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The thermodynamic properties of the mixture of 1,1,1,2-tetrafluoroethane (R134a)
and triethylene glycol dimethyl ether (TriEGDME) have been modeled with equations of
state in an extended corresponding states format. A recent equation of state for pure
R134a was assumed as the reference while the scale factors have been obtained in neu-
ral network form by regression of experimental data for the mixture. The modeling was
focused on the liquid phase, considering the possible application of such a mixture in a
refrigeration plant; since the vapor pressure of pure TriEGDME is negligible over the
considered temperature range, the vapor phase of the mixture at vapor-liquid equilib-
rium condition is almost pure R134a. Two fundamental equations are proposed herein.
The first one, developed from a limited amount of experimental data is valid for R134a
mole fractions greater than 0.94. The second equation was obtained from a wider data
base; it has a larger number of free parameters to regress and covers the R134a mole
fractions greater than 0.59. � 2007 American Institute of Chemical Engineers AIChE J, 53:
1349–1361, 2007

Keywords: extended corresponding states, neural networks, R134a, refrigerant þ lubri-
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Introduction

The environmental problems connected with the use of
chlorofluorocarbon (CFC) refrigerants, in particular the
depletion of the stratospheric layer of ozone, have imposed
the phase-out of such substances and their replacement with
less harmful fluids. Consequently, the study of alternative
refrigerants and of their properties has become a fundamental
task for scientific and technical research.

Nowadays, the fluids mainly used in the refrigeration and
air-conditioning plants are hydrofluorocarbons (HFC) that
show better environmental behavior, thanks to the absence of
chlorine atoms in their molecules. Among the substances of
this family, 1,1,1,2-tetrafluoroethane (R134a) is widely used,
because of its favorable thermodynamic performances in
compression cycles and its compatibility with the existing re-
frigeration plants designed for CFC refrigerants.

The identification of a suitable alternative refrigerant does
not completely solve the technical problem: in fact, in the
compression plants, the working fluid is not a pure refriger-
ant (or a mixture of refrigerants), but a certain amount of
lubricant, compatible and soluble with the refrigerant, must
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be added. Because the mineral oils that were used with CFCs
for years show low solubility in HFC refrigerants, it is neces-
sary to propose alternative lubricants.

The problems posed by the selection of the lubricant have
been widely studied in recent years; a partial review is given by
Marsh and Kandil.1 Guidance for the choice of the most efficient
lubricant for specific technical applications, as for instance the
design of a refrigeration plant, requires the knowledge of the ther-
mophysical properties of the refrigerantþ lubricant mixtures.

Polyalkylene glycols (PAGs) were proposed as suitable
lubricants in combination with R134a. Several researchers
have focused their attention on such mixtures: measurements
of solubility data,2–7 of density data,8–11 and of viscosity
data8,12–14 were produced.

A technical lubricant is usually a mixture of several compo-
nents sharing the same chemical structure, e.g. PAGs, in which
few of them are prevailing in composition; some additives are
furthermore added to this mixture. The final product, marketed
with a producer’s trademark, is a proprietary blend.

Since it is very difficult to characterize such a complex
mixture with sufficient precision from the chemical and ther-
mophysical points of view, it is preferable to start the present
study from the thermodynamic behavior of a simple refriger-
ant þ lubricant mixture, then avoiding technical lubricants.
Therefore, at this step of the study, it is better to assume the
lubricant to be an equivalent pure compound. For these pur-
poses, we chose triethylene glycol dimethyl ether (TriEGDME).

Some works aiming at modeling the thermodynamic proper-
ties of the refrigerant þ lubricant mixtures were published in
the literature,15–22 but they mainly addressed the representation
of the vapor–liquid equilibrium. These works are based either
on the modified Flory–Huggins model, on cubic equations of
state (including or not a modified UNIFAC model), or on per-
turbed-hard-sphere-chain equations of state. Several of them
have quite good performances in representing bubble pressures
at equilibrium conditions, but their capability in describing the
whole thermodynamic behavior, as for instance density and cal-
orimetric quantities in the compressed liquid region, is not
known. Considering that the aforementioned types of equations
are in general not suitable to represent both thermal and caloric
properties, it is expected that the cited models also lack in accu-
racy when describing the thermodynamic properties of a refrig-
erant þ lubricant mixture in the liquid region.

The goal of the present work is the development of a dedi-
cated equation of state (DEoS) for the binary mixture of
R134a and TriEGDME. Since the lubricant content in the
working fluid of a refrigeration plant is usually less than
10% in mass fraction, this is also the main range of interest.
The format chosen for the DEoS is based on the extended
corresponding states (ECS) model, into which a neural net-
work (NN) was integrated to increase its flexibility. This
technique, in the following referred to as ECS-NN, can be
applied to both pure fluids and mixtures, as it was widely
described in previous works.23–25

The obtained DEoS is a fundamental equation of state,
because it is expressed in terms of Helmholtz energy, from
which all of the thermodynamic properties can be directly
calculated through simple mathematical derivations. The
regression of the equation parameters is done using the avail-
able experimental data, part of which were specifically pro-
duced for the present modeling purpose.7,11

The ECS-NN Modeling Technique

The ECS-NN modeling technique was presented in detail
in previous articles23–25 and only a brief summary is given
here for reader’s convenience.

The corresponding states principle, whose derivation from
statistical mechanics is given by Reed and Gubbins26 and
Rowlinson and Swinton,27 states the equality of the reduced
residual Helmholtz energy aR:

aR
�
T; r

� ¼ A
�
T; r

�� Aig
�
T; r

�
RT

(1)

for two conformal pure fluids when evaluated at the same
reduced conditions:

aRj
�
Tr; rr

� ¼ aR0
�
Tr; rr

�
(2)

where the subscript j indicates the fluid of interest and 0
denotes a reference fluid whose thermodynamic properties
are accurately known from a DEoS. In Eq. 1, the superscript
ig refers to an ideal-gas condition. Since the equations in
terms of Helmholtz energy are fundamental equations of
state, all of the thermodynamic properties of the fluid of in-
terest can be calculated through derivations of Eq. 2 with
respect to temperature and density. The fulfillment of the
conformality condition requires that the two fluids obey the
same reduced intermolecular force law; such a condition is
verified for a limited number of fluids with spherically-sym-
metric molecules, as for instance the noble gases.

The ECS method28–31 aims at extending a similar model
structure to other fluids, bypassing the conformality require-
ment. The basic equation of the model ECS is similar to Eq. 2:

aRj
�
Tj; rj

� ¼ aR0
�
T0; r0

�
(3)

but here the temperatures and the densities of the fluids are
related through two functions fj and hj, called scale factors,
that depend on the thermodynamic variables of the fluid of in-
terest:

T0 ¼ Tj

fj
�
Tj; rj

� (4)

r0 ¼ rjhj
�
Tj; rj

�
(5)

If the system of interest is a mixture, denoted by subscript
m, Eq. 3 is transformed into

aRm
�
Tm; rm; x

� ¼ aR0
�
T0; r0

�
(6)

where �x is the array of the mole fractions. In this case, the
scale factors fm and hm depend also on mole fraction:

T0 ¼ Tm

fm
�
Tm; rm; x

� (7)

r0 ¼ rmhm
�
Tm; rm; x

�
(8)

The availability of the equations for the scale factors and
of an accurate DEoS for the reference fluid allows the calcu-
lation of all the thermodynamic properties of the target sys-
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tem. A summary of the main mathematical relations required
for this purpose is given in the Appendix.

Several methods are published in the literature to obtain
and represent the scale factors.23–25,28–37 The technique
adopted here, developed by Scalabrin et al.,24 assumes a mul-
tilayer feedforward neural network (MLFN) as an analytical
form of the scale factor functions; the coefficients of the neu-
ral network are regressed from experimental data of thermo-
dynamic properties for the system of interest.

The general architecture of a MLFN is illustrated in Figure
1: it is constituted by a certain number of units, called neu-
rons, organized in three layers called the input, hidden, and
output layers, respectively. The neurons of the input layer
are indicated as elements of an array U of dimension I. Their
number coincides with the number of independent variables
of the equation plus one. The last neuron, labeled Bias1, has
a constant value:

UI ¼ Bias 1 (9)

The number of neurons in the output layer equals the output
quantities, which are elements of an array S of dimension K.

The hidden layer performs the transformation of the sig-
nals from the input layer to the output layer, and it can con-
tain an arbitrary number of neurons. These are elements of
an array H of dimension J þ 1. Also in the hidden layer,
there is a bias neuron with a constant value, Bias2:

HJþ1 ¼ Bias2 (10)

The physical input variables Vi (in the present case tem-
perature, density, and mole fraction) undergo a linear trans-

formation to normalize them in the arbitrarily chosen range
[Amin, Amax] set at Amin ¼ 0.05 and Amax ¼ 0.95:

Ui ¼ ui
�
Vi � Vi;min

�þ Amin for 1 � i � I � 1 (11)

where

ui ¼ Amax � Amin

Vi;max � Vi;min

(12)

and Vi,min and Vi,max represent the selected extremes of the
range of the variable Vi.

An arctangent function normalized in the range [0, 1] is
assumed as the transfer function g:

gðzÞ ¼ 1

p
arctanð0:1 zÞ þ 0:5 (13)

The transfer function calculates the signal output of a neu-
ron from its inputs for both the hidden and the output layer
neurons; respectively it is:

Figure 1. General topology of a three-layer feedforward neural network.

Table 1. Molar Masses and Critical Parameters
for R134a and TriEGDME

R134a TriEGDME

CAS-RN 811-97-2 112-49-2
M (kg mol�1) 0.10203 0.17823
Tc (K) 374.083 636.371*

Pc (MPa) 4.048 2.3703*

rc (mol l�1) 4.9887 1.800*

*Calculated from Joback group contribution method.39
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Hj ¼ g
XI

i¼1

wijUi

8>>>: 9>>>; for 1 � j � J (14)

Sk ¼ g
XJþ1

j¼1

wjkHj

8>>>>:
9>>>>; for 1 � k � K (15)

The symbols wij and wjk indicate the weighting factors that
are the free parameters of the model, which must be deter-
mined in the regression process.

The output values Sk of the output layer neurons are
denormalized to real output variables Wk, which are in this
case the scale factors fm and hm, through the following linear
transformation:

Wk ¼ Sk � Amin

sk
þWk;min for 1 � k � K (16)

where

sk ¼ Amax � Amin

Wk;max �Wk;min

(17)

Wk,min and Wk,max are the chosen limits of the range of the
dependent variable Wk.

After the regression of the weighting factors, the neural
network can be used to calculate the values of the scaling
factors as functions of temperature, density, and mole frac-
tion of the system of interest.

The Equations of State for the (R134a þ
TriEGDME) System

The critical parameters for R134a were taken from the
recent work of Astina and Sato,38 whereas for TriEGDME
the values were calculated by the group contribution method
of Joback.39 These parameters, together with the molar
masses of the two pure components, are given in Table 1.

The reduced Helmholtz energy am of the mixture can be
expressed as the summation of two terms: the ideal-gas part
aigm and the residual part aRm:

am
�
Tm; rm; x

� ¼ Am

�
Tm; rm; x

�
RTm

¼ aigm
�
Tm; rm; x

�þ aRm
�
Tm; rm; xÞ (18)

where x is the mole fraction of R134a and the subscript m
indicates that the properties are referred to the mixture. The
value R ¼ 8.314472 J mol�1K�1, reported by Mohr and Tay-
lor,40 was assumed for the universal gas-constant.

As explained hereafter, in this work, two equations with
different validity ranges have been developed for the sys-
tem. Both the equations are valid only for the liquid region;
in fact, at the considered conditions, the vapor phase in
equilibrium with the liquid one is essentially composed of
pure R134a, as the vapor pressure of pure TriEGDME is
very low and negligible. For pure R134a, a multiparameter
DEoS in terms of Helmholtz energy was developed by
Astina and Sato.38

The relations for the calculation of the thermodynamic
properties are given in the Appendix. For the vapor–liquid
equilibrium (VLE), the isofugacity condition for R134a has
to be solved for the bubble pressure (Pbubble):

f v1
�
Tm;Pbubble

� ¼ f̂ 11
�
Tm;Pbubble; x

�
(19)

In Eq. 19, f1
v is the fugacity of pure R134a in the vapor

phase at the same (T, P) conditions of the mixture and it is
calculated from the DEoS of Astina and Sato;38 f̂1

1 is the par-
tial molar fugacity of the same component in the liquid phase
and it is obtained from the proposed mixture DEoS.

The two contributions involved in Eq. 18 are separately
studied in the following parts.

Ideal-Gas Contribution

The ideal-gas contribution (aigm) of the mixture is analyti-
cally obtained from the linear combination of the ideal-gas
contributions (aigi ) of the pure components, plus the ideal
change of mixing:

aigm
�
Tm; rm; x

� ¼ xaig1
�
Tm; rm

�þ �
1� x

�
aig2

�
Tm; rm

�
þ ½x ln xþ ð1� xÞ lnð1� xÞ� ð20Þ

The ideal-gas contribution for each pure fluid is devel-
oped from an equation for its ideal-gas isobaric heat
capacity Cig

p,i:

aigi
�
T; r

� ¼ Hig
i;o

RT
� Sigi;o

R
� 1þ ln

rT
roTo

8>>: 9>>;
þ 1

T

ZT
To

Cig
p;i

R
dT �

ZT
To

Cig
p;i

RT
dT ð21Þ

where the constants H ig
i,o and Sigi,o are the selected values for

enthalpy and entropy, respectively, in the ideal-gas state at
chosen reference conditions (To, ro).

The equation for the ideal-gas isobaric heat capacity for
R134a was obtained from Astina and Sato.38 Since neither

Table 4. Validity Limits of the Proposed ECS-NN Equations
of State

DEoS-1 DEoS-2

T (K) 280–325 280–335
P (MPa) �6 �60
x 0.94–1.00 0.59–1.00

Table 5. Deviations of DEoS-1 with Respect to the Experimental Data

Property Ref. NPT T Range (K) P Range (MPa) x Range AAD (%) Bias (%) MAD (%)

Density 11 90 283.3–323.4 1.0–6.0 0.949–0.980 0.017 �0.002 0.054
Bubble pressure 7 76 282.6–322.8 0.4–1.3 0.941–1.000 0.153 �0.082 0.600
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an EoS nor suitable data are available for TriEGDME, the
group contribution method of Joback39 was used giving the
equation:

Cig
p;2

R
¼ 11:7405þ 6:14639� 10�2 T

þ 3:92087� 10�6 T2 � 1:62608� 10�8 T3 ð22Þ

Residual Contribution

The ECS-NN format was used for modeling the residual
contribution of the mixture equation. This format is particu-

larly suitable for the representation of thermodynamics of

mixtures that are very rich in one component. The assump-

tion of such a component as the reference fluid of the ECS-

NN model makes it easier to model the mixture because the

mixture behavior only deviates to a limited extent from the

reference fluid behavior.24 Since R134a is the main compo-

nent in the considered composition interval and a high-accu-

racy DEoS is available for it, this fluid was adopted as the

reference fluid and its DEoS from Astina and Sato38 was

assumed as the reference equation.
A slight modification was introduced with respect to the

ECS-NN model presented in a previous work.24 Denoting
with ~fm and ~hm the output variables W1 and W2 of the neural

Figure 2. Deviations of the experimental density data of Marchi et al.11 from DEoS-1.

Figure 3. Bubble pressure as a function of liquid mole fraction, obtained from DEoS-1 and experimental data.
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model, the scale factors to be introduced into Eqs. 7 and 8
are here obtained as:

fm ¼ 1þ �
1� x

�efm (23)

hm ¼ 1þ �
1� x

�ehm (24)

Such a format is advantageous, because for x ¼ 1, i.e. for
pure refrigerant, both the scale factors assume a unit value
and the mixture DEoS becomes equivalent to the high accu-
racy equation for R134a assumed as reference.

The weighting factors matrixes wij and wjk of the neural
network were regressed on experimental data of density and

bubble pressure for the mixture, following the procedure
already by Scalabrin et al.24

This modeling technique allows the development of an
accurate fundamental DEoS for the refrigerant þ lubricant
mixture without the need of any detailed thermodynamic rep-
resentation of the lubricant, which can be either a pure com-
pound as in this case or a complex mixture as in the case of
a technical lubricant.

Two equations were developed. The first one is valid for
mole fractions of R134a greater than 0.94, that is approxi-
mately equivalent to a mass fraction greater than 0.90. For
the present problem, two neurons in the hidden layer (J ¼ 2)
were used and the regression of the resulting 14 parameters

Figure 4. Values of density, isobaric heat capacity, and speed of sound at fixed mole fraction and pressure,
generated from DEoS-1.

Table 6. Deviations of DEoS-2 with Respect to the Experimental Data

Property Ref. NPT T Range (K) P Range (MPa) x Range AAD (%) Bias (%) MAD (%)

Density 9 225 293.1–333.1 5.0–60.0 0.602–1.000 0.018 0.009 0.097
11 90 283.3–323.4 1.0–6.0 0.949–0.980 0.027 �0.004 0.076

Total 315 283.3–333.1 1.0–60.0 0.602–1.000 0.021 0.005 0.097
Bubble pressure 4 24 283.1–333.1 0.2–1.4 0.592–0.903 0.670 �0.427 1.425

7 125 282.6–322.8 0.3–1.3 0.637–1.000 0.218 0.045 0.704
Total 149 282.6–333.1 0.2–1.4 0.592–1.000 0.291 �0.031 1.425
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(�wij and �wik) was done using a limited number of data that
were measured specifically for this work.7,11 The chosen
range is representative of the refrigeration plants operating
conditions.

An equation with a wider validity range was obtained by
including other data available in the literature for the same
system.4,9 In this second case, the chosen number of neurons
in the hidden layer is five (J ¼ 5), implying 32 parameters to
be determined.

The parameters of the equations, respectively indicated
with DEoS-1 and DEoS-2, are reported in Tables 2 and 3,
while their validity ranges are given in Table 4. Even if the
equations can be slightly extrapolated outside their validity
limits without significant decrease of accuracy, in particular
for pressure, we strongly recommend that extrapolations are
not made beyond the limits reported in Tables 2 and 3.

Validation

The performances of the equations with respect to the ex-
perimental data were evaluated in terms of relative deviation
(D), average absolute deviation (AAD), bias (Bias), and max-

imum absolute deviation (MAD). Such indexes are defined
as:

Di ¼ mexp � mcalc

mexp

8>>: 9>>;
i

(25)

AAD ð%Þ ¼ 100

NPT

XNPT
i¼1

���Di

��� (26)

Bias ð%Þ ¼ 100

NPT

XNPT
i¼1

Di (27)

MAD ð%Þ ¼ Max
i¼1;NPT

���Di

��� (28)

where m indicates a generic thermodynamic property, NPT is
the number of experimental points, and the subscripts exp
and calc stand for experimental and calculated values,
respectively.

The overall deviations from the experimental data for the
equation valid in the narrower validity range, DEoS-1, are

Figure 5. Deviations of the available experimental density data from DEoS-2.
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reported in Table 5. Unfortunately, only the data sets used
for the regression procedure are available in this range and
the equation cannot then be validated with respect to inde-
pendent experimental sources.

For density, the deviations of all the points are plotted in
Figure 2, divided into the three considered mole fractions.
The AAD value for these data is 0.017%, with a maximum
error of 0.054%; such values are very low and have a magni-
tude close to the experimental uncertainty of the present den-
sity measurements. The bias is very close to zero and this
indicates that the equation is centered with respect to the
data, even if a limited shifting for some isotherms is shown
in Figure 2.

Bubble pressure as a function of liquid mole fraction along
some isotherms is shown in Figure 3. The lines were calcu-
lated from DEoS-1; the experimental points from Marchi
et al.7 are also reported. The representation of the experimen-
tal data is very good, as is confirmed by the 0.15% AAD and
by the other statistical data given in Table 5, showing also
that this property is reproduced within the experimental error
of the data.

DEoS-1 was then used to generate values of density, iso-
baric heat capacity, and speed of sound as functions of tem-
perature at fixed mole fraction and for two selected values of
pressure; the obtained lines are plotted in Figure 4. Although
isobaric heat capacity and speed of sound data were not
included into the regression, their predicted trends are rea-
sonable and correspond to the expected behavior. Unfortu-
nately, no experimental data for these properties are available
for the present mixture and consequently the performances of
DEoS-1 cannot be quantitatively evaluated with respect to
these two quantities. However, the results obtained in a pre-
vious work24 show that the representation of such properties
can be generally considered as reliable.

A similar validation was also done for the DEoS-2 equa-
tion dedicated to a wider composition range. The overall
deviations from the experimental data used in the regression
are given in Table 6.

The density is represented with very low AAD values for
both experimental data sets, even if the plots in Figure 5
show that the data of Marchi et al.11 are affected by a slight
systematic composition-dependent deviation.

The graph in Figure 6 for bubble pressure proves that
DEoS-2 can reproduce this property with high accuracy over
the whole composition range that is considered here. Any-
way, Table 6 shows a limited inconsistency between the data
of Marchi et al.7 and the data of Coronas et al.4 In fact, the
second data set has a high bias value and appears as shifted
with respect to the first one.

Values of density, isobaric heat capacity, and speed of
sound as functions of temperature at fixed mole fraction and
pressure, as previously calculated with DEoS-1, have also
been calculated with DEoS-2; the results are shown in Figure
7. The lack of experimental data, apart from density, pre-
vents from verifying whether the generated values agree with
the real behavior of the mixture. The anomalous trends of
some isobaric heat capacity lines at 50 MPa, see Figure 7,
indicate that there are probably some deficiencies. In the
present case, where the distribution of the experimental data
is not homogeneous, it would have been preferable to fit the
equation using also some isobaric heat capacity and speed of

sound data to improve their representation. Unfortunately,
data for these quantities are not available in the literature.

Conclusions

In this work, a mixture representative of a refrigerant þ
lubricant system was considered. R134a is a widely used
fluid belonging to new generation of the haloalkane refriger-
ants, while TriEGDME is a pure compound that can be
regarded as representative of a technical lubricant based on
polyalkylene glycols.

Similar systems are very interesting for refrigeration and
air-conditioning applications, because the substitution of the
chlorofluorocarbon refrigerants with the new-generation ones
has posed the problem of both the selection of suitable lubri-
cants and the thermodynamic characterization of the refriger-
ant þ lubricant mixtures.

A modeling approach based on the extended corresponding
states technique integrated with a function approximator in
the form of a neural network was adopted here. The present
equation of state for mixtures, expressed in terms of Helm-
holtz energy, is a fundamental equation from which any ther-
modynamic property can be calculated through mathematical
derivations.

A great advantage of this technique is that the thermody-
namic representation of the lubricant, that can be either a pure

Figure 6. Bubble pressure as a function of liquid mole
fraction, obtained from DEoS-2 and experi-
mental data.
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compound as in this case or a mixture as in the case of a tech-
nical lubricant, is not required. In fact, after the development
of a very accurate DEoS for the refrigerant þ lubricant mix-
ture, the lubricant can be still left thermodynamically
unknown.

Two equations of state were developed, basing them on
the available experimental data for the chosen system. The
first one was obtained from data specifically measured for
this modeling work and it covers the composition range that
is usual for a refrigeration plant. The second equation was
regressed from a larger data base, including also other avail-
able literature data, and it has a wider validity range.

For both equations, the representation of density and bub-
ble pressure is excellent; the experimental data are repro-
duced within their experimental uncertainties. The trends of
the other thermodynamic properties are reasonable, but they
cannot be quantitatively checked because of the lack of suita-
ble experimental data.

The obtained results show the potentiality and the accu-
racy of the proposed modeling technique. The application
of this method can be effectively extended to asymmetric
systems similar to the present one, but not necessarily
related to the refrigeration field, even where one of the
components is practically unknown from the thermody-
namic point of view.
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Appendix A: Thermodynamic Properties
from a Helmholtz Energy Equation of State

The availability of a Helmholtz energy equation for the
system allows the calculation of all its thermodynamic prop-
erties simply through mathematical derivations. The relations
between Helmholtz energy and other properties are given
here.

Table A1. Calculation of Thermodynamic Properties

Property Relation Equation no.

Compressibility factor Z � P=rRT ¼ 1þ raRr A8

Internal energy U=RT ¼ �T
�
aigT þ aRT

�
A9

Enthalpy H=RT ¼ 1� T
�
aigT þ aRT

�þ raRr A10

Gibbs energy G=RT ¼ 1þ aig þ aR þ raRr A11

Helmholtz energy A=RT ¼ aig þ aR A12

Entropy S=R ¼ �T aigT þ aRT

� �
� aig � aR A13

Isochoric heat capacity Cv=R ¼ �T2 aigTT þ aRTT

� �
� 2T aigT þ aRT

� �
A14

Isobaric heat capacity

Cp=R ¼ Cv=Rþ
1þ raRr þ rTaRrT

� �2

1þ 2raRr þ r2aRrr

A15

Speed of sound w2M=RT ¼ 1þ 2raRr þ r2aRrr
� �

Cp=Cv
A16

Fugacity coefficient lnj ¼ Z � 1� lnZ þ aR A17

Partial molar fugacity coefficient of component i in mixture* ln ĵi ¼ aR � lnZ þ n qaR=qni
� �

T;VTOT ;nj 6¼i
A18

Fugacity of component i in mixture f̂i ¼ xiĵiP A19

Joule-Thomson coefficient mJ ¼ ðqT=qPÞH ¼ ðTb� 1Þ=rCp A20

*The total number of moles is denoted with n, while the number of moles of component i is indicated with ni; VTOT is the total
volume of the mixture.
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Definitions

aigT � qaig

qT

8>>: 9>>;
r;x

aigTT � q2aig

qT2

8>>: 9>>;
r;x

aRr � qaR

qr

8>>: 9>>;
T;x

aRT � qaR

qT

8>>: 9>>;
r;x

ðA1;A2;A3;A4Þ

aRrr � q2aR

qr2

8>>: 9>>;
T;x

aRTT � q2aR

qT2

8>>: 9>>;
r;x

aRrT � q2aR

qr qT

8>>: 9>>;
ðA5;A6;A7Þ

Appendix B: Helmholtz Energy Derivatives in
the ECS Format

The analytical expressions of the derivatives of the Helm-
holtz energy for a mixture equation of state in the ECS for-
mat are given here. The thermodynamic properties of the
mixture are calculated by substituting these derivatives into
the equations in Appendix A.

Definitions of the logarithmical derivatives
of the scale factors

Fr � rm
fm

qfm
qrm

8>>: 9>>;
Tm;x

Hr � rm
hm

qhm
qrm

8>>: 9>>;
Tm;x

(B1;B2)

FT � Tm
fm

qfm
qTm

8>: 9>;
rm;x

HT � Tm
hm

qhm
qTm

8>: 9>;
rm;x

(B3;B4)

Frr � r2m
fm

q2fm
qr2m

8>>: 9>>;
Tm;x

Hrr � r2m
hm

q2hm
qr2m

8>>: 9>>;
Tm;x

(B5;B6)

FTT � T2
m

fm

q2fm
qT2

m

8>>: 9>>;
rm;x

HTT � T2
m

hm

q2hm
qT2

m

8>>: 9>>;
rm;x

(B7;B8)

FrT � rmTm
fm

q2fm
qrmqTm

8>>: 9>>;
x

HrT � rmTm
hm

q2hm
qrmqTm

8>>: 9>>;
x

(B9;B10)

Fni ¼
n

fm

qfm
qni

8>: 9>;
Tm;rm;nj 6¼i

¼ 1

fm

qfm
qxi

8>: 9>;
Tm;rm;xj6¼i

�
XNcomp

k¼1

xk
qfm
qxk

8>: 9>;
Tm;rm;xj6¼k

" #( )
ðB11Þ

Hni¼
n

hm

qhm
qni

8>: 9>;
Tm;rm;nj6¼i

¼ 1

hm

qhm
qxi

8>: 9>;
Tm;rm;xj6¼i

�
XNcomp

k¼1

xk
qhm
qxk

8>: 9>;
Tm;rm;xj6¼k

" #( )
ðB12Þ

In the present case of a binary mixture, Eqs. B11 and B12
for R134a can be rewritten in the following forms, where x
is the molar fraction of refrigerant:

Fn1 ¼
ð1� xÞ

fm

qfm
qx

8>: 9>;
Tm;rm

Hn1 ¼
ð1� xÞ
hm

qhm
qx

8>: 9>;
Tm;rm

ðB13;B14Þ
Derivatives of the Helmholtz energy

As explained in The Equations of State for the (R134a þ
TriEGDME) System section, the subscript m denotes mixture
properties at (Tm, rm, �x) conditions; the subscript 0 denotes
the properties of the reference fluid, calculated from its equa-
tion of state at (T0, r0).

T0 ¼ Tm=fm r0 ¼ rmhm (B15;B16)

rma
R
m;r � rm

qaRm
qrm

8>>: 9>>;
Tm;x

¼ r0a
R
0;r

�
1þ Hr

�� T0a
R
0;TFr (B17)

Tma
R
m;T � Tm

qaRm
qTm

8>>: 9>>;
rm;x

¼ r0a
R
0;rHT þ T0a

R
0;T

�
1� FTÞ (B18)

r2ma
R
m;rr � r2m

q2aRm
qr2m

8>>: 9>>;
Tm;x

¼ r20a
R
0;rr

�
1þ Hr

�2
þ r0a

R
0;r

�
2Hr þ Hrr

�þ�2r0T0a
R
0;rTFr

�
1þ Hr

�
þ T0a

R
0;T

�
2F2

r � Frr
�þ T2

0a
R
0;TTF

2
r ðB19Þ

T2
ma

R
m;TT � T2

m

q2aRm
qT2

m

8>>: 9>>;
rm;x

¼ r20a
R
0;rrH

2
T þ r0a

R
0;rHTT

þ 2r0T0a
R
0;rTHT

�
1� FT

�þ T0a
R
0;T

�
2F2

T � 2FT � FTT

�
þ T2

0a
R
0;TT

�
1� FT

�2 ðB20Þ

rmTma
R
m;rT � rmTm

q2aRm
qrmqTm

8>>: 9>>; ¼ r20a
R
0;rrHT

�
1þ Hr

�
þ r0a

R
0;r

�
HT þ HrT

�þ r0T0a
R
0;rT

�
1þ Hr

�ð1� FTÞ � FrHT

� �
þ T0a

R
0;T

�
2FTFr � Fr � FrT

�þ T2
0a

R
0;TTFr

�
FT � 1

� ðB21Þ

lnĵi¼lnj0�ln
�
Zm

�
Z0
��T0a

R
0;T

�
FniþFr

�þr0a
R
0;r

�
HniþHr

�
(B22)

Appendix C: Derivatives of the Scale Factors
in Neural Network Form

In the present work, the scale factors are obtained in the
form of a multilayer feedforward neural network. The
expressions for the calculation of the scale factors and their
derivatives are reported in the following. The correspondence
of the physical variables with the variables of the neural
model is given by:

V1 ¼ Tm V2 ¼ rm V3 ¼ x (C1;C2;C3)

W1 ¼ efm W2 ¼ ehm (C4;C5)
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Neural network inputs

Ui ¼ ui
�
Vi � Vi;min

�þ Amin 1 � i � I � 1 (C6)

UI ¼ Bias 1 (C7)

with

ui ¼ Amax � Amin

Vi;max � Vi;min

(C8)

Hidden layer inputs and outputs

Gj ¼
XI

i¼1

wijUi 1 � j � J (C9)

Hj ¼ gðGjÞ 1 � j � J (C10)

HJþ1 ¼ Bias2 (C11)

Output layer inputs and outputs

Rk ¼
XJþ1

j¼1

wjkHj 1 � k � K (C12)

Sk ¼ gðRkÞ 1 � k � K (C13)

Physical variable outputs

Wk ¼ Sk � Amin

sk
þWk;min 1 � k � K (C14)

with

sk ¼ Amax � Amin

Wk;max �Wk;min

(C15)

Output derivatives

qWk

qVm
¼ um

sk
g0ðRkÞ

XJ
j¼1

wmjwjkg
0ðGjÞ 1�m� I� 1;1� k�K

ðC16Þ

q2Wk

qVmqVn
¼ umun

sk
g00ðRkÞ

XJ
j¼1

wmjwjkg
0ðGjÞ

" # XJ
j¼1

wnjwjkg
0ðGjÞ

" #

þg0ðRkÞ
XJ
j¼1

wmjwnjwjkg
00ðGjÞ

" #
1�m;n� I�1;1� k�K

ðC17Þ

where

gðzÞ¼ 1

p
arctanð0:1 zÞþ0:5 (C18)

g0ðzÞ ¼ dgðzÞ
dz

¼ 0:1

p 1þ ð0:1 zÞ2
h i (C19)

g00ðzÞ ¼ d2gðzÞ
dz2

¼ � 0:002 z

p 1þ ð0:1 zÞ2
h i2 (C20)

Scale factors and their derivatives

fm ¼ 1þ ð1� xÞ~fm hm ¼ 1þ ð1� xÞ~hm (C21;C22)

qfm
qTm

8>: 9>;
rm;x

¼ q~fm
qTm

8>>: 9>>;
rm;x

qhm
qTm

8>: 9>;
rm;x

¼ q~hm
qTm

8>>: 9>>;
rm;x

(C23;C24)

qfm
qrm

8>>: 9>>;
Tm;x

¼ q~fm
qrm

8>>: 9>>;
Tm;x

qhm
qrm

8>>: 9>>;
Tm;x

¼ q~hm
qrm

8>>: 9>>;
Tm;x

(C25;C26)

q2fm
qT2

m

8>>: 9>>;
rm;x

¼ q2~fm
qT2

m

8>>: 9>>;
rm;x

q2hm
qT2

m

8>>: 9>>;
rm;x

¼ q2 ~hm
qT2

m

8>>: 9>>;
rm;x

(C27;C28)

q2fm
qr2m

8>>: 9>>;
Tm;x

¼ q2~fm
qr2m

8>>: 9>>;
Tm;x

q2hm
qr2m

8>>: 9>>;
Tm;x

¼ q2 ~hm
qr2m

8>>: 9>>;
Tm;x

(C29;C30)

q2fm
qrmqTm

8>>: 9>>;
x

¼ q2~fm
qrmqTm

8>>: 9>>;
x

q2hm
qrmqTm

8>>: 9>>;
x

¼ q2 ~hm
qrmqTm

8>>: 9>>;
x

(C31;C32)

qfm
qx

8>: 9>;
Tm;rm

¼ �~fm þ ð1� xÞ q~fm
qx

8>>: 9>>;
Tm;rm

ðC33Þ

qhm
qx

8>: 9>;
Tm;rm

¼ �~hm þ ð1� xÞ q~hm
qx

8>>: 9>>;
Tm;rm

ðC34Þ
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