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bstract

High-pressure density data for cyclohexane + n-hexadecane mixtures at a wide temperature range was modeled with several classical equations
f state (EOS) and correlative models. A modification for softening the co-volume and another for a volume scaling of the Peng–Robinson EOS
VS-PR) were proposed. The VS-PR model is able to correlate the pure component experimental data employing only five adjustable parameters,
ith root-mean-square deviation (RMSD) between calculated and experimental densities essentially within the experimental error. This result is

uperior to widely used approaches, i.e., a six parameter Tait model and six parameter volume translations (temperature and pressure dependent)
or Peng–Robinson and Patel–Teja EOS. The VS-PR model also represents well the isobaric thermal expansion and the isothermal compressibility
oefficients of the pure cyclohexane, a small naphthenic substance as well as a long chain n-alkane hydrocarbon, n-hexadecane. When modeling

he mixture data, the use of VS-PR model of pure components along with the Redlich–Kister expansion, truncated at the first term, the density was
orrelated within a RMSD only 60% greater than the experimental error. The proposed model is able to accurately represent all the tested mixture
ata with a relatively small number of parameters.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The knowledge of the relation between thermophysical prop-
rties of mixtures and its composition is relevant in design,
peration, control and optimization of industrial processes. In
his sense, the knowledge of the behavior of mixture proper-
ies as a function of composition, temperature, pressure, and
hemical nature of its constituents is a central question in ther-
odynamic modeling. Among the applications, this knowledge

ay be employed when using thermophysical properties as

rocess sensors; and has been used traditionally in the character-
zation of complex mixtures [1], such as petroleum containing
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ainly non-polar substances like long chain alkane, naphthenic,
nd aromatic compounds, with a wide range of carbon numbers
2].

Among the thermophysical properties, density is especially
mportant due to several formal relations between volumet-
ic properties and other thermodynamic properties [3], besides
he relations between density and other thermophysical prop-
rties. For instance, an accurate modeling of density data at
ifferent conditions allows the correct and simple computa-
ional extrapolation and interpolation of density as well as other
hermodynamic functions such as specific heats.

The accurate modeling of density over a wide range of tem-
erature and pressure is a challenging task, even for pure simple
uids. One important reason is the great impact of stiffness of
he repulsive potential on density at high densities, which is not
asily modeled by traditional approaches [4–6]. As an exam-
le of this difficulty, Pitzer and Sterner modeled densities of
ure water and carbon dioxide over a large pressure range [4]
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ith a multi-parameter equation. Twenty-eight parameters were
eeded to correlate carbon dioxide data and 27 for water which is
ot suitable for many engineering applications. Following Gre-
orowicz et al. [6], many multi-parameters equations are able
o accurately represent density data, showing important exper-
mentally observed density extrema, such as in the isothermal
ariation of the isochoric heat capacity, of the isothermal com-
ressibility, speed of sound, and isobaric expansivity, which is
ot the case when simple models are employed [5,6]. In this
ork, a method is sought to improve the accuracy of simple
odels without enhancing significantly the number of parame-

ers in the equation. A useful way to obtain better results from
imple models based on repulsive and attractive contributions is
o introduce a temperature-dependence for the co-volume [6].

Hemptinne and Ungerer [7] tested five equations of state
EOS) in the calculation of hydrocarbons high-pressure density.
he EOS tested were Peng–Robinson EOS [8], volume trans-

ated Peng–Robinson, following the approach of Penéloux et
l. [9], SBR EOS [10], chain-of-rotators EOS [11], Lee–Kesler
odel [12] and a modification of the last model. Hemptinne and
ngerer [7] pointed out as better models the modified Lee-Kesler
odel for small chains and chain-of-rotators EOS for higher

hains. In this comparison, relative errors of 2–3% were con-
idered moderate, and errors greater than 4% were considered
igh.

Sant’Ana et al. [13] compared temperature-dependent vol-
me translation models for the prediction of hydrocarbon
ensities. The model of Ungerer and Batut [14] was pointed
ut as the most feasible choice, presenting relative deviations
rom 0.64 to 2.43%.

Nasrifar et al. [15] presented a corresponding states model
or compressed liquid densities and compared their model with
he models of Yen and Woods [16]; Chueh and Prausnitz [17];
relvi and O’Connell [18]; Thomson et al. [19]; Lee and Liu

20]; and Aalto et al. [21]. The authors [15] found their model
uperior to the other models, in the case of hydrocarbons, refrig-
rants and some light gases. The overall relative deviation found
as 0.77%, while the deviations of the other models lied in the

ange 1.0–2.2%. Later, Eslami and Azin [22] presented a model
or compressed liquid densities and compared their results with
he models of Thomson et al. [19] and Nasrifar et al. [15],
resenting accuracy similar to those obtained with the other
odels.
Another approach relative to high-pressure densities is the

inear isotherms presented by Parsafar and Mason [23]. This
bservation is included in the present work as a model suitable
or density calculations.

From this introduction, it can be noticed that the most accu-
ate simple models for high-pressure liquid density reviewed
ere present deviations about 1% or slightly smaller, while
ulti-parameter equations present deviations essentially within

xperimental error [6]. In this sense, the actual simple models
re not satisfactory for highly accurate work, and the multi-

arameter models are not suitable for engineering applications
hich need fast implementations and calculations. This points
ut the importance in improving of the accuracy through simple
odels.

m
u
t
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.1. Objective

The objective of this work was to evaluate the performance
f correlative simple models in order to represent high-pressure
ensities and its derivative with temperature and pressure as
lose to experimental errors as possible, and also propose a new
orrelative volume scaled model. Once model parameters were
stimated from experimental data, the number of systems stud-
ed was restricted in order to avoid excessive and unnecessary
arameter estimation.

.2. Experimental densities and derived properties used in
his work

Recently, the authors of this work obtained high pres-
ure (up to 62.053 MPa) densities over a wide temperature
ange (318.15–413.15 K) for mixtures of cyclohexane and n-
exadecane, including pure component data. The experimental
ethod and data are presented elsewhere [24].
This data was chosen to evaluate performances of the cor-

elations and EOS studied in this work, because in asymmetric
ixtures large differences in molecular shape, size or flexibility

ould cause deviations in physical properties from ideal mixture
ehavior, even for mixtures of non-polar substances [25]. Cyclo-
exane is a small naphthenic molecule while n-hexadecane is a
ong linear alkyl chain, leading to an asymmetrical mixture in
ength and shape of components with close densities at ambient
onditions. High-pressure density for this mixture was presented
reviously by Tanaka et al. [26], at only three temperatures. The
ecent data [24] allows the study of density and derived prop-
rties of this mixture for a wider range of temperatures and
ompositions.

The isobaric thermal expansion (α) and the isothermal com-
ressibility (kT) coefficients, and excess volume (VE) were
erived from experimental [24] densities (ρ). These properties
re defined, respectively, in Eq. (1)–(3):

(P, T, x) = −
[
∂

ln(ρ)

∂T

]
P,x

(1)

T(P, T, x) =
[
∂

ln(ρ)

∂P

]
T,x

(2)

E(P, T, x) = V (P, T, x) − (x1V1(P, T ) + x2V2(P, T )) (3)

here subscripts 1 and 2 stand for the pure components and V
s the molar volume.

. Methodology

Several widely used multi-parameter empirical models for
ure component and mixtures selected for representing the
xperimental behavior of density as a function of temperature
nd pressure.
For pure components, a polynomial model for isobaric ther-
al expansion and isothermal compressibility coefficients was

sed. The degree of the polynomial was chosen by observing
he experimental trends. For mixtures, the Redlich–Kister [27]
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xpansion was used. The number of terms in the expansion and
he form of dependence of coefficients on temperature and pres-
ure were chosen after examining the experimental data. As this
xpansion leads to root-mean-square deviations (RMSD) essen-
ially within experimental uncertainty, both for pure component
nd mixtures, it was used as a benchmark for evaluating the
erformance of other models.

The following widely used multi-parameters models were
valuated: Tait model [28], Peng–Robinson EOS [8], Valder-
ama and Cisternas version of Patel–Teja EOS [29], linearity
odel (linear isotherms) of Parsafar and Mason [23],
eng–Robinson with volume translation and Patel–Teja EOS
ith volume translation as well as Peng–Robinson and
atel–Teja EOS with temperature dependent co-volume as pro-
osed by Gregorowicz et al. [6]. The volume scaling is proposed
n this work to obtain at least equal performance with fewer
arameters.

For evaluating original Peng–Robinson and Patel–Teja equa-
ions, the necessary input parameters- critical temperature,
ritical pressure, acentric factor (Peng–Robinson) and critical
ompressibility factor (Patel–Teja) were obtained from [30]. In
eneral, the evaluated models had five or six adjustable param-
ters, with the exception of the soft co-volume Peng–Robinson,
hich employs four parameters. The widely used models with

ix parameters presented a performance worse than the proposal
f this work (volume scaled Peng–Robinson, which employs five
arameters).

Besides RMSD (Eq. (4)), the average absolute relative devi-
tion (AAD, Eq. (5)) was also calculated in order to compare
ith literature results:

MSD =
√√√√ N∑

i=1

(ρcalc
i − ρ

exp
i )

2

N
(4)

AD =
N∑

i=1

|(ρcalc
i − ρ

exp
i )/ρexp

i |
N

(5)

here N is the number of points, i runs over experimental points
uperscripts calc and exp stand for calculated and experimental,
espectively.

The parameter estimations procedure minimized RMSD
sing the Simplex [31] numerical method. In order to avoid
ocal minimum solutions, the initial guesses for pure compo-
ent models parameters were obtained by applying the model in
he correlation of density as a function of pressure for each tem-
erature, and then the temperature dependence for the optimized
arameters was introduced and the parameters re-estimated. For
ixtures, the number of parameters was small in general, and
ultiple initial guesses were tried.
. Correlation of pure component high-pressure
ensities

In this section, the pure component models evaluated in this
ork are presented.

a

(

a

quilibria 259 (2007) 89–98 91

.1. Empirical polynomial model from α and kT

polynomial)

The density model is obtained after integration of Eq. (1) at a
iven pressure P*, from a given temperature T* to a temperature
. A density value at T* and P* must be known, and here values
resented by Amorim et al. [24] were used. The final step is to
ntegrate Eq. (2) from P* to a pressure P. The model equations
nd the 12 adjustable parameters (a’s, b’s and c’s indices 0–2)
re presented as follows:

(T, P∗) = a′ + b′T + c′T 2 (6)

T(T, P) = a(P) + b(P)T + c(P)T 2 (7)

(P) = aP
0 + aP

1P + aP
2P2,

(P) = bP
0 + bP

1P + bP
2P2,

(P) = cP
0 + cP

1P + cP
2P2 (8)

.2. Tait empirical model (Tait)

The Tait [28] model (Eq. (9)) was used with all adjustable
arameters as temperature dependent. This dependency (Eq.
10)) was chosen after the initial guess procedure presented in
ection 2. The model has six (ρ0

0, ρ
0
1, B0, B1, C0, C1) adjustable

arameters:

(T, P) = ρ0(T )

{1 + C(T ) ln[(B(T ) + 0.1)/(B(T ) + P)]} (9)

0(T ) = ρ0
0 + ρ0

1T, C(T ) = C0 + C1T,

(T ) = B0 + B1T (10)

.3. Empirical linearity between (Z − 1)V and ρ2
m

linearity)

The Parsafar and Mason [23] isothermal linearity involv-
ng compressibility factor Z and the molar density ρm may
e obtained from the virial expansion truncated at the fourth
oefficient, but neglecting the third one. In this work, the third
oefficient is also included, but not as a temperature func-
ion (Eq. (11)), in order to enhance model performance and
qualize the number of parameters. The temperature depen-
ences in Eq. (12) followed procedure presented in Section
. The model has five adjustable parameters, aL

0 , aL
1 , bL

0 , bL
1

nd cL:
Z − 1)V = a(T ) + b(T )ρ2
m + cLρm (11)

(T ) = aL
0 + aL

1

T
, b(T ) = bL

0 + bL
1

T
(12)
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.4. Peng–Robinson EOS (PR)

The equations for the original Peng–Robinson EOS are pre-
ented as follows:

= RT

V − b
− ac[1 + k(1 − √

T/Tc)]2

V 2 + 2bV − b2 (13)

c = 0.4572355 (RTc)2

Pc
, b = 0.07779607RTc

Pc
(14)

.5. Patel–Teja EOS (PT)

The Valderrama and Cisternas version of the Patel–Teja EOS
s given in Eq. (15) and (16):

= RT

V − b
− ac[1 + k(1 − √

T/Tc)]2

V 2 + (b + c)V − bc
(15)

c = Ωa(Zc)
(RTc)2

Pc
, b = Ωb(Zc)

RTc

Pc
,

= Ωc(Zc)
RTc

Pc
(16)

.6. Volume translated Peng–Robinson EOS (PR-t)

The volume translation method [9,13] was applied to
eng–Robinson EOS (superscript PR stands for original EOS)
ith the translated volume (indicated by superscript t, Eq. (17))
function of pressure and temperature, with these functions

btained in the procedure described in Section 2, and given in
qs. (18) and (19). The model has six adjustable pure component
arameters (vPR

00 , vPR
01 , vPR

10 , vPR
11 , vPR

20 , vPR
21 ).

(T, P) = V PR(T, P) − V t(T, P) (17)

t(T, P) = V0(T ) + V1(T )P + V2(T )P2 (18)

0(T ) = vPR
00 + vPR

01 T, V1(T ) = vPR
10 + vPR

11 T,

2(T ) = vPR
20 + vPR

21 T (19)

.7. Volume translated Patel–Teja EOS (PT-t)

Follows procedure analogous to the previous model. The
odel equations are

(T, P) = V PT(T, P) − V t(T, P) (20)

t(T, P) = V0(T ) + V1(T )P + V2(T )P2 (21)
0(T ) = vPT
00 + vPT

01 T, V1(T ) = vPT
10 + vPT

11 T,

2(T ) = vPT
20 + vPT

21 T (22)

t
t
i
F

quilibria 259 (2007) 89–98

.8. Peng–Robinson EOS with soft co-volume (PR-b)

In this approach, the co-volume is a function of temperature
n the same way as parameter a, and the critical temperature
nd pressure are replaced by the adjustable parameters τPR and
PR. Also, the constant k is no longer related to acentric factor,
ut is another adjustable parameter along with λPR. The model
quations are

= RT

V − b(T )
− ac[1 + kPR(1 −

√
T/τPR)]

2

V 2 + 2b(T )V − b(T )2 (23)

(T ) = bc[1 + λPR(1 −
√

T/τPR)]
2

(24)

c = 0.4572355(RτPR)
2

πPR , bc = 0.07779607RτPR

πPR (25)

.9. Patel–Teja EOS with soft co-volume (PT-b)

Follows the same procedure of the previous model, and the
ve adjustable parameters are τPT, πPT, kPT, λPT and ζPT:

= RT

V − b(T )
− ac

[1 + kPT(1 −
√

T/τPT)]
2

V 2 + (b(T ) + c)V − b(T )c
(26)

(T ) = bc[1 + λPT(1 −
√

T/τPT)]
2

(27)

c = Ωa(ζPT)
(RτPT)

2

πPT , bc = Ωb(ζPT)
RτPT

πPT ,

= Ωc(ζPT)
RτPT

πPT (28)

.10. Scaled volume Peng–Robinson EOS (VS-PR)

Again the PR EOS was used in order to correlate the exper-
mental data, the original equations presented in Eqs. (13) and
14) being now replaced by Eqs. (29) and (30) where, anal-
gously to the procedure presented for the PR-b, the critical
onstants are changed by adjustable parameters:

= RT

V − b
− ac

[1 + kVS−PR(1 −
√

T/τVS−PR)]
2

V 2 + 2bV − b2 (29)

c = 0.4572355
(RτVS-PR)

2

πVS-PR , bc = 0.07779607
RτVS-PR

πVS-PR

(30)

ince this model could not accurately correlate the isobaric
hermal expansion in all ranges of pressure and simultaneously
orrelate accurately the density data, the strategy adopted was

o obtain the model parameters (τVS-PR, πVS-PR and kVS-PR) so
hat kT was accurately correlated. It was found that the exper-
mental and the calculated density were directly proportional.
or this reason, a volume scaling function as(T) was applied, as
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correlation (for cyclohexane and n-hexadecane, respectively),
while linear isotherms model presents the values of 2.0 and
1.5. These performances are considered as in good agreement
with experimental data. The larger deviations occur for the

Table 1
RMSD between calculated and experimental pure component densities

Model Parametersa RMSD (kg m−3)

Cyclohexane n-Hexadecane

Polinomial 12 0.28 0.23
Tait 6 0.42 0.47
Linearity 5 0.56 0.34
PR 0 49.27 122.79
PT 0 28.10 84.33
PR-t 6 0.60 0.67
PT-t 6 0.64 0.70
PR-b 4 0.76 1.46
J.A. Amorim et al. / Fluid Ph

resented in Eq. (31), where M is the molecular weight:

calc = ρEOS as(T )

M
(31)

s(T ) = as
0 + as

1

T
(32)

he proposal uses five adjustable parameters: τVS-PR, πVS-PR,
VS-PRk, as

0 and as
1.

. Correlation of mixture high-pressure densities

This section presents the mixture models based on the
edlich–Kister expansion and on the VS-PR model.

.1. Empirical Redlich–Kister polynomial model for VE

Redlich–Kister)

The Redlich–Kister expansion truncated at the second term
as used in order to correlate the experimental data of binary
ixtures, using a simple linear dependence with pressure, and

uadratic and linear dependences with temperature, as presented
n Eqs. (33)–(36). This approach employed experimental pure
omponent data and ten adjustable parameters (a’s and b’s
ndices 00, 01, 02, 10 and 11):

E(P, T, x) = x1x2[A(P, T ) + B(P, T )(x1 − x2)] (33)

(P, T ) = A0(T )+A1(T )P, B(P, T )=B0(T )+B1(T )P (34)

0(T ) = a00 + a01T + a02T
2, A1(T ) = a10 + a11T (35)

0(T ) = b00 + b01T + b02T
2, B1(T ) = b10 + b11T (36)

.2. Redlich–Kister truncated at the first term
Redlich–Kister 2)

A simplified version of the previous model was used by trun-
ating the Redlich–Kister expansion after the first term, which
as considered constant (one adjustable parameter for a binary
ixture):

E(P, T, x) = x1x2A (37)

.3. VS-PR with mixing and combining rules (VS-PR mix)

The mixing rules used were

(T ) =
∑

i

∑
j

xixjaij(T ), b =
∑

i

∑
j

xixjbij,

s(T ) =
∑

i

∑
j

xixja
s
ij(T ) (38)
here i and j runs over all components, and the combining rules
ere

ij(T ) = √
ai(T )aj(T )(1 − kij) (39)

P
P

R

quilibria 259 (2007) 89–98 93

ij = (1 − lij)(bi + bj)

2
(40)

s
ij(T ) = (1 − mij)

as
i (T ) + as

j(T )

2
(41)

he three adjustable parameters are kij, lij and mij. As usual in
his approach, kii = lii = mii = 0 and kij = kji; lij = lji and mij = mji.

.4. VS-PR mix re-estimating pure component parameters
VS-PR mix 2)

The previous approach was used also re-estimating the pure
omponents parameters, leading to thirteen parameters for a
inary mixture (five for each pure component, plus the three
12, l12 and m12).

.5. VS-PR with Redlich–Kister 2 (VS-PR mix 3)

A hybrid model was set up by using VS-PR for the pure com-
onent calculation and Eq. (37) for a binary mixture calculation,
mploying one adjustable parameter (A).

. Results and discussion

This section presents the results separately for the pure and
he mixture models.

.1. Pure component models

The RMSD between calculated and experimental [24] pure
omponents cyclohexane and n-hexadecane densities are pre-
ented in Table 1, obtained after estimation of the model
arameters. The regressed parameters are presented in Table 2.

As it can be observed, the Tait model presents deviations
f 1.5 and 2.0 times the reference deviation of Polynomial
T-b 5 0.31 0.85
R-VS 5 0.30 0.27

a Number of parameters estimated using the pure component data reported in
ef. [24].
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Table 2
Parameters obtained with the models

Parameter Cyclohexane n-Hexadecane

Polynomial
a′ (K−1) 1.2454 × 10−3 8.2081 × 10−4

b′ (K−2) −2.3272 × 10−5 −1.0113 × 10−5

c′ (K−3) 2.1258 × 10−7 4.6730 × 10−8

aP
0 (MPa−1) 2.8380 × 10−3 6.8319 × 10−3

aP
1 (MPa−1 K−1) −5.8596 × 10−6 4.8000 × 10−5

aP
2 (MPa−1 K−2) −1.0112 × 10−6 −3.1334 × 10−6

bP
0 (MPa−1 K−1) −1.1700 × 10−5 −3.5225 × 10−5

bP
1 (MPa−1 K−2) 7.7127 × 10−8 −2.9664 × 10−7

bP
2 (MPa−1 K−3) 4.9754 × 10−9 1.7618 × 10−8

cP
0 (MPa−1 K−2) 2.1438 × 10−8 5.2277 × 10−8

cP
1 (MPa−1 K−3) −2.7779 × 10−10 3.9049 × 10−10

cP
2 (MPa−1 K−4) −5.2887 × 10−12 −2.4281 × 10−11

Tait
ρ0

0 (kg m−3) 1.0737 × 103 9.7118 × 102

ρ0
1 (kg m−3 K−1) −1.0052 −6.8027 × 10−1

B0 (MPa−1) 6.0819 × 101 −1.3895 × 101

B1 (MPa−1 K−1) −6.6629 × 10−2 1.8296 × 10−1

C0 −7.1563 × 10−2 −1.2327 × 10−1

C1 (K−1) 4.2074 × 10−4 5.5227 × 10−4

Linearity
aL

0 (m3 mol−1) 5.9212 × 10−3 5.6852 × 10−2

aL
1 (m3 mol−1 K) −4.5925 × 10−1 −7.3981

bL
0 (m9 mol−3) 1.0005 × 10−10 4.9756 × 10−9

bL
1 /(m9 mol−3 K−1) 4.0618 × 10−10 4.0780 × 10−7

cL (m6 mol−2) −1.6871 × 10−5 −1.3704 × 10−4

PR-t
vPR

00 (m3 mol−1) −2.7304 × 10−6 9.5454 × 10−5

vPR
01 (m3 mol−1 K−1) −1.0224 × 10−8 −1.0706 × 10−7

vPR
10 (m3 mol−1 MPa−1) 2.3892 × 10−7 1.8087 × 10−7

vPR
11 (m3 mol−1 K−1 MPa−1) −7.6150 × 10−10 −4.9392 × 10−10

vPR
20 (m3 mol−1 MPa−2) −2.1654 × 10−9 −1.8950 × 10−9

vPR
21 (m3 mol−1 K−1 MPa−2) 7.3042 × 10−12 7.1697 × 10−12

PT-t
vPT

00 (m3 mol−1) −1.3013 × 10−6 7.7589 × 10−5

vPT
01 (m3 mol−1 K−1) −6.5016 × 10−9 −1.1560 × 10−7

vPT
10 (m3 mol−1 MPa−1) 2.5142 × 10−7 1.4476 × 10−7

vPT
11 (m3 mol−1 K−1 MPa−1) −8.0460 × 10−10 −3.7086 × 10−10

vPT
20 (m3 mol−1 MPa−2) −2.2293 × 10−9 −1.6801 × 10−9

vPT
21 (m3 mol−1 K−1 MPa−2) 7.5078 × 10−12 6.4818 × 10−12

PR-b
τPR (K) 6.3531 × 102 7.6480 × 102

πPR (MPa) 3.9696 1.5824
kPR 1.5485 × 10−1 3.9321 × 10−1

λPR −1.7473 × 10−1 −2.0268 × 10−1

PT-b
τPT (K) 6.4095 × 102 1.1514 × 103

πPT (MPa) 7.0140 1.1026 × 101

kPT 1.1690 1.8974 × 101

λPT −1.0914 × 10−1 −1.8168 × 10−1

ζPT 4.8778 × 10−1 1.3086

VS-PR
τVS-PR (K) 6.3258 × 102 7.4904 × 102

πVS-PR (MPa) 1.1997 × 101 3.3736 × 101

kVS-PR −8.6059 × 10−2 −4.4141 × 10−1

as
0 (kg mol−1) 3.1805 × 10−2 1.5871 × 10−2

as
1 (kg mol−1 K−1) 4.5999 × 10−1 −3.5436 × 10−1

Table 2 (Continued )

Parameter Cyclohexane n-Hexadecane

VS-PR mix 2
τVS-PR (K) 6.2890 × 102 7.5830 × 102

πVS-PR (MPa) 1.9956 × 101 4.1785 × 101

kVS-PR −2.4980 × 10−1 −5.0870 × 10−1

s −1 −2 −2

P
t
a
r

g
p
h
v
o
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t
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b
m
m
f
l
0
a
a
f
c
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m
t
p
r
R
s

t
r

a
q
c
t
d
P
l
m
o
r

a0 (kg mol ) 2.1365 × 10 1.3451 × 10
as

1 (kg mol−1 K−1) −1.830 × 10−1 −3.420 × 10−1

R EOS, followed by the PT EOS, which are respectively in
he order of 176 and 100 times the reference for cyclohexane,
nd 534 and 367 times for n-hexadecane, which are very poor
esults.

The volume translations for PR and PT EOS lead to
reat improvement, with similar results for both substances,
resenting deviations 2.1 and 2.3 times the reference for cyclo-
exane and 2.9 and 3.0 times for n-hexadecane. The soft
olume correction in the PR-b, with four parameters instead
f six in the volume translation, presented poorer perfor-
ance, with deviations 2.7 and 6.3 times the reference, while

or PT-b, with five parameters, the results were 1.1 and 3.7
imes the reference value, respectively, for cyclohexane and
-hexadecane.

The RMSD closest to the benchmark equation was obtained
y the VS-PR model, with deviations essentially within experi-
ental error, 1.1 and 1.2 times the reference error. Neither Tait
odel nor volume translation was able to achieve the same per-

ormance, even with one more parameter. For comparison with
iterature results, the AAD obtained with VS-PR model was
.03% for both pure substances, what is far below the 1% usu-
lly reported. The minimum and maximum relative deviations,
re −0.08 and +0.06% for cyclohexane and −0.06 and +0.10%
or n-hexadecane. This result presents a useful way to accurately
orrelate compressed liquid densities of pure fluids with a small
umber of parameters.

Figs. 1–6 show comparison between calculated and experi-
ental values of density, isothermal compressibility and isobaric

hermal expansion coefficient for pure fluids. In order to
erform a comparison between VS-PR and a classical cor-
elative model, Tait equation was chosen due to the small
MSD obtained with this model for the two pure fluids

tudied.
In Figs. 1 and 2, a very good agreement can be found between

he calculated and experimental data for both models while cor-
elating densities of the two fluids.

Although densities are well correlated for both models, the
nalysis of derivative properties show greater differences in the
uality of correlations. The isobaric thermal expansion coeffi-
ient presented in Figs. 5 and 6 is better described by VS-PR
han by Tait model. A second derivative property for density, the
erivative of kT with pressure, is also better represented by VS-
R. For both substances, at the highest temperature Tait model
ead to underestimation of kT at low pressures and overesti-
ation at high pressures, while at the lowest temperature the

pposite occurs. This effect was not found for VS-PR, which
epresented very well this property.
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Fig. 1. Experimental (symbols) and calculated densities for cyclohexane as a
f
f
(

m
v
f
r
t
f

F
f
f
(

Fig. 3. Experimental (symbols) and calculated isothermal compressibility coef-
ficients for cyclohexane as a function of pressure at several temperatures. Solid
l
(

5

unction of pressure at several temperatures. Solid lines for VS-PR and dot lines
or Tait. ×318.15 K; (�) 333.15 K; (�) 348.15 K; (�) 363.15 K; (�) 388.15 K;
�) 413.15 K.

For isobaric thermal expansion coefficient, again VS-PR
odel presented better performance than Tait model, with a

ery good agreement between experimental and correlated data

or cyclohexane, and a good agreement for n-hexadecane. A
emarkable point is that both models were not able to represent
he second derivative of α with temperature (a third derivative
or density) at some pressures.

ig. 2. Experimental (symbols) and calculated densities for n-hexadecane as a
unction of pressure at several temperatures. Solid lines for VS-PR and dot lines
or Tait. ×318.15 K; (�) 333.15 K; (�) 348.15 K; (�) 363.15 K; (�) 388.15 K;
�) 413.15 K.

a

F
fi
l
(

ines for VS-PR and dot lines for Tait. ×318.15 K; (�) 333.15 K; (�) 348.15 K;
�) 363.15 K; (�) 388.15 K; (�) 413.15 K.

.2. Mixture models
The RMSD between calculated and experimental densities
re presented in Table 3. The regressed mixture parameters are

ig. 4. Experimental (symbols) and calculated isothermal compressibility coef-
cients for n-hexadecane as a function of pressure at several temperatures. Solid

ines for VS-PR and dot lines for Tait. ×318.15 K; (�) 333.15 K; (�) 348.15 K;
�) 363.15 K; (�) 388.15 K; (�) 413.15 K.
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Fig. 5. Experimental (symbols) and calculated isobaric thermal expansion
coefficients for cyclohexane as a function of temperature at several pres-
sures (legend is for pressures in MPa). Solid lines for VS-PR and dot lines
f
(
6

p
p

K
m
c

F
fi
(
T
6

Table 3
RMSD between calculated and experimental densities

Model Parametersa RMSD (kg m−3)

Redlich–Kister 10b 0.43
Redlich–Kister 2 1b 0.64

A = 0b 1.42
VS-PR mix 3 0.98

k12 =l12 = m12 = 0 11.52
VS-PR mix 2 13 0.69
VS-PR mix 3 1 0.69

a Number of parameters estimated using the data reported in Ref. [24].

c

2
o
c
o
i

e
E
t
i
o
v
h

or Tait. ×6.895 MPa; (�) 13.790 MPa; (�) 20.684 MPa; (�) 27.579 MPa;
�) 34.474 MPa; (�) 41.369 MPa; (©) 48.263 MPa; (�) 55.158 MPa; (♦)
2.053 MPa.

resented in Table 4 and the pure components parameters are
resented in Table 2.
The density deviation of the reference model (Redlich–
ister) is higher than the deviations of the pure fluids reference
odel, but still is essentially within experimental error [24]. It

an be noticed that using only one parameter (Redlich–Kister

ig. 6. Experimental (symbols) and calculated isobaric thermal expansion coef-
cients for n-hexadecane as a function of temperature at several pressures
legend is for pressures in MPa). Solid lines for VS-PR and dot lines for
ait. × 6.895 MPa; (�) 20.684 MPa; (�) 34.474 MPa; (©) 48.263 MPa; (♦)
2.053 MPa.

f

p

T
P

P

R

R

V

V

V

b Experimental pure component data is informed in this approach and not
ounted in the number of parameters of the model.

) leads to a deviation of only 1.5 times the reference deviation,
btained with a 10 parameter model. In fact, the ideal solution
onsideration (Redlich–Kister 2 with A = 0) leads to a deviation
f only 3.3 times the reference, which is an indication of near
deality in this property.

However, the use of VS-PR mix with the three parameters set
qual to zero leads to a deviation about 27 times the reference.
stimating the three parameters, for all compositions, decrease

he deviation to 2.3 times the reference. Indeed, for these nearly
deal mixtures, the best VS-PR result was VS-PR mix 3, with
nly one mixture parameter and deviation 1.6 times the reference
alue. The same RMSD was obtained with VS-PR mix 2, which
ad thirteen parameters estimated (although 10 parameters are

or the pure components).

In spite of this result being a little poorer than that of the
ure components, the use of only one Redlich–Kister parameter,

able 4
arameters obtained with the model for mixture

arameter Value

edlich–Kister
a00 (m3 mol−1) 3.9395 × 10−5

a01 (m3 mol−1 K−1) −1.9104 × 10−7

a02 (m3 mol−1 K−2) 2.3668 × 10−10

a10 (m3 mol−1 MPa−1) −9.7552 × 10−8

a11 (m3 mol−1 K−1 MPa−1) 2.9336 × 10−10

b00 (m3 mol−1) 9.8637 × 10−5

b01 (m3 mol−1 K−1) −5.1222 × 10−7

b02 (m3 mol−1 K−2) 6.6162 × 10−10

b10 (m3 mol−1 MPa−1) −7.5515 × 10−8

b11 (m3 mol−1 K−1 MPa−1) 2.1621 × 10−10

edlich–Kister 2
A (m3 mol−1) 2.0472 × 10−6

S-PR mix 3
A (m3 mol−1) 2.0782 × 10−6

S-PR mix
kij −0.7710
lij −0.4439
mij −0.3815

S-PR mix 2
kij −0.3270
lij −0.1860
mij −0.1420
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Fig. 7. Experimental (symbols) and calculated excess volumes for
c
p
m

l
b

d
e
e
m

F
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(

Fig. 9. Experimental (symbols) and VS-PR mix 2 calculated isobaric thermal
expansion coefficients for cyclohexane/n-hexadecane mixtures as a function of
cyclohexane composition at 388.15 K and at several pressures. Dashed lines for
V
(
4

yclohexane/n-hexadecane mixtures as a function of cyclohexane com-
osition at 34.474 MPa and at several temperatures. Dashed lines for VS-PR
ix 2 and solid line for VS-PR mix 3. ×318.15 K; (�) 348.15 K; (�) 388.15 K.

eading to symmetry in the excess volume correlation, seems to
e compatible with the experimental error.

Figs. 7–9 show comparisons between experimental mixture

ata and the VS-PR mix 2 and VS-PR mix 3 calculations for
xcess volume, isothermal compressibility and isobaric thermal
xpansion coefficient as functions of composition. The two for-
er properties are presented at a fixed pressure (a middle value

ig. 8. Experimental (symbols) and calculated isothermal compressibility coef-
cients for cyclohexane/n-hexadecane mixtures as a function of cyclohexane
omposition at 34.474 MPa and at several temperatures. Dashed lines for VS-PR
ix 2 and solid lines for VS-PR mix 3. ×318.15 K; (�) 333.15 K; (�) 348.15 K;
�) 363.15 K; (�) 388.15 K; (�) 413.15 K.

w
v

m
c
l
r
m
o
2
c

3
V
c
f
o
t
α

V
h
(

6

h
t
6

S-PR mix 2 and solid lines for VS-PR mix 3. ×6.895 MPa; (�) 13.790 MPa;
�) 20.684 MPa; (�) 27.579 MPa; (�) 34.474 MPa; (�) 41.369 MPa; (©)
8.263 MPa; (�) 55.158 MPa; (♦) 62.053 MPa.

as chosen) and the last at a fixed temperature (also, a middle
alue was chosen).

Once the excess volume calculated with the VS-PR mix 3
odel is independent of temperature and pressure, only one

urve is presented for all temperatures observed. Due to the
ow values of VE, the experimental uncertainty leads to a great
elative error for this property. As it can be seen, both VS-PR
ix 2 and VS-PR mix 3 were able to represent the magnitude

f the property. At low cyclohexane concentrations, VS-PR mix
presented VE decreasing with increasing temperature, what

ould not be confirmed from the experimental data in Fig. 7.
Fig. 8 shows kT data as a function of composition at

4.474 MPa. A significant difference between VS-PR mix 2 and
S-PR mix 3 performances is that the former presents a great

oncavity in this function than the last model does at about mole
raction 0.3 in cyclohexane, what is experimentally confirmed
nly at the two highest temperatures. It is important to notice
hat VS-PR mix 3 leads to ideal solution calculations for kT and

mixture properties.
Analogously, VS-PR mix 2 presents a greater concavity than

S-PR mix 3 in Fig. 9, at about mole fraction 0.3 in cyclo-
exane, which is experimentally confirmed at middle pressures
13.790–41.369 MPa) only.

. Conclusion
The densities of binary mixtures of cyclohexane and n-
exadecane (including pure components) were modeled in the
emperature range of 388.15–413.15 K and pressures up to
2.053 MPa through classical EOS and correlation models,
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long with the proposals of this work for a soft co-volume for
he Peng–Robinson and Patel–Teja EOS, and a volume scaled
eng–Robinson model (VS-PR). The VS-PR model correlates
ure component experimental densities with deviations essen-
ially within experimental error, needing only five adjustable
arameters. The performance of the proposed model was supe-
ior to those of classical approaches, e.g. Tait and volume
ranslation models. Moreover, the isobaric thermal expansion
nd the isothermal compressibility coefficients were also very
ell described by the model.
When modeling the mixture data, due to the near ideality

f the mixture, the best choice seems to be calculating pure
omponent densities with the VS-PR model and estimating the
rst term constant parameter of the Redlich–Kister expansion,
hich leads to a deviation 1.6 times the estimated experimen-

al error. An alternative with the same deviation was to include
ixing and combining rules and three binary adjustable param-

ters, and re-estimate the pure component parameters. The two
lternatives led to a good representation of mixture properties,
ith one superior to the other at some conditions. This switch

n best model performance indicates that the hypothesis of ide-
lity is not suitable for all conditions studied, if high accuracy
s needed.

Although only one mixture was studied, the presence of short
nd long chain hydrocarbons, with mixture asymmetry in chain
ength, allowed an interesting test for the proposed modeling.

These results point out to a promising tool in correlating accu-
ately experimental densities of pure compressed fluids, with
nly a few parameters (five), with better results than classical
pproaches. For near ideal mixtures, one more parameter is nec-
ssary for accurate modeling. Furthermore, efforts are needed if
ccuracy is desired in higher order derivatives of density with
espect to temperature, pressure, and composition, which can
e easily done in this framework by, for example, by proposing
ther temperature dependencies for the volume scaling function.
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