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Abstract. In this study, highly accurate measurements of density and dynamic viscosities of a recombined
live oil and its mixture with additional CO2 were performed. The experiments were carried out under pressure and temperature gradients found in Brazilian Pre-salt reservoirs, that is, in the pressure range from
(27.6 to 68.9) MPa and at (333.15 and 353.15) K. The assumption of volume change on mixing is evaluated
from the experimental results, and the inﬂuence of pressure and temperature on the volume change upon mixing
is assessed. The densities of mixtures are calculated considering (i) the excess volume approach, and (ii) no
volume change. The densities are better correlated using the excess volume approach with Average Absolute
Deviations (AAD) of 0.03%. Thirteen mixing rules of viscosity are examined by comparing the predicted values
with the experimental viscosity of the recombined live oil + CO2 mixture. The performance of some rules using
compositional fractions (molar, volume and weight) is also evaluated. Thus, a total of 28 different ways to
calculate the mixture viscosities were tested in this study. The worst result was obtained with Bingham’s
method, leading to 148.6% AAD. The best result was obtained from Lederer’s method with 2% AAD and a
maximum deviation of 5.8% using volume fractions and the ﬁtting parameter a. In addition, deviations
presented by the predictive methods of Chevron, Double log, and Kendall did not exceed 9% AAD, using weight
fractions (Chevron and Double log) and molar fractions (Kendall and Monroe).
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1 Introduction
Enhanced Oil Recovery (EOR) processes demonstrate
great potential in recovering trapped oil at the pore scale
providing opportunities to recover oils that would not be
produced. The design and development of these processes
require detailed knowledge of thermodynamic and transport
properties of reservoir ﬂuids. For instance, for reservoir
simulation, it is essential to predict the viscosity of each
phase as a function of temperature and pressure to model
the ﬂuid ﬂow [1–7]. Oil recovery is predominantly inﬂuenced
by the capillary number, which characterizes the ratio of
viscous forces to surface or interfacial tension forces [8, 9].
Carbon dioxide (CO2) miscible ﬂooding is among the
most effective nonthermal EOR methods. In that method,
CO2 is injected through injection wells into the reservoir
under high pressure causing a reduction in oil viscosity
and swelling of the oil [10–12]. Both oil swelling and viscosity reduction can improve crude oil mobility. For these
reasons, there is a growing interest in using CO2-based
methods for EOR purposes in Brazilian Pre-salt reservoirs,
where oils with a high content of dissolved CO2 are found,
reaching more than 40 mol% [13, 14].
As the injection of CO2 causes changes in crude and gas
thermophysical properties and phase equilibria [15–19], it is
necessary to recalculate the equilibrium of the CO2-oil
system for the CO2 injection scenario as well as assessing
the viscosity-pressure behavior. Thus, it is required additional experimental data of density and viscosity as a
function of temperature and pressure of the mixture comprising oil with dissolved CO2. However, there is usually
only a limited set of experimental data in PressureVolume-Temperature (PVT) reports of live oils. Consequently, the viscosity and density over a broad range of
temperature and pressure must be predicted using correlations or predictive mixing rules.
Previous studies have demonstrated that viscosity
behaves differently from other additive properties, such as
molar mass, density, or solubility parameter [20, 21]. However, there are also other mixing rules in literature, most of
which were proposed to estimate the viscosity of the liquid
mixtures using the viscosity of the components at a given
pressure and temperature. The most known mixing rule
was proposed by Arrhenius [22] who proposed an expression
to calculate the viscosity of liquid mixtures base on volume
fractions. Also, it has been the basis for several subsequent
studies. For instance, Bingham [23] published a rule based
on the ideal solution for the reciprocal of viscosity, and
Kendall and Monroe [24] proposed a power-law equation
with mole fraction which was in good agreement with
experimental viscosities of liquid systems with ideal-like
behavior.
For petroleum blends, more-complex mixing rules
have already been proposed. For instance, Lederer [25] proposed a modiﬁed Arrhenius equation by introducing an
adjustable factor, a. Shu [26] extended the Lederer method
with a general formula for a as a function of the density
and viscosity of the binary pairs. Cragoe [27] presented a
method involving the use of correction factors. Moreover,
Chirinos [28] and Double-log method [29] introduced the

use of double logarithms and constants for predicting the
kinematic viscosity of bitumens and heavy oils mixed with
diluents, and Miadonye et al. [28] developed a mixing rule
for petroleum mixtures including two parameters that
account for viscosity interaction and viscosity reduction.
Other methods, such as the Refutas index method [30],
and the Chevron equation [31] are based on the Viscosity
Blending Index (VBI). The VBI of the mixture is the
weight- and volume-weighted, respectively, sum of the
VBI of the components, which in turn are calculated from
the kinematic viscosity.
Although the mixing rules were originally designed to be
used preferably on certain ranges, which are speciﬁed by
some physical or chemical properties of the liquids, empirical observations have already proven that they are useful in
a great variety of applications such as heavy oil and
bitumen ﬂow [32], solvent-based bitumen recovery processes [33], and crude oil blends formulation [34]. In this
context, several studies have used or evaluated the performance of the above-mentioned mixing rules, as well as other
correlations [3, 21, 32, 34–42].
Despite many studies, it is not possible to state that
there is a method that presents a reasonable performance
for all types of systems. Hence, it is still a challenge to ﬁnd
a proper mixing rule for a speciﬁc system. For instance,
Centeno et al. [32] evaluated 17 mixing rules for predicting
kinematic viscosity of oils and their blends at several proportions. Only four rules presented acceptable accuracy
(Chevron, Walther, Einstein, and Power law), nevertheless,
no rule was capable of estimating viscosity for all the crude
oils. Zhang et al. [21] tested ﬁve rules (Chirinos, Arrhenius,
Cragoe, Shu, and Power Law) to predict the viscosity blending behavior of extracted fractions of a Canadian bitumen.
The Power Law method (which requires the calculation of
a parameter by regression analysis) presented the best result
with 0.6% AAD. Moreover, Hernández et al. [34] reported
that only mixing rules with multiple ﬁtting parameters have
low errors in predicting the kinematic viscosity of crude oil
blends over a wide viscosity range (1000–8000 cSt). The
correlative method proposed by Ratcliff and Khan [43],
which involves four ﬁtting parameters, showed the best performance with a relative standard error of 16.2%. Forty
seven different mixtures of crude oil were tested. Recently,
Sánchez and Klerk [42] determined which mixing rules could
be applied for binary mixtures of 1–10% by weight of
solvents and bitumen. It was found that the mixing rule of
Chirinos [28], and that by Miadonye et al. [28] gave the
better viscosity estimation with an absolute average relative
deviation of around 30%.
There are only a few attempts in the literature to
evaluate the performance of the mixing rules of viscosity
at moderate to high pressure. For instance, Nourozieh
et al. [29] evaluated the effect of solvent weight fraction
on the viscosity and density of binary mixtures of bitumen
and n-heptane at pressures up to 10 MPa and temperatures
from (295 to 463) K. In their study, seven different mixing
rules of viscosity (Arrhenius, Power Law, Cragoe, Lederer,
Shu, Lobe, and Double-log) were tested. The viscosity data
were well represented by the Power law and Cragoe’s
models with 7.0% and 13.6% AAD, respectively.
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There are also methods in the literature speciﬁcally proposed for mixtures with CO2. Mehrotra [35] presented two
mixing rules involving ﬁtting parameters for the viscosity of
ﬁve different CO2-saturated bitumen fractions at pressures
up to 10 MPa. The deviations from the experimental data
reached up to 68% depending on the bitumen fraction.
Lian et al. [44] proposed a modiﬁed viscosity model based
on the Peng-Robinson equation of state [45], which also
involved ﬁtting parameters, for the CO2-oil system under
high pressures and high temperatures. The modiﬁed viscosity model provided a relative error of around 5%. Moreover,
Nazeri et al. [46] presented new predictive models based on
the corresponding states for predicting viscosity of the
CO2-rich multicomponent mixtures. Although the proposed
models presented low deviations, typically < 5%, they
require as input data critical properties, acentric factor
and molar mass, among others. As crude oils are mixtures
of unknown effective composition, obtaining these properties is not convenient because they are not measured
directly for oils and need additional correlations to be
obtained, which, in turn, are subject to high levels of inaccuracy. Although there are some limitations, these studies
are particularly interesting, as they have the possibility of
being used to predict the viscosity of liquids that form from
complex ﬂuid-ﬂuid interactions resulting from the injection
of CO2 into oil reservoirs [47].
Nasrabadi et al. [48] point out that for successful CO2
injection projects there is a need to have accurate density
data for CO2/oil mixture at different CO2 compositions.
Therefore, it is necessary to deeply understand the effect
of CO2 solubility on oil density. Elias and Trevisan [49]
have studied the solubility and displacement behavior of
viscous crude with CO2 and have found that the oil exhibits
an increase in density due to CO2 solubility increase.
Ashcroft and Ben Isa [50] showed that the dilution of
hydrocarbons with gases other than CO2 results in a
decrease in density, while the addition of CO2 increases
the density. Nasir and Nurul [51] reported that simulation
results of miscible displacement are sensitive to the oil
and injected gas properties. For instance, it was reported
that uncertainty in oil viscosity and density could give
errors in the oil recovery predictions by at least 20% and
14%, respectively. The uncertainties in the injected gas
properties would generate more signiﬁcant errors reaching
up to 60% and 18%, respectively. Furthermore, Lansangan
and Smith [52] pointed out that the viscosities of
CO2/crude oil mixtures decrease monotonically, while the
density increases with increasing the CO2 concentration.
In an attempt to understand the volumetric behavior of
CO2-rich ﬂuids in oil reservoirs, both academia and industry
have been also using CO2 + hydrocarbon mixtures as a
model system. To better simulate the crude oil PVT behavior, it is necessary to consider at least two different kinds of
alkanes. However, the amount of density data available in
the literature for more complex rather than binary systems
is very scarce. In fact, to the best of our knowledge, only
two studies covering the temperature and pressure conditions typically found in offshore reservoirs are available in
the literature for ternary mixtures comprising dissolved
CO2 [53, 54]. In these studies, the temperature, pressure,

3

and CO2 mole fraction ranged from (273.15 to 363.15) K,
(5 and 100) MPa, and between 0.2 and 0.95, respectively.
In this study, the effects of temperature, pressure and
CO2 addition on the density and viscosity of a Recombined
Live Oil (RLO) are evaluated. Different schemes for
predicting these properties were tested. Thus, the volume
change upon mixing for the mixture is evaluated from the
experimental density. Furthermore, the performances of
13 mixing rules for viscosity, available in the literature,
are tested by comparing the predicted values with the
experimental dynamic viscosities of the RLO + CO2
mixtures. The experiments were carried out in a PVT cell
at temperatures and a pressure range representative of
temperatures and gravitational pressure gradients found
in some Brazilian reservoirs, i.e., at temperatures of
(333.15 and 353.15) K and pressure up to 68.9 MPa.

2 Materials and methods
2.1 Materials
A dead oil from a Brazilian oil ﬁeld was used in the
present study. The composition determined through Gas
Chromatography (GC) provided the carbon number distribution (up to C29) in terms of weight fractions. Katz and
Firoozabadi [55] average molecular masses were used to
convert weight to mole fraction. The molecular mass was
calculated by the sum of the molecular mass of the
constituents weighted by their respective mole fractions.
The molecular weight of the dead oil was measured by
freezing point depression and the measured value was
290 g mol1.
The gases along with their suppliers and purities are
presented in Table 1. All reagents were used without
further puriﬁcation. The dead oil composition and the
molecular masses can be found in Table 2.
For the preparation of the RLO (dead
oil + CH4 + CO2), the dead oil was ﬁrst transferred gravimetrically to a high-pressure cylinder (sample cylinder) by
using a Sartorius balance (Cubis MSU 10202S) with
expanded standard uncertainty, Uc, of 0.06 g. The cylinder
was divided into two parts by means of an inner piston. One
side was ﬁlled with water, which was used as a hydraulic
ﬂuid, whereas the other side was ﬁlled with the dead oil.
The cylinder was closed, and the sample side was bled in
order to remove trapped air. Thus, a volumetric pump
(Quizix Q6000) was used to inject the CO2 and methane,
separately, (by sample side) within the measurement cell.
The return line of the hydraulic ﬂuid that connects the
sample cylinder to an external vessel was used to control
the pressure in the system. Consequently, the masses of
injected CO2 and methane into the measuring cell were
directly determined by weighing the cylinder.
After the gas injections into the dead oil, the mixture
was pressurized at 40 MPa and the temperature was maintained at 333.15 K. The cylinder was agitated using an
automatic rocker for 24 h to generate the movement of a
Hastelloy ball placed inside the cylinder to achieve the
homogenization of the prepared mixture. The estimated
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Table 1. Speciﬁcations of chemicals used in this study.a
Chemical name

Source

Provided purityb

Puriﬁcation method

Methane
Carbon dioxide

Air Products
White Martins

>0.995
>0.998

None
None

a

All the purities of the samples were obtained by the certiﬁcates of their suppliers, and no further purity measurements
were performed.
b
Weight fraction.

Table 2. Composition of dead oil.
Compound
C3
iC4
nC4
iC5
nC5
C6
BTXa
C7
C8
C9
C10
C11
C12
C13
C14
C15
a

Weight %

M (g mol1)

Compound

Weight %

M (g mol1)

0.01
0.03
0.07
0.16
0.20
1.80
0.56
2.25
2.11
2.42
2.75
2.79
2.85
3.16
2.96
3.15

44
58
58
72
72
84
–
96
107
121
134
147
161
175
190
206

C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30+

2.67
2.59
2.88
2.90
2.7
2.32
2.29
2.19
2.21
2.14
2.17
1.75
2.00
1.70
40.22

222
237
251
263
275
291
305
318
331
345
359
374
388
402
–

Benzene, toluene and xylenes.

combined expanded uncertainty, Uc (k = 2), in the composition of the mixture is 1  104 in weight fraction.
A second sample was prepared using a subsample of
the RLO. Firstly, a second cylinder was connected to the
ﬁrst one by the sample side by a system of tubes and
valves under a vacuum. The volumetric pump was used
to control the ﬂow and keep the pressure constant at
40 MPa during the sample transfer. After the subsampling
has ﬁnished, an additional 13 wt% CO2 was injected into
the second sample using the same procedure abovementioned. The second sample was also agitated in the
rocker for 24 h at 40 MPa. The compositions of the
mixtures studied in this work are given in Table 3. After
shaking, the cylinders were weighed again to ensure that
there were no leakage losses.
2.2 Density measurements
The densities of the samples were measured by using a
U-shaped vibrating tube densitometer Anton Paar DMA
HPM, with a mPDS-5 evaluation unit as the reading
device. In addition to the densitometer, the experimental

setup includes one volumetric pump (Quizix Q5000)
required to control the pressure in the measurement cell
and a pressure transducer (AST 4300) which measures
pressures up to 138 MPa with a standard uncertainty of
0.35 MPa. The measuring cell of the densitometer is maintained at a constant temperature through a liquid circulator
bath Julabo 300F. The temperature is measured by a builtin temperature sensor. According to the manufacturer’s
speciﬁcation, the temperature error is less than 0.1 K, and
according to our measurements, the standard uncertainty
u(T) is 0.02 K. A schematic of the experimental apparatus
can be found in Figure 1. The pressurized sample was
charged into the densitometer, purging four times the
volume of the tube to ensure that the sample composition
in the measuring cell is the same as that prepared in the
sample cylinder.
The calibration of the densitometer was performed
following a modiﬁcation of the Lagourette et al. [56]
method, in an analogous way to that described by Comuñas
et al. [57] by using vacuum and Milli-Q water as references.
The density values of water were obtained from the
Equation of State (EoS) proposed by Wagner and Pruss
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Table 3. Composition in weight (xw) and mole (xm) fraction of the Recombined Live Oil (RLO), and its mixture with
additional CO2.
Compound
Dead oil
Methane
Carbon dioxide

RLO

RLO + CO2 (87.28:12.72) w/w

(xw)

(xm)

(xw)

(xm)

0.812
0.033
0.154

0.333
0.248
0.419

0.707
0.029
0.264

0.237
0.177
0.586

Fig. 1. Schematic of the densitometer. 1 – Computer, 2 – Quizix pump Q5000, 3 – Sample cylinder, 4 – DMA HPM, 5 – Julabo 300F
thermostatic bath, 6 – HPM DMA interface module, 7 – mPDS-5 evaluation unit, 8 – Cylinder sample receiver, 9 – Pressure
transducer.

[58]. For the liquid phase, the uncertainty in density of this
EoS is 0.0001% at 0.1 MPa, and 0.003% at pressures in the
interval from (10 to 100) MPa and temperatures up to
423 K. Thus, following Lagourette’s method and the Comuñas’ proposal, the densities were obtained according to
equation (1). Density measurements were performed in
the range of pressures from (27.6 to 68.9) MPa and at
(333.15 and 353.15) K. Considering the propagation error
law, the combined expanded uncertainty Uc (k = 2) for density measurements of all systems evaluated in this study is
Uc(q) = 0.33 kg m3:
qoil ðT ; P Þ ¼ qwater ðT ; P Þ


s2 ðT ; P Þ  s2water ðT ; PÞ
þ qwater ðT ; 0:1 MPaÞ 2 oil
;
swater ðT ; 0:1 MPaÞ  s2vacuum ðT Þ

ð1Þ

where q is the density in kg m3 and s is the oscillation
period in ls.
The densities of pure CO2 (used to calculate mixing
rules based on kinematic viscosity) were calculated with
the equation of state developed by Span and Wagner [59].
The estimated uncertainty claimed by the authors in the
original source ranges from 0.03% to 0.05% in density at
the pressure and temperature ranges addressed in this
study.

2.3 Viscosity measurements
A modiﬁed Hagen–Poiseuille equation [60] is used to
obtain the experimental dynamic viscosity by a capillary
viscometer, as follows:
l ¼ Kv

p r 4 P
;
8 QL

ð2Þ

where l is the dynamic viscosity in cP, DP is the
differential pressure in MPa, r is the tube radius in cm
(0.01905 cm), Q is the volumetric ﬂow rate in cm3 s1,
L is the length of the capillary tube in cm (365.76 cm),
and Kv is the calibration factor (1.13).
The calibration factor Kv of the viscometer was
experimentally determined by calibrating it using viscosity
standards supplied by Cannon Instruments. The capillary
tube was calibrated from (293 to 413) K, and the accuracy
of the measurements was determined as 3%.
The viscosity measurements were performed in a PVT
cell (Chandler 3000). The system is equipped with two
transfer vessels (called pump cell and mini cell) with effective
volumes of 400 cm3 and 100 cm3, respectively. The vessels
are connected through a capillary tube in a temperaturecontrolled oven, as shown in Figure 2. The pump cell has
a motorized piston-driven system that transfers the
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Fig. 2. Schematic of the capillary viscometer. 1 – Quizix pump Q6000, 2 – Sample Cylinder, 3 – Vacuum pump, 4 – Minicell, 5 –
Pump cell, 6 – Pressure transducers, 7 – Capillary tube, 8 – Motorized piston, 9 – Computer.

controlled ﬂow rate from the pump to the sample contained
in the transfer vessels. A return line of the hydraulic oil connecting the mini cell to a volumetric pump (Quizx Q6000)
controls the pressure in the system. Two AST 4300 pressure
transducers, which measure pressures up to 138 MPa with a
standard uncertainty of 0.35 MPa, were used to monitor
the pressure. The temperature of the oven is controlled by
an air bath within ±0.05 K of the measurement temperature. The sample was pumped from the pump cell to the
mini cell through the capillary tube with a known ﬂow rate
while the pressure was recorded by the transducers. The
average of the pressure values provided by the transducers
is considered as the nominal pressure of the system. Six
viscosity measurements were performed for each experimental condition. The maximum standard deviation related to
these measurements was equal to 0.01 cP.
2.4 Mixing rules of viscosity
Thirteen mixing rules were evaluated in this study. These
mixing rules are classiﬁed into three different categories:
pure mixing rules, mixing rules with viscosity blending
index, and mixing rules with additional parameters. This
classiﬁcation is already described elsewhere [32, 34], therefore, they will be only brieﬂy presented here in the topics
(a) to (c) as follows:
(a) Pure mixing rules. They only require experimental
viscosity of components and composition of mixtures in
terms of volume, weight, or molar fractions. The tested
rules of this type are Arrhenius [22], Bingham [23],
Kendall and Monroe [24], linear, Cragoe [27], Chirinos
[28], and Double-log [29].
(b) Mixing rules with viscosity blending index. They involve
the determination of the Viscosity Blending Index. The
tested rules of this type are Chevron [31] and Refutas
index method [30].

(c) Mixing rules with additional parameters. The calculation of extra-parameters is necessary. These parameters are obtained from correlations related to the
density and kinematic viscosity or from ﬁtting parameters. The tested rules of this type are Lederer [25],
Lobe [61], Latour [28], and Power law [32]. The
mixing rule proposed by Lederer was also used with
a predictive scheme by calculating parameter a as
proposed by Shu [26].
Tables 4–6 list the pure mixing rules, the mixing rules
with additional parameters, and the mixing rules with the
blending index, respectively. The mixing rules are weighted
by the molar (m), volumetric (v), or weight (w) fractions of
the mixture components.
Shu [26] developed a predictive scheme for calculating
the term a found in the Lederer method [25] (see Tab. 5)
based on the density and viscosity of the liquids in the
binary mixture as follows:
a¼

17:04q0:5237 q3:2745
q1:6316
 i  j
;
ln li =lj

ð3Þ

where Dq = qi – qj.
For convenience, in the original source, i was designated
for the more viscous component (the oil) and j for the less
viscous one (the solvent). In his study, Shu [26] was interested in mixtures with viscosity ratios (li/lj) of 103 or higher. In this context, the most common situation is that
qi  qj, therefore, the term Dq is always positive. However,
for some correlating conditions of pressure and temperature
addressed in this study, the CO2 density (the solvent) is
higher than that of the live oil density, which would make
the Dq negative and the a calculation undeﬁned. Thus, in
this study, we proposed Dq to be calculated as the module
|qi – qj|, thus, preventing the term delta from being
undeﬁned.
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Table 4. Pure mixing rules for a binary mixture of compounds i and j.
Mixing rule

Equation

Arrhenius

l ¼ lvi i lj j

Bingham

1
l

v

l1=3 ¼

Kendall and Monroe

v

¼ lv i þ lj
i

j

1=3
w i li

1=3

þ w j lj

l ¼ vi li þ vj lj

Linear

1
ln ð2000lÞ

Cragoe

wi
¼ ln ð2000l
Þ þ ln
i

wj

ð2000lj Þ

loglog(v + 0.7) = wi loglog(vi + 0.7) + wj loglog(vj + 0.7)

Chirinos
Double log

lnln(l + 1) = wi lnln(li + 1) + wj lnln(lj + 1)

v = kinematic viscosity.

Table 5. Mixing rules with additional parameters for a
binary mixture of compounds i and j.

Table 6. Mixing rules with blending index for a binary
mixture of compounds i and j.

Mixing rule

Mixing rule

Equation
0

0

ln l ¼ x i ln li þ x j ln lj

Lederer

Chevron

i
x 0 j ¼ 1  x 0 i and x 0 i ¼ avav
i þv j
h
 i
li
l
vi
l  1 ¼ a ln l
j

a ¼ ln ln v i  lnv j þ 1
v

j
n ¼ 0:9029vj þ0:1351

v ¼ /i v i e

Lobe

/j aj

þ /j v j e

/i a i

ai ¼ 1:7 lnvivi

1=2
v
v
aj ¼ 0:27 ln vji þ 1:3 ln vji
mV

Power Law

j j
iV i
/i ¼ mi Vmi þm
and /j ¼ mi V i þm
jVj
jVj

1=n
l ¼ w i lni þ w j lnj

/ = liquid molar volume fraction. V = molar volume.

3 Results and discussion
3.1 Experimental density
The density measurements for the RLO and its mixture
with additional CO2 were performed along two isotherms,

i¼1 v i VBIi

l ¼ 10

n



Pn


j



log v i
VBIi ¼ 3þlog
vi

VBIb ¼

v ¼ eðe½að1w j Þþlnv j 1Þ

Latour

Equation

Refutas index
method

3VBIb
1VBIb



ln form: VBIi = 10.975 + 14.534ln
ln(vi + 0.8)
VBIb = wiVBIi + wjVBIj
VBI 10:975
v ¼ ee

b
14:534

 0:8

(333.15 and 353.15) K, for pressures ranging from (27.6 to
68.9) MPa. The minimum pressures of the measurements
were set to values higher than the saturation pressures of
the samples. The saturation points were obtained experimentally in the PVT cell by which it is possible to visualize
the formation of bubbles through a sapphire window. The
maximum saturation pressure was 26.5 MPa concerning
RLO + CO2 (87.28:12.72) w/w at 353.15 K. The measured
densities for the two mixtures are presented in Table 7.
These values are also illustrated in Figure 3 as a function
of pressure for the two isotherms.
The experimental density obtained in this study for
the RLO and RLO + CO2 systems, which are shown in
Figure 3, presented a well-known trend along the isotherms,
i.e., densities increased with the increase of pressure along
each isotherm. Furthermore, it is also possible to note the

D.C. Santos et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 45 (2021)

8

Table 7. Experimental densities, q/kg m3, for the Recombined Live Oil (RLO) and its mixture with CO2 (87.28:12.72)
w/w.
P (MPa)

RLO + CO2 (87.28:12.72) w/w

RLO
T = 333.15 K

T = 353.15 K

T = 333.15 K

T = 353.15 K

833.1
839.6
845.5
851.0
856.1
860.9
865.4

816.8
824.0
830.6
836.5
841.8
847.1
852.2

845.2
852.6
859.7
866.3
872.3
877.6
883.0

826.3
834.5
842.4
849.6
856.2
862.2
868.0

27.6
34.5
41.4
48.3
55.2
62.1
68.9

Standard uncertainties are u(T) = 0.02 K and u(P) = 0.35 MPa. The combined expanded uncertainty is Uc(q) =
0.33 kg m3 with 0.95 level of conﬁdence (k = 2).

890

ρ (kg m-3)

870

850

830

810
25

33

40

48

55

63

70

P (MPa)

Fig. 3. Density, q, of the (N) RLO and (h) RLO + CO2
(87.28:12.72) w/w. (Blue) 333.15 K, and (red) 353.15 K.

crossing of the isopleths of the different systems around
50 MPa. This effect can be attributed to the compressibility
effects of ﬂuid components, where the compressibility of
CO2 is higher than that of most hydrocarbons at the
studied temperatures and pressures. Therefore, the higher
the concentration of CO2, the more noticeable the dependence of density on pressure becomes, causing the slope of
the mixture density versus pressure to become more pronounced, then causing the crossing of the isopleths. This
effect has already been reported for mixtures of CO2 +
hydrocarbons [62–65], and also for mixtures of hydrocarbons with gases other than CO2, such as methane [66, 67].
3.2 Volume change on mixing and excess volume
Mixture densities can be predicted by the assumption of no
volume change on mixing as follows:

1
w RLO w CO2
þ
;
ð4Þ
qideal;mix ¼
qRLO qCO2

where w is the weight fraction and q is the density of the
liquids in the mixture. The subscript “ideal,mix” means
the ideal property of mixture.
Equation (4) predicts the experimental density presented in Table 7 with 1.1% AAD (Eq. (5)) and a maximum
absolute deviation of 23.3 kg m3. The densities of pure CO2
were calculated by EoS of Span and Wagner [59], which
provides uncertainty in density up to ±0.05% at the conditions of temperature and pressure of this study. In fact,
the properties of mixtures are relatively different from the
properties of the substances comprising the mixtures. The
total volume of the mixture may increase or decrease during
mixing. Thus, the difference between the value of the
experimental density of the mixture and the value obtained
from equation (4) may indicate the measure of the deviation from the ideal behavior of mixture. In this study, in
order to assess the effect of pressure and temperature on
the ideal behavior of the mixing density, the dimensionless
parameter, DV/V, as reported by Nourozieh et al. [29, 33],
was used according to equation (6):
AAD ¼

V
¼
V

100 XN qexp
 qcalc
i
i
;
i¼1
N
qexp
i


w CO2
w RLO
þ qCO
qRLO
2
w CO2
w RLO
þ
qRLO
qCO2


qmix:exp
1

ð5Þ


;

ð6Þ

where the ratio DV/V is the volume change on mixing.
Although the effect of pressure on the volume change
during mixing of the bitumen + solvent systems was moderate at the same temperatures and dilution ratio addressed
in this study (maximum of |DV/V|  0.01) (Nourozieh
et al. [29, 33]), Figure 4 shows that this effect is signiﬁcant
for the live oil + CO2 systems, reaching |DV/V|  0.03 at
353.15 K. The absolute values of DV/V increase with
increasing temperature and decrease with increasing pressure. They are all negative over the whole pressure range.
The negative DV/V might result mainly from the effects
of free volume caused by the interstitial accommodation
of the shorter molecules in the structure of the longer chain
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Fig. 4. Volume change on mixing for the RLO + CO2
(87.28:12.72) w/w mixture at (h) 333.15 K and (N) 353.15 K
in a function of pressure.

Fig. 5. Density of the RLO + CO2 (87.28:12.72) w/w mixture
at 333.15 K (blue) and 353.15 K (red). (&) Experimental values,
(  ) qideal,mix, (Eq. (4)), ( ) qexcess (calculated from Eqs.
(7) and (8), and (—) qexcess (Eq. (7) and bij as a single-parameter
equal to 0.0526).

hydrocarbons, which leads to a more compact and less
compressible system [62, 63]. It is worth noting that large
negative DV/V values can result from the condensation of
gas or supercritical CO2 into the crude oil. The magnitude
of this contribution depends on the extent of the gas-like
behavior of the supercritical CO2, which becomes more
important when pressure decreases and temperature
increases. However, the increasing pressure leads to a
decrease in the mean intermolecular distances causing the
increase in DV/V values, and hence the decrease in the
absolute values of DV/V.
The trends in the results presented in Figure 4 are in full
agreement with those reported by Nourozieh et al. [29, 33]
who also reported negative DV/V for bitumen + light
hydrocarbon systems at temperatures ranging from
295 up to 463 K and at pressures up to 10 MPa. However,
for hydrocarbon + CO2 systems, the DV/V ratio could
assume both positive and negative values. The literature
shows that positive values are generally observed at pressure typically above 40 MPa [53, 54, 64, 65].
It is worth mentioning that the sign of the DV/V ratio
follows the same values that the excess molar volume (V E)
would present. Therefore, a strictly analogous discussion in
terms of V E could be carried out for the results shown in
Figure 4. However, due to the uncertainties associated with
the oil composition, the proposal presented by Nourozieh
et al. [29, 33] becomes more convenient, as it does not
require any information related to the molar composition.
On the other hand, this information is indispensable for
calculating V E.
Since the volume change on mixing varied signiﬁcantly with pressure and temperature due to the injection
of CO2 into the live oil, the simpliﬁcation presented in
equation (4) to predict mixture densities can lead to large
deviations. However, the deviations in density prediction

can be mitigated using the excess volume approach as
also presented by Nourozieh et al. [29, 33], according to
equation (7):
1
w CO2 1  w CO2
¼
þ
qexcess qCO2
ql:o:
 w CO2 ð1  w CO2 Þ



1

qCO2

þ

1
b ;
ql:o: ij

ð7Þ

where qexcess is the density calculated using the excess
volume approach, and bij is a binary coefﬁcient.
Nourozieh and co-workers reported bij as a singleparameter to correlated the densities of the binary mixtures
of pentane + bitumen [33] and heptane + bitumen [29].
However, the densities calculated with equation (7) using
bij as a single-parameter resulted in an under-prediction of
the measured data presented in Table 7. In the present
study, this parameter was considered a function of pressure
and temperature with four adjustable parameters. The
best-ﬁtted binary parameter (bij) was achieved through a
double linear function of the reciprocal of pressure and
temperature, according to equation (8):


bij ¼ k 1 þ k 2 T 1 þ k 3 þ k 4 T 1 P 1 ;

ð8Þ

where the values of the ﬁtting parameters k1 to k4 are –
0.1415, 39.1406 K, 22.9166 MPa, and 6.7015 
103 K MPa, respectively.
The correlative capability of equation (8) can be clearly
observed since the measured density data are represented
with 0.03% AAD, and a maximum absolute deviation of
1.76 kg m3. Figure 5 shows the correlated densities along
with the experimental values using equations (4) and (8),
as well as considering bij as a single-parameter.
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Table 8. Measured dynamic viscosities, l/cP, of the Recombined Live Oil (RLO) and its mixture with CO2 at pressure
P and temperature T.
P (MPa)
27.6
34.5
41.4
48.3
55.2
62.1
68.9

RLO + CO2 (87.28:12.72) w/w

RLO
T = 333.15 K

T = 353.15 K

T = 333.15 K

T = 353.15 K

2.11
2.26
2.38
2.57
2.72
2.86
3.17

1.62
1.75
1.81
1.93
2.03
2.13
2.38

1.31
1.35
1.42
1.49
1.58
1.66
1.81

0.99
1.02
1.09
1.15
1.19
1.25
1.39

Standard uncertainties are u(T) = 0.05 K and u(P) = 0.35 MPa. The estimated accuracy of viscosity measurement is
0.03 l.
3.5

3.3 Experimental Viscosity

3.4 Comparison of mixing rules
For the purpose of comparing the experimental viscosity
values with those obtained with the mixing rules, the
Absolute Average Deviation (AAD) (analogously to
Eq. (5)), the Maximum Deviation (MD), the Standard
Deviation (r) and the Residual (R) are calculated and
deﬁned as follows:

lexp  lcalc
;
ð9Þ
MD ¼ max 100 i exp i
li
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PN
2
exp
 lcalc
i Þ
i¼1 ðli
r¼
;
N p

ð10Þ

3.0
2.5
μ (cP)

Table 8 presents the dynamic viscosity obtained experimentally through the capillary viscometer using equation (2) for
the RLO and its mixture with CO2 (87.28:12.72) w/w.
These values are also illustrated in Figure 6. The addition
of CO2 to the RLO has been found to reduce the viscosity
of the resulting mixture. This effect is well known and
followed the trend observed in other systems involving
hydrocarbons and gases [46, 68–69]. In these experiments,
the effects of temperature, pressure, and CO2 addition on
the viscosity were evaluated. It was found that the impact
of temperature on viscosity is similar in the two systems.
The increase in temperature from (333.15 to 353.15) K
caused an average decrease of 24% in viscosity, with a
maximum of 25% and a minimum of 22%. Furthermore,
diluting the live oil with CO2 signiﬁcantly reduces the
viscosity of the mixture (41% on average), while the viscosities increased with increasing pressure. The effect of
pressure on viscosity is higher for the RLO than for its
mixture with CO2, regardless of the temperature. For
instance, the increase in viscosity of the RLO and the
RLO + CO2 (87.28:12.72) w/w mixture in the pressure range evaluated were 50% and 38% at 333.15 K,
respectively. At 353.15 K, those numbers are 47% and
40%, respectively.

2.0
1.5
1.0
0.5

25

33

40

48

55

63

70

P (MPa)

Fig. 6. Experimental dynamic viscosity of the RLO and its
mixture with CO2 in a function of pressure. (N) RLO and (&)
RLO + CO2 mixture (87.28:12.72) w/w. (Blue) 333.15 K and
(red) 353.15 K.

 lcalc
Ri ¼ lexp
i
i ;

ð11Þ

where p is the number of ﬁtting parameters. The residual
R will be used as R+ or R– to indicate the sign of the difference shown in equation (11).
Table 9 summarizes the statistical parameters related to
the 13 mixing rules evaluated in this study. For Arrhenius,
Kendall and Monroe, Linear, Double Log, Chevron, Power
law, and Lederer mixing rules, the results with different
fractions (molar, volume, and weight) are also assessed.
Thus, a total of 28 different forms to calculate the viscosities of the mixtures were tested. In Table 9, the mixing rules
are also represented by the abbreviation M. The viscosities
of pure CO2 were calculated by the EoS of Fenghour et al.
[70]. The uncertainties associated with this equation are up
to ±5%, according to the authors.
As expected, there were large variations on the
predicted viscosity depending on the equation used. Among
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Table 9. Statistical analysis of the mixing rules.
Mixing rule
Pure mixing rules
M1
Arrhenius (v)c
M2
Arrhenius (w)d
M3
Arrhenius (m)e
M4
Kendall and Monroe (v)
M5
Kendall and Monroe (w)
M6
Kendall and Monroe (m)
M7
Linear (v)
M8
Linear (w)
M9
Linear (m)
M10
Double Log (v)
M11
Double Log (w)
M12
Double Log (m)
M13
Bingham
M14
Cragoe
Mixing rules with blending index
M16
Chevron (v)
M17
Chevron (w)
M18
Chevron (m)
Mixing rules with additional parameters
M20
Power law (v)f
M21
Power law (w)g
M22
Power law (m)h
M23
Lederer (v)i
M24
Lederer (w)j
M25
Lederer (m)k
M26
Lederer/Shul
M27
Lobe
M28
Latour

AAD (%)

MD (%)

r (cP)

R +a

Rb

14.4
12.3
32.0
31.7
30.2
8.9
49.4
24.5
50.9
8.3
6.2
26.1
148.6
99.9

21.3
15.4
38.1
38.9
34.3
15.0
56.3
30.3
58.6
12.4
9.9
32.0
159.2
99.9

0.22
0.18
0.43
0.45
0.42
0.12
0.69
0.35
0.71
0.13
0.09
0.36
2.03
1.36

0
0
14
0
0
14
0
0
0
2
1
14
0
14

14
14
0
14
14
0
14
14
14
12
11
0
14
0

10.8
7.7
49.9

16.4
12.1
54.9

0.17
0.11
0.68

2
0
14

12
14
0

4.7
2.5
2.0
2.0
2.3
2.3
25.5
50.6
70.2

13.8
8.2
6.6
5.8
7.7
5.9
81.1
64.4
75.7

0.08
0.04
0.03
0.03
0.04
0.04
0.40
0.73
0.95

7
5
6
6
5
7
7
14
14

7
9
8
8
7
7
7
0
0

a) Number of positive Residuals (Eq. (11)). b) Number of negative Residuals (Eq. (11)). c) (v) Volume fraction.
d) (w) Composition in weight. e) (m) Composition in mole. f) n = 0.2210. g) n = 0.1795. h) n = 0.4714. i) a = 0.0265.
j) a = 0.0286. k) a = 0.599. l) Predictive a, Shu [26].

the pure mixing rules, in general, the calculated results
overestimated the experimentally measured viscosity, as
can be seen by the values of parameters R+ and R– shown
in Table 9. In this group, the Double Log (w) (M11) presented the lowest AAD (6.2%), however, Double Log (v)
(M10) and Kendall and Monroe (m) (M6) also provided
reasonable results with 8.3% and 8.9% AAD, respectively.
Chirinos’ method (M15) provided undeﬁned results. The
M15 equation implies that it can only be used with solvents
having kinematic viscosities higher than 0.3 cSt, otherwise,
the (m + 0.7) term is less than 1 and the double logarithm
becomes undeﬁned.
For mixing rules with the viscosity blending index
(M16–M19), Chevron (w) (M17) provided the best results
(7.7% AAD), however, always resulting in overprediction,
regardless of the temperature or the pressure. It was not

possible to obtain results for the Refutas index
method (M19) due to double logarithm issues. For a
reason similar to that of M15, the M19 equation can only
be used with solvents having kinematic viscosities higher
than 0.2 cSt.
Among the mixing rules with additional parameters
(M20–M28), the rules with ﬁtting parameters power law
and Lederer (M20–M25) provided quite low deviations.
The best result was obtained with Lederer’s rule using the
volume fractions (M23). This rule presented 2.0% AAD
and 5.8% MD.
In sort, rules M6, M10, M11, M17, and M20–M25 exhibited the lowest deviations, and M23 presented the best
result. It is worth mentioning that M6, M10, M11, and
M17 provide essentially predictive results, which makes
the performance of these rules more attractive for the live
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Fig. 7. Experimental dynamic viscosity of the RLO + CO2
(87.28:12.72) w/w mixture, and the predicted viscosity obtained
from ﬁve different mixing rules. (s) Experimental, (red) M6,
(yellow) M11, (blue) M17, (purple) M22 and (green) M23.
(a) 333.15 K and (b) 353.15 K.

Fig. 8. Fractional deviations Dl = lexp – lcalc of the experimental densities lexp of the RLO + CO2 (87.28:12.72) w/w
mixture from values lcalc estimated from the mixing rules as a
function of pressure. (s) Experimental, (h) M6, (N) M11, (*)
M17, (r) M22, and (+) M23. (a) 333.15 K, (b) 353.15 K.

oil/CO2 system, particularly when experimental viscosities
are not available. The results presented in this study related
to the performance of the mixing rules agree with those
presented by Centeno et al. [32] and Zhang et al. [21],
who also reported satisfactory accuracy of the Chevron
and Power Law methods (M16–M22) in predicting the viscosity of crude oil blends, and mixtures of bitumen fractions, respectively. On the other hand, the highest
deviations (higher than 50%) were obtained from M9,
M13, M14, M27, and M28. The worst performance was
obtained with the rule M13, which presented 148.6%
AAD. The M15 and M19 rules are unsuitable for use with
CO2 since under the temperature and pressure conditions
evaluated in this study, the kinematic viscosity of CO2
ranges from 0.08 to 0.12 cSt, which makes the logarithmic
terms of these equations undeﬁned.

In Figures 7a and 7b, the results obtained with the two
best correlative mixing rules (which have adjustable
parameters), M22 and M23, as well as with the three best
predictive results (M6, M11, and M17), are plotted
along with the experimental dynamic viscosity of the
RLO + CO2 (87.28:12.72) w/w mixture. It is possible to
note that, among the predictive methods, M11 and M17
tend to overestimate the experimental data, while M6
underestimates them. On the other hand, M22 and M23
tend to present lower deviations with increasing pressure,
regardless of the temperature.
In Figures 8a and 8b, the relative deviations between
the calculated viscosities (shown in Fig. 7) and those
obtained experimentally are plotted in a function pressure
at (333.15 and 353.15) K, respectively. The temperature
change affects only slightly the performance of rules M6
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and M22; however, M11, M17, and M23 presented higher
deviations with the increase in temperature.

4 Conclusion
This study pointed out that there is a negative volume
change upon mixing for the live oil/CO2 system, which
should be considered for accurate prediction of the mixture density. The measured volume change on mixing
increases with the increase in temperature and reduces with
the increase in pressure. The excess volume approach
signiﬁcantly improves the density correlations. The best
performances in calculating the viscosity of the live
oil/CO2 system were achieved by the correlative methods
of Lederer and Power law. The predictive methods of
Chevron, Double log, and Kendall and Monroe also
presented low deviations from the experimental data. This
feature presented by these three mixing rules pointed
out they are the best options to predict viscosity for ﬂuids
with miscible CO2 at the reservoir conditions when experimental mixture data are not available. The Refutas index
method, which is one of the most known and used methods,
proved to be inefﬁcient for use with CO2 mixtures since it
cannot be used for ﬂuids with kinematic viscosity lower
than 0.2 cSt.
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