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SUMMARY

Many processes operate with working fluids made of multiple components in multi-
ple phases (e.g. chemical reactions, distillation, thermodynamic power cycles, refrig-
eration cycles and heat pump cycles). To improve the design of process equipment
and increase the uptake of environmentally friendly fluids, a solid understanding of
mixture properties is necessary. The choice of the working fluid is driven by differ-
ent requirements arising from the specific application. A great variety of substances,
with different thermo-physical properties, are used in industry for various applica-
tions. These fluids range from simple fluids to heavy fluids formed by complex
molecules. Among the fields where mixtures can possibly increase the efficiency are
power cycles for sustainable energy conversion, an example is the organic Rankin
cycle (ORC). Many of these power cycles for sustainable energy conversion operate
in the non-ideal thermodynamic region, close to the liquid-vapor saturation curve and
the critical point, where the actual thermodynamic behavior of gases can deviate sig-
nificantly from that predicted by the ideal gas law. The understanding of non-ideal
compressible fluid thermodynamics of mixtures will enable to improve existing in-
dustrial processes and machinery for ORCs. The scientific interest is not only limited
to ORCs or other power cycles operating with organic substances. The scientific in-
terest extends to a wide range of application where fluids and mixtures operate in the
non-ideal thermodynamic region.

This work presents original research in the field of non-ideal compressible fluid
thermodynamics of mixtures. The study is focused on mixtures of fluids with high
molecular complexity, these are complex siloxanes currently used as heat transfer flu-
ids and in ORCs and perfluorocarbons. The presented work is concentrated in three
directions and aims to (i) gain more knowledge of the non-ideal thermodynamic be-
havior of mixtures composed of molecular complex fluids in the non-ideal gas region,
(ii) the development of accurate thermodynamic models for mixtures of linear silox-
anes, (iii) and determine the thermal stability and decomposition products of linear
siloxanes. A better understanding of these aspects can improve the study of gasdy-
namic phenomena and the use of mixtures in experiments and industrial applications.

In the first part a fundamental research on the speed of sound behavior for binary
mixtures of molecular complex fluids (e.g. linear siloxanes and perfluorocarbons) in
the non-ideal thermodynamic region is conducted. The speed of sound behavior is
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SUMMARY

qualitatively investigated using the polytropic van der Waals model and verified using
the Helmholtz energy equation of state. Non-monotonic behavior of the speed of
sound is observed upon varying the composition of the mixture. The non-monotonic
behavior of the speed of sound is more evident if the molecular complexity of each
pure components of the mixture differ. This non-monotonic behavior is caused by
the interaction between the different components in the mixture.

In the second part measurements are performed to determine the bubble-point
pressures for three binary mixtures of linear siloxanes: MM with MDM, MD2M, and
MD3M. Large uncertainties are observed for the lowest temperatures, an extensive
analysis of the uncertainties is conducted and concludes that these large uncertain-
ties are mostly caused by the effect of impurities of non-condensable gases. For
each binary mixture new binary interaction parameters are fitted for the multi-fluid
Helmholtz energy model using the obtained bubble-point pressure data.

To conclude, an experimental test-rig is designed and commissioned for the deter-
mination of the thermal stability limit and decomposition products of pure fluids and
mixtures. An expected feature of mixtures of siloxanes is that they exhibit a higher
thermal stability limit than their pure components, due to the redistribution process
occurring at high temperature, where more complex molecules decompose into sim-
pler molecules, which then recombine again into the more complex molecule. This
redistribution and therefore the possible increase of the thermal stability tempera-
ture can enhance the use of complex molecular fluids for experimental and industrial
applications. The thermal stability limit is determined for the pure linear siloxanes
MM and MDM. For both fluids minimal decomposition products are observed using
chemical analysis of the liquid and vapor phase. Though formation of other linear
and cyclic siloxanes as decomposition products are observed as well as volatile gases
in the vapor phase.

ii
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Global energy consumption has increased significantly over the last decades, due
to growing industrialization and higher personal demand [1]. Fossil fuels currently
provide 80% of the world’s primary energy production [1], with coal playing a major
role due to its easy accessibility and low cost. Despite regulations and limitation
introduced by governments on the use of fossil fuels, their use is expected to increase
and continue to meet much of world’s energy demand [2].

The most serious threat caused by the use of fossil fuels is the emission of green
house gases to the atmosphere. From 1970 to 2010 the total anthropogenic green
house gas emission increased by 80% as reported by the the Intergovernmental Panel
on Climate Change [3]. The largest share of the green house gas emission consist
of carbon-dioxide (CO2). The total emission of CO2 increased drastically in the last
century [4]. The main drivers for this increase in CO2 emission are economic and
population growth. Although the CO2 emission will grow at a slower rate, the world
CO2 emission is projected to grow an average of 0.6% per year between 2015 and
2040 [2]. This increase in green house gases leads to many serious environmental
problems such as climate change, air pollution and ozone layer depletion [3, 5, 6]. It
is clear that the current situation cannot be sustained indefinitely and changes must
be undertaken in order to reduce or divest from the emission of green house gases
and improve the efficiency in which the energy sources are being used. As a conse-
quence, energy savings, efficiency improvement and sustainability gain a wider level
of interest.

An important focus to improve efficiency and sustainability is the choice of work-
ing fluids. Many fluid processes operate with working fluids made of multiple compo-
nents in multiple phases (e.g. chemical reactions, distillation, thermodynamic power
cycles, refrigeration cycles and heat pump cycles) [7, 8]. To improve the design
of process equipment and increase the uptake of environmentally friendly fluids, a
solid understanding of mixture properties is necessary. Better understanding of these
properties can lead to significant improvement of the energy efficiency and decrease
of environmental damage.

The choice of the working fluid is driven by different requirements arising from
the specific application. A great variety of substances, with different thermo-physical
properties, are used in industry, ranging from the simple fluids to the heavy fluids
formed by complex molecules for various applications. Among the fields where mix-
tures can increase the efficiency are power cycles for sustainable energy conversion.
It is more interesting and profitable to exploit energy sources such as low or medium
temperature geothermal sources, biomass, solar energy, heat recovery from stationary
engines for electricity production, and the recovery of waste energy from industrial
facilities. Because of the relatively low level of temperature and sensible heat of the
heat source in diverse low-temperature renewable energy power systems, it is not
convenient to use the traditional plants with water vapor. These power systems for

2
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1.1 INTRODUCTION

sustainable energy conversion are based on innovative thermodynamic cycles, hav-
ing the working fluid operating in the near critical region and close to the saturation
curve.

An example is the organic Rankine cycle (ORC) [9]. Power cycles based on
Rankine Cycle using water as working fluid are traditionally used in large power
plants [9]. Due to the growing attention to energy efficiency and environmental is-
sues, the ORC technology is now widely used for small to medium scale power gen-
eration. ORCs are applied to convert low/medium temperature heat sources (less than
500 °C) and small/medium power plants (up to 3 MW) [10]. For these applications
the use of fluids (e.g. organic substances) with high molecular mass and complexity
can be a better option with respect to water. The advantage of using organic com-
pounds lies in the design and construction of the power plants, which are simpler and
cheaper than steam Rankine Cycle plants for the small to medium power range [11].
They are used for many different applications were low to medium temperature en-
ergy sources are available, from industrial waste heat recovery to renewable energy
applications, such as solar, biomass and geothermal energy [12–16]. The main fea-
ture of ORCs is the use of organic substances (e.g. hydrocarbons, perfluorocarbons
or siloxanes) which allows the ability to choose the optimal working fluid depending
on the operating temperature and power demand [17–19]. Other power cycle alter-
natives for sustainable energy conversion are the super- and transcritical CO2 cycles
[20–25], and Organic Stirling cycles [26, 27].

The advantage is that these cycles operate at different thermodynamic conditions,
close to or above the critical point or in the non-ideal compressible fluid region.
Another advantage is that these cycles can operate with various working fluids and
are suitable for the use of mixtures. The use of a mixture instead of pure compound
as working fluid can significantly improve the efficiency of the cycle [7, 8], this is
elaborated in more detail in Section 1.2. The use of mixtures in refrigerant systems
and heat pumps have been widely studied in the past few decades [28, 29]. The
interest in the use of mixtures in power cycles has increased in recent years; a detailed
review about the use of mixtures as working fluid in power generation systems is
given by Modi et al. [30] and a specific review for ORCs by Abadi et al. [31].

These characteristics, operating at different thermodynamic conditions and the
use of various working fluids, offer advantages such as expansion across a limited
number of turbine stages, reduced compression work and a better match between the
heating and cooling trajectory with the working fluid. The use of mixtures may also
allow for modifying, in a virtually continuous way, the thermo-physical properties
of the working fluid by changing the composition of the mixture, so to match the
application requirements. A brief overview for the use of mixtures in power cycles
is given in Section 1.2. Furthermore, these cycles could potentially allow for the
exploitation of non-classical gasdynamic phenomena, as demonstrated for ORC by
Brown et al. [32] and for high temperature heat pumps by Zamfirescu et al. [33].
More details about non-classical gasdynamic phenomena are given in Section 1.3. A

3
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CHAPTER 1 INTRODUCTION

major problem that limits the use of these applications is lack of knowledge on the
thermo-physical properties of diverse organic fluids in the thermodynamic regions
of interest, where there are strong non-ideal effects. Also the thermal stability of
the working fluid, which affect the maximum operating temperature, is among the
physical characteristics with fundamental importance.

The most challenging aspect for the design of power cycles operating in or near
the non-ideal compressible fluid region (e.g. ORC) is the fluid dynamic design of ef-
ficient turbo machinery components, namely the compressor and turbine. The design
and performance assessment of (turbo-)expanders is usually based on the ideal-gas
law to describe the fluids thermodynamic properties. This choice roots in the assump-
tion that the deviation of the real thermodynamic behavior from ideal-gas behavior is
small, which would result in equally small deviations in the predicted flow field and
calculated performance parameters. In ORC applications, (turbo-)expanders are often
operated at pressure and temperature close to their liquid-vapor critical-point values.
This is the so-called non-ideal compressible fluid thermodynamic region, close to the
liquid-vapor saturation line and to the critical point, where the actual thermodynamic
behavior of gases can deviate significantly from that predicted by the ideal gas law.
These deviations, in turn, lead to departure of fluid dynamic quantities from their
ideal-gas counterparts, which are termed non-ideal compressible fluid effects, more
details are given in Section 1.3. More complex thermodynamic models must be used
to complement the fluid dynamics analysis of a non-ideal compressible fluid process.
Non-ideal fluid flows received attention only recently from the scientific community,
as is shown by the literature available on this topic [34–39]. For mixtures the research
on non-ideal effects is even more limited where the only literature available is done
by Colonna et al. [40] and Guardone et al. [41].

The understanding of non-ideal compressible fluid thermodynamics of mixtures
will enable improved industrial processes and machinery for ORCs. Besides the aca-
demic interests related to the improvement of thermodynamic models and a better
understanding of the non-ideal behavior of mixtures, the scientific interest is not lim-
ited to ORC or other power cycles operating with organic substances. Examples of
applications that may benefit from a better understanding of non-ideal compressible
thermodynamics of mixtures are applications in which fluid dynamic processes oc-
cur in highly non-ideal thermodynamic regions, such as refrigerant and heat pump
cycles, pharmaceutical processes in which the flow at the exit of nozzles in super-
critical conditions is used to nucleate pharmaceutical components [42], transportation
of high-pressure fuels and chemicals [43], in transonic and hypersonic wind tunnels
operating in the non-ideal compressible fluid regime [44], and the use of mixtures
with CO2 within supercritical Brayton cycles [25, 45].

This work presents original research in the field of non-ideal compressible fluid
thermodynamics of mixtures. The study is focused on mixtures of fluids with high
molecular complexity, such as complex siloxanes currently used as heat transfer flu-
ids and in ORCs, and perfluorocarbons. Modern thermodynamic models indicate that

4
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1.2 MIXTURES IN ORGANIC RANKINE POWER CYCLES

2 3

4

G

1

Heat source
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TurbinePump

Condenser
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Tc,outTc,in

Th,inTh,out

Figure 1.1: Schematic design of an organic Rankine cycle system.

non-ideal and non-classical gas dynamic phenomena can occur in the vapor phase,
close to the liquid-vapor saturation curve in fluids with high molecular complexity
[46]. Better knowledge of the non-ideal thermodynamic behavior of the mixtures
in non-ideal compressible fluid region and development of accurate thermodynamic
models for mixtures of siloxanes can improve the study of gasdynamic phenomena
and the use of mixtures of siloxanes in experiments and industrial applications which
is not considered until now due to the lack and complexity of the their thermodynam-
ics.

Another aim of this work is the thermal stability of linear siloxanes and their
mixtures. An expected feature of mixtures of siloxanes is that they exhibit a higher
thermal stability limit than their pure components, due to the redistribution process
occurring at high temperature, where more complex molecules decompose into sim-
pler molecules, which then recombine again into the more complex molecule [47,
48]. This redistribution and therefore the possible increase of the thermal stability
temperature can enhance the use of complex molecular fluids for experimental and
industrial applications.

1.2 Mixtures in organic Rankine power cycles

Mixtures can be used to improve the energy efficiency of ORCs [8, 49–51]. In Fig. 1.1
a schematic design of an ORC system is shown, which consists of four main com-

5
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ponents: evaporator, expander, condenser, and pump. In this case the basic ORC is
considered without recuperation and zeotropic mixtures. The working fluid is low
temperature liquid at the pump inlet and then pressurized by the pump (1→ 2) and is
directed to the evaporator where the working fluid is heated, evaporated and (option-
ally) superheated (depending on the application) by the heat source (2→ 3). The high
temperature and pressurized vapor then enters the turbine where the thermal energy
is converted into mechanical power (3→ 4). The mechanical power is converted to
electrical power via a generator connected to the turbine. The cycle is completed by
condensation of the low pressure vapor exiting the turbine outlet in the condenser by
the heat source, where it is condensed into saturated or subcooled liquid (4→ 1) [52].

The advantage of using mixtures as working fluids lies within the matching of the
temperature profile of the working fluid and the heat source and sink in the evaporator
and condenser. Real heat transfer processes which are driven by a finite temperature
difference are generally irreversible. When the irreversibility or entropy increase of
the heat transfer is large, the potential of extracting useful work from the heat source
is decreased. The entropy production can be reduced by matching the temperature
profile of the working fluid with the heat source and sink. The lowest entropy pro-
duction in the evaporator and condenser occurs when the temperature change of the
working fluid is the same as that of the heat or cold source, this is known as glide
matching [53].

Pure component fluids may suffer from loss of efficiency, because in most appli-
cations the temperature of the heat source and sink vary during heat transfer while
the temperature of the working fluid remains constant which is ideally isobaric and
isothermal during phase change in the evaporator and condenser. The phase change
for pure components in the s–T plane is shown in Fig. 1.2a, where point 2→ 3 is the
evaporation 4→ 1 the condensation. This causes bad temperature matching between
the working fluid and heat source and may cause large pinch points at one end of the
evaporator and condenser, leading to an increase of process irreversibility and thus
lower efficiency [7, 49]. Alternatively, supercritical ORCs which operate above the
critical point, so no evaporation occurs in the cycle, can have better matches with the
heat source. However the supercritical ORC operate at very high pressure, adding
system costs and safety issues.

The advantage in the use of mixtures is during the phase change which is ideally
isobaric but not isothermal for mixtures. Fig. 1.2a shows the phase transition in the
s–T plane for mixtures, where point 2→ 3 is the evaporation 4→ 1 the condensation.
The difference between the saturation temperature on the liquid side and vapor side
(2→ 3 and 4→ 1) in an isobaric process is called the temperature glide. Fig. 1.2b
shows that a better match between temperature profile of the working fluid and the
heat source and sink can be obtained for a mixture. The working fluid mixtures
properties can be optimized to provide a good match between the temperature glide
of the working fluid and the heat source and sink [8, 54]. This optimization of the
temperature profile leads to a decrease of the process irreversibility and increase of

6
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1.3 NON-IDEAL COMPRESSIBLE FLUID REGION FOR MIXTURES

Entropy

Te
m

pe
ra

tu
re

(1)

(2)

(3)

(4)

Th, in

Th, out

Tc, in

Tc, out

(a) Pure working fluid.
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Figure 1.2: Schematic Entropy vs. Temperature diagram of an arbitrary fluid for the organic
Rankine cycle shown in Fig. 1.1. The blue line represents the liquid side saturation curve (–)
and the red line the vapor side saturation curve (–). The points correspond to the schematic
organic Rankine cycle in Fig. 1.1.

the cycle efficiency.
Though the use of mixtures can increase the efficiency of the cycle, there are

also limitations. It is known that the heat transfer coefficient of mixtures is generally
lower compared to pure fluids. This leads to larger heat exchangers areas required
for ORCs using mixtures, which increases the overall cost of the system. Another
limitation is that during operation the composition of the mixture can change due to
leakages and degassing of the system. This change in composition of the mixture can
lead to different thermodynamic properties from which the cycle is designed for and
a decrease in cycle efficiency.

The use of mixtures can also have advantages in other power cycles with organic
fluids where phase changes occur. Also mixtures are already widely used in refriger-
ant cycles to better match the temperature profile of the working fluid with the heat
source and sink [28, 29]. In Kalina power cycles, mixtures are key to the working
principle of the cycles (for more details see the review by Zhang et al. [55]). Another
examples is the super critical CO2 Brayton cycle. Due to the low critical temperature
of pure CO2 only low temperature heat sinks are of interest. Though by using a mix-
ture of CO2 and a second component the critical point can be increased so heat sinks
at higher temperatures are also suitable without a significant efficiency loss [45].

1.3 non-ideal compressible fluid region for mixtures

Gas expansions are common processes in numerous industrial applications. Exam-
ples can be found in the power, oil and gas, chemical, process and refrigeration indus-
tries. Fluids are expanded in order to generate mechanical power (e.g., in turbines,

7



i
i

“Main_Thesis” — 2018/1/15 — 19:55 — page 8 — #18 i
i

i
i

i
i

CHAPTER 1 INTRODUCTION

10-3 10-2

v [m3 mol−1]

0

1

2

3
P

 [M
Pa

]

T= 450 K

T= 550 K

T
=
T

c

T
=

700 K

T
=

1000 K

P=Pc

Ideal gas
Non-ideal gas

Liquid

Two-phase

Supercritical

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Z

Figure 1.3: Specific volume vs. Pressure diagram for binary mixture of MM–MD4M with
percentage mole fraction for MM of 50 mol%. Deviations of volumetric properties from
ideal gas law are indicated by the compressibility factor Z = Pv/RT . The isotherms are
shown by the dashed black lines (– –), the critical isobar by the dashed dot line (-.), and the
black bullet indicates the mixtures critical point (•). Generated with the Helmholtz energy
equation of state implemented in REFPROP [56] and state-of-the-art coefficients are derived
by Thol et al. [57] for MM and König et al. [58] for MD4M . The applied mixture model is
the GERG-2008 mixture formulation [59] with estimated mixing parameters.
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Figure 1.4: Specific entropy vs. Temperature diagram for binary mixture of MM–MD4M
with percentage mole fraction for MM of 50 mol%. Deviations of isentropic properties from
ideal gas law are indicated by the compressibility factor Z = Pv/RT . The isobars are shown
by the dashed dot black lines (-.), the critical isotherm by the dashed line (– –), and the black
bullet indicates the mixtures critical point (•). Generated with the Helmholtz energy equation
of state and estimated mixing parameters [56].
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rockets, mixers, wind tunnels for aerodynamic testing and for material removal). In
general terms, the process conditions, namely, the initial thermodynamic state and
expansion ratio, together with the fluid characteristics determine the dynamics of an
expansion.

Properties for fluids operating at high temperature and low pressure can be es-
timated using the polytropic ideal gas law with good accuracy as long as the fluid
states are not close to the liquid-vapor saturation curve. For the polytropic ideal gas
law the compressibility factor is equal to unity and the isochoric and isobaric specific
heat are constant,

Z =
Pv
RT

= 1, cv = constant, cp = constant, (1.1)

where Z is the compressibility factor, P the pressure, T the temperature, v the
specific volume, R the universal gas constant, and cv and cp the isochoric and isobaric
specific heat respectively. However, for fluids operating in thermodynamic states
close to the saturation curve, molecular interactions become more significant and the
polytropic ideal gas law is no longer applicable. For mixtures the interaction between
different types of molecules also has to be taken into account, adding a degree of
difficulty in comparison with pure fluid thermodynamics. The thermodynamic region
close to the saturation curve is called the non-ideal compressible fluid region and the
actual behavior of gases deviates significantly from the predicted properties by the
polytropic ideal gas law.

Non-ideal gases have different volumetric behavior than gases in the ideal-gas
region. More complex equations of state have to be used to describe the non-ideal
compressible fluid region as well as the liquid-vapor region, more details about these
more complex equations of state are given in Chapter 2. For the non-ideal compress-
ible fluid region the compressibility factor is not equal to unity. The volumetric prop-
erty and entropic property deviation from fluids in the non-ideal compressible fluid
region in comparison with the ideal-gas region is given by the deviation from the
compressibility factor from unity. The compressibility factor deviations are shown
in Figs. 1.3 and 1.4 for volumetric and entropic properties respectively. Also the
caloric behavior in the non-ideal compressible fluid region differs from the ideal-gas
region, and the isochoric and isobaric specific heat can not be taken as constants.
This difference between the non-ideal compressible fluid and ideal-gas region results
in the variation of properties (e.g. along an isentrope and isotherm) is much larger
in the non-ideal compressible fluid region. The region for temperatures above the
critical temperature (T > Tc) and pressures above the critical pressure (P > Pc) is the
supercritical region.

In turn deviation in the fluid dynamic properties occurs between fluids operating
in the non-ideal compressible fluid and ideal-gas region due to the thermodynamic
deviations. These fluid dynamic properties in the non-ideal compressible fluid region
are known as non-ideal or non-ideal compressible fluid effects. Fluids composed of

9
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Figure 1.5: Specific volume vs. Pressure diagram for binary mixture of MD3M–MD4M with
percentage mole fraction for MD3M of 10 mol%. The non-ideal gasdynamic region (Γ < 1)
is indicated by the light gray area, the dark gray area indicates the non-classical gasdynamic
region (Γ < 0). The dashed black lines show the isentropic lines, the dotted black lines show
the ideal gas isentropic lines, and the mixtures critical point is given by the black bullet.
Generated with the Helmholtz energy equation of state implemented in REFPROP [56].

molecules with high molecular complexity exhibit qualitatively different fluid dy-
namic behavior which can be observed in a limited thermodynamic region close to
the saturation curve [46, 60, 61], which is called the non-ideal compressible fluid
region, due to the non-ideal dependency of the speed of sound on the density in the
non-ideal compressible fluid region of complex fluids. The condition for non-ideal
behavior is indicated by the thermodynamic property, the fundamental derivative of
gas dynamic introduced by [62] and defined as

Γ = 1− v
c

(
∂c
∂v

)
s
=

v3

2c2

(
∂ 2P
∂v2

)
s
, (1.2)

where ρ is the density, c the speed of sound, and s the entropy. Γ is a direct
derivate of the speed of sound, so non-ideal behavior of the speed of sound directly
affects Γ. The necessary condition for fluids to exhibit non-ideal fluid dynamic ef-
fects is that Γ is smaller than one (Γ < 1). When Γ is much larger than one (Γ >> 1),
the fluid exhibits ideal-gas fluid dynamic behavior. In Fig. 1.5 the non-ideal com-
pressible fluid region is indicated by the light gray area. The most remarkable effect
in this region is the increase of the speed of sound upon isentropic expansion, which
can lead to non-monotone behavior of the Mach number along an isentropic expan-
sion [63]. In comparison, for an isentropic ideal-gas expansion the Mach number
increases monotonically. Fluids composed of even more complex molecules, the
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so-called Bethe-Zel’dovich-Thompson (BZT) fluids, can exhibit non-classical gas-
dynamic behavior phenomena which possibly include rarefaction shock waves [32,
64–66]. This non-classical effects are admissible when Γ is smaller than zero (Γ< 0).
The thermodynamic region where these non-classical gasdynamic effects may occur
is indicated in Fig. 1.5 by the dark gray area. Several attempts have been made to
observe non-classical gasdynamic phenomena, but to date no experimental evidence
is available. The notable experiment by Borisov et al. [67] is later refuted due to ad-
ditional knowledge and simulations [68–71]. The experimental attempts by Fergason
et al. [72] failed due to thermal decomposition of the fluid. The experiment showed
that the thermal stability of the suitable organic fluids to exhibit non-classical gas-
dynamic effects is a limited factor. This is because the thermodynamic region in
which non-classical effects can occur (Γ < 0) is very close to the thermal stability
limit of the organic fluids. More recently experiments are conducted by Mathijssen
et al. [73] in the non-ideal compressible fluid region, although non-classical effects
are not observed at this moment promising preliminary results are obtained for future
research. At the compressible fluid dynamics for renewable energy applications labo-
ratory (CREA) at the Politecnico di Milano measurements are performed on the Test
Rig for Organic Vapors (TROVA). The TROVA is a novel blow down wind tunnel, de-
signed and commissioned for experiments in the non-ideal compressible fluid region
and possible observation of non-classical effects of expanding flows [74]. Promising
preliminary results are obtained by Spinelli et al. [75, 76] for the linear siloxane fluid
MDM in the non-ideal thermodynamic region.

Thermodynamic properties of mixtures operating in the ideal-gas region scale
linearly with the mole fraction of each component, under the assumption of ideal
mixing by the components. For mixtures operating in the non-ideal compressible
fluid region this is different, the thermodynamic properties do not scale linearly with
the mole fraction of each component. The non linear behavior is due to the interac-
tion between different molecules in the mixtures. The critical temperature, pressure
and specific volume are typical properties which exhibit this non ideal behavior upon
mixing of different components. This also holds for most of the thermodynamic
properties in the non-ideal compressible fluid region, this non-ideal behavior upon
mixing also includes the speed of sound and so Γ being a derived thermodynamic
property [40]. As shown by Guardone et al. [41], Γ exhibits non-monotone behav-
ior with respect to the molar fraction in binary mixtures upon mixing of different
components.

The use of mixtures allow for the thermodynamic properties of the fluid to be
adapted in a virtually continuous way, which in turn can enhance the position and
extent the region in which non-ideal and even non-classical effects occur. Another
advantage for the use of mixtures of molecular complex fluids is the increase in the
thermal-stability limit. It is shown that mixtures of linear siloxanes exhibit a higher
thermal stability limit [47, 48], this is due to the rearrangements of molecules. At
higher temperatures the more complex molecules decompose into small quantities of
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their simpler molecules. Over time this decomposition leads to a reduction in the
change of thermodynamic properties and the fluids can possibly operate above their
thermal stability limit.

1.4 Thesis outline

This thesis is divided into two parts. The first part focuses on the fundamentals of
the thermodynamics of mixtures and the speed of sound in the non-ideal thermody-
namic regions for mixtures of fluids with high molecular complexity. The second
part is related to experimental research on pure linear siloxanes and binary mixtures
of linear siloxanes. Firstly, measurements are performed on vapor-liquid equilibrium
and subsequently modeling of new mixture models for linear siloxanes is conducted.
Finally a thermal stability test-rig is designed and commissioned to determine the
thermal stability limit and decomposition products of pure fluids and mixtures. Mea-
surements are performed on the thermal stability of pure linear siloxanes. In this
work only binary mixtures are taken into consideration, because the focus lies on
expanding the knowledge and understanding of the interaction between two compo-
nents. Adding more components will add extra uncertainties and effects which are
not the focus of this research.

Chapter 2 gives a brief introduction into the thermodynamics of mixtures. This is
done due to the difference from pure fluids and the increased complexity of the ther-
modynamics of mixtures. First, the vapor-liquid equilibrium behavior of mixtures is
explained and the numerical tools used for the calculation are elaborated. Secondly
the theory behind the determination of the critical point of mixtures is explained as
well as the methodology to determine the mixtures critical point. Finally the thermo-
dynamic models for multicomponent fluids used in this work are elaborated which
consist of the polytropic van der Waals equation of state, the Peng-Robinson equation
of state, and the multiparameter Helmholtz energy equation of state.

Chapter 3 presents a fundamental research on the speed of sound behavior for bi-
nary mixtures of molecular complex fluids in the non-ideal thermodynamic region.
The speed of sound behavior is qualitatively investigated using the polytropic van der
Waals model. For the evaluation, the speed of sound is made dimensionless to show
the different contribution of the ideal gas part, repulsive forces, and attractive forces
and the relation to the pure component properties. Subsequently the speed of sound
behavior for binary mixtures of perfluorocarbons is analyzed using the polytropic van
der Waals model to compare with the linear siloxane mixtures. The Helmholtz energy
equation of state is used to verify the speed of sound behavior for the binary mixtures
of linear siloxanes and perfluorocarbons. Finally, the Helmholtz energy equation of
state is used to investigate the fundamental derivative of gas dynamics behavior for
binary mixtures of linear siloxanes.
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Chapter 4 reports new vapor-liquid equilibrium measurements of binary mixtures
of linear siloxanes and the modeling of new binary interaction parameters for the
Helmholtz energy equation of state. The measurements and modeling are performed
at the National Institute of Standards and Technology (NIST). The measurements per-
formed are bubble-point pressure measurements of binary mixtures of linear silox-
anes. Firstly the various components of the apparatus and their specifications are
described. Secondly the mixture preparation is elaborated as well as the procedure
for the measurement of the bubble-point pressures. Subsequently the data analysis
consisting of the analysis of the vapor quality in the equilibrium cell and the thorough
uncertainty analysis is discussed. Next, the results and discussion of the bubble-point
measurements are given and in addition an analysis of the impact of air impurity on
the bubble-point pressure is conducted. Finally, the modeling of new binary inter-
action parameters for the Helmholtz energy model is performed using the measured
bubble-point pressures.

Chapter 5 deals with the design and commissioning of an experimental test-rig to
determine the thermal stability and decomposition products of pure fluids and mix-
tures. The method and experimental apparatus in this research uses statistical analysis
to determine decomposition based on the deviation in vapor pressure of the stressed
fluid from the unstressed reference fluid. When thermal decomposition is observed,
chemical analysis of the liquid and vapor phase of the decomposed fluid is conducted
to determine the decomposition products. Firstly the equipment and measurement
procedure are described in detail. Followed by the data analysis, which include pres-
sure deviation during thermal stress test, deviation of stressed fluid vapor pressure
from reference fluid vapor pressure, and chemical analysis. Finally results of the
thermal stability and decomposition products of pure hexamethyldisiloxane (MM)
and octamethyltrisiloxane (MDM) are reported.
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CHAPTER 2 THERMODYNAMICS OF MULTICOMPONENT MIXTURES

2.1 Introduction

This section gives a brief introduction into the thermodynamics of mixtures. The
governing equations rely on an equation of state model for the fluid, the equation of
state relates the thermodynamic quantities within the conservation equations, notably
temperature T , pressure P, and density ρ or specific volume v. The simplest equation
of state is the ideal gas model with constant specific heat. For many applications
the ideal gas law suffices, though it is not able to predict vapor-liquid equilibrium as
well as accurate thermodynamic properties in the vicinity of the saturation curve or
the liquid state. Van der Waals extended the ideal gas law by adding co-volume and
intermolecular forces [1], this equation of state defined by van der Waals is capable
of describing liquid and vapor states. After van der Waals, more complex equations
of state followed and the accuracy of equations of state greatly improvement. The
equations of state were also extended to describe thermodynamic properties of mul-
ticomponent fluids. In this section the thermodynamics of multicomponent fluids is
elaborated as well as the multicomponent equations of state used in this work.

First, the vapor-liquid equilibrium behavior of mixtures is explained and the nu-
merical tools used for the calculation are elaborated. Secondly the theory behind the
determination of the critical point of mixtures is explained as well as the methodol-
ogy to determine the mixtures critical point. Finally the thermodynamic models for
multicomponent fluids used in this work are elaborated which consist of the poly-
tropic van der Waals equation of state, the Peng-Robinson equation of state, and the
multiparameter Helmholtz energy equation of state.

2.2 Vapor-liquid equilibrium binary mixture

Accurate and robust calculations of the vapor-liquid equilibrium (VLE) curve of mul-
ticomponent mixtures is important for the use of models predicting the mixture prop-
erties. Calculating the vapor-liquid equilibrium of a mixture from an equation of state
is more complicated than for a pure component and becomes even more difficult near
the critical region. This is because besides equality of temperature and pressure in
both coexisting phases, chemical potential for all components in the mixture should
be the same in both coexisting phases. These conditions can be expressed as

Tl = Tv and Pl = Pv, (2.1)

where T is the temperature, P the pressure and l and v represent the liquid and vapor
phase respectively. The condition for equilibrium of chemical potential is given as
[2, 3]

µ
l
i (T,P,xi) = µ

v
i (T,P,yi) i = 1,2...C, (2.2)

here xi is the liquid molar composition and yi is the vapor molar composition. The
chemical potential of component i is defined as µi and C is the total number of com-
ponents of the mixture.
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2.3 CRITICAL POINT OF A MULTICOMPONENT MIXTURE

The phase equilibrium problem from Eqs. (2.1) and (2.2) is shown in Fig. 2.1.
The pressure for an isothermal process, or temperature for an isobaric process, are
not constant during the transition from the liquid to the vapor phase, unlike a pure
fluid. Following the isobar at 5 bar from (1)–(2)–(3), it can be seen that the tempera-
ture differs from the vapor and liquid saturation line. If the mixture is in the two-phase
region the coexisting liquid and vapor phase have the same temperature and pressure,
but different composition between the vapor and liquid phase. The coexisting liquid
and vapor phase are joined by a horizontal tie line, as is seen at point 2 in Fig. 2.1
with an overall molar fraction, zMM = 0.5, of the first component hexamethyldisilox-
ane (MM) and overall molar fraction, zMD4M = 0.5, of the second component tetrade-
camethylhexasiloxane (MD4M). The liquid phase composition of the first component
MM is, xMM ≈ 0.25 and the vapor phase composition, yMM ≈ 0.75. During the phase
transition the liquid and vapor phase compositions are continuously changing from
the liquid side to the vapor side or visa versa. This continuously change in composi-
tion results in a changing temperature for an isobaric process and changing pressure
for isothermal process during the phase transition. The change in composition and
temperature during an isobaric phase transition process is shown in Fig. 2.1. For a
mixture the liquid side of the saturation curve is called the bubble point curve and
the vapor side of the saturation curve is the dew point curve. In Fig. 2.1 the dew
point curve is indicated with the red line and the bubble point curve with the blue
line. The dew point curve and bubble point curve are also present in the P-T plane
for a mixture, for pure fluids the temperature and pressure are constant during the
phase transition which results in a single line. Adding mixtures into the P-T diagram
will introduce bubble and dew curves, this results in a phase envelope for mixtures in
the P-T -z plane. Fig. 2.2 shows a cross-section representation of the phase envelope
in the P-T plane. By changing the composition the shape of the saturation curve,
including the bubble and dew curve, of the mixtures changes.

In this research the method of Michelsen [8] is used to accurately calculate the
phase envelope for VLE implemented in FluidProp [9] and the scientific program
REFPROP [4]. This method also gives satisfactory results for VLE calculation near
the critical region.

2.3 Critical point of a multicomponent mixture

Determination of the critical points in pure fluids and mixtures are important in in-
vestigating phase behavior and VLE calculations.

As is well known, pure components only have one critical point, defined in terms
of the critical temperature Tc, pressure Pc, and specific volume vc. The stability cri-
teria used to compute the pure component critical point are based on mechanical
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Figure 2.1: Exemplary thermodynamic diagram for binary mixture MM–MD4M with com-
position MM: zMM = 0.5 and MD4M: zMD4M = 0.5. The T -v diagram is for the equimolar
composition. The blue line is the bubble curve (–) and the red line the dew curve (–). The
solid black bullet is the critical point (•). Line (1)–(2)–(3) gives an isobaric process for a mix-
ture with equimolar overall composition. Generated with the Helmholtz energy equation of
state implemented in REFPROP [4] and state-of-the-art coefficients are derived by Thol et al.
[5] for MM and König et al. [6] for MD4M. The applied mixture model is the GERG-2008
mixture formulation [7] with estimated mixing parameters.
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Figure 2.2: P-T thermodynamic diagram showing constant composition cross-sections of the
phase envelope for the binary mixture MM–MD4M for composition zMM = 0, 0.25, 0.5, 0.75,
1. The solid blue line is the bubble curve (–) and the dashed red line the dew curve (–). The
red/blue lines are the pure components saturation lines (– –). The bullet indicate the mixture
critical points (•) and the dashed black line is the critical locus (– –). Generated with the
Helmholtz energy equation of state implemented in REFPROP [4].
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2.3 CRITICAL POINT OF A MULTICOMPONENT MIXTURE

stability[2, 3] where (
∂P
∂v

)
T
= 0 and

(
∂ 2P
∂v2

)
T

= 0, (2.3)

here P is the pressure, T the temperature, and v the specific volume.
For mixtures it is possible to have a single solution, multiple solutions or no solu-

tion at all for the critical point [8, 10]. Several methods are available in the literature
for the calculation of the mixture critical point [3]. The most thermodynamic consis-
tent method for the determination of the true critical point of the mixture is called the
rigorous method [3, 10]. The rigorous method is based on the criterion established
for a binary mixture by Gibbs [11]:(

∂ 2G
∂ z2

1

)
T,P

= 0 and

(
∂ 3G
∂ z3

1

)
T,P

= 0, (2.4)

where G is the molar Gibbs energy, T is the temperature, P is the pressure, and z1 is
the mole fractions of the first component in the mixture.

The first major attempt for multicomponent mixtures was done by Peng et al.
[12]. The pure component critical point is based on isothermal compressibility, for
mixtures the critical point criterion involves derivatives of energy functions with re-
spect to number of moles of the components.

The criticality conditions defining the location of the critical point can be ex-
pressed through the use of Legendre transform [13] The advantage of the Legendre
transform is that it allows the user to straightforwardly express the critical condi-
tions as determinants of matrices. There are several equivalent sets of independent
variables in the transformation, and as demonstrated by Akasaka [14], the use of
the amount of substance (number of moles) of the components (as opposed to other
more readily handled independent variables) as independent variables yields a more
well-scaled set of matrices. This in turn allows for a more reliable solution method.

The Gibbs criterion can be expressed in the alternative form by the Legendre
transform [13]. The criticality conditions that must be fulfilled at the critical point
for n-component mixtures are LLLi = 0 and MMMi = 0 and have the form of the following
two determinants [10, 14]

LLLi =

∣∣∣∣∣∣∣∣∣∣
y(i)i+1,i+1 . . . y(i)i+1,n+1

y(i)i+2,i+1 . . . y(i)i+2,n+1
...

. . .
...

y(i)n+1,i+1 . . . y(i)n+1,n+1

∣∣∣∣∣∣∣∣∣∣
= 0, MMMi =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

y(i)i+1,i+1 . . . y(i)i+1,n+1

y(i)i+2,i+1 . . . y(i)i+2,n+1
...

. . .
...

y(i)n,i+1 . . . y(i)n,n+1
∂LLLi

∂xi+1
. . .

∂LLLi

∂xn+1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0, (2.5)
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where the entries of the matrices y(i) is the i-th Legendre transform and y(i)k,l is defined
as

y(i)k,l =
∂ 2y(i)

∂xk∂xl
, (2.6)

here x and y indicate independent variables, not a mole fractions.
By expressing the criticality conditions in Legendre form it is possible to make

a preferable form of the critical criterion. If the basic function y(0) is taken as the
internal energy E the Legendre transforms can be expressed as [15]

y(0) = E = f0(S, V, ni), (2.7)

y(1) = H = f1(S, P, ni), (2.8)

y(1) = A = f1(T, V, ni), (2.9)

y(2) = G = f2(T, P, ni), (2.10)

where S is the entropy, V is the volume, H is the enthalpy, A the Helmholtz energy,
and ni the number of moles of component i. By changing the order of the independent
variables in the basic function y(0) the entries in the matrices can be written as partial
differential equation with respect to the number of moles of the components [15].

Since typical equations of state have T , v, and z̄ as independent variables, the cri-
terion established by Gibbs in Eq. (2.4) are not practical. To make the Gibbs criteria
suitable for use, the partial derivatives of the molar Gibbs energy are now expressed
in terms of the partial derivatives of the molar Helmholtz energy with respect to the
number of moles of the components using the Legendre transform. The determinants
Eq. (2.5) can now be expressed with the Helmholtz energy as

LLL1 =

∣∣∣∣∣∣∣∣∣
A11 . . . A1C
A21 . . . A2C

...
. . .

...
AC1 . . . ACC

∣∣∣∣∣∣∣∣∣= 0, MMM1 =

∣∣∣∣∣∣∣∣∣∣∣∣∣

A11 . . . A1C
A21 . . . A2C

...
. . .

...
A(C−1)1 . . . A(C−1)C

∂LLL1

∂n1
. . .

∂LLL1

∂nC

∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0, (2.11)

where the entries in the matrices are described by Heidemann et al. [16] and given by

Ai j =
1

RT

(
∂ 2A

∂n j∂ni

)
T,V

=

(
∂ ln fi

∂n j

)
T,V,ni

, (2.12)

and

Ai jk =
1

RT

(
∂ 3A

∂n j∂ni∂nk

)
T,V

=

(
∂ 2 ln fi

∂nk∂n j

)
T,V,ni

, (2.13)
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here fi is the fugacity of the i-th component. The same results are obtained in
Eqs. (2.12) and (2.13) whatever the order of differentiation is(

∂ ln fi

∂n j

)
T,V,ni

=

(
∂ ln f j

∂ni

)
T,V,n j

, (2.14)

and (
∂ 2 ln fi

∂nk∂n j

)
T,V,ni

=

(
∂ 2 ln f j

∂nk∂ni

)
T,V,n j

=

(
∂ 2 ln fk

∂ni∂n j

)
T,V,nk

, (2.15)

which reduces computational effort through efficient calculation of the entries in the
matrix by calculating the upper triangular part of the matrix and mirroring the data
into the lower part of the matrix.

Various methods have been developed for solving the criticality conditions based
on the rigorous method. The first method applied in this research for the direct calcu-
lation of the critical point is developed by Heidemann et al. [16] who applied the crit-
icality conditions based on the Helmholtz energy derivatives of the rigorous method.
The critical points are assumed to be stable and the mixtures have only one critical
point. Another method used in this research implemented in REFPROP [4] is de-
veloped by Michelsen [17]. More advanced methods that find all critical points and
asses the critical point stability are described by Gernert et al. [18] and Bell et al.
[10]. The book of Michelsen et al. [19] provides an overview of the state-of-the-art
of calculation of critical points.

2.4 Thermodynamic models

In this work three thermodynamic models for pure fluids and multicomponent mix-
tures are used; the polytropic van der Waals equation of state, Peng-Robinson equa-
tion of state, and the Helmholtz energy equation of state. The equations of state are
elaborated in this section.

2.4.1 Polytropic van der Waals equation of state

The van der Waals equation of state (VdW-EOS) is the simplest cubic equation of
state and gives quantitative inadequate predictions of thermodynamic properties but
qualitative good.

The pressure and internal energy equation of state stated by van der Waals are [2]

P(T,v) =
RT

v−b
− a

v2 , (2.16)

e(T,v) =
∫ T

T0

co
v(T )dT − a

v
, (2.17)
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and the compressibility factor Z is defined as,

Z =
Pv
RT

. (2.18)

In the above equations R = 8.3144598 J mol−1 K−1 is the universal gas constant,
P the pressure, T the temperature, and v the specific volume. The fluid-dependent
parameter a is related to the long range attractive intermolecular forces and b accounts
for the short range repulsive intermolecular forces. The VdW-EOS can be derived
from statistical mechanics, using an intermolecular potential and having a repulsive
and an attractive contribution [20].

Using the stability conditions at the critical point for pure fluids, given in Sec-
tion 2.3, the fluid-dependent parameters a and b can be expressed by the universal
gas constant R, critical pressure Pc, and temperature Tc [2].

a =
27
64

R2T 2
c

Pc
, b =

1
8

RTc

Pc
. (2.19)

The molar specific internal energy is given by e, where co
v is the ideal gas iso-

choric specific heat. In the case of the VdW-EOS, following from the thermodynamic
relation cv = (∂e/∂T )v, the isochoric specific heat is only a function of temperature
T and therefore, the function cv(T ) =

∫ T
T0

co
v(T )dT is the same in the ideal gas state

and in non-ideal states. In this work the polytropic VdW-EOS is used, the polytropic
assumptions implies that the isochoric specific heat cv is constant. The correctness
of this approximation in the evaluation of thermodynamic properties in the ideal-gas
state has been discussed by Thompson et al. [21] and Guardone et al. [22].

According to the energy equipartition principle [23, 24] the isochoric specific
heat and number of active degrees of freedom for the polytropic VdW-EOS are re-
lated. Considering only translational, rotational, and vibrational degrees of freedom
the number of total available degrees of freedom depends on the number of atoms
constituting the molecule. At a given temperature, each fully activated degree of
freedom contributes R/2 to the overall value of the isochoric specific heat, this gives
the following relation between the active degrees of freedom and the isochoric spe-
cific heat [25] for the polytropic VdW-EOS

cv = co
v =

NR
2

, (2.20)

here N the number of active degrees of freedom. Under the polytropic VdW-EOS the
isochoric specific heat is constant and therefrom the active degrees of freedom of the
fluid is determined. For the polytropic assumption the specific heat and so the active
degrees of freedom are calculated at a given temperature.

Attractive forces, repulsive forces and number of degrees of freedom can be re-
lated in a complicated way to molecular complexity. The molecular weight and num-
ber of active degrees of freedom increase with molecular complexity. The attractive
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and repulsive force contribution a and b respectively provide a measure of the inter-
molecular forces per unit molar. Deviation of the compressibility factor Z from unity
and therefore from ideal gas behavior is due to the action of attractive and repulsive
forces.

For mixtures the fluid properties also depend on the composition z̄, as extra inde-
pendent variable. The polytropic VdW-EOS for mixtures with composition depen-
dent parameters having the subscript m becomes,

Pm(T,v, z̄) =
RT

v−bm(z̄)
− am(z̄)

v2 , (2.21)

em(v, z̄) = co
v,m(z̄)−

am(z̄)
v

. (2.22)

The parameters am and bm from the mixture VdW-EOS are calculated from the
van der Waals one-fluid mixing rule. The complete mixture equation of state from
the van der Waals equation of state with one-fluid mixing rules will be abbreviated
by VdW-OF.

The van der Waals one-fluid mixing rule is a combination of the pure components
parameters a and b from Eq. (2.19) and mixture composition z̄, in molar quantities.
Leland et al. [26–28] were able to re-derive the van der Waals one-fluid mixing rules
from statistical mechanics theory of radial distribution functions. The statistical me-
chanics arguments state that the attractive force mixing rule is proportional to the
molecular volume times the molecular energy and the repulsive force to molecular
volume. As a result, the re-derived mixing rules are in the same form as proposed by
van der Waals [29].

am(z̄) =
C

∑
j=1

C

∑
i=1

ziz jai j, (2.23)

bm(z̄) =
C

∑
j=1

C

∑
i=1

ziz jbi j. (2.24)

The cross parameters ai j and bi j, also known as unlike interaction parameters and
subscript i and j indicate the pure component indices within the mixture. The cross
parameters are related to the Lorentz-Berthelot combining rules [26].

ai j = (1− ki j)
√

aia j, (2.25)

bi j = (1− li j)
(bi +b j)

2
, (2.26)

where ki j and li j are the binary interaction parameters, obtained by fitting measured
phase equilibrium and volumetric data.
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The binary interaction parameters ki j and li j are neglected for the polytropic van
der Waals model. The binary interaction parameters are neglected due to their direct
relation to experimental data. In this research, the basic polytropic van der Waals
model is used, which is characterized by a direct relation between the equation of
state parameters and the molecular force features. Therefore, the following am and
bm parameters are found for a binary mixture,

am(z̄) = z2
1a1 +2z1z2

√
a1a2 + z2

2a2, (2.27)
bm(z̄) = z1b1 + z2b2. (2.28)

The binary mixture molecular weight Mm, is calculated as a weighted average
between the pure components molecular weights M,

Mm(z̄) =
C

∑
i=1

ziMi, (2.29)

and for a binary mixture this gives

Mm(z̄) = z1M1 + z2M2. (2.30)

The ideal gas isochoric specific heat for mixtures using the polytropic van der
Waals model is calculated as the weighted average between the pure components
ideal gas isochoric specific heats from Eq. (2.20) [2] and is defined as

co
v,m(z̄) =

C

∑
i=1

zico
v,i = ∑

i
zi

NiR
2

. (2.31)

Because the active number of degrees of freedom N, is derived from the ideal gas
isochoric specific heat Eq. (2.20), the binary mixture active degrees of freedom, Nm,
is also calculated as the weighted average between the pure components

Nm(z̄) =
C

∑
i=1

ziNi, (2.32)

and for a binary mixtures this results in

Nm(z̄) = z1N1 + z2N2. (2.33)

2.4.2 Peng-Robinson equation of state

The Peng-Robinson equation of state (PR-EOS) [30] is a modified cubic equation of
state based on the van der Waals equation of state. To this day the Peng-Robinson
equation of state is still widely used due to its reasonable prediction, simplicity, and
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computationally efficiency compared with the Helmholtz energy equation of state
[31]. The pressure as a function of temperature and specific volume of the Peng-
Robinson equation of state for pure and multicomponent fluids is defined as

Pm(T,v, z̄) =
RT

v−bm(z̄)
− am(T, z̄)

v(v+bm(z̄))+bm(z̄)(v−bm(z̄))
, (2.34)

em(T,v, z̄) = co
v,m(T, z̄)+

T
(

dam(T,z̄)
dT

)
−am(T, z̄)

2
√

2bm(z̄)
ln

[
bm(z̄)(1+

√
2)− v

bm(z̄)(1−
√

2)− v

]
, (2.35)

where P is the pressure, R = 8.3144598 J mol−1 K−1 is the universal gas constant, T
is the temperature and v is the specific volume. The fluid parameter a depends on the
temperature and is given by

a(T ) = 0.45724
R2T 2

c

Pc
α(T ), (2.36)

√
α = 1+κ

(
1−
√

T
Tc

)
, (2.37)

κ = 0.37464+1.54226ω−0.26992ω
2, (2.38)

where the coefficient ω is the acentric factor and depends on the fluid under consid-
eration, Tc is the critical temperature, and Pc is the critical temperature of the fluid.
The fluid parameter b is given by

b = 0.07780
RTc

Pc
. (2.39)

The Peng-Robinson equation is extended to mixtures by introducing mixing rules,
which make the fluid parameters a and b composition dependent. In this work the van
der Waals one-fluid mixing rules are implemented and the composition dependent pa-
rameters a and b are in the form

am(T, z̄) =
C

∑
j=1

C

∑
i=1

ziz jai j(T ), (2.40)

bm(z̄) =
C

∑
j=1

C

∑
i=1

ziz jbi j, (2.41)

where z is the molar composition of the mixture and the cross parameters ai j and bi j
are obtained from a set of combining rules. The subscript i and j indicate the pure
component indices within the mixture and C is the total number of components in
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the mixture. The cross parameters can be related to the Lorentz-Berthelot combining
rules [26] and are given by

ai j(T ) = (1− ki j)
√

ai(T )a j(T ), (2.42)

bi j = (1− li j)
bi +b j

2
, (2.43)

where ai, a j, bi, and b j are the pure component fluid parameters calculated from
Eqs. (2.36) and (2.39). ki j and li j are the binary interaction parameters obtained
by fitting measured phase equilibrium and volumetric data. In this work the binary
interaction parameter li j is set to zero for the Peng-Robinson equation of state.

The ideal gas isochoric specific heat for mixtures using the Peng-Robinson equa-
tion of state is calculated as the weighted average between the pure components ideal
gas isochoric specific heats [2] as

co
v,m(T, z̄) =

C

∑
i=1

zi

[∫ T

T0

co
v,i(T )dT

]
(2.44)

2.4.3 Helmholtz energy equation of state

The Helmholtz energy equation of state in non-dimensional form is described by
Span [31]. The state-of-the-art definition of the Helmholtz energy equation of state
for pure components and mixtures is given by the GERG-2008 [7] as

a(T,ρ, z̄)
RT

= α (τ,δ , z̄) = α
o (τ,δ , z̄)+α

r (τ,δ , z̄) , (2.45)

where a is the molar Helmholtz energy, R = 8.3144598 J mol−1 K−1 is the universal
molar gas constant, T the temperature, ρ the molar density and z̄ the molar compo-
sition. The dimensionless Helmholtz energy, α , is the sum of an ideal part αo and
a residual part α r where τ is the reciprocal reduced mixture temperature and δ the
reduced mixture density.

τ =
Tr(z̄)

T
, δ =

ρ

ρr(z̄)
. (2.46)

From the Helmholtz energy equation of state all other thermodynamic properties
can be derived. For more information on calculating other thermodynamic properties
from derivatives of the Helmholtz energy, see the work of Span [31].

The dimensionless form of the Helmholtz free energy for the ideal-gas state con-
tribution of the mixture is given by

α
o (τ,δ , z̄) =

C

∑
i=1

zi [α
o
i (τi,δi)+ lnzi] , (2.47)
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where C is the number of components in the mixture, αo
i the dimensionless form of

the Helmholtz energy ideal-gas state of component i, and zi the mole fraction of the
mixture component i. The term zi lnzi accounts for the entropy of mixing.

The residual part α r of the dimensionless Helmholtz energy model of a multi-
component fluid is given by

α
r (τ,δ , z̄) =

C

∑
i=1

ziα
r
i (δ ,τ)+∆α

r(δ ,τ, z̄), (2.48)

where α r
i is the residual part of the reduced Helmholtz energy model of component i

and ∆α r the departure function.
The temperature dependent ideal-gas contribution of the dimensionless Helmholtz

energy equation of state is derived from the ideal gas isobaric heat capacity co
p corre-

lation with reduced variables

co
p

R
= n∗0 +

KPol

∑
k=1

n∗kT t∗k +
KPE

∑
k=1

mk

(
θk

T

)2 e(θk/T )(
e(θk/T )−1

)2 , (2.49)

by integrating the isobaric specific heat correlation twice with respect to τ and intro-
ducing

c0 = n∗0−1, ck =−n∗k/(t
∗
k (t
∗
k +1)) ·T tk

r , tk =−t∗k , and ϑk = θk/Tr, (2.50)

the dimensionless form of the Helmholtz energy ideal-gas state of component i in the
mixture from (2.47) becomes

α
o
i (δi,τi) = cII

i + cI
iτi + c0,i lnτi +

KPol,i

∑
k=1

ci,kτ
ti,k
i +

KPE,i

∑
k=1

mi,k ln
[
1− e(−ϑi,kτi)

]
+ lnδi,

(2.51)
here cI and cII are the integration constants and can be chosen arbitrarily, τi and δi
are the reduced temperature and density of component i respectively. The reducing
parameters for the ideal-gas contribution are the critical parameters, ρc,i and Tc,i of
the pure components in the mixture. The coefficients c0,i, ci,k, and mi,k as well as the
exponents ti,k, and ϑi,k depend on the components under consideration in the mixture.

The residual part of the reduced Helmholtz energy of the mixture is given by

α
r (δ ,τ, z̄) =

C

∑
i=1

ziα
r
i (δ ,τ)+

C−1

∑
i=1

C

∑
j=i+1

ziz jFi jα
r
i j (δ ,τ) . (2.52)

The reduced residual Helmholtz energy of each component in the mixture de-
pends on the reduced variables δ and τ , the departure function ∆α r(δ ,τ, z̄), which is
the double summation in Eq. (2.52), depends on the reduced variables and the com-
position of the mixture z̄. The purpose of the departure function is to improve the
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accuracy of the mixture model of non-ideal mixtures in situation where fitting the
parameters of the reducing functions to experimental data does not provide a suffi-
ciently accurate result. This means the departure function is not always developed
for the Helmholtz energy equation of state for mixtures. The departure function is set
to zero, when fitting the reducing functions give sufficiently accurate results or there
is not enough experimental data available.

The residual part of component i in the mixture is

α
r
i (δ ,τ) = α

r
Pol,i (δ ,τ)+α

r
Exp,i (δ ,τ)+α

r
GBS,i (δ ,τ)

=
KPol,i

∑
k=1

ni,kδ
di,k τ

ti,k +
KPol,i+KExp,i

∑
k=KPol,i+1

ni,kδ
di,k τ

ti,k e(−δ
ci,k)

+
KPol,i+KExp,i+KGBS,i

∑
k=KPol,i+KExp,i+1

ni,kδ
di,k τ

ti,k e
[
−ηi,k(δ−εi,k)

2−βi,k(δ−γi,k)
2
]
,

(2.53)

the respective values for the coefficients ni,k and the exponents di,k, ti,k, ci,k, ηi,k, εi,k,
and γi,k depend on the fluid under consideration.

The function α r
i j, which is part of the departure function ∆α r only depends on the

reduced mixture variables τ and δ and is given by

α
r
i j (δ ,τ) =

KPol,i j

∑
k=1

ni j,kδ
di j,k τ

ti j,k +
KPol,i j+KExp,i j

∑
k=KPol,i j+1

ni j,kδ
di j,k τ

ti j,k e
[
−ηi j,k(δ−εi j,k)

2−βi j,k(δ−γi j,k)
]
,

(2.54)
where α r

i j is developed for either a specific binary mixture or a certain group of bi-
nary mixtures, with the coefficients ni j,k and exponents di j,k, ti j,k, ηi j,k, εi j,k, and γi j,k
depending on the binary mixture under consideration. The factor Fi j is set to unity
if the departure function is developed for a specific binary mixture, Fi j is fitted to
binary specific data for each mixture in the group of generalized binary mixtures.
When there is no departure function developed, the factor Fi j is equal to zero.

The reduced mixture parameters τ and δ are calculated from Eq. (2.46) through
the composition-dependent reducing function for mixture density and temperature.
The reducing parameters for the mixture density, Tr and 1/ρr can then be given in
common form

1
ρr(z̄)

=
C

∑
i=1

zi
1

ρc,i
+

C−1

∑
i=1

C

∑
j=1

2xix jβv,i jγv,i j ·
xi + x j

β 2
v,i jxi + x j

· 1
8

(
1

ρ
1/3
c,i

+
1

ρ
1/3
c, j

)3

, (2.55)

and the mixture temperature

Tr(z̄) =
C

∑
i=1

ziTc,i +
C−1

∑
i=1

C

∑
j=1

2xix jβT,i jγT,i j ·
xi + x j

β 2
T,i jxi + x j

· (Tc,iTc, j)
0.5 . (2.56)

The binary parameters βv,i j and γv,i j in Eq. (2.55) and βT,i j and γT,i j in Eq. (2.56)
are fitted to data for binary mixtures.
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CHAPTER 3
SPEED OF SOUND OF BINARY

MIXTURES AND RELATION TO
PURE COMPONENT PROPERTIES

The content of this chapter is in preparation for publication:

L. Keulen and A. Guardone. “Speed of sound of binary mixtures and relation
to pure component properties”. In preparation for submission to: Fluid Phase
Equilibria. 2018.
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PROPERTIES

3.1 Introduction

A fundamental research on the speed of sound behavior of binary mixtures is con-
ducted. The speed of sound is intimately connected with other thermodynamic prop-
erties and is essential in developing equations of state [1]. This means understanding
the speed of sound of mixtures is of paramount importance, for the design of the
power cycle as well as understanding the thermodynamic properties of the mixture
working fluid. The speed of sound is a key thermodynamic property for the design of
turbines, due to the possibility of shock-waves within the turbine.

This research focuses on the speed of sound of binary mixtures of linear siloxanes
and perfluorocarbons. A detailed theoretical research is conducted on the speed of
sound behavior of these mixtures based on the work by Guardone et al. [2] for pure
components. The goal is to obtain a better qualitative understanding about the speed
of sound of binary mixtures using molecular interpretation under the van der Waals
model.

Linear siloxanes and perfluorocarbons also have a high interest due to their possi-
bility to exhibit non-ideal fluid dynamics effects and possibly being Bethe-Zel’dovich
Thompson fluids, which are expected to exhibit non-classical gas dynamics behavior
in the single-phase vapor region near the vapor-liquid saturation curve [3]. The prop-
erty that governs this behavior is the fundamental derivative of gas dynamics, which
is a derivative of the speed of sound [4]. Guardone et al. [2] already investigated the
possible non-classical behavior of vapor mixtures.

In this research the speed of sound behavior for binary mixtures of linear silox-
anes and perfluorocarbons is investigated. Firstly, in Section 3.2 the speed of sound
behavior for binary mixtures of linear siloxanes is qualitatively investigated using
the polytropic van der Waals model. The speed of sound is made dimensionless to
show the different contribution of the ideal gas part, repulsive forces, and attractive
forces and the relation to the pure component properties for binary mixtures of linear
siloxanes. Subsequently in Sections 3.3 and 3.4 the speed of sound behavior at the
critical point for binary mixtures of linear siloxanes and perfluorocarbons is analyzed
using the polytropic van der Waals model. In Section 3.5 the most accurate and state-
of-the-art thermodynamic model, the Helmholtz energy model, is used to verify the
speed of sound behavior for the binary mixtures of linear siloxanes and perfluorocar-
bons. Finally, in Section 3.6 the speed of sound is evaluated along the dew curve and
critical isotherm for binary mixtures of linear siloxanes and perfluorocarbons.

3.2 Speed of sound for binary mixtures using polytropic
van der Waals model

The polytropic van der Waals equation of state (VdW-EOS) described in Section 2.4.1
is used to evaluate the speed of sound of binary mixtures. In this study, the attention is
shifted from the thermodynamic viewpoint to the molecular or microscopic one and
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3.2 SPEED OF SOUND FOR BINARY MIXTURES USING POLYTROPIC VAN DER WAALS MODEL

elaborate an explanation directly in terms of the basic molecular characteristics of the
mixture, including vibrational degrees of freedom, intermolecular attractive/repul-
sive forces and interaction between components in the mixture. To this purpose, the
polytropic van der Waals model, which is characterized by a direct relation between
the equation of state parameters and the molecular features, is used to explain the
physical mechanism acting at a molecular level on the speed of sound of molecular
complex fluids. The polytropic van der Waals model is implemented into FluidProp
[5] for the calculations in this work.

As it is well known, the thermodynamic (zero frequency) speed of sound ap-
proaches zero at the critical point [6]. Though thermodynamic models, being analytic
functions, calculate the speed of sound at the critical point which gives a qualitative
prediction of the speed of sound behavior of fluids. Because a qualitative investi-
gation is conducted in this work, in the following the speed of sound values at the
critical point are used to describe the speed of sound behavior upon mixing.

The expression for the speed of sound as a function of temperature and specific
volume is derived from its definition

c2(s,v) =−v2
(

∂P
∂v

)
s
=−v2

[(
∂P
∂v

)
T
−

T
cv

(
∂P
∂T

)2

v

]
. (3.1)

Using the polytropic VdW model for pure components the speed of sound is
derived as [7],

c2(T,v) =
[

1+
2
N

]
RsT

[
v

v−b

]2

− 2a
v

1
M
, (3.2)

where Rs = R/M is the specific gas constant.
The VdW-OF model for mixtures gives the following expression with composi-

tion dependent parameters for the speed of sound,

c2
m(T,v, z̄) =

[
1+

2
Nm

]
RmT

[
v

v−bm

]2

− 2am

v
1

Mm
, (3.3)

where Rm = R
Mm

is the mixture specific gas constant.
The speed of sound, c, can be expressed as the sum of the contributions from the

ideal gas speed of sound, cid, and for the corrections related to the effects of both van
der Waals forces, repulsive, δcrep and attractive, δcatt defined by Colonna et al. [8]
for pure components and defined for mixtures as follows

c2
m = c2

m,id +δc2
m,rep +δc2

m,att. (3.4)
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The contributions of the ideal gas, attractive and repulsive forces are given as

c2
m,id(T, z̄) =

[
1+

2
Nm

]
RmT > 0, (3.5)

δc2
m,rep(T,v, z̄) = c2

m,id(T, z̄)bm
2v−bm

(v−bm)2 > 0, (3.6)

δc2
m,att(v, z̄) =−

2am

v
1

Mm
< 0. (3.7)

From Eqs. (3.5) to (3.7) it can be seen that the speed of sound for mixtures differs
from the ideal gas model, in which the speed of sound is a function of temperature
and composition only. Similarly to the pure fluid case, if the repulsive and attractive
forces are accounted for the speed of sound also depends on the specific volume.
The different contributions to the speed of sound in Eqs. (3.5) to (3.7) are shown in
Fig. 3.1. Various compositions along the critical isotherm are plotted for a binary
mixture of MM–MD4M.

The ideal gas contribution is a function of temperature and composition. From
the kinetic theory of gases the ideal gas contribution is related to molecular interac-
tion associated with elastic collision between the pure components of the mixture.
The molecular interaction increases with temperature for pure components and is
independent of the specific volume. The ideal gas contribution scales with the mix-
ing rules for molecular weight (Eq. (2.30)) and number of active degrees of freedom
(Eq. (2.33)). The mixture molecular weight and active degrees of freedom are related
to the linear combination of the active degrees of freedom and molecular weight of
the pure components given in Eqs. (2.30) and (2.33). Thus the ideal gas contribution
varies with composition, but it is constant along isotherms for fixed composition.
Also the ideal gas contribution is always positive, because Nm, Rm and T cannot be
negative. The ideal gas contribution to the speed of sound increases with increasing
molecular complexity and weight of the mixture.

The repulsive force contribution is given by the ideal gas part and a repulsive
component which depends on the constant bm for mixtures (Eq. (2.28)) which is
related to short range forces. This combination makes the repulsive contribution a
function of temperature, specific volume and composition and has a positive contri-
bution to the speed of sound. At given temperatures and specific volume the repulsive
force contribution is higher than the ideal gas contribution, for all compositions. If
the specific volume decreases the contribution increases. The limiting case, vr→ br,
corresponds to the highest possible density where no further compression is possi-
ble. The compressibility factor is zero and the speed of sound goes to infinity. The
repulsive contribution to the speed of sound increases with increasing molecular com-
plexity and weight of the mixture.

The attractive force contribution depends on the mixture constant am related to
long range forces and is a function of specific volume and composition. The attrac-
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3.2 SPEED OF SOUND FOR BINARY MIXTURES USING POLYTROPIC VAN DER WAALS MODEL

tive force increases the compressibility of a fluid and therefore the speed of sound
under the influence of attractive forces is lower than that of an ideal gas in the same
thermodynamic state. The attractive force has a negative contribution to the speed of
sound as seen in Fig. 3.1. Namely, the compressibility is increased by the occurrence
of attractive forces. The attractive contribution to the speed of sound decreases with
increasing molecular complexity and weight of the mixture.

Combining these three contributions gives the total speed of sound shown in
Fig. 3.1. For pure components a minimum value of the speed of sound is attained
at the critical point, where the compressibility diverges to infinity. This is due to the
stability conditions stated for the pure component critical point, (∂P/∂v)T = 0 and
(∂ 2P/∂v2)T = 0. For mixtures this is not the case because the stability condition for
the mixture critical point is different, see Section 2.3. At the mixture critical point
the speed of sound is not zero and the compressibility does not go to infinity.

As seen in the insertion in Fig. 3.1, a detailed view of the critical region and criti-
cal points, the speed of sound does not reach the maximum value for the less complex
pure component, but a maximum is observed for a combination of the pure compo-
nents. This indicates a non-monotonic behavior of the speed of sound for changing
composition. This behavior is remarkable because more complex molecules have
a lower speed of sound [8], but a combination causes an increase of the speed of
sound indicating the influence of the interaction between the two pure component
molecules. This behavior of the binary mixture will be further analyzed in the fol-
lowing sections.

3.2.1 Non-dimensional form of the speed of sound for binary mixtures

The speed of sound equation is now made non-dimensional to analyze the influence of
molecular complexity and composition. Temperature, pressure and specific volume
are made non-dimensional by their mixture critical point properties as follows,

Tr,m =
T

Tc,m
, Pr,m =

P
Pc,m

, vr,m =
v

vc,m
, (3.8)

where the critical properties are calculated using the stability criteria for mixtures
given in Section 2.3 and implementation of the method developed by Heidemann et
al. [9].

The mixture EOS parameters am and bm are reduced as follows,

ar,m =
am

Pc,mv2
c,m

, br,m =
bm

vc,m
. (3.9)

Under the van der Waals approximation for pure components the reduced at-
tractive and repulsive force parameters in Eq. (3.9) are hence constant, ar = 3 and
br = 1/3, and therefore independent from the fluid under consideration. For the mix-
ture parameters this does not hold. The parameters depend on the composition and
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Figure 3.1: Speed of sound along the critical isotherm as a function of the specific volume
for a MM–MD4M binary mixture with composition of zMM = 0 (•), 0.25 (�), 0.5 (�), 0.75
(F), 1 (N). Calculated with the polytropic van der Waals equation of state for mixtures with
ki j = 0 and li j = 0. The repulsive contribution is the blue line (–), the attractive contribution
is the red line (–), the black dotted line (· · · ) is the ideal gas contribution and the black line (–)
is the speed of sound. The insert is a detailed view of the critical region and critical points.

the pure fluids relations, due to the van der Waals mixing rules, Eqs. (2.27) and (2.28)
and mixture critical point criteria explained in Section 2.2.

The speed of sound for mixtures is made non-dimensional using the critical tem-
perature and the mixture specific gas constant

c2
r,m =

c2
m(T,v,z)
RmTc,m

. (3.10)

The reduced form therefore reads

c2
r,m =

[
1+

2
Nm

]
Tr,m

[
vr,m

vr,m−br,m

]2

− 2ar,m

vr,m
Zc,m. (3.11)

Therefore the ideal gas, repulsive and attractive contributions are given by

c2
r,m,id(Tr,m, z̄) =

[
1+

2
Nm

]
Tr,m > 0, (3.12)

δc2
r,m,rep(Tr,m,vr,m, z̄) = c2

r,m,id(Tr,m,z)br,m
2vr,m−br,m

(vr,m−br,m)2 > 0, (3.13)

δc2
r,m,att(vr,m, z̄) =−

2ar,m

vr,m
Zc,m < 0. (3.14)
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These relations allow the comparison of the properties of different substances and
compositions at the same reduced conditions. The contributions of the dimensional
speed of sound are illustrated in Fig. 3.2 along the critical isotherm. A detailed view
of the critical region and critical point behavior with changing composition of the
various contributions is shown in Fig. 3.3.

As seen in Section 3.2.1 the reduced speed of sound also has a maximum at
combination of the pure components, which indicates the non-monotonic behavior of
the speed of sound of mixtures.

From Eq. (3.12) it is seen that the ideal contribution depends on the reduced
temperature. The reduced temperature, Tr,m, depends on the composition through the
mixtures critical temperature, Tc,m, which varies with composition. The ideal gas and
repulsive force contribution scale with the factor [1+2/Nm], which decreases if the
molecular complexity increases, shown in Section 3.2.1. This is because the ideal gas
contribution is connected with the internal energy of the translation, rotational, and
vibrational modes, which are related to the molecular complexity. The more complex
the molecule is, the greater the capacity to absorb energy and less energy is transfered
to the translation, rotational, and vibrational modes which are responsible for sound
propagation [4].

The second component of the repulsive force introduces a non-monotonic behav-
ior with changing composition dependent on br,m, as seen in Section 3.2.1.

From Eq. (3.14) it is seen that the attractive force contribution depends on the
critical compressibility factor, Zc,m, and attractive parameter ar,m.

A detailed examination of the non-monotonic speed of sound behavior with chang-
ing composition is elaborated in the next section.

3.3 Binary mixture properties of linear siloxanes using
polytropic van der Waals model

The mixture speed of sound depends on the critical properties, active degrees of free-
dom as well as attractive and repulsive parameters. The attractive and repulsive mix-
ture parameters can be directly related to the pure component properties, through the
mixing rules. For the critical properties it is more complicated because it also depend
on the mixture stability conditions described in Section 2.3. Based on the research of
Guardone et al. [2] on non-classical gas dynamics of vapor mixtures, binary mixtures
of linear siloxanes are investigated to describe the non-monotonic behavior of the
mixtures speed of sound.

3.3.1 Relation to pure component properties

In case of the VdW-OF EOS the mixture parameters am and bm depend only on the
pure component critical point properties and the composition. The van der Waals
one fluid mixing rules are calculated from constants of an equation of state (critical
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Figure 3.2: Dimensionless speed of sound along the critical isotherm as a function of the
reduced specific volume for a MM–MD4M binary mixture with composition zMM = 0 (•),
0.25 (�), 0.5 (�), 0.75 (F), 1 (N). Calculated with the van der Waals equation of state
for mixtures with ki j = 0 and li j = 0. The repulsive contribution is blue (–), the attractive
contribution is red (–), the black dotted line is the ideal gas contribution (· · · ) and the black
line is the speed of sound (–). The inserts are shown in Fig. 3.3.

properties and composition) and not from any thermodynamic state function which
may appear in an equation of state [10]. This means that mixture parameters can all
be related to the constant pure component properties, Tc,i, Pc,i, Mi and Ni using the
variable composition zi. For the analyses of the different contributions of the pure
component properties in binary mixtures several parameters are introduced. The first
parameters are related to the critical temperature and pressure as

δ =
Tc,2

Tc,1
, π =

Pc,2

Pc,1
. (3.15)

The parameters δ and π are defined as the ratio of the critical temperature and
pressure respectively, from the second component over the first component. The first
component with index 1 is chosen as the fluid with the lower molecular complexity
in comparison with the second component. The following parameters are related to
the fluid parameters a and b as

α(δ ,π) =
a2

a1
=

T 2
c,2

T 2
c,1

Pc,1

Pc,2
=

δ 2

π
, (3.16)

β (δ ,π) =
b2

b1
=

Tc,2

Tc,1

Pc,1

Pc,2
=

δ

π
. (3.17)
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Figure 3.3: Detailed view of the reduced speed of sound, ideal gas, repulsive and attractive
contributions around the critical point shown in Fig. 3.2. For a MM–MD4M binary mixture
with composition zMM = 0 (•), 0.25 (�), 0.5 (�), 0.75 (F), 1 (N).

The parameters α and β are defined as the ratio of the second component over the
first component from ai and bi respectively. α and β can be reduced to the parameters
δ and π .

The last parameters are defined from the molecular weight and the number of
active degrees of freedom as

η =
M2

M1
, µ =

N2

N1
, (3.18)

Table 3.1 shows the pure component properties of the linear siloxanes evaluated in
this research. With increasing complexity of the linear siloxane molecule the critical
temperature increases and the critical pressure decreases. Table 3.1 shows that the
molar attractive and repulsive forces increase with heavier molecules. This holds
only within a family of fluids with similar molecular arrangement.

The binary mixture parameters defined in Eqs. (3.15) to (3.18) are listed in Ta-
ble 3.2 for linear siloxanes. It is clear that with a larger molecular complexity differ-
ence between the pure components, the more the parameters differ from unity. In the
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Table 3.1: Linear siloxane properties from REFPROP [11] and FluidProp [5]. Critical tem-
perature Tc and pressure Pc, molecular weight M, active degrees of freedom N determined by
evaluating the ideal gas isochoric specific heat at the critical temperature N = 2co

v(Tc)/R, and
van der Waals coefficients, attractive amol and repulsive bmol.

Fluid Chemical Tc Pc M N amol bmol Ref.
formula °C MPa g mol−1 - Pa m6 mol−2 m3 mol−1

MM C6H18OSi2 245.55 1.93 162.38 78.35 4.06 2.79 ·10−4 [12]
MDM C8H24O2Si3 292.21 1.44 236.53 115.92 6.48 4.09 ·10−4 [13]
MD2M C10H30O3Si4 326.25 1.14 310.69 149.93 9.16 5.45 ·10−4 [13]
MD3M C12H36O4Si5 355.81 0.96 384.84 194.14 12.00 6.80 ·10−4 [14]
MD4M C14H42O5Si6 380.05 0.84 458.99 234.42 14.81 8.08 ·10−4 [14]
MD5M C16H48O6Si7 398.65 0.70 533.15 274.88 18.78 9.97 ·10−4 [15]
MD6M C18H54O7Si8 415.75 0.68 607.30 306.93 20.36 1.05 ·10−3 [15]

Table 3.2: Binary mixture parameters of linear siloxane mixtures.
1\2 MM MDM MD2M MD3M MD4M MD5M MD6M

MM
δ = 1.00 µ = 1.00 δ = 1.09 µ = 1.47 δ = 1.16 µ = 1.91 δ = 1.21 µ = 2.39 δ = 1.26 µ = 2.99 δ = 1.30 µ = 3.41 δ = 1.33 µ = 3.92
π = 1.00 η = 1.00 π = 0.73 η = 1.46 π = 0.61 η = 1.91 π = 0.51 η = 2.37 π = 0.45 η = 2.83 π = 0.39 η = 3.28 π = 0.35 η = 3.74
α = 1.00 β = 1.00 α = 1.62 β = 1.49 α = 2.20 β = 1.90 α = 2.86 β = 2.36 α = 3.50 β = 2.78 α = 4.26 β = 3.29 α = 5.05 β = 3.81

MDM
δ = 1.00 µ = 1.00 δ = 1.06 µ = 1.29 δ = 1.11 µ = 1.62 δ = 1.16 µ = 2.03 δ = 1.19 µ = 2.32 δ = 1.22 µ = 2.67
π = 1.00 η = 1.00 π = 0.83 η = 1.31 π = 0.70 η = 1.63 π = 0.62 η = 1.94 π = 0.54 η = 2.25 π = 0.48 η = 2.57
α = 1.00 β = 1.00 α = 1.35 β = 1.28 α = 1.76 β = 1.58 α = 2.16 β = 1.87 α = 2.63 β = 2.21 α = 3.12 β = 2.55

MD2M
δ = 1.00 µ = 1.00 δ = 1.05 µ = 1.25 δ = 1.09 µ = 1.57 δ = 1.12 µ = 1.79 δ = 1.15 µ = 2.06
π = 1.00 η = 1.00 π = 0.84 η = 1.24 π = 0.74 η = 1.48 π = 0.65 η = 1.72 π = 0.57 η = 1.95
α = 1.00 β = 1.00 α = 1.30 β = 1.24 α = 1.60 β = 1.46 α = 1.94 β = 1.73 α = 2.30 β = 2.00

MD3M
δ = 1.00 µ = 1.00 δ = 1.04 µ = 1.25 δ = 1.07 µ = 1.43 δ = 1.10 µ = 1.64
π = 1.00 η = 1.00 π = 0.88 η = 1.19 π = 0.77 η = 1.39 π = 0.68 η = 1.58
α = 1.00 β = 1.00 α = 1.23 β = 1.18 α = 1.49 β = 1.40 α = 1.77 β = 1.61

MD4M
δ = 1.00 µ = 1.00 δ = 1.03 µ = 1.14 δ = 1.05 µ = 1.31
π = 1.00 η = 1.00 π = 0.87 η = 1.16 π = 0.77 η = 1.32
α = 1.00 β = 1.00 α = 1.22 β = 1.18 α = 1.44 β = 1.37

MD5M
δ = 1.00 µ = 1.00 δ = 1.03 µ = 1.15
π = 1.00 η = 1.00 π = 0.89 η = 1.14
α = 1.00 β = 1.00 α = 1.19 β = 1.00

MD6M
δ = 1.00 µ = 1.00
π = 1.00 η = 1.00
α = 1.00 β = 1.00

next sections it will be shown that this has a direct influence on the mixture properties
with various compositions.

3.3.2 Van der Waals mixture parameters

The reduced mixture parameters, ar,m and br,m, from Eq. (3.9) are plotted in Fig. 3.4 as
a function of the composition zi for different binary mixtures combinations of MM–
MD jM where i, j = 1..6 with varying compositions. With changing composition the
attractive and repulsive force parameters are non-monotonic and decreasing. The
reduced attractive parameter has a larger variation with composition from the pure
component than the repulsive parameter. Also both parameters are shifting to the less
complex component with increasing molecular complexity between the components.
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Figure 3.4: Reduced form of attractive (ar,m) and repulsive (br,m) mixture parameters from
the van der Waals equation of state for mixtures with ki j = 0 and li j = 0. Evaluated for binary
mixture combinations of MM with MDM (•), MD2M (�), MD3M (�), MD4M (F), MD5M
(N), and MD6M (×) and compositions varying from zMM = 0...1.

These figures already imply the non-monotonic behavior of the mixtures speed of
sound observed in Section 3.2.

3.3.3 Mixture critical point properties

The mixtures critical properties are shown in Fig. 3.5. These properties are calculated
using the stability criteria for mixtures given in Section 2.3 and implementation of
the method developed by Heidemann et al. [9]. A non-linear behavior with changing
composition is observed for the critical temperature, pressure and specific volume.
The non-linearity for temperature and pressure is increasing with a larger molecular
complexity difference between the components. The largest effect is observed for
the mixture critical compressibility factor. The curve of the critical compressibility
factor also shows great significance with the reduced attractive parameter curve from
Fig. 3.4. Because the critical point of a mixture does not obey the mechanical stability
criteria as for pure components, the critical compressibility factor is not constant with
changing composition.

For a mixture of linear siloxanes, the critical compressibility factor increases non-
monotonically. Also with increasing difference between the molecular complexity of
the pure components the critical compressibility factor exhibits an increase in non-
monotonic behavior. This increase shows that the critical compressibility factor is
closer to unity and ideal gas behavior, which indicates that the attractive forces are
less dominant. This is seen by the decrease of ar,m in Fig. 3.4. This also implicates
that the decrease of the attractive force is dominant over the decrease of the repulsive
force for linear siloxanes. Due to the high non-monotonic behavior of the critical
compressibility factor will have a significant effect on the mixture speed of sound.
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Figure 3.5: Critical properties, temperature Tc, pressure Pc, specific volume vc and compress-
ibility factor Zc. Evaluated for binary mixture combinations of MM with MDM (•), MD2M
(�), MD3M (�), MD4M (F), MD5M (N), and MD6M (×) and compositions varying from
zMM = 0...1. Calculated with the van der Waals equation of state for mixtures with ki j = 0
and li j = 0.

3.3.4 Speed of sound properties

The reduced speed of sound and contributions are calculated at the mixture critical
point and shown in Fig. 3.6. The reduced speed of sound is calculated on the critical
point because the reduced properties, Tr,m and vr,m will be unity. So the reduced
speed of sound is related to the critical compressibility factor, attractive parameter,
repulsive parameter and active degrees of freedom. The reduced speed of sound has a
high non-monotonic behavior with changing composition. The ideal gas contribution
scales with [1+2/Nm] which decreases with increasing molecular complexity and
only depends on the linear relation of the active degrees of freedom in Eq. (2.33).

The repulsive contribution depends on the ideal gas contribution and the non-
monotonic part depending on br,m. Seen in Fig. 3.6 for the repulsive contribution to
the speed of sound the graph is shifted by the ideal gas contribution. The second part
of the repulsive contribution follows the non-monotonicity of the reduced repulsive
parameter, br,m from Fig. 3.4. The attractive contribution is a combination of the
reduced attractive parameter and the compressibility factor. This combination causes
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Figure 3.6: Reduced speed of sound with ideal gas, repulsive and attractive contribution
evaluated at the critical point. Evaluated for binary mixture combinations of MM with MDM
(•), MD2M (�), MD3M (�), MD4M (F), MD5M (N), and MD6M (×) and compositions
varying from zMM = 0...1. Calculated with the van der Waals equation of state for mixtures
with ki j = 0 and li j = 0.

an increase of the attractive speed of sound contribution.
Fig. 3.7 presents the percentage contribution of the ideal gas, repulsive, and at-

tractive force contribution to the overall speed of sound of linear siloxane mixtures.
The percentage contribution clearly shows the large influence of the attractive con-
tribution on the speed of sound, around 49%. The ideal gas and repulsive force
contribution, contribute around 23% and 28% to the overall speed of sound respec-
tively. This shows that the large non-monotonicity is mostly due to the attractive
force contribution which is directly related to the critical compressibility factor, Zc,m,
and attractive contribution, ar,m.

3.4 Binary mixture properties of perfluorocarbons using
polytropic van der Waals model

The binary mixture properties of perfluorocarbons are investigated using the poly-
tropic van der Waals model to verify the non-monotonic behavior of the speed of
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Figure 3.7: Percentage contribution of the ideal gas, repulsive, and attractive contributions
on the speed of sound at the critical point. Evaluated for binary mixture combinations of
MM with MDM (•), MD2M (�), MD3M (�), MD4M (F), MD5M (N), and MD6M (×) and
compositions varying from zMM = 0...1. Calculated with the van der Waals equation of state
for mixtures with ki j = 0 and li j = 0.

sound and the relation to the critical properties. Table 3.3 shows the pure compo-
nents properties of the perfluorocarbons investigated The perfluorocarbons are se-
lected based on the property that they can exhibit non-ideal compressible fluid effects
in the gas phase. The pure fluid properties show similar behavior as the linear silox-
anes; with increasing complexity, the critical temperature increases and the critical
pressure decreases. The molar attractive and repulsive forces increase as the molecu-
lar mass increases, as is the case for fluids of the same family.

3.4.1 Critical point properties perfluorocarbon mixtures

The reduced mixture parameters, ar,m and br,m are plotted in Fig. 3.8 for different
binary mixtures of perfluorocarbons. With changing composition the attractive and
repulsive force parameters are non-monotonic. The attractive force, ar,m, shows the
same decreasing non-monotonic behavior as for the linear siloxane mixtures. The
repulsive forces, br,m, on the other hand shows a non-monotonic increase for mix-
tures, this is opposite from what is observed for linear siloxanes in Fig. 3.4 where the
repulsive force non-monotonically decreases for a mixture.
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Figure 3.8: Reduced form of attractive (ar,m) and repulsive (br,m) mixture parameters from
the van der Waals equation of state for mixtures with ki j = 0 and li j = 0. Evaluated for binary
mixture combinations of C2F6 with C3F8 (•), C4F10 (�), C5F12 (�), and C6F14 (F) and
compositions varying from zC2F6 = 0...1.
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Figure 3.9: Critical properties, temperature Tc, pressure Pc, specific volume vc and compress-
ibility factor Zc. Evaluated for binary mixture combinations of C2F6 with C3F8 (•), C4F10
(�), C5F12 (�), and C6F14 (F) and compositions varying from zC2F6 = 0...1. Calculated with
the van der Waals equation of state for mixtures with ki j = 0 and li j = 0.
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Table 3.3: Perfluorocarbons properties from REFPROP [11]. Critical temperature Tc and
pressure Pc, molecular weight M, active degrees of freedom N determined by evaluating the
ideal gas isochoric specific heat at the critical temperature N = 2co

v(Tc)/R, and van der Waals
coefficients, attractive amol and repulsive bmol.

Fluid Chemical Tc Pc M N amol bmol Ref.
Formula °C MPa g mol−1 - Pa m6 mol−2 m3 mol−1

Perfluoroethane C2F6 19.88 3.05 138.01 23.33 0.82 1.00 ·10−4 [16]
Perfluoropropane C3F8 71.87 2.64 188.02 36.75 1.30 1.34 ·10−4 [16]
Perfluorobutane C4F10 113.18 2.32 238.03 51.97 1.87 1.73 ·10−4 [17]
Perfluoropentane C5F12 147.85 2.06 288.03 65.26 2.60 2.19 ·10−4 [17]
Perfluorohexane C6F14 174.85 1.74 338.04 79.73 3.21 2.53 ·10−4 [17]

The critical properties for the binary mixtures of perfluorocarbons are shown in
Fig. 3.9. Non-linear behavior is observed for the critical temperature with increasing
non-linearity for increasing molecular complexity difference between the pure com-
ponents. For the case of perfluorocarbons binary mixtures non-monotonic behavior
is also observed for the critical pressure, which differs from the critical pressure of
linear siloxanes where non-linear behavior is observed. The critical compressibility
factor exhibits again an increasing non-monotonic behavior upon mixing as is also
observed for the linear siloxanes.

3.4.2 Speed of sound properties perfluorocarbon mixtures

The reduced speed of sound and contributions calculated at the mixture critical point
are shown in Fig. 3.10. The reduced speed of sound has a non-monotonic behavior
with changing composition. The ideal gas contribution scales with [1+2/Nm] which
decreases with increasing molecular complexity and only depends on the linear rela-
tion of the active degrees of freedom in Eq. (2.33). Due to the smaller difference in
active degrees of freedom, the ideal gas contribution is larger for the perfluorocarbons
due to the scaling [1+2/Nm].

The repulsive contribution depends on the ideal gas contribution and the repulsive
force br,m. The repulsive contribution is shifted, showing a non-monotonic increase
close to the lower complex fluid in the mixture. This shift is comparable to the shift
of the critical pressures non-monotonic behavior.

The attractive contribution is a combination of the reduced attractive parameter
and the compressibility factor. This combination causes a non-monotonic increase of
the attractive speed of sound contribution.

Adding the contributions show that the attractive contribution has the largest ef-
fect on the increasing non-monotonic behavior of the mixture. The repulsive con-
tribution causes an increase in speed of sound closer to the less molecular complex
component. The larger effect of the ideal gas contribution causes a decrease of the
non-monotonic behavior of the mixture, causing a larger difference between the pure
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Figure 3.10: Reduced speed of sound with ideal gas, repulsive and attractive contribution
evaluated at the critical point. Evaluated for binary mixture combinations of C2F6 with C3F8
(•), C4F10 (�), C5F12 (�), and C6F14 (F) and compositions varying from zC2F6 = 0...1.
Calculated with the van der Waals equation of state for mixtures with ki j = 0 and li j = 0.

components reduced speed of sound. This shows that the non-monotonicity is mostly
due to the attractive contribution which is directly related to the critical compressibil-
ity factor, Zc,m, and attractive contribution, ar,m.

Fig. 3.11 presents the percentage contribution of the ideal gas, repulsive, and at-
tractive force contribution to the overall speed of sound of perfluorocarbon mixtures.
In the case of perfluorocarbon mixtures the large influence of the attractive contri-
bution on the speed of sound is also clearly visible, around 48%. The ideal gas and
repulsive force contribution are around 23% and 29% respectively. This shows again
that the large non-monotonicity is mostly due to the attractive contribution also in the
case of perfluorocarbon mixtures.

3.5 Speed of sound for binary mixtures using Helmholtz
energy multiparameter model

The speed of sound is calculated with the Helmholtz energy multiparameter equation
of state of REFPROP [11] for binary mixtures of linear siloxanes and perfluorocar-
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Figure 3.11: Percentage contribution of the ideal gas, repulsive, and attractive contributions
on the speed of sound at the critical point. Evaluated for binary mixture combinations of
C2F6 with C3F8 (•), C4F10 (�), C5F12 (�), and C6F14 (F) and compositions varying from
zC2F6 = 0...1. Calculated with the van der Waals equation of state for mixtures with ki j = 0
and li j = 0.

bons. The speed of sound is investigated at the critical point to compare and verify
the results with the polytropic van der Waals model.

3.5.1 Linear Siloxanes

Binary mixtures of MM with MDM, MD2M, MD3M, and MD4M are investigated
(MD5M and MD6M are not present for the Helmholtz energy equation of state).
The state-of-the-art coefficients for the Helmholtz energy equation of state for MM,
MDM, and MD2M are defined by Thol et al. [12] and Thol et al. [13], the state-
of-the-art coefficients for MD3M and MD4M are derived by König et al. [14]. The
applied mixture model is the GERG-2008 mixture formulation [18] with estimated
mixing parameters.

The mixture critical properties of the Helmholtz energy multiparameter model
are shown in Fig. 3.12. The critical properties show a similar behavior as the van
der Waals model in Section 3.3.3, with larger non-linear behavior for the critical
temperature. Except for the critical pressure which shows a non-monotonic behav-
ior for mixtures with a high MM composition. The non-monotonic behavior of the
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Figure 3.12: Critical properties, temperature Tc, pressure Pc, specific volume vc and com-
pressibility factor Zc. Evaluated for binary mixture combinations of MM with MDM (•),
MD2M (�), MD3M (�), and MD4M (F) and compositions varying from zMM = 0...1. Cal-
culated with the Helmholtz energy equation of state with estimated mixture parameters [11].

critical pressure is an interesting behavior, because the VdW-EOS does not show a
non-monotonic behavior of the critical pressure. The difference in the critical pres-
sure indicates a difference in the qualitative results of the thermodynamic models.
This difference should be investigated in more detail in future research to exclude
any errors in the equations of state and obtain a better understanding of the mixing
rules. The critical compressibility factor shows again an increasing non-monotonic
parabolic behavior. The maximum critical compressibility factor is again observed
for a combination of the pure components with the largest critical compressibility
factor obtained for the mixture with the largest difference between the pure compo-
nents molecular complexity. This verifies the behavior of the critical compressibility
factor from the van der Waals model.

The reduced speed of sound for linear siloxane mixtures is shown in Fig. 3.13.
As seen in Section 3.3.4 for the van der Waals model, the speed of sound of the
Helmholtz energy model shows a non-monotonic behavior between the pure com-
ponents of the mixture. Verifying that the non-monotonic behavior of the mixture’s
critical speed of sound can be directly related to the non-monotonic behavior of the
critical compressibility factor for linear siloxanes. The largest speed of sound is again
obtained for the mixture with the largest difference between molecular complexity of
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Figure 3.13: Reduced speed of sound calculated at the critical point. Evaluated for binary
mixture combinations of MM with MDM (•), MD2M (�), MD3M (�), and MD4M (F) and
compositions varying from zMM = 0...1. Calculated with Helmholtz energy equation of state
with estimated mixture parameters [11].

the pure components. The value of the critical speed of sound of the Helmholtz en-
ergy equation of state is larger then the van der Waals model, because the van der
Waals model is not as accurate and underestimates the speed of sound.

3.5.2 Perfluorocarbons

The speed of sound and critical properties for binary mixtures of perfluorocarbons are
investigated using the Helmholtz energy model. The state-of-the-art coefficients for
the Helmholtz energy equation of state for C2F6 and C3F8 are defined by Lemmon
et al. [16], the state-of-the-art coefficients for C4F10, C5F12, and C6F14 are derived
by Gao et al. but not yet published. The applied mixture model is the GERG-2008
mixture formulation [18] with estimated mixing parameters.

The mixture critical properties of the Helmholtz energy multiparameter model for
binary mixtures of C2F6 with C3F8, C4F10, C5F12, and C6F14 are shown in Fig. 3.14.
The critical temperature and specific volume show an increase in non-ideal behavior
in comparison with van der Waals model. A small non-monotonic behavior for the
critical specific volume is observed for the mixture C2F6–C6F14. The critical pressure
and compressibility factor show a larger non-monotonic behavior than the van der
Waals model. The largest non-linear and non-monotonic behavior is again obtained
for the mixture with the largest difference between molecular complexity of the pure
components.

The reduced speed of sound of the Helmholtz energy model at the mixture’s criti-
cal point is shown in Fig. 3.15. As seen in Section 3.3.4 for the van der Waals model,
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Figure 3.14: Critical properties, temperature Tc, pressure Pc, specific volume vc and com-
pressibility factor Zc. Evaluated for binary mixture combinations of C2F6 with C3F8 (•),
C4F10 (�), C5F12 (�), and C6F14 (F) and compositions varying from zC2F6 = 0...1. Calcu-
lated with the Helmholtz energy equation of state with estimated mixture parameters [11].
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Figure 3.15: Reduced speed of sound calculated at the critical point. Evaluated for binary
mixture combinations of C2F6 with C3F8 (•), C4F10 (�), C5F12 (�), and C6F14 (F) and
compositions varying from zC2F6 = 0...1. Calculated with Helmholtz energy equation of state
with estimated mixture parameters [11].
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Figure 3.16: Speed of sound along saturation curve with solid lines indicating the compo-
sition z1 = 0.0 (–), 0.25 (–), 0.50 (–), 0.75 (–), and 1.0 (–). With critical point (F) and
minimum speed of sound (•). Calculated with Helmholtz energy equation of state with esti-
mated mixture parameters [11]. Left) Binary mixture of MM–MD4M. Right) Binary mixture
of C2F6–C6F14.

the speed of sound of the Helmholtz energy model shows a non-monotonic behav-
ior between the pure components of the mixture. The non-monotonic behavior of
the Helmholtz model is increased in comparison with the van der Waals model. The
largest speed of sound is again obtained for the mixture with the largest difference
between molecular complexity of the pure components. Also for perfluorocarbons,
the value of the critical speed of sound of the Helmholtz energy equation of state is
larger then the van der Waals model, because the van der Waals model underestimates
the speed of sound.

3.6 Speed of sound along dew curve and critical isotherm
for binary mixtures

The speed of sound behavior along the saturation curve and critical isotherm is an-
alyzed for binary mixtures of linear siloxanes and perfluorocarbons. The speed of
sound along the saturation curve and critical isotherm is investigated to see the change
in speed of sound behavior in other thermodynamic regions. The calculations are
performed using the Helmholtz energy model implemented in REFPROP [11] with
estimated mixture parameters.

3.6.1 Dew curve

The speed of sound along the saturation curve is shown in Fig. 3.16 for binary mix-
tures of linear siloxanes MM–MD4M and perfluorocarbons C2F6–C6F14 for varying
composition of the first component z1 = 0.0, 0.25, 0.50, 0.75, and 1.0. As is seen the
speed of sound for the binary mixture of MM–MD4M has a local minimum close to
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Figure 3.17: Speed of sound along dew line for MM–MD4M with compositions varying from
zMM = 0...1. The pressure is varied from vr = 1 to vr = 50 and indicated by the black dashed
line (– –), minimum speed of sound along dew line (· · · ), and speed of sound at critical point
(–). Calculated with Helmholtz energy equation of state with estimated mixture parameters
[11].

the critical point and a non-monotonic behavior with changing composition as men-
tioned before. For the binary mixture of C2F6–C6F14 the local minimum of the speed
of sound along the saturation curve moves away from the critical point with changing
composition.

Fig. 3.17 shows the speed of sound along the dew curve for binary mixture of
MM–MD4M with varying composition. The reduced specific volume is varied for
each mixture with vr = 1 to vr = 50. The non-monotonic behavior of the speed of
sound upon mixing is also observed along the dew curve and the maximum value for
varying composition is shifted to the less molecular complex component in this case
MM. This shows that the non-monotonic behavior of the speed of sound is not only
occurring at the critical point but also in other thermodynamic regions.

The change of thermodynamic properties along the dew curve for the binary lin-
ear siloxane mixture MM–MD4M with varying composition is shown in Fig. 3.18.
The non-linear behavior of the temperature along the dew curve increases in compar-
ison with the critical point temperature upon mixing. The non-monotonic behavior
of the pressure decreases along the dew curve with increasing specific volume. The
pressure moves to more ideal mixing for varying composition with decrease of pres-
sure along the dew curve. The non-monotonic behavior of the compressibility factor
decreases while moving along the dew curve. The compressibility factor is increasing
along the dew curve, meaning the fluid is moving towards more ideal mixing, this ex-
plains the decrease of non-monotonic behavior of the compressibility factor. Though
the non-monotonic behavior of the compressibility factor decreases, the speed of
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Figure 3.18: Thermodynamic properties temperature T , pressure P, specific volume v, and
compressibility factor Z along dew line for MM–MD4M with pressure varying from vr = 1
to vr = 50 (– –) and compositions varying from zMM = 0...1. Critical point properties are
shown by the solid black line (–). Calculated with Helmholtz energy equation of state with
estimated mixture parameters [11].

sound still exhibits non-monotonic behavior along the dew curve.
The speed of sound along the dew curve for binary perfluorocarbon mixture

C2F6–C6F14 with varying composition is also analyzed and shown in Fig. 3.19 for
varying reduced specific volume vr = 1 to 50. As is observed in Fig. 3.16 the differ-
ence between the minimum speed of sound along the dew curve and the critical point
speed of sound upon mixing increases, as is shown in Fig. 3.19 where the minimum
speed of sound is the red line and the critical speed of sound the solid black line.
The speed of sound non-monotonic behavior for varying composition increases and
the maximum value for varying composition is shifted to the less molecular complex
component in this case C2F6 for decreasing reduced specific volume. This verifies
that the non-monotone behavior of the speed of sound can be observed in other ther-
modynamic regions and is not only observed at the critical point.

Fig. 3.20 shows the change of thermodynamic properties along the dew curve of
C2F6–C6F14 for varying composition. The non-linearity of the temperature increases
when moving away from the critical point along the dew curve. On the other hand the
non-monotonic behavior of the pressure decreases with varying composition and the
same occurs for the critical compressibility factor. For the binary mixture of C2F6–
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Figure 3.19: Speed of sound along dew line for C2F6–C6F14 with pressure varying from
vr = 1 to vr = 50 and compositions varying from zC2F6 = 0...1 (– –), minimum speed of
sound along dew line (· · · ) and speed of sound at critical point (–). Calculated with Helmholtz
energy equation of state with estimated mixture parameters [11].
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Figure 3.20: Thermodynamic properties temperature T , pressure P, specific volume v, and
compressibility factor Z along dew line for C2F6–C6F14 with pressure varying from vr = 1 to
vr = 50 (– –) and compositions varying from zC2F6 = 0...1. Critical point value (–). Calculated
with Helmholtz energy equation of state with estimated mixture parameters [11].
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Figure 3.21: Speed of sound along critical isotherm with solid line indicating critical isotherm
with composition z1 = 0.0 (–), 0.25 (–), 0.50 (–), 0.75 (–), and 1.0 (–). Saturation curve (· · · ),
critical point (F), and critical isotherm crossing dew line (•). Calculated with Helmholtz
energy equation of state with estimated mixture parameters [11]. Left) Binary mixture of
MM–MD4M. Right) Binary mixture of C2F6–C6F14.

C6F14 the compressibility factor increases and moving to ideal mixing, as is the case
for MM–MD4M in Fig. 3.18.

3.6.2 Critical Isotherm

The speed of sound is analyzed along the critical isotherm for binary mixtures of lin-
ear siloxanes and perfluorocarbons. The speed of sound along the critical isotherm
is shown in Fig. 3.21 for MM–MD4M and C2F6–C6F14 with varying composition of
the first component z1 = 0.0, 0.25, 0.50, 0.75, and 1.0. In the case of a mixture the
critical isotherm passes through the two-phase region as is shown in Section 2.2, in
this case the speed of sound in the two-phase region is not taken into consideration.
Fig. 3.21 shows that moving along the critical isotherm with increasing specific vol-
ume the speed of sound increases and moves to the ideal speed of sound for both
binary mixtures MM–MD4M and C2F6–C6F14.

This increase in speed of sound is also observed in Fig. 3.22 for the binary mix-
tures of MM–MD4M and C2F6–C6F14. In Fig. 3.22 the speed of sound along the
critical isotherm is plotted for varying composition and reduced specific volume in-
crease from vr 1 to 50. For both binary mixtures the speed of sound increases along
the critical isotherm, moving away from the critical point. Also the non-monotonic
behavior of the speed of sound decreases with varying composition showing more
ideal mixing, as is expected because the critical isotherm moves towards the ideal
gas region when the specific volume is increased.
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Figure 3.22: Speed of sound along critical isotherm with pressure varying from vr = 1 to
vr = 50 and compositions varying from z1 = 0...1 (– –), minimum speed of sound along dew
line (· · · ), speed of sound at critical point (–), the critical isotherm crossing the two phase
region dashed dot line (-.), and the ideal gas speed of sound dotted line (-..). Left) Binary
mixture of MM–MD4M. Right) Binary mixture of C2F6–C6F14.

3.7 Fundamental derivative of gas dynamics for binary
mixtures

The estimation of the value of the fundamental derivative of gas dynamics Γ is of in-
terest for fluids operating in the non-ideal thermodynamic region to indicate non-ideal
compressible fluid effects as is explained in Section 1.3. The fundamental deriva-
tive of gas dynamics has special interest in the case of molecular complex fluids
(e.g. siloxanes, perfluorocarbons), because of the ability to exhibit non-ideal fluid
dynamics effects when Γ is smaller than one (Γ < 1). Some of these molecular com-
plex fluids, the so-called Bethe-Zel’dovich-Thompson (BZT) fluids, can exhibit non-
classical gas dynamic effects when Γ is smaller than zero (Γ < 0). The fundamental
derivative of gas dynamics is defined as [19]

Γ = 1− v
c

(
∂c
∂v

)
s
=

v3

2c2

(
∂ 2P
∂v2

)
s
, (3.19)

where v is the specific volume, c the speed of sound, s the specific entropy, and P
the pressure. Γ is expressed as the nonlinear variation of the speed of sound with
isentropic density changes in non-dimensional form. Γ is therefore a direct derivate
of the speed of sound and non-ideal or non-monotonic behavior of the speed of sound
directly affects Γ. The thermodynamic definition of Γ can be rewritten so it can be ob-
tained from a thermodynamic model being a function of the temperature and specific
volume (e.g. van der Waals and Helmholtz energy model). The above formulation of
Γ has to be reformulated using thermodynamic relations. After the reformulation the
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following thermodynamic function of Γ follows,
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]}
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(3.20)

where cv is the isochoric specific heat and T the temperature. Each of the ther-
modynamics function can be obtained from a thermodynamic model using standard
mathematical operations.

The first research on the effect of mixtures on the fundamental derivative of gas
dynamics is conducted by Colonna et al. [20]. More recently non-classical gas dy-
namics of binary mixtures of organic fluids in the vapor phase is investigated by
Guardone et al. [2], here the non-monotonic behavior of the fundamental derivative
upon mixing is raised.

Fig. 3.23 presents the calculation of the fundamental derivative of gas dynamics
along the dew curve for a mixture of MM and MD4M with the compositions zMM =
0.0, 0.25, 0.5, 0.75, and 1.0, as predicted by the Helmholtz energy model [11]. An
important value of the fundamental derivative of gas dynamics is the minimum value
along the dew curve or saturated vapor curve Γmin, which is the smallest possible
value of Γ in the vapor region. Γmin indicates if a fluid can exhibit non-ideal fluid
(Γmin < 1) and non-classical fluid dynamic effects (Γmin < 0). Γmin also defines if a
fluid is a BZT fluid. Fluids can also exhibit a minimum value of Γ smaller than one or
zero in the two-phase region, but the two-phase region [21] is not taken into account
in this research.

As is seen in Fig. 3.23 the value of Γmin increases non-monotonic by mixing
due to the effect of intermolecular interaction between the pure components. The
maximum value of Γmin in this case is given for the mixture composition of zMM =
0.75. This non-monotonic behavior is similar to what is observed for the speed of
sound upon mixing two components in the previous sections. This indicates the rela-
tion between the non-monotonic behavior of the speed of sound and the fundamental
derivative of gas dynamics, as is expected because Γ is a direct derivative of the speed
of sound. Together with the increase of the value of Γmin, the region where the fluid
can exhibit non-ideal and non-classical gas dynamic effects also decreases for spe-
cific compositions [22]. This increase of the value of Γmin can cause a mixture of two
BZT fluids to not have a negative Γ region and not classify as a BZT fluid mixtures.
The increase of Γmin upon mixing is important to take into, if a fluid decomposes or
impurities are present in the fluid the mixture can cause an increase in Γmin and a
decrease of the non-ideal and non-classical gas dynamic effects region.

Fig. 3.24 presents the calculations of the fundamental derivative of gas dynamics
region where Γ is smaller than one for a mixture of MM and MD4M with composi-
tions zMM = 0.0, 0.25, 0.75, and 1.0 in the specific volume – pressure diagram. The
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3.7 FUNDAMENTAL DERIVATIVE OF GAS DYNAMICS FOR BINARY MIXTURES
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Figure 3.23: Γ as a function of temperature along the saturated vapor curve for binary mixture
of MM–MD4M with compositions zMM = 0.0 (–), 0.25 (–), 0.50 (–), 0.75 (–), and 1.0 (–).
The diamond (�) indicates the minimum value of Γmin along the saturation curve.
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Figure 3.24: Γ = 1 curves for binary mixture MM–MD4M with composition zMM = 0.0 (–),
0.25 (–), 0.50 (–), 0.75 (–), and 1.0 (–). The minimum value Γmin is indicated by the diamond
(�). Left) P–T thermodynamic plane. Right) P–v thermodynamic plane.

saturation curve, the critical point, and the point of minimal Γmin are also indicated
in Fig. 3.24. It is observed that the position of Γmin with respect to temperature, pres-
sure, and specific volume also shifts with changing composition. The Γ smaller than
one region is also shifted with changing composition.

In the next following, the non-monotonic behavior of the fundamental derivative
of gas dynamics for binary mixtures of linear siloxanes and perfluorocarbons will be
investigated. The research will be limited to the investigation of the minimum value
of Γ along the dew curve, because the minimum value directly indicates if a fluid
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Figure 3.25: Γmin evaluated along the dew curve. Evaluated for selected binary mixture
combinations of MM with MDM (•), MD2M (�), MD3M (�), and MD4M (F), with compo-
sitions varying from zMM = 0...1. Calculated with Helmholtz energy equation of state [11].

exhibits non-ideal and non-classical gas dynamic effects.
The minimum value of Γ is calculated for binary mixture of MM with MDM,

MD2M, MD3M, and MD4M with varying compositions. Γ is calculated with the
Helmholtz energy model implemented in REFPROP [11]. Fig. 3.25 shows that the
value of Γmin increases non-monotonic with changing composition. The non- mono-
tonic behavior also increases with increasing molecular complexity between the pure
components in the mixtures, with the largest non-monotonic behavior for the binary
mixture MM–MD4M. Due to the non - monotonic behavior the largest value of Γmin
is obtained by a mixture of MM–MD4M around zMM ≈ 0.8. The variation of Γmin
with the mole fraction of a binary mixture, for any given composition, is always larger
than the molar fraction-averaged value of Γmin of the two pure components.

Fig. 3.26 presents the reduced speed of sound and compressibility factor at Γmin.
The speed of sound and compressibility factor also exhibit non-monotonic behavior,
similar to the value of Γmin. This non-monotonic behavior of the speed of sound
and compressibility factor also occurs at the critical point and along the dew curve
as is shown in Sections 3.6 and 3.6.1. This shows the relation between the non-
monotonic behavior of the critical point speed of sound and critical compressibility
factor and the value of Γmin. This can also be seen in Fig. 3.24 where the saturation
curve and consequently the position of Γmin in the v-P and T -P diagram is shifted
upon mixing. The temperature, pressure and specific volume at the point Γmin are
shown in Fig. 3.26. The temperature follows a non-ideal behavior for varying com-
position, similar to the critical point speed of sound. The temperature shows a small
non-monotonic behavior close to the less complex component, MM, in the mixture.
The specific volume follows non-linear behavior for MM with MDM, MD2M, and
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Figure 3.26: Reduced speed of sound and compressibility factor at the minimum value Γmin
along the dew curve. Evaluated for selected binary mixture combinations of MM with MDM
(•), MD2M (�), MD3M (�), and MD4M (F), with compositions varying from zMM = 0...1.
Calculated with Helmholtz energy equation of state [11].

MD3M, small non-monotonic behavior is observed for MM with MD4M. Notable
is the behavior of MM with MD2M and the specific volume of pure MD2M, which
is larger than the specific volume of pure MD3M. This notable behavior is also ob-
served in Fig. 3.26 for the speed of sound and critical compressibility factor, where
the value of pure MD2M is larger than for pure MDM. This has to be examined in
more detail to exclude a possible error in the equation of state used for the calculation
of pure MD2M. The same results for the non-monotonic behavior of Γmin and ther-
modynamic properties at Γmin are obtained for perfluorocarbons and alkanes, using
the Helmholtz energy model.

3.8 Conclusion

In this chapter the speed of sound of binary mixtures composed of linear siloxanes
and perfluorocarbons were investigated. The polytropic van der Waals model with
one fluid mixing rules was used to explore the qualitative effect of molecular forces
on the speed of sound of linear siloxane and perfluorocarbon binary mixtures. The
influence of attractive forces, repulsive forces, molecular complexity, and critical
properties of the mixture on the speed of sound were thoroughly analyzed.

Varying composition causes a non-monotonic behavior of the speed of sound with
a parabolic behavior, meaning a maximum of the speed of sound was observed for a
mixture of the pure components. This shows that the interaction between the com-
ponents in the binary mixture influences the speed of sound behavior and a mixture
has a larger speed of sound than the less complex pure fluid of the mixture. Increas-
ing the molecular complexity difference between the pure components increases the
non-monotonic behavior of the speed of sound.

The effect of the interaction between the pure components was clearly observed
in the attractive and repulsive forces. With varying composition the reduced attrac-
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Figure 3.27: Thermodynamic properties, temperature T , pressure P, and specific volume v at
minimum value Γmin along the dew curve. Evaluated for selected binary mixture combina-
tions of MM with MDM (•), MD2M (�), MD3M (�), and MD4M (F), with compositions
varying from zMM = 0...1. Calculated with Helmholtz energy equation of state [11].

tive and repulsive forces decreased, following a parabolic behavior with a minimum
at different compositions. This directly relates to the attractive and repulsive speed
of sound contributions. The attractive contribution has the largest influence on the
non-monotonic behavior of the speed of sound and is directly related to the critical
compressibility factor. It is shown that the non-monotonic behavior of the mixtures
speed of sound depends mostly on the critical compressibility factor. Combining
fluids decreases the attractive forces between the molecules in the siloxane mixture,
which resulted in an increase of the critical compressibility factor of the mixture to
unity and ideal gas behavior and therefore the speed of sound. This means that the
variation of the critical compressibility factor with changing composition of the mix-
ture gives a direct indication of the mixtures speed of sound behavior. For binary
mixtures of linear siloxanes the attractive force decrease and the critical compress-
ibility factor increase, causing the increase of the speed of sound upon mixing. This
showed that the molecules are acting more repulsively which decrease the compres-
sion of the molecules and increase the speed of sound. This indicates that combining
components with increasing attractive forces between the molecules upon mixing can
decrease the speed of sound.

A notable behavior between the binary mixtures of linear siloxanes and perfluo-
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rocarbons was observed. The critical pressure of the linear siloxane mixtures show a
non-linear behavior and for the perfluorocarbon mixtures a non-monotonic behavior.
Also, the repulsive mixture parameters show opposite trends between linear silox-
anes and perfluorocarbons, which directly affects the repulsive force contribution of
the speed of sound. This difference should be investigated in more detail in future
research to obtain a better understanding of the mixing rules and the combining of
different fluids within a mixture.

The van der Waals model with one fluid mixing rules is not accurate in the non-
ideal gas region and it underestimates the value of the speed of sound. The van
der Waals model gives only a qualitative reasonable approximation of the thermo-
dynamic properties. The accurate and state-of-the-art Helmholtz energy equation of
state was used to verify the non-monotonic speed of sound behavior for binary mix-
tures of linear siloxanes and perfluorocarbons. The non-monotonic behavior of the
critical compressibility factor was also verified by the Helmholtz energy equation of
state. The other critical properties also show qualitative good agreement with the van
der Waals model, except for the critical pressure of the linear siloxanes which ex-
hibits a non-monotonic behavior for the Helmholtz energy equation of state which is
not observed with the van der Waals model. This difference between the Helmholtz
energy model and van der Waals model should be investigated in more detail in fu-
ture research. A more in depth research would allow for a better understanding of
the influence of other molecular characteristics (e.g. polarity, acentricity, etc.) and
thermodynamic models on the mixture thermodynamic properties.

Finally, the effect of non-ideal mixing on the fundamental derivative of gas dy-
namics was investigated using the Helmholtz energy equation of state. The behav-
ior of Γ was analyzed for binary mixtures of linear siloxanes. The increasing non-
monotonic behavior by varying the composition of the mixtures is also occurring for
Γ. The dependence of the minimum value Γmin was investigated with varying com-
position. The non-monotonic behavior of Γmin also increases with increasing molec-
ular complexity between the components in the mixtures. Furthermore, the speed of
sound and compressibility factor also exhibit increasing non-monotonic behavior at
the position of Γmin. The value of Γmin of the mixture is always greater than the value
of Γmin of the most complex molecule in the mixture. This increasing non-monotonic
behavior is similar to the behavior of the speed of sound and compressibility factor
at the critical point. This shows that the change in critical properties upon mixing
directly relates to Γ and the capability of the fluid to exhibit non-ideal fluid dynamic
effects or non-classical gas dynamics effects. The same behavior was observed for
binary mixtures of perfluorocarbons and alkanes, indicating that the value of Γmin
always increases for mixtures of the same family.
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CHAPTER 4
BUBBLE-POINT MEASUREMENTS

AND MODELING OF LINEAR
SILOXANES BINARY MIXTURES

The content of this chapter is in preparation for publication:

L. Keulen, E. Mansfield, I. H. Bell, A. Spinelli, and A. Guardone. “Bubble-point
measurements and modeling of linear siloxanes binary mixtures”. In preparation
for submission to: Journal of Chemical and Engineering Data. 2018.
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BINARY MIXTURES

4.1 Introduction

The need for high quality thermophysical property data with thoroughly assessed
sources of uncertainty is of great importance [1]. The data measured are important
for the development of high accuracy equations of state for the prediction of the
thermophysical properties of a fluid over large ranges of temperature and pressure.
In turn, the predicted properties can be used for efficient design of power cycles as
well as other industrial processes like chemical manufacturing and air conditioning.
For the development of a reliable equation of state, vapor-liquid equilibrium (VLE)
and homogeneous density data are required. To obtain well established calculation
of caloric properties, isobaric heat capacity, and speed of sound data are required.

As mentioned VLE is a key thermophysical property and accurate VLE data
is necessary for model development of equations of state to predict thermophysi-
cal properties. Knowledge about the phase change of pure fluids and mixtures is of
paramount importance for the design and operation of industrial and research appli-
cations. Knowing the temperature and pressure at which these changes take place
allow for more efficient use of the fluid. To determine phase behavior of pure fluids,
temperature and pressure need to be measured, for mixtures it is also necessary to
know the composition of the mixture. The two main methods to determine VLE for
mixtures are the analytical and the synthetic method. They differ on how the com-
position of the equilibrium phases are determined. The analytical method involves
the analytical determination of the composition of the coexisting phases. In the an-
alytical method it is not necessary to exactly know the overall composition of the
mixture when the fluid is loaded into the equilibrium cell. The composition of the
coexisting phases of the mixture is analyzed with sampling using chemical analysis
or without sampling by using physiochemical methods of analysis inside the equilib-
rium cell. For the synthetic method, the mixture is prepared with a precisely known
composition and then the prepared mixture is loaded into the equilibrium cell and the
properties are measured in the equilibrium state. An extensive review about the ana-
lytical and synthetic methods for the measurements of VLE data is given by Fonseca
et al. [2].

The equipment for the bubble-point measurements used in this work is based on
the synthetic method, where a precisely known mixture composition is made gravi-
metrically offline. The synthetic method yields pressure, temperature, and liquid
composition data. Which in comparison with analytical instrumentation returns pres-
sure, temperature, liquid and vapor composition data. The synthetic methods allows
for more simplistic equipment design because the composition does not have to be
determined. Simpler equipment allows for the sources of uncertainty to be iden-
tified and accounted for in a way that analytical methods do not. By eliminating
sampling valves and composition determining instrumentation (e.g. gas chromatog-
raphy), which most analytical methods use [2, 3], the uncertainty in potential com-
position changes that occur when volume is removed from the system are eliminated.
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In addition, a double substitution weighing design to determine composition ensures
that the composition of the mixture is well known, extreme care in calibration of
pressure transducers is accomplished with a dead weight pressure balance, and tem-
peratures are calibrated using a three point calibration for highest precision [4]. These
measures ensure that the sources of uncertainty are well characterized.

In this work bubble-point pressure measurements of binary mixtures of linear
siloxane fluids are conducted. The obtained bubble-point pressure data are used to
improve the current equation of state for the binary mixtures of linear siloxanes by
modeling new mixture parameters. The measurements and modeling are performed at
the National Institute of Standards and Technology. Pure siloxane working fluids are
already prominent, successful working fluids for instance Organic Rankine Cycles
(ORCs). Mixtures of siloxanes are promising working fluids for ORCs [5]. The use
of ORCs as power cycles has increased significantly the last few decades and is now
a widely used technology for small to medium power generation. They are used in
many different applications, from industrial waste heat recovery to renewable energy
application, such as solar, biomass and geothermal energy [6–9]. For binary mixtures
of linear siloxane only one data set exists, which is conducted by Abbas [10], and no
binary mixture parameters have been modeled for these mixtures so far, prompting
the need for additional measurements and mixture modeling.

The structure of this work is as follows. Firstly, Section 4.2 describes the lin-
ear siloxane fluids measured and modeled in this work. In Section 4.3 the details
of the bubble-point pressure measurement equipment are given, describing the vari-
ous components of the apparatus and their specifications. Subsequently the mixture
preparation is elaborated as well as the procedure for the measurement of the bubble-
point pressure in Section 4.4. The data analysis consisting of the analysis of the vapor
quality in the equilibrium cell and the thorough uncertainty analysis is discussed in
Section 4.5. The results and discussion of the bubble-point measurements are pre-
sented in Section 4.6 and in addition an analysis of the impact of air impurity on
the bubble-point pressure is conducted. Section 4.7 treads the modeling of new bi-
nary interaction parameters for the Helmholtz energy model employing the measured
bubble-point pressures. Finally, in Section 4.8 concluding remarks and recommen-
dations for future research are given.

4.2 Materials

The fluids were obtained from commercial sources and used without further purifi-
cation, the stated manufacturer purity is listed in Table 4.1. The purity of the fluids
were measured through chemical analysis and these purities are reported in Table 4.1.

The purity of the fluids were determined through in house laboratory chemi-
cal analysis; for this purpose samples were taken and analyzed by High resolution
gas chromatography (HRGC) by using a gas chromatograph equipped with capil-
lary columns attached to a mass spectrometer (MS). Spectral peaks were interpreted
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Table 4.1: Measured and manufacturer determined purity of the components.

Chemical Chemical formula CAS number Manufacturer GC-MS

MM C6H18OSi2 107-46-0 > 99.4% 99.75 %
MDM C8H24O2Si3 107-51-7 > 99.7% 99.97 %
MD2M C10H30O3Si4 141-62-8 > 99.3% 99.81 %
MD3M C12H36O4Si5 141-63-9 > 98.0% 99.80 %

with guidance from the NIST/EPA/NIH Mass Spectral Database [11] and the Wiley
Registry of Mass Spectral Data [12]. The area of the spectral peaks with respect
to the largest area peak is obtained and the relative peak percentage is calculated to
determine the purity. Because the chemical analysis purities are given in relative per-
centage between the detected components, this percentage does not correspond to the
molar or mass fraction of each component. The chemical analysis allowed for the
quali-quantitative analysis of the fluids purity. More details about the apparatuses
used for the chemical analysis are given in Section 5.3.4.

4.3 Experimental apparatus

The schematic design of the experimental apparatus is shown in Fig. 4.1. The appa-
ratus design is based on an previous apparatus at the National Institute of Standards
and Technology [13]. The heart of the apparatus is the equilibrium cell constructed
of stainless steel and is of high thermal mass to maintain stable temperature con-
trol for the duration of the measurement. Temperature is measured using a standard
platinum resistance thermometer (SPRT) and pressure is measured using a calibrated
oscillating quartz pressure transducer maintained at a constant temperature of 313 K.

Heating and cooling is achieved through a two-stage system; the first stage is
formed by a copper sleeve immediately around the equilibrium cell providing direct
heat to the cell during the temperature ramp and trim heating once at the equilibrium
temperature up to 380 K. The second stage of the thermostat region consists of a cop-
per box around the equilibrium cell and also contains the majority of the valves and
tubing. The copper box provides consistent heating throughout the measurement to
ensure temperature effects from the room do not influence the cell during the mea-
surement. Cooling also occurs at the copper box by circulating cooling fluid from the
circulator system to reach temperatures down to 265 K.

4.3.1 Equilibrium cell

The cylindrical equilibrium cell houses the fluid undergoing the testing. The cell
is constructed from 316 stainless steel with an internal diameter of 22.2 mm, outer
diameter of 62.8 mm, and an internal length of 76.2 mm; the internal volume is
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Figure 4.1: Schematic diagram of the Vapor-Liquid equilibrium experimental apparatus:
pressure transducer vapor side (PTV), standard platinum resistance thermometer (SPRT),
valves (V), pneumatic valve (PV), sample vessel (E-1), waste vessel (E-2), cold trap (E-3),
vacuum pump (E-4).

approximately 30 ml. At each end, the cell has sapphire windows with a thickness of
12.8 mm and diameter of 31.6 mm so that the liquid level in the cell can be observed
and controlled as shown in Fig. 4.3. The windows are held in place by bolted flanges
and sealed with fiberglass impregnated polytetrafloroethylene (PTFE) gaskets on both
sides of the windows. The cell has four ports for 3.175 mm outer diameter tubing
connections to valves and the rest of the system.

4.3.2 Thermostat system

The first stage in the thermostat system is a 5.0 mm thick copper sleeve immediately
around the equilibrium cell. Flexible heaters on the copper sleeve allow for indirect
heating of the equilibrium cell. The copper sleeve is maintained at the equilibrium
set point temperature of the equilibrium cell.

The second stage in the thermostat system region is a copper box. The box is cen-
tered around the equilibrium cell and has an overall dimensions of 216.0 mm× 178.0
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Figure 4.2: Vapor-liquid equilibrium apparatus.

Figure 4.3: Equilibrium cell.
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Figure 4.4: Thermostat system.

mm × 140.0 mm and a wall thickness of 6.35 mm. The box is fitted with flexible
heaters as well as cooling coils for temperature control of the system. These heaters
are heated by providing electrical power during the heating phase and are controlled
to trim heating during the equilibrium phase to maintain a constant temperature.

For cooling, 9.5 mm outer diameter copper tubing has been brazed to the top and
bottom of the box in a serpentine configuration for circulation of cooling fluid when
the system is running at sub-ambient temperatures. The cooling fluid is a mixture
propylene glycol and water and is circulated by a pump embedded in the thermal
bath.

The copper box is contained in a framed aluminum box. Both the inside of the
copper box and the area between the copper and aluminum boxes are filled with min-
eral wool insulation. The thermostat system is capable of maintaining the equilibrium
set-point temperature (as measured by the main SPRT) within ±5 mK.

4.3.3 Temperature system

Temperature is measured in the wall of the equilibrium cell using a SPRT. The SPRT
was calibrated using the fixed-point cells and the procedures outlined by Preston-
Thomas [4]. Calibration points are a gallium melting point cell (302.9146 K) and
the freezing point cell of indium (429.7485 K), each kept in their own thermostat
or furnace. A water triple-point cell (273.16 K) was used as the final temperature
calibration. The uncertainty for the temperature standards ranges from 0.2 mK K to 2
mK. All calibration points were measured using the multimeter used within the VLE
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apparatus. The copper box is maintained at ±3 K below the equilibrium set-point
temperature of the equilibrium cell. Because an accurate temperature measurement
is not necessary for the copper box, the temperature is monitored with a ceramic
resistance temperature detector (RTD) fitted to the inner portion of the copper box
and recorded using a multimeter equipped with a scanning card.

4.3.4 Pressure system

The pressure of the system is measured by using an oscillating quartz-crystal pressure
transducer (PT) in the vapor phase in the equilibrium cell. The PT has a range up
to 700 kPa and is located outside the copper box 50 mm above the center of the
equilibrium in an aluminum housing. The PT is calibrated with a NIST-traceable
dead-weight pressure gauge at 313 K. The manufacturer stated the uncertainty as
0.01% of full range, equating to 0.07 kPa. However, with regular calibration and
maintaining the PT at a constant temperature (313 K) during pressure measurements,
the uncertainty can be reduced to 0.005% of the full range, equating to 0.035 kPa. As
a conservative estimate of pressure uncertainty, the manufacturer’s recommendation
of 0.01% of the full range is used. The pressure was monitored using transducer
readouts coupled with the acquisition system and computer.

The PT is kept at a constant temperature of 313 K during all pressure measure-
ments of the experiment. The heating of the PT is done via flexible heaters on the
aluminum box housing the PT. The temperature control of the aluminum housing
is achieved with a commercially available controller that monitors the temperature
using a type K thermocouple.

4.3.5 Additional equipment

All tubing between the equilibrium cell, valves, and pressure transducer is 3.2 mm
outer diameter stainless steel tubing. The sample is loaded into the equilibrium cell
from the stainless steel sample cylinder E-1 of 300 ml coupled to the apparatus. The
three-way valve V-3 was placed between the sample loading tube and the system
in order to be able to isolate the loading area and evacuate all the tubing and the
equilibrium cell. The valve V-2 between the three-way valve V-3 and the equilibrium
cell is used to load the sample through the top port of the equilibrium cell. The
port on the bottom of the equilibrium cell is coupled to a pneumatic valve PV. The
pneumatic valve PV is used to evacuate fluid from the equilibrium cell, to regulate the
liquid level, and acts as a safety mechanism to prevent over-pressurizing the system.
The pneumatic valve PV is controlled via the computer and the opening time of the
pneumatic valve PV can be varied. The outlet of the pneumatic valve PV is connected
to a three-way valve V-4 which is then connected to a stainless steel cylinder for waste
collection E-2 and the vacuum system consisting of the cold trap E-3 and vacuum
pump E-4. The system can be isolated from the vacuum system through valve V-
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8. The vapor phase pressure transducer PTv is connected with the equilibrium cell
through valve V-1.

All tubing and connections are verified to be sealed with pressurized helium and
under vacuum. The vacuum pump equipped with a cold trap is used to evacuate
the entire system, including the equilibrium cell, tubing and waste cylinder prior to
loading the sample.

4.3.6 Electronics and acquisition system

The apparatus data acquisition program monitors the temperature and pressure, con-
trols the power supply for heating, the circulator for cooling, and the pneumatic valve.
The program runs an automated loop of a temperature queue set for the test.

Below 300 K, the temperature control program turns on and set the temperature
of the the circulatro, and the heating system is used to shim the temperature and pro-
vide stability. Above 300 K, the equilibrium cell is heated by the heating system.
The temperature control program is a Proportional-Integral-Derivative (PID) routine.
Two independent PID controllers are used for controlling the two heating stages, i.e.
the copper sleeve and the copper box. In a feedback loop, the PID controller de-
termines the necessary voltage to reach and then maintain the set-point temperature.
The voltage information is transmitted via an IEEE 488 interface to programmable
power supplies that power the heaters of the copper sleeve and copper box.

The pressure transducer data is monitored through an USB-to-Serial connection.
Calibrations are used to update the pressure transducer coefficients prior to utiliz-
ing the pressure transducer in the equilibrium apparatus. The SPRT and RTD are
monitored using a multimeter with a scanning card. Temperature and pressure mea-
surements are recorded every 90 seconds.

Equilibrium in the cell is determined by monitoring the temperature. Once suf-
ficient stability is achieved, as defined by tunable convergence criteria, the system
is maintained at the equilibrium temperature for 8 hours to ensure equilibrium be-
tween the liquid and gas phase is achieved. After the 8 hours equilibrium hold the
bubble-point pressure and temperature data is collected for 15 minutes. The collected
15 minutes of bubble-point pressure and temperature data are averaged and recorded
as one equilibrium point. After the data collection is completed the software sets
the next set-point temperature in the queue and starts heating and the measurement
process starts again.

Several safety checks for the system are incorporated into the software. Temper-
ature and pressure limits are set to initiate a safety stop on the system if the system
temperature exceeds 410 K or if the pressure reaches 670 kPa; pressures above 670
kPa can damage the pressure transducer. If the safety limits are reached, all heating
of the system is stopped. The system could potentially over-pressurize if the vapor
phase bubble disappears and a compressed liquid is formed inside the equilibrium
cell. If this happens, the pressure rise will trigger the program to open the pneumatic
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valve and release a small volume of sample into the waste line. If the pneumatic valve
cannot compensate the pressure increase by releasing liquid, a safety stop is initiated
and all heating ceases. The pneumatic valve can also be triggered manually through
the software to control the bubble size.

4.4 Measurement procedure

The measurement procedure is divided into two parts: the preparation of the mixture
sample and the bubble point measurement.

4.4.1 Mixture preparation

The mixtures are prepared gravimetrically in sealed 300 ml stainless steel cylinders.
Mixtures are prepared with the goal of filling the sample cylinder with approximately
280 ml of liquid at the target composition, at ambient temperature. After the weigh-
ing of the empty cylinder, the first component is added to the cylinder. In this work
MM is always loaded as the first component. After the first component is loaded,
the vessel is closed and the vapor space is degassed by freezing the fluid in liquid
nitrogen and evacuating the head space. After evacuation, the cylinder is heated to
drive impurities in the liquid into the vapor space. This cycle of freezing/evacuat-
ing/heating/thawing is repeated at least three times and a maximum of fifteen times,
depending on each sample to allow for a complete degassing of the sample. After
completion of degassing the cylinder is weighted to determine the amount of fluid
of the first component. Next, the second component is added into the vessel and the
cycle of freezing/evacuating/heating/thawing is repeated and the completed mixture
is weighted to determine the total amount of the second component.

The weighing of the sample cylinder is conducted following the double substitu-
tion weighing design of Harris et al. [14]. A balance with a precision of 0.1 mg is
used in the preparation of the mixture. Measurement of the mass of the empty cylin-
der and each component consists of weighing four masses: (1) a reference cylinder
of approximately the same mass and volume as the empty sample cylinder, (2) the
sample cylinder, (3) the sample cylinder plus a 20 g sensitivity weight, and (4) the ref-
erence cylinder plus the 20 g sensitivity weight. This weighing sequence is repeated
four times for each mass determination. The density of ambient air is calculated based
on measurements of temperature, pressure, and relative humidity, and the weighings
are corrected for the effects of air buoyancy [15]. The uncertainty of the measured
mixture composition is discussed in detail in Section 4.5.2.

4.4.2 Bubble-Point measurement

The system is evacuated and then cooled to 265 K. The sample cylinder is heated for
15 minutes to an estimated temperature of 313 K. The heating is performed to pro-
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mote convection mixing in the vessel and ensure the sample is adequately mixed and
homogenized prior to loading into the equilibrium cell which is under vacuum. The
sample is loaded by opening the sample valve and allowing the liquid mixture sam-
ple to flow gravimetrically and by the temperature difference into the the equilibrium
cell. Because the loading volume is very limited and the linear siloxanes mixtures
have a very low vapor pressure, the sample remains in the liquid phase during the
loading procedure, in this way bubble point measurements on a sample of fixed com-
position are obtained. The equilibrium cell is filled completely, with the exception
of a small vapor space called the "bubble" at the top of the cell. The bubble is kept
as small as possible to ensure the vapor composition and bulk liquid composition are
equivalent when the system reaches equilibrium. Prior to loading, the vacuum pres-
sure is recorded and measured pressures have been adjusted to reflect any offset. Due
to the low vapor pressure of siloxanes, a small contamination of air can have a large
impact on the measurement as elaborated in Section 4.6.1. If necessary, the fluid can
be degassed in situ by applying vacuum to the vapor phase of the equilibrium cell.
The change in composition of the mixtures by applying vacuum to the vapor space is
elaborated in Section 4.6.2.

Pressure measurements are recorded in the range between 270 K and 380 K, with
increments of ∆T = 5 K or ∆T = 10 K. As the cell temperature is increased the liquid
inside expands and it is necessary to periodically release a small amount of liquid via
the pneumatic valve to maintain a vapor space on the top of the cell. When and in
what amount liquid needs to be released depends on the sample and it is monitored
and determined by the operator by checking the vapor space after every temperature
increase.

Under this measurement protocol, attempts are made to ensure that the most ac-
curate bubble points of the sample are measured, though several assumptions are
made. These assumptions include: (i) the liquid composition in the cell is equal to
the bulk composition of the mixture in the sample bottle and no composition change
occurs during filling [13], (ii) during degassing of the equilibrium cell vapor space
no change of the liquid bulk composition occurs, and (iii) by loading the equilibrium
almost full of liquid, leaving only a very small vapor space, the pressure of the vapor
phase equals the bubble-point pressure of the liquid composition at a given tempera-
ture; this is analyzed in Section 4.5.1.

4.5 Data Analysis

All processing of the data and uncertainty calculations are performed using an in-
house analysis software. Modeling of the data analysis is performed using the ther-
modynamic model implemented in computer program REFPROP [16]. Due to the
absence of binary interaction parameters for the Helmholtz energy equation of state
for the mixture measured in this work the Peng-Robinson equation of state from
REFPROP is used for the data analysis.

81



i
i

“Main_Thesis” — 2018/1/15 — 19:55 — page 82 — #92 i
i

i
i

i
i

CHAPTER 4 BUBBLE-POINT MEASUREMENTS AND MODELING OF LINEAR SILOXANES
BINARY MIXTURES

Figure 4.5: Vapor bubble and liquid phase inside equilibrium cell.

4.5.1 Vapor quality equilibrium cell

The vapor quality in the equilibrium cell is determined by an analysis of the vapor
bubble and the use of the void fraction ε to characterize the two-phase regions. The
analysis is carried out in order to justify the assumption that the measurements are
performed at the bubble point. This analysis provides an indication of the change
in vapor quality with vapor bubble size and temperature increase through estimated
properties using the thermodynamic model.

A cross section area of the equilibrium cell is shown in Fig. 4.6, here the dark gray
area Av represents the vapor bubble within the cell. The cross-section void fraction is
defined as [17]

ε =
Av

Av +Al
, (4.1)

where Av is the cross-sectional area of the cell occupied by the vapor phase and Al
the area of the liquid phase. The areas of the vapor and liquid phase are calculated
through trigonometry. The geometric parameters are defined as

r = h+ t s = rθ , (4.2)

t =
1
2

√
4r2−a2 a = 2

√
h(2r−h), (4.3)

where r is the radius of the cell, a the chord length, s the arc length, h the height of
the vapor bubble and r the height of the triangular portion. From this the angle θ can
be calculated from

θ = 2sin−1
( a

2r

)
. (4.4)
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Figure 4.6: Geometric evaluation void fraction of the equilibrium cell. ε is the void fraction,
Av is the cross-sectional area of the cell occupied by the vapor phase, Al the area of the
liquid phase, r the radius of the cell, a the chord length, s the arc length, h the height of the
vapor phase, and t the height of the triangular portion. Left) Schematic cross-section of the
equilibrium cell. The dark gray area represents the vapor phase within the equilibrium cell.
Right) Void fraction vs. height vapor phase over equilibrium cell radius.

The area of the light gray triangle A′l and the dark gray vapor bubble sector Av is

Asector =
1
2

r2
θ . (4.5)

Subtracting the light gray triangle from the total area sector gives the area of the
vapor phase; the area of the liquid phase is then calculated by subtracting the vapor
phase area from the total cell area

Av = Asector−
1
2

at, (4.6)

Al = Acell−Av. (4.7)

With the area of the vapor and liquid phase determined, the void fraction can be
calculated and the void fraction versus the vapor bubble height over the cell radius
is shown in Fig. 4.6. This calculation of the quality using the void fraction is purely
geometric in nature.

When the void fraction is known, the vapor quality, q, can be calculated as follows

q =
ερv

ρl (1− ε)+ρvε
, (4.8)

ρl = ρ (T, q = 0, z̄ = z̄bulk) , (4.9)
ρv = ρ (T, q = 0, z̄ = z̄bulk) , (4.10)
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Figure 4.7: Vapor quality plotted against vapor bubble height over cell radius at T = 270
K for three compositions of each mixture of MM with MDM, MD2M, and MD3M. The
figures show three different compositions for each mixture, mole fractions of MM is shown
respectively by the solid line 25 mol% (−), dashed line 50 mol% (−−), and dotted line 75
mol% (· · · ).

here ρv and ρl are the vapor and liquid density of the mixture respectively and z̄bulk
the bulk composition of the mixture. As an assumption, the densities of the liquid
and vapor phases are calculated using the thermodynamic model at the bubble-point;
because the fluid is close to the bubble-point this assumption is reasonable.

The change in vapor quality with increasing vapor bubble size is shown in Fig. 4.7
for mixtures of MM with MDM, MD2M, and MD3M. The vapor quality increases
with larger vapor bubble size; mixtures with a larger fraction of MM show a steeper
increase of the vapor quality. The vapor quality increase is very small; for all mixtures
the vapor quality is less than 1×10−4 when the vapor phase occupies half of the cell.

The average height h of the vapor bubble is estimated by observation of the vapor
bubble in the equilibrium cell after loading the mixture in the system as shown in
Fig. 4.5, the average height of the vapor bubble is set at h = 3 mm. Fig. 4.8 presents
the calculated vapor quality for mixtures of MM with MDM, MD2M, and MD3M
and height h = 3 mm at the temperature range used for the measurements of the
bubble-points. The vapor quality increases with increasing temperature and again the
mixture with a larger fraction of MM shows a steeper increase. For all temperatures
and mixtures the vapor quality remains below q = 8×10−4.

As shown in Figs. 4.7 and 4.8 the vapor quality increase for larger bubble sizes
and increasing temperature is small and the assumption is plausible that, by keeping
the vapor bubble small, the bubble point of the mixture is measured.

4.5.2 Uncertainty analysis

The uncertainty is calculated by standardized measurement uncertainty principles
[18]. The expanded uncertainty for the bubble-point measurements is calculated by
the root-sum-of-squares method [19], taking into account five principle sources of
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Figure 4.8: Vapor quality plotted against temperature at cell radius r = 11.1 mm and vapor
bubble height h = 3.0 mm for three compositions of each mixture of MM with MDM, MD2M,
and MD3M. The figures show three different compositions for each mixture, mole fractions
of MM is shown respectively by the solid line 25 mol% (−), dashed line 50 mol% (−−), and
dotted line 75 mol% (· · · ).

uncertainty: (i) temperature, (ii) pressure, (iii) sample composition, (iv) loading cor-
rection and (v) measurement repeatability.

(i) Temperature correction: The standard platinum resistance thermometer (SPRT)
is calibrated regularly. The SPRT was calibrated against the triple points of
mercury and water and the freezing point of indium. The standard combined
uncertainty in the temperature measurements is determined from the uncer-
tainties in the SPRT, the multimeter to read the SPRT, the calibration, and the
possible temperature gradient between the equilibrium cell and the SPRT. The
total uncertainty from all sources is estimated to be 0.03 K. A pressure differ-
ence is calculated using the thermodynamic model and estimated at the bubble
point (q = 0) between the experimental measured temperature and 0.03 K from
the experimental measured temperature. This pressure difference is taken into
account as the temperature uncertainty

uT = Pcalc
(
T = Texp, q = 0, z̄ = z̄bulk

)
−

Pcalc
(
T = Texp +0.03 K, q = 0, z̄ = z̄bulk

)
.

(4.11)

(ii) Pressure transducer: The quartz-crystal pressure transducer (PT) was cali-
brated with a NIST-traceable piston gauge. The manufacturer stated uncer-
tainty of the PT is 0.01% of the 700 kPa full range. Through regular calibra-
tion and temperature control uncertainties of better than those stated by the
manufacturer can be achieved. However, a conservative estimate of the pres-
sure uncertainty is used in the overall pressure uncertainty of the bubble-point
pressure reported here, namely

uPT = 0.07 kPa. (4.12)
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(iii) Sample composition: The uncertainty in the sample composition is two-fold.
First, there is an uncertainty in the gravimetric preparation of the sample. This
is reported as the uncertainty in the mole fraction of the sample components for
each sample. There is also an uncertainty in the composition due to entrained
air in the mixture, which can have a significant impact on the total uncertainty
at low pressures. Because of the low bubble point pressure of the siloxane flu-
ids, the air impurity was found to have a large influence on the uncertainty. To
account for the possibility that the degassing of the samples was not complete,
a calculation is carried out in order to approximate the air content in the sam-
ple, this procedure is described in detail in Section 4.6.1. As there are no data
to represent the effect of air in these mixtures, the partial pressure of nitrogen
was used to represent the uncertainty due to air impurities and is calculated as
follows:

ρN2 =
zN2ntotal

Vvessel
, (4.13)

uair = PN2

(
T = Texp, ρ = ρN2

)
, (4.14)

where zN2 is the mole fraction of air impurity. The mole fraction is determined
following the procedure in Section 4.6.1 for all samples. The maximum air
impurity estimated of all samples is taken as the air impurity and set at 0.005
mol% (50 ppm). ntotal is the total number of moles of the mixture and Vvessel is
the volume of the sample vessel.

(iv) Loading correction: Typically, the equilibrium cell is loaded only one time
from a gravimetrically prepared cylinder. In the case in which a second sample
is loaded from the same sample vessel, a calculation is performed to account
for the uncertainty in sample composition. The composition of the liquid trans-
ferred to the cell during the second loading process is calculated by determining
the composition of the liquid phase in the sample bottle at ambient tempera-
ture (298 K). The difference between the calculated pressure at the reported
bulk composition of the mixture and the pressure at the calculated liquid phase
composition determined at the experimental temperature is considered to be
the uncertainty due to the reloading procedure and given as follows:

x̄liquid = x(T = 298 K, ρ298 K, z̄ = z̄bulk) , (4.15)

Pliquid = P
(
T = Texp, q = 0, z̄ = x̄liquid

)
, (4.16)

Pbulk = P
(
T = Texp, q = 0, z̄ = z̄bulk

)
, (4.17)

uloading = Pbulk−Pliquid. (4.18)

(v) Repeatability: The repeatability of the bubble-point measurement is deter-
mined as the standard error of the sample mean from the pressures measured
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during the 15 minute equilibrium measurement period as described in Sec-
tion 4.4. The standard error of the mean is the sample standard deviation di-
vided by the square root of the sample size as [20].

urepeatability =
σ (Pmeasured)√

n
. (4.19)

The overall combined uncertainty for each point is calculated by taking the root
sum of squares of the pressure equivalents of the temperature correction, pressure
transducer, air impurity, loading correction, and repeatability,

u(P) = k
√

u2
T +u2

PT +u2
air +u2

loading +u2
repeatability. (4.20)

The total uncertainty is multiplied by two (coverage factor, k = 2) and is reported
as the uncertainty in pressure as well as relative uncertainty in percentage for each
bubble point measurement. The relative uncertainty is defined as the total uncertainty
divided by the measured bubble-point pressure.

4.6 Experimental results and discussion

Bubble-point measurements were made on three compositions of each mixture of
MM with MDM, MD2M, and MD3M. In all the mixtures, MM was present in ap-
proximately 25 mol%, 50 mol% and 75 mol% of the total mixture. The pressure
vs. temperature data for each mixture, as well as the relative pressure uncertainty
for each are given in Fig. 4.9. The tabulated results can be found in Tables 4.A.1
to 4.A.3. For all of the mixtures, the reported uncertainties are largest for the lowest
temperatures (below 320 K). At the lowest temperatures, the pressures are extremely
low (below 10 kPa absolute) and, in some cases, below the uncertainty limit of the
pressure transducer. Although the uncertainties at low temperatures are high the data
are still included here; the data will be weighted differently according to the uncer-
tainty for the fitting of the binary interaction parameters. The only data for binary
mixtures of MM + MDM from Abbas [10] is plotted as comparison and good agree-
ment is obtained with the experimental data of this work. A detailed comparison is
not possible because of the absence of an uncertainty analysis by Abbas [10].

As seen in Fig. 4.9 the uncertainties are large for low temperatures. The individ-
ual relative uncertainties for the mixture of MM 24.5 mol% + MD3M 75.5 mol% is
plotted in Fig. 4.10 as an example to observe the impact of the individual uncertain-
ties on the combined uncertainty of Eq. (4.20). The individual uncertainties do not
include the coverage factor (k = 2). As can be noticed in Fig. 4.10, the uncertainty
of the air impurity has the largest impact, followed by the uncertainty of the pressure
transducer. Because of this large effect of the air impurity a detailed discussion is
given in the next section.
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Figure 4.9: Bubble-point data for binary mixtures composed of MM with MDM, MD2M, and
MD3M. Left) Pressure vs. temperature data for each mixture composition with experimental
data (�,H,•) and literature data from Abbas [10] (◦). Right) Relative uncertainty in pressure
vs. temperature.
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Figure 4.10: Individual relative uncertainties vs. temperature for the binary mixture MM 24.5
mol% + MD3M 75.5 mol%.

4.6.1 Air impurity

Air impurities and non-condensable gases have a large effect on systems with a low
vapor pressure and causing complication for accurate and reliable measurements. To
remove air impurities and non-condensable gases the first samples of each mixture
of MM with MD3M were degassed three times, in a similar fashion to the degassing
employed by Outcalt et al. [21] and Mansfield et al. [22]. The bubble-point pressures
measured of the three times degassed samples show a large deviation from the pre-
dicted bubble-point pressure presented in Fig. 4.11 for a binary mixture of MM with
MD3M with approximately 25 mol%, 50 mol%, and 75 mol% of MM. The final set
of samples for binary mixtures of MM and MD3M was degassed for a minimum of
fifteen times and additionally a vacuum was applied to the vapor phase in the equi-
librium cell to remove impurities (see Section 4.6.2). A large decrease in pressure is
obtained between degassing three and fifteen times as shown in Fig. 4.11.

The effect of air on the binary mixtures is qualitatively estimated by fitting the
molar composition of nitrogen in a ternary mixture of MM, MD3M, and N2 to the
measured bubble point pressure at 270 K using the Peng-Robinson equation of state
in REFPROP [16] with ki j = 0. The molar composition of the ternary mixture is
normalized so that the sum of the molar fractions equals one. The normalized molar
composition for the ternary mixture of MM, MD3M, and N2 is then used to calculate
the bubble-point pressures over the range of measured temperatures using the Peng-
Robinson equation of state with kij = 0; these results are plotted in Fig. 4.11. The
calculated bubble-point pressures show good agreement with the measured bubble-
point pressures for the samples of all three compositions. Using Peng-Robinson as an
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estimate, the molar composition of nitrogen decreases by a factor of approximately
two orders of magnitude between degassing three and fifteen times from the order of
100 ppm to 1 ppm.

Though this is a qualitative estimation of the amount of nitrogen in the sample,
it shows the significant impact of N2 on the bubble-point pressure of the linear silox-
anes at low temperatures, which is also confirmed by the high uncertainty shown in
Fig. 4.9. Great care should be taken when measuring fluids with low vapor pressure
to ensure the air and non-condensable gases are removed from the system.

4.6.2 Degassing vapor phase equilibrium cell

Besides the degassing cycles described in Section 4.4.1, evacuation of the vapor phase
in the equilibrium cell is also applied to ensure the removal of non-condensable im-
purities.

The evacuation of the vapor space is conducted by evacuating the line between
valve V-2 and V-3 in Fig. 4.2 through the vacuum pump. When a vacuum is applied
to the line, valve V-3 is closed; subsequently V-2 is opened to evacuate the vapor
space. After the evacuation valve V-2 is closed and the evacuation cycle is repeated.

The change in composition of the mixture by evacuating the vapor space of the
equilibrium cell has been analyzed using the Peng-Robinson equation of state and a
ternary mixture of the binary mixture components and nitrogen. First the quality q
and void fraction ε of the mixture is determined using the void fraction procedure
described in Section 4.5.1. The volume of the liquid and vapor phase is estimated
with the equilibrium cell volume Vcell and the void fraction

Vl = (1− ε)Vcell, (4.21)
Vv = εVcell, (4.22)

where Vl and Vv are the volume of the liquid and vapor phase in the equilibrium cell
respectively.

Next, the liquid phase mole fraction and liquid phase density are estimated using
the composition of the ternary mixture and the quality

x̄l = x(T, q, z̄), (4.23)
ρv = ρ(T, q, z̄), (4.24)

where T is the temperature, z̄ the molar composition of the the ternary mixture, x̄l the
liquid phase molar composition, and ρl the molar density of the liquid phase. The
total number of moles in the liquid phase is calculated with the liquid phase volume
and molar density of the liquid phase

nl,total = ρlVl, (4.25)
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Figure 4.11: Effect of nitrogen on bubble-point pressure for preliminary experimental results
of binary mixtures of MM and MD3M for three compositions and calculated bubble-point
pressures with Peng-Robinson equation of state for ternary mixtures of MM, MD3M, and
nitrogen. Three times degassed samples are shown with square blue markers (�), fifteen
times degassed sampled and evacuation of the vapor space are shown with round red markers
(•). The dotted blue line (· · · ) estimates three times degassed sample, dashed red line (–)
estimates fifteen times degassed sample, and full black line (–) estimates binary mixture of
siloxanes without impurities.
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where nl,total is the total number of moles in the liquid phase. The number of moles of
each component in the liquid phase is calculated using the liquid phase mole fraction
and the total number of moles

nl,i = xl,inl,total, (4.26)

where nl,i is the number of moles of component i in the ternary mixture and xl,i the
mole fraction of component i.

Assuming all the molecules in the vapor phase are evacuated from the equilib-
rium cell, the remaining components are in the liquid phase and the new mixture
composition zi,new is estimated as follows

zi,new =
nl,i

nl,total
. (4.27)

By using the new mixture composition zi,new as the ternary mixture composition
z̄ the change in composition for the following evacuation cycle can be determined by
repeating the procedure described above.

An example of composition and pressure change by evacuating the vapor space
is shown in Fig. 4.12 for a mixture of MM 25 mol%, MDM 75 mol%, and a nitrogen
impurity taken as 50 ppm. The molar composition is normalized so the sum of the
molar fractions equals one and is given as z̄ini. The calculations are performed at a
temperature of 270 K, a total of 16 evacuation cycles, and the equilibrium cell volume
of Vcell = 30 ml. As seen in the figure the change in composition ∆zi = zi,new− zi,ini is
on the order of 10−5 for all components in the mixture which is on the same order of
magnitude as the composition uncertainty of the mixture. The pressure of the mixture
decreases proportional to the change of the nitrogen molar fraction and shows an
exponential decay with increasing evacuation cycles.

The estimated decrease of pressure by evacuating the vapor phase in the equilib-
rium cell is compared with experimental data of the evacuation. The initial compo-
sition of nitrogen is estimated by fitting the molar fraction of nitrogen in the ternary
mixture to the average pressure and temperature of the cell prior to the first evac-
uation. Following each evacuation the pressure is calculated and compared to the
measured pressure. Fig. 4.13 shows the pressure decrease for the evacuation cycle
of two mixtures of MM and MDM and the calculated pressure decrease. It can be
observed that the measured pressure also shows an exponential decrease in pressure
and qualitative agreement with the calculated pressures.

4.7 Modeling mixture parameters

The thermodynamic properties of the mixture are modeled using the the multipa-
rameter mixture model based on the Helmholtz energy model [23]. Because it is
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Figure 4.12: Analysis composition change by evacuating vapor space equilibrium cell. Left)
Composition change for mixture of MM 25 mol%, MDM 75 mol% and nitrogen vs. evac-
uation cycles of the vapor phase. Right) Pressure change and nitrogen molar fraction vs.
evacuation cycles of the vapor phase.
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a Helmholtz based model all properties can be obtained from derivatives of the
Helmholtz energy [24]. The pressure of the mixture can be obtained from

P = ρRT
(

1+δ
∂α r

∂δ
(τ,δ , z̄)

)
. (4.28)

Other thermodynamic properties like, enthalpy, entropy etc., can be obtained in
a similar fashion. The non-dimensional residual Helmholtz energy α r is expressed
in terms of the reduced density δ = ρ/ρr(z̄) and reciprocal reduced temperature τ =
Tr(z̄)/T where z̄ is the bulk composition of the mixture. The reducing parameters
ρr(z̄) and Tr(z̄) contain the binary interaction parameters described herein and are
fitted for the linear siloxane mixtures.

The binary mixture parameters of the multi-fluid Helmholtz energy equation of
state are fitted using the bubble-point measurements given in Section 4.6. The critical
point properties and molecular weight of the pure fluids under consideration are listed
in Table 3.1. The pure fluids state-of-the-art coefficients for the Helmholtz energy
equation of state for MM, MDM, and MD2M are defined by Thol et al. [25] and Thol
et al. [26], the state-of-the-art coefficients for MD3M are derived by König et al. [27].

The reduced mixture parameters τ and δ are calculated from Eq. (2.46) through
the composition-dependent reducing function for mixture density and temperature.
The reducing parameters for the mixture, Tr and 1/ρr can then be given in common
form

Yr (z̄) =
C

∑
i=1

z2
i Yc,i +

C−1

∑
i=1

C

∑
j=i+1

2ziz j
zi + z j

β 2
Y,i jzi + z j

Yi j, (4.29)

where Y represents the parameter of interest, with the parameters Tr and 1/ρr defined
by the expressions in Table 4.2.

Table 4.2: Reducing parameters for Helmholtz energy equation of state.

Yr Yc,i βY,i j Yi j

Tr Tc,i βT,i j βT,i jγT,ij (Tc,iTc, j)
0.5

1
ρr

1
ρc,i

βv,i j βv,i jγv,i j
1
8

 1

ρ
1/3
c,i

+
1

ρ
1/3
c, j

3

The binary mixture parameters βv,i j, γv,i j, βT,i j, and γT,i j are fitted to experimental
data for binary mixtures. These mixture reducing models are weighting functions of
the critical properties of the pure fluids that form the mixture based on quadratic mix-
ing rules and the combining rules of Lorentz-Berthelot [28]. The reducing parameters
obey the following relations:

γv,i j = γv, ji, γT,i j = γT, ji,

βv,i j = 1/βv, ji, βT,i j = 1/βT, ji.
(4.30)
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The γ parameters are symmetric, while the β parameters are not symmetric, so
the order of fluids in the binary pair must be handled carefully when implementing
the binary interaction parameters.

The binary interaction parameters for binary mixtures of MM with MDM, MD2M,
and MD3M are fitted. The departure function ∆αr(δ ,τ, z̄) in Eq. (2.48) is not applied,
due to insufficient experimental data to use the departure function. For the fitting of
the departure function a relatively large amount of accurate experimental data for
thermal and caloric properties is needed (e.g. VLE, homogeneous density, isobaric
specific heat, and speed of sound data)[29]. For the fitting, a total of four adjustable
binary interaction parameters are considered: βv,i j, γv,i j, βT,i j, and γT,i j. Considering
the limited data set available, the parameters fitted here are βT,i j and γT,i j because
these parameters have the strongest impact on the prediction of the bubble-points and
can generally be fit with a relatively small data set. The parameters βv,i j and γv,i j are
set to unity.

The fitting algorithm developed by Bell et al. [24] together with REFPROP [16]
are used for the fitting and optimization of the binary interaction parameters for the
multi-fluid Helmholtz energy equation of states. To take into account the uncertainty,
which is high at low temperatures as shown in Section 4.6, the algorithm of Bell
et al. [24] has been adjusted by weighing the signed error vector using the relative
uncertainty. The weighted error vector is calculated as

~eS =
~Pexp−~Pcalc

~Pexp
· 1
~urel (P)

×100% =
~Pexp−~Pcalc

~uexp (P)
×100%, (4.31)

where ~Pexp is the measured bubble-point pressure, ~Pcalc is the calculated bubble-point
pressure as a function of the given bubble-point temperature and bulk mole fraction,
and~urel =~uexp (P)/~Pexp is the uncertainty of the measured bubble-point pressure. The
weighted signed error vector affects the objective function, which is being minimized
to find the optimal binary interaction coefficients through the root-sum of squares
error metric. By weighing the error vector with the relative uncertainty, points with
high uncertainty contribute less to the overall error.

The totality of the available bubble-point data measured in this work is used to fit
the binary interaction parameters with the updated optimization approach using the
fitting algorithm of Bell et al. [24] and weighing the signed error vector using the
relative uncertainty as shown in Eq. (4.31). The fitted binary interaction parameters
for the three binary mixtures are listed in Table 4.3.

The binary interaction parameters are implemented to determine deviations of
the measured bubble-point pressure from the equation of state. The results for the
binary mixture of MM with MDM, MD2M, and MD3M are presented in Fig. 4.14,
where the left figure shows the deviations with estimated parameters by REFPROP
(the paramters are estimated because no binary interaction parameters are available
for these mixtures) and the right figure the deviation with the newly fitted binary
interaction parameters from Table 4.3.
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Table 4.3: Binary interaction parameters for multi-fluid Helmholtz energy equation of state.

Mixture βT,i j γT,i j βv,i j γv,i j

MM + MDM 1.001960 1.007571 1.0 1.0
MM + MD2M 1.003621 1.023157 1.0 1.0
MM + MD3M 0.999076 1.040436 1.0 1.0
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Figure 4.14: Deviation between experimental and calculated values as a function of temper-
ature of MM with MDM, MD2M, and MD3M for the Helmholtz energy equation of state.
Left) Estimated binary interaction parameters by REFPROP. Right) Fitted binary interaction
parameters listed in Table 4.3.
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Deviations from the estimated parameters by REFPROP range from as high as
+20% for the low temperatures to -10% for the high temperatures for mixtures of
MM and MDM. With the new binary interaction parameters the deviations increased
for the low temperatures up to 35%, for high temperatures (above 320 K) the de-
viations drop to less than 10% for all compositions. The deviation increase at low
temperatures is due to the weighing based on the uncertainty introduced in the fitting
algorithm, though because of the weighing the deviation at higher temperatures is
reduced.

The deviation of MM and MD2M with the estimated parameters from REFPROP
range from +25% to -30% shown in the center left figure of Fig. 4.14. The new binary
interaction parameters presented in the center right figure of Fig. 4.14 causes again
an increase in deviation for low temperatures, but the high temperatures (above 320
K) dropped to less than 10% for all compositions.

For MM and MD3M the deviation with the estimated parameters are as high as
-60% for the mixture with 24.5 mol% MM, the other mixtures deviations range from
-20% to +20%. The new binary interaction parameters reduce the deviations for the
mixture with 49.0 mol% and 74.9 mol% MM below 10% for temperatures above 320
K. The deviation of the mixture with 24.5 mol% still has a deviation above 20% at
320 K and drops below 10% at 360 K.

4.7.1 Assessment of physical and extrapolation behavior

The correct physical and extrapolation behavior of the equation of state in regions
where no data are available is an essential aspect in the development. This correct
behavior is important for pure fluids equation of state as well as multicomponent
equations of state. This is because many application require thermodynamic proper-
ties outside of the range of validity and thermodynamic properties not investigated
experimentally. The diagrams used for the evaluation of the correct physical and
extrapolation behavior for the binary mixtures with the fitted binary interaction pa-
rameters from Table 4.3 are shown in Fig. 4.15 for the binary mixture MM–MDM,
Figs. 4.B.1 and 4.B.2 in the appendix present the results for MM with MD2M and
MD3M. All binary mixtures are plotted for a MM molar concentration of 50 mol%.
Important for correct physical and extrapolation behavior is that no bumps are present
and smooth behavior is observed in the isolines, vapor-liquid equilibrium curve, and
the characteristic ideal curves.

The top left figures show the vapor-liquid equilibrium curve and isobars in the for
temperature as a function of specific volume. The selected isobars are plotted from
Pmin = 0.5 MPa Pmax = 6 MPa. The vapor-liquid equilibrium curve and isobars are
smooth lines up to 800 K, which indicates good physical behavior. The top right fig-
ures show the pressure as a function of specific volume and presents the vapor-liquid
equilibrium curve and selected isotherms up to Tmax = 1500 K. Again, no bumps are
visible in the isotherms and the vapor-liquid equilibrium curve for all binary mixtures
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of Figs. 4.B.1, 4.B.2 and 4.15. The bottom left figures present the speed of sound as
a function of temperature, including the vapor-liquid equilibrium curve and isobars
from Pmin = 0.5 MPa Pmax = 6 MPa. The speed of sound of the bubble and dew curve
need to have a negative slope and curvature in the vicinity of the critical point, which
is the case for all three binary mixtures. The bubble and dew curve merge into a min-
imum at the critical point, which is also an indication of good physical behavior of
the fitted binary interaction parameters and equation of state for the binary mixtures.
Further, the isobars show smooth behavior and the extrapolated liquid phase exhibits
a negative slope, also indicating good physical and extrapolation behavior. Finally,
the characteristic ideal curves are plotted in the bottom right figures. The characteris-
tic ideal curves demonstrate the extrapolation behavior of the equation of state. The
characteristic ideal curves are the Ideal curve, Boyle curve, Joule-Thomson curve,
and Joule-inversion curve, for more details and definition see Span [23], Lemmon
et al. [30], and Span et al. [31]. The characteristic ideal curves have to be smooth
without any bumps. All characteristic from Figs. 4.B.1, 4.B.2 and 4.15 for the binary
mixtures show decent behavior. This indicates good extrapolation behavior of the
multicomponent Helmholtz energy model with the fitted binary interaction parame-
ters from Table 4.3.

4.7.2 Assessment of speed of sound and fundamental derivative of gas
dynamics

The behavior of the critical speed of sound, critical compressibility factor and funda-
mental derivate of gas dynamics are assessed using the fitted binary interaction pa-
rameters from Table 4.3 for binary mixture of MM with MDM, MD2M, and MD3M.
The reduced critical speed of sound and the critical compressibility factor are pre-
sented in Fig. 4.16. The fitted binary interaction parameters are indicated by the
solid lines and the estimated parameters by REFPROP with the dotted line. Fig. 4.16
shows that the reduced speed of sound and compressibility factor at the critical point
increase with a larger concentration of MM and decrease for a lower concentration of
MM for all binary mixtures. The effect of the new binary interaction parameters also
increases with increasing molecular complexity difference between the pure compo-
nents. This can also be seen in Table 4.3, where γT,i j differs more from unity with
increasing molecular complexity between the pure components in the mixture. The
non-monotonic behavior is still present as in the original thermodynamic models and
slightly increased and shifted towards the less complex component in the mixture for
the new binary interaction parameters.

Fig. 4.17 presents the minimum value of the fundamental derivative of gas dy-
namics Γmin along the dew curve. Here the same behavior is observed using the
fitted binary interaction parameters as for the critical speed of sound and critical
compressibility factor. Fig. 4.17 shows that the value of Γmin increases with a larger
concentration of MM and decreases with a lower concentration of MM for all binary
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4.7 MODELING MIXTURE PARAMETERS
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Figure 4.15: Physical and extrapolation behavior of binary mixture MM–MDM with molar
concentration MM of 50 mol%. Generated with the Helmholtz energy equation of state and
fitted binary interaction parameters from Table 4.3. Top left) Temperature as a function of
specific volume with selected isobars. Top right) Pressure as a function of specific volume
with selected isotherms. Bottom left) Speed of sound as a function of temperature with
selected isobars. Bottom right) Characteristic ideal curves JI: Joule-inversion, JT: Joule-
Thomson, BL: Boyle, ID: Ideal, VLE: Vapor-liquid equilibrium.

mixtures. This is the same effect as is observed for the critical speed of sound and
critical compressibility factor in Fig. 4.16. The non-monotonic behavior of the value
of Γmin also increases with the fitted binary interaction parameters.

The fundamental derivative along the dew curve is shown in Fig. 4.18 for each
mixture of MM with MDM, MD2M, and MD3M, with MM concentration of 25
mol%, 50 mol%, and 75 mol%. Here it is also shown that for 25 mol% MM the
value of Γmin decreases and increases for 75 mol% MM, small difference in the value
of Γmin is observed for 50 mol% MM for all mixtures. The temperature for which
the value of Γmin is reached is also shifted to higher temperature. The increase in
temperature is the largest for MM and MD4M with 75 mol% MM, this increase in
temperature is approximately 10 K. The lowest increase in temperature is observed
for MM and MDM with 25 mol% with an approximate increase in temperature of 2
K. This again shows the fitted binary interaction coefficients have the largest impact
on the binary mixture with the largest molecular complexity difference between the
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Figure 4.16: Assessment of estimated and fitted binary interaction parameters for the reduced
speed of sound and compressibility factor at critical point. Binary mixtures MM with MDM
(–), MD2M (–), and MD3M (–) are evaluated at composition varying from zMM = 0...1. The
dashed lines present the estimated binary interaction parameters by REFPROP and the solid
lines present the fitted binary interaction parameters from Table 4.3 for the Helmholtz energy
equation of state [16].
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Figure 4.17: Assessment of estimated and fitted binary interaction parameters for the mini-
mum value of the fundamental derivative of gas dynamics Γmin. Binary mixtures MM with
MDM (–), MD2M (–), and MD3M (–) are evaluated at composition varying from zMM = 0...1.
The dashed lines present the estimated binary interaction parameters by REFPROP and the
solid lines present the fitted binary interaction parameters from Table 4.3 for the Helmholtz
energy equation of state [16].
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pure components and the lowest concentration of MM.

4.8 Conclusion

Bubble-point pressures were measured for three binary mixtures of MM with MDM,
MD2M, and MD3M. For each mixture three compositions were measured with a MM
presence in all mixtures of approximately 25 mol%, 50 mol%, and 75 mol% of the
total mixture. The bubble-point pressures were measured at temperatures from 270 K
to 380 K and the pressure ranged from 0.46 kPa to 97.45 kPa for all samples. Large
uncertainties are observed for the lowest temperatures (below 320 K) for all binary
mixture pairs, as data at these temperatures have very low bubble-point pressures.
Though the pressure is below the uncertainty limit of the pressure transducer, the
large uncertainty is mostly due to the effect of non-condensable gases in the mixture.

The effect of non-condensable gases was analyzed to determine the impact on the
measurements. The analysis was carried out by comparing the bubble-point pressure
measurement of a samples degassed for three freezing/evacuating/heating/thawing
cycles and samples degassed for fifteen cycles and evacuation of the vapor phase in
the equilibrium cell. By estimating the effect of non-condensable gases by fitting
a ternary mixture with nitrogen employing the Peng-Robinson equation of state a
decrease by a factor of approximately 100 between degassing three and fifteen times
is observed from the order 100 ppm to 1 ppm. Though this is a qualitative estimation
of the amount of non-condensable gases in the sample, it shows the significant impact
of nitrogen on the bubble-point pressure of the linear siloxanes at low temperatures,
which is also confirmed by the high uncertainty due to air impurities. This also shows
the large impact of small amounts of non-condensable gas impurities on fluids with
low bubble-point pressure which can affect the thermodynamic properties of the fluid
and consequently influence the predicted efficiency and performance of ORCs as well
as other processes.

For each binary mixture new binary interaction parameters were fitted for the
multi-fluid Helmholtz energy model using the obtained bubble-point pressure data.
The fitting was done by weighing the bubble-point pressure data point by the relative
uncertainty, which ensures that data points with high uncertainty contribute less to
the overall fitting of the binary interaction parameter. At higher temperatures (above
320 K) the new binary interaction parameters represent the experimental bubble-point
pressures to within 10% deviation, where previous deviations using estimated binary
interaction parameters where of the order of 20%. With exception for binary mixture
pair MM–MD3M with approximately 25 mol% of MM, here deviations up to 20%
are observed for temperatures above 320 K. For temperatures below 320 K, the devia-
tions overall increases, which is due to the weighing based on the relative uncertainty
introduced in the fitting algorithm. Furthermore, good physical and extrapolation
behavior of the binary mixtures with fitted binary interaction parameters is observed.
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Figure 4.18: Assessment of estimated and fitted binary interaction parameters for the mini-
mum value of the fundamental derivative of gas dynamics as a function of temperature eval-
uated along the dew curve. Binary mixtures of MM with MDM (top), MD2M (center), and
MD3M (bottom). The dashed lines present the estimated binary interaction parameters by
REFPROP and the solid lines present the fitted binary interaction parameters from Table 4.3
for the Helmholtz energy equation of state [16].
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4.8 CONCLUSION

Finally, the affect of the fitted binary interaction parameters on the speed of sound
and fundamental derivative of gas dynamics is assessed. The fitted binary interaction
parameters increase the non-monotonic behavior of the critical speed of sound, criti-
cal compressibility, and the minimum value of Γ for all binary mixtures. The thermo-
dynamic properties are also slightly shifted to the less molecular complex component
in the mixture. The value of Γmin also decreased for the binary mixture with higher
concentrations of MDM, MD2M, and MD3M which increases the region for which
the mixtures can exhibit non-ideal fluid dynamic effects. On the other side, for the bi-
nary mixtures with higher concentrations of MM the value of Γmin increased. For all
binary mixtures the temperature for Γmin increased with the fitted binary interaction
parameters.

103



i
i

“Main_Thesis” — 2018/1/15 — 19:55 — page 104 — #114 i
i

i
i

i
i

CHAPTER 4 BUBBLE-POINT MEASUREMENTS AND MODELING OF LINEAR SILOXANES
BINARY MIXTURES

Appendix

4.A Tables of bubble-point measurements

Table 4.A.1: Bubble-point pressure measurement MM–MDM 25-50-75 mol%.

z1 u(z1)×10−5 T P u(P)
(

u(P)
P

)
×100%

(
1− PEOS

Pexp

)
×100%

- - K kPa kPa % %

0.247 3.351 270.32 0.50 0.78 156.00 23.57
0.247 3.351 280.32 0.83 0.80 96.39 14.26
0.247 3.351 290.27 1.39 0.84 60.43 9.28
0.247 3.351 300.21 2.31 0.86 37.23 7.39
0.247 3.351 310.19 3.61 0.88 24.38 3.02
0.247 3.351 320.15 5.64 0.92 16.31 1.94
0.247 3.351 330.13 8.43 0.94 11.15 -0.51
0.247 3.351 340.11 12.33 0.98 7.95 -2.35
0.247 3.351 350.09 17.62 1.00 5.68 -3.97
0.247 3.351 360.08 25.09 1.04 4.15 -3.54
0.247 3.351 370.07 34.97 1.06 3.03 -3.13
0.247 3.351 380.31 48.18 1.08 2.24 -2.65
0.496 1.416 280.32 1.11 0.86 77.48 -10.49
0.496 1.416 290.27 2.00 0.90 45.00 -6.90
0.496 1.416 300.24 3.38 0.92 27.22 -5.74
0.496 1.416 310.19 5.62 0.96 17.08 -2.26
0.496 1.416 320.16 8.68 0.98 11.29 -2.97
0.496 1.416 330.13 13.01 1.02 7.84 -3.56
0.496 1.416 340.11 19.04 1.04 5.46 -3.76
0.496 1.416 350.10 27.34 1.08 3.95 -3.34
0.496 1.416 360.09 38.36 1.10 2.87 -2.94
0.496 1.416 370.09 52.82 1.14 2.16 -2.36
0.496 1.416 380.24 71.45 1.18 1.65 -2.11
0.748 1.048 270.34 1.07 0.88 82.24 10.75
0.748 1.048 280.32 1.92 0.92 47.92 9.43
0.748 1.048 290.30 3.24 0.96 29.63 6.88
0.748 1.048 300.22 5.31 0.98 18.46 5.81
0.748 1.048 310.18 8.37 1.02 12.19 4.46
0.748 1.048 320.16 12.70 1.06 8.35 2.67
0.748 1.048 330.13 18.63 1.08 5.80 0.62
0.748 1.048 340.11 27.13 1.12 4.13 0.55
0.748 1.048 350.10 38.48 1.14 2.96 0.35
0.748 1.048 360.09 53.62 1.18 2.20 0.65
0.748 1.048 370.08 72.91 1.22 1.67 0.56
0.748 1.048 380.20 97.45 1.26 1.29 0.28
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Table 4.A.2: Bubble-point pressure measurement MM + MD2M 25-50-75 mol%.

z1 u(z1)×10−5 T P u(P)
(

u(P)
P

)
×100%

(
1− PEOS

Pexp

)
×100%

- - K kPa kPa % %

0.243 1.613 270.33 0.44 0.64 145.45 24.23
0.243 1.613 280.30 0.78 0.68 87.18 22.67
0.243 1.613 290.24 1.24 0.70 56.45 16.13
0.243 1.613 300.23 2.00 0.72 36.00 13.79
0.243 1.613 310.19 3.04 0.74 24.34 9.50
0.243 1.613 320.16 4.51 0.76 16.85 5.82
0.243 1.613 330.13 6.61 0.78 11.80 3.65
0.243 1.613 340.11 9.34 0.80 8.57 0.46
0.243 1.613 350.11 12.73 0.84 6.60 -4.11
0.243 1.613 360.09 17.04 0.86 5.05 -8.43
0.243 1.613 370.09 22.51 0.88 3.91 -12.25
0.243 1.613 380.24 30.20 0.90 2.98 -12.82
0.495 2.203 270.33 0.75 0.72 96.00 13.38
0.495 2.203 280.31 1.29 0.74 57.36 8.90
0.495 2.203 290.24 2.17 0.78 35.94 6.78
0.495 2.203 300.21 3.46 0.80 23.12 3.41
0.495 2.203 310.18 5.46 0.82 15.02 2.60
0.495 2.203 320.16 8.26 0.86 10.41 0.99
0.495 2.203 330.13 11.99 0.88 7.34 -1.71
0.495 2.203 340.11 16.94 0.90 5.31 -4.46
0.495 2.203 350.10 23.83 0.94 3.94 -5.12
0.495 2.203 360.08 32.99 0.96 2.91 -5.05
0.495 2.203 370.07 44.89 0.98 2.18 -4.66
0.495 2.203 380.31 60.19 1.02 1.69 -4.57
0.749 0.811 270.33 1.14 0.82 71.93 16.89
0.749 0.811 280.31 1.99 0.86 43.22 13.66
0.749 0.811 290.29 3.29 0.88 26.75 9.76
0.749 0.811 300.21 5.16 0.92 17.83 5.03
0.749 0.811 310.18 8.27 0.94 11.37 5.63
0.749 0.811 320.16 12.48 0.98 7.85 3.76
0.749 0.811 330.13 18.48 1.00 5.41 3.06
0.749 0.811 340.11 26.71 1.04 3.89 2.66
0.749 0.811 350.10 37.70 1.06 2.81 2.37
0.749 0.811 360.08 51.97 1.10 2.12 2.02
0.749 0.811 370.08 70.19 1.14 1.62 1.65
0.749 0.811 380.24 93.35 1.16 1.24 1.16

Table 4.A.3: Bubble-point pressure measurement MM + MD3M 25-50-75 mol%.

z1 u(z1)×10−5 T P u(P)
(

u(P)
P

)
×100%

(
1− PEOS

Pexp

)
×100%

- - K kPa kPa % %

0.245 1.513 270.34 0.46 0.56 121.74 23.02
0.245 1.513 280.32 0.78 0.58 74.36 18.75
0.245 1.513 290.29 1.24 0.60 48.39 12.81
0.245 1.513 300.20 1.96 0.62 31.63 10.01
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Table 4.A.3: Bubble-point pressure measurement MM + MD3M 25-50-75 mol%.

z1 u(z1)×10−5 T P u(P)
(

u(P)
P

)
×100%

(
1− PEOS

Pexp

)
×100%

- - K kPa kPa % %

0.245 1.513 310.18 3.00 0.64 21.33 7.30
0.245 1.513 320.16 4.42 0.66 14.93 4.11
0.245 1.513 330.13 6.35 0.68 10.71 1.35
0.245 1.513 340.11 8.79 0.70 7.96 -2.56
0.245 1.513 350.11 11.75 0.72 6.13 -7.78
0.245 1.513 360.09 15.13 0.74 4.89 -14.90
0.245 1.513 370.08 19.82 0.76 3.83 -18.09
0.245 1.513 380.27 25.21 0.78 3.09 -23.38
0.490 3.539 270.33 0.77 0.64 83.12 12.60
0.490 3.539 280.27 1.30 0.66 50.77 7.13
0.490 3.539 290.22 2.12 0.68 32.08 2.53
0.490 3.539 300.21 3.37 0.70 20.77 -0.76
0.490 3.539 310.18 5.28 0.72 13.64 -1.67
0.490 3.539 320.16 7.92 0.74 9.34 -3.56
0.490 3.539 330.13 11.46 0.76 6.63 -6.00
0.490 3.539 340.11 16.05 0.80 4.98 -9.07
0.490 3.539 350.10 22.32 0.82 3.67 -10.26
0.490 3.539 360.08 30.81 0.84 2.73 -9.75
0.490 3.539 370.08 41.64 0.86 2.07 -9.32
0.490 3.539 380.26 55.42 0.88 1.59 -9.05
0.747 1.219 270.35 1.09 0.76 69.72 11.30
0.747 1.219 275.33 1.44 0.78 54.17 9.23
0.747 1.219 280.33 1.90 0.80 42.11 8.00
0.747 1.219 285.31 2.48 0.80 32.26 7.02
0.747 1.219 290.30 3.20 0.82 25.62 5.92
0.747 1.219 295.23 4.09 0.84 20.54 5.23
0.747 1.219 300.22 5.19 0.84 16.18 4.53
0.747 1.219 305.20 6.52 0.86 13.19 3.80
0.747 1.219 310.19 8.08 0.88 10.89 2.60
0.747 1.219 315.17 9.93 0.88 8.86 1.44
0.747 1.219 320.16 12.08 0.90 7.45 0.04
0.747 1.219 325.15 14.63 0.92 6.29 -1.07
0.747 1.219 330.14 17.61 0.92 5.22 -2.05
0.747 1.219 335.12 21.18 0.94 4.44 -2.41
0.747 1.219 340.11 25.20 0.96 3.81 -3.21
0.747 1.219 345.10 30.19 0.98 3.25 -2.64
0.747 1.219 350.10 35.96 0.98 2.73 -2.10
0.747 1.219 355.09 42.48 1.00 2.35 -1.78
0.747 1.219 360.09 49.89 1.02 2.04 -1.52
0.747 1.219 365.09 58.24 1.02 1.75 -1.37
0.747 1.219 370.08 67.74 1.04 1.54 -1.05
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4.B Assessment of physical and extrapolation behavior
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Figure 4.B.1: Physical and extrapolation behavior of binary mixture MM–MD2M with mo-
lar concentration MM of 50 mol%. Generated with the Helmholtz energy equation of state
and fitted binary interaction parameters from Table 4.3. Top left) Temperature as a func-
tion of specific volume with selected isobars. Top right) Pressure as a function of specific
volume with selected isotherms Bottom left) Speed of sound as a function of temperature
with selected isobars. Bottom right) Characteristic ideal curves JI: Joule-inversion, JT: Joule-
Thomson, BL: Boyle, ID: Ideal, VLE: Vapor-liquid equilibrium.
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Figure 4.B.2: Physical and extrapolation behavior of binary mixture MM–MD3M with molar
concentration MM of 50 mol%. Generated with the Helmholtz energy equation of state and
fitted binary interaction parameters from Table 4.3. Top left) Temperature as a function of
specific volume with selected isobars. Top right) Pressure as a function of specific volume
with selected isotherms. Bottom left) Speed of sound as a function of temperature with
selected isobars. Bottom right) Characteristic ideal curves JI: Joule-inversion, JT: Joule-
Thomson, BL: Boyle, ID: Ideal, VLE: Vapor-liquid equilibrium.
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CHAPTER 5
THERMAL STABILITY ANALYSIS

OF HEXAMETHYLDISILOXANE
AND OCTAMETHYLTRISILOXANE
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CHAPTER 5 THERMAL STABILITY ANALYSIS OF HEXAMETHYLDISILOXANE AND
OCTAMETHYLTRISILOXANE

5.1 Introduction

A key aspect of the design of an ORC power plant is the selection of the working
fluid. This selection depends on the source temperature and the size of the power
plant. These properties are of great influence on the components within the power
plant: heat exchanger, turbine, condenser and pump. The use of mixtures as work-
ing fluid can significantly increase the performance of the cycle because the mixture
can be optimized so the temperature glide of the mixture matches the glide of the
heat source fluid [1]. The use of a working fluid is limited by its thermal stability
limit. When the thermal stability limit is exceeded the fluid undertakes a structural
decomposition. This can have a large impact on the system and cause loss of power
or serious malfunctions of fundamental components [2, 3]. Moderate decomposition
give rise to mixtures which might modify the physical and thermodynamic properties
of the working fluid and influence cycle performance, but by knowing the mixture
properties the system can be adapted without loss of power or replacing the working
fluid [4].

Pure siloxane working fluids are prominent, successful working fluids for ORCs
and mixtures of siloxanes are promising working fluids for ORCs. Thanks to their
high-temperature thermal stability range, siloxanes are of interest for higher temper-
ature applications of ORCs [5]. Siloxane fluids can be separated into two groups,
linear and cyclic polymers and composed of alternating silicon oxygen atoms with
methyl groups attached to the silicon atoms [6]. In principle, these siloxanes and
mixtures of siloxanes can all be used as working fluids in ORCs depending on the
power level and heat source temperature [7]. For the use of siloxanes and mixtures of
siloxanes, reliable data about thermal stability is necessary as highlighted by Colonna
et al. [8]. Several effects can influence the thermal stability of the working fluid be-
sides temperature: the presence of impurities, especially water and oxygen which are
almost always present in an actual plant; the time span a fluid is stressed, stressing
the fluid at low temperature for an extensive period of time can also cause degrada-
tion; the pressure. An expected feature of mixtures of siloxanes is that they exhibit
a higher thermal stability limit than their pure components, due to the redistribution
process occurring at high temperature, where more complex molecules decompose
into simpler molecules, which then recombine again into the more complex molecule
[9, 10]. This redistribution and therefore the possible increase of the thermal stability
temperature can enhance the use of complex molecular fluids for experimental and
industrial applications

Some literature data about thermal stability limits of pure siloxanes are available.
Colonna et al. [11] report limits of 400 °C for siloxanes, Angelino et al. [9] provide
similar results for cyclic siloxanes. An extensive research on polysiloxanes have
been conducted by Dvornic [10] but without mentioning degradation temperatures.
A recent study by Preißinger et al. [5] shows a thermal stability temperature of 300
°C for hexamethyldisiloxane (MM) and annual degradation rate of less than 3.5%.
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5.2 EXPERIMENTAL APPARATUS

No literature can be found about the influence of siloxane mixtures on the thermal
stability.

The method used in this research was introduced by Blake et al. [12], who applied
it to more than 100 organic fluids from 12 different chemical families, and is the first
methodology that is based on the analysis of isothermal pressure deviations of fluids
subjected to different thermal stress temperatures. This method was later used by
Fisch et al. [13], Johns et al. [14][15], and Fabuss et al. [16]. Invernizzi developed
the first method specifically for the evaluation of working fluids for ORCs based
on the methodology from Blake et al. [12] and Calderazzi et al. [17]. Invernizzi
introduced the comparison of the vapor pressure before and after the thermal stress to
determine decomposition of the fluid. This method has proven to be more effective
to determine decomposition than only analyzing the pressure during the stress test.
Pressure fluctuation during the stress test indicate thermal decomposition of the fluid,
but pressure fluctuation are difficult to observe and thermal decomposition can still
have occurred when no pressure fluctuation have been observed.

This research focuses on the design and commissioning of an experimental test-
rig to determine thermal stability of pure fluids and mixtures for ORC applications.
The method and experimental apparatus in this research is based on the methodology
of Calderazzi et al. [17] and Pasetti et al. [18] and uses statistical analysis to deter-
mine decomposition based on the deviation in vapor pressure introduced by Pasetti
et al. [18]. The apparatus is improved so chemical analysis can be conducted on the
decomposition products in the vapor and liquid phase.

The goal of this research is the design and commissioning of an experimental
test-rig for the determination of the thermal stability temperature and decomposition
products of pure fluids and mixtures through chemical analysis of the liquid and va-
por phase. Results are obtained for pure fluids of hexamethyldisiloxane (MM) and
octamethyltrisiloxane (MDM). The measurements of mixtures are left for future in-
vestigations as well as other organic fluids and effects which can influence the thermal
stability limit.

5.2 Experimental apparatus

The experimental apparatus is based on the design of Pasetti et al. [18] and Calderazzi
et al. [17]. The set-up is improved for measurements of siloxane fluids and chemical
analysis of the liquid and vapor phase. Due to the low vapor pressures of siloxane
fluids [7] at temperatures close to ambient temperature, the apparatus is designed to
measure low pressures down to 2 mbar. To have the ability to measure a large range
of stress temperatures and maintain a good accuracy an intermediate pressure of up
to 10 bar can be measured and an upper pressure limit of 35 bar can be reached.
Two thermocouples with different tolerance intervals are used to obtain the highest
accuracy at each temperature level. Because of the goal to perform chemical analysis
on the liquid and vapor phase, a section is added for the extraction of the vapor
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Figure 5.1: Schematic diagram of the thermal stability experimental apparatus: Temperature
controlled oven (F), thermal bath (B), 150 ml vessels (E-1,2), pressure transducers (P-1,2,3),
thermocouples (T-1,2), valves (V), vacuum pump (E-3), vacuum trap (E-4), loading syringe
(Syr).

phase. This is done to capture the more volatile products of thermal decomposition
of pure fluid and mixtures, because the vapor and liquid phase compositions can
be different. As well as the study of thermal decomposition of mixtures, whose
composition depends on the pressure and temperature.

The schematic design of the apparatus used for the thermal stability measurement
is shown in Fig. 5.1. The apparatus and the detailed design are shown in Figs. 5.2
and 5.3. The apparatus is divided into two sections, the test section which is used
for the vapor pressure measurement and thermal stress test and the analysis section
which is used to collect the gas sample for chemical analysis. The vacuum pump
(E-3) is used to evacuate the test and analysis section. The fluid is loaded through a
syringe (Syr) connected to the test section.

The thermal bath (B) is used for the measurement of the vapor pressure. The heat
transfer liquid has a temperature range of -20 °C to 180 °C. The temperature of the
bath is controlled by a PID controller with a resolution of 0.1 °C and a stability of
±0.02 °C. The furnace (F) is used for the thermal stress test, and the temperature can
be varied from 25 °C to 1200 °C with a resolution of 1 °C and stability of ±2 °C
controlled by a PID controller.

The tubing, connectors, valves, and vessels in the test section are 316L stainless-
steel to withstand a pressure up to 64 bar at 426 °C. The vessels (E-1,2) have a volume
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5.3 MEASUREMENT PROCEDURE

of approximately 150 ml and are sealed on one end with a clean TIG weld process.
The sample vessel is connected by a TIG weld to the loading tube, tube connected
to the measuring section, and to the thermo-well The total volume of the circuit is
determined at approximately 175 ml.

The measurement instrumentation is made up of three absolute capacitive pres-
sure transducers (P-1,2,3) and two thermocouples (T-1,2). The pressure transducers
have full scales of 1 bar, 10 bar and 35 bar and nominal accuracy of 0.05% of FS
and exhibiting a linear calibration curve. Possible zero offset of the pressure read-
ings are compensated at atmospheric conditions through a comparison with pressure
measured by a high accuracy barometer of 0.15 mbar accuracy. The uncertainty is
computed taking into account the contribution of the transducer and the acquisition
system [19]. The transducer technical data is shown in Table 5.1. The thermocou-
ples are a T-type for temperatures below 400 °C and K-type for temperature up to
1370 °C. The expanded uncertainty of the thermocouple is taken as 95% confidence
interval of the thermocouples tolerance. The thermocouples technical data is shown
in Table 5.1.

The digital samples are monitored by the national instruments acquisition sys-
tem. The acquired data is processed by a model programmed in the LabVIEW®

environment.

Table 5.1: Measurement instrumentation specification.

Pressure Transducer:

Manufacturer Setra-ASM1
Technology Capacitance sensor
Measured quantity Absolute Pressure
Full scale 1 bar, 10 bar, 35 bar
Expanded uncertainty ±0.05% FS

Thermocouple:

Manufacturer Tersid-MTS 15000
Technology Mineral Oxide
Type T (Cu/Cu-Ni) -133 °C to 400 °C
Type K (Ni-Cr/Ni-Al) -270 °C to 1370 °C
Expanded uncertainty 0.0038T

5.3 Measurement procedure

The procedure used to determine the thermal stability and decomposition of the flu-
ids is described in the following sections. The fluid properties are calculated with
REFPROP [20].

5.3.1 Preparation of experimental apparatus

To remove all impurities, the entire test section is disassembled and all the compo-
nents are immersed in acetone for 30 minutes. Subsequently all the components are
baked at 80 °C, cooled down and cleaned with Nitrogen. Subsequently the test sec-
tion is reassembled and evacuated, then the system is exposed to ambient air and the
pressure transducers are compensated for possible zero offset with the pressure read-
ings at atmospheric conditison through a calibration by a high accuracy barometer.
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Figure 5.2: Thermal stability set-up shown are the pressure transducers, sample vessel, and
loading section.

The first leakage test is performed to check if the circuit is leak proof under vac-
uum conditions. At ambient conditions the circuit is evacuated to 3.5 mbar, the lowest
obtainable pressure with the vacuum pump. After this, the pressure and temperature
are registered for ∼ 65 hours. The registered pressure is compared to the reference
pressure calculated from the ideal gas law to take into account temperature fluctua-
tions during the measurement. Given the temperature T (t) and pressure P(t) at time
instant t, the mass of the air in the system is approximated using the ideal gas law as

m(t) =
P(t)V
RsT (t)

, (5.1)

where m(t) is the mass, P the pressure, T the temperature, V the total volume of the
circuit given in Section 5.2, and Rs the specific gas constant of the fluid.

The pressure is normalized with respect to the reference temperature using the
ideal gas law to highlight if pressure changes depend on temperature fluctuations or
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Figure 5.3: Detailed design of thermal stability set-up.

on leakage

P̂(t) =
RsTref

V
m(t) =

RsTref

V
P(t)V
RsT (t)

=
Tref

T (t)
P(t), (5.2)

where P̂ is the normalized pressure and Tref = 298.15K the reference temperature at
ambient conditions. The vacuum leakage test is passed if the registered pressure does
not deviate more than 0.05 kPa from the normalized pressure, the uncertainty of the
1 bar pressure transducers.

Second the pressure leakage test is performed by pressurizing the system with
helium at ±10 bar. The temperature and pressure are registered for ∼ 65 hours, the
registered pressure is again normalized using the ideal gas law. The pressure leakage
test is passed if the normalized pressure does not deviate more than 1.75 kPa, the
uncertainty of the 35 bar pressure transducer. The leakage test measurements for the
test with MM and MDM are shown in Section 5.A. After the cleaning and leakage
tests the circuit is set under 3.5 mbar vacuum.
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5.3.2 Preparation, loading and degasification of the fluid sample

The fluid quantity to be loaded into the circuit is determined taken in consideration
that (i) the pressure must not exceed the full scale of the highest pressure transducer
(PFS = 35 bar), (ii) during the vapor pressure measurement the fluid remains in two-
phase conditions and (iii) ensure the fluid is in the vapor phase during the thermal
stress tests.

To ensure the maximum pressure is not exceeded, the maximum mass that can be
loaded is calculated as follows

mmax = ρ(Tmax, PFS)Vcircuit, (5.3)

where mmax is the maximum mass, ρ the density estimated at the maximum stress
temperature Tmax and pressure PFS, and Vcircuit is the total volume of the circuit as
stated in Section 5.2.

During the vapor pressure measurement the fluid has to remain in two-phase con-
ditions. This is checked by estimating the saturation density of the liquid, ρl, and
vapor, ρv, at the measured temperatures during the vapor pressure test. The fluid
mass, mfluid, is then chosen using the liquid and vapor density to ensure the fluid
remains in two-phase conditions for all temperatures and checked that it does not
exceed the maximum mass by

ρv(Tvap)<
mfluid

Vcircuit
< ρl(Tvap). (5.4)

The specific fluid mass will be loaded into a syringe. To determine the quantity
to be loaded the specific fluid volume at ambient conditions is estimated as

Vfluid,amb =
ρamb(Tamb, Pamb)

mfluid
. (5.5)

To check that the mass does not exceed the limits the syringe mass is measured
before and after the loading of the fluid. The difference in mass is the fluid mass
which is loaded into the circuit.

The fluid is loaded into the circuit by connecting the syringe to the test section
shown in Fig. 5.1. After the loading procedure the fluid is degassed to remove air
and other non-condensable gases. For degasification the circuit is put in the thermal
bath at 50 °C for one hour to facilitate the gas expulsion. Subsequently the fluid
is maintained at -40 °C and degassed using the vacuum pump. This procedure is
repeated until the pressure after two consecutive steps returns to the same value to
ensure all non-condensable gases are extracted from the system.

5.3.3 Thermal stress measurement

Vapor pressure measurement of the reference fluid: The vapor pressure of the non-
stressed fluid, also called reference fluid, is measured as reference to determine de-
composition by comparison with the stressed fluids vapor pressures. The temperature
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range is chosen taking into account the range of the thermal bath and the accuracy
of the lowest full scale pressure transducer as stated in Section 5.2 so the pressure
remains above the transducers uncertainty during the vapor pressure measurement.
Each pair of P−T values is recorded for 10 minutes corresponding to 120 acquisi-
tion samples.

Thermal stress test: The sample vessel containing the fluid under scrutiny is placed
in a vertical oven for ∼ 80 hours at a constant temperature (Tstress). During the test,
pressure and temperature are monitored by the acquisition system. The fluid is in the
vapor phase during all the thermal stress tests and therefore the composition is ho-
mogeneous in the system. It is possible that condensation occurs in the lines outside
of the furnace, but due to the continuous flowing of gases through the system it is
assumed that all the fluid is stressed equally during the 80 hours.

Vapor pressure measurement of the stressed fluid: After the thermal stress test, the va-
por pressure of the stressed fluid is measured using the same experimental procedure
and temperature range as for the reference fluid.

5.3.4 Fluid extraction and chemical analysis

Chemical analysis is performed at the end of the measurement campaign and when
decomposition is detected by comparing the reference and stressed fluid vapor pres-
sure, see Section 5.4 for decomposition criteria. The chemical analysis is performed
using gas chromatography, flame ionization detection, thermal conductivity detec-
tion, and mass spectrometry techniques.

The gas chromatograph (GC) is a chemical analysis instrument for separating
chemicals in a sample. It is composed by an inert gas carrier, that carries the sample
through the column. The column is a glass or metal tube, coated with a microscopic
layer of liquid or polymer on an inert solid support. The sample interacts with the
coating and within the column. Since each type of molecule in the sample has its own
rate of interaction with the coating, various components of the sample are separated
as they progress along the column and reach the end of the column at different times.

The flame ionization detector (FID) is composed by two electrodes placed adja-
cent to a hydrogen/air flame. When carbon containing compounds exit the column,
they are pyrolyzed by the flame. This detector works only for organic/hydrocarbon
containing compounds due to the ability of the carbon to form a positively charged
ion and electrons upon pyrolysis which generates a current between the electrodes.
The increase in current is translated and appears as a peak in the chromatogram.

The thermal conductivity detector (TCD) relies on the thermal conductivity of
the molecules in the sample passing around a Tungsten-Rhenium filament with a
current traveling through it. In this set up, helium or nitrogen are used as carrier gas
due to their relatively high thermal conductivity which keeps the filament cool and
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maintains uniform resistivity and electrical efficiency of the filament. However, when
the sample molecules elute from the column, mixed with carrier gas, the thermal
conductivity decreases and this causes a detector response. The response is due to
the decreased thermal conductivity causing an increase in filament temperature and
resistivity resulting in fluctuations in voltage.

The mass spectrometer (MS) breaks each molecule into ionized fragments using
electrons. These ions are then separated according to their mass to charge ratio. To do
that ions are accelerated and deflected by a magnetic field. The deflection depends
on the mass of the ions, lighter ions will deflect more, and the charge of the ions,
ions with a greater charge deflect more. The ions are subsequently detected by a
mechanism capable to identify charged particles. Results are displayed as spectra of
the detected ions as a function of their mass to charge ratio. Each molecule has its
own fragmentation pattern and so the molecules in the sample can be identified by
comparing the specific fragmentation pattern with the data in chemical libraries

Both liquid and vapor phase of the stressed fluid are evaluated. If decomposition
is detected, the analysis vessel, pressurized (ca. 8 bar) with a He/N2/Ar mixture (N2
1% v/v as internal standard), is connected to the system and the line is evacuated.
Then the valve connecting the analysis vessel (E-1) shown in Fig. 5.1, previously
evacuated and set under vacuum, is opened and accordingly part of the gaseous mix-
ture flows spontaneously into the vessel to balance the pressure in the system and
dilute the gases formed upon decomposition. Therefore this procedure allows the
extraction of the gases formed within the sample vessel (E-2).

The analysis vessel (E-1) is eventually detached from the apparatus and the gas
phase mixture sample is analyzed by GC analysis, using a micro-GC equipped with
2 capillary columns (molecular sieve and poraplot Q) in a parallel arrangement, con-
nected to TCDs. This method allows the quali-quantitative analysis of the gaseous
species formed into the sample vessel upon the thermal treatment of the fluid. The
composition of the liquid of the stressed fluid is also determined; for this purpose
samples are taken from the test vessel and analyzed by High Resolution GC (HRGC)
by using a gas chromatograph equipped with capillary columns attached to the FID
and to the MS, respectively. The area of the spectral peaks with respect to the largest
area peak is obtained and the relative peak percentage is calculated to determine the
composition. Because the chemical analysis compositions are given in relative per-
centage between the detected components, this percentage does not correspond to the
molar or mass fraction of each component. The chemical analysis allowed for the
quali-quantitative analysis of the fluid composition.

5.4 Data analysis

To evaluate the thermal stability and decomposition of the stressed fluid three analysis
are conducted. Those consist in measuring (i) deviations of pressure during each
thermal stress test, (ii) deviations of fluid vapor pressures after it has undergone each
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thermal stress test, from reference fluid vapor pressures, and (iii) compositions of the
finally decomposed fluid.

The analysis of the pressure deviation during the thermal stress tests is an ade-
quate method to detect large decomposition phenomena, but often it is inadequate to
identify weaker decomposition phenomena. Vapor pressure deviations are thus eval-
uated at low temperature because those are easier and more accurate to measure. This
method allows a more sensitive evaluation of decomposition phenomena. Chemical
analysis of the liquid and gas phase are finally performed to identify the decomposi-
tion products. Both phases are analyzed to take into account the different composition
between the liquid and gas phase in mixtures.

5.4.1 Pressure deviation during thermal stress test

The first evaluation is the analysis of the pressure deviation during the thermal stress
tests. Because of the difficulty in reproducing and maintaining exact isothermal con-
ditions during the thermal stress, the analysis is performed by comparing the percent-
age deviation of pressure and temperature over time by

T %
stress =

(
T
T0
−1
)
×100%, P%

stress =

(
P
P0
−1
)
×100%, (5.6)

where T0 and P0 are the initial pressure and temperature and T %
stress and P%

stress the
percentage deviation of the pressure and temperature from the initial values. Any
deviation in pressure that is not supported by a comparable deviation in tempera-
ture indicates possible thermal decomposition. Variation in the percentage deviation
indicates fluid decomposition, but it is insufficient to exclude decomposition if no
variation is observed.

5.4.2 Deviation of stressed fluid vapor pressure from reference fluid
vapor pressure

The second evaluation is based on the deviation of the stressed fluids vapor pressure
from the reference fluid vapor pressure as described by Pasetti et al. [18]. The pur-
pose of the vapor pressure analysis is the identification of deviations that can not be
justified by measurement uncertainties. The composition of the loaded non-stressed
fluid is known for pure fluids and for the mixtures. First the vapor pressure of the
non-stressed fluid is measured and the stressed fluid after every stressed test as de-
scribed in Section 5.3. Every stressed fluid vapor pressure is compared to the non-
stressed fluid vapor pressure. Because the stressed fluid is directly compared to the
non-stressed fluid, and the same experimental measurement procedure is performed,
any deviation in vapor pressure indicates a change in the composition of the pure
fluid or mixture and so thermal decomposition. This method only uses the difference
in vapor pressure between non-stressed and stressed fluid as indication for thermal
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decomposition and can not be used for Vapor-Liquid Equilibrium measurements. For
the uncertainty analysis the uncertainty in composition and air are not taken into
account, because the analysis is a comparison between the reference fluid and the
stressed fluid so any impurities will not affect the difference in vapor pressure.

First the vapor pressure of the non-stressed fluid, also called reference fluid, is
evaluated. The vapor pressure data of the reference fluid is interpolated by means of
the Clausius-Clapeyron equation [21]

dPvap

dT
=

∆Hv

T ∆Vv
=

∆Hv

(RT 2/Pv)∆Zv
, (5.7)

d ln(Pvap)

d(1/T )
=− ∆Hv

R∆Zv
, (5.8)

where Pvap is the saturated vapor pressure, T the temperature, ∆Hv the enthalpy
of evaporization, and ∆Zv the differences in compressibility factor between saturated
liquid and vapor. The assumption is made that ∆Hv/∆Zv is a constant value and inde-
pendent from temperature. By integrating Eq. (5.8) with the constant of integration
A, the following equation is obtained which is a simplified version of the Antoine
equation

Pvap = exp
(

A− B
T

)
, (5.9)

where B = ∆Hv/(R∆Zv). The vapor pressure data of the reference fluid will be inter-
polated using Eq. (5.9) to obtain an equation for the reference pressure as function of
the temperature. This is a good approximation for vapor pressure over small temper-
ature intervals and the reference pressure is defined as

Pref(T ) = exp
(

A− B
T

)
. (5.10)

The total number of vapor pressure data points n taken as the arithmetic mean
of the recorded P-T values of the virgin fluid are interpolated obtaining the reference
vapor pressure curve. The regression analysis is performed by applying the following
transformation of variables to Eq. (5.10) and given by

xi =
1
Ti

yi = ln(Pi) i = 1 . . .n. (5.11)

Applying the Gram-Schmidt orthogonalization Leon et al. [22] the following
equation is obtained

y = α̃0 + α̃1(x− x̄), (5.12)

where α̃0 and α̃1 are calculated by applying the least square method to all the n
acquired vapor pressure data. Knowing α̃0 and α̃1 the interpolation coefficients A
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and B of the Antoine equation are calculated as

A = ȳ− x̄
∑

n
i=1 yi(xi− x̄)

∑
n
i=1(xi− x̄)2 , B =−∑

n
i=1 yi(xi− x̄)

∑
n
i=1(xi− x̄)2 , (5.13)

where the index i refers to the arithmetic mean of the measured P−T values and x̄
and ȳ are the arithmetic means of xi and yi respectively

x̄ =
∑

n
i=1 xi

n
ȳ =

∑
n
i=1 yi

n
. (5.14)

The uncertainty of y is evaluated by applying the law of propagation of uncer-
tainty to Eq. (5.12) taking into account the variance of the regression coefficients
u2(α̃0) and u2(α̃1) and the variance of the errors of the model σ2

0 gives

u2(y) =
1

∑
i=0

[
∂y
∂ α̃i

u(α̃i)

]2

+σ
2
0 . (5.15)

The uncertainty of the reference equation is determined using the method from
Leon et al. [22] and Montgomery et al. [23] and given by

u2 (Pref) = u2
mod(Pref)+u2

ins(Pref), (5.16)

which is the sum of the uncertainties related to the model uncertainty u2
mod(Pref(T ))

and uncertainty contribution of the measurement instruments u2
ins(Pref(T )) [18]. The

uncertainty due to the model non linearity is obtained by propagating the uncertainty
of y defined in Eq. (5.15) into Eq. (5.10) and taking into account the transformation
of variables, giving the following model uncertainty

u2
mod(Pref) = (Pref (T ))

2
[

u2(A)+
u2(B)

T

(
1
T
−2x̄

)
+σ

2
0

]
, (5.17)

with the parameters given as

u2(A) =
σ2

0
n

+ x̄2 σ2
0

∑
n
i=1(xi− x̄)2 (5.18)

u2(B) =
σ2

0

∑
n
i=1(xi− x̄)2 , (5.19)

σ
2
0 =

∑
n
i=1(A−Bxi− yi)

2

n−2
. (5.20)

The uncertainty contributed by the measuring instruments is

u2
ins(Pref) =

[
∂Pref

∂T
uins(T )

]2

+u2
ins(P), (5.21)
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here uins(T ) is the thermocouple uncertainty and uins(P) the pressure transducer un-
certainty stated in Section 5.2.

Subsequently the deviation is determined at temperature T , between the vapor
pressure of the fluid after the thermal stress test PTstress |T and the reference fluid Pref(T )
which is defined as

∆Pref
Tstress
|T = PTstress |T −Pref(T ). (5.22)

Here the subscript Tstress indicates the temperature at which the fluid is stressed
and T the temperature at which the vapor pressure is measured. The temperature at
which the stressed fluid vapor pressure is measured is used to calculate the reference
pressure Pref(T ) using Eq. (5.10) with the coefficient obtained for the reference fluid.
The uncertainty of the deviation is expressed as suggested by Hugh W. et al. [24]

u2 [
∆Pref

Tstress
|T
]
= u2(PTstress |T )+u2

mod(Pref), (5.23)

where the uncertainty of the stressed fluid vapor pressure is defined as

u2 (PTstress |T ) =
[

∂Pref

∂T
uT (T )

]2

+u2
P(P), (5.24)

with u2
T (T ) and u2

P(P) being a combination of the measuring instrument uncertainties
and variance of the measured temperature and pressure data points

u2
T (T ) = u2

ins(T )+
σ2

0 (T )
m

u2
P(P) = u2

ins(P)+
σ2

0 (P)
m

, (5.25)

here m is the total number of data points recorded during the vapor pressure measure-
ment. The variances σ2

0 of the recorded temperature and pressure data are

σ
2
0 (T ) =

1
m−1

m

∑
j=1

(Tj− T̄ )2
σ

2
0 (P) =

1
m−1

m

∑
j=1

(Pj− P̄)2, (5.26)

where j refers to the measured data point and T̄ and P̄ are the arithmetic mean of the
recorded temperature and vapor pressure data points respectively.

The confidence index of the vapor pressure deviation iC(∆Pre f
Ts
|T ) is defined and

evaluated, as suggested by Pasetti et al. [18]. By evaluating the confidence index a
clear distinction can be made between pressure deviation related to the system uncer-
tainty and deviation that indicate a real sign of decomposition. The confidence index
is defined as

iC(∆Pref
Tstress
|T ) =

∆Pref
Tstress
|T

u
[
∆Pref

Tstress
|T
] . (5.27)

The coverage factor kp is applied in order to explain deviation of the measure-
ment procedure. The confidence index is equal to the coverage factor, from this it
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follows that the larger the confidence index, the lower is the probability that the devi-
ation from the reference value can be justified by the measurement uncertainty. The
following assumptions are made with given confidence levels of p1 = 90% and p2 =
99% with respectively coverage factors of kp1 = 1.645 and kp2 = 2.576:

• |iC(∆P)| ≤ kp1 , the pressure deviation can be reasonably explained by the mea-
surement uncertainty.

• kp1 < |iC(∆P)| ≤ kp2 , the pressure deviation can be explained by the measure-
ment uncertainty only by extending it to high confidence levels. This means
that the measured pressure change can be attributed, with high probability, to
decomposition of the fluid.

• |iC(∆P)|> kp2 : the pressure deviation can be explained by extending the mea-
surement uncertainty over the 99% confidence levels. This means that the pres-
sure deviation certainly represents the effect of decomposition of the fluid.

5.5 Results and discussion

The primary goal of this research was the design and commissioning of a thermal
stability test-rig. The test-rig is build to determine the thermal stability and decom-
position products for pure fluids and mixtures as working fluids for ORC applications.
The thermal stability temperature for the fluids MM and MDM are determined, the
results are elaborated in the following sections.

5.5.1 Hexamethyldisiloxane

The linear siloxane fluid MM is thermally stressed. The fluid purity of MM as stated
by the supplier is larger than 99.4%, which is confirmed by chemical analysis con-
ducted on the fluid listed in Table 4.1.

The sample of MM is tested for several temperatures following the procedure
in Section 5.3. The loaded MM sample has a mass of approximately 18 grams and
stressed from 200 °C to 320 °C with increments of ∆T = 20 °C.

The vapor pressure is measured in the range between -20 °C and 10 °C, with
increments of ∆T = 5 °C. The measured vapor pressure data with uncertainties Pvap of
the reference fluid along with the calculated reference curve Pref is shown in Fig. 5.1.
As seen in the picture the vapor pressure measurements stay within the limits of the
reference curve uncertainties which indicate a good estimation of the reference curve.

The temperature and pressure are registered during the thermal stress test, the
results are shown in Fig. 5.B.1. During the tests no pressure deviations occur, which
are not relatable to temperature fluctuations, thus showing no evidence of fluid de-
composition. Though large temperature fluctuations are observed during the thermal
stress test, up to 5%. This can be related to ambient temperature fluctuations in the
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Figure 5.1: Vapor pressure of reference MM fluid. The figure shows the vapor pressure of the
reference fluid (•) including uncertainties. The reference curve is given by the green line(−)
and the dotted lines (· · ·) show the reference curve including uncertainty.
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Figure 5.2: Vapor pressure measurement of
MM after the various stress tests including
uncertainties.
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Figure 5.3: Confidence index of the va-
por pressure deviation between the refer-
ence fluid and stressed MM fluid. The
dashed lines (−−) represent the 99% con-
fidence level and the dotted lines (· · ·) the
90% confidence level.

128



i
i

“Main_Thesis” — 2018/1/15 — 19:55 — page 129 — #139 i
i

i
i

i
i

5

5.5 RESULTS AND DISCUSSION

Table 5.1: Chemical analysis results of liquid reference MM fluid and liquid and gas phase
of stressed MM fluid. The results for the reference fluid and liquid phase are given in relative
percentage between detected components and the vapor phase is given in µmol.

Component Reference [Peak %] Liquid [Peak %]

MOH 0.089 0.0903
MM 99.748 99.067
D3 - 0.0146
D4 0.0021 0.6834

Undefined 0.16 0.1451

Component Vapor [µmol]

Methane 1.190
Ethylene 0.057
Ethane 0.085
CO2 0.256

room and cooled down fluid vapor returning from the measurement section outside
of the oven into the sample vessel.

Although the analysis during the thermal stress test does not reveal thermal de-
composition, the vapor pressure deviations in Fig. 5.2 show deviation from the ref-
erence fluid and thus indicating thermal decomposition. The confidence analysis in
Fig. 5.3 reveals already decomposition at 240 °C above the 99% level of confidence,
which surely represents the effect of thermal decomposition. From 240 °C and higher
the confidence index increases, indicating further decomposition.

Decomposition is also observed by chemical analysis, though the decomposition
is very limited. Table 5.1 shows the decomposition of the reference MM fluid, the
reference fluid and the liquid phase are given in relative percentage between the de-
tected components, this percentage does not correspond to the molar or mass fraction
of each component. The content of MM in the liquid phase decreases from 99.7481%
to 99.0667%. Some components could not be verified by the database [25] and are
listed as undefined. The vapor phase analysis shows that volatile gases in the order
of µmol are formed due to decomposition.

5.5.2 Octamethyltrisiloxane

The linear siloxane fluid MDM is thermally stressed. The fluid purity of MDM as
stated by the supplier is larger than 99.7%, which is confirmed by chemical analysis
conducted on the fluid listed in Table 4.1.

Two samples of MDM were tested for several temperatures. The first sample
18 grams was stressed at 200 °C and 250 °C. Because the first sample evaporated
at higher temperatures and the fluid temperature was not properly controlled, a new
sample was loaded for further tests. The second sample of 9.5 grams was stressed
from 260 °C to 350 °C.

The vapor pressure is measured in the range between 10 °C and 50 °C, with
increments of ∆T = 10 °C [10 °C, 30 °C] and ∆T = 5 °C [30 °C, 50 °C]. The mea-
sured vapor pressure data with uncertainties Pvap of the reference fluid along with the
calculated reference curve Pref is shown in Fig. 5.1. As seen in the picture the va-
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Figure 5.1: Vapor pressure of reference MDM fluid. The figure shows the vapor pressure of
the reference fluid (•) including uncertainties. The reference curve is given by the green line
(−). and the dotted lines (· · ·) show the reference curve including uncertainty.
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Figure 5.2: Vapor pressure measurement of
MDM after the various stress tests including
uncertainties.
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Figure 5.3: Confidence index of the va-
por pressure deviation between the refer-
ence fluid and stressed MDM fluid. The
dashed lines (−−) represent the 99% con-
fidence level and the dotted lines (· · ·) the
90% confidence level.

por pressure measurements stay within the limits of the reference curve uncertainties
which indicate a good estimation of the reference curve.

The temperature and pressure are registered during the thermal stress test. During
the tests no pressure deviations occur, which are not relatable to temperature fluctua-
tions, thus showing no evidence of fluid decomposition. The registered temperature
and pressure are shown in Fig. 5.B.2.

Although the analysis during the thermal stress test does not reveal thermal de-
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5.6 ASSESSMENT OF THE THERMAL STABILITY ON THE FUNDAMENTAL DERIVATIVE OF GAS
DYNAMICS

Table 5.1: Chemical analysis results of liquid reference MDM fluid and liquid and gas phase
of stressed MDM fluid. The results for the reference fluid and liquid phase are given in
relative percentage between detected components and the vapor phase is given in µmol.

Component Reference [Peak %] Liquid [Peak %]

MOH 0.0028 0.0061
MM 0.0028 0.0182

MDM 99.972 99.917
D4 0.0117 0.0145

MD2M 0.0039 0.0113
Undefined 0.0065 0.0287

Component Vapor [µmol]

Methane 0.948
Ethylene 0.025
Ethane 0.050
CO2 0.524

composition, the vapor pressure deviations in Fig. 5.2 show deviation from the ref-
erence fluid and thus indicating thermal decomposition. The confidence analysis in
Fig. 5.3 reveals already decomposition at 250 °C between 90% and 99% level of con-
fidence. For higher temperatures the confidence index increases above the 99% level
of confidence, which surely represents the effect of thermal decomposition. From
260 °C and higher the confidence index stagnates, indicating no further decomposi-
tion after 260 °C.

For MDM limited decomposition is also observed by chemical analysis. Table 5.1
shows the decomposition of the reference MDM fluid. The MDM content in the liq-
uid phase decreases from 99.972% to 99.917%. The vapor phase analysis shows that
volatile gases are also formed for MDM in the order of µmol due to decomposition.

5.6 Assessment of the thermal stability on the fundamental
derivative of gas dynamics

The thermal stability limit affects the capability of a fluid to exhibit non-ideal fluid
dynamic effects Γ < 1 and non-classical gas dynamic effects Γ < 0. When the tem-
perature of a fluid is above the thermal stability limit, the fluid will decompose and
decomposition products will form, which changes the thermodynamic properties of
the fluid. The change of thermodynamic properties due to decomposition affects Γ

and so the region where Γ < 1 and Γ < 0 region.
The linear siloxanes, MM and MDM, are capable to exhibit non-ideal fluid dy-

namic effects when the Γ is smaller than one. MM and MDM are not capable to
exhibit non-classical gas dynamic effects (Γ < 0). Fig. 5.1 shows the pressure as
function of temperature and the region where Γ < 1 calculated with the Helmholtz
energy model [20]. The shaded area indicates the region of temperatures from where
thermal decomposition occurs. Fig. 5.1 shows that the Γ < 1 region for MM and
MDM is largely at higher temperatures than the thermal stability temperature of the
fluids, while the pressures are comparatively moderate. For MM the minimum value
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Figure 5.1: Γ = 1 curve indicated by dashed line (– –) in the P–T thermodynamic plane for
MM (left) and MDM (right). The saturation curve is indicated by the solid line, the circle
indicates the critical point and the diamond the position of Γmin. The shaded area indicates
the range of thermal decomposition temperatures.

of Γmin is outside of the thermal stability region, where for MDM the value of Γmin
is within the thermal stability region. Due to the thermal stability temperature of
MM and MDM there is only a small region where the fluids can exhibit non-ideal
fluid dynamic effects. Thermal stability also influence other organic fluids, like more
molecular complex linear siloxanes, which can exhibit non-classical gas dynamic ef-
fects. It is relevant for future research to assess the thermal stability limit for the more
molecular complex organic fluids to determine the capability to reach the tempera-
tures for which the fluid can exhibit non-classical gas dynamic effects.

5.7 Conclusion

In this work the design and methodology of an experimental test-rig for the deter-
mination of thermal stability and decomposition products for ORC systems has been
presented. The test-rig is designed to determine thermal stability temperatures based
on methods already used in literature. Though the novelty of the set-up is the pos-
sibility to obtain the decomposition products by chemical analysis of the liquid and
vapor phase. This is an important addition to determine the decomposition products
and the measurement of mixtures. Because the composition between the vapor and
liquid phase can vary due to a possibly larger concentration of volatile products in
the vapor phase. In this work, the thermal stability limit and decomposition products
of pure fluids are determined.

Together with the description of the apparatus and test methodology, the ther-
mal stability temperature and decomposition products of MM and MDM were deter-
mined. MM was stressed under various temperatures ranging from 200 °C to 320 °C,
MDM was stressed between 200 °C and 350 °C. Both fluids were analyzed by pres-
sure deviation during the stress test as well as vapor pressure deviations from the

132



i
i

“Main_Thesis” — 2018/1/15 — 19:55 — page 133 — #143 i
i

i
i

i
i

5

5.7 CONCLUSION

reference fluid in Figs. 5.2 and 5.3 for MM and Figs. 5.2 and 5.3 for MDM. Finally
chemical analysis, GC, MS and FID, were performed to determine the decomposition
products.

For MM pressure deviations during the thermal stress test showed no sign of
thermal decomposition. But based on the results of the deviation of the vapor pressure
from the reference fluid in Fig. 5.3 it showed that appreciable decomposition of MM
occurs at 240 °C and higher. Decomposition was also verified by chemical analysis
of the liquid and vapor phase of the stressed fluid, though the decomposition was
very limited as seen in Table 5.1. Volatile gases formed as decomposition products,
these volatile gases can have a large influence on the fluid properties because of the
low vapor pressure of MM in comparison with the formed volatile gases. When the
fluid is stressed for a longer period more volatile gases form and the effect of these
gases can have a larger impact on the behavior of the fluid.

Also for MDM pressure deviations during the thermal stress test showed no sign
of thermal decomposition. But analysis of the deviation of the vapor pressure from
the reference fluid showed that appreciable decomposition of MDM is occurring at
250 °C and stabilizes at 260 °C and higher. Indicating no further decomposition
after 260 °C. Rearranging of molecules could occur, creating equilibrium conditions
with varying compositions. Decomposition was also verified by chemical analysis
of the liquid and vapor phase of the stressed fluid, though the decomposition was
very limited as seen in Table 5.1. Volatile gases were also formed as decomposition
products from MDM.

It can also be concluded that large temperature fluctuation occurred during the
thermal stress test, which made it difficult to determine a precise thermal stability
temperature. As mentioned in Section 5.5 the fluctuation in ambient temperature as
well as cooled vapor returning into the sample vessel can have a large influence on the
temperature. For future research the set-up, specifically the measuring section, will
be updated to be more thermally isolated and kept at a constant temperature during
the stress test and vapor pressure measurements of other pure fluids and mixtures.
For this reason the measurements of mixtures are left for future research.

To conclude, the thermal stability temperature on the fundamental derivative of
gas dynamics is assessed for MM and MDM. The region for which the fluids can
exhibit non-ideal fluid dynamic effects when Γ< 1 is evaluated. For both fluids, most
of the Γ < 1 region is above the decomposition temperature, therefore the fluids are
only capable of exhibiting non-ideal fluid dynamic effects at the lower temperatures
of the Γ < 1 region without risking decomposition and affecting the thermodynamic
properties of the fluid.
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Appendix

5.A Leakage test
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Figure 5.A.1: MDM vacuum leakage test.
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Figure 5.A.2: MDM pressure leakage test.
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Figure 5.A.3: MM vacuum leakage test.
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Figure 5.A.4: MM pressure leakage test.
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5.B Thermal stress measurements
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Figure 5.B.1: MM stress test.
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Figure 5.B.2: MDM stress test.
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6.1 Conclusions

This work presents original research in the field of non-ideal compressible fluid ther-
modynamics of mixtures. Three main topics are treated: (i) A fundamental research
was conducted on the speed of sound of mixtures composed by linear siloxanes and
perfluorocarbons, (ii) measurements on the bubble-point pressure for binary mixtures
of linear siloxanes were carried out and new binary interaction parameters were de-
termined for the Helmholtz energy equation of state for binary mixtures of linear
siloxanes, (iii) a test setup was designed and commissioned to determine the thermal
stability limit and decomposition products of pure fluids and mixtures. Results were
obtained for the thermal stability and decomposition products of pure hexamethyld-
isiloxane (MM) and octamethyltrisiloxane (MDM). The general conclusions of the
research topics in this work are summarized in the following.

The fundamental research on the speed of sound was performed on binary mixtures
of linear siloxanes and perfluorocarbons. The polytropic van der Waals model with
one fluid mixing rules was used for the exploration of qualitative effects of varying
the mixture composition on the speed of sound and the relation to the pure compo-
nent properties. This was done by a thorough analysis of the effect of attractive and
repulsive forces, molecular complexity and critical properties of the mixtures on the
speed of sound. Finally the Helmholtz energy equation of state for multicomponent
fluids was used to verify the behavior of the speed of sound of binary mixtures of
linear siloxanes and perfluorocarbons. The following results were obtained:

• Non-monotonic behavior of the speed of sound was observed upon varying
the composition of the mixture, which leads to a maximum of the speed of
sound for a mixture of the pure components. This non-monotonic behavior
was caused by the interaction between the different components in the mixture
and the direct influence on the speed of sound.

• In the case of linear siloxanes mixtures the reduced attractive and repulsive
forces decrease with varying composition, following a parabolic behavior with
minimums at different compositions. For mixtures of perfluorocarbons a non-
monotonic increase with varying composition was observed for the attractive
and repulsive forces, which demonstrates the effect of the interaction between
the different components of the mixtures.

• The largest influence on the non-monotone behavior of the speed of sound is
caused by the attractive force contribution. The attractive force contribution
is directly related to the mixtures critical compressibility factor, which also
exhibits a non-monotonic behavior upon mixing.

• The behavior of the mixture critical compressibility factor gives a direct indi-
cation of the mixture speed of sound behavior.
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• The non-monotonic behavior of the speed of sound increases by increasing
the difference in molecular complexity between the pure components of the
mixture.

• The non-monotonic behavior of the speed of sound for binary mixture of linear
siloxanes and perfluorocarbons was verified by the Helmholtz energy equation
of state. The non-monotonic behavior of the critical compressibility factor was
also observed using the Helmholtz energy equation of state.

• The effect of non-ideal mixing on the fundamental derivative of gas dynamics
Γ was investigated for binary mixtures of linear siloxanes. Increasing non-
monotonic behavior was also observed for Γ along the dew curve and the min-
imum value Γmin in the vapor phase. The increasing non-monotonic behavior
of Γ is similar to the behavior of the speed of sound and compressibility factor
at the mixtures critical points. This shows that the change in critical properties
upon mixing directly relates to Γ and the capability of the mixture to exhibit
non-ideal fluid dynamic effects.

Measurements were performed to determine the bubble-point pressures for three bi-
nary mixtures of MM with MDM, MD2M, and MD3M. For each mixture, three com-
positions were measured with a MM presence in all mixtures of approximately 25
mol%, 50 mol%, and 75 mol% of the total mixture. The bubble-point pressures were
measured at temperatures ranging from 270 K to 380 K in steps of 5 K or 10 K
depending on the mixtures. The pressure ranged from 0.46 kPa to 97.45 kPa for all
samples. For each mixture combination new binary interaction parameters were fitted
for the multi-fluid Helmholtz energy model using the obtained bubble-point pressure
data. The measurements and modeling were carried out at the National Institute of
Standards and Technology. The following results were obtained:

• Large uncertainties were observed for the lowest temperatures (below 320 K).
These large uncertainties were mostly caused by the effect of non-condensable
gases.

• The effects of non-condensable gases on the bubble-point pressures were an-
alyzed. Experimental results between mixtures degassed for three and fifteen
times were compared. The non-condensable gases were estimated by fitting the
nitrogen content of a ternary mixture with nitrogen to the data and a decrease
by a factor of approximately 100 between degassing three and fifteen times
was observed from the order 100 ppm to 1 ppm. This shows the large impact
of small amount of non-condensable gas impurities on the bubble-point pres-
sure at low temperatures, which can affect the thermodynamic properties of the
fluid and consequently influence the predicted efficiency and performance of
ORCs as well as other processes.

• New binary interaction parameters were fitted for multi-fluid Helmholtz energy
model. For the fitting the data were weighed by the relative uncertainty, ensur-
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ing that the data points with large uncertainties contribute less to the overall
fitting of the binary interaction parameters.

• At higher temperatures (above 320 K) the new binary mixtures represent the
experimental bubble-point pressures within 10% deviation. In comparison, de-
viations where previously estimated binary interaction parameters were used,
were in the order of 20%. For temperatures below 320 K the deviations overall
increase, which is due to the weighing based on the relative uncertainty.

• The affect of the new binary interaction parameters on the speed of sound,
compressibility factor, and fundamental derivative of gas dynamics Γ was in-
vestigated. The new binary interaction parameters increase the non-monotonic
behavior of the speed of sound and compressibility factor at the critical point
as well as the minimum value of Γ.

• The new binary interaction parameters decrease the minimum value of Γ for bi-
nary mixtures with higher concentrations of MDM, MD2M, and MD3M. This
leads to an increase of the region for which the mixtures can exhibit non-ideal
fluid dynamic effects. At higher concentration of MM within the binary mix-
tures, the minimum value of Γ increases with the new binary interaction pa-
rameters.

An experimental test-rig was designed and commissioned for the determination of
the thermal stability limit and decomposition productions of pure fluids and mixtures.
The novelty of this setup is the capability to determine the decomposition products
of the liquid and vapor phase using chemical analysis. Results were obtained for the
pure fluids of MM and MDM.

• The thermal stability analysis was performed by monitoring pressure devi-
ations during the thermal stress test, deviation of stressed fluid vapor pres-
sure from reference fluid vapor pressure, and finally chemical analysis of the
stressed fluid liquid and vapor phase.

• For MM no pressure deviations indicating thermal decomposition were ob-
served during the thermal stress test. Nevertheless, results of the deviation of
the stressed fluid vapor pressure from the reference fluid showed that at 240 °C
and higher appreciable decomposition of MM occurs. The decomposition was
verified by chemical analysis although the decomposition products are very
limited. Interesting was the formation of volatile gases in the vapor phase of
the decomposed MM.

• Similar results were obtained for MDM, again no pressure deviations during
the thermal stress test showed signs of thermal decomposition. However, de-
viations of the stressed fluid vapor pressure from the reference fluid showed
appreciable decomposition of MDM at 250 °C and stabilizes occurred at 260
°C and higher. The chemical analysis of MDM showed limited decomposition,
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but also for MDM volatile gases were formed as decomposition products. The
decomposition products for MDM were similar to the products of MM due to
their similar structure and are constructed of the same atoms.

• The thermal stability limit for both MM and MDM is around 250 °C . The
decomposition products were limited, but the formation of other linear silox-
anes as decomposition products was observed. Finally the formation of volatile
components can have a large influence on the fluid properties due to the low
vapor pressure of MM and MDM. When the fluid is stressed for a longer period
more volatile gases form and the effect of these gases can have a larger impact
on the behavior of the fluid.

• The thermal stability temperature on the fundamental derivative of gas dy-
namics is assessed for MM and MDM. For both fluids, most of the non-ideal
fluid dynamic effects region is above the decomposition temperature, therefore
the fluids are only capable of exhibiting non-ideal fluid dynamic effects at the
lower temperatures, without risking decomposition and affecting the thermo-
dynamic properties of the fluid.

6.2 Outlook

The contribution of this work leads to a better knowledge of the non-ideal thermo-
dynamic behavior of mixtures in the non-ideal compressible-fluid region and devel-
opment of accurate thermodynamic models. This new knowledge is of paramount
importance for the use of mixtures within experimental and industrial applications.
The motivation for this research was to gain a better understanding of the behavior
of mixtures in the non-ideal compressible-fluid region. These fluids, featuring high
molecular complexity, were investigated because of their ability to exhibit non-ideal
and non-classical gasdynamic phenomena in the non-ideal compressible-fluid region,
close to liquid-vapor saturation curve. Another contribution was the better under-
standing and determination of the thermal stability limit and decomposition products
of molecular complex fluids. To further the development of the use and understanding
of molecular complex mixtures, research in the near future of the non-ideal thermo-
dynamic region should be aimed in the following directions.

The research on the speed of sound behavior of mixtures can be used as basis for
further research on the non-ideal compressible thermodynamic behavior of mixtures.
A detailed research should be conducted on the notable difference in behavior of the
repulsive forces as well as critical pressure between linear siloxane and perfluorocar-
bon binary mixtures. Also, different behavior is observed for the critical pressure of
binary mixtures of linear siloxanes between the van der Waals model and Helmholtz
energy model and should be investigated and entail a larger range of binary mixtures
of various fluid families. Furthermore, for a better and more generalized understand-
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ing of the mixture behavior, a more detailed analyses should be conducted based on
molecular models and the involved molecular interaction (e.g. electrostatic interac-
tions). This detailed analysis on microscopic properties can lead to a more general
theory on the interaction of different molecules in mixtures.

Future research can also involve different mixture combinations to investigate
in depth the speed of sound behavior as well as the behavior of the mixtures criti-
cal properties and their relations to the speed of sound. The investigation of highly
non-ideal mixtures, composed of complex organic compounds (e.g. cyclic siloxanes,
perfluorocarbons, and heavy hydrocarbons), is of great interest. As is demonstrated
in this work, components of the same family show an increase of the speed of sound
upon mixing. Mixing components of different families can possibly decrease the
speed of sound and enhance non-ideal gas dynamic behavior.

Furthermore, a more in depth research on the fundamental derivative of gas dy-
namics Γ is of great interest to investigate the non-ideal and non-classical gas dy-
namic behavior of (highly non-ideal) mixtures. Finally, computational fluid dynamics
simulations with mixtures using compressible fluid dynamic models and state-of-the-
art multicomponent thermodynamic models is a naturally continuation in the research
of non-ideal compressible fluid dynamics of mixtures.

A next step forward for the development of accurate thermodynamic models of linear
siloxane mixtures are measurements at higher temperatures up to the thermal stability
limit of the fluids. At higher temperatures the effect of non-condensable gases will
be less and more accurate measurements can be obtained. Furthermore, measuring
the bubble-point pressure directly within the equilibrium cell yields a great improve-
ment in accuracy, which will take out the possible temperature difference between
the pressure transducer and the equilibrium cell now present in the setup. Carrying
out pressure measurements on the liquid phase additionally, within the equilibrium
cell will also improve the measurement, as the pressure of the liquid and vapor phase
can be compared to be sure the system is at equilibrium conditions. Measurements
of other thermodynamic properties (e.g. density, speed of sound, specific heat) will
greatly contribute to more accurate thermodynamic models. Speed of sound mea-
surements can be used to verify the non-monotonic speed of sound behavior of binary
mixtures observed in the fundamental research on the speed of sound. The results ob-
tained in this research can also be used to improve other thermodynamic models, e.g.
Peng-Robinson, Soave-Redlich-Kwong, and PCP-SAFT. Furthermore, research can
be conducted to obtain an indication which thermodynamic model and mixing rule
are most suitable for the calculation of linear siloxane mixtures.

Investigation of the effect of air on low vapor pressure fluids like siloxanes is
of paramount importance. As is presented in this work, a small amount of non-
condensable gases can already have a large influence on the bubble-point pressure
of these mixtures especially at low temperatures. A more detailed research should
be conducted on the effect of non-condensable gases on the prediction of the perfor-
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mance and efficiency of ORCs using these low vapor pressure fluids. Non condens-
able gases can also affect the fundamental derivative of gas dynamics and changing
the non-ideal gas dynamic behavior of pure fluids and mixtures. A next step is the
determination of the solubility of non-condensable gases, specifically air, in linear
siloxanes and other high molecularly complex fluids to determine the maximum ef-
fect these gases can have on the properties of the fluids.

To conclude, for the investigation and understanding of non-ideal compressible
fluid thermodynamics, future research should be devoted to the improvement of ther-
modynamic models for pure fluids and (highly non-ideal) mixtures of complex or-
ganic compounds.

The experimental setup for thermal stability measurements is the basis for further
measurements and research on the thermal stability limit and decomposition prod-
ucts of pure fluids and mixtures. The setup will be updated for future measurements
to ensure a more stable temperature during the stress test and vapor pressure measure-
ments. When the update is finished, research will entail the measurement of binary
mixtures of linear siloxanes and other organic fluids. The measurements on mixtures
will be conducted to prove the possible higher thermal stability temperature of linear
siloxane mixtures than their pure components. This is due to the possible redistri-
bution process occurring at high temperature, where more complex molecules de-
compose into simpler molecules, which then recombine again into the more complex
molecule. This redistribution process can also be proven by the chemical analysis of
the liquid and the vapor phase.

Furthermore, other effects, which can influence the thermal stability, can be in-
vestigated. Effects can include, the time span a fluid is stressed, the pressure at which
the fluid is stressed, and impurities within the fluid (e.g. water, lubrications, and other
contaminations within power cycles). Finally, the effect of the thermal stability limit
and decomposition products on an ORC or other industrial or experimental process
employing organic fluids should be determined. Because the decomposition products
are determined, this knowledge can be used to investigate the change in thermody-
namic properties of the fluid and the effect on the process.
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Roman symbols

f fugacity
A Helmholtz energy
cp isobaric specific heat
cv isochoric specific heat
C total number of components
E internal energy
G molar Gibbs energy
H enthalpy
M molecular weight
N number of active degrees of freedom
P pressure
Rs specific gas constant
R universal gas constant
S entropy
T temperature
V volume
Y reducing parameter
Z compressibility factor
a attractive fluid dependent parameter
b repulsive fluid dependent parameter
c speed of sound
LLL critical condition determinant
MMM critical condition determinant
eS weighted error vector
∆Hv enthalpy of evaporization
∆Zv difference in compressibility factor between saturated liquid and vapor
e specific internal energy
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h height vapor phase
iC confidence index
ki j binary interaction parameter
k coverage factor
li j binary interaction parameter
m mass
n total number of moles
pi confidence level
q vapor quality
s specific entropy
t height triangular portion
u uncertainty
v specific volume
x liquid phase molar composition
y vapor phase molar composition
z molar composition

Greek symbols

β binary interaction parameter Helmholtz energy model
∆Y difference in property Y
Fi j fitting factor departure function Helmholtz energy model
γ binary interaction parameter Helmholtz energy model
Γ fundamental derivative of gas dynamics
αo ideal part dimensionless Helmholtz energy
α r residual part dimensionless Helmholtz energy
α dimensionless Helmholtz energy
α̃ coefficients Gram-Schmidt orthogonalization
δ reduced mixture density
µ chemical potential
ω acentric factor
ρ density
σ2

0 variance of the errors
σ standard deviation
τ reduced mixture temperature
θ angle
ε void fraction
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NOMENCLATURE

Sub- and superscripts

0 initial value
FS full scale
amb ambient conditions
att attractive force
calc calculated property
c critical property
exp experimental property
o ideal gas state
ig ideal gas
i, j,k component indices
ins instrument
lim thermal stability limit
liq saturated liquid property
l liquid phase
max maximum value
min minimum value
mod model
mol molar property
m mixture property
ref reference property
rel relative property
rep repulsive force
r reduced property
stress stressed property
vap saturated vapor property
v vapor phase

Abbriviations

Ar Argon
JI Boyle curve
BZT Bethe-Zel’dovich-Thompson fluid
CFD computational fluid dynamics
CO2 carbon dioxide
CREA Compressible-fluid dynamics for Renewable Energy Applications
FID flame ionization detector
GC gas chromatography
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NOMENCLATURE

HEOS Helmholtz energy equation of state
HRGC high resolution gas chromatography
He helium
ID Ideal curve
JI Joule-inversion curve
JT Joule-Thomson curve
MD2M decamethyltetrasiloxane
MD3M dodecamethylpentasiloxane
MD4M tetradecamethylhexasiloxane
MD5M hexadecamethylheptasiloxane
MD6M octadecamethyloctasiloxane
MDM octamethyltrisiloxane
MM hexamethyldisiloxane
MS mass spectrometry
N2 nitrogen
NIST National Institute of Standard and Technology
ORC organic Rankine cycle
PID Proportional-Integral-Derivative
PTFE polytetrafloroethylene
PT pressure transducer
PV pneumatic valve
RTD resistance temperature detector
SPRT standard platinum resistance thermometer
TCD thermal conductivity detectors
TROVA Test Rig for Organic Vapors
VLE vapor-liquid equilibrium
VdW-EOS van der Waals equation of state
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