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The isothermal VLE for the {n-butane (R600) + 1,1,1,3,3-pentafluoropropane (R245fa)} system was
measured at five temperatures from (303.150 to 373.150) K based on the static-analytical method. The
experimental values were correlated by the Peng–Robison equation of state with the Huron–Vidal mixing
rule involving the non-random two-liquid (NRTL) activity coefficient model. The results show that the
experimental values are in good agreement with the calculated value. The maximum average absolute
relative deviation of pressure and vapour phase mole fraction are 0.35%, 0.0047, respectively.
Obviously azeotropic behaviour can be observed for the binary system.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Organic compound mixtures have been widely used as working
fluids for power generation cycles, refrigeration and heat pumps
[1–3]. Hydrocarbons (HCs), hydrofluorocarbons (HFCs) and their
mixtures have good thermophysical properties and environmental
friendliness (zero ODP and low GWP), so they have been used in
organic Rankine cycle and refrigeration systems [4–6]. To analyse
the performance of these systems, knowledge of the (vapour + liquid)
equilibrium (VLE) of these mixtures is necessary.

A significant quantity of VLE values for (HC + HFC) system at
temperatures below 323.15 K are available [7–11]. Some works
[12,13] on the VLE at temperatures above 353.15 K were published.
The VLE for the {1,1-difluoroethane (R152a) + R600)} system was
measured by Jihoon et al. [12] at temperatures from 313.15 K to
363.15 K. Elise et al. [13] obtained isothermal VLE data for the
{R245fa + isopentane (R601a)} and {R365mfc + R601a} systems
with temperature from 363 K to 413 K and pressure from 0.4 to
2.9 MPa.

In present work, the VLE for the {n-butane (R600) +
1,1,1,3,3-pentafluoropropane (R245fa)} system at T = (303.150 to
373.150) K was measured using a static–analytic method. Then
the results were correlated using the Peng–Robinson EoS [14] with
the Huron–Vidal (HV) mixing rule [15] involving the non-random
two-liquid (NRTL) activity coefficient model [16].
2. Experimental

2.1. Materials

R600 was provided by Beijing AP BAIF Gases Industry Co. Ltd
with a declared mole fraction purity of 0.998. R245fa was supplied
by Zhejiang Lantian Environmental and Chemical Engineering Co.
Ltd with a declared mole fraction purity of 0.990. Both materials
were used without any further purification. table 1 gives the
purity, critical temperature, critical pressure, and acentric factor
for R600 and R245fa [17].
2.2. Equilibrium apparatus

The VLE measurements of the binary mixtures were carried out
by a static–analytic method. The apparatus used in this work had
been described in detail in our previous work [18].

A schematic of the apparatus is shown in figure 1. The equilib-
rium cell (150 mL) was immersed into the isothermal oil bath
which was cooled by cooling water and heated by an electric
heater. To obtain uniform temperature distributions in the liquid
bath, a stirrer with a speed controller was used. Heat losses
were reduced by a vacuum vessel installed outside the constant
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TABLE 1
Mole fraction purity, critical parameters (Tc, pc) and acentric factors x for R600 and R245fa [18].a

Fluids CAS no. Supplier Mole fraction purityb Tc/K pc/MPa x

R600 106-97-8 Beijing AP BAIF Gases Industry Co. Ltd 0.998 425.13 3.796 0.201
R245fa 460-73-1 Zhejiang Lantian Environmental and Chemical Engineering Co. Ltd 0.990 427.16 3.651 0.3776

a Both of the materials were used without further purification.
b Supplier purity (mole fraction) stated by the supplier.
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FIGURE 1. A schematic diagram of the experimental apparatus. 1. Induction
system; 2. Cooling water system; 3. Digital controller; 4. Temperature and pressure
acquisition system; 5. GC2014; 6, 7. Agitator motor; 8. Vacuum pump; 9. Vacuum
vessel; 10. Cooling coil; 11. Isothermal liquid bath; 12. Electric heater; 13.
Equilibrium cell; 14. Stirrers in the cell; 15. Pressure transducer (GE UNIK5000);
16. N2-filled system.
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temperature liquid bath. By adjusting the power of the electric
heater, a Shimaden SR 253 digital controller controlled the bath
temperature. A 25X standard platinum resistance thermometer
(Pt 25) was used to measure the temperatures in the cell. The Pt
25 has been calibrated by the Cryogenic Metrology Station of the
Chinese Academy of Sciences based on the 1990 International
Temperature Scale (ITS 90) with an uncertainty of ±5 mK (k = 2).
The combined standard uncertainty of the temperature measure-
ment is estimated to be within ±5 mK.

The pressure measurements were made using a digital pressure
transducer (Mensor CPT6100) and a pressure transmitter (GE
UNIK5000). The pressure in the N2-filled system was measured
by the Mensor CPT6100. The uncertainty of digital pressure trans-
ducer is 0.01% FS with two full scales of 1.5 MPa and 3.0 MPa. The
pressure difference between the equilibrium cell and the N2-filled
system was measured by the transmitter. The uncertainty of the
transmitter is 0.04% FS with the range of (0 to 100) kPa and T =
(233.15 to 393.15) K. The pressure in the equilibrium cell can be
obtained by adding above two pressures together. The combined
standard uncertainty of pressure measurement is estimated to be
less than ±500 Pa.

A Shimadzu GC2014 gas chromatograph equipped with a ther-
mal conductivity detector (TCD) was used to measure the vapour
and liquid mole fractions in the equilibrium state. A six-port-auto
matic-sample-injection (SPASI) valve (figure 2) was used to sample
accurately. In the pushing mode, the sample quantitative loop was
connected to the equilibrium cell by the capillaries. The sample in
the equilibrium cell was introduced to the sample quantitative
loop through the capillaries. In the sample mode, rotation of the
rotor 60�, the sample quantitative loop was connected to the car-
rier gas helium and the chromatographic column and the sample
in the loop was carried by helium into the chromatographic col-
umn and analysed. Compared to the volume of the cell, the volume
of the quantitative loop is tiny and can be neglected and the large
influence of sampling on the equilibrium state in the cell can be
avoided. The sample method prevents the carrier gas from to con-
taminating the equilibrium cell. The GC was calibrated with the
mixtures obtained by the gravimetrical method. The uncertainties
of vapour and liquid phase composition measurements are esti-
mated to be within ±0.005.

2.3. Equilibrium procedure

Experiments were performed by the following procedure. The
system was evacuated at first to remove the remaining gas at room
temperature. To purge the total system, R245fa was then driven
into and pumped out from the cell at least three times. Then,
R245fa was added to the cell and the temperature of the Shimaden
SR 253 was changed to the desired value. After the steady state
value was reached and maintained for at least 1 h and the temper-
ature fluctuation was within ±3 mK for at least 10 min, the satu-
rated vapour pressure values of R245fa were recorded. After that,
a proper amount of R600 was charged into the cell and mixed suf-
ficiently with R245fa. After the desired temperature was reached
for at least 1 h with the fluctuation less than ±3 mK for more than
10 min, the equilibrium condition was considered to be reached.
Then the pressure was recorded and the vapour and liquid compo-
sitions at the equilibrium state were analysed by the GC. At least
three samples with a repeatable mole fraction less than 0.002 for
each phase were measured and the average value was recorded.
The VLE values for other concentrations were obtained by repeat-
ing this process by supplying a more adequate amount of R600.
Finally, the cell was evacuated and pure R600 was measured to
obtain its saturated vapour pressures.

3. Results and discussions

Table 2 contains the experimental results, the calculated value
from REFPROP 9.0 [17] and the literature data [18–23,13] of satu-
rated vapour pressures of pure R600 and R245fa. The symbols pexp,
pref and p are the saturated vapour pressures from the experiment,
calculation and literatures, respectively. The Dp and Dp/pexp are
the absolute deviation and relative deviation between pexp and pref,
p. The experimental values are basically in agreement with the cal-
culated and literature results.

The VLE values for the binary system of (R600 + R245fa) were
measured at T = (303.150, 323.150, 343.150, 363.15 and 373.150)
K. The PR–HV–NRTL model was used to correlate the VLE experi-
mental data.

The PR EoS [14] is expressed as follows:

p ¼ RT
v � b

� aðTÞ
vðv þ bÞ þ bðv � bÞ ; ð1Þ



FIGURE 2. A schematic diagram of six-port-automatic-sample-injection valve: (a) pushing mode; (b) sample mode.

TABLE 2
Values of the experimental and calculated saturated vapour pressures of R600 and R245fa.a The symbols pexp, pref and p are the saturated vapour pressure from experiment,
calculation and literatures, respectively; Dp and Dp/pexp are the absolute deviations and relative deviations of pressures.

T/K pexp/MPa pref/MPa [17] Dpb/MPa Dp/pexpc p/MPa Dpd/MPa Dp/pexpe

R600
303.150 0.2837 0.2834 0.0003 0.1022 0.2840 [19] �0.0003 �0.1057
323.150 0.4962 0.4958 0.0004 0.0907 0.4950 [20] 0.0012 0.2418
343.150 0.8098 0.8091 0.0007 0.0889 0.8100 [20] �0.0002 �0.0247
363.150 1.2498 1.2493 0.0005 0.0400 1.2500 [20] �0.0002 �0.0160
373.150 1.5268 1.5259 0.0009 0.0589 1.5273 [21] �0.0005 �0.0327

R245fa
303.150 0.1778 0.1778 0.0000 0.0056 0.1779 [18] �0.0001 �0.0562
323.150 0.3447 0.3442 0.0005 0.1538 0.3440 [18] 0.0007 0.2031
343.150 0.6102 0.6096 0.0006 0.0983 0.6093 [22] 0.0009 0.1491
363.150 1.0067 1.0061 0.0006 0.0596 1.0020 [23] 0.0047 0.4669
373.150 1.2662 1.2646 0.0016 0.1264 1.2627 [13] 0.0035 0.2764

a Combined standard uncertainties u are u(T) = 0.005 K and u(p) = 500 Pa. Declared mole fraction purities: R600 (0.998), R245fa (0.990).
b Dp = pexp � pref.
c Dp/pexp = (pexp � pref)/pexp � 100.
d Dp = pexp � p.
e Dp/pexp = (pexp � p)/pexp � 100.
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where p is the pressure, R is the gas constant (R = 8.314 J �
K�1 �mol�1), T is the temperature, v is the molar volume, while a
is a function of temperature and b is a constant, which are given as:

aðTÞ ¼ 0:457235
R2T2

caðTÞ
pc

; ð2Þ

b ¼ 0:077796
RTc

pc
; ð3Þ

where

aðTÞ ¼ 1þ ð0:37464þ 1:54226x� 0:26992x2Þ 1� T0:5
r

� �h i2
;

ð4Þ

Tr ¼ T
Tc

; ð5Þ

x is the acentric factor, Tc is the critical temperature, pc is the crit-
ical pressure.

The HV mixing rule [15] is defined as:

a ¼ b
X
i

xi
aii
bii

� �
� gE

1
C

" #
; ð6Þ
b ¼
X
i

xibii; ð7Þ

where gE
1 is the excess Gibbs energy at infinite pressure, C is a con-

stant which is 0.623225 for the PR EoS.
The excess Gibbs energy can be obtained by the NRTL activity

coefficient model [16] in the form:

gE
1

RT
¼
X
i

xi

P
jsjiGjixjP
lGlixl

; ð8Þ

Gji ¼ expð�ajisjiÞ; ð9Þ

aji ¼ aij; ð10Þ
where sii = 0, aii = 0, and aji, sij and sji are the binary interaction

parameters.
In this paper, aij ¼ 0:3.
Values of sij and sji were obtained by minimizing the following

objective function:

F ¼
XN
i¼1

jpexp � pcalj
pexp

 !
; ð11Þ



TABLE 3
Experimental and correlated results for the binary system of {R600 (1) + R245fa (2)}.
The symbols x1exp and y1exp refer to the liquid and vapour phase compositions of
R600; y1cal is the calculated mole fraction of the vapour phase; Dp and Dy are the
deviations of pressures and vapour compositions between the experimental and the
calculated results, respectively.a

Experimental values Calculated results using the PR–HV–NRTL
model

pexp/MPa x1exp y1exp pcal/MPa y1cal Dpb/MPa Dyc

T = 303.150 K
0.1778 0.000 0.000 0.1773 0.0000 0.0005 0.0000
0.2738 0.104 0.386 0.2738 0.3908 0.0000 �0.0048
0.3308 0.260 0.536 0.3327 0.5383 �0.0019 �0.0023
0.3494 0.390 0.583 0.3505 0.5860 �0.0011 �0.0030
0.3585 0.538 0.617 0.3585 0.6205 0.0000 �0.0035
0.3598 0.581 0.633 0.3595 0.6299 0.0003 0.0031
0.3603 0.624 0.639 0.3601 0.6400 0.0002 �0.0010
0.3600 0.677 0.657 0.3600 0.6541 0.0000 0.0029
0.3486 0.835 0.734 0.3497 0.7248 �0.0011 0.0092
0.2837 1.000 1.000 0.2822 1.0000 0.0015 0.0000

T = 323.150 K
0.3447 0.000 0.000 0.3416 0.0000 0.0031 0.0000
0.4724 0.101 0.319 0.4729 0.3168 �0.0005 0.0022
0.5713 0.252 0.485 0.5702 0.4812 0.0010 0.0038
0.6080 0.385 0.551 0.6080 0.5490 0.0000 0.0020
0.6271 0.537 0.602 0.6263 0.6018 0.0008 0.0002
0.6289 0.579 0.623 0.6284 0.6153 0.0005 0.0077
0.6298 0.622 0.635 0.6294 0.6297 0.0004 0.0053
0.6288 0.675 0.651 0.6288 0.6488 0.0000 0.0022
0.6083 0.810 0.723 0.6136 0.7157 �0.0053 0.0073
0.6024 0.835 0.731 0.6073 0.7337 �0.0049 �0.0027
0.4962 1.000 1.000 0.4944 1.0000 0.0018 0.0000

T = 343.150 K
0.6102 0.000 0.000 0.6048 0.0000 0.0054 0.0000
0.7746 0.099 0.266 0.7879 0.2668 �0.0133 �0.0008
0.9275 0.241 0.422 0.9275 0.4249 0.0000 �0.0029
0.9946 0.386 0.503 0.9943 0.5102 0.0003 �0.0072
1.0085 0.427 0.536 1.0054 0.5293 0.0031 0.0067
1.0231 0.534 0.586 1.0231 0.5757 0.0000 0.0103
1.0248 0.552 0.588 1.0246 0.5835 0.0002 0.0045
1.0267 0.620 0.621 1.0266 0.6136 0.0001 0.0074
1.0159 0.711 0.669 1.0186 0.6592 �0.0028 0.0098
0.9824 0.810 0.723 0.9903 0.7243 �0.0079 �0.0013
0.9697 0.850 0.765 0.9701 0.7590 �0.0004 0.0060
0.8098 1.000 1.000 0.8091 1.0000 0.0007 0.0000

T = 363.150 K
1.0067 0.000 0.000 1.0007 0.0000 0.0060 0.0000
1.2184 0.095 0.211 1.2279 0.2152 �0.0095 �0.0042
1.4313 0.240 0.385 1.4313 0.3789 0.0000 0.0061
1.5383 0.394 0.479 1.5398 0.4830 �0.0015 �0.0040
1.5815 0.532 0.567 1.5810 0.5591 0.0005 0.0079
1.5839 0.550 0.571 1.5831 0.5689 0.0008 0.0021
1.5841 0.622 0.614 1.5841 0.6089 0.0000 0.0051
1.4818 0.844 0.762 1.4893 0.7681 �0.0075 �0.0061
1.2498 1.000 1.000 1.2535 1.0000 �0.0037 0.0000

T = 373.150 K
1.2662 0.000 0.000 1.2603 0.0000 0.0059 0.0000
1.4953 0.092 0.192 1.5141 0.1931 �0.0189 �0.0011
1.7514 0.234 0.360 1.7504 0.3524 0.0010 0.0076
1.8813 0.385 0.470 1.8813 0.4605 0.0000 0.0095
1.9341 0.529 0.549 1.9335 0.5482 0.0006 0.0008
1.9371 0.576 0.585 1.9371 0.5767 0.0000 0.0083
1.9342 0.624 0.612 1.9338 0.6068 0.0004 0.0052
1.7981 0.847 0.775 1.8033 0.7798 �0.0052 �0.0048
1.5268 1.000 1.000 1.5336 1.0000 �0.0069 0.0000

a Combined standard uncertainties u are u(x) = u(y) = 0.005, u(T) = 0.005 K and u(p)
= 500 Pa. Declared mole fraction purities: R600 (0.998), R245fa (0.990).
b Dp ¼ pexp � pcal.
c Dy ¼ y1exp � y1cal .
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where N equals the number of the experiment points measured,
pexp and pcal are the experimental pressures and calculated pres-
sure, respectively.

Table 3 and figure 3 show the measured and correlated values
for the VLE. The obviously azeotropic behaviour can be found at
each temperature. The symbols x1exp and y1exp are the liquid and
vapour mole fractions of R600, respectively; y1cal refers to the cal-
culated mole fraction of the vapour phase, Dp and Dy denote the
pressures and vapour compositions deviations between the
measured and the calculated values and they are plotted in figure
4. The adjustable parameters sij and sji, the average absolute rela-



TABLE 4
Adjustable parameters (sij and sji) and deviation values for the {R600 (1) + R245fa (2)}
system calculated by the PR–HV–NRTL model.

T/K sij sji AARD pa AAD yb

303.150 1.4512 1.1024 0.21 0.0030
323.150 1.3926 0.8746 0.32 0.0030
343.150 1.1209 0.8983 0.35 0.0047
363.150 1.0008 0.7955 0.26 0.0039
373.150 0.8622 0.8393 0.29 0.0041

a AARD p ¼ ð100=NÞPN
i¼1ððjpi exp � picaljÞ=pi expÞ.

b AAD y ¼PN
i¼1 ðjyi exp � yicaljÞ=N
� �

.

TABLE 5
Azeotropic composition x1,az and pressure paz for the {R600 (1) + R245fa (2)} system
at each measured temperature.a

T/K x1,az paz/MPa T/K x1,az paz/MPa

303.150 0.645 0.3603 363.150 0.592 1.5855
323.150 0.634 0.6296 373.150 0.578 1.9374
343.150 0.608 1.0269

a x1,az and paz were obtained by the PR–HV–NRTL model with the binary interaction
parameters regressed from the experimental values.
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tive deviation of pressure (AARD p) and the average absolute
deviation of vapour composition (AAD y) at each temperature are
presented in table 4.

In this work, thermodynamic consistency testing was per-
formed using the point test proposed by Van Ness et al. [24]. The
consistent standard is that the average absolute deviation of
vapour composition (AAD y) should be less than 0.01:

AAD y ¼ 1
N

XN
i¼1

jyi exp � yicalj ð12Þ

For all the experimental VLE values, the point test is satisfied.
The obviously azeotropic behaviour can be found at each tem-

perature in figure 3. The azeotrope composition and pressure at
each measured temperature have been calculated by the following
formula [25]:

dp
dx1

� �
T

¼ 0 ð13Þ

Table 5 lists the calculated results. The symbols x1,az and paz refer to
the calculated azeotropic compositions of R600 and pressures,
respectively.
4. Conclusions

In this work, (vapour + liquid) equilibrium values at tempera-
tures from 303.150 K to 373.150 K for the azeotropic (R600
+ R245fa) system were determined by a static–analytic method.
The PR EoS with the HV mixing rule involving the NRTL activity
coefficient model (PR–HV–NRTL model) was used to correlate the
experimental results. At each experimental temperature, good
agreement between the measured and calculated value were
found. The maximum AARD p is 0.35%, while the maximum AAD
y is 0.0047. The azeotropic behaviour was found for this system
in the experimental temperatures.
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