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Abstract
The dielectric constant (relative permittivity) of mixtures of carbon dioxide  (CO2) 
and n-dodecane (n-C12H26) was experimentally determined for temperatures 
between 283 K and 343 K in a purpose-built apparatus which enabled simultaneous 
measurements of relative permittivity and liquid-phase mass density. A flat response 
of the dielectric constant with respect to frequency was observed between 1 kHz and 
400 kHz. The mixture dielectric constant was found to be inversely proportional to 
the temperature and to the  CO2 concentration in the liquid mixture. The departure 
from the relative permittivity ideal mixture behavior (calculated using the classical 
Böttcher mixing rule) was correlated via a first-order Redlich-Kister volume frac-
tion expansion with a temperature dependent parameter. The RMS deviation of this 
method was 0.37 %. The liquid-phase mass density was predicted by the PCP-SAFT 
equation of state with a RMS deviation of 0.26 %.
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1 Introduction

Changes in dielectric properties of a fluid medium with respect to temperature, 
density or composition are a common and reliable working principle for develop-
ing control, flow metering and phase detection techniques. Over the years, such 
techniques have found a wide range of applications in the process, oil and gas, 
refrigeration, food and pharmaceutical industries [1–5].

Capacitance sensors, for example, exploit the differences between the dielec-
tric constants of the gaseous and liquid phases to determine the volume fraction 
in a two-phase flow. The capacitance (or dielectric constant) sensing principle has 
been applied in a number of sensor types, e.g., capacitance probes [6–8] to meas-
ure area-averaged gas fraction, intrusive imaging sensor (known as wire-mesh 
sensor) [9] and tomographic capacitive sensors [10, 11].

The majority of previous developments in capacitive sensing of volume frac-
tion in two-phase systems considered isothermal conditions and no mass transfer. 
Hence, they assumed constant values for the dielectric constants of gas and liq-
uid. As the development of capacitive phase fraction sensors for multiphase flows 
of binary and multicomponent mixtures needs further progressing, one is now 
concerned with the dependence of the liquid-phase dielectric constant on con-
centration, particularly in systems where the dielectric constants of the vapor and 
liquid phases are of the same order of magnitude, such as carbon dioxide  (CO2) 
systems operating near the critical region.

Wesch et al. [12] measured the dielectric constants of pure  CO2 at 293 K, 313 
K and 336 K at pressures up to 30 MPa and  CO2/ethanol and  CO2/toluene mix-
tures at 10 MPa and 313 K for a wide range of compositions. Attempts to cor-
relate the mixture dielectric constant data in terms of the ideal solution volume 
fraction revealed significant positive and negative deviations for the  CO2/toluene 
and  CO2/ethanol systems, respectively. A more extensive database for  CO2/etha-
nol was later presented in Ref. [13], in which a direct capacitance method was 
used to determine the dielectric constant in the ranges of 303 K to 333 K and 
7.2 MPa to 30.8 MPa. May et al. [14] employed the cross-capacitor technique to 
measure the behavior of the dielectric constant of saturated liquid mixtures of 
 CO2 and propane between 260 K and 300 K. Measurements of dielectric constant 
for dinitrogen pentoxide  (N2O5) were carried out by Guskov et  al. [15] at tem-
peratures between 273 K and 313 K.

In this work, we present new experimental data on the dielectric constant of 
mixtures of  CO2 and n-dodecane as a function of temperature (283 K to 323 K), 
refrigerant molar solubility (0 % to 100 %) and frequency (1 kHz to 400 kHz). 
The importance of the latter parameter as an independent variable is often over-
looked in experimental analyses of the dielectric constant. However, the char-
acterization of the relative permittivity over a wide range of frequencies is 
important for establishing reliable operation limits of capacitive phase detection 
sensors. A purpose-built experimental apparatus has been employed to directly 
and simultaneously measure the capacitance and the mass density of saturated 
liquid mixtures [16]. Additionally, a new correlation method is proposed in which 
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the dielectric constant is computed as the sum of ideal and non-ideal contribu-
tions. While the former is calculated via the Böttcher mixing rule using liquid-
phase volume fractions defined in terms of the component partial molar vol-
umes, the latter is correlated through a first-order Redlich-Kister volume fraction 
expansion with a temperature dependent empirical parameter. The partial molar 
volumes and the liquid-phase mass density are calculated as part of a consistent 
thermodynamic framework involving the PCP-SAFT equation of state [17] with a 
single empirical binary interaction parameter derived from an independent phase 
equilibrium study [18]. The RMS deviations associated with the dielectric con-
stant and liquid mass density predictions are 0.37 % and 0.26 %, respectively.

2  Experiments

2.1  Experimental Apparatus

Fig. 1 schematically describes the experimental system. The main component of the 
apparatus is a capacitance measurement cell (1), which will be described in detail 
in Sect. 2.2. The capacitance cell is firmly assembled inside an AISI 316 L stainless 
steel pressure vessel (2), which functions as a thermodynamic equilibrium reservoir. 
The dimensions of the pressure vessel are 132 mm (external diameter), 400 mm 
(height) and 15 mm (wall thickness).

Fig. 1  (1) Capacitance measurement cell, (2) thermodynamic equilibrium reservoir, (3) water tank, (4) 
primary thermal bath, (5) electric motor and gear pump, (6) Coriolis mass flow meter, (7) water jacket 
connected to secondary thermostatic bath, (8) service valve, (9) safety valve, (10) impedance analyzer, 
(11) data logging system, (12) computer and (13) polycarbonate safety cage
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Isothermal conditions are achieved by fully immersing the equilibrium reservoir in 
a water tank (3) connected to a thermostatic bath (Marconi, MA-184) (4). A variable-
speed gear pump (5) (Micropump, GC-M25JF5S6) is used for circulating and homog-
enizing the mixture in the equilibrium reservoir. A Coriolis mass flow meter (6) (Dan-
foss, Dl 1.5) monitors the liquid-phase mass density, �l . A custom-made water jacket 
connected to secondary thermostatic bath (7) (Quimis, Q214M2) guarantees an iso-
thermal condition within the Coriolis flow meter, compensating the thermal losses to 
the environment. All components and tubing are thermally insulated to facilitate tem-
perature control.

The pressure, P, and temperature, T, of the mixture inside the reservoir are meas-
ured by an absolute pressure transducer (Wika, P-30) and by a resistance temperature 
detector (RTD) (Omega, PR-17-2-100-1/16-6E), respectively. Inside the reservoir, the 
 CO2/n-dodecane mixture flows longitudinally through the gap between the two concen-
tric cylindrical electrodes of the capacitance cell (see Sect. 2.2). The capacitance, C, of 
the mixture is measured by an impedance analyzer (10) (Agilent, E4980A) equipped 
with temperature resistant cables (Agilent, 16048G). Data acquisition is performed by 
a data logging system (11) (National Instruments, SCXI-1000, 1302, 1303, 1306) con-
nected to a computer (12). The pressurized components are placed within a polycar-
bonate safety cage (13).

2.2  Capacitance Cell

The three-terminal capacitance measurement cell [16] was designed and built follow-
ing recommendations from the German and North American Standards [19, 20] and 
the works of Feja [2] and Mardolcar et al. [21]. The capacitance cell consists of two 
concentric electrodes and two guard electrodes built from AISI 304 stainless steel. The 
electrical insulation pieces are made of acetal resin. A cutaway view of the cell is pre-
sented in Fig. 2. Other dimensions and further design details concerning the capaci-
tance cell are available in Ref. [16].

Preliminary tests using pure n-dodecane demonstrated that the existence of a finite 
fluid flow rate through the radial gap formed by the concentric walls of the capacitance 
cell did not affect the capacitance measurement in comparison with tests without fluid 
flow.

The dielectric constant of the fluid mixture is calculated as the ratio of C and the 
capacitance of a vacuum, Co , as follows:

where, for concentric cylindrical electrodes of equal length, Co is given by:

(1)� =
C

Co

(2)Co =
2��ol

ln(
b

a
)
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where a is the outer radius of the inner electrode, b is the inner radius of the external 
electrode and l is the length of the electrodes. �o is the vacuum absolute permittivity, 
i.e., 8.854 × 10−12 F m −1.

A simple analytical model was developed to evaluate the effect of the ther-
mal expansion of the cell on the vacuum capacitance using Eq.  2. The model 
was implemented in two different forms depending on the system temperature. 
For temperatures lower than that of the ambient (assembly temperature), only 
the lengthwise deformation was considered in Eq. 2, since the variation of radial 
dimensions a and b are compensated. However, for temperatures higher than the 
assembly temperature (298 K), the intermediate insulation piece expands more 
than the internal electrode, while the external electrode expands freely, modifying 
the ratio between a and b. Hence, the variations in length and radius ratio have 
to be considered. The influence of pressure was neglected because the capaci-
tance cell is completely surrounded by the fluid mixture, therefore no mechanical 
stresses caused by differential pressure on the electrodes are present.

Fig.  3 shows a comparison between the simple analytical model and experi-
mental results for the capacitance of vacuum. The model results indicated a 
capacitance increase of 4.5 % over the whole temperature range of the experi-
ments. Confirmatory experiments to indirectly measure the vacuum capacitance 
using Eq. 1 were carried out using pure nitrogen gas as a reference fluid in the 
capacitance cell. The experimental results from these tests showed an increase of 
the order of 5 % in the cell vacuum capacitance due to thermal expansion over the 

Fig. 2  Cutaway view of the capacitance cell: (1) upper insulation piece, (2) external insulation piece, (3) 
lower insulation piece, (4) upper guard electrode, (5) internal electrode, (6) external electrode, (7) inter-
mediate insulation piece
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same temperature range. Thus, the theoretical correction for the variable vacuum 
capacitance was applied to the mixture dielectric constant measurements.

2.3  Experimental Procedure

The components of the experimental apparatus are rinsed with R-141b and the 
capacitance cell is assembled inside the equilibrium reservoir. After the reservoir is 
sealed, a leakage test is performed with gaseous  CO2 at 5.5 MPa for 24 h.

The desired amount of n-dodecane is inserted in the system through a valve 
located at the top of the equilibrium reservoir. The temperature of the primary 
thermal bath is set to 275 K, and a 4-Pa vacuum is generated in the apparatus for 
approximately 4 h to remove dissolved gases without vaporizing the n-dodecane (at 
this temperature, the vapor pressure of n-dodecane is 2.1 Pa).

A charging cylinder with a mass of  CO2 corresponding to the desired mixture 
concentration is connected to the equilibrium reservoir. Vacuum is generated in 
the tubing between the cylinder and the reservoir before opening the valve between 
them. The system temperature is kept at 275 K (to facilitate  CO2 absorption) and the 
valve remains open until the pressure stabilizes, an indication that the absorption 
process has ended and the reservoir was charged with the desired amount of  CO2.

Next, the charging cylinder is disconnected and the gear pump is switched on 
to accelerate the homogenization of the liquid mixture in the system, enabling 
fluid circulation through the Coriolis mass flow meter. When the temperature, 
pressure, capacitance and liquid mass density readings stabilize according to 
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Fig. 3  Analytical model results and experimental data for the vacuum capacitance variation in response 
to the thermal expansion of the capacitance cell



1 3

International Journal of Thermophysics           (2020) 41:26  Page 7 of 16    26 

predetermined steady-state/equilibrium criteria (to be defined below), the test 
results are recorded. In each test, a frequency sweep using the impedance ana-
lyzer (from 20 Hz to 2 MHz) is also carried out.

The capacitance measurements were carried out at temperatures between 283 
K and 343 K, with intervals of 20 K. When all temperatures are tested for a given 
concentration, the carbon dioxide mass is slowly evacuated from the reservoir to 
prevent foaming and n-dodecane carry over. Then, to modify the overall compo-
sition of the sample in the reservoir, more n-dodecane is added and evacuated, 
followed by a new charge of carbon dioxide using the same procedure described 
previously. The pressure is, therefore, a dependent variable in the experiments.

In all tests, the relative standard deviations of the experimental variables were 
used as as basis for a thermodynamic equilibrium criterion. The relative standard 
deviation, �% , is defined as:

where A is the average value associated with each variable. Each parameter (pres-
sure, capacitance and density) is averaged over a 30-min interval and, if its varia-
tion over this interval is less than the maximum value of �% , the test is considered 
stabilized. The maximum values of the relative standard deviation assigned to each 
variable are shown in Table 1. Regarding the temperature measurements, a similar 
criterion was adopted using a maximum standard deviation of 0.05 K as criterion for 
equilibrium.

Carbon dioxide was supplied by Linde with a sample purity higher than 0.9999 
(mass fraction). n-dodecane was supplied by Merck with a sample purity higher 
than 0.99 (mass fraction). No additional purification method has been used.

An uncertainty propagation analysis was carried out considering the bias and 
precision limits for all variables with a 95 % confidence interval [22]. The die-
lectric constant expanded uncertainty considered the uncertainties related to the 
capacitance of the liquid mixture itself (measured directly by the LCR meter) and 
the capacitance of the evacuated cell, as explained earlier. The expanded uncer-
tainty of the overall  CO2 mole fraction, z1 , considered the uncertainties related 
to the masses inserted in the apparatus with a sampling cylinder. These masses 
were determined using a precision balance with an expanded uncertainty of 0.1 g. 
The expanded uncertainty of the  CO2 mole fraction was calculated at 0.03 %. The 
temperature expanded uncertainty was estimated at 0.1 K, whereas the maximum 
density expanded uncertainty was 21 kg·m−3.

(3)�% =
�

A
× 100

Table 1  Maximum values of the 
relative standard deviation

Variable �%

P 0.10
C 0.02
�l 0.20
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It is important to note that having the smallest possible vapor room in the equi-
librium reservoir reduces the experimental uncertainties and guarantees that the 
electrodes of the capacitance cell are immersed in the liquid mixture at all times. 
This is achieved by inserting the right amounts of fluids in each test. Liquid den-
sity variations resulting from mixing have been considered. It should be noted 
that the presence of a vapor room guarantees the existence of vapor-liquid (or 
vapor-liquid-liquid) equilibrium in the reservoir. In other words, the vapor room 
prevents one from entering the compressed liquid region, where a much steeper 
derivative of the pressure with respect to the temperature is expected. Therefore, 
the present measurements have been performed only at saturated conditions, after 
the thermodynamic equilibrium criteria described above have been met.

2.4  Experimental Validation

The experimental apparatus was validated against primary and secondary refer-
ence data for the dielectric constants of R-134a, CO2 and R-410A, as shown in 
Fig. 4. While for R-134a and R-410A the primary reference data were calculated 
using the general form of the dielectric equation of state with the coefficients of 
Ribeiro and Nieto de Castro [23] for R-134a and Brito et al. [24] for R-410A, the 
primary reference values for CO2 were provided by REFPROP 8.0 [25]. As can 
be seen, the deviations associated with the present data are of the order of other 
experimental works reported in the literature [2, 16, 24, 26, 27]. The data for 
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Fig. 4  Comparison between dielectric constants measured in the present experimental apparatus for pure 
saturated liquid refrigerants with primary and secondary references obtained from the literature
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the saturated liquid CO2 mass density had an average deviation of 0.19 % with 
respect to REFPROP 8.0 [25] between 283.2 K and 298.1 K.

3  Data Prediction and Correlation

There is clear evidence in the literature of the rather complex dependence of the dielec-
tric constant with respect to the CO2 concentration (mole or mass fractions) in mixtures 
of CO2 and n-alkanes and lubricating oils [28]. Therefore, simplistic approaches to cor-
relating dielectric constant data in terms of state variables are likely to fall short of giv-
ing sufficiently accurate predictions.

In this paper, we propose a simple yet efficient way of dealing with mixing effects. 
The mixture dielectric constant was correlated using a first-order Redlich-Kister-type 
expansion to deal with non-ideal mixing effects on a volumetric basis as follows:

where the subscript c stands for calculated/correlated parameter. D is an empirical 
parameter and �i is the volume fraction of species i in the liquid mixture. The ideal 
mixture contribution was calculated using the Böttcher mixing rule [29]:

In the above expressions, the volume fractions of were computed as:

where v1 and v2 are the partial molar volumes of CO2 and n-dodecane given by:

The partial molar volumes were calculated through a numerical procedure 
based on the PCP-SAFT equation of state [17] with a binary interaction param-
eter ( kij = 0.049 ) determined empirically for CO2/n-dodecane [18]. The procedure 
involves performing an isothermal flash calculation having the overall  CO2 mole 
fraction, z1 , the equilibrium pressure and the equilibrium temperature as input 
parameters. The outputs of the flash routine are the mole fractions of  CO2 and 
n-dodecane in the liquid and vapor phases, (x1, x2) and (y1, y2) . Thus, with the total 
masses of  CO2 and n-dodecane inserted in the system, one can calculate the number 
of moles of each species in each phase and, consequently, the volume fractions.

(4)�c − �id = D�1�2

(5)�id = �1�1 + �2�2

(6)�1 =
n1v1

n1v1 + n2v2
; �2 =

n2v2

n1v1 + n2v2

(7)v1 =

(

�Vl

�n1

)

p,T ,n2

v2 =

(

�Vl

�n2

)

p,T ,n1
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4  Results and Discussion

4.1  Experimental Results

Before presenting the experimental results for the dielectric constant of the 
 CO2/n-dodecane mixture, Fig. 5 shows a comparison between the dielectric constant 
of pure n-dodecane obtained in this work and the data from Refs. [3, 30]. Although the 
agreement is somewhat better at lower temperatures, it is still within the experimental 
uncertainty of the present data for the entire temperature range. To demonstrate the 
repeatability of the experimental procedure, data obtained in a rerun of the experiment 
(after disassembling the apparatus) are included in the graph. One data point obtained 
using a commercially available capacitance cell (liquid test fixture, LTF) [31] is also 
shown for comparison. The LTF can only be run at ambient temperature.

The dielectric constant of pure n-dodecane was correlated using an equation of state 
derived in Refs. [23, 24] using the present data (including the rerun) and the data set of 
Rivas et al. [3], for both data sets contain simultaneous measurements of density and 
dielectric constant. The resulting expression is as follows:

(8)�2(T , �) = b0 +
b1

T
+ b2� + b3

�

T
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Fig. 5  Comparison between the dielectric constant of pure n-dodecane obtained in this work and data 
from Refs. [3, 30]. Horizontal error bars on the data points of the present work are too small to be per-
ceived. The gray circles are a rerun of the experiment after disassembling the experimental apparatus to 
demonstrate repeatability. The black square symbol was obtained using a commercially available capaci-
tance cell (liquid test fixture, LTF) [31]
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where b0 = 0.817886 , b1 = 1.00289 K −1 , b2 = 1.47205 × 10−3  m3·kg−1 and 
b3 = 4.18223 × 10−2 m 3·kg−1·K−1 are empirical constants determined via a least-
squares minimization, T is the temperature in K and � experimental liquid density 
of n-dodecane in kg m −3 . Equation 8 was able to calculate the relative permittivity 
of n-dodecane with an absolute average deviation (AAD) of 0.26 % and a root mean 
square (RMS) error of 0.1 % between 283 and 343 K.

The behavior of the  CO2/n-dodecane mixture dielectric constant as a function of 
temperature and overall  CO2 mole fraction, z1 , is shown in Fig. 6. The data are pre-
sented in tabular form in Table  2. A general decreasing trend of � with both the 
overall  CO2 mole fraction and temperature is observed in the figure. In Table 2, the 
equilibrium mole fractions of  CO2 in the liquid and vapor phases, x1 and y1 , were 
calculated using the PCP-SAFT [17] equation of state with the empirical binary 
interaction parameter of Ref. [18]. As expected, x1 is reduced as the temperature 
increases as a result of the higher volatility of CO2 in comparison with n-dodecane. 
Also, the presence of n-dodecane in the vapor is very small, as y1 is very close to 
unity in all cases. The experimental saturated liquid density is also shown in Table 2 
and, as will be seen below, it agrees well with the liquid density predicted by the 
PCP-SAFT equation of state [17, 18]. The pure n-dodecane tests were performed in 
vacuum to eliminate non-condensable gases from the reservoir.

For each test condition dictated by z1 and T, the frequency was swept between 20 
Hz and 2 MHz, with dielectric constant data being acquired at 49 frequencies over 
the interval. In general, a small dielectric constant distortion was observed at low 
frequencies (20 Hz to 200 Hz), probably due to the double-layer effect [32]. Fur-
thermore, at higher frequencies (800 kHz to 2 MHz), a small increase in capacitance 
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Fig. 6  Dielectric constant of the  CO2/n-dodecane mixture as a function of temperature and overall  CO2 
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was observed, up to 0.8 %. Further analyses and tests revealed that an inductance 
effect was the most likely cause [33], once the reactance phase angle shifted from 
− 90° (pure capacitance) to − 87° in this range. The behavior of the experimental 
parameters is illustrated in Fig. 7 for a typical condition, which shows the frequency 
response of the dielectric constant, vacuum capacitance and saturated liquid  CO2 
capacitance at 293.1 K.

Although all experimental data points showed an approximate flat response of 
the dielectric constant with respect to frequency in the range between 500 Hz and 
2 MHz, because of the likelihood of inductance phenomena it is somewhat safer to 
assume an upper frequency limit of 400 kHz for the use of the present data, which 
already provides a reasonable time response for a number of sensor development 
applications. Thus, the dielectric constant results presented in this work are valid 

Table 2  Experimental data for the dielectric constant and liquid mass density of the  CO2/n-dodecane 
mixture as a function of overall mole fraction, z

1
 and temperature, T. The liquid and vapor phase  CO2 

mole fractions, x
1
 and y

1
 , were obtained via a flash calculation using the PCP-SAFT equation of state 

[17]

1 For z
1
= 0 , the pressure was given by the vacuum pump gauge

T [K] P [MPa] x
1
 [−] y

1
 [−] �l [kg m −3] � [−]

z
1
= 0

284.9 ± 0.1 5.56 10−6 0 0 760.8 ± 16 2.043 ± 0.025

303.3 ± 0.1 2.72 10−5 0 0 739.2 ± 15 2.010 ± 0.025

323.2 ± 0.1 1.18 10−4 0 0 721.6 ± 14 1.971 ± 0.025

343.1 ± 0.1 4.16 10−4 0 0 705.9 ± 14 1.953 ± 0.026

z
1
= 0.308 ± 0.002

283.1 ± 0.1 1.70 ± 0.01 0.270 0.99999 758.3 ± 17 2.010 ± 0.014

303.2 ± 0.1 2.03 ± 0.01 0.254 0.99997 741.7 ± 15 1.982 ± 0.014

323.2 ± 0.1 2.50 ± 0.01 0.255 0.99988 726.3 ± 14 1.945 ± 0.014

343.1 ± 0.1 2.94 ± 0.01 0.255 0.99965 710.9 ± 14 1.925 ± 0.015

z
1
= 0.546 ± 0.009

282.9 ± 0.1 2.91 ± 0.01 0.497 0.99999 772.8 ± 15 1.969 ± 0.014

302.9 ± 0.1 3.60 ± 0.01 0.463 0.99996 752.6 ± 15 1.941 ± 0.014

323.1 ± 0.1 4.58 ± 0.01 0.459 0.99985 735.1 ± 15 1.907 ± 0.014

343.4 ± 0.1 5.45 ± 0.01 0.449 0.99954 717.3 ± 14 1.890 ± 0.014

z
1
= 0.785 ± 0.010

284.9 ± 0.1 4.35 ± 0.01 0.785 0.99999 811.3 ± 20 1.870 ± 0.013

303.2 ± 0.1 6.13 ± 0.01 0.781 0.99988 784.8 ± 19 1.862 ± 0.013

323.1 ± 0.1 8.06 ± 0.01 0.754 0.99937 755.2 ± 15 1.817 ± 0.014

341.9 ± 0.1 9.86 ± 0.01 0.737 0.99822 730.7 ± 15 1.799 ± 0.014

z
1
= 1

283.2 ± 0.1 6.42 ± 0.01 1 1 863.0 ± 20 1.542 ± 0.019

288.2 ± 0.1 5.72 ± 0.01 1 1 815.2 ± 19 1.507 ± 0.019

293.1 ± 0.1 5.08 ± 0.01 1 1 768.8 ± 16 1.471 ± 0.019

298.1 ± 0.1 4.50 ± 0.01 1 1 708.8 ± 14 1.427 ± 0.020
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within the 1 kHz to 400 kHz frequency range. The values of dielectric constant 
displayed in Fig. 6 and Table 2 were generated for a frequency of 10 kHz.

4.2  Data Prediction and Correlation

Absolute deviations associated with the prediction of the saturated liquid mass den-
sity using the PCP-SAFT [17] equation of state with the binary interaction param-
eter of Ref. [18] are shown in Fig. 8. As can be seen, the density is well predicted 
by the model, with a relative RMS deviation of 0.26 %, which is an indication of the 
consistency of the experimental and theoretical methods (i.e., phase equilibrium and 
flash calculations) employed in the anaylsis.

The empirical parameter C in Eq. 4 was correlated assuming a linear dependence 
with respect to the absolute temperature as follows:

where d0 = 2.787151 and d1 = −6.701436 × 10−3 K −1 were determined via least-
squares minimization with an AAD of 1.1 % and a RMS deviation of 0.37 %. The 
relative deviations associated with Eq. 4 with D calculated from Eq. 9 are shown in 
Fig. 9 as a function of temperature. As can be seen, most data points are predicted 
with an (absolute) deviation lower than 1 %. It is worth mentioning that other clas-
sical mixing rules, namely those based on ‘pre-mixing’ volume fractions [34] and 
on ideal solution volume fractions [3, 16, 35] were unable to predict the data with 
similar accuracy.

(9)D = d0 + d1T

Fig. 7  Typical experimental frequency response of dielectric constant and the corresponding fluid and 
vacuum capacitances obtained in the present experiments. Data for pure CO

2
 at 293.1 K
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Fig. 8  Deviations between the experimental density and the one calculated with the PCP-SAFT equation 
of state
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Fig. 9  Deviations between the experimental dielectric constant and the proposed correlation
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5  Conclusions

The dielectric constant of a mixture of  CO2 and n-dodecane was evaluated experi-
mentally as a function of temperature (283 K to 343 K) and  CO2 molar solubility 
(0 % to 100 %) in a purpose-built experimental facility. The dielectric constant of 
the mixture was found to be inversely proportional to the  CO2 solubility and to the 
temperature.

A frequency sweep performed for each experimental data point between 20 Hz 
and 2 MHz showed that the dielectric constant of the liquid mixture remains con-
stant in the range from 1 kHz to 400 kHz. For consistency, the results presented in 
this paper were obtained for a frequency of 10 kHz.

The dielectric constant was correlated as the sum of ideal and non-ideal mixture 
contributions in which the former is given by the classical Böttcher mixing rule and 
the latter is modeled as a first-order Redlich-Kister expansion. In both contributions, 
the volume fractions were calculated in terms of the partial molar volume of CO2 
and n-dodecane in the liquid mixture, calculated based on a numerical procedure 
involving the PCP-SAFT equation of state [17] with a single empirical binary inter-
action parameter [18]. The average RMS deviation associated with the proposed die-
lectric constant correlation was 0.37 %. Also, the PCP-SAFT equation of state [17] 
provided acceptable predictions of the liquid mass density (RMS deviation of 0.26 
%, confirming the suitability of the experimental procedure.
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