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Helmholtz-Type Equations of State for Hydrocarbon
Refrigerant Mixtures of Propane/n-Butane,
Propane /Isobutane, n-Butane /Isobutane,

and Propane/n-Butane /Isobutane

H. Miyamoto"? and K. Watanabe!

Received July 5, 2002

Highly accurate thermodynamic property models for binary and ternary hydro-
carbon mixtures containing propane, n-butane, and isobutane have been devel-
oped. In the present model, reliable equations of state explicit in Helmholtz free
energy for these three hydrocarbons that have already been developed by the
present authors have been adapted. The excess term used to represent the con-
tribution of mixing was optimized for each binary mixture by using the available
experimental thermodynamic property data including PpTx, isochoric heat
capacity, and saturation properties (bubble-point pressures, mole fractions in
the vapor phase, and saturated vapor- and liquid-densities) as input data.
A generalized correction for the three binary mixtures, besides the ideal mixing,
consists of only four terms in its functional form, the structure of which was
determined by simultaneous optimization to the input data for the three binary
mixtures by employing a stepwise regression analysis. The “bank of terms,” that
is a matrix of candidate terms applied for the regression, was carefully prepared
through detailed observation of the nonideal mixing representation of the
experimental data of the three binary mixtures. No additional adjustable
parameters were used in the present model for the ternary propane/n-butane/
isobutane mixture. Based on comparisons with the available experimental data
and values from the developed equations of state, the present models for the
three binary and the ternary hydrocarbon mixtures accurately represent most of
the reliable experimental data. In addition, the graphical tests of the derived
thermodynamic properties show that the models, including that for the ternary
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mixture, provide a physically sound representation of all the thermodynamic
properties over the entire fluid phase.

KEY WORDS: equation of state; Helmholtz free energy; hydrocarbons; mixture;
natural working fluid; refrigerant; thermodynamic properties.

1. INTRODUCTION

Among the alternative refrigerants proposed, hydrocarbons, including
propane, n-butane, isobutane, and their binary and ternary mixtures, are
considered promising candidates for refrigeration and/or heat-pump
systems due to their negligible impacts on global warming. These natural
working fluids are also considered as drop-in refrigerants because of their
excellent lubricant solubility in the existing equipment. For cycle perfor-
mance evaluation and optimum design of components contained in refrig-
eration and heat-pump systems, reliable thermodynamic property models
are required for the aforementioned substances. Recently, for hydrocarbon
mixtures, the accurate equations of state developed by Lemmon and
Jacobsen [1] have been widely used in various applications including
REFPROP (Ver. 6.01) [2]. Their models employ a 10-term universal func-
tion, which is valid for 22 different binary mixtures of hydrocarbons and
simple inorganics, and only one additional parameter pertinent to each
binary mixture is required aside from the functions for the pseudo-critical
temperature and density. The equations of state for propane, n-butane, and
isobutane used in the mixture models of Lemmon and Jacobsen were,
however, developed by Younglove and Ely [3] in the mid-1980s based
upon the IPTS-68 temperature scale. Recently, new and highly accurate
Helmbholtz-type equations of state for propane, n-butane, and isobutane
have been developed by the present authors [4-6] for the fluid phase
region including the vapor phase, liquid phase, supercritical, and saturation
regions. Additionally, for hydrocarbon mixtures, accurate experimental
thermodynamic property information such as PpTx properties, isochoric
heat capacities, and saturation properties have been published over the last
decade, especially for the liquid phase. It becomes feasible, therefore, to
describe the mixing contribution for mixtures of these typical hydrocarbons
accurately. This is essential not only for the development of accurate equa-
tion of state for each mixture but also as an effective baseline for further
improvement in modeling other mixtures, such as hydrocarbon mixtures
with hydrofluorocarbon (HFC) refrigerants.

Taking such background into account, we aimed to formulate accurate
Helmholtz-type equations of state for the fluid phase of binary and ternary
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hydrocarbon mixtures containing propane, r-butane, and isobutane by
applying the necessary and sufficient number of terms as accurately as the
representation of the Lemmon and Jacobsen models, but on the basis of
the ITS-90. For our model, the available experimental data for these mix-
tures were collected. Through our detailed evaluation of the experimental
data and calculated values from ideal mixing (which is introduced only by
the equations of state for the pure fluids), a generalized correction consist-
ing of only four terms in its functional form for the three binary mixtures
was developed to represent the contribution of mixing as accurately as
possible. No additional adjustable parameters were needed in the present
model for the ternary propane/n-butane/isobutane mixture. The present
study confirmed the physically sound behavior of the derived thermody-
namic properties from the present models for the three binary and the
ternary mixtures over the entire fluid-phase region.

2. AVAILABLE EXPERIMENTAL DATA FOR MIXTURES

We compiled about 2800 experimental thermodynamic property data
for these hydrocarbon mixtures. A summary of the data in the single-phase
region, such as PpTx and isochoric heat capacity, C;,,, measurements for
the three binary mixtures, is given in Table I, while the data in the satura-
tion region, such as bubble-point pressures, P,,, mole fractions in the
vapor phase, y, saturated liquid densities, p’, and saturated vapor densities, p”,
are listed in Table II. The two sets of available experimental PpTx and Py,
data for the ternary mixture are also listed in Table III. For our modeling
process, the temperature values of all experimental data were converted to
ITS-90. The distribution of the PpT'x property data on a pressure-temperature
plane for each binary mixture is shown in Figs. 1-3, while the experimental
C, data for propane/isobutane are plotted on a pressure-temperature
plane as shown in Fig. 4. It is clear from these four figures that single-
phase experimental data exist only in the liquid phase, except for a set by
Holcomb and Outcalt [14] for the propane/isobutane binary mixture. It
seems important to carry out new reliable measurements in the vapor phase
for more detailed and quantitative testing of the present models.

Considering the claimed accuracy of each set of measurements and the
continuity of available sets of data in the single-phase region summarized
in Table I, we selected three sets of PpTx property data by Kahre [7],
Parrish [11], and Magee [13] for propane/n-butane, two sets by Kahre
[7] and Duarte-Garza and Magee [15] for propane/isobutane, and a set
by Kahre [7] for n-butane/isobutane, as input data sets for the present
models. For propane/n-butane, as shown in Fig. 1, the data by Parrish
[11] are widely distributed, and the accuracy of these data is comparatively



‘eyep yndur se pasn eye(] ,

Miyamoto and Watanabe

00T  8TE~68C s 69665888 ) 1L°0-0C°0 vu 6L-0C 91 xgdd  [L] b |
(g)sueinqost/(1)aueing-u

0  SPE€0T §10 6S0€1-80v6  %S0°0 €e€€  T000  OL°0E  SEI o [s1]  sezrep-aureng
0 00¥00T 00 960€T-L89L %S00 SETT w00 oL0c  Tve  xIdd  [S1]  ,ezzeD-aueng
®U G6E0ST ey 78971-8¢C ey L'eT0 °u 0010 601  xIdd  [p1] QuI0o[O]
001 87T 8T (40} PIIET€96C1 %10 1010 e s616 ¥ x1dd  [6] uosdwoy [,
001  8TE68C T T6TTT-€L68 e LT€0 e 81 61 xrdd  [L] »PIUE

(g)sueingost/(1)suedoxd

0¢ 00¥+¥C S0°0 18021106 L0 69T $00°0 19 901 xrdd  [¢1] »8EN
0 YLE-6EE - WO.Swr gy 09868508 S L8l €0 19 € xrdd  [z1] quod[oH
001  €£€€8C 0 92911-67C6 €l L'6€0 200 SL0T €1 xrdd  [11] SUSLIIE]
001 68C 4] 8EETT €0 80 Bu 68 I x1dd  [or1] ong
001  8TT8CC 4] 8TIE1-666C1 %1°0 7010 U S606 ¥ x1dd  [6] uosdwoy,
e 11 eu €IT11-6666 e yI-+'¢ Bu 9L-ST ! xrdd  [8] BISO0Y
00T  8TE€68C e €8C11-06£6 eu 9'1-€0 U ¥8-1 0T xrdd  [L] ,RIYEY

(g)aueing-u/(1)suedoxd

(0 LRG0} (%) (¢ Tour) (ed) EdN)  (%low)  (%row)  eep Ledoid Y Ioyine 1811y
I9 aSuey do aguey d9 J8uey Ixg oSuey  Jo ‘ON

z d d x

1010

uo13oy 9seyJ-o[SuIS 93 Ul SOINIXIJA U0qIeo0IpAH Areurq 10J vle(q A110doid orwreuApownioy ], [ejuswddxy JO seoInos I dqel



1011

Equations of State for Hydrocarbon Refrigerant Mixtures

0 PIy69C _wo.Jwg| LT - - €0 7681 09 W [zr1] quIOO[OH
00S  6IF9bE . wo-SW[0  €TIY189 - - S0 €651 99 W 611 Key
'U 61 0bE eu 0€SY—72T9 - - U €651 L8 u [L1] Ioqreq
11 11yte € LTTEH09 - - S'1 S80C  SI W [91]  xopuemasiN
0 PIv-L€C wWO-SWQT  [0961-CTHSS - - €0 €8-GI 69 Ky [zr1] quIOO[OH
0 0ST-011 91°0 P89P1-SE6ET - - 9100 1965 8 Ny [vz] ®ZIH
00S  8IF€bE -wo-Sw] 0816-999% - - S0 €651 €9 J 611 Key|
'U 6T bE e Tr16-€00¥ - - vu €6-S1 €8 4 [L1] Joqreq
11 I1¥-11€ € #8901-88¢ - - S'1 S80C  0¢ 4 [91]  1opuemasAN
0S PIv-LET - - S 6€ 10 €0 7681 69 4 [zr1] quIOO[OH
01 087—09¢ - - I 9'0-1°0 4 0010 0¢ 4 [¢z] JNre
01 €9€-€0¢ - - I Y €0 S'1 961 6C 4 [1z] Jouelog
B €LT€ST - - LA $°0-500 vu 0010 ¥ 4 [oz] eydryg
00S  SThTeg - - ¥1 €91 S0 0010 8C1 4 611 Key|
001 6VT—LET - - S 7000 vu 0010 S€ 4 [81] eI
'U GIPOpE - - eu Er V1 B €651 L8 4 [L1] 1qreq
1 11ybe - - U I'v11 S'1 $8-0C 91 4 [91]  1opuemasiN
0S PIv-LET - - S 6€ 10 €0 €861 69 g [z1] quIOO[OH
01 087—09C - - I 9°0-1°0 0C 0010 0¢ g [¢z] yrep)
0T €TEELT - - 4 ¥'1-C0 LAY 080T LT T [zz] TysTurue sy
01 £9¢—€0€ - - I Tl ST 169 6C d [1z] Jouerdg
°vU €LTEST - - eu $0-500 e 001-0 ¥T " [oz] 2 Clay
00S  SThTee - - ¥1 €v91 S0 0010 6C1 d 611 Ky
00T 6VT—LET - - S 7000 e 0010 S¢ T [81] eleny
'U Gl bhE - - LA €v91 LA €6-S1 €8 g [L1] Jaqreq
111 I-11€ - - e'u TF95°0 ST $8—0C 43 d [91]  1opuemasiN
(g)sueing-u/(1)suedoid

(o) oD % (cw.our)  (edy) (edIN) (%row)  (%owr)  ejEp fyedorg 3y Toyne Isig

I9 oSuey do oSuey d¢ a3uey Ixg oSuey Jo 'oN
z d x

oISy uoneINIeS 9y} Ul SOINJXIJA U0qIed0IpAH Areurq 1oj eye( A1edoid orureudpourioy ], fejuowniiodxy Jo saoImos  “IT dqel



Miyamoto and Watanabe

1012

0¢ 0ovI-$21 91°0 Y69C1-StCl - - 9100 (39 ¥ J [vc] ®ZIH
U €LELYE - - eu 0701 eu Y6—¢ 8¢ 4 [1€] BUWBAOYO X
00T PLEPEE - - S 0TL0 e 0010 €€ 4 [81] eyeny
A ST€LT - - A 7010 A 68— ¥C 4 Log] eleIHq
e LOVt¥E - - eu €60 eu SL—ST SI 4 L6zl Aqouuno)
I rE-8LT - - $1°0 0100 100 SL—ST 0¢ g [zel ZIIQ-ZOuIE N
BU €LE-LYE - - eu 0701 eu S6+¥ 8¢ T [1€] BUIRAONO X
001 PLEPEE - - S 0T-L0 e 0010 €€ T [81] eyeny
i ST'ELT - - BU 7010 A 16-L ¥ g Log] eIy
U LOVt¥E - - eu €60 eu SL—ST Sl T L6zl Arounop

(g)sueinqost/(1)aueing-u
0¢ 0€1-50T1 91'0 80€Y1—E8ET - - 9100 0S—6% 8 J [vc] ®ZIH
vU 11€-99¢ A LITT1-9566 - - A (39 € 7 [8z] DsjesoT
U S6£0SC - - eu L'€900 eu 001-0 ¥S 4 [+1] quoo[oy
01 €1€-€8C - - S I'T—€0 ¥0 68-6C 81 4 [Lz] Tyse3rH
B €LT€ST - - eu S'0-L00 A 0010 ¥ 4 Loz] eyduyg
' (1143 - - ''u YTrl eu 666 v1 4 [oz] BJRIH
001 6bT—LET - - S 70400 e 0010 LE 4 [81] eyeny
vU $6€-L9C - - eu TP 10 A 0010 98 4 [sz] unydiy
U S6£0SC - - eu L'€900 eu 001-0 SS i [+1] quoo[oH
01 €1€€8C - - S I'T-€0 ¥'0 08—LI 81 T [Lz] yseSTHy
0T €TEELT - - 4 S 1120 A 08-L1 €T g [zz] TysTurue sy
U €LT€ST - - eu S0-L00 eu 001-0 ¥C T Lozl eydinyg
Bu (1143 - - e'u YTl e 66— ¥1 T [oz] eI
001 6VT-LET - - S 70400 A 0010 LE g [sr1] eleIHq
' $6€-L9T - - ''u Ty 10 e 0010 98 d [sz] unydry

(g)aueingost/(1)ouedord
1) D % (¢ jour) (ed™) (edIN) (low)  (%plow)  eep Lredoig  Joy Toyne Js1q
Lo o3uey do d3uey d¢ d3uey Ixg 93uey Jo ON

I d d T
(ponunuop) 11 dqeL



1013

Equations of State for Hydrocarbon Refrigerant Mixtures

6C¢
0¢ €CEELT - - [4 9'1-C0 eu 09-¢ ¥ q [cz] gstuTre >
¥6 ‘ST
S1°9C
001 8CC—8CC (4 98YCI—S8611 €0 010 BU 144 [4 x1dd [or] ong
1L ‘6
(g)oueingost/(g)oueing-u /(] )suedord

(u) oD % (;—w - Jour) (g  (edN) (%row)  (yow) X EyEp fyedorg Y IoyIne ISIg
Lo d8uey do d8uey d¢ J3uey xQ (9p10I) “X Jo 'ON
(%1ou) 'x
z d d ofuey
X

IMIXT]N dueinqos] /sueing-u /surdold AreuId], oy} 10J vl A110doi1d oreuApownIay I, [ejuswrrodxy Jo sa0mos  “III d[qBL



1014 Miyamoto and Watanabe

100
10 |
<
A~
=
L
1 -
0.1
200 250 300 350 400

T,K

Fig. 1. Distribution of experimental PpTx property data for the binary propane/n-butane
mixture. (®) Kahre [7], (X) Acosta and Swift [8]; (+*) Thompson and Miller [9]; (<) Luo
and Miller [10]; (A) Parrish [11], () Holcomb et al. [12], (®) Magee [13]; (-) Vapor
pressure curve for propane, (---) Vapor pressure curve for n-butane.
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Fig. 2. Distribution of experimental PpTx property data for the binary propane/isobutane
mixture. (@) Kahre [7]; (x) Thompson and Miller [9]; (O0) Holcomb and Outcalt [14];
(®) Duarte-Garza and Magee [15]; (-) Vapor pressure curve for propane; (---) Vapor pres-
sure curve for isobutane.
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Fig. 3. Distribution of experimental PpTx property data for the binary n-butane/isobutane
mixture. (@) Kahre [7]; (-) Vapor pressure curve for n-butane; (---) Vapor pressure curve for
isobutane.

good. The PpTx property measurements by Magee [ 13] using an isochoric
method agree with the data by Parrish [11]. For propane/isobutane, as
shown in Fig. 2, the data by Duarte-Garza and Magee [15] exist over a
wide range of temperatures down to 200 K and pressures up to 35 MPa at
two different compositions of 70/30 mol% and 30/70 mol%. They also
reported 135 data points of C,, measurements [15] at the same composi-
tions by using the same single-cell type adiabatic isochoric calorimeter, as
summarized in Table I and shown in Fig. 4. It should be noted that the C;,
data of Duarte-Garza and Magee are key information for determining the
structure and combination of excess terms of the present Helmholtz-type
models for mixtures aside from the ideal mixing as mentioned below. For
n-butane /isobutane, as shown in Table I and Fig. 3, we face a difficult
situation for reliable modeling to cover the entire fluid-phase region, since
a single data set reported by Kahre [7] covers a very limited range of
temperatures, pressures, and compositions in the single-phase region.

The saturation property measurements for the three binary mixtures
exist over a wide range of temperatures and compositions as summarized in
Table II. For propane/n-butane, the experimental bubble-point pressures
by Kay [19] are in good agreement, mostly within +1.0% in pressure
at temperatures from 332 to 425K, with the calculated values from the
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Fig. 4. Distribution of experimental C, data for the binary propane/isobutane mixture.
(O) Duarte-Garza and Magee [15]; (-) Vapor pressure curve for propane; (---) Vapor
pressure curve for isobutane.

ideal mixing applied to the Helmholtz-type models for propane [4] and
n-butane [5], except several data points that exhibit more scattered devia-
tions with each other. The bubble-point pressure data for propane/
n-butane by Hirata et al. [18], Beranek and Wichterle [21], Clark and
Stead [23], and the data by Holcomb et al. [12] at temperatures above
290 K also show comparatively similar behavior to each other. Five of the
sets of experimental P, , data mentioned above coincide mostly within
+5.0% in relative pressure deviations. The exact temperature dependence
of bubble-point pressures for propane/n-butane, however, are not as well
described by ideal mixing and show larger scattered deviations. Under such
circumstances, we concluded that the representation regarding the bubble-
point pressures for propane/m-butane by ideal mixing was satisfactory
enough and should be maintained throughout the present modeling.
Similar requirements are also found in the present observations with
respect to the available experimental mole fraction data in the vapor phase,
saturated vapor- and liquid-densities, and for other binary mixtures con-
taining propane/isobutane and n-butane/isobutane, as summarized in
Table II.

For the ternary propane/n-butane/isobutane mixture, as listed in
Table III, the available experimental data are far more limited than those



Equations of State for Hydrocarbon Refrigerant Mixtures 1017

for the three binary mixtures. Only two points of experimental PpTx
property data by Luo and Miller [10] exist in the liquid phase near 228 K
and 0.1 MPa.

3. EQUATIONS OF STATE FOR MIXTURES

In general, the Helmholtz-type equation of state for mixtures is
described as the sum of contributions from the ideal gas, the real gas, and
the excess from mixing. The contributions from the ideal and real gas can
be viewed as ideal mixing, and the latter excess part can be used to accura-
tely represent the available experimental data for each binary/ternary
mixture. Experimental information for the hydrocarbon mixtures is,
however, limited as mentioned above. Hence, in the present study, we
developed generalized functional forms for the excess part for hydrocarbon
mixtures of interest here, by using the necessary but minimum number of
terms.

The dimensionless Helmholtz free energy, ¢, models for the three
binary and the ternary hydrocarbon mixtures of present interest are given

by Eq. (1),

— fm — pure pure T .
¢mix - m—v - ¢?nix(fi ’ 51‘ ’ xi)+¢mix(r’ 5’ xi) (l - 1’ 2’ 3) (1)

In the present models, f,, is the molar Helmholtz free energy and
R, =8.314472 J-mol ~'-K 7! [33] is the universal gas constant. The ideal-
gas part of the mixture model is given by a combination of the ideal-gas
parts of the equations of state for pure components as follows:

N N
mix (T7, 07, %) = 3 x4 (27, 07") + 3, x; Inx;, @
i=1

i=1

where N denotes the number of components and x; is the mole fraction of
component i. The second sum in Eq. (2) describes the entropy increase of
the ideal-gas mixture, and the dimensionless variables, 77" =T%7 /T and
oM = p/p¥%, used to evaluate the ideal-gas function for the pure com-
ponents are different from each other due to the reducing parameters, T'¢"°
and p?'7, given in the equations of state for the pure fluids.

The residual real-fluid contribution of the dimensionless Helmholtz

free-energy of a mixture is expressed by Eq. (3).

N

Pmin(T, 6, X,) = Y, x,4(7, O) + Z Z x;x; 493z, 0) (€©)

i=1 i=1j=i+1
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The dimensionless variables are 7 =T .;, /T and 6 = p/pc mix, While
the pseudo-critical temperature T ,;, and density pc ., are defined as
follows:

T mix = Z Z X; X Tc ij 4

i=1j=1
N N
1/ P, mix = Ve, mix = Z Z XiX;Uc, ij &)

The cross-terms in the sums of Eqs. (4) and (5) are defined as

TC1+TC]k

TCt]t;é] T T, ij (6)
Uc;+0
U ijitj = %kv ij (7)

where kr ; and ky ;; are the interaction parameters in the cross terms for
temperature and molar volume, respectively.

The second sum of Eq. (3) consists of excess terms for the binary mix-
tures in addition to the ideal mixing of the residual part. The structure of
A¢;;(t, ) is determined by employing Wagner’s stepwise regression analy-
sis [34]. For this procedure, the aforementioned “bank of terms” has been
prepared with a total of 30 terms through our detailed evaluation regarding
the deviations between the available experimental data and the calculated
thermodynamic property values from ideal mixing. The dimensionless
values, that were introduced in terms of the thermodynamic relation with
experimental PpTx property data for the three binary mixtures, have
simultaneously been used as input data for the present regression proce-
dure. The generalized excess term for the three binary mixtures was then
determined as follows:

4¢5,(t, 0) = a,0>+a,16* + a;6? exp( — 8) + a,76° exp(— ) 8)

For each binary mixture, the values of the coefficients a; of Eq. (8) and
the interaction parameters, k; ;; and ky ;, of Eqgs. (6) and (7) were adjusted
to the experimental data by using a nonlinear fitting process [35]. The
coefficients for each binary mixture are listed in Table IV. For the ternary
propane/n-butane /isobutane mixture, no additional adjustable parameters
were needed, and the residual part of the present model consists of equa-
tions of state for the three respective binary mixtures by Egs. (3) to (5). The
present equations of state for the binary and the ternary mixtures have
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Table IV. Numerical Constants in Egs. (6)—(8) for Binary Hydrocarbon Mixtures

propane/n-butane propane/isobutane n-butane/isobutane
ky i 0.9993065 1.000812 1.020212
ke i 1.007890 0.9963851 0.9817304
a, —3.777189 x 10 =3 —3.702259 x 10 2 —4.681355x 10 2
a, —7.349850 x 10 =* —1.051534x 10 2 —8.751766 x 10 ~*
a, 1.612372x 10 1.983604 x 10 = 9.443666 x 10~
a, 3.382925x 10 2 5.806764 x 10 2 4.414370x 10 2

been developed on the basis of ITS-90, and are valid over the entire fluid-
phase region except in the vicinity of the mixture critical points. The effec-
tive temperature, pressure, and density ranges of the present models
are: 228 K < T < 589 K, P < 69 MPa, and p < 19600 mol -m ~ for propane/
n-butane; 203K <T < 573K, P<35MPa, and p<13100mol-m~ for
propane /isobutane; 273 K < T < 573 K, P < 35 MPa, and p < 12800 mol-m
for n-butane /isobutane and propane/n-butane/isobutane, respectively.

4. COMPARISON WITH EXPERIMENTAL DATA

Figures 5 and 6 show the density deviations of experimental PpTx
property measurements in different temperature ranges from the present
model for propane/n-butane and propane/isobutane, respectively. In the
present paper, however, we only discuss the representation for propane/
isobutane mixture, for which the most recent experimental PpTx property
data are available. In the wide range of temperatures from 200 to 400 K,
the reliable measurements by Duarte-Garza and Magee [15] are satisfac-
torily represented within +0.09% in density. These deviations are outside
the reported uncertainty in density, 0.05%; however, the statistical results
including the absolute average deviation “AAD,” the bias “BIAS,” the
standard deviation “SDV,” and the root-mean-square deviation “RMS”
with respect to the data set of Duarte-Garza and Magee are less than
0.03%. In the liquid phase near the saturation boundary, the PpTx prop-
erty data by Kahre [7] agree with Eq. (1) within +0.27% in density. The
maximum deviation of the data by Holcomb and Outcalt [14] is off-scaled
from Fig. 6, however, the liquid-phase experimental data included in this
set of measurements agree with the present model within +1.7% in density.
At lower pressures below 0.2 MPa, the data of Thompson and Miller [9],
which were not used as input data, are represented within +0.14% in
density as shown in Fig. 6. The satisfactory representations of the present
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Fig. 5. Density deviations of PpTx property data for the binary propane/n-butane mix-
ture from the present model. (®) Kahre [7]; (xX) Acosta and Swift [8], (¥) Thompson
and Miller [9]; (<) Luo and Miller [10]; (A) Parrish [11]; (O) Holcomb et al. [12];
(®) Magee [13].
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Outcalt [14], (®) Duarte-Garza and Magee [15].
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models regarding PpT x property data for propane/n-butane and n-butane/
isobutane are also confirmed in the present study, as summarized in
Section 6.

Figure 7 illustrates the relative deviations of experimental C,, data for
propane/isobutane from Eq. (1). Only a single set of C,, measurements by
Duarte-Garza and Magee [15] is available for the hydrocarbon mixtures
studied in this work, and is well represented within +1.17% for tempera-
tures from 203 to 345 K, as shown in Fig. 7. The representation regarding
the C;, data of Duarte-Garza and Magee is almost the same as for the ideal
mixing, and the AAD, BIAS, SDV, and RMS are less than the reported
uncertainty of Cy,, 0.7%.
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Fig. 7. Relative deviations of isochoric heat capacity data for the binary propane/isobutane
mixture from the present model (Note that the horizontal axis of each graph denotes temper-
ature, density, and mole fraction for propane). (O) Duarte-Garza and Magee [15].
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Regarding the saturation properties, somewhat larger deviations for
each data set are found, especially for the bubble-point pressures. For
example, Fig. 8 shows the relative pressure deviations of experimental Py,
data for propane/isobutane. The experimental data by Hipkin [25] are
represented within +3.3% in pressure except for a single datum at 394 K,
whereas the data by Hirata et al. [ 18], Hirata et al. [26], and Higashi et al.
[27] agree with the present model within +4.3%, +2.5%, and +6.7%,
respectively. It should be noted, however, that such representation by
Eq. (1) is almost the same as those for the ideal mixing. Similar situations
are also observed for propane/m-butane and n-butane/isobutane. It is
reasonable, therefore, to conclude that the present model succeeded in
representing the available experimental data in the saturation region,
although considerable scatter existed among them.

For the ternary propane/n-butane/isobutane mixture, only a set of
experimental PpTx property data by Luo and Miller [10] is available in
the single-phase region. Although no additional adjustable parameters are
used in the model for the ternary mixture, the data of Luo and Miller are
satisfactorily represented by the present model within +0.05% in density.

10
5
0 § a‘: ! ,
-5
-10 : : : :
220 260 300 340 380 420

100 ( Pbub, exp ~ Pbub‘ cal) / Pbub‘ cal

x (Propane)

Fig. 8. Deviations of bubble point pressure data for the binary propane/isobutane mixture
from the present model. (x) Hipkin [25]; (<) Hirata et al. [18]; (O) Hirata et al. [26];
(O) Skripka et al. [20]; (x) Kaminishi et al. [22]; (A) Higashi et al. [27]; (®) Holcomb and
Outcalt [14].
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Through our detailed examinations mentioned above, we estimated
that the uncertainties of properties calculated by our models are: 0.2% in
densities, 1% in heat capacities, 2% in bubble-point pressures, 2% in satu-
rated vapor-densities, and 0.5% in saturated liquid-densities, except in the
critical region.

5. DERIVED PROPERTIES

As one of the most important tests for the accuracy of the thermody-
namic models, the behavior of the calculated derived thermodynamic
properties have been examined in the present study over an extended range
of temperatures and pressures. For example, Fig. 9 shows isobars of
the isobaric heat capacity, C,, from Eq. (1) for propane/isobutane [50/
50 mol%] at 1-6, 10, 20, and 50 MPa at temperatures extending up to
600 K in order to examine the extrapolation behavior of the present model.
The ideal-gas heat capacities and calculated values on the saturation
boundaries are also included in this figure. The calculated C, values along
different isobars behave very smoothly and they exhibit physically sound
behavior over the entire fluid phase. Similar thermodynamic consistencies
are also found for different compositions, in other derived properties such

7000
1: 1MPa
2: 2MPa
6000 3 3MPa
4: 4 MPa
— 5: 5MPa
A 5000 + 6 smpa
10: 10 MPa
— 50: 50 MPa
'vn 4000

W™ ideal gas

150 200 250 300 350 400 450 500 550 600
T,K

Fig. 9. Calculated isobaric heat capacity values along isobars of the binary propane/
isobutane [50/50 mol%] mixture from the present model.
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1
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Fig. 10. Calculated isobaric heat capacity values along isobars of the ternary propane/
n-butane/isobutane [33/33/34 mol%] mixture from the present model.

as isochoric heat capacities, speeds of sound, and the Joule-Thomson coef-
ficients, and in the present models for propane/n-butane and n-butane/
isobutane. Moreover, Fig. 10 shows isobars of C, values for propane/
n-butane/isobutane [33/33/34 mol%] for temperatures up to 600 K and
pressures up to 50 MPa calculated from the present model. The isobars of C,
are physically correct over the range of interest, although no additional adjust-
able parameters were introduced in the present model for the ternary mixture.

6. COMPARISON WITH EXISTING MODEL

In this section, we compare the present models for propane/n-butane,
propane/isobutane, n-butane/isobutane, and propane/n-butane/isobutane
with the aforementioned existing equations of state by Lemmon and
Jacobsen [1] so as to confirm their reliability. We used subroutines given
in the source program of REFPROP (Ver. 6.01) [2] for comparing the
Lemmon and Jacobsen model with experimental data. The accuracy of
each model for the three binary and the ternary mixtures was statistically
examined in terms of AAD, BIAS, SDV, RMS, and the maximum percentage
deviation “MAX%" with respect to each data set for the single-phase and
saturation regions as summarized in Tables V and VI, respectively.

The statistical values in Table V show that the present equations of
state reproduce the PpTx property data as well as the models by Lemmon
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and Jacobsen. For example, regarding the propane/n-butane mixture, the
AAD, BIAS, SDV, and RMS from the present model for the data by
Parrish [11] are within +0.07%, and the numerical differences among
these statistical results are less than +0.07% between the two models. The
differences of the statistical values for the data by Magee [13] from both
models are nearly zero, with the present model being slightly better. The
statistical comparisons of experimental C,, data for propane/isobutane
with both models are also presented in Table V. For the C;, data by Duarte-
Garza and Magee [15], the Lemmon and Jacobsen model shows slightly
smaller AAD, BIAS, and RMS, however, the SDV and MAX% from their
model are larger than those from the present model. It could be confirmed
therefore that the present models for the four hydrocarbon mixtures exhibit
an almost equivalent representation compared to the Lemmon and Jacobsen
models in the single-phase region.

The statistical results of comparison for the saturation property data
with both models are presented in Table VI. For propane/n-butane, similar
representations for the bubble-point pressure data and saturated vapor-
and liquid-densities by Holcomb et al. [12] are found for the present
model and the Lemmon and Jacobsen model. The bubble-point pressure
data for propane/isobutane by Higashi et al. [27] are better represented by
the Lemmon and Jacobsen model, however, the differences of the SDV
from both models are negligible. In general, the differences among the sta-
tistical values calculated from the present models and the Lemmon and
Jacobsen models for the three binary and the ternary mixtures are not very
significant in the saturation region, although larger scatter in the deviations
are observed from each set of data in the saturation region as described in
Section 2. From the aforementioned comparisons, it is reasonable to
conclude that the present models satisfactorily represent the available sets
of saturation property data for propane/n-butane, propane/isobutane,
n-butane/isobutane, and propane/n-butane/isobutane.

7. CONCLUSIONS

We developed Helmholtz-type equations of state for hydrocarbon
mixtures of propane/n-butane, propane/isobutane, n-butane/isobutane,
and propane/n-butane/isobutane. The present models were aimed at
developing the mixture models exclusively on the basis of the models
developed for each hydrocarbon of present interest [4-6]. The selected
experimental data for PpTx, isochoric heat capacity, and saturation prop-
erties were used as input data for optimizing the excess terms of the present
models. The excess function regarding the contribution from mixing con-
sists of only 4 terms in its functional form, which was the same form for
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the three binary mixtures. No additional adjustable parameters were used
in the present equation of state for the ternary propane/n-butane/
isobutane mixture. The ranges of validity of the present models in temper-
ature, pressure, and density are: 228 K < T <589 K, P <69 MPa, and p <
19600 mol-m ~* for propane/n-butane; 203K <T < 573K, P<35MPa,
and p < 13100 mol-m = for propane/isobutane; 273 K < T < 573K, P<
35MPa, and p < 12800 mol-m > for n-butane/isobutane and propane/
n-butane /isobutane.

Through our detailed examination of the present models, a satisfac-
tory representation regarding the available experimental thermodynamic
property data for these mixtures both in the single-phase and in the satu-
ration region was achieved in the present paper. The smooth behavior of
derived properties has also been confirmed in the range of validity of the
present models. The overall uncertainties of the present equations of state
are estimated to be about 0.2% in densities, 1% in heat capacities, 2% in
bubble point pressures, 2% in saturated vapor-densities, and 0.5% in
saturated liquid-densities, except in the critical region.

In addition, we have also discussed the reliability of the model by
Lemmon and Jacobsen in comparison with the present models. A statistical
analysis has been extensively applied to compare both models for each
binary and ternary mixture. The present models showed excellent thermo-
dynamic consistency in representing the thermodynamic properties with
almost similar results to the models by Lemmon and Jacobsen over the
aforementioned range of validity.

We emphasize again that the available thermodynamic property data
for binary and ternary mixtures of the present interest are scarce. It seems
important to carry out new reliable measurements, especially in the vapor
phase and in the saturation region, for more detailed and quantitative tests
of the models including the present ones.

ACKNOWLEDGMENT

The authors are grateful to Dr. E. W. Lemmon, NIST, Boulder,
Colorado, who kindly provided valuable information about the available
experimental data.

REFERENCES

1. E. W. Lemmon and R. T Jacobsen, Int. J. Thermophys. 20:825 (1999).

2. M. O. McLinden, S. A. Klein, E. W. Lemmon, and A. P. Peskin, NIST Thermodynamic
and Transport Properties of Refrigerants and Refrigerant Mixtures (REFPROP), Ver. 6.01
(U.S. Department of Commerce, Washington, D.C., 1998).



Equations of State for Hydrocarbon Refrigerant Mixtures 1031

© N ;AW

10.
11.
12.

13.
14.

15.
16.
17.

18.

19.
20.

21.
22.
23.
24.
25.
26.

27.

28.

29.
30.
31.
32.
33.
34.
35.

. B. A. Younglove and J. F. Ely, J. Phys. Chem. Ref. Data 16:577 (1987).

. H. Miyamoto and K. Watanabe, Int. J. Thermophys. 21:1045 (2000).

. H. Miyamoto and K. Watanabe, Int. J. Thermophys. 22:459 (2001).

H. Miyamoto and K. Watanabe, Int. J. Thermophys. 23:477 (2002).

L. C. Kahre, J. Chem. Eng. Data 18:267 (1973).

G. R. Acosta and G. W. Swift, Rev. Inst. Mex. Pet. 8:60 (1976).

. R. T. Thompson, Jr. and R. C. Miller, Adv. Cryog. Eng. 25:698 (1980).

C. C. Luo and R. C. Miller, Cryogenics 21:85 (1981).

W. R. Parrish, Fluid Phase Equilib. 25:65-90 (1986).

C. D. Holcomb, J. W. Magee, and W. M. Haynes, Density Measurements on Natural Gas
Liquids, Research Report RR-147 (Gas Processors Association, Tulsa, Oklahoma, 1995).

J. W. Magee, PpTx property data reported in Ref. 12.

C. D. Holcomb and S. L. Outcalt, Proc. of the 15th Symposium on Energy and Engineering
Sciences (Argonne, Illinois, 1997), pp. 23-30.

H. A. Duarte-Garza and J. W. Magee, J. Chem. Eng. Data 44:1048 (1999).

C. N. Nysewander, B. H. Sage, and W. N. Lacey, Ind. Eng. Chem. 32:118 (1940).

J. R. Barber, Phase Relationships of Binary Hydrocarbon Systems Propane-n-Butane,
Masters Thesis (Ohio State University, Columbus, Ohio, 1964).

M. Hirata, S. Suda, T. Hakuta, and K. Nagahama, Mem. Fac. Technol., Tokyo Metrop.
Univ. (Tokyo) 19:103 (1969).

W. B. Kay, J. Chem. Eng. Data 15:46 (1970).

V. G. Skripka, I. E. Nikitina, L. A. Zhdanovich, A. G. Sirotin, and O. A. Benyaminovich,
Gazov. Promst. 15:35 (1970).

P. Beranek and I. Wichterle, Fluid Phase Equilib. 6:279 (1981).

G. Kaminishi, C. Yokoyama, and S. Takahashi, Sekiyu Gakkaishi 28:77 (1985).

Q. Clark and K. Stead, J. Chem. Thermodyn. 20:413 (1988).

M. J. Hiza, W. M. Haynes, and W. R. Parrish, J. Chem. Thermodyn. 9:873 (1977).

H. Hipkin, AIChE J. 12:484 (1966).

M. Hirata, S. Suda, R. Miyashita, and T. Hoshino, Mem. Fac. Technol., Tokyo Metrop.
Univ. (Tokyo) 20:1811 (1970).

Y. Higashi, M. Funakura, and Y. Yoshida, Proc. International Conference: “CFCs, The
Day After, Joint Meeting of IIR Commissions Bl, B2, El, and E2,” September 21-23, IIR,
(Padova, Italy, 1994), pp. 493-500.

T. W. Legatski, W. R. Nelson, M. R. Dean, and L. R. Fruit, Ind. Eng. Chem. 34:1240
(1942).

J. F. Connolly, J. Phys. Chem. 66:1082 (1962).

M. Hirata and S. Suda, Bull. Jap. Petrol. Inst. 10:20 (1968).

K. Yokoyama and S. Ohe, Ishikawajima Harima Giho 11:51 (1971) [in Japanese].

J. A. Martinez-Ortiz and D. B. Manley, J. Chem. Eng. Data 23:165 (1978).

P. J. Mohr and B. N. Taylor, J. Phys. Chem. Ref. Data 28:1713 (1999).

W. Wagner, Fortschr.-Ber. VDI-Z. 3, No. 39 (VDI, Disseldorf, Germany, 1974).

J. E. Dennis, D. M. Gay, and R. E. Welsch, 4n Adaptive Nonlinear Least-Squares Algo-
rithm, Tech. Summary Report 2010 (Math. Res. Center, Madison, Wisconsin, 1979).



	INTRODUCTION
	AVAILABLE EXPERIMENTAL DATA FOR MIXTURES
	EQUATIONS OF STATE FOR MIXTURES
	COMPARISON WITH EXPERIMENTAL DATA
	DERIVED PROPERTIES
	COMPARISON WITH EXISTING MODEL
	CONCLUSIONS
	ACKNOWLEDGMENT

