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BERICH T B Helmholtz BIIREET
FRIR 3%

1 RE

EERICHT % Helmholtz BURRERD—IEETIV [1] IcBEDE, REDFHERL LT LD
DOtEHIZRT.

ARICBNT, RERZITXTE/VE (molar property) €35, iz, FTRAZMNZDORESR
BRI T 2EZRL, THRAFZFVENVIRERZIEAYINT 2 EEET.

2 RER
BAERICKT 5 Helmholtz BIRRERE, MWTEDOES L RBICRRTEEINS.
a= %F— =a’+a’ 1)

a BX T a & Helmholtz B K CHERIT Helmboltz B TH 5. £72, o° BET a” & a Dideal
gas part 3 X U residual part TH Y, VT NG ESWOEBRIKTEFET 5.

2.1 Ideal gas part

idcal gas part o® RAPPEOBETBED of D SBITNCRDENS. (T,V) KBTS o &
RATEZENS.

a®(T,V,z) = Za: al(T, V)+Z:c,lnx, (2)

=1 g=1

CCTTC, nEROTOETHY, i vector of mole fractions THB. T4%b b,
z = {r1,22, ..., Tn} 3)

ERSAORERRE T B X0V OENHAECESOTOEDE, TXTORMNTHTS of D
FEICBOTHED (T,V) B5E 50 5.

2.2 Residual part

Residual part o 3ZEHETNLSREEHRAMEICES KO ICREENS. —RIEIRAR TR
hs.

o (r,6,z) = Z z; of (1, 0) + Ad" (7, 6, ) (4)
i=1
§ = Vr(?‘_c;(m) (5)
_ Trea()
= T (6)

o BHINREFICE DO TVS 7D, TXTD of IR UTHED (1,0) 2525, DXL, &7
TEICBR-T (T, V)IKBI B of ZEETSH 21D, Vied BEKU Tred & reducing paramecter
TdH5. 7z, Aa" % departurc function &FRIEH, EAIC K 518 Helmholtz BIEEIH T 5
EHTH5.
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3 —mILEFIV

3.1 EH
Lemmon and Jacobsen [1] BMRER U7z o O—RILETV (LI model) BRRTRENS.

n
o’ (1,6, x) = E z; a; (1,0) + Ad” (7,0, x) (7)
i=1
n-1 n
Ad (1,6, 2) = Z Z zixiFijAa™ (T, 8) (8)
i=1 j=i+1
10
Ao (1, 6) = Z Ny % 7te 9
k=1

red :1}) Z Veizi + Z Z ZiZT 4 fzg ‘ (10)

i=1 j=i+1
Tred() = Z Teim; + Z Z i Gy (11)
i=1 d=1 j=i+1 ,

ROICHBITD N, di BT, BEB1DEIICEDENTVS. LI moda IHBNT, HLD
BAUNCHT BEED/ST A—RR Fy, &, G BEUF,; THY, HRMEICES L3lcchbo
INTA—ZDEDRDENDS ONT A—2DBRBEIL) .

FEEAR MDA N S VWRETCH LT, F,; =0, B=1&L, & :PaJ:U (i DHDETEL.
TTATH5D, FFEREDIENHESAKZZREMH L TR, F; BKU [y ETEHRE
EDRBEL xS,

Table 1: Cocfficicnts and Exponcnts of Eq. (9)

- Nk
—0.245 476 271 425 x 107+
—0.241 206 117 483
—0.513 801 950 309 x 10~2
—0.239 824 834 123 x 101

0.259 772 344 008
—0.172 014 123 104

0.429 490 028 551 x 10~!
—0.202 108 593 862 x 10~
—0.382 984 234 857 x 10~2

0.262 992 331 354 x 10~

.
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B ©oo o u ko=

3.2 fugacity DMH

LJ model ZFWWT, KIEPFEDFEICHE LD fugacity DEFENEZEH T 5.
(T,V,z) BHIIERE T5 L&, RS i D fugacity f; 3 X U fugacity cocfficient ¢; XA TE
BINS.

1 ¢ 4
In p; "ln—f’—=—an+ [d(]YRTa )} :
ONi gy zi

RT

oa”
=—InZ+a" +N( ) (12)
O N; T,V,joki
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BAVE3EIRDK 5 1B S LHTES [2).

(6&) (Ba) +a"(86) ta
S\ o Ar
ONi)ry iz \ONi/ s ONi ]y, ji

BUF, 2 (13) 0ABZEHRICEFET 5.

dar 8 [N 8 A"
(31\@')7,5,#@— ON; [Z—N_ai(ﬂ{s) i ( O N; )

i=1

N
1 8 Aa”
=N (O‘: - Z,_ xia;) + ( aN; ) (14)

(aa]i )Vm: 9 {Vred(a»]: 9 [Vred(@]: 1 [awm)}

(13)

543
<
1
3'*
N—
K}
Y
H

) N aVred)J
N [ Vred (sz ' ( )
(_zgi) I [Tred(m)]__}_(aT,ed - (aTred 6)

X (15) OB O T, —EBRBEZNZEEZV = NV TH>TV TREVC 2IicEE LAY
N5V, K (14), (15)BET(16) &b,

mhei=—ImZ+a" +N <da )
ON; T,V,j#i
- dAa”
=—-InZ+ao" + (ai —;:cza:) +N<_(d—]\z—)
N (Vi N [(8Trea
6af |14+ =— [ =2 r =
+o¢5[+de((,)Ni)]Jrr%~ red(a-Ni) 17)
74,
JAa”
i = —InZ + o] 4 daf + Aa" +N( N )
N [(0Viea N  [(0Treq
5 7'_ re r re:
+oes Vied ( 3N¢.) Trer red (aM ) ; s
LJ modcl IZ BN TIZ,
Aaj (T, 6,4, x5) = xiz Fyy Aa" (1, 6) : (19)
n—-1 n n~1 n
Ad (r,82) =3 > Aaj=) > ziziFy Aa™ (1, 6) (20)

i=1 j=i+1l i=1 j=i+1
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TH5. Tnbhb

(dAa) Z:ckAa —22 z“: z;xy, Fj Aa™

i=l k=j+1

= Z TRy, — 240"
k=1

R (21) 2R (18) ITRAL, RAZR"5.

n
np: =—IZ+af +day+ Z zrAag, — Ao

k=1
r N a_V-rec.l » N aTrecl
+Jaavred ( 6N’L ) +TQT red ( aN:z. )
2 AHRB LT 3 AR T BEHERZL FITRT.

2 &k

Vied =Y _7i Vei+mzabiz

i=1
2
Trea = Z ziLei+ ‘”fuxz Ci2
i=1

Aa” = r129 F1oAa™

i Ad, 1:2F12AO:T* (Z = 1)
k=1 ik 1 FioAa™ (7, - 2)

Vid\ = 2
N ( 8]\rfj ) =Ve1— j;mch,j + (zg — 2x122) €12

2
Vea— Y Ve + (21 — 20175) b1s
i=1

) =Te1 — Z:chc,j + [ 1229 2y — (1 + 1):::{"‘2:1:2] C12
=1
O Tred 2
— ) =Tes— Y 2iTe;+ [“3?12 — (Brz + 1)zt 5'32] Ciz
i=1

3 %

3
Vied = Z z; Vi + 2172 E12 + 7123 €13 + 2973 Eo3
i=1
: B
Tred = 3 2i Tei+ 2423 Gz + 2573 C13 + 25723 Cas

i=1

Ad” = 2129 F 15 Ad™ + 2123 F13A0”™ + zox3Fo3Aa™

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(1)

(32)

(33)




BARIZKTT A Helmhol tzBLRAER 145

zoFoAa™ + z3Fi3Aa™ (Z = 1)
Z:ckAa,k = Q1 FioAa™ + z3Fos Aa™ (’L = 2) ‘ (34)

k=1 1 Fi3Aa™ + zoFos Aa™ (’L = 3)
aT/-1.'ed £ 54 3
Nign ) =Ver— > aiVej + (w2 — 2m133) b1z + (w3 — 271@3) €13 — 25223803 (35)
1 pet
avred 54 >
N N, ) = Vea — zijc,j + (z1 — 2z1%9) €19 — 2wy w3 €13 + (23 — 279m3) €03 (36)
Jj=1
av1:ed 3
N aN, ) = Ve ijVc,j —2z122 812 + (21 — 2m123) 13 + (z2 — 22223) €23 (37)
j=1
oT,
N ( c‘Hifeld) Z z; T, + [[7’12 wmz T2 — (P12 + 1)3?’?12182] Ci2
[/313 231 gy — (Brg + 1)z 9«"3} (13
— (Baz + 1)z 13 (o3 (38)

, 3
O0Tred 312
N (d—Nz) =Te2 — Z z;Te; + [ B2 _ (B + 1)z 932] 12

— (B3 + l)x* B z3 13

[ﬂzs o5 wg — (Bas + 1)05,";23333] Cas (39)
Tre
N (dd d) ng ¢ — ﬁ12 +1) ﬁul‘z C12
+ [#8%2 - (Bia + )afo 5] s
+ [33323 ~ (Bas + 1)2752’933] Cas (40)

4 ErEH
4.1 BBEOFIE
BEicBl) 2 BB e Z XA TERT 5.

1 N, exp

N, exp

Xca.l - Xexp

e %] = e
exp

x 100 (41)
i=1
CT T, Nep ZIRBLICHVWEIERT—ZDOETHY, Xop BLU Xea BENZTNIHEME X O
EHEB KUHBEMETSHS. ABIETE, KHEAEH Py BXUBAES Py OEFMEEHL, &
TR/NCIED KD &, Gy, By BERO Fy BRETB. KL, BI8TA—2D LT 2FS
PREL BED7S GEEEEORRITTIELER ¢, PREAREY), BEOILELE B2
HEE) TRIRL, RIA—ZTLOREBtE c DED R KBZETRVIRTFErAVS. X
1 iZEBEEO2ENEZIRNERT. &, BT —RICEELAERFRICE LY.
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ot

( START )

N

A 4
calculate &,

\ 2
optimize ¢

A

) 4
optimize &

\ 2
optimize B,

v
optimize F;

\ 4
calculate &, £ <&,

¢y & By F; have been optimized.

END

Fig. 1: Optimization process for (s, &;j, Bij and Fij

4.2 TEFEOHEH

5z SNIBE T 3 X UHRHHR ; b 5 RVaSRES Py ZRDZF5ERK 21, THXUKH
ARy, D SBRES Pp ZRD B FERR 3ICENTIURT.

R290 (F11/8Y) - R600a (£ VT &) F, R32-R290%R, R32-R600a R & G MILRE
-R290 RICH LT, LI model ZHW KW FEOHERRZR 4N S 7ITRT. BHICE, #¥
BoORER, BEbic V72 EiliEs KT REFPROP Ver. 7 [3] IKIRENTNWB/8T A—21{
ZEHETRLTHS. WTNOESMHU TS, &, Gy, by BLT F OFBELICK > THRE
BR&GBFHEZRIR TS LNTRETH 5.
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( START )
\ 4

specify (7, x;)

\ 4
guess (PB,yi)

\ 4

calculate #(T, Ps, x;)

V

calculate ?Y(T, Ps.y;)

N

A 4

=L
v i
yi —yix -V

i

y

F; and y; are correct.

Fig. 2: Flow diagram of an algorithm for the bubble point pressure calculation
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( START )
v
specify (T, y;)

N
guess (P,, x;)

A4
calculate / (T, Py, y,) |<

y

calculate 7i (T, By, x,) |<

\ 4
4
X' = X; X ——
R
X'=x,? No. X; < X;'
Yes.
Zx,=1? No. ‘ PD"“PD/ZXi
Yes.

P, and x; are correct.

v
END

Fig. 3: Flow diagram of an algorithm for thc dew point pressurce calculation
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500 1 k] L] 1] T T L] LS
R290-R600a
270K
400}
——— this work
T —-—- REFPROP
%_‘ ------ no optimization
g 300 .
=
@
o
s
200 T
1 1 1 1 I L 1 1 1
% 0.5 1
mole fraction of R290
1000 ——r—T T
900 R290-R600a pe
300 K par
800} A A
o B /
Q. . .
= 700 / -
& - P
2 600 /
S . P
500} 1
-’,-" > this work
400}~ —-—- REFPROP :
------- no optimization
3000 0.5 1
mole fraction of R290
Equations of state for pure fluids
R290 Miyamoto and Watanabe [4]
R600a Miyamoto and Watanabe [5]
VLE measurements for optimization in this work
Authors No. points Range [K]
Kayukawa et al. [6] 40 260-320
Optimized parameters
Gij &ij Fy; Bij g [%]
This work  7.36328 5.85937x10™" 1.91992x10~% 1.22336 0.8466
REFPROP 4.77491 0 3.78110x1072 1 1.0088

Fig. 4: VLE corrclation of propanc (R290) - isobutanc (R600a) mixture
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1600 I L} T T L] T 1 T 1 T
| R32-R290 i
283.15 K
1400}
™
& 1200
o B
=1
2 1000}
ol
800
P this work
PPt —-—- REFPROP A
ge=2*"" emeee- no optimization
6000 0.5 1
mole fraction of R32
3250 L) L) L) T L] L) ¥ 1 T
R32-R290
3000F  303.15 K - T
2750

2500

pressure, [kPa]
S N
Q [4,]
o (=]
T T T

e
~
(4]
o
T

.' o,
1500 ' = no optimization +
1250 o 1

0.5
mole fraction of R32

Equations of state for pure fluids

R32 Tillner-Roth and Yokozeki [7]
R290 Miyamoto and Watanabe [4]
VLE measurements for optimization in this work
Authors No. points Range [K]
Higashi [8] 20 273.15 - 313.15
Optimized parameters

Gij &ij Fij Bij e [%]
This work —99.06250 —3.04688 x 10~° —0.286396 1.08234 0.8721
REFPROP -103.0 0 0 1 1.7760

Fig. 5: VLE corrclation of R32 - propanc (R290) mixturc
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600 T
R32-R600a
260 K — B
500' . - Il /,’.'c
I/ 1 ’II lII
—_ / () 4 - ;
[ / / ’,’ F
= 400f Py
g / ;
= ' 1, 41
/ e / ;
% 300 | P P
o " . 9,
: p J
] S
200! ]
) o e —— this work
- —-- REFPROP
100' /'/__---""-— \ --=- no.optimized
0 0.5 1
mole fraction of R32
1100 .
Tl
900 -
. 800
S
x, 700
o
g 600
© 500
[=}

400
300

—  this work

200 —-- REFPROP -
- ===~ no optimized
10QO 0.5 1

mole fraction of R32

Equations of state for pure fluids

R32 Tillner-Roth and Yokozeki [7]

R600a Miyamoto and Watanabe [5]

VLE measurements for optimization in this work

Authors No. points Range [K]
Higashi [9] 35 260 - 321.8
Optimized parameters

Gij &ij Fi; Bi; e [%]

This work  —109.0820 —1.21875 x 10~> —0.168711 1.09477 3.4905
REFPROP -110.12 . O 0 1 5.9955

Fig. 6: VLE corrclation of R32 - isobutanc (R600a) mixturc
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40
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ot

35} 277.6 K

30

25

20

pressure, [bar]

15

10

CO, -R290

" —— this work
— - - REFPROP
- ==~ no optimized

0.5 1
mole fraction of CO,

80

70F 310.9K

60

50

40

T

pressure, [bar]

30

20

CO, -R290

— this work
—-- REFPROP 1
- --- no optimized

10

Equations of state for pure fluids

0.5 1
mole fraction of CO,

COz
R290

Span and Wagner [10]
Miyamoto and Watanabe [4]

- VLE measurements for optimization in this work

Authors No. points Range [K]
Knapp et al. [11] , 107 2776 K
1 Only measurements at 277.6 K were used for the optimization.
Optimized parameters

Gij &ij Fij Bij e [%]
This work —61.81152 —1.67480 x 10— —9.23486 x 10~ 1.10199 1.4556
REFPROP —68.540 0 —0.44543 1.23520 1.8195

Fig. 7: VLE corrclation of carbon dioxide - propanc (R290) mixturc
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Eijr Gij» Pij BT F; ORBRICIBOTE, BT A —XICHT 5 « OB/MEEREVIRT. BHL
DINT A=K HR/MER 1 BRI y = f(o) OR/MERRHETH D, FIHHEDN S HFEL
THNBEBOEEY f'(z) B0 L RDZEZHRT B LICKRD. L, [f/(z) DEFTANCRESKX
WA, BWULLRIE Az BT B ED, BIXE,

7@ =

flz+ Az/2)

— f(z — Az/2)

ZHWVS.

START

guess x

\ 4

specify x,,,>0

fo— 1,

X, < X,

Fig. 8: Flow diagram to find z; and z satisfying thc condition of Eq. (43)

A 4

X, < X
2
f = f(x,)
*——4 Xoep ——Xetop
X *—-X+X
Y
f <—f(xz)

<>

output (x,, x,)

\ 2
END

(42)
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&ijs Gijs Bi; BEU Fy OOWTHRZEREEBFAKBONTE, ¢ DBR/MEBAFETRARDOEL
HRDTREL, —i&H7% Nowton-Raphson £ TRIEEZE(ERZSS C LN TERV. AHE
iCHNTRE,

f'(@1) f(m2) <0 : (43)

iDL BEU 2, ZRHL, KM (21,72) KBIFB20EICE>T fl(z)=0L%Bz %
Rb7z. WLz OFIEHEN SHFEL, & (43) OGRS o1 BRT 2 ZHTHEZK 81T
RUTE.
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