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Properties of alternative refrigerants and heat transfer liquids — Modeling
and experiments

Vdclav Vin§"*, Jan Hruby', Olga Prokopové', Miroslav Censky', Monika Soutkova', Ales Blahut', and David Celny'
'Institute of Thermomechanics of the CAS, Dolejskova 1402/5, 182 00 Prague 8, Czech Republic

Abstract. The article provides a brief summary of two decades of both experimental and theoretical research
on the thermophysical properties of refrigerants and heat transfer liquids carried out at the Thermodynamics
department of IT CAS. The aim is to accurately describe properties of various fluids showing on one hand
promising potential for technical applications or on the other scientifically interesting behavior. The selected
systems cover various refrigerants and aqueous systems applicable as heat transfer liquids such as water with
ethylene glycol, methanol, ethanol or sodium chloride. Current focus is mostly on hydrofluoroethers (HFEs)
that find high application potential, e.g., in electronics cooling and cleaning or as possible admixtures in re-
frigerant blends. The thermodynamic properties and phase equilibria of various refrigerants were successfully
modeled with the state-of-the-art equations of state (EoSs) of SAFT-type (statistical associating fluid theory)
supported by common cubic EoSs such as Peng-Robinson. The employment of density gradient theory enabled
prediction of vapor-liquid phase interfaces and the surface tension of pure fluids and binary mixtures. The
pressure-temperature-density relations are being investigated experimentally by using self-calibrated vibrating
tube densimeters and single-sinker buyoancy method. The temperature dependence of surface tension is deter-
mined with the Wilhelmy plate method, du Noiiy ring and the in-house developed capillary rise technique. The
viscosity is measured using rotating viscometers. Although the article summarizes twenty years of research,
it presents new results that have not yet been published, e.g., for PC-SAFT EoS and its combination with the
density gradient theory on halogenated refrigerants, or for the experimental data on the density and viscosity of
ethylene glycol and the surface tension of HFE-7200.

1 Introduction of experimental and theoretical research of thermophysical
properties, phase equilibria, and phase interfaces of vari-
ous refrigerants and heat transfer liquids. The state-of-the-
art experimental techniques employing both the commer-
cial instruments and own in-house developed apparatuses
are used to obtain accurate thermophysical property data,
e.g., for density, surface tension, or viscosity. Using own
experimental data and the data from literature, the theo-
retical correlations and property models, mostly based on
various types of equations of state (EoSs), are being de-
veloped and verified. The main intention is to provide ac-
curate experimental data and practical models that can be
used both in the scientific computations and the technical
design. Many of the selected systems exhibit scientifically
interesting behavior that could be analyzed via accurate

Applications in the field of refrigeration and cooling face
a challenging problem of finding convenient and durable
operating fluids. On the one hand, refrigerants and heat
transfer liquids need to exhibit technically suitable prop-
erties such as low viscosity, high heat of vaporization
and specific heat over given temperature ranges, or non-
corrosive behavior, and on the other hand, low toxicity,
non-flammability and, last but not least, low environmen-
tal impact. Most of commonly used refrigerants based on
halogenated hydrocarbons (CFCs, HFCs, HFOs) cause un-
desirable environmental harms such as ozone layer deple-
tion, global warming or represent so-called PFAS (per- and
polyfluoroalkyl substances) “forever chemical” that accu-
mulate in nature. New operating fluids based on aqueous

mixtures, various blends of hydrocarbons such as propane experiments.

and isobutane, or carbon dioxide are being studied as pos-

sible alternatives in heat transfer applications. 1.1 Thermophysical properties of working fluids
This paper represents a brief summary of the research

work carried out at the Laboratory of thermophysical prop- Prior to the possible application of new alternative work-

erties' and the Laboratory of phase transitions® of the ing fluids, the thermodynamic properties such as density,

Thermodynamic department of the Institute of Thermome- heat capacity, enthalpy of vaporization and the transport

chanics of the CAS during last almost 20 years in the field properties covering the viscosity, thermal conductivity, or

surface tension, need to be known with good accuracy
over wide range of temperature and pressure conditions
[1]. The key role in the description of properties of fluids
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still play the experimental research, when the thermophys-
ical properties have to be measured under precisely given
conditions with well defined uncertainties [2].

Modern theoretical approaches, such as molecular simula-
tions, provide valuable information on the behavior of flu-
ids, however the description obtained is still more or less
qualitative. In most cases, the simulation results can help
to understand the microscopic physico-chemical phenom-
ena rather than to provide accurate data applicable in the
macroscopic design of a new thermal cycle or other tech-
nical process.

The thermodynamic properties of working fluids are
mostly described by various types of EoSs of different ac-
curacy and theoretical background depending on the qual-
ity and amount of information available such as on the crit-
ical point properties, molecular structure, and most of all
on the experimental data, e.g., for density p, vapor pres-
Sure pyap, or speed of sound w.

The transport properties, i.e. viscosity u, thermal conduc-
tivity A, and surface tension o are typically modeled by
semi-empirical correlations [1, 3] of various forms, when
the temperature is usually considered as the main variable.
In the case of surface tension, the correlations based on
the critical scaling are mostly used as o (Ti¢) = ON - m!,
with T standing for the critical point temperature [4-6].
For weakly described compounds, predictive tools such as
the group contribution methods (GCMs) based on the cor-
relation of a given property based on the molecular struc-
ture, or recently also the neural networks applied on large
sets of thermophysical property data, can be used to obtain
at least some information, even though with questionable
accuracy [7].

1.2 Mixture properties

In nature and pretty much any engineering application, flu-
ids are never in a pure, single-component form. For accu-
rate computations of thermophysical properties and phase
equilibria, appropriate mixture models are needed. Unfor-
tunately, only few fluid mixtures follow the ideal mixing
rule over the entire molar or mass composition range. The
non-ideality is usually expressed in terms of excess prop-
erties. Equation (1) shows an example with the excess mo-
lar volume V* defining the deviation of the mixture molar
volume V,;x from the ideal combination of molar volumes
of individual components in a binary system.

M M
Vinix = X| — + xp—2 + V& (1
P1 P2

where M /py = V| and M, /p, = V, are the molar volumes
of pure components, p; and M; stand for their specific den-
sity and molar mass, and x; is the mole fraction. Modeling
of mixed systems require special care when both purely
empirical and physically sound correlations are consid-
ered. EoSs employ various mixing rules, which typically
take into account interaction or mixing parameters that
have to be correlated with available experimental data.

2 Modeling of thermophysical properties
2.1 Cubic EoSs

One of the basic models describing thermodynamic prop-
erties and phase equilibria of a real gas is the well-known
cubic equation of state by van der Waals [8] providing a
relation between the pressure p, temperature 7', and molar

volume V
RT a

V—-b V2’
In equation (2), R = kyNay = 8.314462618J - K~! - mol ™!
stands for the universal gas constant, b is the volume pa-
rameter representing volume of gas molecules simplified
as hard spheres, and a is the attraction parameter express-
ing inter-particle attractions of the gas molecules. The
equation provides description of the whole vapor-liquid
phase diagram, however with considerable limitations es-
pecially on the liquid side. Later versions of the cubic
EoSs are still used in large variety of technical applications

and scientific computations. The most commonly used are
the Soave-Redlich-Kwong (SRK) EoS given as

p= 2

RT aB

= 3
Py " view ©)
and the Peng-Robinsion (PR) EoS
RT q
p s 4)

Vb VZi2V-i2°

where parameters a and b are given as functions of critical
temperature T and critical pressure p.i. Parameter 8
is the temperature function of acentric factor w describing
the non-sphericity (centricity) of fluid molecules. The ad-
vantage of cubic EoSs is that they provide relatively good
description of both the vapor (gas) and liquid phases by
knowing only the critical point parameters and the acen-
tric factor of the given fluid. In addition, the cubic EoSs
exhibit physically sound behavior also within the two-
phase region given by the so-called single Maxwell loop
on the isotherm. These EoSs can be effectively used to
model multicomponent systems by introducing rather sim-
ple mixing rules a = 3, ¥ ; xixja;; and b = 3, ¥ ; xix;bi;
with

aij = aaj(l -k, ®)
b; + bj
bij = 5 (1 =1j). (6)

In equations (5) and (6), k;; and /;; stand for binary inter-
action parameters correlated mostly to the available vapor-
liquid equilibrium (VLE) experimental data of the given
binary system. In many cases, parameter /;; is set to zero
and only k;; is correlated.

2.2 Multiparameter reference EoSs

The thermodynamic properties of fluids and their phase
equilibria can be modeled by multiparameter EoSs, which
are capable to achieve accuracy corresponding to the ex-
perimental uncertainties of the correlated source data.
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Most of the multiparameter EoSs are given in terms of the
reduced Helmholtz free energy o

a(p,T)
RT

= a(6,7) = @'¥(5,7) + (5, 7), 7

where a is the molar Helmholtz free energy and 6 = p/pcrit
T = Tuit/T stand for the reduced density and the inverse
reduced temperature, respectively. The ideal gas part a'®
can be obtained from the temperature dependence of the
ideal gas heat capacity and the arbitrary values for the ref-
erence enthalpy h; £ and entropy Sy ¢, In case of the multi-
parameter EoS for common ﬂulds the residual part @™ is
given empirically as a sum of various amount of polyno-
mial and exponential terms

aI‘ES(6’ 7) = Z Nk5ik7'jk + Z Nkaikrj"exp (—6lk) , (8

where each summation can contain up to 20 terms and the
index k corresponds to each individual term. Exponents
i, jk,» and [, are arbitrary, however values of j; are typi-
cally greater than zero and values of i; and [ are positive
integers. In addition, some other terms, i.e. the Gaussian
bell-shaped term and the nonanalytical term, are used in
the multiparameter EoSs for water [9] and carbon dioxide
[10] in order to reproduce the critical region with high ac-
curacy. Nevertheless, for most fluids such as halogenated
hydrocarbons, the correlation for the residual Helmholtz
energy given in the form of equation (8) is sufficient [11].

The advantage of defining the thermodynamic space in
terms of the Helmholtz free energy given as a function of
density and temperature is that all main properties such as
pressure, internal energy, isobaric heat capacity, or speed
of sound can directly be obtained from the derivatives of
equation (7) with respect to the inverse reduced tempera-
ture 7 and the reduced density 6. For example, the com-
pressibility factor Z, or eventually pressure p, the internal
energy u, enthalpy A, and the isochoric heat capacity c, are
given as

T a6 ®

%), (“r“)J’ o
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RT T [( or? )6+( or? ), 12

The multiparameter EoSs are implemented in thermo-
physical property packages REFPROP developed at the
NIST laboratory (USA) [12] or TREND from the Ruhr-
University Bochum (Germany) [13], when especially
REFPROP is heavily used in the refrigeration and air-
conditioning. TREND includes, in addition, the thermo-
dynamic models for solid phases such as water ice [14] or
gas hydrates [15].

The main drawback of highly-accurate multiparame-
ter EoSs is the requirement for sufficient experimental data

p aa,res
z=—=1+5

such as liquid density, heat capacity, vapor pressure, and
speed of sound over wide 7" and p ranges with good ac-
curacy. However, properties of many engineering fluids
are still measured experimentally under limited conditions
and the highly-accurate EoS can not, therefore, be devel-
oped. Another weaker point of these EoSs is that they
suffer from physically incorrect performance within the
two phase V-L region, as they exhibit multiple loops on
isotherms caused as a mathematical artifact of their em-
pirical nature. This precludes their application in some
computations such as the modeling of phase interfaces and
phase transitions, e.g., with the density functional theory
(DFT).

2.3 SAFT-type EoSs

An interesting alternative to the physically sound, how-
ever less accurate, cubic EoSs on the one hand and the
highly-accurate multiparameter EoSs on the other hand,
are the SAFT-type (statistical associationg fluid theory)
EoSs. The SAFT EoSs consider a reference simple fluid,
such as hard spheres, soft spheres, or hard chains com-
bined with the perturbation theory based on statistical ther-
modynamics, which explains complex fluid interactions
such as association of molecules via hydrogen bonds or
polarity. As this approach allows consideration of various
reference systems and different perturbation terms, there
are, for example, almost 50 SAFT-type EoSs for water
available [18, 19]. This unfortunately complicates mu-
tual comparison and verification of different SAFT EoSs.
One of the best-established versions of SAFT EoSs is the
perturbed-chain (PC) SAFT developed by Gross and Sad-
owski for simple [16] and associating [17] fluids and later
extended by Gross and Vrabec for molecules with dipole
[20] and quadrupole [21] moments. In PC-SAFT, or even-
tually PCP(polar)-SAFT, the residual part of the molar
Helmbholtz free energy can be defined as follows

Ie

a'es = ahc + adlsp + g®ssoc 4 adlp + aquad + aqd , (13)

where individual terms correspond to hc — hard chain (i.e.
reference fluid), disp — dispersion, assoc — association, e.g.
due to hydrogen bonds, dip — dipole, quad — quadrupole,
and qd — qudrupole—dipole. Figure 1 shows simplified in-
terpretation of the molecular-based definition of the indi-
vidual contributions to the residual Helmholtz free energy
a' of the PC-SAFT EoS. In SAFT-type EoSs, the molec-
ular structure of a given fluid is given by a series of 3 to 7
parameters describing contributions to areg m —number of
segments in the molecular structure, a'[ =10""9m] - di-
ameter of the segment, €/kg [K] — energy parameter, kBi
— effective association volume of the association sites A;
and B; between molecules of component i, A8 /kg [K] —
association energy, u [D = 3.33564 - 1073° C - m] — dipole
moment, and Q [DA = 3.33564-107%° C - m?] — quadrupo-
lar moment. Simple combining rules such as Lorentz—
Berthelot for 07;; and €;; can be applied to model mixtures

0'i+0'j
2 b

&= Ne+e(1-ky), (15)

(14)

O'ijz
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Figure 1. Scheme of the individual Helmholtz free energy contributions in the PC-SAFT EoS [16, 17] (polarity effects not shown).

with k;; standing for the binary interaction parameter cor-
related typically to VLE data of the given binary system.
Other parameters can be combined in a similar manner. As
SAFT-type EoSs are given in terms of the Helmholtz free
energy, the thermodynamic properties of the given fluid
can be determined in the same way as in case of the mul-
tiparameter EoSs discussed by equations (7) to (12).

The advantage of SAFT-type EoSs is that they, simi-
larly to the cubic EoSs, provide good phase equilibrium
predictions together with acceptable accuracy of thermo-
dynamic properties of the liquid phase. Due to various
contributions to the residual Helmholtz energy, large va-
riety of compounds can be modeled ranging from simple
gases like nitrogen or CO,, alcohols, halogenated hydro-
carbons, or even polymers. During last almost 20 years,
our team has successfully used PC-SAFT and PCP-SAFT
for modeling thermophysical properties of many techni-
cally interesting systems. The properties of perfluoralka-
nes (PFCs, C,F,+2) were modeled with regard to their
application as refrigerants and heat transfer liquids in the
particle detector cooling at the CERN laboratory [22].
Solubility of nitrogen, oxygen, and argon in PFCs and
other refrigerants were modeled to predict the influence
of non-condensable gasses on the refrigerant throttling in
the vapor—compression cooling circuit [23, 24]. As dis-
cussed further, PC-SAFT and PCP-SAFT were combined
with the density gradient theory (DGT) for the modeling
of vapor-liquid phase interfaces and droplet nucleation in
later works.

Following figures provide so far unpublished results of
the PC-SAFT predictions. The PC-SAFT and PCP-SAFT
parameters of the selected compounds are summarized in
Table 1. Figure 2 shows the vapor-liquid phase diagram
of chlorodifluoromethane, i.e. refrigerant R22. Individ-
ual lines correspond to historical cubic EoS by van der
Waals (vdW) [8], PC-SAFT EoS [16] with the molecular
parameters determined in our previous work [24], and the
multiparameter EoS by Kamei et al. [26], which achieves
uncertainty of the source experimental data. Although
based on just three to four fitted parameters, PC-SAFT
achieves much better agreement with the reference data,
especially on the liquid (left) side. We note that other cu-
bic EoSs commonly used in technical applications such as
Soave-Redlich-Kwong [27] or Peng-Robinson [28] would
lie somewhere between vdW and PC-SAFT EoSs. In fig-
ure 2, star depicts the critical point of R22.
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Figure 2. Pressure-volume phase diagram of R22 (CHCIF,);
comparison of the multiparameter EoS [26] available in REF-
PROP package [12], van der Waals cubic EoS, and PC-SAFT
EoS.
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Figure 3. Liquid composition of R22 (A) + CO, (B) mixture
at given p[MPa] and T [K]; experimental data [29] vs. PC-
SAFT EoS predictions with the binary interaction parameter
kij = 0.016583.

Example of vapor-liquid equilibria (VLE) is shown in
figure 3 for the binary system R22 + CO,. The symbols
show experimental VLE data by Roth et al. [29]. VLE
is depicted in terms of p — x (pressure—mole fraction of
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Table 1. Molar mass, PC-SAFT and PCP-SAFT parameters of the selected substances.

Substance M [g/mol] m o[Al  €/kg [K] u[D] QI[DA] Source
R134a* 102.0309 3.24833 3.01572 170.604 0 0 [24]
R134a 3.14704 3.04554 165.336  2.058 0 [24]
R22# 86.4681 2.47447 3.13317 189.035 0 0 [24]
R22 242695 3.15352 186.289  1.458 0 [24]
R125% 120.0214 3.17812 3.09793 154.987 0 0 [24]
R125 3.11048 3.11999 153.696  1.563 0 [24]
Cco," 44.0095 2.07274 2.78520 169.210 0 0 [16]
CO, 1.51310 3.18690 163.330 0 4.4 [21]
HFE-7200% 264.089 3.70848 3.95875 210.824 0 0 [6]
HFE-7200? 3.65209 3.98060 209.602 2.7928 0 [6]
HFE-7200° 3.60604 3.99832 206.740 3.5695 0 [6]
#Basic PC-SAFT without polar interactions.
ADipole moment by Vins et al. [6] from the group contribution method.
YDipole moment by Abe et al. [25] from the quantum density functional theory.

CO,) diagram, where at a given temperature, lower curves where w® = —p is the grand potential density of the ho-

correspond to dew line and upper curves to bubble line. A
temperature-independent binary interaction parameter of
PC-SAFT EoS was correlated to the experimental data. It
should be noted that the provided results were obtained
with PC-SAFT in its basic form, i.e. without any dipole-
dipole term in case of R22 or quadrupole—quadrupole term
for CO,. Nevertheless, quite good agreement can be seen
between the PC-SAFT predictions and the experimental
data over wide p and T ranges, which demonstrates good
predictive capabilities of the SAFT-type EoSs in general.

2.4 Phase interfaces — Density gradient theory

Providing a physically sound representation of isotherms
within the two-phase V-L region with a single Maxwell
loop, the cubic and SAFT-type EoSs can be combined with
the classical density functional theory (DFT), or alterna-
tively with its approximation the density gradient theory.
The DGT, originally developed already by van der Waals
[8] and later thoroughly elaborated by Cahn and Hilliard
[30, 31], models the phase interfaces. In DGT, the inter-
facial density profile of N-component system fulfills the
following Euler—Lagrange equation

iV(c Vo)) BN Oik g o =22 (16
LiYFPj) T 5 o VPjVPk = o7
= 2 54 Opi Ipi

with p; denoting the density profile of component i, ¢; ; =
¢i,j(T,p1,p2,...) standing for the so-called influence pa-
rameter describing the dependence of the local Helmholtz
free energy on the density gradients, and w marking the
grand-potential density of a hypothetical homogeneous
fluid [32, 33]. For a planar phase interface and neglecting
the density dependence of the influence parameter, equa-
tion (16) can be simplified as

N
1 dpjdp; _ 0_
;Eci’jd_zd_z = w(p) - o = Aw, (17)

mogeneous vapor. From equation (17), the surface tension
at the planar phase interface can be determined after some
modifications

OL
o= f V2cha (o)dp. (18)
14%

In our case, the planar [6, 33, 34] and later also spheri-
cal [35] V=L interfaces were modeled using DGT com-
bined with various cubic EoSs and PC-SAFT EoS. As
an example, figure 4 shows density profiles of refrigerant
R125 over planar V-L interface at various temperatures
corresponding to the saturation conditions. R125 is mod-
eled with PCP-SAFT by considering the dipole moment
of 1.563 D. With increasing temperature, a decreasing dif-
ference in the vapor (left side) and the liquid (right side)
densities can be seen together with the increasing width of
the phase interface.

pentafluoroethane

15

-y
L=

density [kmol.m’B]
(%]

-4 -2 0 2 4
distance [nm] (zS =0)

Figure 4. Density profiles along planar vapor-liquid phase inter-
face computed at different temperatures from DGT + PCP-SAFT
for R125 (pentafluoroethane).

Figure 5 provides comparison of the experimental data
by Higashi et al. [36] and Froba et al. [37] for the sur-
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face tension of R134a compared with the DGT predic-
tions combined with the basic PC-SAFT and the PCP-
SAFT considering the dipole moment of 2.058 D. Both
models show quite good agreement with the experiments
over wide temperature range, with DGT+PCP-SAFT ex-
hibiting slightly steeper temperature slope.

1,1,1,2-tetrafluoroethane

160
O exp.data
14l R134a (NP)| |
—— R134a (Di)

surface tension [mN/m]
(o)

o
240 260 280 300 320 340 360 380
temperature [K]

0

Figure 5. Temperature dependence of surface tension of R134a
(CH,FCF;3); experimental data [36, 37] compared to DGT com-
bined with PC-SAFT EoS [16], (NP — non-polar) and with PCP-
SAFT EoS (Di — dipole moment) [20].

3 Thermophysical properties —
Experiments at IT CAS

Our team posses several apparatuses for the investigation
of thermodynamic and transport properties of liquids and
partly also gases. The properties cover the fluid density
depending on temperature, pressure and composition, sur-
face tension, and viscosity.

3.1 Fluid density

The fluid density, or eventually pressure—volume—
temperature (pVT) relationship is measured with a set of
two vibrating tube densimeters (VTDs). The atmospheric
VTD with a borosilicate glass U-tube DMA 5000 M (An-
ton Paar, Austria) can be used for the density measurement
at temperatures from 0 to 100 °C with high resolution of
0.001 kg - m™>. Figure 6 shows a simplified scheme of the
atmospheric VID with a U-tube and a reference rod (os-
cillator) made of the same material placed in the U-tube
center. The instrument measures the period of oscillation
7 of the vibrating tube, which is influenced by the fluid
density p filled inside the U-tube

Tzzn,/%pv, (19)

where m denotes the mass of the empty U-tube, V is its in-
ner volume, and & is the spring constant of the cell. The U-
tube is actuated by piezo-electric actuator. The period of
oscillation and alternatively the damping in case of turned
off actuator are determined by using the optical pick-up.

Sl
Se——

Y e hY |
o

%' 0o

1 — Piezo-electric actuator 5 — Optical pick-up

2 — Glass cylinder filled with gas 6 — Feedback amplifier

3 — Reference oscillator 7 —Evaluation unit

4 — U-tube 8 — Display

Figure 6. Scheme of the borosilicate glass U-tube of the low-
pressure VID DMA 5000 M with the reference glass rod.

The DMA 5000 M instrument has been, so far, used
with a series of reference fluids such as water, ethanol,
ethylene glycol, toluene, or glycerol and for investiga-
tion of alternative heat transfer liquids based on hydrofiu-
orethers [38] or the binary aqueous mixtures with ethylene
glycol being the key components of antifreeze [39]. Other
recently investigated systems include seawater IAPSO
standard [40] or squalane (CsoHg;) used as a moisturizer
in cosmetics or as a viscosity standard in tribology and
oil assessment [41]. The extraordinary resolution of the
instrument enabled to detect various additional effects in-
fluencing the fluid density such as the water content, sam-
ple degassing [42], varying barometric pressure by the dry
air measurements, or in case of HFE-7100 and HFE-7200
their composition comprising of two hardly-separable iso-
mers [38]. Based on extensive amount of accurate mea-
surements with ultrapure water, dry air, and the refer-
ence liquids, our team has developed the calibration pro-
cedure and evaluated the standard uncertainty of the mea-
sured liquid density, which was found to be around u(p) ~
0.030kg - m, in case of low-viscosity liquids such as wa-
ter or ethanol, and even up to u(p) ~ 0.14kg-m= for
highly-viscous liquids with the dynamic viscosity in the
order of hundreds of mPa - s [42].

The pVT data, i.e. the fluid densities also at higher
pressures, are collected using the high-pressure VTD
DMA HP (Anton Paar, Austria) allowing for measure-
ments at pressure up to 70 MPa. The temperature is ad-
justed with an internal Peltier unit and resistive heaters in
the range from —10 to 200 °C. The DMA HP instrument is
equipped with several supporting systems of own design
comprising of filling and pressure setup, dry box, pressure
transducer, external Pt100 temperature probe recorded by
a digital thermal bridge, and a thermostatic cycle with
cooling water at the temperature of 15 °C enabling exper-
iments below the ambient [43]. Based on a series of mea-
surements with vacuum, nitrogen, water and several ref-
erence fluids such as ethanol or ethylene glycol, the stan-
dard uncertainty of the obtained density was evaluated to
be around u(p) ~ 1.0kg - m™ [44].

Figure 7 shows an example of ethylene glycol den-
sity measured with high-pressure VTD at pressures up to
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Figure 7. Density of ethylene glycol measured with high- ©  Vinsetal. (2021), Wihelmy plate

pressure VID DMA HP at temperatures from —10 to 170 °C and
pressures up to 60 MPa.

60 MPa and temperatures from —10 to 170°C. The in-
strument was calibrated according to the model developed
by Outcalt [45] using reference measurements with vac-
uum, water, gaseous nitrogen, and in addition HFE-7300
at 0.1 MPa [44, 46].

In addition to VTDs, the liquid density can be mea-
sured with the tensiometer Kriiss K100Mk2 based on the
single-sinker buoyancy method in air. The measuring prin-
ciple employs accurate weighing with a microbalance in
an inverted position with a resolution of 10 ug. A single-
crystal silicon is weighted in air (m,;;) and entirely sub-
merged in the investigated liquid (7mq)

Mair — Miig (1 = Paic/psi)
pig = ————————psi, (20)
air

where ps; denotes the density of the single-crystal silicon.
The temperature is measured with Pt100 probe submerged
in the liquid sample. The combined standard uncertainty
of detected density is typically u(piq) ~ 0.40kg - m~3 [39].

3.2 Surface tension

The surface tension of various technically interesting lig-
uids ranging from aqueous systems, halogenated hydro-
carbons to large number of ionic liquids has been mea-
sured with the tensiometer Kriiss K100Mk2 enabling mea-
surement with two different methods, the Wilhelmy plate
method and the du Noily ring method. The Wilhelmy plate
method, as a static measurement with an equilibrated lig-
uid surface, is generally less sensitive to the negative in-
fluence of sample viscosity. This method therefore pro-
vide more accurate results for viscous liquids such as
ionic liquids [47] or aqueous systems [39, 48]. Alter-
natively, the du Noily ring method partially accounts for
the liquid evaporation and can be employed onto more
volatile liquids such as hydrofluorethers (HFEs) [6]. The
expanded uncertainties of the surface tension are around

Figure 8. Surface tension of HFE-7200; experimental data by
Rausch et al. [49], Vin$ et al. [6] and 3M [50] compared to
available correlations [6, 49, 50] and predictions of DGT + PCP-
SAFT.

Figure 8 shows surface tension of hydrofluorether
HFE-7200. Our Wilhelmy plate and du Noiiy ring data are
compared to the surface light scattering data by Rausch et
al. [49], the value given in the 3M datasheet [50] and the
predictions of PCP-SAFT EoS combined with DGT.

The surface tension of various aqueous systems has
been also investigated with the modified capillary eleva-
tion method using the experimental apparatus of own de-
sign. The system allows for to measure the surface ten-
sion under the supercooled metastable state, i.e. at con-
ditions below the equilibrium freezing temperature. The
technique is based on the elevation of liquid column in the
fused silica capillary tube with the inner diameter around
0.3 mm, when the liquid can still be considered as macro-
scopic system. In our case, the upper part of the capillary
tube, where the meniscus of the elevated liquid column
is located, is placed inside a special temperature-control
chamber equipped with optical glasses. The apparatus al-
lows for rapid temperature change and stabilization inside
the chamber, enabling fast but stable measurements un-
der supercooled conditions. The temperature system uses
two thermostatic baths set to different temperatures, one
to the reference temperature of 15°C and the other to the
desired target temperature. The typical time frame for the
measurement of one data point is around 4 minutes. The
temperature range of our experiments is usually between
—30 and 30°C. The apparatus was successfully used for
the measurement of surface tension, including the super-
cooled region, of pure water [51-53], seawater [54], or bi-
nary mixtures with ethylene glycol [39]. The expanded un-
certainty of the surface tension is U(c) ~ 0.40mN - m~'.

Figure 9 shows an example of the surface tension of
water + ethanol mixture depending on temperature. The
metastable supercooled data obtained with the modified
capillary rise technique are compared to own Wilhelmy
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Figure 9. Surface tension of water + ethanol system depend-
ing on temperature and ethanol mass fraction (wt%); own data
from the Wilhelmy plate method and the capillary rise technique
compared to the IAPWS standard [4] and the water + ethanol
correlation by Wang et al. [55].

plate measurements and the temperature—composition cor-
relation by Wang et al. [55] extrapolated into the super-
cooled region. The IAPWS standard for surface tension
of ordinary water [4] extrapolated below 0°C is also de-
picted for comparison. Cluster of comparative measure-
ments carried our repeatedly at the reference temperature
of 10 or 15 °C can be well seen in the case of capillary rise
experiments.

3.3 Viscosity

The Stabinger-type rotating viscometer SVM 3001 (Anton
Paar, Austria) is combined with the VTD cell for density
measurement at atmospheric pressure. The viscometer can
be used for wide ranges of kinematic viscosity from 0.2 to
30000 mm? - s~! at temperatures from —60 to 135°C. In
our Laboratory, the instrument is still being tested in or-
der to verify the repeatability of the measurements and to
assess the uncertainty of obtained data. Figure 10 shows
an example of the experimental data of dynamic viscosity
collected with various samples of ethylene glycol in the
temperature range from —10 to 130 °C. A typical exponen-
tial increase in the dynamic viscosity can be seen with the
decreasing temperature. The experimental data agree with
the temperature correlation given in the VDI Wirmeatlas
[1].

In addition, the high viscosity fluids such as oils or
gels can be investigated with the rotating viscometer Vis-
coQC 100 (Anton Paar, Austria). The viscosity can be
determined from the torque and the speed of rotation of
various types of spindles. The instrument equipped with
the Peltier temperature device PTD 80 allows for the mea-
surements of viscous liquids in the temperature range from
15 to 80°C.

4 Conclusions

The presented work provides a brief overview of research
carried out at IT CAS in the field of thermophysical prop-
erties of refrigerants, heat transfer liquids, and other work-
ing fluids during last two decades. The results are related
to more than 20 scientific articles.

The thermodynamic properties and phase equilibria of
various fluids, including their mixtures, have been mod-
eled using several types of equations of state. For less de-
scribed fluids, the PC-SAFT and PCP-SAFT EoSs repre-
sent an interesting alternative to the classical cubic EoSs,
when a better accuracy can be achieved, especially, for
the liquid phase. For well-described fluids with sufficient
number of experimental property data available over wide
T and p ranges, the multiparameter EoS can be developed
representing the reference model achieving the uncertainty
of the source experimental data. The density gradient the-
ory combined with PC-SAFT EoS was shown to model
the vapor-liquid interfacial properties, including the sur-
face tension, quite well over various conditions. In the
next step, the combination of the residual entropy scaling
(RES) with various EoSs is planned in order to predict the
viscosity or thermal conductivity.

The experimental research covers the measurements of
density—temperature—pressure relationships, surface ten-
sion, and viscosity using various techniques. The self-
developed calibration methods for the commercial instru-
ments allowed for to obtain accurate data with well defined
uncertainties, e.g., for hydrofluorethers or water + alcohol
mixtures. The in-house developed capillary elevation ap-
paratus enabled to obtain unique data for the surface ten-
sion of aqueous systems including the temperature regions
under the metastable supercooled conditions.

New so far unpublished results are presented e.g., for
PC-SAFT EoS and its combination with the density gradi-
ent theory on selected refrigerants, or for the experimental
data on the high-pressure density and viscosity of ethylene
glycol and the surface tension of HFE-7200.
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