0.003
1 .046. 6 0.928 0.936 1 059.81 0.936 -1.26 0.000 1049.90 0.934 -0.94 —0.002
1058. 8 1. 000 1.000  1071.62 1.000 -1.21 0.000 1058.60 1.000 -1.23 0. 000
T=313.15 K
1018.2 0. 000 0.000 1021.61 0.000 -0.33 0.000 1018.40  0.000 -0.32 0. 000
1.090. 9 0. 161 0.196  1082.51 0.203 0.77  -0.007 1109.90  0.208  2.47 0. 005
1113.7 0.227 0.265 1 108.82 0. 280 0.44  -0.015 1142.60  0.283 2.96 0. 003
1140.2 0.294 0.341  1135.68 0. 353 0.40  -0.012 1172.60  0.353 3.15 0. 000
1186.8 0.412 0.468  1183.65 0.474 0.27  -0.006 1219.40 0.469  2.93  —-0.005
1223.9 0.517 0.567  1226.56 0.574 -0.22  -0.007 1255.60 0.567  2.31 —0.007
1258.5 0. 625 0.669 1269.68 0.672 -0.89  -0.004 1287.80  0.664 1.41  -0.008
1291.0 0.733 0.768  1310.30 0.767 —1.49 0.001 1315.50 0.760  0.40  —0.007
1320.4 0.815 0.842  1338.20 0.838  —1.35 0.004 1333.70  0.833 -0.34 —0.005
1339.0 0. 884 0.899  1358.71 0.897 —1.47 0.002 1347.10  0.895 -0.86 —0.002
1350.5 0.928 0.936  1370.12 0.936  —1.45 0.000 1354.90 0.934 -1.12  -0.002
1365. 8 1. 000 1.000 1 385.58 1.000 -1.45 0.000 1366.20  1.000 —1.42 0. 000
T7=323.15K
1302.4 0. 000 0.000 1 308.52 0.000  —0.47 0.000 1302.30 0.000 -0.48 0. 000
1390.7 0. 161 0.194  1385.16 0. 198 0.40  -0.004 1414.20 0.202  2.05 0. 004
1419.5 0.227 0.258  1418.13 0.274 0.10  -0.016 1454.50 0.277  2.50 0. 003
1453.5 0.294 0.335 1451.72 0. 347 0.12  -0.012 1491.70  0.347  2.68 0. 000
1510.6 0.412 0.463  1511.51 0.467 -0.06  -0.004 1550.20  0.464  2.50 —0.003
1559. 8 0.517 0.562 1 564.81 0.569 -0.32  -0.007 1595.50  0.562 .92 -0.007
1 604.5 0. 625 0.662 1618.26 0.668 —0.86  —-0.006 1636.00  0.660 1.08  -0.008
1 644.5 0.733 0.763 1 668.66 0.764 —-1.47  -0.001 1671.00 0.758  0.14 —0.006
1678. 4 0.815 0.839  1703.41 0.836  —1.49 0.003 1694.10 0.832 -0.55 —0.004
1 700. 4 0. 884 0.897 1720.14 0.896 -1.16 0.001 1711.20  0.894 -0.52 —0.002
1714.8 0.928 0.935 1733.58 0.935 -1.10  -0.001 1721.10  0.934 -0.73  —-0.001
1735.2 1. 000 1.000 1 760.42 1.000 -1.45 0.000 1735.70  1.000 —1.42 0. 000

F:1)8p(% ) =100(poy =Pea )/ Pesp 32D AV ZV1 exp = Y1, et 33) AY1 et X1 vt = V1 a0

R T I UEAR IR X = 0 IR A W A TR S A A 0.375 8.0.097 6/0.705 7/0. 196 7 T (1< & AH - i
FGEE 6 = JCIR AW R32/R125/R134a FEAL Sy Ui ApPEE T JF 5 Sk [ 45 ] i se i 8 b 17 X6 b
Fe4351 0. 272 1/0. 126 8/0.601 1.0.191 0/0.433 2/ XFFHCEERGI T2 7, B S s NE i EE 5505
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Fig. 5 Deviation of the pressures between the
experimental data and the calculated data for the
R32(1)/R125(2)/R134a(3) system

1.0 +0.02 -
Ly
0.8} 2 #770.02
@ 0.6 B K
m >
04
0.2

0 0.2 0.4 0.6 0.8 1.0
SEHHE
B 6 R32(1)/R125(2)/R134a(3) RitEE5LBEM
Fig. 6 Deviation of the vapor phase mass fraction

between the experimental data and the calculated
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DA 2, 0 5 05 5 5T 2 (B A 25 AR O, BRI BEAk 3 72,5 Ko XS LLIET 7 R 10 w30, B 2458
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Tab.7 Experimental VLE data and calculated results for the R32(1)/R125(2)/R134a(3) !

T/K .,/ kPa Vi oew Y2 e Vi cal Y2 el Dea’kPa Ay, Ay, dp/ %

z,=0.272 15 z,=0.126 8; z, =0. 601 1

205. 20 25.96 0.527 0.213 0.513 0.232 26. 60 0.014 ~0.019  -2.46
223.21 71.93 0. 498 0.205 0. 494 0.217 69. 45 0. 004 ~0.012 3.44
243.30 183. 04 0.470 0.195 0.470 0.202 184.63  —0.000 ~0.007  -0.87
263.23 394. 67 0.443 0.185 0. 448 0. 189 398.92  -0.005 -0.004  -1.08
283.23 756. 53 0.416 0.175 0.425 0.178 765.88  —0.009 ~0.003  -1.24
303.31  1325.90 0. 390 0. 166 0. 402 0.160 1307.64  —-0.012 ~0.003 1.38
323.28  2157.70 0.362 0. 156 0.373 0.158 2190.14  -0.011 ~0.002  -1.50
343.21  3321.30 0.330 0. 145 0.339 0.147  3370.33  -0.009 -0.002  -1.48
353.19  4057.20 0.309 0. 139 0.316 0.140  4096.44  -0.007 0. 001 -0.97
361.56 4 768.00 0.272 0.127 0.283 0.134  4784.12  -0.011 ~0.007  -0.34
2, =0.191 05 z,=0.433 2; z, =0.375 8

205. 19 29.28 0.307 0.561 0. 304 0.572 29.01 0. 003 ~0.011 0.91
223.17 80. 42 0.296 0.550 0.296 0.556 83.25  —0.000 ~0.006 -3.52
243.21 202. 51 0.284 0.538 0.288 0. 540 206.74  —0.004 ~0.002  -2.09
263.24 434.86 0.274 0.523 0.279 0.525 440.69  —0.005 ~0.002 -1.34
283.24 827. 64 0.263 0. 509 0. 269 0.511 836.96  —-0.006 -0.002 -1.13
303.31  1442.10 0.250 0. 494 0.256 0.496  1492.44  —-0.006 ~0.002  -3.49
323.49 2 346.70 0.235 0.479 0.242 0.482  2304.73  -0.007 -0.003 1.79
343.76 3 628.50 0.215 0. 459 0.219 0.460 3679.32  —0.004 ~0.001  —1.40
35312 4377.10 0. 198 0.441 0.202 0.445  4280.10  -0.004 -0. 004 2.22
354.03 4 446.00 0.191 0.433 0.202 0.420 4396.87  -0.011 0.013 1.11
2, =0.097 65 z, =0.705 7; z, =0. 196 7

205. 20 31.43 0. 141 0.797 0.154 0.786 31.08 -0.013 0.011 1.13
223.17 85. 80 0. 139 0. 789 0. 149 0.779 88. 47 -0.010 0.010  -3.12
243.23 215. 17 0. 136 0.778 0. 144 0.771 218. 14 ~0. 008 0.007  -1.38
263. 19 458.43 0.133 0. 768 0. 139 0.763 446. 49 -0. 006 0. 005 2. 60
283. 15 868. 42 0.129 0.758 0.134 0.755 848. 33 ~0.005 0. 003 2.31
303.22  1507.10 0.123 0.748 0.127 0.747  1513.77 ~0.004 0. 001 ~0.44
32318 2438.00 0.117 0.737 0.119 0.737 2 449.18 -0.002 0.000  -0.46
34318 3754.10 0. 106 0.720 0. 106 0.719  3742.73 0. 000 0. 001 0.30
347.26  4072.00 0. 098 0. 706 0. 099 0.708 4 037.43 -0.001  -0.002 0.85
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Fig. 8 Three-dimensional phase equilibria diagrams of
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