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M. J. P. Comuñas and J. Fernández
Laboratorio de Propiedades Termofı́sicas, Dpto. de Fı́sica Aplicada, Facultade de Fı́sica,

Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Spain

DOI 10.1002/aic.11473
Published online April 18, 2008 in Wiley InterScience (www.interscience.wiley.com).

This article reports densities and viscosities up to 60 MPa and from 303.15 to
353.15 K on two binary mixtures of CO2 and lubricant pentaerythritol tetra-2-ethylhex-
anoate with 7.8% and 14.4% mass fraction of lubricant. Because CO2 and the
lubricant are not in the same phase at atmospheric pressure and room temperature, a
specially-designed vibrating-wire apparatus has been used. The experimental data, to-
gether with our previous data for six mixtures of CO2 and three polyolesters, have
been used to test the predictive and correlation ability of several models: simple mix-
ing laws, the self-referencing method, and the hard-sphere and free volume models. In
general, it is not possible to predict the viscosity with deviations smaller than 10%.
The hard-sphere model and the self-referencing model are the more adequate to repre-
sent the viscosity of these mixtures. Most of the models studied underestimate the vis-
cosities over the investigated (T,p) range. � 2008 American Institute of Chemical Engineers

AIChE J, 54: 1625–1636, 2008
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Introduction

The problem of the choice of appropriate lubricants for the
use with new environmentally acceptable refrigerants, includ-
ing carbon dioxide, is still unsolved. Different families of

new oils as polyalkylene glycol (PAG), polyolester (POE),
polyalphaolefins (PAO), alkylbenzenes (AB), or polyviny-
lether (PVE) have been selected to replace the mineral oils,
generally used in the past, which are not compatible with the
new refrigerants.1 In refrigeration cycles, a lubricant is usu-
ally present with the refrigerant. The lubricant can change
the thermophysical properties of the working fluid,2,3 and
this change is highly dependent of the considered refrigerant
and lubricant. It is, therefore, desirable to have models that
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can accurately represent the properties of refrigerant 1 lubri-
cant mixtures. These systems are more difficult to model
than refrigerant 1 refrigerant mixtures because of much
larger size differences of the constituent molecules.

Few data are available on the thermophysical properties of
the refrigerant 1 lubricant systems,1–17 and most of them
refer to hydrofluorocarbons (HFC) and commercial oils, the
structure and composition of the latter being usually not
well-defined, since they are mixtures of different components
and additives. This makes difficult the development of reli-
able models able to predict the behavior of the thermophysi-
cal properties of refrigerant 1 lubricant mixtures.

Some publications concerning the study of viscosity vs.
temperature, pressure, and composition have been published
in the past few years. Thus, Hauk and Weidner,18 Seeton
et al.,8 and Li and Rajewski11 have measured the viscosity of
mixtures CO2 with POEs, PAGs, or PAOs. However, in these
works, no experimental values and information about the
composition and molecular structure of the lubricants are
reported. Hence, new experimental measurements of CO2 1
lubricant systems should be performed in order to verify the
existing viscosity models.

At present, our research group is studying the density19–21

and viscosity22–24 in broad ranges of temperature and pres-
sure of pentaerythritol esters considered as precursors of
POE oils (i.e., as components of refrigerant commercial oils),
the solubility25 of carbon dioxide in pentaerythritol esters,
and the density and viscosity17 of mixtures containing POE
lubricants and CO2.

In a previous article,17 density and viscosity measurements
of carbon dioxide with three pentaerythritol ester lubricants
(with mass content of lubricant around 8% and 15%) were
reported. In this work, we present the density and viscosity val-
ues for mixtures of carbon dioxide with pentaerythritol tetra-2-
ethylhexanoate (PEB8) at low lubricant concentrations (7.8%
and 14.4% mass fraction of lubricant) from 303 to 353 K and
at pressures up to 60 MPa. The two properties were measured
simultaneously using a vibrating-wire instrument17,26–28 spe-
cially developed for the study of gas-condensate mixtures.
Mixtures with low content of lubricant are of high interest in
engineering because, in vapor compression refrigeration and
heat pump systems, a small amount of compressor lubricant, as
a part of the working fluid, circulates with the refrigerant.29

The working fluid is changed then from a pure refrigerant,
with well-defined properties, to a mixture with properties that
are poorly understood and dependent on the lubricant concen-
tration. The migrated oil affects the heat-transfer coefficient,
which is an important characteristic of any working fluid,
changing the evaporator pressure drop and degrading the per-
formance of both the gas cooler and the evaporator.30

The viscosity data for the mixtures analyzed in this work,
combined with those previously measured17 for the systems
carbon dioxide 1 pentaerythritol tetrapentanoate (PEC5),
carbon dioxide 1 pentaerythritol tetraheptanoate (PEC7), and
carbon dioxide 1 pentaerythritol tetranonanoate (PEC9) have
been used to test the ability of different mixing rules31,32 and
several models developed in the literature, which have differ-
ent origins and theoretical backgrounds. The existing models
are mainly used to correlate the viscosity as a function of the
pressure and temperature of the pure compounds. Subse-
quently, using appropriate mixing rules, the viscosity of the

mixtures can be predicted. The most usual models to perform
this task over broad pressure ranges are based on the free-
volume concept,33–35 the hard-sphere (Enskog) theory,36–39

reaction rate theory,40 or a friction model.41,42 Other methods
used to calculate viscosity based on molecular theory43–48

(molecular simulation and QSPR methods) are not yet com-
petitive for the studied systems. In this work, we have veri-
fied the prediction ability of the self-referencing method, the
hard-sphere model, and the free-volume model.

Experimental Section

Materials

Pentaerythritol tetra-2-ethylhexanoate (PEB8, C37H68O8,
CAS 7299-99-2) was obtained from Nikko Chemicals with a
purity of 99%. It was degassed and dried by keeping it under
vacuum (;1 Pa) for 8 h to 15 h at a temperature above 303
K. Carbon dioxide was obtained from AGA/Linde Gaz with
a mole fraction purity of 99.995%.

Measurement technique

Viscosity and density were measured simultaneously using
the vibrating-wire method. The working principle of mea-
surement, the apparatus, and the experimental procedure for
the density and viscosity determination are described in
detail in a previous work.17 The mixtures are prepared in an
additional high-pressure variable-volume cell equipped with
a piston in order to isolate the lubricant/refrigerant mixture
from the pressurizing fluid. This vessel is pressurized up to a
pressure higher than the saturation pressure to ensure that the
mixture is in a single phase.

It is also necessary to ensure the homogeneity of the mixture
inside the measurement apparatus. This has been done using a
high-pressure circulation pump connected to the pressure line.
Homogeneity of the mixture is verified by performing meas-
urements with the vibrating-wire sensor. The temperature in
the high-pressure vessel, which is surrounded by an isothermal
shield in the interior of a vacuum chamber, is controlled better
than 60.005 K. Two platinum resistance thermometers are
used to measure the temperature of the pressure vessel at dif-
ferent places (one of them is read in four-wire mode). Three
other thermometers monitor the temperature of the isothermal
shield. The uncertainty in temperature is estimated to be
60.02 K. Pressure was measured with two transducers (Keller
mod. PA-25HTC, Switzerland) with ranges up to 40 and 100
MPa. The pressure uncertainty is 60.1% of the full scale. The
estimated uncertainties in the density and viscosity measure-
ments are 60.2% and63%, respectively.

Results and Discussion

Measurements of density and viscosity of the mixtures
0.9942 CO2 1 0.0058 PEB8 and 0.9885 CO2 1 0.0115
PEB8 (7.8% and 14.4% mass fraction of lubricant) were per-
formed along six isotherms between 303.15 K and 353.15 K
and at pressures up to 60 MPa. A total of 216 experimental
points were obtained. The results are presented in Table 1. In
Figures 1 and 2 we have plotted respectively the experimen-
tal densities and viscosities, for the mixtures against pressure,
along the several isotherms. In Figure 3, the density for these
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mixtures are compared with the density values of pure PEB8
(previously measured in our laboratory by Fandiño et al.21),
and of carbon dioxide17 over the pressure interval of 10–60
MPa and the temperature interval of 303.15–353.15 K. The
trends in the density of mixtures with pressure and tempera-
ture are similar to those of pure carbon dioxide. The density
of the mixtures is, in general, higher than the values for the
pure carbon dioxide.

The present results for density were correlated using a
modified Tait equation given by the expression:

qðp; TÞ ¼ A0 þ A1T þ A2T
2 þ A3T

3

1� ðC0 þ C1TÞ ln B0þB1TþB2T2þp
B0þB1TþB2T2þpref

� � (1)

We have chosen 60 MPa as the reference pressure and the
values of the coefficients Ai (i 5 0, 1, 2, 3) were determined
in a preliminary fit to the density at the reference pressure as
a function of the temperature. Coefficients Bj (j 5 0, 1, 2)
and Ck (k 5 0, 1) were fitted to the density measurements at
pressures different from the reference pressure using the Lev-
enberg-Marquardt50 algorithm. We have considered a linear
temperature dependence for coefficient C, since the quality
of the fits was significantly improved in comparison with
that obtained with no temperature dependence in this coeffi-
cient. Cibulka and coworkers51–54 have used a similar equa-
tion, with C depending on temperature, to correlate density
of linear and branched alkanes, alkanols, and aromatic hydro-
carbons. In addition, Troncoso et al.55 also have used this

Table 1. Experimental Values of Densities, q (kg m
23
) and Viscosity, g (mPa s) for x CO2 1 (12x) PEB8 Mixtures at

Different Temperatures and Pressures

p (MPa) q (kg m23) g (mPa s) q (kg m23) g (mPa s) q (kg m23) g (mPa s)

0.9942 CO210.0058 PEB8

T 5 303.15 K T 5 313.15 K T 5 323.15 K
10 805.5 0.089
15 865.5 0.103 815.9 0.090
20 902.9 0.115 865.0 0.102 817.8 0.091
25 931.0 0.125 898.7 0.113 860.2 0.102
30 953.7 0.134 925.0 0.122 891.3 0.111
35 973.0 0.142 946.8 0.131 916.3 0.120
40 989.8 0.150 965.6 0.138 937.3 0.128
45 1004.9 0.157 982.2 0.145 955.7 0.135
50 1018.5 0.164 997.1 0.152 972.1 0.141
55 1030.9 0.171 1010.6 0.158 986.9 0.148
60 1042.4 0.178 1023.1 0.165 1000.5 0.154

T 5 333.15 K T 5 343.15 K T 5 353.15 K
20 765.7 0.082
25 819.1 0.093 774.2 0.087 729.9 0.085
30 855.7 0.103 818.6 0.097 784.0 0.093
35 884.2 0.112 851.5 0.105 821.8 0.101
40 907.8 0.120 878.1 0.113 851.6 0.109
45 928.3 0.127 900.8 0.119 876.6 0.116
50 946.4 0.134 920.6 0.126 898.3 0.122
55 962.7 0.140 938.3 0.132 917.6 0.128
60 977.6 0.147 954.5 0.138 935.1 0.133

0.9885 CO210.0115 PEB8
T 5 303.15 K T 5 313.15 K T 5 323.15K

10 839.0 0.099
15 887.2 0.112 837.9 0.098
20 919.4 0.123 880.5 0.109 837.4 0.100
25 944.1 0.134 910.6 0.119 874.2 0.109
30 964.3 0.144 934.3 0.128 901.8 0.118
35 981.6 0.153 954.1 0.137 924.3 0.127
40 996.8 0.161 971.1 0.146 943.3 0.135
45 1010.3 0.169 986.2 0.154 960.0 0.143
50 1022.6 0.177 999.7 0.162 975.0 0.151
55 1033.9 0.184 1012.0 0.169 988.5 0.159
60 1044.3 0.191 1023.4 0.176 1000.9 0.166

T 5 333.15 K T 5 343.15 K T 5 353.15 K
20 793.8 0.090
25 838.3 0.100 800.1 0.088 760.8 0.080
30 870.2 0.109 838.8 0.098 806.8 0.090
35 895.5 0.117 867.8 0.107 839.8 0.098
40 916.8 0.125 891.5 0.115 866.0 0.106
45 935.3 0.133 911.7 0.122 888.1 0.114
50 951.7 0.141 929.4 0.129 907.4 0.121
55 966.6 0.148 945.3 0.136 924.5 0.127
60 980.1 0.156 959.6 0.143 940.0 0.134
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type of modified Tait equation to correlate the density values
of mixtures 1-hexanol 1 n-hexane. The parameters values
of Eq. 1 are presented in Table 2. The experimental points fall
within a narrow range well-centered with respect to Eq. 1 at
each composition, yielding an absolute average deviation
(AAD) of 0.05% which is a measure of the dispersion of the
data. Unfortunately, to our knowledge no additional points
are available in the literature from other researchers so it was
not possible perform comparisons against values of independ-
ent sources.

The sensitivity of the vibrating wire apparatus permits us to
estimate the excess molar volumes vE from the experimental den-
sity values.27 The following relation was used to determine vE:

vE ¼ 1

qm

X2
i¼1

xiMi �
X2
i¼1

xiMi

qi
(2)

where qm is the density of the mixture, and xi, Mi, and qi are
the mole fraction, the molar mass, and the density of the com-

ponent i, respectively. The density values of the pure compo-
nents where taken from Pensado et al.17 for carbon dioxide,
and from the work of Fandiño et al.21 for the PEB8 lubricant.
For the studied mixtures, in the considered (T,p) range this
excess property is negative, being at a fixed composition more
negative when the pressure decreases and the temperature
increases. Similar behavior have been found in a previous
work for mixtures of CO2 with PEC5, PEC7, and PEC9.17 The
negative values of vE could indicate a tendency of the mole-
cules of the refrigerant to place themselves in the free space
present in the large, branched molecules of the lubricant, as
well as a high degree of interaction between the molecules of
the CO2 and the lubricant. Canet,56 Audonnet and Padua,27

Marchi et al.,57 and Comuñas et al.12,13 also obtained negative
values for the excess molar volume of other size-asymmetrical
mixtures (methane 1 decane, HFC-134a 1 TEGDME, and
HFC-134a 1 TriEGDME).

In Figure 4 we represented the behavior of the dynamic
viscosity of the mixtures together with the viscosity values

Figure 2. Experimental viscosities for xCO2 1 (1 2 x) PEB8 mixtures: (n) 303.15 K, (h) 313.15 K, (~) 323.15 K, (~)
333.15 K, (l) 343.15, (*) 353.15 K.

Figure 1. Experimental densities for xCO2 1 (1 2 x) PEB8 mixtures: (n) 303.15 K, (h) 313.15 K, (~) 323.15 K, (~)
333.15 K, (l) 343.15, (*) 353.15 K.
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of the pure compounds,22,58 as function of pressure at 303.15
K. The addition of a small quantity of lubricant to the pure
refrigerant gives rise to a drastic increase of the viscosity of
the mixtures; thus, the viscosity of the mixtures with a con-
centration of 15% in mass of lubricant is around twice the
viscosity of the pure carbon dioxide. This could affect, in
an important manner, the heat transfer coefficients and
the global performance of refrigeration system.30,59–61 In the
(T,p) range analyzed in this work, the viscosity values of the

pure lubricants are around two or three orders of magnitude
higher than those of the studied mixtures. In the interval of
composition considered in this work, the pressure depend-
ence of the viscosity of the mixtures is close to that of the
pure carbon dioxide, as can be observed in Figure 4. Mix-
tures of CO2 with PEC5, PEC7, and PEC9 show a similar
behavior.17

The experimental viscosity data for each mixture were
correlated as function of temperature and pressure with the

Table 2. Parameter Values of Eq. 1 and Obtained Deviations for the Correlations of the Density
of x CO2 1 (12x) PEB8 Mixtures

Parameters

A0

(kg m23)
A1

(kg m23 K21)
102 A2

(kg m23 K22)
103 A3

(kg m23 K23)
B0

(MPa)
B1

(MPa K21)
103 B2

(MPa K22) 102 C0

103 C1

(K21)

x 5 0.9942 29610.7 101.36 231.525 0.3194 162.48 20.8025 0.8163 26.7866 0.6039
x 5 0.9885 1957.3 23.7882 0.2565 0 226.74 21.1847 1.3933 24.3567 0.4976

Deviations

AAD (%) MD (%) Bias (%)

x 5 0.9885 0.05 0.2 20.001
x 5 0.9942 0.05 0.2 20.006

Figure 3. qTp diagrams for xCO2 1 (1 2 x) PEB8 mixtures (this work) and for pure carbon dioxide17 and pure
PEB8.21
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follow equation, similar to those proposed by Comuñas
et al.62:

gðp; TÞ ¼ gðpref ; TÞ exp GðTÞ ln pþ EðTÞ
pref þ EðTÞ
� �� �

(3)

where gðpref ; TÞ is the dynamic viscosity as function of tem-
perature at a reference pressure, pref given by:

gðpref ; TÞ ¼ D0 þ D1T þ D2T
2: (4)

The functions E(T) and G(T) have the follow expressions:

GðTÞ ¼ G0 þ G1T (5)

EðTÞ ¼ E0 þ E1T þ E2T
2 (6)

We have selected as reference pressure pref 5 60 MPa. The
Di (i 5 0, 1, 2) parameters of Eq. 4, presented in Table 3,
have been determined in a preliminary fit of the viscosity as
a function of temperature at the reference pressure, and coef-
ficients Ej (j 5 0, 1, 2) and Gk (k 5 0, 1) have been fitted to
the viscosity measurements at pressures different from the
reference pressure using the Levenberg-Marquardt50 algo-

rithm. In Table 3, the deviations obtained for the studied
mixtures are reported.

Viscosity modeling

We have used the viscosity values reported in the present
work for the mixtures CO2 1 PEB8, together with those pre-
sented in a previous work17 for the mixtures CO2 1 PEC5,
CO2 1 PEC7, and CO2 1 PEC9 to test the prediction ability
of some models. For pure carbon dioxide, the experimental
viscosity values between 303.15 and 353.15 K and from 10
to 60 MPa were taken from a previous work of Pensado
et al.17 For PEC5, PEC7, PEC9, and PEB8 the g values al-
ready measured between 303.15 and 353.15 K and from 0.1
to 60 MPa were used.22,23 The models considered range from
the simple classical mixing laws by Grunberg and Nissan31

and Katti and Chaudhri32 through empirical general correla-
tions, such as the self-referencing model,63 to recent
approaches with a physical and theoretical background, such
as the hard-sphere scheme36,37,39 and the free-volume
model.33–35

Mixing laws The objective of these mixing laws is to
predict the viscosity of mixtures using only the viscosity and
density of the pure substances and their mole fraction (or
other composition scale). We have considered two mixing
laws without any adjustable parameters, so they can be con-
sidered as predictive, and one mixing law that involves one
adjustable parameter, i.e., a correlation mixing law. The first
mixing law used for viscosity predictions is that proposed by
Katti and Chaudhri,32 given by the follow expression:

ln mmix ¼ x1 ln m1 þ x2 ln m2 (7)

where m is the kinematic viscosity and x the mole fraction.
Subscript ‘‘mix’’ refers to the mixture, whereas subscripts 1
and 2 refer to the pure compounds. The AAD between the
experimental and the predicted values using this mixing law
are high (ranging from 15 to 41%), as can be seen in Table
4. The maximum deviation (MD) was obtained for the mix-
ture 0.9879 CO2 1 0.0121 PEC9 (47%). The mixing rule
predicts always kinematic viscosity values lower than the ex-
perimental values (Bias 5 AAD). Geller et al.64,65 utilized
this mixing law to predict the viscosities of HFC refrigerant
1 POE lubricant mixtures. These authors have found that
this mixing law is more appropriate for high temperatures.

Figure 4. Dependence of the viscosity with the mole
fraction and pressure at 303.15 K for the
mixtures xCO2 1 (1 2 x) PEB8: (n) x 5 0, (~)
x 5 0.9885, (^) x 5 0.9942, (l) x 5 1.

Table 3. Parameter Values of Eq. 3 and Obtained Deviations for the Correlations of the Viscosity
of x CO2 1 (1–x) PEB8 Mixtures

Parameters

D0 (mPa s)
103 D1

(mPa s K21)
106 D2

(mPa s K22)
E0

(MPa)
E1

(MPa K21)
103 E2

(MPa K22) G0

103 G1

(K21)

x 5 0.9942 1.477 27.206 9.634 429.5 22.441 3.42 0.438 0.037
x 5 0.9885 0.797 22.762 2.5 291.57 21.739 2.652 20.717 3.98

Deviations

AAD (%) MD (%) Bias (%)

x 5 0.9885 0.4 1.3 0.05
x 5 0.9942 0.7 2.1 0.001
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We have found that the predictions of Eq. 7 become worse
when the temperature decreases. From a molecular standpoint
this is to be expected since the effect of attractive molecular
interactions becomes more important at low temperatures,
whereas at high temperatures repulsive collisions dominate
and the fluid may be represented correctly by a simpler
kinetic model.

The mixing law of Grunberg and Nissan31 is also often
used to predict viscosity of mixtures,

ln gmix ¼ x1 ln g1 þ x2 ln g2 (8)

This equation predicts the viscosity of the xCO2 1 (1 2 x)
POE lubricant mixtures with AADs ranging from 16 to 43%.
This mixing law predicts also viscosity values that are
always lower than the experimental values (Bias 5 AAD).
The MD (50%) was found at T 5 303.15 K, p 5 25 MPa
for the mixture 0.9879 CO2 1 0.0121 PEC9. The deviations
obtained in this work between the experimental and predicted
values with the Katti and Chaudhri and Grunberg and Nissan
mixing laws are similar to those obtained by Comuñas
et al.14 and Monsalvo et al.9,10 for mixtures of HFC134a and
polyether, and to those obtained by Baylaucq et al.66 for
mixtures of methane and decane as well as of methane and
toluene. These results contrast with those obtained for mix-
tures of POE lubricants,24 for which the Katti and Chaudhri
and Grunberg and Nissan mixing laws predict the viscosity
values with an AAD lower than 5.4%. Hence, it can be con-
cluded that these simple mixing laws are not valid for viscos-
ity predictions of size-asymmetrical mixtures. The Grunberg
and Nissan mixing law can be modified by introducing an
adjustable parameter believed to be representative, in some
way, of the interactions within the system studied. This
mixing law has the following form:

ln gmix ¼ x1 ln g1 þ x2 ln g2 þ x1x2d12 (9)

By minimizing the average absolute deviation between the
calculated and experimental data for each CO2 1 POE lubri-
cant mixtures, we obtained low deviations, with AADs rang-
ing from 1.4 to 4.1%. The MD (14%) was found at T 5
353.15 K, p 5 25 MPa for the mixture 0.9831 CO2 1
0.0169 PEC5. The results improve by using Eq. 9, but the
model is not anymore predictive.

Self-referencing method. This method was developed by
Kanti et al.63 in order to model the viscous behavior of pe-
troleum cuts that have a complex composition which is diffi-

cult to characterize. For this kind of fluid, it is difficult to
use equations based on physical properties such as the molar
mass, critical parameters or acentric factors, as well as on
the exact composition of the mixture.67 The formulation of
the self-referencing method has the advantage of only requir-
ing one experimental value, g(pref,T0), at a pressure pref and
a temperature T0. This is the reason why this method can be
referred to as a self-referencing model. The method does not
involve the molar mass or any other physical properties
(including critical parameters); more details can be found in
the original article.63 It can be applied without restriction
indifferently to pure substances, to well-defined mixtures or
to chemically very rich systems, such as petroleum cuts for
which the method was originally developed. The method
involves nine parameters (a, b,. . ., i) originally determined
by Kanti et al.63 using numerical analysis on a database con-
taining linear alkanes and AB. Once the values of these coef-
ficients are known, the method can be used directly without
additional adjustment, and for this reason it can be consid-
ered as general and predictive. The functional form of this
method is:

ln
gðp; TÞ

gðpref ; T0Þ
� �

¼ ðay2 þ byþ cÞ ln 1þ ðp� prefÞ
dy2 þ eyþ f

� �

þ ðgy20 þ hy0 þ iÞ 1

T
� 1

T0

� �
ð10Þ

where y 5 y0 1 (gy0
2 1 hy0 1 i)(1/T 2 1/T0) and y0 5 ln

[g(pref, T0)]. This equation is used with p and pref in MPa, T0
and T in K. The viscosity value at the reference pressure and
temperature, g(pref,T0), is expressed in mPa s.

In this work, we have used this formulation to determine
viscosity values for CO2 1 POE mixtures. For this objective,
in the first step, the parameters a, b,. . .i determined in the
original work by Kanti et al.63 were used in Eq. 10. We have
selected the reference point at T0 5 303.15 K and pref 5 60
MPa. Under these conditions, the AAD obtained with the
407 experimental points for the eight considered mixtures
(415, from which we subtract one reference point for each
mixture) was 6.9%. The MD (28%) was found at T 5
353.15 K, p 5 60 MPa for the mixture 0.9879 CO2 1
0.0121 PEC9. The results obtained can be considered quite
satisfactory, and are similar to those obtained by Et-Tahir
et al.68 and Boned et al.69 for binary mixtures such as tolu-
ene 1 pristane and toluene 1 1- methylnaphthalene, or by

Table 4. Obtained Results with the Katti and Chaudhri (Eq. 7), Original Grunberg and Nissan (Eq. 8), and
Modified Grunberg and Nissan (Eq. 9) Mixing Laws

Eq. 7 Eq. 8 Eq. 9

AAD (%) MD (%) Bias (%) AAD (%) MD (%) Bias (%) AAD (%) MD (%) Bias (%)

0.9942 CO2 1 0.0058 PEB8 21 27 21 22 32 22 2.3 8.1 0.7
0.9885 CO2 1 0.0115 PEB8 21 24 21 23 28 23 1.7 6.1 20.3
0.9919 CO2 1 0.0081 PEC5 16 19 16 18 23 18 1.4 5.4 20.2
0.9831 CO2 1 0.0169 PEC5 28 34 28 31 40 31 3.0 14 1.2
0.9934 CO2 1 0.0066 PEC7 15 17 15 16 19 16 1.5 9.4 20.7
0.9872 CO2 1 0.0128 PEC7 29 34 29 31 39 31 1.7 5.0 0.4
0.9947 CO2 1 0.0053 PEC9 19 23 19 21 26 21 2.4 6.1 0.5
0.9879 CO2 1 0.0121 PEC9 41 47 41 43 50 43 4.1 12 20.3
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Baylaucq et al.70,71 for the ternary mixture heptane 1 1-
methylnaphthalene 1 methylcyclohexane. Baylaucq et al.66

have proposed a modification of the self-referencing method
by fitting the nine parameters a, b, . . . , i against each pure
compound. Then, for each composition, the following gener-
alized mixing rule is adopted66,72:

amix ¼ x1a1 þ ð1� x1Þa2 (11)

where a represent each one of the parameters and x1 is the
mole fraction of carbon dioxide. We have selected 303.15 K
and 60 MPa, respectively, as the reference temperature and
pressure. For pure POEs, the parameters values were pub-
lished in previous work.24 The values of the parameters for
pure carbon dioxide were fitted using our experimental vis-
cosity values17 and minimizing the AAD between the experi-
mental and calculated data. We report in Table 5 the values
of the parameters and the deviation results obtained for this
compound. With these parameters, the self referencing
method correlates the viscosity values of pure CO2 with an
AAD of 0.5%. Using this approach proposed by Baylaucq
et al.,66 the predicted viscosities for the CO2 1 POE mix-
tures agree with the experimental data with AADs ranging
from 2.3 to 9.2%. The MD (26%) was obtained for the mix-
ture 0.9872 CO2 1 0.0128 PEC7 at T 5 303.15 K and p 5
10 MPa. The deviations obtained using this alternative
approach are similar to those obtained with the original for-
mulation of the method and the original parameters of Kanti
et al.63

In the third step, we have determined a new set of charac-
teristic parameters of the method by simultaneously fitting
the experimental viscosity data for seven of the eight CO2 1
POE lubricant mixtures (we have not considered the viscosity
values of the mixture 0.9885 CO2 1 0.0115 PEB8), taking
303.15 K and 60 MPa, respectively, as the reference temper-
ature and pressure and minimizing the AAD between the ex-
perimental and calculated data. The obtained parameters and
deviations are presented in Table 6. Using the Eq. 10 to-
gether with the parameter set of Table 6, the viscosities for
the mixture 0.9885 CO2 1 0.0115 PEB8 have been predicted
without the application of any mixing law, obtaining an
AAD of 3.5%, a MD of 9.7%, and a Bias of 3% from the

experimental values. The self-referencing method together
with the optimized set of parameters of Table 6 could allow
the prediction of the viscosity of mixtures of carbon dioxide
with real lubricants (at low lubricant concentrations), if one
viscosity value at one given temperature and pressure is
known.

Free-volume viscosity model. Recently, an approach to
model the viscosity of Newtonian fluids (in the condensed
phase, with density q [ 0.2 g cm23) was proposed by Allal
et al.33 This approach connects the viscosity, g, to the molec-
ular structure via a representation of the free-volume fraction.
In its first version,33 the model could be applied only to
dense fluids, but a version valid for low-density states has
also been developed.34,35 In this latter version, the viscosity
has the following representation:

g ¼ g0 þ
q‘ aqþ pM

q

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3RTM

p exp B
aqþ pM

q

RT

 !3=2
2
4

3
5 (12)

where M is the molar mass, q is the density, g0 is the
diluted-gas viscosity term (for which we have used the
expression proposed by Chung et al.73), and ‘, a, and B are
adjustable parameters for each fluid. This model can also be
applied to mixtures using the following mixing rules

amix ¼
XN
i;j¼1

xixjaij with aij ¼ ffiffiffiffiffiffiffiffi
aiaj

p
(13)

Bmix ¼
XN
i¼1

xiBi (14)

‘mix ¼
XN
i¼1

xi‘i (15)

where the subscripts i and mix represent pure compound i
and the mixture, respectively. The dilute-gas term contribu-
tion of the mixture has been considered linearly dependent
on the mole fraction of the refrigerant due to the low concen-
tration of the lubricant in the gas phase, which can be satis-
factorily described with a simple linear model. The three

Table 5. Self-Referencing Method

Parameters CO2

a 20.1965
b 20.4850
c 0.3084
d 25.8156
e 33.0838
f 154.2309
g 107.8146
h 470.7389
i 1321.0264

Deviations

AAD (%) 0.5
MD (%) 5.0
Bias (%) 20.04

Parameters and obtained deviations for pure carbon dioxide.

Table 6. Self-Referencing Method

Parameters

a 5 20.2918 d 5 25.8241 g 5 107.8121
b 5 20.6057 e 5 33.0901 h 5 470.7402
c 5 0.4803 f 5 154.2265 i 5 1321.0258

AAD (%) MD (%) Bias (%)

0.9942 CO2 1 0.0058 PEB8 1.9 6.7 0.7
0.9919 CO2 1 0.0081 PEC5 2.8 5.6 2.1
0.9831 CO2 1 0.0169 PEC5 7.6 7.6 20.9
0.9934 CO2 1 0.0066 PEC7 3.2 20 20.9
0.9872 CO2 1 0.0128 PEC7 1.9 7.4 20.7
0.9947 CO2 1 0.0053 PEC9 4.4 8.5 8.5
0.9879 CO2 1 0.0121 PEC9 8.6 22 26.9

Obtained results for the mixtures refrigerant 1 lubricant with the parameters
determined by fitting the experimental viscosity data of seven CO2 1 lubri-
cant mixtures.
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parameters (‘, a, and B) for each pure compound (POE lubri-
cants and carbon dioxide) have been adjusted considering the
experimental viscosity data previously measured.17,22,23 The
viscosity of the pure compounds is described satisfactorily
with AADs ranging from 0.3% for CO2 to 2.3% for PEC9.
The parameters for pure CO2 and POE lubricants are
reported in Table 7, together with the deviations with which
this model represents the dynamic viscosities of these com-
pounds. Taking into account these parameter values and the
mixing rules of Eqs. 13–15, the dynamic viscosities of CO2

1 POE lubricant mixtures can be predicted. The values cal-
culated with the free-volume model agree with the experi-
mental data within AADs ranging from 6 to 37%, whereas
the MD ranges from 17 to 44%. These results contrast with
those obtained for mixtures of POE lubricants,24 for which
the free volume model can predict the viscosity values with
an AAD lower than 4.4%. If the ‘mix, amix, and Bmix values
are fitted against the experimental viscosities of the mixtures,
these deviations are much lower (AAD \ 3%) but then, the
model is not predictive.

Hard-sphere model. This model has been devel-
oped36,37,39 for the simultaneous correlation of self-diffusion,
viscosity, and thermal conductivity of dense fluids. The trans-
port coefficients of real dense fluids expressed in terms of
Vr 5 V/V0, with V0 the close-packed volume and V the molar
volume, are assumed to be directly proportional to the values
given by the exact hard-sphere theory. The proportionality
factor, described as a roughness coefficient Rg, reflect the
degree of coupling between translational and rotational
motions of the molecules and, in general, empirically
accounts for deviations from the behavior of smooth hard
spheres as well as the departure from molecular sphericity.
Universal curves for the viscosity were established and
expressed as:

ln
g�exp
Rg

� �
¼
X7
i¼0

agið1=VrÞi

with

g�exp ¼ 6:035 3 108
1

MRT

� �1=2

gexpV
2=3 (16)

The coefficients agi are universal,37 independent of the
chemical nature of the compound and V0 and Rg are adjusta-
ble parameters. Rg is independent of pressure and tempera-
ture, whereas V0 depends on temperature. In this model the
viscosity is not an explicit function of pressure. Thus, the
viscosity is only a function of volume and temperature,
g(V,T). This approach can be applied to mixtures, once
known V0 and Rg parameters for each compound, using the
following mixing rules in order to determine these parame-
ters for mixtures:

V0mixðTÞ ¼
XN
i¼1

xiV0iðTÞ (17)

Rgmix ¼
XN
i¼1

xiRgi (18)

where the subscripts i and mix are used for pure compounds
and mixture, respectively. The V0 and Rg parameters for the
pure lubricants have been taken from a work of Pensado
et al.,23 and for pure carbon dioxide they were determined by
fitting the viscosity data previously reported.17 The hard-
sphere model represents the viscosity of pure CO2 with an
AAD of 0.1%, a MD of 0.5%, and a Bias of 20.001%. Con-
sidering the mixing rules given by Eqs. 17 and 18 and the
parameters values for pure POEs and CO2, the dynamic vis-
cosities of CO2 1 PEC5, CO2 1 PEC7, CO2 1 PEC9, and
CO2 1 PEB8 can be predicted. The temperature dependence
of the V0 parameters of mixtures CO2 1 PEB8, CO2 1
PEC7, and pure compounds can be observed in Figure 5.
The hard-sphere model predicts the viscosity values of the
mixtures with AADs ranging from 6.0 to 16%, whereas the
MD ranges from 8.3 to 25%. If V0 and Rg are fitted against
the experimental viscosities of the mixtures, these deviations
become much lower (AADs ranging from 3 to 11%) but in
this case, the model is not predictive.

Comparisons among the models

The results obtained for the dynamic viscosity predictions
for CO2 1 POE lubricant mixtures with the six different
models tested, namely, Katti and Chaudhri32 and Grunberg
and Nissan31 mixing laws, self-referencing method, hard-
sphere model, and free-volume model, are compared in Fig-
ure 6. We should point out that, in most cases, the dynamic
viscosity values predicted with the two models having stron-
ger physical backgrounds, i.e., the free-volume model and
the hard-sphere model, are lower than the experimental val-
ues over the entire temperature and pressure ranges, except
for the free-volume model for the mixture 0.9919 CO2 1
0.0081 PEC5 for which the predicted values are higher than
the experimental data. Additionally, in most cases, we obtain
AAD 5 Bias, i.e., all of the points are on the same side of
the theoretical curve (predicted viscosities lower than the
experimental values). The self-referencing method and the
hard-sphere model are the best approaches among those
tested to predict the viscosities of CO2 1 POE mixtures, at
low concentrations of lubricant. It is interesting to point out
that self-referencing method need a viscosity value at a given
temperature and pressure, whereas the hard-sphere model
need the composition and the density of the mixture.

Table 7. Parameters and Deviations with the Free-Volume
Model for Pure Compounds

Pure Fluid a (m5 mol21 s22) B 1010 ‘ (m)

PEB8 818.135 0.00142 0.0277
PEC5 449.026 0.00219 0.1544
PEC7 606.147 0.00154 0.1384
PEC9 769.557 0.00118 0.1342
Carbon dioxide 20.341 0.0157 0.5739

AAD (%) MD (%) Bias (%)

PEC8 2.2 5.8 0.1
PEC5 1.3 3.8 0.07
PEC7 1.9 5.5 0.4
PEC9 2.3 6.1 0.2
Carbon dioxide 0.3 1.7 0.2
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Figure 5. Hard-sphere parameters V0 (T) vs. temperature for the mixtures CO2 1 PEC7 and CO2 1 PEB8.

(a) xCO2 1 (1 2 x) PEC7, (*) x 5 0; (~) x 5 0.9872; (^) x 5 0.9934; (n) x 5 1. (b) xCO2 1 (1 2 x) PEB8, (*) x 5 0; (~) x 5
0.9885; (^) x 5 0.9942; (n) x 5 1.

Figure 6. Deviations between the experimental values and the predicted data for the analyzed models: (black)
AAD, (white) MD, and (gray) Bias.

(a) 0.9942 CO2 1 0.0058 PEB8, (b) 0.9885 CO2 1 0.0115 PEB8, (c) 0.9919 CO2 1 0.0081 PEC5, (d) 0.9831 CO2 1 0.0169 PEC5, (e)
0.9934 CO2 1 0.0066 PEC7, (f) 0.9872 CO2 1 0.0128 PEC7, (g) 0.9947 CO2 1 0.0053 PEC9, (h) 0.9879 CO2 1 0.0121 PEC9.
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Conclusions

The density and viscosity data for two binary mixtures of
carbon dioxide with pentaerythritol tetra-2-ethylhexanoate,
with 7.8% and 14.4% mass fraction of lubricant have been
measured between 303.15 and 353.15 K and up to 60 MPa
with a specially designed vibrating wire sensor. From the
density data we have determined the excess molar volumes,
finding that this property is negative for both mixtures. The
viscosity of the mixtures increases drastically with lubricant
concentration. The mixture with a concentration ;15% in
mass of lubricant has viscosity values around twice those of
pure carbon dioxide.

In general, it is not possible to predict the viscosity mix-
tures CO2 1 POE lubricants with average deviations smaller
than 10% using either the self-referencing model, the hard-
sphere scheme, the free-volume model, or the mixing rules
of Katti and Chaudhri and of Grunberg and Nissan. It is
interesting to point out that the hard-sphere model and the
self-referencing model are the more adequate to predict the
viscosity of this type of mixtures. For the self-referencing
model we have obtained an optimized set of parameters that
allows the prediction of the viscosity of mixtures of carbon
dioxide with real lubricants (at low lubricant concentrations),
if the viscosity at a given temperature and pressure is known.
New experimental measurements over wide temperature,
pressure, and composition ranges are needed to complete this
study.

Acknowledgments

This work was supported by Spanish Science and Technology Minis-
try (PPQ2002-03262 and CTQ2005-09176-C02-01/PPQ) and Xunta de
Galicia (PGIDIT06PXIC20640PN). The participation of A.S.P. was
made possible by a grant from DXID, Xunta de Galicia. The authors
wish express their gratitude to M.F. Costa Gomes (Laboratoire de Ther-
modynamique des Solutions et des Polymères, Université Blaise Pascal)
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10. Monsalvo MA, Baylaucq A, Quiñones-Cisneros SE, Boned C. High-
pressure viscosity behavior of x 1,1,1,2-tetrafluoroethane (HFC-
134a) 1 (1 2 x) triethylene glycol dimethylether (TriEGDME)
mixtures. Measurements and modeling. Fluid Phase Equilib. 2006;
247:70–79.

11. Li H, Rajewski TE. Experimental study of lubricant candidates for
the CO2 refrigeration system. Presented at Final Proceedings of the
4th IIR-Gustav Lorentzen Conference on Natural Working Fluids at
Purdue, West Lafayette, IN, 2000.
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pressed liquid densities of squalane and pentaerythritol tetra(2-ethyl-
hexanoate). J Chem Eng Data. 2005;50:939–946.
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26. Audonnet F, Pádua AAH. Density and viscosity of mixtures of n-
hexane and 1-hexanol from 303 to 423 K up to 50 MPa. Int J Ther-
mophys. 2002;23:1537–1550.
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Cisneros SE, Zhou H. Dynamic viscosity modeling of methane1n-
decane and methane1toluene mixtures: comparative study of some
representative models. Petrol Sci Technol. 2005;23:143–157.
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