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Abstract. Isobutane (R-600a) and carbon dioxide (R-744) are the most promising environmentally-friendly substitute
refrigerants for hidrofluorcarbons (HFC) and clorofluorcarbons (CFC): two major contributors to global warming
and ozone depletion. In the vapor compression refrigeration system, the lubricant oil plays an important role and thus
the behavior of the thermophysical properties of refrigerant-oil mixtures must be well understood. In the present work,
thermophysical properties (solubility, density and viscosity) of R-600a and a new linear alkylbenzene lubricant oil (AB
1SO 5) were determined experimentally at pressures and temperatures ranging from 1 to 20 bar and 23 to 80°C,
respectively. The experimental solubility and density data were correlated using the Peng and Robinson (1976) and
Soave-Redlich and Kwong (1972) equations of state. The correlation due to Focke et al. (2007), based on the
molecular cluster theory of Scott (1956), was applied in order to correlate the mixture dynamic viscosity.
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1. INTRODUCTION

In the last decades, following the realization of the effect of refrigerants on the destruction of the ozone layer and
their contribution to global warming, many researchers started to concentrate their efforts on the characterization of the
thermophysical properties of substitute refrigerants and their mixtures with lubricant oils. In this context, isobutane (R-
600a) is one of the most promising natural refrigerant substitutes for hidrofluorcarbons (HFC) and clorofluorcarbons
(CFC). Isobutane, together with carbon dioxide (R-744), has motivated the development of new compressor oils to
optimize the performance and reliability of household refrigeration systems. The presence of lubricant oil in the
refrigerant (and vice-versa) has a large influence on the thermodynamic properties of the working fluid. Therefore, the
efficiency of refrigeration systems will depend on the optimal choice of the compressor oil.

In the past few years the number of publications on thermophysical properties of natural refrigerants with lubricant
oils has increased considerably (Seeton and Hrnjak, 2006; Seeton et al., 2000; Hauk and Weidner, 2000; Youbi-Idrissi
et al., 2005; Tsuji et al., 2004; Tsuji et al., 2005; Bobbo et al., 2005; Bobbo et al., 2006), but there is a lack of studies
dealing specifically with isobutane and lubricant oil mixtures. Marcelino Neto and Barbosa (2008) measured the
solubility and the liquid phase density and viscosity of a mixture of R-600a and a POE ISO 7 lubricant oil at
temperatures ranging from 10 to 60°C. The VLE data were correlated with the Heil-Prausnitz and Flory—Huggins
activity models and the Peng and Robinson (1976) equation of state (EoS). Liquid density was correlated with the Peng
and Robinson EoS and with a first-order Redlich—Kister expansion for the excess molar volume. Liquid viscosity was
correlated with an excess-property approach based on the classical Eyring liquid viscosity model. Kumagai et al. (2007)
measured the viscosities of liquids mixtures of isobutane and squalane from 0 to 60°C. The experimental viscosities
values were fitted with a Tait-like equation. Zhelezny et al. (2006) presented experimental data for solubility, density
and capillary constants for solutions of isobutane with a commercial mineral compressor oil (Azmol) over wide ranges
of temperature (30 to 90°C) and concentrations. The enthalpy of the liquid phase solution was calculated and an
analysis of the behavior of the excess thermodynamic functions was carried out. The paper also examined the nature of
the experimental uncertainties in the investigation of thermodynamic properties of the refrigerant/oil solutions.

The present paper puts forward new data on solubility, density and viscosity of mixtures of isobutane and a linear
alkylbenzene lubricant oil (LAB ISO 5) and uses the Peng and Robinson (1976) and Soave-Redlich and Kwong (1972)
EoS to predict the phase equilibrium data and the density behavior. The viscosity data is correlated with a model based
on the molecular cluster theory (Focke et al., 2007).

2.MATERIALS AND METHODS
2.1. Experimental apparatus and procedure

The experimental facility and procedure have been presented in previous papers (Marcelino Neto and Barbosa,
2007, 2008) and only its main features will be repeated here. A specified amount of lubricant oil is placed in the 4L



equilibrium cell (2). A vacuum of 0.04 mbar is generated in the apparatus to remove moisture and dissolved gases. An
initial amount of refrigerant is fed into the cell. The system temperature is set by a thermostatic bath (1) that circulates
service water through a tank (6) in which the equilibrium cell is fully immersed. In the present experiments, the pressure
of the lubricant-refrigerant mixture is, therefore, the dependent variable. The equilibrium cell is instrumented for
absolute pressure, P, and the temperature of the fluids in the cell is recorded by three type-T thermocouples (71, 72, 73)
located at three distinct heights to measure the temperatures of the liquid and vapor phases. A gear pump (5) moves the
liquid lubricant-refrigerant mixture through the experimental facility. The speed of the electrical motor is set at its
minimum value (12 Hz). The mixture first flows through a Coriolis-type mass flow transducer (4) that records flow rate,
temperature and liquid density. Then, an oscillating piston viscometer (3) registers temperature and dynamic viscosity
of the liquid mixture. The solubility of the mixture is measured gravimetrically using a liquid mixture sample collected
in a 150 mL cylinder (7). The experimental apparatus is integrated with a signal conditioning module (8) and a
computerized system for data acquisition and treatment (9). The tank (top, sides and bottom), connection tubing and
instrumentation (Coriolis flow meter, pump and sampling cylinder) are thermally insulated to prevent heat losses. The
temperature variation between the viscometer, the mass flow/density meter and test cell were within the uncertainty
level set during the calibration of the thermocouples. The experimental procedure for obtaining the mixture solubility
has been outlined in Marcelino Neto and Barbosa (2007).

Figure 1. Schematic diagram of the Thermophysical Properties Facility.

2.2. Experimental conditions

Solubility, liquid density and liquid dynamic viscosity of the R-600a/LAB ISO 5 mixture were measured at
temperatures between 23 and 80°C (nominal). R-600a was 99.5% according to its manufacturer/supplier. The molecular
mass and the chemical structure of the lubricant oil are proprietary information.

3. MODELING
3.1. Solubility

For every component in the mixture, the phase equilibrium is characterized by an equality of the fugacities in both
phases. In the case of vapor-liquid equilibrium, the condition of thermodynamic equilibrium is given by (Poling et al.,
2000),

f=ft (1)

Component fugacities in both phases are solved directly using the equations of state (EoS). Equations of state are
widely used in the prediction of thermodynamic properties of pure fluid and fluid mixtures, in part because they provide
a thermodynamically consistent route to properties of both gaseous and liquids. Consequently, equations of state may be
used to determine phase equilibrium conditions as well as other properties. It is well known that a simple cubic type
EoS can correlate pressure, temperature and composition data in VLE (vapor-liquid-equilibria) or VLLE (vapor-liquid-
liquid-equilibria) with sufficient accuracy, although the volumetric correlation, particularly for the liquid phase, is poor
(‘Yokozeki, 2001).

In this study we have used two typical cubic EoS (Peng and Robinson (PR) and Soave-Redlich & Kwong(SRK)).
They are written in the following general form for the compressibility factor, Z = PVIRT,
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£=0.45724, 1 =0.07780, ¢ =0.37464, $=1.54226, x =0.26992 : PR type E0S (12)
£=0.42747, 7 =0.08664, ¢ =0.48508, 9=1.55171, xk =0.15613 : SRK type E0S (13)

and the interaction parameter ; is adjusted to best fit the experimental data.
The fugacity coefficient is calculated via the definition of the Gibbs energy departure function, and the expressions
for such coefficients are obtained using the PR and SRK EoS, respectively (Assael et al., 1996),
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where x; is the component mole fraction in each phase. The vapor pressure of the lubricant oil is very low and it can be
assumed with negligible loss of generality that the vapor mole fraction of refrigerant equals unity. Equations (14) and
(15) can be used to calculate the fugacity coefficients in the liquid and vapor phases, the only differences being the
values of the compressibility factors and mole fractions in each phase.

3.2. Density

The density of the liquid phase was also calculated using an EoS approach. Having calculated the liquid phase
compressibility factor, the mixture molar volume and the mixture density are given by,
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It is widely acknowledged that the major weakness of cubic equations is that they provide only rough predictions
of liquid density. However, a simple empirical correction, known as volume translation, can be incorporated in order to
improve the density prediction without affecting the pressure, temperature and composition calculations. In the liquid
density calculations, the volume translation correction of Peneloux ez al. (1982) was applied and the modified molar
volume is given by,

Ve =Vt +c(T,x,x,) (18)
where ¢(T, x;, x;) is a correction modeled as,

c(T, X xz) =X, + X,C, (19)

According to Assael er al. (1996), since the volume translation does not alter the shape of P-V isotherms, it has no
effect on the predicted vapor pressure. In this way, ¢(7, x;, x;) can be adjusted to obtain agreement with experimental
molar volumes of the saturated liquid.
3.3. Viscosity

According to Scott’s model (Scott, 1956) a multicomponent mixture may be viewed conceptually as a hypothetical
collection of fluid clusters, as seen in Fig. 2. The cluster type is determined by the nature of the central molecule and its
properties are governed by the interaction of this molecule with its nearest neighbors. The molecular interactions are

characterized by binary coefficients a; with i indicating the nature of the central molecule of the cluster and j a
neighboring molecule (Focke et al., 2007).
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Figure 2. Schematic illustration of Scott’s model for a fluid mixture: In cluster 1 a molecule of component 1 is
located at the center whereas cluster 2 has a molecule of component 2 at the center (Scott, 1956).

In this context, Focke ez al. (2007) defined a mixture model based on an estimation of the fluid cluster properties
and on their combination to yield an overall mixture property. The authors obtained a particularly flexible form of the
model by using a composition-weighted power law based on global mole fractions. The viscosity mixture model is
given by,

N
n= ZX{ZXJ%SJ (20)

where  and s are adjustable parameters, 7, is the pure component dynamic viscosity and 1, is defined as,
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3.4. Computational implementation and solution procedure

Standard iterative calculation procedures (Poling et al., 2000; Assael et al., 1996) were applied to solve Eq. (1) for
phase equilibrium. The models were implemented in the Engineering Equation Solver (EES) program (Klein, 2004).
Pure component constants for the refrigerant were obtained from the physical properties database embedded in EES.
The acentric factor and critical properties of the oil were calculated using the group contribution method of
Constantinou and Gani (1994), and Constantinou ez al. (1995). The EoS interaction parameter k;, the volume translation
corrections c¢; e ¢, and the viscosity adjustable parameters » and s were fitted using the genetic algorithms available in
EES.

The following objective function was used,

2

Ob = i(ecal,i - gexp,i) (22)

where 6 can be pressure, liquid density or liquid dynamic viscosity. The search interval within each parameter was
optimized and their optimum values are shown in Table 1.

Table 1. Model Parameters

Model Property Parameter Search Interval | RMS(%) AAD(%) Bias(%)

PR EoS X k;,=-0.02668 -1t01 1.75 8.01 -4.57
SRK EoS X k;,=-0.03839 -1to1l 1.92 8.73 -4.94
PR E0S p 0012::060005236; 47 -1000 to 1000 0.18 1.08 -0.01
SRKE0S p zéz%giigé -1000 to 1000 1.97 8.50 1.73
Focke et al r=-0.8578

(2007) n <=0.5310 -2t02 1.28 7.34 -1.06

4, RESULTS

In order to compare the ability of present different models to predict the VLE, density and viscosity behavior, the
following statistical quantities are defined,

n (0., -6,.)°
RMS = @ Z ( cal 2e><p) (23)
n i=1 gexp
» |(8.,,—6
AADZQZ ( cal exp) (24)
n g gexp
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Bias — @Z ( cala exp) (25)
n i

where 7 is the total number of experimental points, O the measured solubility, density or viscosity, and @, , the value
calculated using a given model.

4.1. Solubility

Figure 3 shows the experimental data of vapor pressure as a function of solubility and temperature. The predictions
of each EoS are also presented. The Peng and Robinson (1976) and Soave-Redlich and Kwong (1972) EoS have shown
a similar performance, with a typical average absolute deviation (AAD) of the order of 8% (nevertheless, the agreement
was notably worse at 80°C). The root mean square (RMS) deviation, the average absolute deviation (AAD) and the Bias
of the vapor pressure (Egs. (23)-(25)) associated with PR EoS are 1.75%, 8.01% and -4.57%, respectively. The RMS
deviation, the AAD and the Bias of the SRK Eo0S are 1.92%, 8.73% and -4.94%, respectively. Despite the structural
similarities between the Peng and Robinson (1976) and Soave-Redlich and Kwong (1972) EoS and the fact that both



require only the pure components critical constants and the pure components acentric factors for mixture predictions,
the performance of the PR EoS was superior, especially at higher temperatures. Daubert et al. (1978) reported in a
comprehensive study of the predictive capabilities of various thermodynamics models that the Soave-Redlich and
Kwong (1972) and Peng and Robinson (1976) EoS were of roughly equal reliability for VLE calculations in the vicinity
of the critical point, although the PR representation of the PV'T data was better. It should be noted that in both EoS
predictions only one adjustable parameter (k;,) was used for all the experimental data, reflecting the good performance
of the model to predict the phase equilibrium in the liquid mixture.
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Figure 3. Experimental data and modeling predictions of the vapor pressure versus solubility for
the R-600a/LAB 1SO 5 liquid mixture.

4.1. Density

Figure 4 presents the behavior of the experimental density and its predictions with the Peng and Robinson (1976) as
a function of refrigerant solubility and temperature. In all cases, the EoS overpredicts the experimental data
(demonstrating the weak capability of this EoS in predicting the volume behavior). The liquid density predictions
improve considerably when the volume translation of Eq. (18) is used (Peneloux et al., 1982). The model predicts the
data with associated RMS deviation, AAD and Bias of 0.18%, 1.08% and -0.01%, respectively. The Soave-Redlich and
Kwong EoS (1972) predictions of the liquid density mixture were very much worse than the PR EoS and the empirical
volume translation technique has shown little effect at improving the predictions, so graphical results will not be shown
here. The RMS, AAD and Bias for this model can be confirmed in Table 1. The EoS volume translation is the focus of
some works in the literature (Frey et al., 2007; de Sant’Ana et al., 1998) and, according to these authors, there are some
specific volume translation models that work better than others depending on the EoS.
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Figure 4. Experimental data and PR EoS predictions of the density versus solubility for
the R-600a/LAB ISO 5 liquid mixture.



Proceedings of ENCIT 2008 12" Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

4.1. Viscosity

In Fig. 5, the experimental data for the liquid mixture viscosity versus the mole fraction are presented together with
the predictions of the Focke et al. (2007) model. Good agreement between the model and the experimental data is
observed, suggesting that the model is also applicable in the prediction of the liquid viscosity of refrigerant-lubricant
mixtures, since the authors primarily evaluated this model with water and some hydrocarbons mixtures. Only two
parameters were optimized to fit all the experimental data. The obtained RMS, AAD and Bias were 1.28%, 7.34% and -
1.36%, respectively. It should be pointed out that this model reduces to known mixing rules with »=s=0 (Grunberg and
Nissan, 1949) and r=s=1 (the Scheffé K-polynomial suggested by Hind et al. (1960) as a mixing rule).
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Figure 5. Experimental data and PR EoS predictions of the density versus solubility for
the R-600a/LAB ISO 5 liquid mixture.

4. CONCLUSIONS

In the present work, experimental data on solubility, density and viscosity of refrigerant fluid (R-600a) and a linear
alkylbenzene lubricant oil (LAB ISO 5) were presented at pressures and temperatures ranging from 1 to 20 bar and 20
to 80°C, respectively. The solubility and density data were correlated using two cubic equations of state and the
viscosity data were correlated with a model based on the cluster molecular theory. The main conclusions from this study
are as follows:

1.  Despite the similarities between the Peng and Robinson (1976) and Soave-Redlich and Kwong (1972) EoS, the

former has proven to be more effective in the prediction of the VLE for the present mixture. However, in general,

both equations showed an acceptable performance in correlating the relationship between solubility and vapor
pressure.

2. Both EoS demonstrated a weak capability with respect to the volume predictions (liquid density). Furthermore,

the volume translation technique by Peneloux et al. (1982) was successfully incorporated into the Peng and

Robinson EoS. Probably this volume technique is not the most adequate for the Soave- Redlich and Kwong EoS.

3. The weighted-power-mean mixing rule for liquid viscosity advanced by Focke et al. (2007) has presented a

very good agreement with the experimental viscosity data obtained for this refrigerant-lubricant mixture.
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