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3 Thermodynamic properties from

speed of sound measurements
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Apparatus for the measurement of the speed of sound of ammonia up to
high temperatures and pressures
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Lehrstuhl für Thermodynamik und Energietechnik, Universität Paderborn, Warburger Straße 100,
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An apparatus for the measurement of the speed of sound based on the pulse-echo technique is
presented. It operates up to a temperature of 480 K and a pressure of 125 MPa. After referenc-
ing and validating the apparatus with water, it is applied to liquid ammonia between 230 and
410 K up to a pressure of 124 MPa. Speed of sound data are presented with an uncertainty between
0.02% and 0.1%. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891795]

I. INTRODUCTION

Ammonia is a ubiquitous compound due to its presence
in many industrial processes and cleaning products. In addi-
tion to its classical applications in fermentation or fertiliza-
tion, ammonia’s properties allow for a good performance as
a refrigerant or fuel. Due to the importance of ammonia, it is
of great interest to have a very reliable model for its thermo-
dynamic properties. Thermal pvT properties as well as heat
capacity and speed of sound data in the homogenous fluid re-
gion, together with the vapor pressure and the saturated liq-
uid density, form the basis of fundamental equations of state
(EOS) that accurately describe the entire range of fluid states.

This work presents an apparatus for measuring the speed
of sound at high temperatures and pressures to generate data
for fluids that were insufficiently studied. The speed of sound
of fluids can be measured in different ways. For gases, the
spherical resonator is a suitable technique with a high accu-
racy that has been used, e.g., by Beckermann and Kohler,1

Trusler and Zarari,2 Benedetto et al.,3 Mehl and Moldover,4, 5

or Ewing et al.6 Another measurement principle for the speed
of sound of liquids is based on the pulse-echo technique
which was introduced in 1985 by Kortbeek et al.7 Among
others, it was used by Gedanitz et al.,8 Ye et al.,9 Wang and
Nur,10 Zak et al.,11 Benedetto et al.,12 or Meier and Kabelac.13

Speed of sound measurements for ammonia have been
carried out since the late 1960s, however, leaving a wide range
of fluid states without data. In 1968, Blagoi et al.14 published
the first experimental results for the speed of sound of am-
monia. These measurements were made for the liquid along
the saturation line up to 270 K and 0.4 MPa. In the same
year, Bowen and Thompson15 published values for the adi-
abatic compressibility of liquid ammonia, derived from speed
of sound measurements between the freezing point and the
normal boiling point (from 196 to 240 K). It was not until
2007 that the speed of sound of ammonia was measured again.
Estrada-Alexanders and Hurly16 used an acoustic Greenspan
viscometer to measure the kinematic viscosity and the speed
of sound of several fluids, including ammonia. The covered
temperature and pressure ranges were 0.22–3.38 MPa and

a)Author to whom correspondence should be addressed. Electronic mail:
jadran.vrabec@upb.de. Tel.: +49-5251/60-2421. Fax: +49-5251/60-3522.

300–375 K, respectively. Finally, Abramson17 published in
2008 results for the very high pressure regime of liquid am-
monia. Using the impulsive stimulated scattering technique,
speed of sound measurements up to 680 K and 3.75 GPa were
made. In the present work, measurements were made in the
temperature range from 230 to 410 K from somewhat above
the saturation line up to 124 MPa, cf. Fig. 1.

II. APPARATUS

A. Construction

The measurement principle of the present apparatus is
based on the pulse-echo technique with a double path length.8

After emitting a high frequency modulated burst signal by
a piezoelectric quartz crystal, which was positioned between
two reflectors in the fluid, the speed of sound was determined
by the time measurement of the signal propagation through
the fluid. The ultrasonic sensor was identical with the one
used by Gedanitz et al.8

The components of the measurement cell were made of
stainless steel 1.4571 and were subjected to a heat treatment
to remove self-stress from the manufacturing process. The
piezoelectric quartz crystal was the main piece and was posi-
tioned between two polished reflectors. These reflectors were
mounted with stainless steel screws L1 = 20 mm above and L2
= 30 mm below the quartz crystal, cf. Fig. 2. A X-cut crystal
quartz was taken as a transducer which operated at a reso-
nance frequency of 8 MHz. It was shaped as a circular disk
with a diameter of 15 mm, having gold coated electrodes on
both sides which measured 10 mm in diameter. Two clamps
were connecting the electrodes, one to ground potential and
the other one through a teflon coated wire to the control unit
outside of the pressure vessel. The electrical feed through was
realized by a glass insulation which was placed outside of
the thermostat at the end of the inlet. This had the advantage
that it was shielded against high temperatures and only had to
withstand high pressures.

Fig. 3 shows the setup of the apparatus. In the center of
the apparatus was the cell with the quartz crystal mounted
in the pressure vessel. The pressure vessel had a cylindrical
shape with an internal diameter of 50 mm and a wall thickness
of 25 mm. It was made of highly tensile steel of type 1.4462.

0034-6748/2014/85(8)/084901/6/$30.00 © 2014 AIP Publishing LLC85, 084901-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
178.1.21.98 On: Tue, 05 Aug 2014 17:56:33

��



084901-2 Dubberke et al. Rev. Sci. Instrum. 85, 084901 (2014)

FIG. 1. Experimental speed of sound data for ammonia; ◦ Blagoi et al.;14 �
Bowen and Thompson;15 � Estrado-Alexanders and Hurly;16 • Abramson;17

× this work; —– saturation line.

The sealing was done by a copper seal, supported by a rib pro-
file which was milled into the surface of the sealing setting
(note that dry ammonia with a water content of less than 400
ppm does not react with copper18). The pressure vessel itself
was girded and fixed by a copper jacket to yield a uniform
temperature distribution. This copper jacket was surrounded
by two larger copper shieldings, each equipped with a heating
unit of 150 W electrical power for thermostating. Four layers
of aluminum foil around the outer copper shielding reduced
heat loss due to thermal radiation. Finally, the whole device

FIG. 2. Measuring cell in the pressure vessel: 1. thermometer seating,
2. fastening nuts, 3. safety outlet, 4. cell closure, 5. sealing ring, 6. reflec-
tor A, 7. path length L1, 8. quartz, 9. path length L2, 10. reflector B, 11. liquid
sample inlet and outlet.

FIG. 3. Setup of the apparatus: 1. PT-100 thermometer, 2. electrical feed
through, 3. safety outlet/burst disc, 4. base plate, 5. distance holder, 6. safety
outlet/cable passage, 7. distance holder, 8. pressure vessel, 9. inner copper
shielding, 10. central copper shielding, 11. outer copper shielding, 12. alu-
minum foils, 13. vacuum tank, 14. vacuum tank outlet, 15. liquid sample
inlet and outlet, 16. vacuum sealing.

was placed into a vacuum tank to reduce heat loss due to con-
vection. Above the outer copper shielding, an aluminum plate
was mounted to shield the cables and the electronic devices
outside of the vacuum tank from thermal stress. The entire
apparatus was mounted below an aluminum plate that was
attached to the base frame of the test rig. The hanging con-
struction was advantageous because of the good accessibility
of the cell in case of maintenance. Heat loss through thermal
conduction was minimized by contacting the acoustic sensor
with the environment only by three distance holders of stain-
less steel that were attached to the central copper shielding,
which was again contacted to the base plate by three other
distance holders. The vacuum tank was about 420 mm in di-
ameter and 1100 mm in height and was sealed with rubber.
It had an inlet/outlet at the bottom for liquid samples, leading
straight to the measuring cell, and another opening on the side
for a connection to a vacuum pump. Three additional open-
ings were at the retaining plate for the safety outlet, for the
thermometers, as well as an electrical feed through for the ca-
bles of the heating elements and the temperature sensors.
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FIG. 4. Arrangement of electronic devices for temperature control, pressure
measurement, as well as signal generation and detection.

B. Temperature

For controlling the cell with a high accuracy over a wide
range of temperature, the thermostat was constructed with
three copper shields. Each was monitored with respect to the
temperature and equipped with one independently adjustable
heater, cf. Fig. 4. The temperature of the liquid was measured
with a PT-100 thermometer (Rössel Messtechnik RM-type)
mounted in the wall of the pressure cylinder next to the quartz,
i.e., Pt8 in Fig. 4. The inner copper shielding was heated with
a Thermocoax heating element and monitored with Pt1, cf.
Fig. 4.

The control mode of the inner heating element is shown
in Fig. 5. To quickly specify a constant temperature at the
quartz without overshooting, a combination of a proportional
integral differential (PID) controller and an additional propor-
tional (P) controller was used. Both were implemented in the
control computer software. The PID controller provided the
temperature control at the inner heater with its sensor Pt1 that
was very close to the heating element. To reach the specified
temperature at the quartz, the set point of the PID controller
was calculated from the difference of the temperature mea-
sured by Pt8 and its set point. To prevent overshooting, the
set point of the PID controller was limited to an adjustable
range around the set point of Pt8. This proportional control
algorithm leads to a small deviation which can be minimized
by adding it to the set point to accurately reach the speci-
fied temperature. The outer copper shielding had another heat-
ing element which was adjusted manually with the help of a
PID controller to 2 K below the desired fluid temperature. A
supporting heating element, with the only purpose to boost
heating, was attached to the second shielding and was reg-
ulated by a manual adjustment of a 12 V power supply. To
monitor and control the cell temperature, a multiplexer (Ag-
ilent L4421A), two μ�-meters (Agilent 34420A) and a pro-
grammable power supply (Agilent E3633A) were connected
to the computer via a GPIB interface. The heating loop had an
accuracy of± 3mK around the specified fluid temperature, cf.
Fig. 6.

The calibration of the Pt8 (PT 100/0) thermometer was
done with a standardized 25 � platinum thermometer (Rose-

FIG. 5. Temperature control of the heating element. Solid line: cell temper-
ature; dashed line: heating element temperature.

mount 162 CE) which was calibrated from 84 to 693 K at
the Physikalisch-Technische Bundesanstalt in Braunschweig
with an given uncertainty of 2.5 mK.19 Calibration of Pt8 took
place from 290 to 650 K. The uncertainty of the temperature
measurement consisted of the uncertainty of the thermome-
ter calibration (10 mK), the uncertainty of the measurement
of the resistance ratio (2 mK), the stability of the temperature
in the thermostat (4 mK, operating experience), and the inho-
mogeneity of the temperature field inside the pressure vessel.
For resistance measurement, a μ�-meter (Agilent 34420A)
was used, which was validated against a standard 100 � re-
sistor (H. Tinsley & Co 5685 A) with a given uncertainty
of 27 mK drift per year. Hence, the overall uncertainty of
the temperature measurement results according to the error
propagation due the individual uncertainty contributions to
u�T = 30 mK.

C. Pressure

The piping system is shown in Fig. 7. It was used to fill
the cell with the liquid sample and to specify the pressure.
Important components of the pressure system were an upper

FIG. 6. Cell temperature reading via Pt8.
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FIG. 7. Schematic of the pressure system.

safety outlet of the pressure vessel, giving the possibility to
create a vacuum inside the pressure vessel, a liquid sample
container at the end of the inlet, and a hand pump to adjust the
pressure. Before filling the cell with a liquid, a vacuum was
created. Subsequently, the liquid sample was imbibed into the
cell. For an accurate pressure adjustment, a hand pump (HIP
50-5.75-30) was used. To achieve higher pressure levels, it
was necessary to add more liquid into the cell. To this end,
two valves were used to refill the hand pump without pressure
loss in the cell.

The pressure was measured with a transducer (Honeywell
TJE with a measuring range from 0 to 200 MPa and an accu-
racy of ±0.1% with respect to the full scale), which was pro-
tected by a blowout disc in case of overpressure. A μ�-meter
(Agilent 34420A) was employed to measure the signal to sup-
ply voltage ratio. All pressurized components were connected
via high pressure stainless steel tubes. The pressure transducer
was calibrated with a dead weight tester (DH-Budenberg 580
EHX) for measurements up to 260 MPa with a specified un-
certainty of 0.04% of its full scale. All valves (HIP 30.000
psi) were chosen to withstand operating pressures of up to
206 MPa. The maximum shear stress test of the pressure ves-
sel was at about 190 MPa.

D. Signal

An arbitrary function generator (Agilent 33220A) was
used to generate the burst signal and an oscilloscope (Agilent
DSO1022A) was used as a detecting device, cf. Fig. 4. Both
were connected to the control computer via a USB interface.
The switch, which was triggered via the function generator
sync output, transmitted the burst signal to the quartz crystal
and its subsequent echoes to the oscilloscope. Coaxial cables
with an impedance of 50 � were employed to connect the sig-

FIG. 8. Deviation of experimental speed of sound data from the EOS for
water by Wagner and Pruss:21 ◦ 413 K, Lin and Trusler;20 • 413 K, this
work; � 473 K, Lin and Trusler;20 � 473 K, this work.

nal components. To compensate the capacitance of the quartz
crystal, a variable inductance was placed into the circuit.

III. VALIDATION AND REFERENCING

Water is available at high purity and highly accurate
speed of sound measurements have been done for this sub-
stance over a wide range of states. The referencing of the path
length distance �L = L2 − L1 was thus carried out with wa-
ter following Gedanitz et al.8 Furthermore, a comparison of
the speed of sound measurements at high temperatures and
high pressures was done with recently published data by Lin
and Trusler,20 because the uncertainty of the EOS by Wag-
ner and Pruss21 increases significantly for T ≥ 300 K and p
≥ 100 MPa to approximately 1%. Fig. 8 illustrates speed of
sound measurements for two isotherms for water from this
work and from Lin and Trusler20 (with a given relative uncer-
tainty of less than 0.04%) in comparison to the EOS21 that is
recommended by the International Association for the Prop-
erties of Water and Steam (IAPWS). These data show that the
present apparatus operated reliably also at high temperatures
and pressures.

IV. OPERATION PROCEDURE

After filling the liquid into the pressure vessel, an equi-
libration time of around 60 min to reach a constant pressure
level was required. Subsequently, the quartz crystal was ex-
cited with a burst signal of 20 cycles, typically with a voltage
of 10 V peak-to-peak, using the function generator. The two
echoes, due to the reflections on both sides of the measuring
cell, were loaded and stored into the computer via the oscil-
loscope and then identified via thresholds with an adjustable
magnitude. To obtain an undistorted signal, a Fast Fourier
Transform (FFT) algorithm was used.22 Band path filtering
with zero padding led to a high resolution in time and voltage
amplitude as well as to a low random noise level. The time
difference �t, resulting from the path length difference �L
= L2 − L1, was calculated. Straightforwardly, the speed of
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sound is then given by

w = 2�L

�t
. (1)

This equation does not consider diffraction, due to the phase
shift of the signal relative to a planar propagation through
the fluid, and dispersion effects leading to an uncertainty
of the time difference �t. The experimental speed of sound
data were corrected by the diffraction correction by Harris,23

whereas significant dispersion effects did not occur for a res-
onance frequency of 8 MHz.24 Furthermore, there was an un-
certainty of the path length difference �L(T, p) from the ref-
erencing procedure with pure water and the measurement it-
self. The correction of the path length variation due to tem-
perature and pressure was done with the following equation,
where �L(T0, p0) is the path length difference at T0 = 293.15
K and p0 = 0.1 MPa

�L(T , p) = �L(T0, p0)

·
[
1 + α(T − T0) + 1

E
(1 − 2ν)(p − p0)

]
.

(2)

Parameters of the steel material 1.4571 are the linear ther-
mal expansion coefficient α, the elastic modulus E, and
the poisson number ν, which were provided by steel sup-
plier ThyssenKrupp Materials International (Werkstoffblatt
1.4571). Since two of these parameters (α and E) are temper-
ature dependent, the thermal expansion is given by a fourth-
order polynomial and the mechanical expansion by a first-
order polynomial. The resulting speed of sound uncertainty
due to the steel parameters was estimated to be negligible with
6 × 10−5%.

V. RESULTS AND DISCUSSION

Measurements were made for ammonia as provided by
Air Liquide (N50) with a given impurity of less than 8
ppm for a set of six isotherms, cf. Fig. 9. Starting some-
what above the vapor pressure, several measurements were

FIG. 9. Absolute values of the present speed of sound measurements along
six isotherms: + 230 K; � 237 K; ♦ 248 K; � 300 K; × 346 K; ◦ 410 K.

FIG. 10. Deviation of the present speed of sound measurements from the
EOS by Tillner-Roth et al.:25 + 230 K; � 237 K; ♦ 248 K; � 300 K;
× 346 K; ◦ 410 K.

made along each isotherm for different pressures up to 124
MPa. After each isotherm, the pressure was released and
the measuring cell was refilled and pressurized with fresh
ammonia.

The uncertainty of the present measurements is larger for
lower pressures mainly due to the uncertainty of the pressure
sensor. The measuring range of the pressure sensor was up
to 200 MPa with an accuracy of ±0.1% of the full scale and
therefore had an absolute uncertainty of 0.2 MPa. This un-
certainty had the largest impact at high temperatures and low
pressures, cf. Figs. 9 and 10. The overall speed of sound mea-
surement uncertainty (uw) is composed of the relevant contri-
butions due to uncertainties of temperature (uw,�T ) and pres-
sure measurements (uw,�p), as well as the uncertainty of the
referencing procedure (uRef) and the uncertainty of the path
length difference (u�L)

uw =
√

uw,�T
2 + uw,�p

2 + uRef
2 + u�L

2. (3)

The uncertainty of the operation procedure was limited by the
internal time reference of the function generator and was thus
neglected. According to the error propagation law, the uncer-
tainty due to the referencing process and path length differ-
ence was 0.012%. However, the total uncertainty increased up
to 0.3% for measurements at 346 and 410 K below 60 MPa.
This increase is due to the fact that the relative uncertainty
of the pressure measurement was significantly higher at low
pressures combined with the high isothermal compressibility
of the fluid at such thermodynamic states. For the remaining
state points the total uncertainty varied between 0.02% and
0.1%. Table I provides the present data together with their un-
certainties.

The obtained speed of sound values were compared with
the EOS by Tillner-Roth et al.25 Observing the deviation from
the experimental data, the accuracy of the EOS was assessed
in the liquid state over a wide range of temperature and pres-
sure, cf. Fig. 10. The uncertainty of the EOS for the speed of
sound was specified by Tillner-Roth et al.25 to be 2%, except
for the critical region where it was not further defined. This
2% claim was confirmed here.
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TABLE I. Experimental speed of sound data for ammonia, this work. The
uncertainty of the pressure was throughout �p = 0.2 MPa, the uncertainty of
the speed of sound �w is given for each state point individually.

T p w �w

[K] [MPa] [m/s] [m/s]

230.61 0.2 1794.3 0.62
229.64 1.2 1805.8 0.61
229.64 3.7 1814.5 0.60
229.71 11.8 1844.3 0.58
229.8 23.1 1882.5 0.55
229.99 41.9 1943.9 0.51
230.37 62.4 2004.1 0.49
230.65 81.2 2054.9 0.47
230.99 103 2110.7 0.46
231.35 119.7 2151.2 0.45
239.44 0.3 1737 0.71
238.37 1.8 1751.8 0.69
238.1 2.4 1755 0.68
237.98 7.2 1778.3 0.66
237.83 12.5 1796 0.64
237.65 22.7 1839 0.60
237.8 49.4 1923.4 0.54
237.84 63.7 1970 0.52
237.75 83.6 2027.2 0.49
237.48 102.8 2081 0.48
237.37 118.8 2120.8 0.46
248.91 0.9 1678.4 0.79
248.1 2.7 1692.5 0.77
248.08 5.8 1705.2 0.75
248.05 12.8 1735.7 0.72
248.06 23.2 1779.2 0.67
248.13 40.8 1842.9 0.61
248.19 64 1920.4 0.56
247.65 83.2 1981.7 0.53
247.56 102.1 2034.4 0.50
248.07 119.5 2077.6 0.49
299.72 1.1 1327 1.48
299.89 4.9 1354 1.38
300.02 10.1 1388 1.27
300.2 20 1448 1.11
300.5 40.3 1553.6 0.91
301.21 80.3 1721.1 0.70
301.34 99.7 1791.4 0.64
301.55 119.3 1855 0.60
302.03 124.3 1868.5 0.59
345.08 3.6 979 2.88
346.56 5 983 2.37
346.63 10.1 1046 1.79
346.47 20.3 1152 1.28
346.75 39.6 1298 0.87
347.07 79.9 1516.4 0.86
347.12 99.8 1603.5 0.77
346.85 120.2 1681.5 0.69
409.89 31.6 858 1.99
409.85 40.7 962 1.42
409.88 59.9 1128 1.13
409.89 79.9 1260 1.13
410.89 101.4 1374 0.94
409.92 118.8 1454.1 0.84

VI. CONCLUSION

An apparatus for the measurement of the speed of sound
of liquids using the pulse-echo technique was built and val-
idated with water by comparing the results with an accurate
EOS for water and recently published experimental data by
Lin and Trusler.20 The speed of sound of ammonia was mea-
sured here for six isotherms from 273.15 to 410 K from some-
what above the vapor pressure up to 124 MPa. The measured
speed of sound data for ammonia were compared with the
EOS by Tillner-Roth et al.25 and it was confirmed that the
maximum deviation of the EOS is about 2%.

This work covered a wide range of temperature and pres-
sure in the liquid state for which no experimental data were
available for ammonia. The present results show that the
pulse-echo technique is a reliable and accurate method for the
measurement of the speed of sound of liquid ammonia.
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The pulse-echo technique determines the propagation time of acoustic wave bursts in a fluid over

a known propagation distance. It is limited by the signal quality of the received echoes of the

acoustic wave bursts, which degrades with decreasing density of the fluid due to acoustic impedance

and attenuation effects. Signal sampling is significantly improved in this work by burst design and

signal processing such that a wider range of thermodynamic states can be investigated. Applying

a Fourier transformation based digital filter on acoustic wave signals increases their signal-to-noise

ratio and enhances their time and amplitude resolutions, improving the overall measurement accuracy.

In addition, burst design leads to technical advantages for determining the propagation time due

to the associated conditioning of the echo. It is shown that the according operation procedure

enlarges the measuring range of the pulse-echo technique for supercritical argon and nitrogen at

300 K down to 5 MPa, where it was limited to around 20 MPa before. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4921478]

I. INTRODUCTION

Acoustic measurements allow for a fast and convenient

access to the speed of sound, which is a full-fledged ther-

modynamic property. Such measurements contribute substan-

tially to the development and parameterization of fundamental

Helmholtz equations of state (FEOS) for fluids1 because accu-

rate speed of sound data can efficiently be obtained over a large

range of temperature and pressure. The most common measur-

ing principle for determining the speed of sound of liquids

is the pulse-echo technique, which was introduced by Kort-

beek et al.2 in 1985. In this method, a burst of sound waves,

emitted by an excited quartz crystal, propagates through the

fluid over a known distance, is reflected and propagates back

to the quartz crystal that also acts as a receiver for the echoes.

Two approaches for measuring the propagation time of the

wave burst are applied: (a) The propagation time of a single

wave burst is determined directly.3 (b) The propagation time is

determined through cancelation by interference, which takes

place at the quartz crystal after emission and reflection of a

second wave burst.4,5 Usually, interference of the echoes is

achieved manually by visualizing the resulting wave signals

by means of an oscilloscope.4,6

Both approaches heavily depend on the oscilloscope’s

sampling resolution of the received wave signals, which limits

the accuracy of the time measurement. To increase this accu-

racy, Ball and Trusler3 introduced in 2001 a signal analysis that

is based on a cross-correlation of the two echoes, which was

optimized by a parabolic fit.

Another numerical route for signal enhancement is to

apply a Fast Fourier Transformation (FFT) based digital fil-

ter to the reflected wave signal. FFT filtering increases the

a)Author to whom correspondence should be addressed. Electronic mail:
jadran.vrabec@upb.de. Tel.: +49-5251/60-2421. Fax: +49-5251/60-3522.

signal-to-noise ratio and reduces offset effects due to hardware

and other unwanted side effects.7 FFT filtering not only en-

hances the accuracy of the propagation time measurement, and

thus the determination of the speed of sound, in combination

with numerical analysis it may also simplify the measurement

process.

II. MEASUREMENT APPROACHES

The measurement principle of the pulse-echo technique8,9

is based on a sample cell that has two known propagation path

lengths l1 and l2, where l2 > l1. By emitting a modulated high

frequency wave burst with a piezoelectric quartz crystal, which

is positioned between two reflectors in the fluid, the speed of

sound c is determined by the time measurement of the wave

propagation through the fluid, cf. Fig. 1. The speed of sound,

neglecting dispersion and diffraction effects, is given by the

following ratio of propagation distance and time:

c =
2(l2 − l1)
Δt

. (1)

Two approaches are used: The single wave burst approach

determines the propagation time difference Δt between the

two echoes, which is caused by the different propagation path

lengths l1 and l2, by measuring it directly with a correlation

method.3,7 With the interference approach, as introduced by

Kortbeek et al.2 and later modified by Meier,5 the propagation

time difference Δt is measured with the help of an additional

second inverse wave burst. Interference occurs between the

second echo of the first wave burst and the first echo of the

second inverse wave burst if the second wave burst is emitted

with a delay of Δt, cf. Fig. 1. By manually adjusting Δt,
the maximum interference can be visually located with an

oscilloscope.4,6

0034-6748/2015/86(5)/054903/6/$30.00 86, 054903-1 © 2015 AIP Publishing LLC
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FIG. 1. Principle of the pulse-echo technique for the single wave approach

(Δt is the time difference between the received echoes of the wave burst)

and interference approach (Δt is the time difference between first and second

inverse wave bursts, which cancel out at the quartz due to total interference).

III. SIGNAL ENHANCEMENT

Independent on the measurement approach, determining

the speed of sound with a high accuracy requires an undistorted

echo signal with a high resolution in time and amplitude as

well as low random noise level. To exemplify the associated

challenges, the resolution of the oscilloscope employed in the

present work (Agilent DSO1022A) in terms of the voltage

amplitude was seemingly rather poor at 256 samples (8 bit)

compared to its time resolution of 10 200 samples (separated

by 8 ns). However, at a typical resonance frequency of 8 MHz,

this time resolution yields only 15.6 samples per oscillation

period and thus affects the uncertainty of the time measure-

ment by about 8 ns. This quantization at low resolution causes

a strong distortion of the signal, which is also influenced by

random noise.

Applying a FFT based band-pass filter algorithm for

signal enhancement is a reliable routine in the present context

as shown by Benedetto et al.7 It helps to eliminate ambient

noise as well as signal distortion and it concurrently increases

the resolution of the echo signal. The width of the band-pass

filter should be narrow enough to eliminate most of the noise

and wide enough to preserve the original signal shape. In this

work, a band-pass filter of ±20% around 8 MHz (6.4–9.6

MHz) was chosen, and all other frequency terms were set to

zero.

The resolution in time was increased by zero padding in

the frequency domain. This was done by appending zero values

to the negative and positive ends of the Fourier transformed

signal data. This did not affect the shape of the signal, but

it quadrupled the number of data points by increasing the

number of terms in the frequency domain accordingly.10 Both

algorithms were implemented into a data acquisition system

and are efficient for interpolating large numbers of data points,

increasing the amplitude resolution from 8 bit as provided by

the oscilloscope to 64 bit (double) floating-point format with

a fourfold resolution in time.

FIG. 2. Detailed view on an echo signal and its FFT reconstructed form. Raw

signal (+), reconstructed signal (•), and offset voltage (- - -).

Fig. 2 depicts a section of an increasing echo at low

voltage amplitude from the oscilloscope and the same echo re-

constructed via FFT with a 6.4–9.6 MHz band-pass filter. The

quantization of the raw echo signal, noise that randomly causes

peaks, and the voltage offset are visible. The reconstructed

signal has a considerably higher resolution both in terms of

amplitude and time, while noise, offset voltage, and distortion

were significantly reduced.

Fig. 3(a) displays a raw signal with a high noise ratio as

recorded by the oscilloscope. Fig. 3(b) shows that the abso-

lute value of the frequency spectrum of the signal lies in the

range from about 7.6 to 8.3 MHz, which was not affected by

the band-pass filter. (Note that a too narrow band-pass filter

might cut off crucial properties of the signal.) After trans-

forming the signal back to the time domain, noise and offset

voltage were strongly reduced, cf. Fig. 3(c). FFT, band-pass

filtering, and reconstruction lead to signal data that are much

FIG. 3. (a) Raw echo signal with offset voltage, noise, and resolution defects

due to sampling limits of the oscilloscope; (b) absolute value of the frequency

spectrum of the echo signal; (c) echo signal reconstructed by FFT.
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better suited for subsequent numerical operations as discussed

in the following.

IV. TIME MEASUREMENT WITH PEAK-TO-PEAK
METHOD AND HILBERT TRANSFORM

For determining the propagation time difference Δt with

the single burst approach, different methods can be applied,

cf. Ball and Trusler.3 In case of short excitation bursts in

dense liquids, which lead to short echoes because of negligible

acoustic impedance and attenuation effects, Δt may well be

identified as the time between the maximum amplitudes of

both echoes, cf. Fig. 4 (top). The maximum amplitudes occur

at the equivalent time interval in both echoes11 and therefore

Δt can be derived directly from the timing of the maximum

amplitudes. This method was applied here to the minimum

and maximum peaks and is termed peak-to-peak measurement

(PPM) in the following. Fig. 4 (bottom) indicates Δt between

the maximum peaks of both echoes with a high resolution.

Note that noise inhibits measuring Δt by localizing the start

or the end of the two echo waves.

Another method for determining Δt is to evaluate the Hil-

bert transform (HT) of the echo signals, which may be obtained

from basic Fourier analysis and is widely used to map raw

periodic functions into analytical signals, which represents

the envelope of their varying magnitude.12 The HT envelope

functions yield Δt via their maxima, cf. Fig. 4 (bottom).

Under ideal conditions, where the echoes are perfect, time

measurement by single and double burst methods, PPM, and

HT should yield throughout the same Δt. However, it was

observed in this work that PPM and HT do not necessarily

converge to the same Δt under challenging conditions where

the fluid density is low, cf. Fig. 4 (bottom). The results from

HT seemed to be less reliable, particularly in case of weak

FIG. 4. Top: First (1) and second (2) echo signals as reconstructed by FFT;

bottom: magnified view on both echo maxima indicating Δt via peak-to-

peak measurement (time between periods with maximum amplitude) and

Hilbert transform (time between the envelope maxima); raw echo signal

from oscilloscope �; echo signal reconstructed by FFT —–; and Hilbert

transform - - -.

signals with a high noise level in combination with a narrow

band-pass filter.

V. LIMITATIONS OF PULSE-ECHO APPROACHES

All pulse-echo approaches are limited by the quality of

the echoes,12,13 which is influenced by acoustic impedance and

attenuation. These effects predominantly play a role in low

density fluids, i.e., gases up to the critical region14 and other

highly attenuating liquids,15,16 and impede the readability of

the echoes.

The following problems may result: First, the interference

approach requires echoes with a plateau shaped amplitude

(cf. Fig. 5(a)), which do not develop in low density fluids.

Second, the shape of the echoes becomes so distorted that

the interference and correlation approaches do not converge

(cf. Fig. 5(b)). Third, the echoes overlap and interfere due

to their increased temporal extension so that they cannot be

distinguished anymore (cf. Fig. 5(c)). Fourth, the echo signal

amplitudes decline to zero so that they vanish in the noise.

Fig. 6 illustrates present results from different methods for

the speed of sound measurement of gaseous and supercritical

nitrogen at 300 K up to a pressure of about 52 MPa compared

to the highly accurate FEOS by Span et al.17 All experimental

results show a decreasing negative trend with respect to the

baseline of the FEOS towards low pressure. This is caused by

echo distortion, which induces a temporal extension and a shift

of the maximum of the echo periods. Uneven echo distortion

leads to a larger temporal extension of the second echo, due to

its larger propagation distance, than in case of the first echo.

Therefore, the correlation method and the PPM sample larger

Δt. Echo distortion has a stronger impact on PPM and HT,

which depend on the maximum amplitude periods, than on the

correlation method, which depends on the entire echo signal.

FIG. 5. Limitations of pulse-echo approaches due to acoustic impedance and

attenuation illustrated via Hilbert transforms. (a) The interference approach

requires echoes with a plateau shaped amplitude as shown here for liquid

water at ambient conditions; (b) distorted echoes in nitrogen at 300 K and 10

MPa; (c) distorted and overlapping echoes in nitrogen at 300 K and 7 MPa.
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FIG. 6. Speed of sound measurements of nitrogen at 300 K up to a pressure

of about 52 MPa for correlation method (◦), peak-to-peak measurement

for minimum (�) and maximum (�) amplitudes, and Hilbert transform (×)

compared to the FEOS by Span et al.17

Therefore, measurements below 25 MPa show progressive

deviations of up to almost −4% in case of the correlation

method and up to about −8% for PPM and HT at 10 MPa.

Below 10 MPa, measurements were not feasible here with any

pulse-echo method that has been described in the literature,

whereas above 25 MPa, all methods converged.

VI. PULSE DESIGN

For obtaining echoes with a maximum that is better read-

able in case of the single burst approach, the burst should be

created with only few periods that are modulated by increasing

and decreasing the excitation. Thus, the quartz crystal excita-

tion was modulated here by a sinus burst to which a narrow

bandwidth window function (sinus squared) was applied. This

has the additional advantage that its narrow-band signal is

damping the frequency spectrum such that the distortion of the

signal was minimized.18

In gaseous fluids, the shape of the echoes is less similar to

the crystal excitation than in liquid-like fluids. The lower the

fluid density, the more burst and echo differ from each other.

This is caused by the sustained oscillation of the quartz crystal

due to the low acoustic impedance of the fluid, where the

kinetic energy of the oscillating quartz crystal is not efficiently

transmitted to the fluid. Compared to liquids, gases have a

significantly lower acoustic impedance I0 = ρ · c, which quan-

tifies the resistance of the fluid to the propagation of sound,19

mainly due to their low density ρ. Exciting the quartz crystal

with fewer periods does not alter the problem of a sustained

echo.

Fig. 7 (top) depicts a sinus-modulated burst of 20 periods

and the corresponding echo in nitrogen at 300 K and 10 MPa.

For better visibility, the echo is plotted with a shifted time axis

that matches with the start of the excitation burst. Note that the

amplitude axis scales for excitation and echo were chosen ac-

cording to their different magnitudes. This comparison shows

that the echo is much longer than the excitation burst and that

it reaches its maximum amplitude with a delay.

FIG. 7. Excitation burst and echo in nitrogen at 300 K and 10 MPa. Top:

Sinusoidal excitation of 20 periods and its echo; bottom: sinusoidal excitation

of 20 periods with a brake function of 17 periods and its restrained echo.

Dashed lines indicate the Hilbert transform of the echo shown in the upper

half of the figure.

In order to prevent a sustained oscillation of the quartz

crystal, a brake function was introduced here. The braking was

performed by a 180◦ phase shifted burst immediately follow-

ing the regular initial burst (20 periods with a peak-to-peak

amplitude of 10 V) to which the same sinus squared window

function was applied and that was adjustable in its number

of periods. Thereby, the oscillation of the quartz crystal was

matched to the acoustic impedance that varies for different

thermodynamic states of the fluid. To achieve an exact phase

shift of the brake function, the excitation frequency was set

to the actual resonance frequency of the quartz crystal, which

was 7.98 MHz in the present case. Fig. 7 (bottom) shows the

resulting echo of an excitation burst with an additional brake

function of 17 periods as described above. The echo amplitude

has a curved shape that is much better suited for subsequent

analysis. It reaches its maximum amplitude approximately at

the time of the maximum amplitude of the brake function and

it decays much faster than without a brake function.

Fig. 8 shows the shape of both echoes of the excitation

bursts illustrated in Fig. 7 with and without brake function.

For better visibility, only the HT envelopes of the signals were

plotted. In case of an excitation burst with 20 periods and a

brake function of 17 periods, no peak shift occurred and the

maxima were located at period number 30 of both echoes.

Without a brake function, the maximum amplitude appears at
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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FIG. 8. Hilbert transform of first and second echoes in nitrogen at 300 K

and 10 MPa. With a brake function (——), the position of the maximum

amplitude is the same in both echoes; without, there is an uneven peak shift

(- - -). The numbers indicate the maximum periods of the echoes.

period number 49 of the first echo and period number 81 of the

second echo because of uneven echo distortion. Measuring Δt
as the time interval between the peaks in the latter case would

thus lead to wrong results.

The sinus-modulated burst with a brake function yields a

very distinctive echo due to the narrow peak of its amplitude

resulting from the fast decay, locating the period with the

maximum amplitude in both echoes at the same position. For

echoes from modulated excitations without a brake function,

this is not the case, cf. Fig. 8.

VII. EXTENSION OF THE MEASUREMENT RANGE
FOR GASES

Argon and nitrogen in their gaseous state are well suited

as examples for assessing the present method that aims at

extending the measurement range of the pulse-echo technique

with burst design and signal processing. Due to their impor-

tance and availability at high purity (in this work with a given

impurity for argon of ≤10 ppm and for nitrogen of ≤8 ppm,

both purchased at Linde), these fluids have been measured by

many authors.20–23

At around ambient temperature, a minimum pressure for

argon of 15 MPa was determined by Meier and Kabelac6 and

of 100 MPa by Kortbeek et al.2 and for nitrogen of 20 MPa

by Meier5 and Gedanitz22 for measuring the speed of sound

using the pulse-echo technique with the interference approach.

These authors were not able to distinguish the echoes below

these pressure limits, due to the challenges of the pulse-echo

approaches discussed above. Fig. 9 (top) depicts the speed

of sound of argon at 300 K up to 52 MPa measured with

the correlation method, the PPM for minimum and maximum

amplitude, and the HT using the brake function in compar-

ison to the FEOS by Tegeler et al.24 From 52 MPa down to

about 25 MPa, all applied methods converge to the baseline

of the FEOS. Below 25 MPa, the deviations for measurements

carried out with the correlation method increase up to −3.4%

at 5 MPa because of uneven echo distortion. PPM and HT

FIG. 9. Top: Speed of sound measurements of argon at 300 K up to a

pressure of about 52 MPa with correlation method (◦), PPM for minimum

(�) and maximum (�) amplitudes, and Hilbert transform (×) with applied

brake function; bottom: magnified view of top. The error bars were omitted

for better visibility.

lead to consistent results down to 5 MPa. Below that pressure,

measurements were not possible here because of insufficient

signal readability.

For low pressures, the PPM leads to a number of measur-

ing points with almost constant offsets. These discrete offsets

result from misleading minimum and maximum peak ampli-

tudes with a time difference of 1/(8 MHz) = 0.125 μs due

to signal noise and sampling rate of the oscilloscope. This

offset increases towards higher pressure, starting at 5 MPa

with ±0.2% to almost ±0.3% at 25 MPa due to the ratio of

propagation distance and time, cf. Fig. 9 (bottom) and Eq. (1).

In contrast to the PPM, the HT method does not depend on

discrete periods for Δt measurements and responds to signal

noise by scattering results for pressures below 30 MPa. Fig. 9

(bottom) is a magnified view on Fig. 9 (top) and depicts the

results from PPM for minimum and maximum amplitudes and

HT in a deviation range of ±0.1% over the pressure.

The present measurements were carried out with an appa-

ratus based on the pulse-echo technique with double path

length as presented recently.9 The overall uncertainties of up

to ±0.06% are mainly due to the uncertainty of the pressure

(±100 Pa) and temperature (±15 mK) measurements. The

uncertainty of pressure measurement alone is responsible for

almost up to ±0.05% of the uncertainty, cf. Fig. 10. The

overall uncertainty, however, is within the experimental error.

With an increasing temporal extension of the echo due to
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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FIG. 10. Top: Speed of sound measurements of argon at 350 K up to a

pressure of about 45 MPa with PPM for minimum (�) and maximum (�)

amplitudes, Estrada-Alexanders and Trusler23 (+), and Meier and Kabelac6

(◦) compared to the FEOS by Tegeler et al.;24 bottom: Speed of sound

measurements of nitrogen at 300 K up to a pressure of about 36 MPa for

PPM for minimum (�) and maximum (�) amplitudes, Costa-Gomez et al.20

(+), and Meier5 (◦) compared to the FEOS by Span et al.17

distortion, as seen for low density fluids, the determination

of the speed of sound may be offset due to the ambiguity

of the maximum period, cf. Fig. 9. This problem affects the

interference approach and the correlation method as well.

Therefore, measurements should be carried out starting from

a high density, where results are unambiguous, going down to

low density state points step by step.

VIII. CONCLUSION

It was shown that the direct time difference measurement

approach with burst design and signal processing, either based

on PPM or on the HT, has advantages over the traditional

correlation method as well as the interference method for

fluids in gaseous and supercritical states. The present results

show that speed of sound measurements for argon and ni-

trogen are feasible with the pulse-echo technique down to a

pressure of 5 MPa at ambient temperature. Hence, the new

procedure extends the measurement range of the pulse-echo

technique so that it better overlaps with that of other speed of

sound measurement techniques. E.g., argon was measured by

Estrada-Alexanders and Trusler23 in a spherical resonator up

to a pressure of 19 MPa.
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a b s t r a c t

An empirical fundamental equation of state correlation in terms of the Helmholtz energy is presented for
hexamethyldisiloxane. The relatively small amount of thermodynamic data that is available in the
literature for this substances is considerably extended by speed of sound measurements and numerical
results for Helmholtz energy derivatives from molecular modeling and simulation. The speed of sound
apparatus employed in this work is based on the pulse-echo technique and operates up to 150 MPa in the
temperature range between 250 K and 600 K. The range of validity of the equation of state, based on
laboratory data from literature and speed of sound data of this work, is from 270 K to 580 K and up to
130 MPa. Molecular simulation data are applied to extend the range of validity up to 1200 K and
600 MPa.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In heat recovery systems, such as organic Rankine cycles (ORC),
one important group of working fluids are siloxanes, which belong
to the wider class of organo-silicone compounds. Among others,
hexamethyldisiloxane (CAS No.: 107-46-0, C6H18OSi2) appears to be
a good candidate for becoming awidely employed working fluid for
high temperature ORC processes. However, accurate thermody-
namic data for siloxanes are a prerequisite for optimally designed
processes.

Traditionally, thermodynamic properties obtained from exper-
iments are summarized in different forms of empirical equations of
state. Correlations of the fundamental equation of state (EOS) are
particularly useful, because every thermodynamic equilibrium
property can be expressed as a combination of derivatives of the
thermodynamic potential in terms of which the EOS is explicit.
However, a sufficient amount of thermodynamic data is a key factor
when it comes to empirical EOS development.

For hexamethyldisiloxane a fundamental EOS was published by
Colonna et al. [1] in 2006. Upon commission of our speed of sound
measurement apparatus that is briefly described below, it was
found that this model yields unreliable data for this property. In

fact, with up to 15%, these deviations were so large that we decided
to develop a molecular interaction model to independently
corroborate our experimental findings.

Since 2006, the amount of experimental data that is available for
hexamethyldisiloxane has expanded, particularly through the work
of Abbas [2], but it is still rather poor; additional data sets were
generated in the present work by means of speed of sound mea-
surement and molecular modeling and simulation.

In principle, molecular simulation alone could provide any
thermodynamic data at any state point and it is more cost and time
efficient than laboratory measurements. However, its predictive
capability is limited by the quality of the underlying molecular
interaction model. Although molecular interaction models are
usually adjusted only to a small amount of experimental data, it is
generally accepted that they can provide reasonably good pre-
dictions for other state points and properties that were not
considered during their optimization. However, consistently good
inter- and extrapolation ability cannot be guaranteed. Our previous
experience with several substances indicated that satisfactory
performance still can be expected with respect to predicting
various Helmholtz energy derivatives in the homogeneous fluid
region, even if the molecular model was optimized exclusively to
experimental vaporeliquid equilibrium data [3e7]. Nevertheless,
due to the inherent uncertainty of molecular models, experimental
data are still essential for EOS development.

Acoustic measurements allow for a fast and convenient access to
* Corresponding author. Warburger Str. 100, 33098, Paderborn, Germany.

E-mail address: jadran.vrabec@upb.de (J. Vrabec).
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the speed of sound. In case of fluids, suchmeasurements contribute
substantially to the development and parameterization of EOS [8]
because accurate speed of sound data can efficiently be obtained
over a large range of temperature and pressure. The common
measuring principle for determining the speed of sound of liquids is
the pulse-echo technique, which was introduced by Kortbeek et al.
[9]. In this method, sound waves, emitted by an excited quartz
crystal, propagate through a fluid over a known propagation dis-
tance, are reflected and travel back to the quartz crystal. The
interference and correlation approaches are common for the pulse-
echo technique for determining the propagation time of the wave
signal. Here, the correlation approach was employed for the speed
of sound measurement.

2. Speed of sound measurement

2.1. Measurement principle

Speed of sound measurements were carried out with the pulse-
echo technique. By emitting a high frequency modulated burst
signal with a piezoelectric quartz crystal, which was positioned in
the fluid between two reflectors with different path lengths l1 and
l2, where l1 < l2, the speed of sound was determined by the time
measurement of the signal propagation through the fluid over a
known distance [10,11]. The speed of sound, neglecting dispersion
and diffraction effects, is given by the ratio of the propagation
distance and the propagation time

w ¼ 2ðl2 � l1Þ
Dt

: (1)

The measurement of the propagation time difference Dt was
based on the correlation method, which was also used by Ball and
Trusler [12], combined with a signal enhancement by applying Fast
Fourier Transformation (FFT) to the original echo signals [13,14].

The quartz crystal was excitedwith a burst of 20 cycles, typically
with a voltage of 10 V peak-to-peak. Both echoes were sampled,
stored to a computer by an oscilloscope (Agilent, DSO1022A) and
identified via a threshold. On the basis of the time intervals where
the signals exceeded the specified threshold, a significantly
extended number of data points in the time interval Dte was
marked around both echo maxima, starting at t1 for the first echo
and at t2 for the second echo, cf. Fig. 1 (top).

Because the second echo is affected by greater attenuation due
to the longer propagation distance than the first echo, the ratio of
the maximum amplitudes of the first echo and the second echo had
be determined. The resulting amplitude factor r, which depends on
the fluid and its thermodynamic state, is required in the correlation
approach to consider attenuation [12]. This was done here by
multiplying the second echo, i.e. the signal data within Dte after t2,
with the amplitude factor to achieve the same maximum peak
magnitude for both echoes, cf. Fig. 1 (center).

The correlation z overlays the signals of both echoes by

zðDtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXt1þDte

t1

½xðtÞ$rxðt þ DtÞ�2
vuut ; (2)

where x(t) refers to the echo amplitude at the time t. The time at the
maximum of z is the measured propagation time difference Dt, cf.
Fig. 1 (bottom).

2.2. Measurement procedure

After filling siloxane into the cell, it was compressed to about

20 MPa by a hand-pump and an equilibration time of around 1 h
was given to reach a constant pressure level. Each isotherm was
studied from high pressure to vapor pressure, where the pressure
was measured with a transducer (Honeywell TJE with an operating
range up to 70 MPa), which was calibrated with a dead weight
tester (Degranges and Hout, 5201-S) and protected by a blowout
disc.

The temperature was measured with a Pt100 thermometer
(R€ossel Messtechnik RM-type), which was mounted in the wall of
the pressure cylinder next to the quartz and was calibrated with a
standardized 25 U platinum thermometer (Rosemount 162 CE).
Hence, the overall uncertainty of the temperature measurement
results according to the error propagation law due the individual
uncertainty contributions amounts to uT ¼ ±15 mK.

For controlling the cell with a high accuracy over a wide tem-
perature range, the thermostat was constructed with three nested
copper shields. Each was monitored with respect to the tempera-
ture and equipped with one independently adjustable heater,
which was controlled with a combination of a PID controller and an
additional proportional (P) controller to quickly specify a constant
temperature without overshooting.

The referencing of the path length distance difference
Dl ¼ l2 � l1 was carried out with water, which is available at high
purity and for which highly accurate speed of soundmeasurements
are available over a wide range of states, see Ref. [15]. The experi-
mental speed of sound data were corrected by the diffraction
correction by Harris [16], where significant dispersion effects are
not expected for a resonance frequency of 8 MHz [17].

2.3. Results

Speed of sound measurements were carried out for a set of 12

Fig. 1. Steps of the correlation method. Top: First and second echo signals identified
via a threshold. Center: Signal reconstructed by Fast Fourier Transformation where the
amplitude of the second echo is the same as the amplitude of the first echo. Bottom:
Correlation function z(Dt) according to Eq. (2).
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isotherms in the temperature range from 365 K to 573 K up to
20 MPa, cf. Fig. 2. The siloxane was obtained from WACKER with a
given purity of �99% and was degassed before experimental mea-
surements were carried out.

The uncertainty of the present measurements is larger for lower
pressures mainly due to the uncertainty of the pressure sensor. The
operating range of the pressure sensor was up to 70 MPa with an
accuracy of ±0.035% of the full scale. Therefore, the absolute un-
certainty was 0.025 MPa. This uncertainty had the largest impact at
high temperatures and low pressures. The overall speed of sound
measurement uncertainty uw is composed of the relevant contri-
butions due to uncertainties of temperature and pressure mea-
surements as well as the uncertainty of the referencing procedure.

According to the error propagation law, the total uncertainty
was between 0.03% and 0.3%. The higher end of this uncertainty
range is mainly caused by the fact that the relative uncertainty of
the pressure measurement was significantly higher at low pres-
sures, combined with the high isothermal compressibility of the
fluid at such thermodynamic states. Numerical measurement data
together with their uncertainties can be found in the
Supplementary Material.

3. Molecular modeling and simulation

3.1. Molecular model

A molecular interaction model for hexamethyldisiloxane was
developed here. It was validated with respect to experimental data
or respective correlations from the literature, including saturated
liquid density, vapor pressure, enthalpy of vaporization, homoge-
neous liquid properties (density and speed of sound), second virial
coefficient, and transport properties (thermal conductivity and
shear viscosity).

The geometry of the model was determined by quantum
chemical calculations using the software package GAMESS(US) [18]
with the Hartree-Fock method and the 6-31G basis set. Three
Lennard-Jones (LJ) sites and three point charges were placed on the
silica (Si) and oxygen (O) atoms, while the six methyl groups (CH3)
were represented with LJ sites only, cf. Fig. 3. Its point charge
magnitudes were specified such that they correspond to a dipole

moment of 2.67$10�30 Cm (a value taken from the DIPPR database
[19]). The initial values of the LJ energy (ε) and size (s) parameters
of the CH3 and O sites were adopted from Schnabel et al. [20] and
Vrabec et al. [21], respectively. The LJ parameters of the Si sites were
adjusted to experimental saturated liquid density and vapor pres-
sure data. In a last step, all model parameters, including geometric
structure and polarity, were fine-tuned with the reduced unit
method [22]. The resulting model parameters are listed in Table 1.

3.2. Validation of the molecular model

To validate the present molecular interaction model, simulation
results for vaporeliquid equilibria, homogeneous liquid density,
speed of sound, second virial coefficient, and transport properties
were comparedwith experimental data from the literature andwith
correlations from theDIPPR database [19]. All simulation details and
numerical data are given in the Supplementary Material. The
simulation data for vapor pressure, saturated liquid density, satu-
rated vapor density, and enthalpy of vaporization are presented in
absolute plots in the Supplementary Material. As discussed in sec-
tion 4.3 in detail, for the vapor pressure relative deviations between
the molecular simulation data and the present EOS are less than 4%
for all simulation points, except for the lowest temperature. Note
that the experimental data scatter in this range, too. Experimental
data for the saturated liquid density are available between 213K and
358 K only. The simulation data in this region are well within the
scatter of the experimental data and the uncertainty of the DIPPR
correlation [19]. The simulation results for the enthalpy of

Fig. 2. Speed of sound of hexamethyldisiloxane. Present experimental data: B 365 K,
, 373 K,△ 393 K,▽ 413 K, � 433 K, ◊ 453 K, � 473 K,- 493 K,: 518 K,; 533 K, �
553 K, A 573 K; B (red) present simulation data; d present equation of state; e e

vapor pressure curve. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 3. Present molecular interaction model for hexamethyldisiloxane. CH3: methyl
site, O: oxygen site, not labeled: silica site. Note that the sphere diameters correspond
to the Lennard-Jones size parameters, which are depicted according to the molecular
geometry scale.

Table 1
Parameters of the present molecular interaction model for hexamethyldisiloxane.
Lennard-Jones sites are denoted by the modeled atoms or atomic groups. Electro-
static sites are denoted by point charge magnitudes q. Coordinates are given with
respect to the center of mass in a principal axes system.

Interaction site x y z s ε/kB q

Å Å Å Å K e

CH3 �2.2796 �0.8698 �0.3545 3.8144 121.3515
CH3 �2.2150 1.2764 1.8825 3.8144 121.3515
CH3 0.5674 0.7717 �2.5502 3.8144 121.3515
Si �1.2334 �0.0730 1.0059 3.5133 15.1500 0.1458
O 0.1238 0.6680 0.3350 3.1180 43.6148 �0.2916
Si 1.2923 0.3890 �0.8475 3.5133 15.1500 0.1458
CH3 �0.6830 �1.3930 2.2409 3.8144 121.3515
CH3 1.8613 �1.4145 �0.7878 3.8144 121.3515
CH3 2.7335 1.5447 �0.4734 3.8144 121.3515
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vaporization agree well with the experimental data over the whole
temperature range from 287 K to 500 K. The relative deviations are
throughout less than about 1.5%, with the exception of the point at
495 K.

Simulation results for the homogeneous liquid density were
compared to experimental data published byMcLure et al. [23] and
Abbas [2]. McLure et al. [23] provide data at 1 atm, Abbas [2] per-
formed measurements over a wide temperature and pressure
range. Fig. 4 shows the results of the comparison at temperatures
from 303 K to 427 K up to a pressure of 130 MPa. It can be seen that
the agreement between simulation and experimental data is very
satisfying. In general, the relative deviation is less than 0.2%. For the
three data points at 1 atm it is slightly higher.

The speed of sound in the liquid state was calculated by simu-
lation, taking the ideal gas contribution of the present EOS into
account (see section 4.1). These results were compared with the
experimental data generated in the present work. As can be seen in
Fig. 2, the simulation results are in line with the experimental data
points at the four investigated isotherms 365 K, 413 K, 473 K and
573 K up to a pressure of 14 MPa. Nearly all simulation points agree
with the experiment within their statistical uncertainties.

The second virial coefficient was predicted over a temperature
range from 220 K to 1500 K by evaluating Mayer's f-function. This

Fig. 4. Density in the homogeneous liquid region of hexamethyldisiloxane. Relative
deviations between present simulation data and experimental data by Abbas [2] and
McLure et al. [23]. (Dz ¼ (zsim � zexp)/zexp). The size of the bubbles indicates the
magnitude of the relative deviation.

Fig. 5. Thermal conductivity at 10 MPa (top) and shear viscosity at 1 atm (bottom) of
hexamethyldisiloxane: � present simulation data; , experimental data by Abbas [2],
△ Hurd [26], and ▽ Wilcock [27]; d correlation of experimental data from the DIPPR
database [19].

Table 2
Parameters of the ideal contribution of the present equation of state for
hexamethyldisiloxane according to Eq. (10).

i mi qi/K

1 18.59 20
2 29.58 1400
3 19.74 3600
4 4.87 6300

c0 3.0
cI �10.431499
cII 72.110754

Fig. 6. Isobaric heat capacity of the ideal gas of hexamethyldisiloxane.
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approach was described e.g. by Eckl et al. [24]. The present results
are shown in section 4.5, where the mean absolute deviation over
the whole considered temperature range is below 0.44 dm3$mol�1.

Thermal conductivity and shear viscosity of liquid hexame-
thyldisiloxane were obtained by equilibrium molecular dynamics
simulations following the Green-Kubo formalism, cf. Guevara-
Carrion et al. [25]. Fig. 5 shows the simulation results in compari-
son with experimental data from the literature and a correlation
from the DIPPR database [19]. For the thermal conductivity, simu-
lations were carried out at 10 MPa, cf. Fig. 5 (top). The simulations
agree with the experimental data by Abbas [2] mostly within their
statistical uncertainties. At 500 K, there is some deviation. The
shear viscosity experimental data at 1 atm, published by Abbas [2],
Hurd [26], and Wilcock [27], were used for comparison. The shear
viscosity from simulation is about 0.1 mPa s below the experi-
mental data in the entire temperature range from 280 K to 350 K, cf.
Fig. 5 (bottom). The mean relative deviation of the simulation data
with respect to the correlation from the DIPPR database [19] is
about 12%.

3.3. Large scale thermodynamic data generation

In principle, once a molecular interaction model is available, any
thermodynamic information can be obtained from molecular
simulation. However, the generation of a data set that contains as
much non-redundant thermodynamic information as possible may
look cumbersome in practice, because standard textbook ap-
proaches in the molecular simulation literature imply that specific
statistical mechanical ensembles are required for particular ther-
modynamic properties. It is true that certain properties have

simpler statistical analogs in certain ensembles andmay be difficult
to derive in others, but it is nevertheless possible. The statistical
mechanical formalism proposed by Lustig [28,29] was designed to
provide an arbitrary number of Helmholtz energy derivatives

Ar
xy ¼ txdy

vxþyarðt; dÞ
vtxvdy

¼ ð1=TÞxryv
xþyarðT ; rÞ
vð1=TÞxvry ; (3)

from a single molecular simulation run for a given state point. In Eq.
(3), a is the reduced Helmholtz energy, T the temperature, r the
density, R the molar gas constant, t ¼ Tc/T the inverse reduced
temperature, and d ¼ r/rc the reduced density, in which Tc is the
critical temperature and rc the critical density. a is commonly
divided into an ideal (superscript “o”) and residual (superscript “r”)
contribution

aðt; dÞ ¼ aoðT ; rÞ þ arðT; rÞ
RT

¼ aoðt; dÞ þ arðt; dÞ; (4)

where a is the molar Helmholtz energy. The ideal contribution
ao(T,r) ¼ ao(T)þao(r) corresponds to the value of a(T,r) when no
intermolecular interactions are at work [8]. The density depen-
dence of ao(T,r) is known from the ideal gas law and it is
ao(r) ¼ ln(r/rref). The exclusively temperature dependent ideal part
ao(T) has a non-trivial temperature dependence and it is often
determined by spectroscopy or ab initio calculations. Although
molecular interaction models with internal degrees of freedom
may describe ao(T) accurately, the residual contribution
ar(T,r) ¼ a(T,r) � ao(T,r) is typically the target of molecular
simulation.

The formalism proposed by Lustig is an implemented feature of
our molecular simulation tool ms2 [30,31] that yields up to eight
derivatives of the residual Helmholtz energy. With this method, the
analytical derivatives of Eq. (3) can be directly fitted to Ar

xy simu-
lation results, unlike usual thermodynamic properties, such as
pressure p, isochoric heat capacity cv, isobaric heat capacity cp, and
speed of sound w

p
rRT

¼ 1þ Ar
01; (5)

cv
R
¼ ��

Ao
20 þ Ar

20
�
; (6)

cp
R

¼ ��
Ao
20 þ Ar

20
�þ

�
1þ Ar

01 � Ar
11

�2
1þ 2Ar

01 þ Ar
02

; (7)

Mw2

RT
¼ 1þ 2Ar

01 þ Ar
02 �

�
1þ Ar

01 � Ar
11

�2
Ao
20 þ Ar

20
; (8)

that are linear or non-linear functions of Axy. This approach is a
convenient route to obtain an arbitrary number of independent
thermodynamic properties, and its contribution to support EOS
development was recently shown [3e7]. The large scale molecular
simulation data set of the present work contains five derivatives
Ar
10, A

r
01, A

r
20, A

r
11, and Ar

02 as well as Ar
00 at 194 state points that are

well distributed in the homogeneous fluid region. At each state
point 864 particles were sufficiently equilibrated and then sampled
for 2 million production cycles with NVT Monte Carlo simulations
[32]. Electrostatic long-range corrections were approximated by
the reaction field method [33]. The reduced residual Helmholtz
energy Ar

00 was determined byWidom's test particle insertion [34].
A discussion of these data is given in section 4.6, their numerical
values can be found in the Supplementary Material.

Table 3
Parameters of the residual contribution of the present equation of state for hex-
amethyldisiloxane according to Eq. (11), where li ¼ 1.

i ni ti di pi hi bi gi εi

1 0.5063651,10�1 1.000 4 e

2 0.8604724,10þ1 0.346 1 e

3 �0.9179684,10þ1 0.460 1 e

4 �0.1146325,10þ1 1.010 2 e

5 0.4878559,10þ0 0.590 3 e

6 �0.2434088,10þ1 2.600 1 2
7 �0.1621326,10þ1 3.330 3 2
8 0.6239872,10þ0 0.750 2 1
9 �0.2306057,10þ1 2.950 2 2
10 �0.5555096,10�1 0.930 7 1
11 0.9385015,10þ1 1.330 1 e 1.0334 0.4707 1.7754 0.8927
12 �0.2493508,10þ1 1.680 1 e 1.5440 0.3200 0.6920 0.5957
13 �0.3308032,10þ1 1.700 3 e 1.1130 0.4040 1.2420 0.5590
14 �0.1885803,10þ0 3.080 3 e 1.1130 0.5170 0.4210 1.0560
15 �0.9883865,10�1 5.410 1 e 1.1100 0.4320 0.4060 1.3000
16 0.1111090,10þ0 1.400 2 e 7.2000 7.2000 0.1630 0.1060
17 0.1061928,10þ0 1.100 3 e 1.4500 1.2000 0.7950 0.1810
18 �0.1452454,10�1 5.300 1 e 4.7300 35.8000 0.8800 0.5250

Table 4
Critical parameters from the literature, where the critical density was not measured,
but estimated from theoretical models.

Authors Tc pc rc

K MPa mol$dm�3

Dickinson et al. [48] 518.8 1.91 1.715
McLure and Dickinson [45] 518.7 1.92
McLure and Neville [49] 1.589
Nikitin et al. [50] 519 1.92
Young [51] 516.6 1.91 1.745
Young [52] 516.6 1.91 1.744
This work 518.7 1.93 1.653
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4. Fundamental equation of state correlation

In this section, an EOS for hexamethyldisiloxane is presented.
Comparisons are made to experimental as well as molecular
simulation data, and the physical and extrapolation behavior is
analyzed. The present EOS for hexamethyldisiloxane is written in
terms of the reduced Helmholtz energy as a function of tempera-
ture and density. Because this is a thermodynamic potential, every
other equilibrium thermodynamic property can be obtained by
differentiating Eqs. (10) and (11) analytically and combining the
results. Examples, e.g. for the pressure, are given in Eqs. (5)e(8).

4.1. Ideal gas contribution

The exclusively temperature dependent ideal contribution ao(t)
of the reduced Helmholtz energy a(t,d) was derived from a cop
equation

cop
R

¼ n0 þ
XIPol
i¼1

nit
ti þ

XIPolþIPE

i¼IPolþ1

mi

�
qi

T

�2 exp ðqi=TÞ
ðexp ðqi=TÞ � 1Þ2

: (9)

For the application to a fundamental EOS in terms of the
Helmholtz energy, this equation has to be integrated twice with
respect to t

aoðt; dÞ ¼ cІІ þ cІtþ c0 ln ðtÞ þ
XIPol
i¼1

cit
ti

þ
XIPolþIPE

i¼IPolþ1

mi ln ð1� exp ð � qi=TctÞÞ þ ln ðdÞ:
(10)

The integration constants cI and cII can be chosen arbitrarily.
However, the most common reference state is the normal boiling
point (NBP). Here, the temperature and density of the saturated
liquid at the reference pressure p0 ¼ 1 atm have to be determined.
At this state point, the default values of the corresponding refer-
ence entropy s0(TNBP, p0 ¼ 1 atm) and enthalpy h0(TNBP, p0 ¼ 1 atm)
are set to be zero. Therefore, cI and cII depend on the residual part of
the present equation of state.

In general, cop equations are correlated to data for the isobaric
heat capacity of the ideal gas. These data can be determined from
spectroscopy, statistical mechanics, or extrapolation from gaseous
speed of sound or isobaric heat capacity measurements. Spectro-
scopic data are very difficult to analyze for complex molecules.
Therefore, they can rarely be used to set up equations of state.When
extrapolating ideal gas heat capacities from experimental speed of
sound or isobaric heat capacity data, highly accuratemeasurements
are mandatory. Thus, such data are only available for well investi-
gated fluids. Therefore, most data were determined by means of
statisticalmechanics. Depending on the complexity of themolecule,
these data can be associated with high uncertainties so that they
have to be treated carefully. When developing a cop equation, some
boundary conditions have to be kept inmind. The functional form of
Eq. (9) is physically based and the contributions of molecular
translation and rotation are combined in the temperature inde-
pendent part n0. For molecules like hexamethyldisiloxane, it can be
assumed that the degrees of freedom of both contributions are fully
excited also for very low temperatures. Therefore, n0 ¼ 4, corre-
sponding to three degrees of freedom for translation and three
degrees of freedom for rotation. The temperature dependent
contribution of the molecular vibrations was modeled by

Table 5
Average absolute relative deviations of experimental vapor pressure and saturated liquid density data from the present equation of state for hexamethyldisiloxane. All
temperatures were adapted to the ITS-90 scale. Datasets, which were applied to the fit, are marked with an asterisk.

Authors No. of data Temperature range Average absolute relative deviations (AAD)/%

LT MT HT Overall

Vapor pressure pv
Abbas [2] 18 284e375 1.894 2.214 e 2.072
Benkeser & Krysiak [54] 1 372.62 e 2.966 e 2.966
Bolotov et al. [55] 1 373.12 e 1.541 e 1.541
Dickinson et al. [48] 3 303e316 0.093 0.041 e 0.076
Flaningam & Williams [56] 1 373.65 e 0.023 e 0.023
Flaningam [57] 15 302e384 0.765 0.318 e 0.437
Guzman et al. [58] 6 333e374 e 0.589 e 0.589
Hunter et al. [59] 1 372.62 e 2.966 e 2.966
Kaczmarek & Radecki [60] 1 374.62 e 2.833 e 2.833
Kaczmarek & Radecki [61] 1 374.02 e 1.066 e 1.066
Kaczmarek & Radecki [62] 1 374.02 e 1.066 e 1.066
Kaczmarek [63] 1 373.62 e 0.099 e 0.099
Kaczmarek [64] 1 373.92 e 0.774 e 0.774
Kaczmarek [65] 1 374.65 e 2.912 e 2.912
Killgore et al. [66] 1 372.98 e 0.663 e 0.663
McLure & Dickinson [45]* 19 491e519 e 1.615 0.380 1.030
Pedersen et al. [67] 1 373.44 e 0.620 e 0.620
Radecki et al. [68] 2 293e375 0.860 1.359 e 1.110
Radecki & Kaczmarek [69] 2 373e374 e 1.541 e 1.541
Radecki & Kaczmarek [70] 1 373.12 e 1.541 e 1.541
Radecki & Kaczmarek [71] 1 373.37 e 0.822 e 0.822
Reuther & Reichel [72] 1 373.62 e 0.099 e 0.099
Sauer [73] 1 373.57 e 0.243 e 0.243
Scott et al. [36]* 21 309e412 0.044 0.030 e 0.031
Speier [74] 1 372.12 e 4.376 e 4.376
Stull [75] 10 244e373 18.34 4.428 e 12.78
Voronkov [76] 1 373.52 e 0.388 e 0.388
Waterman et al. [77] 1 373.82 e 0.043 e 0.043
Zhang et al. [78] 1 373.67 e 0.035 e 0.035
Saturated liquid density r′

Gubareva [79] 10 273e354 0.249 0.085 e 0.167
Guzman et al. [58] 5 333e359 e 1.335 e 1.335
Mills & MacKenzie [80] 2 293e303 0.109 e e 0.109
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PlanckeEinstein terms. For high temperatures, it has to be ensured
that the ideal gas heat capacity approaches a maximum value
related to fully excited degrees of freedom considering all contri-
butions, i.e. translation, rotation, and vibration. Since it is too
complex to express these contributions on a strictly physical basis,
the PlanckeEinstein terms were treated empirically. The ideal
contribution of the present EOS for hexamethyldisiloxane thus
consists of four PlanckeEinstein terms and the corresponding pa-
rameters are given in Table 2. In Fig. 6, the representation of the
isobaric heat capacity of the ideal hexamethyldisiloxane gas is
illustrated. The upper part of that figure shows the absolute trend of
cop=T as a function of temperature. The present equation has a cor-
rect extrapolation behavior for low temperatures, i.e.
copðT/0 KÞ ¼ 4R. For high temperatures, an asymptotic behavior of
the equation can be observed. Colonna et al. [1] have chosen a
simple polynomial approach for fast calculations. This can behelpful
when insufficient data are available for the correlation. However,
these polynomial terms have to be used carefully because it is easily
possible to compromize the extrapolation behavior. As a results of
the chosen functional form, the transition of the equation of

Colonna et al. [1] to very low temperatures yields a value of 6.3R and
for increasing temperatures the ideal gas heat capacity decreases.

In Fig. 6 (bottom), relative deviations of literature data from the
present EOS are shown. Only three different datasets are available.
Mosin and Mikhailov [35] derived their data from statistical me-
chanics. Since no information is given on the accuracy of these data,
they were not considered in the development of the present cop
equation. The data of Scott et al. [36] were gained from low tem-
perature calometric measurements. Due to limitations of their
apparatus, the temperature range was only 360 K to 500 K. Addi-
tionally, they used results from investigations on the barrier
restricting internal rotation around the SieO bond to determine the
ideal gas heat capacity theoretically, which are in good agreement
with their measurements. Therefore, the low temperature region
(T < 500 K) of the present equation was correlated to the experi-
mental results of Scott et al. [36], and higher temperatures were
modeled with the help of their theoretical results. For T > 300 K ,
the ideal gas heat capacity is reproduced within 0.1%, which is also
claimed to be the uncertainty of the present equation. For lower
temperatures deviations increase.

Table 6
Average absolute relative deviations of the experimental data in the homogeneous region from the present equation of state for hexamethyldisiloxane. All temperatures were
adapted to the ITS-90 scale. Datasets, which were applied to the fit, are marked with an asterisk.

Authors No. of data Temperature and pressure range Average absolute relative deviation (AAD)/%

Gas Liq Crit. Reg. Supercritical fluid Overall

T p LD MD HD

prT data
Abbas [2]* 459 278e438 0.9e130 e 0.071 e e e e 0.071
Anderson et al. [88] 1 293.15 0.101325 e 0.120 e e e e 0.120
Bolotov et al. [55] 1 293.15 0.101325 e 0.081 e e e e 0.081
Dickinson [89] b 5 303e304 100e501 e 0.476 e e e e 0.476
Fox et al. [90] 1 293.14 0.101325 e 0.174 e e e e 0.174
Gaines [91] 1 297.14 0.101325 e 1.025 e e e e 1.025
Golik and Cholpan [92] 1 303.13 0.101325 e 0.451 e e e e 0.451
Good et al. [93] 1 298.14 0.101325 e 0.168 e e e e 0.168
Hunter et al. [59] 1 298.14 0.101325 e 0.122 e e e e 0.122
Hurd [26] b 3 273e314 0.1e1 e 0.275 e e e e 0.275
Kaczmarek [63] 1 293.15 0.101325 e 0.199 e e e e 0.199
Kaczmarek [94] 1 293.15 0.101325 e 0.173 e e e e 0.173
Kaczmarek [64] 1 293.15 0.101325 e 0.199 e e e e 0.199
Kaczmarek [65] 1 293.15 0.101325 e 0.199 e e e e 0.199
Kaczmarek and Radecki [60] 1 293.15 0.101325 e 0.199 e e e e 0.199
Kaczmarek and Radecki [61] 1 293.15 0.101325 e 0.199 e e e e 0.199
Killgore et al. [66] 1 298.14 0.101325 e 0.234 e e e e 0.234
Marcos et al. [95] 61 448e574 0.1e1 0.271 e e 0.455 e e 0.365
Matteoli et al. [96] 1 298.15 0.101325 e 0.089 e e e e 0.089
McLure et al. [23] 13 278e358 0.1e1 e 0.328 e e e e 0.328
Radecki et al. [68] 1 293.15 0.101325 e 0.383 e e e e 0.383
Radecki and Kaczmarek [69] 1 293.15 0.101325 e 0.397 e e e e 0.397
Reuther and Reichel [72] 1 293.14 0.101325 e 0.385 e e e e 0.385
Sauer [73] 1 293.14 0.101325 e 0.398 e e e e 0.398
Voronkov [76] 1 293.14 0.101325 e 0.174 e e e e 0.174
Waterman et al. [77] 1 293.14 0.101325 e 0.214 e e e e 0.214
Weast and Astle [97] 1 293.15 0.101325 e 0.147 e e e e 0.147
Speed of sound w
This work* 214 365e573 0.1e30 e 0.174 e e e 0.228 0.215
Isobaric heat capacity cp
Weast and Astle [97] 1 298.14 0.101325 e 0.921 e e e e 0.921
Anderson et al. [88] 1 298.15 0.101325 e 1.310 e e e e 1.310
Abbas [2]* 32 218e374 0.101325 e 0.303 e e e e 0.303
Pedersen et al. [67] 8 301e346 0.101325 e 0.702 e e e e 0.702
Good et al. [93] 1 298.14 0.101325 e 0.881 e e e e 0.881
Scott et al. [36]* 11 363e501 0.0e1 0.042 e e e e e 0.042
Second virial coefficient Ba

Marcos et al. [95] 6 448e574 e 29.82 e e e e e 29.82
Scott et al. [36]* 3 332e374 e 35.51 e e e e e 35.51

a AAD of the second virial coefficient B in cm3 mol�1.
b Calculated values.
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When Colonna et al. [1] developed their EOS in 2006, no infor-
mation on the ideal gas heat capacity was available. Therefore, they
applied the Harrison-Seaton zeroth order contribution method [37]
to gain information on this property. Unfortunately, the method
yields results with 25% uncertainty [19], which is too large for ac-
curate EOS. However, this was the only group contribution method
applicable to siloxanes because it is the only one providing infor-
mation on SieO bonds. Poling et al. [38] state the same findings,
which led to further investigations on the ideal gas heat capacity of
siloxanes by Nannan et al. [39]. They made ab initio calculations,
which were based on information about hexamethyldisiloxane
from the literature, and were then transferred to several other si-
loxanes. Unfortunately, these results were not compared to their
experimental results for octamethylcyclotetrasiloxane so that it is
not possible to assess the accuracy of their ab initio calculations. In a
publication that reports a conclusion of their investigations on
more accurate ideal gas heat capacities of siloxanes, they claim that
the HF/6-31G(d) method is the most accurate one. This method

yields an ideal gas isobaric heat capacity of cop ¼ 503 J$mol�1$K�1 at
T¼ 500 K, which is the same value as their experiment at T¼ 495 K.
Therefore, these data are assumed to be less accurate than the data
of Scott et al. [36] and were only used for comparison here.

4.2. Residual contribution

The residual contribution consists of polynomial, exponential,
and Gaussian bell-shaped terms

arðt; dÞ ¼ arPolðt; dÞ þ arExpðt; dÞ þ arGBSðt; dÞ

¼
XIPol
i¼1

nid
ditti þ

XIPolþIExp

i¼IPolþ1

nid
ditti exp ð � lid

piÞ

þ
XIPolþIExpþIGBS

i¼IPolþIExpþ1

nid
ditti exp

�
� hiðd� εiÞ2 � biðt� giÞ2

�
:

(11)

Polynomial and exponential terms are generally sufficient to
accurately describe the whole fluid region, except for critical states.
The Gaussian bell-shaped terms [40], which were first applied to
Helmholtz EOS by Setzmann andWagner [41] in 1991, are used for a
more accurate description of the critical region. Furthermore, they
allow for the development of EOS, which can reproduce datawithin
their experimental uncertainty with amuch lower number of terms
as before.

The residual contribution of the present EOS consists of five
polynomial, five exponential, and eight Gaussian bell-shaped
terms. The corresponding parameters are listed in Table 3. These
parameters were determined by non-linear fitting techniques,
which were also used to set up other modern EOS, e.g. R-125 [42],
propane [43], or propylene [44]. Tables 5 and 6 list all data sources,
indicating which data were considered in the present fitting
routine. Their selection is discussed in detail below. The available
dataset is presented in Fig. 7. The shaded areamarks the region that
is covered by experimental measurements (T ¼ 220 K to 570 K,
pmax ¼ 130 MPa). Most are homogeneous liquid density and speed
of sound data. The experimental dataset was supplemented here by
Helmholtz energy derivatives from molecular simulation. In this
way, the range of validity of the present equation of state was
extended to a maximum temperature of Tmax ¼ 1200 K and a
maximum pressure of pmax ¼ 600 MPa. The critical temperature
was constrained to the value of McLure and Dickinson [45]
(Tc ¼ 518.7 K), which is in close agreement with the other litera-
ture values, cf. Table 4. The critical density rc ¼ 1.653 mol dm�3 and
the critical pressure pc ¼ 1.9311 MPa were determined during the
present fitting procedure. The critical pressure agrees well with the
literature values, whereas the critical density differs by up to 5.5%.
However, none of the critical density values given in the literature
are measurements, they were rather estimated from theoretical
models. The triple point temperature Ttp¼ 204.93 Kwas taken from
Scott et al. [36]. The corresponding liquid triple point density
rtp,liq ¼ 5.266 mol dm�3 was determined by extrapolating the
saturated liquid line to the triple point temperature. Furthermore,
the gas constant R ¼ 8.3144621 J mol�1 K�1 [46] and the molecular
weight M ¼ 162.3768 g mol�1 [47] were applied.

4.3. Assessment of vaporeliquid equilibrium properties

Relative deviations of experimental vapor pressure data from
the present equation of state are shown in Fig. 8. Additionally, the
corresponding average absolute relative deviations are listed in
Table 5. Relative deviations were calculated by

DX ¼ 100
�
XDATA � XEOS

XDATA

�
: (12)

Based on this definition, the average absolute relative deviation
is defined as

AAD ¼ 1
N

XN
i¼1

jDXij: (13)

Vaporeliquid equilibrium data were separated into three tem-
perature ranges: low temperature (LT: T/Tc � 0.6), medium tem-
perature (MT: 0.6 � T/Tc � 0.98), and high temperature (HT: T/
Tc > 0.98). All other properties were classified into gas, liquid,
critical region (0.98 � T/Tc � 1.1 and 0.7 � r/rc � 1.4), and super-
critical region. The latter was further divided into low density (LD:
r/rc� 0.6), medium density (MD: 0.6� r/rc� 1.5), and high density
(HD: r/rc > 1.5). In the figures, the equation of state of Colonna et al.
[1] and the ancillary equations of the DIPPR [19] and TDE [53] da-
tabases are plotted for comparison.

Fig. 7. Data in the homogeneous region of hexamethyldisiloxane. The gray area depicts
the region where experimental data are available: Tmax ¼ 580 K and pmax ¼ 130 MPa.
Helmholtz energy derivatives from molecular simulation extend this region up to
Tmax ¼ 1200 K and pmax ¼ 600 MPa.
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The large number of authors in Table 5 may lead to the
impression that the vapor pressure was very well investigated.
However, in many references only a single data point is reported.
Most of these publications focused on measurements of mixture
properties with hexamethyldisiloxane as an involved component.
For verification of the sample purity, the normal boiling point was
reported. These values differ by more than 1% from each other so
that they were not useful for the development of the present EOS.
When excluding these data from the dataset, measurements by six
different authors remain, which are mostly located between
T ¼ 300 K and 400 K.

Abbas [2] reports a comprehensive investigation on thermody-
namic properties of hexamethyldisiloxane for a sample purity of
99.7%. The vapor pressure was measured with a comparative
ebulliometer, which requires a very well known reference fluid
with a high purification grade. No information is given on the
reference fluid in her thesis. Since she is calling her apparatus a
‘‘Scott-ebulliometer’’, it is assumed here that shewas usingwater as
a reference fluid as recommended in the original paper describing

the apparatus [81]. This method is known to be very accurate, but
Abbas' [2] data exhibit a systematic negative offset when
comparing to the present EOS and other literature data, e.g. Scott
et al. [36] or Flaningam [57]. For low temperatures the data by
Abbas [2] scatter significantly, which could be due the choice of the
reference fluid. Because water can easily be superheated for vapor
pressures of p < 0.003 MPa, other reference fluids should be chosen
for the low temperature region. The specified uncertainties of
Dp ¼ 0.0005,pv þ 10 Pa and DT ¼ 0.05 K yield a combined uncer-
tainty of 0.4% to 1.5% for a coverage factor k ¼ 2. No information is
given how these uncertainties were ascertained and the sample
purity was not considered.

The vapor pressure measurements of Scott et al. [36] and Fla-
ningam [57] agree with each other within approximately 0.5%.
Scott et al. [36] report a very detailed description of their sample
preparation. The sample purity of 99.996% was verified by calori-
metric studies of the melting point as a function of fraction melted.
Similar to Abbas [2], Scott et al. [36] used a comparative ebulli-
ometer for their measurements. As a reference, water was used for

Fig. 8. Relative deviations of experimental vapor pressure data from the present equation of state for hexamethyldisiloxane.
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high temperatures only, benzene was applied in case of low tem-
peratures. This procedure yields consistent vapor pressure data
over thewhole temperature range. Themeasurements of Dickinson
et al. [48] confirm the data of Scott et al. [36] at low temperatures.
The three state points between T ¼ 303 K and 315 K are reproduced
with an AAD ¼ 0.076%. At T ¼ 373 K, the most recent measurement
of the normal boiling point by Zhang et al. [78] from 2011 also
agrees very well with the data by Scott et al. [36]. Therefore, the
present equation was fitted to the data of Scott et al. [36]. These
data are reproduced within 0.06% (AAD ¼ 0.031%), which is well
within the expected uncertainty. Flaningam [57] carried out his
measurements with a sample purity of 99.9% using an ebulliometer
as proposed by Stull [82]. In comparison to the comparative ebul-
liometer, the usage of a capacitive pressure sensor enables for the
investigation of the low temperature regime without any

modification of the apparatus. In his publication, he verified his
apparatus with test measurements on water, methylcyclohexane,
and diphenyl ether. However, except for water, these fluids are not
practical for test measurements because they are not well investi-
gated. The average pressure error of 0.07% is not expressed in ab-
solute values, which falsifies the results by opposite algebraic signs.
Nonetheless, most of the data are reproduced within 0.5%
(AAD ¼ 0.437%).

The data by Stull et al. [75] are presented in a paper together
with several hundred additional fluids. Thus, they were not
measured, but collected from the literature. Compared to the pre-
sent EOS and other literature sources, these data show huge de-
viations (AAD ¼ 12.78%) and were thus not taken into account. The
vapor pressure measurements of Guzman et al. [58] exhibit a sys-
tematic positive offset when comparing to the present EOS or the
data of Scott et al. [36]. In their publication, the procedure of sample
preparation is described in detail. However, they do not give the
value of their sample purity. The only hint is a comparison of the

Fig. 9. Saturated liquid density of hexamethyldisiloxane. Top: Ter diagram including
saturated liquid and homogeneous states near the saturated liquid line. Bottom:
Relative deviations of experimental saturated liquid density data from the present
equation of state.

Fig. 10. Homogeneous density of hexamethyldisiloxane. Top: Relative deviations of
experimental homogeneous density data from the present equation of state. Bottom:
Relative deviations of the experimental homogeneous density data at atmospheric
pressure from the present equation of state.
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NBP to the value published by Radecki and Kaczmarek [71]. Because
their value already differs by 0.82% from the present EOS, this
confirmation is questionable and the positive deviation of the vapor
pressure data of Guzman et al. [58] from the present EOS is
reasonable.

Finally, there is one dataset of McLure and Dickinson [45] in the
high temperature region (T ¼ 491 K to 519 K). Because there are no
other data available in this region, they cannot be compared to
other measurements. Moreover, the lack of data between T ¼ 412 K
and 491 K prohibits a reliable transition from the low temperature
region to the data of McLure and Dickinson [45]. Therefore, the
accuracy of these data can only be evaluated with the information
given in the corresponding publication and by comparison to the
present EOS. They state a sample purity of 99.99%, which was
determined with gas chromatography. The experiment was carried
out with Pyrex tubes [83] and the temperature was monitored with
a thermo couple (type K), which is a quite inaccurate device, if it is
not calibrated very carefully. However, the choice of calibrating the

thermo couple to the critical points of hexane, heptane, octane, and
nonane is questionable. All of these hydrocarbons are not well
investigated and are barely available with a sufficient purity from
common manufacturers (e.g. SigmaeAldrich Co. LLC [84], Merck
Millipore Corporation [85], or Alfa Aesar GmbH & Co. KG [86]). This
is affirmed by the quite low sample purities of heptane (99.5%) and
octane (99%) [83], which were used for calibration. Furthermore,
the critical temperatures of hexane (Tc ¼ 507.4 K) and octane
(Tc¼ 568.7 K) [45] differ from those of the EOS of Lemmon and Span
[87], which are the most accurate models in the literature for these
fluids (hexane: Tc ¼ 507.82 K, octane: Tc ¼ 569.32 K). Additionally,
the influence of the sample purity on the critical temperature was
investigated in the same paper. A difference of 2.6 K was observed
when decreasing the sample purity from 99.99% to 99.7%. Although
the hydrocarbons do not behave exactly like hexamethyldisiloxane,
these findings show that the purification grade has a large impact
on the critical temperature and, therefore, the vapor pressure in the
critical region. Thus, the uncertainty of 0.1 MPa (corresponding to

Fig. 11. Relative deviations of gaseous prT data of Marcos et al. [95] from the present equation of state for hexamethyldisiloxane. d equation of state, Colonna et al. [1]; e e phase
boundary.

Fig. 12. (Z � 1)/r � r diagram of hexamethyldisiloxane.8 prT measurements of Marcos et al. [95]; < second virial coefficient of Marcos et al. [95]; d present equation of state.
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0.5% to 0.8%) as specified by the authors [45] has to be questioned.
In fact, during the fitting procedure it was not possible to achieve
smaller deviations than 2% from the EOS without compromizing
the representation of other properties. Based on these findings, the
expected uncertainty of the present EOS regarding the vapor
pressure is 0.2% for T � 410 K and 2% for higher temperatures.

Literature shows that the saturated liquid density has been
investigated less than the vapor pressure. There are only three
different datasets available, which are also very restricted in terms
of the temperature range (T¼ 270 K to 360 K). This is insufficient to
model the saturated liquid line of hexamethyldisiloxane. Alterna-
tively, the homogeneous density data of Abbas [2] were used. Since
no experimental measurements of the saturated vapor line were
published, a straight rectilinear diameter (RD ¼ (r0þrʺ)/2) was
applied as a fitting constraint. In Fig. 9, an overview about the
available saturated liquid density and homogeneous density data
located near the saturated liquid line is given. The data of Abbas [2]
were measured close enough to the phase boundary and cover a
broader temperature range than the saturated liquid density data.
When correlating the present EOS to the dataset of Abbas [2], the
saturated liquid density of Gubareva [79] and Mills and MacKenzie
[80], which agree well with each other, are reproduced within 0.2%
(AAD ¼ 0.167 % and AAD ¼ 0.109 %, respectively). The data of Guz-
man et al. [58] show a systematic negative offset of about �1.3%.
Unfortunately, no information on the sample purity or the mea-
surement device is available in Ref. [58] so that it is not possible to
discuss the reason for this offset.

For all three vaporeliquid equilibrium properties, ancillary
equations were developed, which can be used for initial calcula-
tions of starting values of iterative phase equilibrium calculations.
The equations and the corresponding parameters can be found in
the Supplementary Material.

4.4. Assessment of homogeneous state properties

There are several different datasets available for the homoge-
neous density. Average absolute relative deviations are given in
Table 6 and relative deviations from the present EOS are illustrated
in Fig. 10. Similar to the vapor pressure, most of the authors re-
ported only a single value to verify their sample purity.

When leaving out these sources, five datasets of Abbas [2],
Dickinson [89], Hurd [26], Marcos et al. [95], and McLure et al. [23]
were considered for the development of the present EOS. The data
of Dickinson [89] were calculated from a correlation equation based
on the available experimental data from the literature. Abbas [2]

published the only pressure dependent dataset in the liquid
phase. All other measurements were carried out at atmospheric
pressure. Abbas [2] covered a temperature range of 270 K to 440 K
with a maximum pressure of 130 MPa. A flexural resonator, which
was used for the measurements, was calibrated to water
(p � 30 MPa) and heptane (p > 30 MPa). For test purposes, liquid
densities of water and heptane were compared to the IAPWS-95
[98] (0.04%) and the equation of Lemmon and Span [87] (0.08%).
No experimental uncertainty was specified for hexamethyldisilox-
ane. However, Abbas [2] indicates the uncertainty by referring to
the diploma thesis of Schedemann [99], who claimed an uncer-
tainty of 0.7 mg*cm�3 to 0.8 mg*cm�3.

For hexamethyldisiloxane, these values correspond to a relative
deviation of 0.08% to 0.13%. When considering this statement as a
combined uncertainty, including all relevant irritations during the
measurement, the calibration has to be carried out extremely
carefully. Keeping in mind the sample purity (99.7%) and the test
measurements on water and heptane, the deviation of 0.2% from
the present equation of state is most probably within the true
experimental uncertainty. Therefore, this deviation is also claimed
to be the uncertainty of the homogeneous liquid density of the
present EOS. Fig. 10, (bottom) presents the deviations of the ho-
mogeneous density data measured at atmospheric pressure. The
equation of state of Colonna et al. [1] was probably correlated to the
data of Hurd [26], because his data point at T¼ 293.15 K agrees very
well with many other data measured at the same temperature.
However, these data are not based on real measurements, but were
calculated from an equation. For the development of that equation,
they measured liquid density data at p ¼ 1 atm. During their
measurements they observed a loss of sample, which could be the
reason of the different trend in comparison to the dataset of McLure
et al. [23]. However, in this work none of the data at p¼ 1 atmwere
applied to the fit, which leads to a better representation of the data
of McLure et al. [23] at least in terms of the correct slope and cur-
vature. Their measurements were carried out between T ¼ 278 K
and 358 K and a systematic offset of 0.33% with respect to the
present EOS can be observed. In their publication only little infor-
mation on the experiment is provided and no experimental un-
certainty is given. During the fitting procedure, these datawere also
applied to the fit to reduce the offset. It turned out that it is not
possible to improve the representation of these data without
increasing deviations of the liquid density data of Abbas [2]. Since
the data of Abbas [2] were chosen to be fitted primarily, the data of
McLure et al. [23] were finally rejected from the fit. Therefore, it is
assumed that the systematic offset is caused by the comparatively
low purity of the sample (99%).

The homogeneous gas phase was exclusively investigated by
Marcos et al. [95]. A bore-tube with a varied volume was used for
the measurements. The pressure was obtained with a mercury
manometer and the temperature was regulated by two thermo-
piles. The absence of a measurement device to weigh the sample
raises the question how they determined the density of their
sample. At least one reference value has to be known, which is
commonly measured at atmospheric conditions as explained by
Singh and Kudchadker [100].

This value can then be used to calculate the density during the
experiment when varying the volume with a constant mass. Fig. 10
shows that these values differ by about 0.5% in the literature, but no
value for hexamethyldisiloxane was cited by Marcos et al. [95].
Furthermore, they measured a density range of 2 kg*m�3 to 18
kg*m�3, which are extremely small values even for state points in
the gaseous phase. Therefore, these measurements had to be car-
ried out extremely carefully. Fig. 11 shows that the density data of
Marcos et al. [95] are reproduced within 1%, but they are not
completely consistent. For a consistency test, the density was

Fig. 13. Absolute deviations of the second virial coefficient of Marcos et al. [95] and
Scott et al. [36] from the present equation of state for hexamethyldisiloxane.
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recalculated to the compressibility factor Z ¼ pv/(RT) and repre-
sented in terms of (Z�1)/r as a function of the density in Fig. 12. Six
isotherms ranging from 448 K to 573 K are illustrated. For a better
assessment, the corresponding isotherms calculated with the pre-
sent EOS are depicted for orientation. The ‘‘high density’’ data seem
to be consistent, at least for the two lowest isotherms. With
decreasing density the data start to scatter, which is becoming
worse with increasing temperature. The isotherms T ¼ 448.22 K
and 473.21 K are slightly shifted to lower values with respect to the
present EOS. The other isotherms exhibit a larger scatter and even
merge. Therefore, the uncertainty specified by Marcos et al. [95]
(0.33 kPa, corresponding to 0.1% to 0.5%) seems to be question-
able. Furthermore, a sample purity of 99% is probably insufficient to
carry out these sensitivemeasurements. Thus, the deviation of 1% is
assumed to be the uncertainty of both the experimental data and
the present EOS in the gaseous region.

Similar to the approach illustrated in Fig. 12, Marcos et al. [95]
used their density measurements to extrapolate the second virial
coefficient B of each isotherm. They fitted their data to a virial
expansion and extrapolated it to r / 0 mol dm�3. The resulting
virial coefficient is shown in Fig. 12. When comparing their results
for the second virial coefficient with their density measurements, it
is not clear how they determined it. Except for the two lowest
isotherms the extrapolation does not agree with the underlying
dataset. Therefore, these results should be treated carefully. In
Fig.13, absolute deviations of the second virial coefficient data from
the present EOS are illustrated. Except for one outlier, the data of
Marcos et al. [95] and Scott et al. [36] are representedwithin 50 cm3

mol�1, corresponding to 7%.
The reason for setting up a new EOS for hexamethyldisiloxane

was the finding that the present measurements of the speed of
sound deviate by up to 15% from the equation of Colonna et al. [1].

Fig. 14. Relative deviations of experimental speed of sound data of this work from the present equation of state for hexamethyldisiloxane.
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This was caused by the fact the there was no information available
on the speed of sound when Colonna et al. [1] developed their
equation. In this work, new measurements are reported with a
combined expanded uncertainty as indicated in Fig. 14. The sample
purity of 99% was not considered for the determination of the
experimental uncertainty. These data are reproduced with the
present EOS within 0.5% and most of them are represented within
the experimental uncertainty. Therefore, the deviation of 0.5% is
expected to be the uncertainty of the EOS for liquid state speed of
sound data.

The only available caloric data in the gaseous region are the
heat capacity measurements of Scott et al. [36]. They were
measured with a low temperature calorimeter as explained by
Huffman [101] and no statement on the uncertainty was made.
However, these data are reproduced here within 0.1%, which is
most likely well within the expected experimental uncertainty.
Further measurements on the isobaric heat capacity are listed in
Table 6 and depicted in Fig. 15. There are four different datasets
available in the liquid region at atmospheric pressure. Anderson
et al. [88] and Good et al. [93] report only single data points and,
therefore, they were only considered for comparison. Thus, the
results of Abbas [2] and Pedersen et al. [67] remained for fitting
the present EOS.

A nonsteady hot-wire method was used by Abbas [2], where
platinum was employed to heat the sample. The pressure was

measured by a diaphragm pressure sensor and the temperature
was controlled with a Pt100 thermometer. In this way, results
with an experimental uncertainty of 1% were achieved. The same
measurement accuracy was stated by Pedersen et al. [67], how-
ever, their data are not as consistent as the ones from Abbas [2]
and they are restricted to a narrow temperature range. There-
fore, the data of Abbas [2] were chosen in the present fitting
procedure. These data are represented within 0.5%, excluding four
state points at low temperatures T<240 K. In this way, the data of
Pedersen et al. [67] are represented within their experimental
uncertainty. Finally, Scott et al. [36] published saturation heat
capacity data cs (for the thermodynamic definition see Hoge
[102]) measured with the same type of apparatus. They state an
experimental uncertainty of 0.2%, which is probably too low.
During the development of the EOS, it turned out that it was not
possible to fit these data within the given uncertainty without
compromizing the representation of the isobaric heat capacity.
Since there are several different datasets available, which agree
with each other within the given experimental uncertainty, the
homogeneous isobaric heat capacity was chosen to be modeled
primarily.

4.5. Assessment of physical and extrapolation behavior

In Fig. 16, typical plots are illustrated to verify the physical
and extrapolation behavior of the present EOS. The top, left part
of the figure shows the temperature as a function of density
along selected isobars (pmin ¼ 0.5 MPa, pmax ¼ 5 MPa). Addi-
tionally, the saturated liquid and vapor curves as well as the
rectilinear diameter are presented. It is important that there are
no bumps in the course of the isobars, the saturation lines have
to meet in a flat maximum, and the rectilinear diameter has to be
a straight line up to the critical point. The top, right diagram
shows the pressure as a function of density along selected iso-
therms with a maximum temperature of T ¼ 106 K. Again, bumps
have to be avoided and the isotherms have to approach each
other at extremely high temperatures, densities, and pressures in
this double logarithmic plot. In the center of Fig. 16, the residual
isochoric heat capacity and the speed of sound are presented. For
the isochoric heat capacity, the liquid phase has to exhibit a
positive curvature over the whole temperature range for non-
associating fluids. When extrapolating it to metastable temper-
atures below the triple point, the residual isochoric heat capacity
has to have a negative slope on the hypothetical liquid side,
whereas a positive slope has to be observed in the liquid region
approaching the critical temperature. The isochoric heat capacity
of the vapor phase has to increase monotonously with increasing
temperature. Finally, both phases have to merge with a distinc-
tive peak at the critical point. The speed of sound of the saturated
liquid and vapor phase have to have a negative slope and cur-
vature in the vicinity of the critical point. Similar to the
maximum of the isochoric heat capacity, the saturation curves of
the speed of sound have to merge in a minimum at the critical
temperature. Furthermore, the extrapolated liquid phase has to
exhibit a negative slope and no curvature, or rather a slightly
positive curvature. At the bottom of Fig. 16, the second, third, and
fourth thermal virial coefficients are shown as well as some
characteristic ideal curves. Detailed information on the behavior
of the virial coefficients can be taken from the publication of Thol
et al. [7]. For the present equation of state, all of the three co-
efficients show a correct trend. For T / 0 K the virial coefficients
have to approach negative infinity. With increasing temperature
the virial coefficients have to increase and finally vanish at high
temperatures after passing a maximum. The maxima of the third
and fourth virial coefficient have to be located in the vicinity of

Fig. 15. Heat capacities of hexamethyldisiloxane. Top: Relative deviations of experi-
mental isobaric heat capacity data from the present equation of state. d Liquid phase
of Colonna et al. [1] at p ¼ 1 atm; e e vapor phase of Colonna et al. [1] at p ¼ 1 atm; e
e normal boiling point temperature. Bottom: relative deviations of experimental
saturated heat capacity data from the present equation of state.
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the critical temperature. The characteristic ideal curves (for
definition see Span and Wagner [103] or Span [8]) have to be
smooth without any bumps. All of the plots presented in Fig. 16
exhibit a reasonable behavior with only small changes in the
curvature of the Joule-Thomson inversion curve and the Joule
inversion curve. Having in mind the restricted dataset available
for hexamethyldisiloxane, the plot of the ideal curves still proves

excellent extrapolation behavior.

4.6. Assessment of molecular simulation data

In Fig. 7, the shaded area indicates the region where experi-
mental data are available for hexamethyldisiloxane. On this basis,
the range of validity of the present EOS was defined to be

Fig. 16. Physical behavior of some thermodynamic properties of hexamethyldisiloxane. Top, left: Isobars and vaporeliquid equilibrium curves together with the rectilinear diameter.
Top, right: Pressure as a function of density along isotherms at extreme conditions (Tmax ¼ 106 K). Center, left: Residual isochoric heat capacity. Center, right: Speed of sound. Bottom,
left: Second, third, and fourth virial coefficients, including B from the molecular interaction model. Bottom, right: Characteristic ideal curves.
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Fig. 17. Relative deviations of simulated residual Helmholtz energy derivative data along selected isotherms from the present equation of state for hexamethyldisiloxane. Relative
deviations are calculated according to Eq. (12).
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T ¼ 220e570 K with a maximum pressure of pmax ¼ 130 MPa. The
large scale molecular simulation data presented in this work were
applied to the fit to extend the range of validity to a maximum
temperature of Tmax ¼ 1200 K and a maximum pressure of
pmax ¼ 600 MPa. During these simulations the thermal stability of
the fluid was not considered. Therefore, the extended range of
validity has to be comprehended as an extrapolation from the real
fluid behavior. The temperature of thermal decomposition, which
could not be retrieved from the literature, was considered irrele-
vant for the development of the EOS and the fluidwas treated as if it
is stable throughout.

In Fig.17, relative deviations of the simulated residual Helmholtz
energy derivatives from the present EOS are shown along selected
isotherms. A comprehensive overview including all simulation data
is provided in the Supplementary Material. Generally, the un-
certainties of the residual Helmholtz energy Ar

00, the first derivative
with respect to the temperature Ar

10, the first derivative with
respect to the density Ar

01, the first mixed derivative with respect to
the temperature and density Ar

11, and the second derivative with
respect to the density Ar

02 are 10%. The deviations increase with
decreasing density and increasing temperature. The second deriv-
ative with respect to the temperature Ar

20 was reproduced within
20%. These values may lead to the assumption that it is not
reasonable to apply these data to the fit. However, it has to be kept
in mind that these data exclusively represent the residual contri-
bution of the EOS. Common thermodynamic properties, which are
usually used for the development of EOS, always include the ideal
contribution. Therefore, the ideal contribution of the present EOS
was used to recalculate the thermodynamic properties pressure,
isochoric heat capacity, isobaric heat capacity, and speed of sound
from the residual molecular simulation data according to Eqs.
(6)e(8).

In Fig. 18, the resulting data are compared to the present EOS.
Additionally, the involved residual Helmholtz energy derivatives
are indicated in the gray boxes. Although the deviations of the
involved derivatives amount to 10% or even 20%, the deviations of
the common thermodynamic properties are much smaller. Density
data deviate from the present equation of state by no more than 2%,
the isochoric heat capacity is reproduced within 1%, the isobaric
heat capacity is within 2.5%, and the speed of sound scatters within
4%. Therefore, residual Helmholtz energy derivatives with un-
certainties of up to 20% are statistically useful values when an
extension of validity ranges is aimed at. Keeping in mind that other
simulations for validation predicted the available homogeneous
liquid density datawithin their experimental uncertainties, and the
speed of sound data within 4%, the deviations presented in Fig. 18
can be assumed to be a rough estimate of the uncertainty of the
present EOS in the extended range of validity. Of course, for a
reliable statement further experimental measurements are
required in this region.

5. Conclusion

The present EOS is written in terms of the reduced Helmholtz
energy and can be used to calculate all thermodynamic equilibrium
properties. Reference values are given in the Supplementary
Material to verify a computer implementation of the EOS. More-
over, an input file for the equation of state packages REFPROP [104]
and Trend [105] as well as a Cþþ implementation is supplied there.
The underlying set of experimental literature data was extended
considerably by the speed of sound measurements that were car-
ried out at 210 state points. In addition, five Helmholtz energy
derivatives and the Helmholtz energy itself were predicted by
molecular simulation at 194 state points, providing 1164 non-

Fig. 18. Comparison of several thermodynamic properties obtained from molecular
simulation data with the present equation of state for hexamethyldisiloxane. The
involved residual Helmholtz energy derivatives are indicated in the gray boxes.
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redundant thermodynamic data points for the EOS fit. The range of
validity based on the experimental data covers T ¼ 220 K to 570 K
with a maximum pressure of pmax ¼ 130 MPa. By means of mo-
lecular simulation data, the temperature and pressure limits were
extended to Tmax ¼ 1200 K and pmax ¼ 600 MPa. The expected
uncertainty in terms of vapor pressure amounts to 0.2% for T�410 K
and 2% for higher temperatures. Homogeneous density data can be
calculated with an accuracy of 0.2% in the liquid phase and 1% in the
gaseous phase. The specified uncertainty for speed of sound data in
the liquid phase is 0.5%. The expected uncertainty of the isobaric
heat capacity is 0.2% in the gaseous phase and 1% in the liquid
phase. The extrapolation behavior was found to be reasonable. For
the extended range of validity, only rough estimates on the un-
certainty can be made.
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ABSTRACT: An equation of state for octamethylcyclotetrasiloxane is presented. The
available experimental data from the literature are supplemented by new measurements on
the speed of sound. Furthermore, a new force field is proposed, allowing the generation of
a comprehensive thermodynamic data set by means of molecular simulation. Both the
experimental and molecular simulation data are applied to develop a fundamental equation
of state in terms of the Helmholtz energy. On the basis of the experimental data, the
equation of state is valid from the triple-point temperature to T = 590 K for pressures up
to p = 180 MPa and can be used to calculate any thermodynamic equilibrium state
property. Its accuracy is assessed by a comprehensive analysis of the underlying
experimental data. Finally, the range of validity was extended to Tmax = 1200 K and pmax =
520 MPa by means of molecular simulation data.

1. INTRODUCTION

Octamethylcyclotetrasiloxane (CAS no. 556-67-2, chemical
formula C8H24O4Si4) is a cyclic siloxane that is a colorless,
oily liquid under standard conditions. In the chemical industry,
it is used as an adhesive and sealant, a finishing agent, or a
solvent. Furthermore, it is an ingredient of paints, plastics, and
rubber products.1 In the field of energy technology, it is mainly
employed as a working fluid in organic Rankine cycles (ORCs)
because of some favorable properties, e.g., it is nontoxic, hardly
flammable, and chemically stable up to high temperatures.1

Over the last years, siloxanes were studied comprehensively
with the aim to use them in ORC processes. For the design and
optimization of such processes, it is essential to have an
accurate knowledge of the thermodynamic properties of the
fluids involved. The first fundamental equation of state in terms
of the Helmholtz energy that provided this information was
published in 2006 by Colonna et al.2 Since the data situation
was restricted in terms of quality and quantity at that time, it
was challenging to develop a substance-specific equation of
state for this fluid. Therefore, the generalized functional form
for non- and weakly polar fluids of Span and Wagner3 was
applied, and only the coefficients of the equation of state were
fitted to the available experimental database. Recent inves-
tigations showed that the available equation of state is
disadvantageous with respect to the speed of sound and
density in the homogeneous liquid phase as well as its
extrapolation behavior.
In the last decades, several approaches have been proposed

to overcome the problem of insufficient experimental data for
the development of accurate fundamental equations of state,
e.g., the construction of generalized functional forms for certain
groups of fluids with analogous characteristics.3−9 A new

approach suggested by Rutkai et al.10 comprises the
implementation of molecular simulation data in the fitting
procedure. Significant progress in computational technology
and molecular modeling enables time-efficient and compre-
hensive simulations of thermodynamic properties. Here no
restrictions due to challenging fluid characteristics (e.g., toxicity
and corrosivity) or apparatus limitations with respect to
temperature or pressure have to be taken into account.
Therefore, these data provide a potential solution to fill gaps
in the experimental database. This new approach was
successfully applied to the development of fundamental
equations of state for ethylene oxide11 and hexamethyldisilox-
ane.12 Following these lines, a potential model for octame-
thylcyclotetrasiloxane is presented in this work. The available
experimental data are complemented by new measurements of
the speed of sound in the liquid state. Both experimental and
molecular simulation data sets were utilized for the develop-
ment of the present equation of state.

2. SPEED OF SOUND MEASUREMENT AND
MOLECULAR MODELING

The speed of sound of a given fluid can be determined by the
time measurement of acoustic signal propagation through the
fluid over some known distance. Here the applied measurement
principle is based on estimating the time difference Δt between
the detection of two distinct echoes of a signal emitted by a
modulated high-frequency wave burst with a piezoelectric
quartz crystal.13,14 In the measurement cell, the crystal is placed
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between two reflectors that are positioned at distances l1 and l2
from the crystal such that l1 < l2. The reflectors ensure that the
echoes of the original signal are also detected with the crystal.
The time shift between the detections, Δt, is caused by the
different propagation path lengths l1 and l2. The speed of
sound, w, is then given in terms of the ratio of the difference in
the propagation distances l1 and l2 to Δt as

= −
Δ

w
l l

t
2( )2 1

(1)

assuming that dispersion and diffraction effects can be
neglected. The estimation of the time difference Δt was carried
out here with the correlation method of Ball and Trusler15

combined with signal enhancement by fast Fourier trans-
formation. Details of the calculation method and the signal
processing are given by Dubberke et al.16

The sample was obtained from Wacker with a given purity of
≥99%. Further details can be found in the Supporting
Information. Before the measurement, the cell was filled with
degassed octamethylcyclotetrasiloxane, and the fluid was
compressed to about 20 MPa using a hand pump. A constant
pressure level was reached after 1 h of equilibration. The
pressure was measured with a transducer (Honeywell TJE with
an operating range of up to 70 MPa), calibrated with a dead-
weight tester (Degranges and Hout, 5201-S), and protected by
a blowout disc. The temperature was measured with a Pt100
thermometer (Rössel Messtechnik, RM-type), which was
installed on the wall of the pressure cylinder next to the quartz
crystal and was calibrated with a standardized 25 Ω platinum
thermometer (Rosemount, 162 CE). The thermostat was
constructed with three nested copper shields to allow for fine
temperature adjustment of the cell over a wide temperature
range. Each shield was equipped with its own independently
adjustable heater; each was controlled with a combination of a
proportional−integral−derivative (PID) controller and a
proportional (P) controller. For the path length difference
Δl, calibration measurements were carried out with water.
Water at high purity and accurate speed of sound measurement
data are available over a wide range of temperature and
pressure. Details are described by Gedanitz et al.17 The
obtained speed of sound data were amended by the diffraction
correction of Harris,18 where significant dispersion effects are
not expected for a resonance frequency of 8 MHz.19 The
reported uncertainties for the speed of sound were estimated
according to the error propagation law, considering the
uncertainty of the temperature and pressure measurements as
well as the uncertainty of the referencing procedure. The
measurements were carried out along six isotherms in the
temperature range from 300 to 550 K at pressures of up to 26
MPa (54 data points in total). Numerical results are given in
the Supporting Information.
In addition to the speed of sound measurements, molecular

simulations were carried out to generate a data set of six
Helmholtz energy derivatives at 87 state points, resulting in a
set of 522 thermodynamically nonredundant entries. The
calculations were performed with the molecular simulation tool
ms220 through the use of the recently implemented formalism
of Lustig.21,22 This new feature enables the calculation of the
residual part Anm

r of the derivatives

ρ
ρ

ρ∂
∂ ∂

≡ = ° +
+ a T RT

T
T A A A

( , )/( )
(1/ )

(1/ )
n m

n m
n m

nm nm nm
r

(2)

for any n > 0 or m > 0 per sampled state point, where a is the
molar Helmholtz energy, T is the absolute temperature, ρ is the
density, and R = 8.3144621 J·mol−1·K−1 is the universal gas
constant.23 The ideal part A00° = A00° (T) + ln(ρ/ρref), where ρref
is an arbitrary reference density,24 corresponds to the value of
A00(T, ρ) when no intermolecular interactions are present.
Consequently, Anm° = 0 for n > 0 and m > 0, and Anm° = (−1)1+m
for n = 0 and m > 0. Anm° (T) has a nontrivial but exclusive
temperature dependence and is a sum of contributions due to
translational, rotational, and internal molecular degrees of
freedom. Since a/(RT) is a thermodynamic potential, every
other equilibrium thermodynamic property can be obtained as
a combination of Anm derivatives. Examples are given later on
(eqs 12 to 15). A more complete list is given by Span.24

The quality of molecular simulation results is predominantly
dependent on the underlying molecular interaction model. The
octamethylcyclotetrasiloxane model developed in this work
consists of 16 Lennard-Jones (LJ) sites and eight point charges
(cf. Figure 1). The geometry of the model was determined by

quantum-chemical calculations applying the software package
GAMESS(US)25 with the Hartree−Fock method and the 6-
31G basis set. The initial values of the LJ energy (ε) and size
(σ) parameters as well as those of the point charges (q) were
adopted from Thol et al.12 In the initial phase, the magnitudes
of the point charges were adjusted to fit experimental vapor−
liquid equilibrium data, namely, saturated liquid density and
vapor pressure data. In the last step, all of the model
parameters, including the geometric structure, were fine-tuned
with the reduced unit method.26 The resulting model
parameters are listed in Table 1. The model itself considers
no internal degrees of freedom, which can be justified by the
compact structure of the molecule. Therefore, the ideal part
Anm° (T) was taken from the current equation of state for the
calculation of thermodynamic properties for which this
contribution is necessary (cf. eqs 12, 14, and 15). Finally, the
model was validated by comparing simulation results with
experimental vapor−liquid equilibrium data as well as single-
phase liquid density, speed of sound, second virial coefficient,
and transport property data from the literature. The numerical
simulation results and comparisons with the present equation
of state are given in the Supporting Information. The molecular
force field model by Matsubara et al.27 is similar in terms of the
united-atom approach and rigid-body approximation. Although

Figure 1. Present molecular interaction model for octamethylcyclote-
trasiloxane. CH3, methyl site; O, oxygen site; not labeled, silica site.
The sphere diameters correspond to the Lennard-Jones size
parameters, which are depicted according to the molecular geometry
scale.
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it leads to excellent results for transport properties, the
representation of the pressure−volume−temperature (pvT)
relation is inferior. Recently, Xu and Leng28 published a new
model for octamethylcyclotetrasiloxane that is better suited for
pvT data, considering the internal molecular degrees of
freedom. The performance of the present molecular model
for the speed of sound is shown in Figure 2. As can be seen,

nearly all of the simulation results agree with the experimental
values within their statistical uncertainties. Figure 3 shows the
performance for the thermal conductivity and shear viscosity
for liquid states. Simulation results were obtained by
equilibrium molecular dynamics simulations and the Green−
Kubo formalism (cf. Guevara-Carrion et al.29). The model
slightly underpredicts the literature thermal conductivity data
over the whole temperature range. For the shear viscosity,
except for the value at 300 K, the simulation results agree with
the literature data within their statistical uncertainties.

3. EQUATION OF STATE
The equation of state presented here is expressed in terms of
the molar Helmholtz energy a with the independent variables
temperature T and density ρ. For a dimensionless description,
the Helmholtz energy is reduced by the temperature and the
universal gas constant R:

α τ δ ρ= a T
RT

( , )
( , )

(3)

According to the theorem of corresponding states, the
independent variables are reduced by the critical temperature
Tc and critical density ρc. The reduced Helmholtz energy then
reads as

α τ δ α τ δ α τ δ= ° +( , ) ( , ) ( , )r
(4)

Table 1. Parameters of the Present Molecular Interaction Model for Octamethylcyclotetrasiloxanea

interaction site x/Å y/Å z/Å σ/Å ε·kB
−1/K q/e

CH3 4.3198 −0.2718 1.3971 3.8181 122.4689
CH3 3.9847 −1.7562 −1.3286 3.8181 122.4689
Si 3.1365 −0.7701 0.0267 3.5167 15.2895 0.3036
O 1.9213 −1.6816 0.7475 3.1248 44.0134 −0.3036
CH3 1.6735 3.2187 −1.5120 3.8181 122.4689
CH3 1.4331 2.2420 1.4613 3.8181 122.4689
Si 1.3378 1.7784 −0.3619 3.5167 15.2895 0.3036
O 2.4782 0.5925 −0.7067 3.1248 44.0134 −0.3036
CH3 −2.2590 1.2815 1.3636 3.8181 122.4689
CH3 −2.6052 −0.1997 −1.3611 3.8181 122.4689
Si −1.4157 0.2953 0.0056 3.5167 15.2895 0.3036
O −0.2012 1.2041 −0.7199 3.1248 44.0134 −0.3036
CH3 0.2869 −2.6955 −1.4467 3.8181 122.4689
CH3 0.0459 −3.7042 1.5158 3.8181 122.4689
Si 0.3828 −2.2517 0.3814 3.5167 15.2895 0.3036
O −0.7576 −1.0687 0.7370 3.1248 44.0134 −0.3036

aLennard-Jones sites are denoted by the modeled atoms or atomic groups. Electrostatic sites are denoted by point charge magnitudes q. Coordinates
(x, y, z) are given with respect to the center of mass in a principal axes system. kB is the Boltzmann constant.

Figure 2. Speed of sound of octamethylcyclotetrasiloxane. Present
experimental data: ○, 300 K; □, 350 K; △, 400 K; ▽, 450 K; ×, 500
K; ◇, 550 K. Red ●, present simulation data. Curves: , present
equation of state; − −, vapor pressure curve.

Figure 3. (top) Thermal conductivity and (bottom) shear viscosity of
octamethylcyclotetrasiloxane at 0.1 MPa: ●, present simulation data;
experimental data of ○, Abbas et al.;30 □, Marsh;31 ◇, Waterman et
al.;32 △, Reuther;33 ▽, Wilcock;34 , correlation from the DIPPR
database.35
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where τ = Tc/T and δ = ρ/ρc. The ideal contribution
(superscript “○”) is derived from the following equation for the
isobaric heat capacity:

∑ θ θ
θ

°
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Polynomial terms were avoided to ensure correct extrapolation
behavior. Since the present fundamental equation of state is
expressed in terms of the reduced Helmholtz energy, eq 5 has
to be integrated twice with respect to τ:

∑
α τ δ τ τ

θ τ δ

° = + +

+ − − +
=
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The integration constants cI and cII can be chosen arbitrarily.
For fluids that are liquids under standard conditions, the most
common reference state is the normal boiling point. At p = 1
atm, the saturation temperature T0 and the saturated liquid
density ρ0′ are determined. At this state point, the integration
constants are chosen such that the enthalpy is h0(T0, ρ0′) = 0 J·
mol−1 and the entropy is s0(T0, ρ0′) = 0 J·mol−1·K−1. The
integration constants and the parameters for the Planck−
Einstein terms are listed in Table 2.

The residual part (superscript “r”) comprises polynomial
(Pol), exponential (Exp), and Gaussian bell-shaped (GBS)
terms:

∑ ∑
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The polynomial and exponential terms are in principle
sufficient for the description of the whole fluid surface. The
GBS terms, introduced by Haar et al.36 and applied in a
modified form to the fundamental equation of state for
methane by Setzmann and Wagner,37 allow for a more accurate
representation of the critical region. Nowadays, these terms are
used in all fluid regions, which leads to a reduction in the total
number of terms. For a long time, equations with 20 to 50
terms were common practice,24 whereas recent equations of
state consist of 14 to 25 terms38−41 because of this functional
form. The present equation of state consists of five polynomial,
five exponential, and five GBS terms. Its parameters are listed in
Table 3.
The equation presented here was constrained to the critical

temperature Tc = 586.5 K reported by Young.42 The critical
density ρc = 1.043 mol·dm−3 and the critical pressure pc = 1.347
MPa were determined during the fit. The triple-point
temperature Ttr = 290.25 K reported by Mekhtiev and
Karasharli43 was applied as the lower temperature limit. The
resulting triple-point density is ρtr′ = 3.24 mol·dm−3. Addition-
ally, the molecular weight M = 296.61576 g·mol−1 was
adopted.44

The calculation of any thermodynamic equilibrium state
property from the derivatives of the reduced Helmholtz energy
with respect to its independent variables can be taken from
Span.24

4. COMPARISON TO EXPERIMENTAL AND
MOLECULAR SIMULATION DATA

In this section, the present equation of state is compared to
experimental and molecular simulation data. An overview of the
homogeneous data is given in Figure 4. The gray area indicates
the region covered by experimental measurements. The
triangles depict the state points where molecular simulation
data were generated in this work. In addition to these

Table 2. Parameters of the Ideal Part of the Present
Equation of State (cf. eq 6)

m1 0.292757
m2 38.2456
m3 58.975
θ1/K 40
θ2/K 200
θ3/K 1800
c0 3.0
cI −21.674365
cII 71.163605

Table 3. Parameters of the Residual Part of the Present Equation of State (cf. eq 7)

i ni ti di pi ηi βi γi εi

1 5.273743·10−2 1.000 4
2 4.176401·10+0 0.270 1
3 −4.737070·10+0 0.510 1
4 −1.289588·10+0 0.998 2
5 5.272749·10−1 0.560 3
6 −2.558391·10+0 1.750 1 2
7 −9.726737·10−1 3.090 3 2
8 7.208209·10−1 0.790 2 1
9 −4.789456·10−1 2.710 2 2
10 −5.563239·10−2 0.998 7 1
11 3.766589·10+0 0.930 1 0.861 0.75 1.124 0.926
12 8.786997·10−2 3.170 1 1.114 0.55 1.388 1.300
13 −1.267646·10−1 1.080 3 1.010 1.00 1.148 1.114
14 −1.004246·10+0 1.410 2 1.110 0.47 1.197 0.996
15 −1.641887·10+0 0.890 2 1.032 1.36 0.817 0.483
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properties, vapor−liquid equilibrium and ideal gas heat capacity
data were available.
In the next sections, the data analysis is based on relative

deviations ΔX, defined as

Δ = −
X

X X
X

100 DATA EOS

DATA (8)

Average absolute relative deviations (AADs) were calculated as
follows:

∑= |Δ |
=N

XAAD
1

i

N

i
1 (9)

For the statistical analysis, vapor pressure, saturated liquid
density, and saturated vapor density data are separated into
three temperature ranges: low temperature (LT: T/Tc ≤ 0.6),
medium temperature (MT: 0.6 ≤ T/Tc ≤ 0.98), and high
temperature (HT: T/Tc > 0.98). All other properties are
categorized as gas, liquid, critical region (0.98 ≤ T/Tc ≤ 1.1 and
0.7 ≤ ρ/ρc ≤ 1.4), or supercritical region. The last of these is
further divided into low density (LD: ρ/ρc ≤ 0.6), medium
density (MD: 0.6 ≤ ρ/ρc ≤ 1.5), and high density (HD: ρ/ρc >
1.5). In the diagrams, the equation of Colonna et al.2 and the
correlation equations of the DIPPR35 and TDE45 databases are
plotted for comparison.
4.1. Ideal Gas State. In general, the ideal gas behavior of

siloxanes has been only scarcely investigated. This challenge
was discussed in detail by Thol et al.12 and here will only be
summarized briefly. When setting up the first set of Helmholtz
equations, Colonna et al.2 applied the Harrison−Seaton zeroth-
order contribution method.46 This was the only method
providing information about Si−C bonds. However, the DIPPR
database35 reports a possible uncertainty of up to 25% for data
from this method, which is not acceptable for accurate
equations of state. Therefore, Nannan et al.47 investigated the
ideal gas behavior of several siloxanes more comprehensively.
As a first approach, they measured speed of sound data for
gaseous states, which they used to derive cp° data. For small
molecules, this is an accurate approach. However, with
increasing complexity of the molecule, the uncertainty in this

approach increases. A rough estimation can be made with the
following relation:24
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Because of the large isobaric heat capacity of octamethylcyclo-
tetrasiloxane, this results in an uncertainty of 3.9% with respect
to cp° data, although the speed of sound measurements are
claimed to be accurate to within 0.02%.47 Since the measure-
ments were carried out over a restricted temperature range
(450 to 495 K), these data are not sufficient to set up the ideal
part for an equation of state covering the whole temperature
range. Thus, Nannan et al.47 determined cp° data over a broad
temperature range by means of ab initio calculations. They
found similar results for two methods without giving any
information on the accuracy of the data. Because the ab initio
calculations were not done at the same temperatures as the
measurements, the experiments cannot directly be used to
assess the uncertainty of the calculations. The same calculations
for hexamethyldisiloxane showed a deviation from the
corresponding equation12 of approximately 3%. Therefore,
the cp° data were used only as an approximate guide for the
present fit. In Figure 5, the representation of the cp° data of

Nannan et al.47 by the present equation of state is depicted. In
the top panel, the reduced ideal gas heat capacity is illustrated
as a function of temperature. For computational efficiency,
Colonna et al.2 applied a simple polynomial approach for their
ideal gas equation of state, which does not extrapolate well. For
T → 0 K, only translational and rotational molecular degrees of
freedom are excited,12,24 which leads to cp°/R = 4. The
polynomial approach of Colonna et al.2 results in an incorrect
value of cp°/R ≈ −2.
For high temperatures, an asymptotic course with a limiting

value based on the maximum number of molecular degrees of
freedom has to be modeled. Because of the polynomial form,
the ideal gas heat capacity of Colonna et al.2 increases

Figure 4. Available data for octamethylcyclotetrasiloxane in the
homogeneous region. The gray area depicts the region where
experimental data are available: T < 590 K and p < 180 MPa. The
residual Helmholtz derivatives from molecular simulation extend this
region up to Tmax = 1200 K and pmax = 520 MPa.

Figure 5. Representation of the isobaric heat capacity of the ideal
octamethylcyclotetrasiloxane gas with the present equation of state.
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monotonously, whereas the present functional form reaches a
limiting value. In the bottom panel of Figure 5, the three
different methods used by Nannan et al.47 to predict cp° data are

compared with the present equation of state. For T < 800 K,
the data systematically deviate by approximately 7%. At higher
temperatures, the deviations decrease. The parameters of eq 5

Figure 6. Relative deviations of the vapor pressure data from the present equation of state.

Table 4. Average Absolute Relative Deviations of Experimental Vapor Pressure Data and Saturated Liquid and Vapor Densities
from the Present Equation of Statea

AAD/%

authors no. of data points T range/K LTb MTb HTb overall

Vapor pressure pv
Abbas et al.48 18 312−451 7.56 4.00 − 4.79
Flaningam49* 13 361−460 − 0.76 − 0.76
Flaningam and Williams63 1 448.15 − 1.87 − 1.87
Hurd64 1 447.99 − 2.26 − 2.26
Korchemskaya et al.56 10 378−446 − 2.44 − 2.44
Lopatkina et al.57 12 304−369 26.5 8.14 − 20.4
Marsh50 2 298−334 0.94 − − 0.94
Marsh51 3 291−309 1.20 − − 1.20
Osthoff and Grubb60 16 303−429 3.53 0.58 − 1.69
Palczewska-Tulin ́ska and Oracz58 24 311−447 3.40 8.04 − 6.10
Stull53 10 294−445 12.5 5.97 − 8.60
Tomlins and Marsh52 1 308.14 0.063 − − 0.063
Weast and Astle65 1 448.91 − 0.054 − 0.054
Wilcock34 2 346−449 2.32 0.40 − 1.36
Young42* 16 505−587 − 0.75 0.28 0.67

Saturated liquid density ρ′
Golik and Cholpan66 1 303.13 0.29 − − 0.29
Hurd64 5 273−354 4.64 0.017 − 3.72
Korchemskaya et al.56 1 293.14 0.035 − − 0.035
Levien67 1 298.14 0.024 − − 0.024
Marsh51 3 291−309 0.044 − − 0.044
McLure and Barbarin-Castillo68* 14 292−409 0.006 0.028 − 0.015
Palczewska-Tulin ́ska and Oracz58 22 292−434 0.13 0.17 − 0.15
Patnode and Wilcock55 1 293.14 0.066 − − 0.066
Shinoda and Hildebrand69 1 298.14 0.005 − − 0.005
Tanaka70 1 293.14 0.066 − − 0.066
Tomlins and Marsh52 1 308.14 0.043 − − 0.043
Waterman et al.32 1 293.14 0.030 − − 0.030
Young42* 7 503−577 − 0.24 0.44 0.26

Saturated vapor density ρ″
Korchemskaya et al.56 9 378−446 − 6.19 − 6.19
Young42 8 536−580 − 10.5 18.5 11.5

aAll temperatures were adapted to the ITS-90 Scale; data sets that were applied to the fit are marked with an asterisk. bLT, T/Tc ≤ 0.6; MT, 0.6 ≤
T/Tc ≤ 0.98; HT,T/Tc > 0.98.
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were simultaneously adjusted to fit the cp° data of Nannan et
al.47 and available data for the speed of sound and isobaric heat
capacity (e.g., refs 47 and 48). During the fitting procedure, it
turned out that it was not possible to represent the cp° data in a
more accurate way without compromising the other properties.
Since the accuracy of the cp° data is questionable, the speed of
sound and isobaric heat capacity data were preferentially fitted
and the comparably high deviations of the cp° data have to be
accepted here.
4.2. Vapor−Liquid Equilibrium. The available exper-

imental vapor pressure data are summarized in Figure 6 and
Table 4. Many authors report vapor pressure data in their
publications to point out the purity of their samples. More
comprehensive investigations were made by eight research
groups, which are discussed in more detail here. As an
indication of the quality of the data, the measurements on
hexamethyldisiloxane, which were analyzed comprehensively by
Thol et al.,12 were considered where groups published data for
both fluids. The lower-temperature region (T < 460 K) was
investigated by several different authors, whereas the higher-
temperature region was studied only by Young.42 In the lower-
temperature region, the present equation of state was fitted to
the vapor pressure data of Flaningam49 (AAD = 0.76%). He
reported these measurements in the same publication as the
results for hexamethyldisiloxane. Deviations of 0.5% with
respect to the equation for hexamethyldisiloxane were assessed
to be reasonable.12 The experimental uncertainty in the
octamethylcyclotetrasiloxane data is assumed to be higher
than that in the case of hexamethyldisiloxane because of inferior
sample purity (octamethylcyclotetrasiloxane, 99.49%; hexame-
thyldisiloxane, 99.9%), and the deviations of less than 1.1% with
respect to the present equation of state seem to be realistic. In
this way, the data of Marsh50,51 and Tomlins and Marsh52

scatter around the equation within 1.5% for T < 360 K. Since
the vapor pressure of Tomlins and Marsh52 was measured more
recently than the data of Marsh,50,51 this point was taken as a
reference and was reproduced within 0.063% by the present
equation of state. Fitting the data of Flaningam49 in a more
accurate way would cause higher deviations in the low-
temperature regime. In the temperature region where
Flaningam’s data49 are located, recent measurements by
Abbas et al.48 (AAD = 4.79%) are available. In analogy to the
results for hexamethyldisiloxane, these data significantly differ
from those obtained using the present equation and other
literature data. Between 370 and 451 K, a systematic offset of
approximately −2.7% can be observed. The deviations increase
for lower temperatures, which is most probably caused by
inappropriate handling of the apparatus (cf. Thol et al.12). The
data of Stull53 (AAD = 8.60%) are part of a comprehensive
literature study summarizing vapor pressure data for more than
1200 organic substances. In that publication,53 Hunter et al.,54

Patnode and Wilcock,55 and Wilcock34 are cited to be the
primary sources for octamethylcyclotetrasiloxane. In the
original publications,34,54,55 all of them investigated siloxane
polymers, and they reported only the normal boiling points of
the participating monomers. Since Stull’s data53 exhibit
unreasonably high deviations of up to 20%, they were not
considered any further. Korchemskaya et al.56 (AAD = 2.44%)
primarily investigated binary mixtures containing siloxanes and
reported uncertainties only in terms of composition. No
information is given for the uncertainty of the pure fluid data.
Except for two state points at T ≥ 444 K, the measured vapor
pressures are systematically lower than values calculated from

the present equation of state. However, they are still
reproduced within 1.1%, which is the same accuracy as for
the data of Flaningam.49

Lopatkina et al.57 (AAD = 20.4%) measured the vapor
pressure between 304 and 369 K by means of a static method
with a quartz Bourdon gauge as a reference. The temperature
was controlled with copper−constantan thermocouples. No
information on the experimental uncertainties is given. The
deviations with respect to the present equation of state increase
from 5% to 38% with decreasing temperature. The measure-
ments of Marsh,50,51 which are located in the same temperature
range, indicate that the data of Lopatkina et al.57 are most likely
not correct. Therefore, these data were not considered during
the development of the present equation of state. Recent
measurements by Palczewska-Tulin ́ska and Oracz58 were
carried out with a comparative ebulliometer applying n-
dodecane as the reference substance. The specified temperature
uncertainty, ΔT = 0.005 K, and pressure uncertainty, Δp = 6.7
Pa, yield a combined expanded uncertainty of 0.03% to 3.8% (k
= 2). The measurements of Palczewska-Tulin ́ska et al.59 on
cyclohexane were made with the same technique and are
reproduced by the equation of Zhou et al.41 with an AAD of
0.13%. Nonetheless, the measurements on octamethylcyclote-
trasiloxane exhibit deviations of up to 8.5% with respect to the
present equation of state and other measurements in this
region. Data at lower temperatures deviate significantly less
than data at high temperatures. These findings agree with their
own correlation results presented in ref 58. Similar behavior
was found for hexamethylcyclotrisiloxane, and even worse
deviations were observed for decamethylcyclopentasiloxane.
Therefore, the data were not considered during the develop-
ment of the present equation of state. Finally, measurements by
Osthoff and Grubb60 (AAD = 1.69%) are available over the
same temperature range as the data sets discussed above. The
sample purity was estimated to be 99.82% on the basis of a
melting point measurement. For the vapor pressure measure-
ments, a modified isoteniscope reported by Smith and
Menzies,61 which is categorized as a static method, was used.
No information is given about the experimental uncertainties.
For T ≥ 350 K, deviations with respect to the present equation
of state amount to 1%, which is in accordance with the data of
Flaningam49 and Korchemskaya et al.56 For lower temperatures
(T < 350 K), the percentage deviations increase. This is most
likely related to the pressure measurement, which was carried
out with a mercury manometer. Since the vapor pressure of
octamethylcyclotetrasiloxane is low, only a small column of
mercury was observed (1.49 mmHg at the lowest temperature).
The percentage deviations from the equation yield systematic
absolute deviations of approximately −0.3 mmHg. These
differences can easily occur with visual detection of the
meniscus. Furthermore, the vapor pressure at the lowest
temperature agrees well with the data point of Tomlins and
Marsh.52 Thus, the increasing deviations of the data with
respect to the present equation are assumed to be a problem in
the data. In their publication, Osthoff and Grubb60 introduced a
correction for all of the vapor pressure data at T ≥ 353 K by
adding the vapor pressure of mercury. No further explanation
for why they did not do the same correction for the low-
temperature data was provided. The only experimental data set
available for T > 460 K was published by Young42 (AAD =
0.67%). A modified glass apparatus developed by Ambrose and
Townsend62 was used, and the specified uncertainty amounts
to 0.5% to 2%. Except for two data points with deviations of
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2.5%, all of their data scatter around the present equation of
state within the given experimental uncertainty. On the basis of
these results, the expected uncertainty in the vapor pressure
data calculated with the present equation of state is 1.5% for T
≤ 460 K and 2% for higher temperatures.
The representations of the saturated liquid and vapor

densities are depicted in Figure 7, and the average absolute

relative deviations are listed in Table 4. Similar to the vapor
pressure, the lower-temperature region was measured by
different authors, whereas the high-temperature region was
investigated only by Young.42 The most comprehensive data
sets for T < 440 K were published by McLure and Barbarin-
Castillo68 (AAD = 0.015%) and Palczewska-Tulin ́ska and
Oracz58 (AAD = 0.15%). Palczewska-Tulin ́ska and Oracz58

used an Anton Paar densimeter, and the specified uncertainties
yield a combined expanded uncertainty of approximately
0.006% in density. Most probably, the stated uncertainty of
the density measurement (Δρ = 0.01 kg·m−3) is too optimistic,
so the real uncertainty is assumed to be higher. In comparison
with the present equation of state and other literature data, the
data of Palczewska-Tulin ́ska and Oracz58 differ by up to 0.4%.
The deviations exhibit a parabolic shape, which is the same
behavior as for their measurements of decamethylcyclopenta-
siloxane.58 This leads to the assumption that either the
apparatus or the measurement procedure was incorrect. Thus,
the remaining data set of McLure and Barbarin-Castillo68 was
used to develop the present equation of state. The sample was
purified up to 99.5%, and the measurements were carried out
with a magnetically levitated Archimedian sinker.68 The
specified uncertainties result in a combined expanded
uncertainty (k = 2) of 0.014%. For T < 360 K, the present
equation of state reproduces the data within their experimental

uncertainty. With increasing temperature, the deviations
increase to 0.4%. This is caused by the high-temperature data
of Young42 (AAD = 0.26%), which scatter around the present
equation of state within 0.45%. For each measurement,
Young42 filled a glass tube with liquid octamethylcyclotetrasi-
loxane, evacuated the tube while freezing the sample, and sealed
the tube after degassing. Subsequently, each tube was heated
slowly, and the temperature at which the tube was completely
filled with liquid was detected. The mass of the sample was
determined from the weight of the sealed tube including the
sample and the weight of the opened tube that was purged of
the sample. The volume was determined by measuring the
weight of the full and cut tube in distilled water. These three
steps involve several different sources of uncertainties, which
are not discussed in the paper. However, Young42 states an
uncertainty of 0.1% to 0.3%. Since it is not completely clear
how the experimental uncertainty was determined, the
deviations of 0.45% with respect to the present equation of
state seem to be acceptable.
Finally, data sets comprising only few state points were used

to verify the representation of the saturated liquid density. The
data of Korchemskaya et al.,56 Levien,67 Marsh,51 Patnode and
Wilcock,55 Tanaka,70 Tomlins and Marsh,52 and Waterman et
al.32 are reproduced with an AAD < 0.07%. Therefore, the
uncertainty in the saturated liquid density data calculated with
the present equation of state is assessed to be 0.1% for T < 360
K and 0.5% for higher temperatures.
The saturated vapor density was investigated by Korchem-

skaya et al.56 (AAD = 6.19%) and Young42 (AAD = 11.5%).
Korchemskaya et al.56 focused on mixture measurements and
did not provide information on the experimental uncertainties.
Young42 applied the same measuring procedure as for the
saturated liquid density. The disappearance of the correspond-
ing phases was detected visually, thus leading to higher
uncertainties. For the liquid phase, a remaining gas bubble
does not falsify the result too much, whereas a remaining liquid
droplet in the gas phase has a large impact. Therefore, the
deviations presented in Figure 7 are not surprising. For a
reliable uncertainty statement, a more appropriate measuring
technique has to be used to carry out new measurements.

4.3. Homogeneous Region. Comparisons to homoge-
neous density data are shown in Figure 8 and summarized in
Table 5. At the bottom of Figure 8, relative deviations of
experimental data from the present equation of state at
atmospheric pressure are illustrated. The temperature range is
restricted to 290 to 355 K. Except for the data reported by
Schuh and Fischer,71 all of the data deviate by less than 0.1%
from the present equation. The measurements of Marsh50

(AAD = 0.058%) and Herring and Winnick72 (AAD = 0.056%)
agree perfectly with each other and are reproduced within
0.06%. An even better representation of the data was not
possible without compromising the saturated liquid density.
Since the measured saturated liquid density data cover the

entire vapor−liquid equilibrium temperature range and the
homogeneous density measurements are restricted to a range of
65 K, the saturated liquid density data were primarily
correlated. However, reproducing the homogeneous density
data at atmospheric pressure in a more accurate way is most
probably not required because the deviations can be explained
by the claimed experimental uncertainty of the data. The
correlation of the high-pressure data was more challenging
because contradictory trends were observed (cf. Figure 8, top).
Wappman et al.78 utilized a sample with a purity of 99% for

Figure 7. Relative deviations of the saturated density data from the
present equation of state: (top), saturated liquid density; and
(bottom), saturated vapor density.
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their measurements. The employed piston cylinder densimeter
was described in detail by Wappmann et al.82 The accuracy of
the measurements was assessed with test measurements on
methanol, which reproduced Goodwin’s data83 within 0.2%.
Without any further explanation, Wappmann et al.78 stated an
experimental uncertainty of 0.4% for octamethylcyclotetrasilox-
ane. The second data set of Easteal and Woolf74 shows an
opposite trend with respect to the present equation of state.
They investigated only one isotherm (323.15 K), which was not
measured by Wappmann et al.78 Therefore, it is not possible to
compare these results directly with each other. Easteal and
Woolf74 measured their density data with an even lower sample
purity than Wappmann et al.78 (98%) in a bellows
volumometer.84 The specified uncertainties yield a combined
expanded uncertainty of 0.06%, a value that is highly unrealistic
considering the sample purity. It was not possible to represent
any of the data within the claimed accuracy. Thus, test
correlations were established to find out the cause of these
problems. Fitting both data sets at the same time was not
possible because of their contrary courses. Therefore, only one
data set was correlated at a time, and it was still not possible to
reach a satisfactory result. Hence, the interaction of different
properties was investigated. Next to the homogeneous density
data, the speed of sound measurements from this work and the
isobaric heat capacity data of Abbas et al.48 recently became
available. Both data sets were considered in the fitting
procedure. Since the heat capacity measurements by Abbas et
al.48 were reasonable for hexamethyldisiloxane,12 it is unlikely
that these data cause problems. As expected, no observable
improvement of the density data could be reached when these
data were deleted from the fit. Therefore, the present speed of

Figure 8. Representation of the homogeneous density of octame-
thylcyclotetrasiloxane. (top) Relative deviations of all available
experimental homogeneous density data from the present equation
of state. (bottom) Relative deviations of the homogeneous density
data from the present equation of state at atmospheric pressure.

Table 5. Average Absolute Relative Deviations of the Experimental Data in the Homogeneous State from the Present Equation
of Statea

AAD/%

authors no. of data points T range/K p range/MPa gas liq. crit. reg. LD MD HD overall

pvT Data
Dickinson73,b 5 323.19 50.0−251 − 0.27 − − − − 0.27
Easteal and Woolf74 10 323.19 5.0−81 − 0.47 − − − − 0.47
Herring and Winnick72 8 298−334 0.101325 − 0.056 − − − − 0.056
Hurd64 5 273−354 0.101325 − 3.74 − − − − 3.74
Marsh50 5 293−334 0.101325 − 0.058 − − − − 0.058
Mills and MacKenzie75 2 293−303 0.101325 − 0.087 − − − − 0.087
Myers and Clever76 6 293−319 0.101325 − 0.078 − − − − 0.078
Ross and Hildebrand77 6 295−318 0.101325 − 0.071 − − − − 0.071
Wappmann et al.78* 36 308−427 10.0−181 − 0.42 − − − − 0.42
Schuh and Fischer71 3 298−354 0.101325 − 0.43 − − − − 0.43

Speed of sound w
this work* 54 299−550 0.1−27 − 0.12 − − − 0.15 0.14
Golik and Cholpan79 1 303.13 0.101325 − 0.15 − − − − 0.15
Nannan et al.47* 53 450−496 0.0−1.0 0.17 − − − − − 0.17
Niepmann and Schmidt80 117 299−450 2.6−61 − − − − − 0.47 0.47
Waterman et al.32 1 293.14 0.101325 − 0.026 − − − − 0.026

Isobaric heat capacity cp
Abbas et al.48* 28 298−434 0.101325 − 0.18 − − − − 0.18
Marsh and Tomlins81 1 298.14 0.101325 − 1.81 − − − − 1.81
Mekhtiev and Karasharli43 1 298.14 0.101325 − 2.73 − − − − 2.73
Palczewska-Tulin ́ska and Oracz58 24 293−426 pv − 2.05 − − − − 2.05

aAll temperatures were adapted to the ITS-90 scale. Data sets that were applied to the fit are marked with an asterisk. For the pvT data in the critical
region, pressure deviations are considered instead of density deviations. Critical region: 0.98 ≤ T/Tc ≤ 1.1 and 0.7 ≤ ρ/ρc ≤ 1.4. Supercritical region:
LD, ρ/ρc ≤ 0.6; MD, 0.6 ≤ ρ/ρc ≤ 1.5; HD, ρ/ρc > 1.5. bCalculated.
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sound measurements were tested. After these data were deleted
from the fit, the requested result was achieved. The
homogeneous density data of Wappmann et al.78 could be
fitted significantly better than before. Hence, the two data sets
are not consistent with each other. This effect can be explained
on the basis of the definition of the speed of sound:

ρ
= ∂

∂
⎛
⎝⎜

⎞
⎠⎟w

c

c
pp

v T

2

(11)

One of the two data sets comprises a wrong course of the
compressibility, so the other data set cannot be correlated
within the required accuracy. Since no independent data set for
the homogeneous density that could support the data of
Wappmann et al.78 is available, the present speed of sound
measurements were chosen to be primarily fitted.
For the present speed of sound measurements, the same

apparatus as for hexamethyldisiloxane,12 ammonia,14 oxygen,85

and hydrogen chloride was utilized. In general, the data could
be reproduced within 0.5% by the corresponding equations of
state, so this accuracy was also the aim in the case of
octamethylcyclotetrasiloxane. Figure 9 shows that the speed of
sound data are represented by the present equation of state
within the specified experimental uncertainties. Additional

speed of sound data located in the liquid phase were published
by Niepmann and Schmidt.80 They employed an accurate
pulse-echo method, which was also used in the present work.
The reported uncertainty of 0.8 m·s−1 corresponds to a relative
uncertainty of 0.1%. However, with the same apparatus they
measured speed of sound data for benzene, which scatter
around the corresponding equation of state of Thol et al.40

within 0.4%. Therefore, relative deviations of approximately
0.5%, except for the isotherms at 350 and 375 K, are plausible.
With these deviations in the liquid speed of sound data, a
relative deviation of the density data of Wappmann et al.78 from
the present equation of 0.65% could be achieved. The data of
Easteal and Woolf74 deviate in the same range. Finally, the
speed of sound data in the gaseous state of Nannan et al.,47

which were already discussed in section 4.1, are shown in
Figure 9. The relative deviation is 0.16% for T ≤ 465 K and
increases to 0.45% for higher temperatures. The large
deviations occur close to the saturated vapor phase, whereas
the deviations decrease in the limit of low pressure. This trend
proves that the ideal gas contribution α° of the present
equation of state is reasonable.
To summarize the discussion above, the homogeneous

density can be calculated from the present equation of state
within 0.1% at atmospheric pressure and 0.7% for higher
pressures. Vapor phase measurements are not available, so no
statement on the accuracy of the present equation of state can
be made. Speed of sound data in the liquid and vapor states can
be calculated from the present equation with an expected
uncertainty of 0.5%
In Figure 10, comparisons of available experimental isobaric

heat capacity data with the present equation of state are

depicted. The two main data sets were published by Abbas et
al.48 (AAD = 0.18%) and Palczewska-Tulin ́ska and Oracz58

(AAD = 2.05%) and exhibit a contrary course. In accordance
with the previous discussion on vapor pressure and saturated
liquid density, significant deviations of the heat capacity
measurements in the saturated liquid state of all substances
investigated in the publication of Palczewska-Tulin ́ska and
Oracz58 with respect to other literature data can be observed.
Therefore, these data were not considered during the
development of the present equation of state. The isobaric
heat capacity data for hexamethyldisiloxane measured at
atmospheric pressure by Abbas et al.48 showed good agreement
with the corresponding equation and other literature data (cf.
Thol et al.12). Therefore, the data for octamethylcyclotetrasi-
loxane were assumed to be reliable and were used in the fit. A

Figure 9. Relative deviations of experimental speed of sound data from
the present equation of state.

Figure 10. Relative deviations of experimental isobaric heat capacity
data from the present equation of state.
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relative deviation of 0.3% could be achieved, which is clearly
within the experimental uncertainty of 1% as stated by the
authors. Thus, the expected uncertainty in the heat capacity
data in the saturated liquid state calculated with the present
equation of state is 1% according to the experimental
uncertainty of the data of Abbas et al.48

4.4. Representation of Molecular Simulation Data.
After the present equation of state was fitted exclusively to
experimental measurements, molecular simulation data up to
1200 K and 520 MPa were added to the data set used in the fit
in order to extend the range of validity. Since the molecular
structure of octamethylcyclotetrasiloxane is chemically not
stable at such high temperatures and pressures, this extension of
the validity range has to be perceived as an extrapolation
beyond the stable region. The simulated vapor pressure data
differ by up to 10% for T ≥ 435 K. Lower temperatures are
reproduced even worse. However, the simulated saturated
liquid density data differ from the present equation of state
within the stated accuracy of 1%, except for the highest
temperature (T = 550 K). The accuracy of the molecular model
in the homogeneous region was assessed by simulations of the
density and speed of sound at selected state points (cf. Figure
11). The homogeneous density is represented within 0.7%,

which is the expected uncertainty of the present equation of
state. The simulated pvT data support the course of the density
calculated from the equation of state, which resulted primarily
from a fit to saturated liquid density and speed of sound data
rather than from a fit to the available pvT data. The gaseous
speed of sound data differ by 1.3% from the present equation of
state, whereas the liquid state points deviate by up to 15%. The
differences become evident from the following equation:

= + + − + −
° +

w
RT

A A
A A

A A
1 2

(1 )2

01
r

02
r 01

r
11
r 2

20 20
r

(12)

The speed of sound is composed of several residual Helmholtz
energy derivatives and the ideal gas heat capacity, which is
considered by A20° . Because only the residual parts are
simulated, the ideal gas part is taken from the present equation
of state. In the gas phase, the ideal gas contribution is the
dominant part, which compensates for uncertainties of the
simulated residual Helmholtz energy derivatives. The liquid
state is prevailed by the residual contribution, so the impact of
the ideal gas contribution is smaller, which leads to higher
deviations.
Comparisons of the simulated residual Helmholtz energy

derivatives from the present equation of state along selected
isotherms are shown in Figure 12. A comprehensive overview

of all of the available simulation data is given in the Supporting
Information. Deviations of the residual Helmholtz energy, A00

r ,
and the first derivative with respect to the temperature, A10

r ,
amount to 10%. Except for a few data points at the zero
crossing or at very low densities, the same accuracy can be
observed for the first derivative with respect to the density, A01

r .
The first mixed derivative with respect to the temperature and
density, A11

r , is reproduced by the present equation of state
within 15%. The second derivative with respect to the
temperature, A20

r , and the second derivative with respect to
the density, A02

r , differ by approximately 30%. For a better

Figure 11. Relative deviations of selected (top) density and (bottom)
speed of sound data from the present equation of state. At the same
p−T state points, molecular simulation data are presented to verify the
accuracy of the present molecular model.

Figure 12. Relative deviations of simulated residual Helmholtz energy
derivatives data from the present equation of state along selected
isotherms. The relative deviations are calculated according to eq 8.
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classification of these deviations, the Helmholtz energy
derivatives were transferred to common thermodynamic
properties (pressure, heat capacities, and speed of sound)
according to eq 12 and the following equations:

ρ
= +p

RT
A1 01

r

(13)
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20 20

r
(14)
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r 2
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For the calculation of caloric properties, the ideal contribution
of the present equation of state was adopted.
Figure 13 depicts the relative deviations of common

thermodynamic properties from the present equation of state.

The homogeneous density and the isobaric heat capacity are
represented within 2%. The isochoric heat capacity differs from
the present equation of state by 1% and for ρ ≤ 1.2 mol·dm−3

the difference is even 0.5%. Finally, the speed of sound data are
reproduced within 7%. Of course, for a reliable statement of the
accuracy of the present equation of state, experimental
measurements in this range are required.

5. PHYSICAL AND EXTRAPOLATION BEHAVIOR

In addition to the accurate representation of experimental and
simulation data, the correct physical and extrapolation behavior
in regions where no data are available is an essential aspect in
the development of equations of state. Especially for the
application to mixture models, a reasonable course of
thermodynamic properties has to be ensured. Typical diagrams
that are analyzed during fitting procedures are shown in Figure
14. On the top left, the vapor−liquid equilibrium is presented
in a T−ρ diagram. The isobars are smooth, and the rectilinear
diameter is a straight line up to the critical point. The critical
isobar exhibits a saddle point at the critical point. The
hypothetical saturated liquid phase of the isochoric heat
capacity (top right) increases with decreasing temperature,
and the two saturated phases merge at a maximum at the
critical point. This diagram is also an indication of the
qualitatively correct behavior of the speed of sound, which was
observed during the fit as well. In the center of Figure 14, the
phase identification parameter86 is presented as a function of
density (left) and temperature (right). Both plots show a
correct course as described by Thol et al.87 and Lemmon et
al.88 No unreasonable changes in slope or curvature were
observed. The virial coefficients B, C, and D are presented at
the bottom left. No unreasonable features can be observed for
the second virial coefficient. The third virial coefficient exhibits
a slight shift of its maximum to lower temperatures than the
critical one. It should most likely be located closer to the critical
temperature, similar to that of hexamethyldisiloxane.12 Since
this is not a fully investigated phenomenon and it has not been
experimentally proven that the maximum occurs approximately
at the critical temperature, this slight shift was accepted here.
The same holds for the fourth virial coefficient. The qualitative
behavior is in very good agreement with the previously
analyzed equations of state for Lennard-Jones fluids87,89 and
hexamethyldisiloxane.12 However, the maximum is also not
located at the critical temperature but shifted to a lower value.
A noticeable feature can be observed in the further course of
the fourth virial coefficient. For Lennard-Jones fluids,87,89 a
second maximum was predicted from the equations of state and
statistical mechanics independently. The same effect is observed
here for octamethylcyclotetrasiloxane. Without any information
on experimental virial coefficients, the present equation of state
exhibits this second maximum. Finally, characteristic ideal
curves90 are presented on the bottom right in Figure 14. No
unreasonable courses can be observed, ensuring correct
extrapolation behavior to very high temperatures, pressures,
and densities.

6. CONCLUSION

The present equation of state for octamethylcyclotetrasiloxane
is written in terms of the reduced Helmholtz energy, so any
equilibrium thermodynamic property can be obtained from its
derivatives with respect to temperature and density. The ideal
contribution contains three Planck−Einstein terms, whereas the
residual contribution consists of five polynomial, five
exponential, and five Gaussian bell-shaped terms. The range
of validity based on experimental data is for temperatures from
the triple point to 590 K at pressures up to 180 MPa. The
expected uncertainty in the vapor pressure data from the
present equation of state is 1.5% for T ≤ 460 K and 2% for
higher temperatures. Saturated liquid density data are accurate
within 0.1% for T < 360 K and 0.5% for higher temperatures.

Figure 13. Comparison of the present equation of state with
thermodynamic properties obtained from molecular simulation data
generated in this work. The involved residual Helmholtz energy
derivatives are indicated in the gray boxes.
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The uncertainty in the homogeneous density at atmospheric
pressure is assessed to be 0.1%. The available experimental data
in the high-pressure region are not consistent with the present
speed of sound measurements, so the equation is assumed to be
accurate within only 0.7%. The expected uncertainty in the
speed of sound data calculated with the present equation of
state is 0.5%. Next to the analysis of experimental measure-
ments, the extrapolation behavior was investigated compre-
hensively and found to be reasonable. Finally, the range of
validity was extended to Tmax = 1200 K and pmax = 520 MPa by
means of molecular simulation data. Since no experimental
measurements are available in this region, no uncertainty
statements can be made, but indications based on the
simulation data are given.
Reference values to verify computer implementation are

given in the Supporting Information. Additionally, ancillary
equations were developed for the vapor pressure as well as

saturated liquid and vapor densities, which can be used for
initial calculations of starting values of iterative phase
calculations. The corresponding equations and parameters are
also listed in the Supporting Information. Furthermore, a
parameter file for the software packages TREND91 and
REFPROP92 and a file containing C++ source code are
provided.
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4.5 Speed of sound of oxygen in supercritical states

up to 500 K and 100 MPa
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Speed of Sound of Oxygen in Supercritical States up to 500 K and
100 MPa
Frithjof H. Dubberke, Markus Riepold, Elmar Baumhögger, and Jadran Vrabec*

Thermodynamics and Energy Technology, University of Paderborn, Warburger Str. 100, 33098 Paderborn, Germany

ABSTRACT: Oxygen is the second-most abundant element in
the earth’s atmosphere and plays an important role in various
engineering applications. The precise knowledge of its
thermophysical properties is thus important. As a fully fledged
thermodynamic property, the speed of sound substantially
contributes to the development and parametrization of
equations of state. This work presents experimental speed of
sound data for oxygen measured with an apparatus that is based
on the pulse-echo technique with a double path-length. When
working with pure oxygen at high temperatures and pressures,
tight safety requirements have to be met, limiting the present
measurements to 500 K and 100 MPa.

■ INTRODUCTION

For optimizing industrial processes and for scientific
applications the precise knowledge of thermodynamic proper-
ties is crucial. Oxygen, which is behind nitrogen the second-
most abundant element in the earth’s atmosphere, plays a major
role in many industrial applications. The most accurate
equation of state (EOS) for oxygen was established in the
year 1985 by Schmidt and Wagner.1 Highly accurate
thermodynamic property data from experimental measure-
ments are the basis for developing fundamental EOS2 and
speed of sound data are well suited for this purpose. However,
there is a lack of speed of sound data in the supercritical region
at elevated temperatures and moderate pressures, as illustrated
in Figure 1.
Experiments with oxygen have been carried out by numerous

authors and date back to the early 1900s, when Cook3 used
Kundt’s tube20 for speed of sound measurements of oxygen and
air. First ultrasonic measurements were accomplished in the
1930s, primarily in low pressure regions. Van Itterbeek and co-
workers4,6−8,11,14,15 established an acoustic interferometer,
enabling for measurements with uncertainties of about 0.1%.
In 1938, Liepmann9 determined data for liquid oxygen using a
light diffraction method for measurements at low temperatures.
In the middle of that century, Galt,10 Boyer,12 and Verhaegen13

contributed further data for low temperature and pressure
regions. In 1962, van Itterbeek and van Dael14 used the pulse-
echo method in the liquid region between 64 and 91 K and
pressures of up to 92 MPa. Baidakov and Kaverin18 determined
data with an uncertainty of 0.17% for superheated liquid oxygen
for the first time in 1989, employing the pulse-echo technique
by using an acoustic cell made out of glass. In 1999, Abramson
at al.19 reached extremely high pressures of up to 12.6 GPa with
a diamond-anvil cell, attaining an overall uncertainty of 2% in
their measurements. An extensive study on the speed of sound

of compressed liquid oxygen was presented by Straty and
Younglove17 in 1973, employing the pulse-echo technique. An
overview of these data is given in Figure 1. The present work
follows up on these measurements in a poorly sampled region,
i.e. for temperatures between 300 and 500 K and pressures
between 40 and 100 MPa. This region intentionally overlaps for
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Figure 1. Experimental speed of sound data for oxygen: ●, Cook;3 #,
Keesom et al.;4 ▼, Bar̈;5 bold +, van Itterbeek and Marien̈s;6 ×, van
Itterbeek and Marien̈s;7 □, van Itterbeek and van Paemel;8 ■,
Liepmann;9 ◇, Galt;10 ▲, van Itterbeek and de Bock;11 ⊕, Boyer;12

⊞, Verhaegen;13 y, van Itterbeek and van Dael;14 ◆, van Dael et al.;15

○, Blagoi et al.;16 ▽, Straty and Younglove;17 △, Baidakov and
Kaverin;18 ◇ with cross, Abramson et al.;19 ☆, this work.
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one state point at 250 K and 34 MPa and for the 300 K
isotherm over a pressure range from 10 to 32 MPa with data by
Straty and Younglove,17 cf. Figure 2.

Speed of sound measurements of compressed oxygen in the
supercritical state over a temperature range from 300 to 500 K
and a pressure of up to 100 MPa were carried out with the
pulse-echo technique.21 The measurement principle was based
on a sample cell that has two known propagation path lengths l1
and l2, where l2 > l1.

22 By emitting a modulated high frequency
wave burst with a piezoelectric quartz crystal with a resonance
frequency of 8 MHz, which was positioned between two
reflectors in the fluid, the speed of sound c was determined by
the time measurement of the wave propagation through the
fluid. Applying a Fourier transformation based digital filter on
the sampled acoustic wave signals increased their signal-to-
noise ratio and enhanced their time and amplitude resolutions,
improving the overall measurement accuracy.23 In addition,
burst design led to technical advantages for determining the
propagation time due to the associated conditioning of the
echo. A complete description of the method, apparatus and
discussion of uncertainties has been published in preceding
work.24,25

■ SAFETY REQUIREMENTS FOR HANDLING OXYGEN
When working with pure oxygen, especially at high temper-
atures and pressures, tight safety requirements have to be met
because it supports combustion and corrosion. Being highly
oxidizing, it reacts vigorously with combustible materials and
enhances fire or explosion, liberating large amounts of energy in
a short time. A chemical reaction in an oxygen environment
takes place, if the activation energy (i.e., ignition temperature)
of a material is exceeded. To prevent temperature peaks by
adiabatic pressure surges, high fluid velocities through valves
etc. of the apparatus should be avoided. Therefore, charging
and discharging the measuring cell with oxygen through the
piping system was done here very gently. Furthermore, the
apparatus had to be free of welding beads and swarfs due to
their sensitivity to pressure surges.26−28

The technical norm DIN EN 1797 introduces a method for
testing the behavior of materials exposed to pressure surges,
which can be caused by adiabatic compression or high gas

velocities in pipes or components.29,30 According to the
recommendation BGR 500,26 which demands an appropriate
steel alloy with an accumulated mass fraction of chrome and
nickel above 22%, the measurement cell was made out of highly
corrosion resistant stainless steel (1.4571) and the cylindrical
pressure vessel (sealed with a copper gasket) out of highly
tensile steel (1.4462) that are both suitable for applications with
pure oxygen.29,31−34

Pure copper has an ignition temperature of 1338 K in pure
oxygen at 70 MPa.35 It is even harder to ignite than stainless
steel36 and is recommended in the literature as ”particularly
useful for resisting ignition by particle impact and therefore can
be used in high-velocity gas applications for which burn-
resistant alloys are required”.28

The piezoelectric quartz crystal was connected by circular
gold electrodes that do not hold any risks. The Teflon coated
cables were mechanically connected to the gold electrodes and
on the other end soldered, without using any flux, to the
electrical feed through.24 Upon combustion even small
amounts of material may liberate large quantities of energy,
resulting into an increasing temperature. This may lead to a
chain reaction if the ignition temperature of other materials is
attained. Thus, the lowest ignition temperature of all materials
in the apparatus must not be exceeded.29 Before use, the
apparatus was very carefully cleaned and freed from impurities,
especially of oily and greasy contaminants, which can induce a
high risk due to their low ignition temperature.26,28

Before assembling all internal surfaces of the piping system
including valves, both pressure sensors and the pressure
cylinder were cleaned with acetone. After assembling, the
system was evacuated and then flushed about five times with
argon, at a temperature of 400 K. After a final evacuation, the
system was flushed with oxygen for about 1 h to minimize
contamination by argon.

■ RESULTS AND DISCUSSION

The measuring cell was filled at low temperatures of around
250 K, closed, and then heated up to each studied isotherm.
This isochoric pressurizing has a low risk of an increase of
temperature through adiabatic compression by a feed pump or
by a pressure surge in the piping system. Measurements were
carried out from high to low pressure by releasing fluid to the
ambient through a valve. Below a pressure of 5 MPa,
measurements were not feasible due to the usual limitations
of the pulse-echo technique, such as acoustic impedance and
attenuation. These effects predominantly play a role in low
density fluids, i.e., gases up to the critical region and other
highly attenuating liquids, and impede the readability of the
echoes due to their distortion, temporal extension and low
amplitude.25

The first measurement was performed for a data point at 250
K and 34 MPa and showed a good agreement in a range of
0.07% with the data by Straty and Younglove,17 which is within
the stated uncertainty. The overall uncertainty of the
temperature measurement with a Pt 100 thermometer (Rössel
Messtechnik RM-type) was less than uc,ΔT = 30 mK. The

Figure 2. Comparison of speed of sound data for oxygen at 300 K
measured by Straty and Younglove17 (▽) and in the present work
(☆) with the equation of state (EOS) by Schmidt and Wagner.1

Table 1. Sample Table

chemical name source impurity purification method

argon Air Liquide ≤10 ppm none
oxygen Air Liquide ≤15 ppm none
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pressure was measured with two transducers (Honeywell TJE),
one with a measuring range from 0 to 20 MPa and the second
one with a measuring range up to 200 MPa. The first one had
an uncertainty of ±0.05% and the second one of ±0.1% with
respect to their full scale and therefore had a maximum absolute
uncertainty of ±0.2 MPa above 20 MPa, which had the largest
impact at low temperatures. This is a consequence of the
pressure uncertainty, combined with the high isothermal
compressibility of the fluid at such thermodynamic states.
The propagation path lengths were referenced at the two

isotherms 300 and 350 K up to a pressure of 40 MPa with pure
argon (cf. Table 1) using values calculated from the EOS by
Tegeler et al.37 with an uncertainty uEOS = 0.02%. Here, the
temperature was measured with the same Pt 100 thermometer
which was used during the present oxygen measurements, and
the pressure was measured with a dead weight tester (DH-
Budenberg 580 EHX) with an overall absolute uncertainty
uc,Δp,REF = 0.02%.
According to the error propagation law, the combined speed

of sound measurement uncertainty uc is composed of the

Table 2. Experimental Data for the Speed of Sound of Oxygena

T (K) p (MPa) c (m/s) ±uc (m/s) T (K) p (MPa) c (m/s) ±uc (m/s)

299.997 74.03 645.07 0.93 399.090 7.95 393.26 0.08
299.966 69.69 624.95 0.95 399.091 6.02 389.77 0.08
299.966 64.96 602.28 0.98 399.092 4.96 388.03 0.08
299.968 60.16 578.47 1.01
299.966 55.14 552.86 1.04 449.950 88.05 662.01 0.67
299.966 50.01 525.82 1.06 449.794 87.52 660.32 0.68
299.967 45.03 498.92 1.08 449.883 85.02 652.33 0.68
299.969 39.96 471.20 1.09 449.867 80.01 636.12 0.68
299.972 34.96 443.87 1.08 449.877 75.27 620.61 0.69
299.971 29.96 417.33 1.03 449.887 70.12 603.58 0.69
299.970 25.03 392.82 0.94 449.888 65.18 587.16 0.69
299.969 20.05 370.99 0.09 449.896 60.07 570.12 0.69
299.965 14.86 352.65 0.08 449.896 55.09 553.54 0.68
299.967 9.92 340.22 0.08 449.939 49.91 536.52 0.67

449.940 45.09 520.58 0.66
349.976 78.85 641.85 0.82 449.934 40.05 504.35 0.65
349.987 68.69 600.07 0.85 449.934 35.03 488.60 0.62
350.030 64.93 584.11 0.86 449.935 30.00 473.40 0.59
349.988 59.91 562.59 0.88 449.938 24.94 458.85 0.56
349.985 55.11 541.66 0.88 449.943 20.01 445.60 0.09
349.983 49.90 518.73 0.89 449.944 15.00 433.26 0.09
349.986 45.02 497.15 0.88 449.936 9.97 422.01 0.09
350.033 40.05 475.39 0.87 449.948 8.01 418.16 0.09
349.987 35.08 454.09 0.84 449.941 6.01 414.33 0.09
349.977 29.99 433.29 0.79
349.988 24.98 414.20 0.72 498.908 100.06 699.53 0.62
349.988 19.64 396.03 0.09 498.901 95.00 684.96 0.62
349.990 14.98 382.53 0.08 498.906 90.00 670.28 0.63
349.988 10.07 370.90 0.08 498.925 84.89 655.27 0.63
349.978 8.03 367.01 0.08 498.918 79.99 640.74 0.63

498.908 74.96 625.69 0.63
399.051 83.18 648.15 0.74 498.833 69.94 610.55 0.63
399.066 79.99 636.78 0.75 498.895 65.00 595.63 0.63
399.072 74.59 617.20 0.76 498.888 60.01 580.54 0.63
399.083 70.10 600.65 0.76 499.030 54.81 564.89 0.62
399.082 64.90 581.28 0.77 499.026 49.93 550.29 0.61
399.077 60.07 563.14 0.77 499.004 44.90 535.41 0.60
399.080 54.97 543.88 0.77 498.990 40.01 521.13 0.59
399.086 50.09 525.43 0.76 499.000 34.73 506.11 0.57
399.083 44.98 506.29 0.75 498.999 29.91 492.81 0.54
399.081 39.97 487.82 0.73 499.014 24.90 479.52 0.52
399.084 34.89 469.60 0.71 499.037 20.07 467.39 0.10
399.089 29.90 452.47 0.67 499.016 14.94 455.31 0.09
399.092 25.01 436.72 0.62 498.943 10.00 444.64 0.09
399.064 19.90 421.58 0.09 499.026 7.82 440.23 0.09
399.095 15.01 408.72 0.09 499.031 5.91 436.52 0.09
399.109 9.98 397.34 0.08 499.027 4.92 434.71 0.09

aStandard uncertainties u are u(T) = 0.03 K, u(p) = 0.2 MPa for p ≥ 20 MPa, and u(p) = 0.01 MPa for p ≤ 20 MPa where u(p) contributed around
95% above 20 MPa and around 40% below 20 MPa to the combined uncertainty uc.
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relevant contributions due to uncertainties of temperature (in
this case twice, i.e., for referencing and measuring) and pressure
measurements, as well as the uncertainties of the referencing
procedure

= + + +Δ Δ Δu u u u u2( ) ( ) ( ) ( )T p pc c,
2

c,
2

EOS
2

c, ,REF
2

(1)

The uncertainty of the operation procedure was limited by the
internal time reference of the function generator and was thus
neglected. Likewise the uncertainty of the very low impurity of
oxygen (cf. Table 1) was not considered. Numerical
experimental data together with their uncertainties are listed
in Table 2.

■ CONCLUSION

The speed of sound of oxygen was measured in the supercritical
region along five isotherms from 300 to 500 K and from
somewhat above 5 MPa up to 100 MPa. The measured speed
of sound data for oxygen were compared with the EOS by
Schmidt and Wagner.1 The uncertainties of the EOS which is
valid in the temperature range from the triple point to 300 K
and a pressure of up to 80 MPa were stated as 1% for the speed
of sound, except for the critical region. The present
measurements confirm this uncertainty and show that for
temperatures above 400 K the maximum deviation increases to
about 1.6%, cf. Figure 3.

Steeper slopes of the isotherms at lower temperatures for the
speed of sound as a function of pressure in the supercritical
region can also be observed for other diatomic fluids like
nitrogen (measurements by Costa Gomez et al.38) or hydrogen
(equation of state by Leachman et al.39) at comparable states
(cf. Figure 3 (top)). Due to the large contribution of the
pressure uncertainty (for measurements above 20 MPa around
95% and below 20 MPa around 40%) to the overall uncertainty,
uc has its maximum of almost 0.25% for the data point at 300 K
and 30 MPa, cf. Figure 3 (bottom).
This work covered a wide range of temperature and pressure

in the supercritical state for which no experimental data were
available for oxygen. The present results show that the pulse-
echo technique is a reliable and accurate method for the
measurement of the speed of sound of supercritical oxygen.
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4.6 Thermodynamic properties of

octamethyltrisiloxane and decamethyltetrasiloxane

������ 	
��� ���
��� �� ��������� ����� ����
������ ������ � ��� !����� "����#�

!� $
��� ���� ���� %&� '&()*+� &%��,&%-./ �012 )(�)(&)3�#4��#���*�(((�&

�� ������ ���� �
� !������ �� $
���#�� 5 ����������� ����� '&()*+ 6��
  ����44���

���� 7$� 8����#�����4�

	
� 4#�����9# 6��� ��� ��4#�44��� 6�4 #���������� ��� #��4�������� �: ������ 	
��

����� 4� ��;�4��� �� ������ � �� ��� !����� "����#�

	
� ����4#�� � 6�4  �� ���� �: ������ 	
���

� ��� �� ����� ���4�������4 ��� ���� �;�������� 6���  �������� �: ���
��� ��

�������� ��� ����� ����
������

	
� ����4#�� � 6�4 ��;�4�� �: ������ � �� ��� !����� "����#�

	
�4  ����#����� �4 �� #����<� �� �
� 8��#�4� ��������� �� 	
���� 
:4�#�� 8�� ��,

���4 ��4���#
 ����� 4� ��;�4��� �� ������ 	
�� �� �
� #
��� �� 	
�����:����# �� �
�

=��;��4��: �� ��#
�� �� 8���� ���,1��� 
����� ������ � �� ��� �
� #
��� �� 	
����,

�:����# ��� �����: 	�#
�����: �� 8���� ���,1��� 
����� !����� "����#�



�� � ������	
���



Speed of Sound Measurements and Fundamental Equations of State
for Octamethyltrisiloxane and Decamethyltetrasiloxane
Monika Thol,*,† Frithjof H. Dubberke,‡ Elmar Baumhögger,‡ Jadran Vrabec,‡ and Roland Span†
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ABSTRACT: Equations of state in terms of the Helmholtz energy are
presented for octamethyltrisiloxane and decamethyltetrasiloxane. The
restricted databases in the literature are augmented by speed of sound
measurements, which are carried out by a pulse-echo method. The
equations of state are valid in the fluid region up to approximately 600 K
and 130 MPa and can be used to calculate all thermodynamic properties by
combining the Helmholtz energy and its derivatives with respect to the
natural variables. The accuracy of the equation is validated by comparison
to experimental data and correct extrapolation behavior is ensured.

1. INTRODUCTION
The accurate description of thermodynamic properties of fluids
is an important discipline in energy, process, and chemical
engineering. For many applications in research and industry,
these properties are mandatory for process simulation and the
energetically but also economically efficient construction of
plants. Nowadays, such information is provided by fundamental
equations of state, the parameters of which are adjusted to
experimental data. Therefore, it is evident that the quality of the
corresponding mathematical models is primarily dependent on
the availability and the accuracy of experimental data. For the
development of a reliable equation of state, at least homogeneous
density data and information on the vapor−liquid equilibrium
are required. Well established calculation of caloric properties
requires fits to either isobaric heat capacity or speed of sound
data, where the latter can usually be measured more precisely.
Previous studies on siloxanes already showed that these fluids
were barely investigated experimentally and, therefore, the
development of equations of state is challenging.1−4

In recent years, siloxanes experienced growing interest as
working fluids in organic Rankine cycle (ORC) processes, which
are viable approaches for converting waste heat to mechanical
work. In addition to the technical development of efficient
hardware, the design and performance of ORC processes rely on
the selection of a suitable working fluid. Thus, for technically
well-advanced ORC plants, reliable and accurate thermophysical
property data on working fluids are a necessity.
Siloxanes belong to the wider class of organosilicone com-

pounds and are classical examples of fluids that reveal a positive
slope of the saturated vapor line. In particular, linear siloxanes,
such as hexamethyldisiloxane (MM), octamethyltrisiloxane
(MDM), or decamethyltetrasiloxane (MD2M) as well as their

mixtures, appear to be good candidates for becoming widely used
working fluids in high-temperature ORC processes.5 However,
the current lack of accurate thermophysical data of siloxanes may
lead to suboptimally designed cycles. During the design and
construction of ORC plants, accurate thermophysical property
data are directly relevant for a variety of cycle components, such
as expansion devices, heat exchangers, condensers, and pumps,
whereas data uncertainty may decrease the performance of those
devices tremendously.
Colonna and co-workers3,4,6 developed equations of state in

terms of the Helmholtz energy for various linear and cyclic
siloxanes in 2006 and 2008. Owing to limited experimental data
sets, they applied a generalized functional form for the residual
contribution to the Helmholtz energy, which was originally
developed for the description of nonpolar and weakly polar fluids,
such as hydrocarbons or fluorinated hydrocarbons.7,8 Investigations
of Thol et al.1,2 showed that these equations are not well suited for
accurate predictions of caloric properties, such as speed of sound or
isobaric heat capacity. Furthermore, Abbas et al.9 measured in 2011
density data in the homogeneous liquid phase for pressures of up
to 130 MPa, which identified issues of the available models in
the high-pressure region. Therefore, new equations of state for
MDM and MD2M are presented here, which are correlated to all
available experimental data. For the appropriate description of
caloric properties, additional speed of sound measurements were
carried out by means of the pulse-echo technique.
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Finally, the suitability of the siloxanes for the application in
ORC processes is analyzed in terms of their possible affiliation to
the class of Bethe-Zel’dovich-Thompson fluids as proposed by
Colonna et al.10

2. SPEED OF SOUND MEASUREMENT
Octamethyltrisiloxane was purchased from Sigma-Aldrich (CAS
No. 107-51-7) with a given purity of more than 99.9 vol %,
and decamethyltetrasiloxane was obtained from Merck (CAS
No. 141-62-8) with a purity better than 99.8 vol %. Aside from
degassing with a vacuum pump, no further purification steps
were applied to both fluids (see Table 1).

Speed of sound measurements were performed with the pulse-
echo technique by determining the propagation time difference
Δt of an acoustical wave burst, which propagates over known
distances between two reflectors in the fluid sample, cf. Dubberke
et al.11 The experimental speed of sound is given by the ratio of
propagation length and time, where diffraction and dispersion
effects are taken into account.12 The path length was calibrated to
water for temperatures of 300 to 400 K with pressures of 10 to
120 MPa. Test measurements for water were accurate to within
0.05%. During the present experimental work, we further
developed our speed of sound apparatus so that the two fluids
were sampled with different measurement approaches and
measurement instrumentation.
MDM. Speed of sound measurements were performed for

MDM in the liquid state along six isotherms over a tempera-
ture range from 300 to 550 K and for pressures up to 30 MPa
(Figure 1, top).
For this fluid, the measurement of the propagation time

difference Δt was based on the correlation method, which was
also used by Ball and Trusler,13 combined with signal enhance-
ment by applying Fast Fourier Transformation (FFT) to the
sampled echo signals.14 The two echoes were identified and
selected by an oscilloscope and uploaded to a computer. Noise
suppression was applied to the echo signals by a FFT filter before
the propagation time difference Δt was determined with a
correlation function.1 The pressure sensor was a Honeywell TJE
with an operating range of up to 70 MPa and an absolute
measurement uncertainty of 0.05% with respect to the full scale.
The temperature was measured with a Pt100 thermometer
(Rössel Messtechnik, RM-type) with a given uncertainty of
20 mK.
The resulting experimental data together with the uncertain-

ties based on the experimental setup are listed in Table 2.
MD2M. Speed of sound measurements were performed for

MD2M in the liquid state along seven isotherms over a tem-
perature range from 219 to 500 K and for pressures of up to
120 MPa (Figure 1, bottom).
In this case, Δt was determined by direct time difference

measurement with a single burst approach in combination with
burst design and signal processing, based on the peak-to-peak
method (PPM). PPM relies on the fact that the maximum
amplitudes occur at the equivalent time interval in both echoes

and, therefore, Δt can be derived directly from the timing of
those maxima, cf. Dubberke et al.15 Here, burst design helped to
shape a distinct echo signal and FFT processing supported the
readability of the echo signal by boosting its time resolution and
suppressing noise with a bandpass filter. This procedure was
necessary for measurements at high temperature and low
pressure because the signal-to-noise ratio was decreasing while
approaching the critical point. Pressure measurement was done
by three pressure sensors, i.e. two type Keller PAA 33X 10 μPa
and 100 MPa and one type TJE 200 MPa. The combination of
those three pressure sensors was applied as a cascaded serial
connection with an operating range of up to 200 MPa and an
absolute maximum measurement uncertainty of 0.05% with
respect to the full scale (Figure 2). Here, the measurements were
limited to 120 MPa due to the sealing of the pressure vessel. The
pressure sensor type Keller 10 MPa was calibrated with a
pneumatic dead weight tester (DH-Budenberg, D&H5200) with
nitrogen. Calibration of the sensor type Keller 100 MPa was
done against a hydraulic dead weight tester (DH-Budenberg,
580 EHX). Since the zero drift of sensor type TJE 200 MPa had
the largest uncertainty impact, it was continuously calibrated
against the 100 MPa sensor.
The temperature was measured with a standardized 25 Ω

platinum thermometer (Rosemount 162 CE, calibrated by PTB)
together with a MKT 25 measuring bridge with a given overall
uncertainty of 2.7 mK (regularly checked against the triple point
of water). With respect to possible temperature differences
between fluid and sensor position, the uncertainty of temper-
ature measurement was estimated to be 0.02 K.

Table 1. Description of the Samples Used for the Speed of
Sound Measurements of MDM and MD2M

chemical
name source

initial mole fraction
purity

purification
method

MDM Sigma-Aldrich 0.999 none
MD2M Merck 0.998 none

Figure 1. Speed of sound measurements of MDM and MD2M. Present
experimental data are depicted as circles, whereas the present equations
of state are illustrated as solid curves. The dashed line, only visible for
MDM, shows the speed of sound of the saturated liquid.
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The measurement range was limited for MDM (MD2M)
down to a pressure of about 4 MPa (1 MPa) along the 550 K

(500 K) isotherm due to the limitation of the pulse-echo method
for near critical states as a result of absorption and attenuation
effects.11

Including the uncertainties from referencing the propagation
lengths and the measurement procedure according to the error
propagation law, the maximum uncertainty was about 0.8%
for MDM and 0.08% for MD2M (k = 2) with respect to the speed
of sound. The uncertainty contribution caused by the impurity of
the fluids could not be estimated and was therefore not con-
sidered. However, the impurities have a significant contribution
to the experimental uncertainty, which is higher than the
uncertainties of the experimental setup. The resulting exper-
imental data together with the uncertainties based on the
experimental setup are listed in Table 3.

3. EQUATIONS OF STATE
The present equations of state are expressed in terms of the
Helmholtz energy a, which is reduced by the universal gas
constant (R = 8.3144598 J·mol−1·K−1 according to the 2014
CODATA recommendations16) and the temperature T

α τ δ ρ= a T
RT

( , )
( , )

(1)

Furthermore, the reduced Helmholtz energy α is separated into an
ideal (superscript o) and a residual contribution (superscript r).
The ideal part describes the effects of density independent
intramolecular energy of the hypothetical ideal gas state, whereas
the residual part considers the intermolecular interactions and

α τ δ α τ δ α τ δ= +( , ) ( , ) ( , )o r
(2)

Table 2. Experimental Results for the Speed of Sound w of MDM

T p w Δw

K MPa m·s−1 m·s−1a

299.619 0.101 911.32 0.92

299.627 0.502 914.41 0.92

299.636 0.984 918.29 0.92

299.644 1.480 922.14 0.92

299.647 2.012 926.38 0.92

299.664 3.441 937.36 0.92

299.692 5.923 955.80 0.91

299.612 10.196 986.47 0.91

299.676 20.155 1050.26 0.92

299.709 30.179 1107.31 0.93

349.908 0.111 742.97 0.97

349.686 0.558 748.58 0.96

349.647 1.075 754.20 0.96

349.598 1.556 759.34 0.95

349.589 2.066 764.64 0.94

349.576 3.704 781.00 0.93

349.606 6.067 803.25 0.91

349.592 10.127 839.26 0.88

349.605 20.075 915.62 0.86

349.638 29.800 980.01 0.87

399.965 0.508 588.68 1.15

399.965 0.993 595.83 1.13

399.958 1.439 602.33 1.11

399.946 2.018 610.77 1.09

399.957 3.510 630.80 1.04

T p w Δw

K MPa m·s−1 m·s−1a

400.020 9.928 704.99 0.92

400.150 19.875 796.17 0.84

399.420 29.701 873.39 0.82

449.990 0.492 436.70 1.60

449.960 1.045 448.89 1.53

449.980 1.523 458.69 1.47

450.010 1.994 468.09 1.42

450.050 3.497 495.73 1.30

450.090 6.009 536.60 1.15

450.140 9.983 591.45 1.01

450.220 20.246 701.94 0.85

449.440 23.518 734.50 0.82

499.040 1.000 292.60 2.48

499.020 1.521 313.47 2.25

498.960 1.989 328.83 2.08

498.940 3.487 373.05 1.73

499.000 5.834 424.21 1.41

499.020 10.178 498.23 1.12

499.050 16.859 585.07 0.92

549.790 4.484 279.71 2.10

549.740 6.653 340.31 1.61

549.800 10.050 411.61 1.26

549.840 12.528 452.26 1.12

549.670 15.312 492.60 1.01
aΔw denotes the combined expanded uncertainty (k = 2). The uncertainty contribution caused by the impurity of the fluid could not be estimated and was
therefore not considered. However, impurities have a significant contribution to the experimental uncertainty, which may be higher than the uncertainties of
the experimental setup. Uncertainties (k = 2): temperature: 0.1 K; time difference: 0.004 μs; propagation length: 14 μm; pressure: 0.07 MPa.

Figure 2. Uncertainty of pressure measurement Δp for the cascaded
serial connection (CSC) of three sensors (solid line) over a pressure
range from 0.1 to 200 MPa and for the TJE in a pressure range from 0.1
to 70 MPa. Below 10 MPa, the CSC presents a significantly lower
pressure uncertainty compared to the single TJE sensor. The bottom
plot shows a magnified view on the top plot.
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Because of practical reasons, the natural variables tempera-
ture and density are reduced by the critical parameters of the
investigated fluid

τ δ ρ
ρ

= =T
T

andc

c (3)

For the isobaric heat capacity of the ideal gas, a simplified rigid
rotator, harmonic oscillator approach according to Span17 was
applied
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Because of the relation between the reduced Helmholtz energy
and the isochoric heat capacity

α
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∂
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A two-fold integration yields the ideal gas contribution to the
residual Helmholtz energy
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where ci = −ni*/(ti*(ti* + 1))Tc
ti*and ti = −ti*.

In this work, only Planck−Einstein terms were used (Ipd = 0).
The corresponding parameters are listed in Table 4.
The integration constants cI and cII can be chosen arbitrarily.

Here, the normal boiling point reference state was applied,
which is common practice in the literature for many fluids.
Thus, the constants are calculated such that enthalpy and entropy
are zero at the boiling temperature TB(p = 0.101325 MPa)
and the corresponding saturated liquid density ρ′(p = 0.101325
MPa).
The residual contribution to the reduced Helmholtz energy

consists of three empirical term types

Table 3. Experimental results for the speed of sound w of MD2M

T p w Δp Δw

K MPa m·s−1 MPa m·s−1a

217.814 0.002 1231.95 0.002 0.93
217.806 1.324 1238.80 0.002 0.94
217.848 9.419 1278.37 0.004 0.97
217.899 19.699 1325.19 0.020 1.01
217.992 40.255 1409.21 0.020 1.08
218.013 60.115 1481.33 0.024 1.14
218.085 79.712 1545.87 0.032 1.20
218.165 98.572 1602.99 0.039 1.25
218.238 118.233 1658.39 0.118 1.34
249.842 1.077 1110.11 0.002 0.83
249.843 9.240 1156.24 0.004 0.87
249.804 19.343 1208.71 0.020 0.91
249.800 39.384 1300.35 0.020 0.99
249.737 59.554 1380.75 0.024 1.05
249.647 80.370 1454.87 0.032 1.12
249.534 98.950 1515.20 0.040 1.17
249.424 119.047 1575.46 0.119 1.27
299.902 0.016 925.67 0.002 0.68
299.935 0.121 926.31 0.002 0.69
299.960 0.958 932.76 0.002 0.69
299.915 1.080 933.63 0.002 0.69
299.983 9.659 994.25 0.004 0.74
299.995 19.671 1056.26 0.020 0.79
300.006 40.202 1164.31 0.020 0.87
300.002 60.024 1252.37 0.024 0.94
300.005 80.266 1331.24 0.032 1.01
300.004 99.198 1397.65 0.040 1.07
300.035 119.626 1463.06 0.120 1.18
349.925 1.369 780.56 0.002 0.57
349.890 9.447 851.51 0.004 0.62
349.899 19.447 925.37 0.020 0.69
349.928 40.092 1049.16 0.020 0.78
349.867 59.744 1145.45 0.024 0.86

T p w Δp Δw

K MPa m·s−1 MPa m·s−1a

349.918 80.462 1232.54 0.032 0.93
349.895 99.170 1302.54 0.040 0.99
349.892 119.296 1370.82 0.119 1.11
399.597 1.077 636.31 0.002 0.47
399.665 1.234 638.18 0.002 0.47
399.596 9.691 731.33 0.004 0.53
399.669 20.055 820.52 0.020 0.62
399.685 38.533 945.04 0.020 0.70
399.695 60.934 1064.32 0.024 0.79
399.696 81.120 1154.26 0.032 0.86
399.696 99.014 1224.64 0.040 0.92
399.553 120.290 1300.12 0.120 1.06
450.052 1.060 502.02 0.002 0.37
449.895 9.702 623.33 0.004 0.45
449.920 19.667 723.35 0.020 0.55
449.959 40.506 876.94 0.020 0.65
449.990 59.941 986.94 0.024 0.73
450.013 80.184 1082.55 0.032 0.81
450.029 99.670 1162.66 0.040 0.87
450.039 119.488 1235.39 0.119 1.01
499.757 1.001 371.60 0.002 0.29
499.824 1.926 395.00 0.002 0.30
499.777 3.058 420.07 0.002 0.31
499.717 4.164 442.17 0.002 0.32
499.749 5.168 460.32 0.002 0.34
499.608 9.979 534.61 0.004 0.39
499.669 20.291 650.54 0.020 0.50
499.695 40.057 807.98 0.020 0.60
499.722 60.022 927.39 0.024 0.68
499.751 80.169 1026.54 0.032 0.76
499.802 99.589 1109.02 0.040 0.83
499.886 119.374 1183.60 0.119 0.98

aΔw denotes the combined expanded uncertainty (k = 2). The uncertainty contribution caused by the impurity of the fluid could not be estimated
and was therefore not considered. However, impurities have a significant contribution to the experimental uncertainty, which may be higher
than the uncertainties of the experimental setup. Expanded uncertainties (k = 2): temperature: 0.04 K, time difference: 0.004 μs, propagation length:
14 μm.
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In principle, polynomial (Pol) and exponential (Exp) terms are
sufficient for an accurate description of thermodynamic prop-
erties in the entire fluid region. However, the introduction of
modified Gaussian bell-shaped terms (GBS) by Setzmann and
Wagner18 enables a better representation of the critical region.
Nowadays, these terms are also used in other regions with
moderate parameters, which results in a smaller overall number
of terms.
In this work, a nonlinear fitting algorithm provided by the

National Institute of Standards and Technology19 was applied to
determine the fluid-specific parameters. The basic features of the
fitting algorithm were described by Lemmon and Jacobsen.20

Since a nonlinear fitting technique requires adequate initial
parameter values, it is beneficial to start the fitting procedure with
a functional form of another fluid, which is known to yield
physically reasonable results and exhibits correct extrapolation
behavior. Here, the equation of state for chlorine21 was applied.
From this starting point, all parameters were optimized, includ-
ing coefficients, temperature and density exponents, Gaussian
bell-shaped parameters, and the number of terms. The resulting
parameters for MDM and MD2M are given in Tables 5 and 6.
For both fluids, five polynomial, five exponential, and five
Gaussian bell-shaped terms were chosen.

From this equation, all thermodynamic properties in the
homogeneous state region can be calculated by means of the
reduced Helmholtz energy and its derivatives with respect to
the natural variables (see Span17 or Lemmon et al.22). For the
calculation of vapor pressure and saturated densities, an iterative
procedure taking into account the thermal, mechanical, and
chemical equilibrium has to be applied. For computer cal-
culations, it is helpful to use ancillary equations to generate initial
values for these iterations. Therefore, ancillary equations for
vapor pressure, saturated liquid density, and saturated vapor
density were developed, see eqs 8 to 10. The parameters are
given in Table 7. These ancillary equations are not reference
equations so that the fundamental equations of state must be
used to calculate accurate saturation properties.

Vapor pressure
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Saturated liquid density

∑ρ
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′ = + −
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Saturated vapor density
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4. COMPARISON TO EXPERIMENTAL DATA
In this section, the present equations of state are compared to
experimental data. Figure 3 shows all experimental data in the
homogeneous state. The red symbols depict data, which were
available for the development of the equations of state of Colonna
et al.4 in 2008. ForMDMat that time, there were only density data in
the gaseous region and in the liquid state at atmospheric pressure
available. Only a few state points in the liquid state at atmospheric
pressure could be considered for the speed of sound. In the case of
MD2M in 2008, there were not even measurements in the gaseous
state available. Therefore, it is not surprising that the equations of
Colonna et al.4 show disadvantages in the representation of
homogeneous density data at elevated pressure and in the
representation of caloric properties.

Table 4. Parameters of the Ideal Part of the Present Equations
of State (eq 6)a

i 1 2 3 c0 cI cII

MDM
mi 28.817 46.951 31.054

3 −19.6600754 117.994606
θi/K 20 1570 4700

MD2M
mi 28.59 56.42 50.12

3 −26.3839138 131.089725
θi/K 20 1180 4240

aNote that IPol = 0.

Table 5. Parameters of the Residual Part of the Present Equation of State for MDM (eq 7)

i ni ti di pi ηi βi γi εi

1 5.039724 × 10−2 1.000 4

2 1.189992 × 10+0 0.188 1

3 −2.468723 × 10+0 1.030 1

4 −7.438560 × 10−1 0.700 2

5 4.434056 × 10−1 0.464 3

6 −1.371359 × 10+0 2.105 1 2

7 −1.529621 × 10+0 1.376 3 2

8 4.445898 × 10−1 0.800 2 1

9 −1.009921 × 10+0 1.800 2 2

10 −5.903694 × 10−2 1.005 7 1

11 3.515188 × 10+0 0.700 1 0.986 0.966 1.250 0.928

12 8.367608 × 10−2 0.660 1 1.715 0.237 1.438 2.081

13 1.646856 × 10+0 1.138 3 0.837 0.954 0.894 0.282

14 −2.851917 × 10−1 1.560 2 1.312 0.861 0.900 1.496

15 −2.457571 × 10+0 1.310 2 1.191 0.909 0.899 0.805
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In 2011, Abbas et al.9 published comprehensive density
measurements, which were considered for the development of
the present equations of state. Furthermore, the present speed
of sound data as described in section 2 were applied. On the
basis of these data, the new equation for MDM is valid from the
triple point temperature Ttr = 187.2 K to Tmax = 570 K and a
maximum pressure of 130 MPa. The equation for MD2M is
valid from the triple point temperature Ttr = 205.2 K accord-
ing to Rowley et al.23 to Tmax = 600 K and a maximum pre-
ssure of 130 MPa. Other fluid-specific properties are given in
Table 8.
In the following, percentage deviations between the equa-

tions of state and experimental data were calculated accord-
ing to

Δ = −
X

X X
X

100 DATA EOS

DATA (11)

To quantify the representation of the experimental data, the
average absolute relative deviation was evaluated for each author
according to

∑= |Δ |
=N

XAAD
1

i

N

i
1 (12)

Data are shown in Tables 9, 10, 11, and 12. Vapor−liquid
equilibrium data are classified in three different temperature
ranges in relation to the critical temperature.

4.1. Ideal Gas State. The ideal contribution to the reduced
Helmholtz energy was calculated bymeans of a two-fold integration
of the isobaric heat capacity of the ideal gas with respect to the
temperature (see section 3). For simplification, it was assumed
that translation and rotation are always excited and molecules
behave like rigid rotators and harmonic oscillators, cf. Span.17

Hence, for complex molecules, such as siloxanes, cp
o/R = 4 for

Table 6. Parameters of the Residual Part of the Present Equation of State for MD2M (eq 7)

i ni ti di pi ηi βi γi εi

1 1.458333 × 10−2 1.000 4
2 3.227554 × 10+0 0.319 1
3 −3.503565 × 10+0 0.829 1
4 −2.017391 × 10+0 0.780 2
5 8.606129 × 10−1 0.687 3
6 −2.196015 × 10+0 1.290 1 2
7 −9.289014 × 10−1 3.910 3 2
8 2.027740 × 10+0 0.770 2 1
9 −9.168439 × 10−1 3.055 2 2
10 −6.383507 × 10−2 1.013 7 1
11 2.674255 × 10+0 1.070 1 0.982 0.7323 1.0420 0.874
12 4.662529 × 10−2 1.890 1 2.700 0.5430 1.1000 1.430
13 −3.835361 × 10−1 1.133 3 1.347 1.2600 1.1460 0.855
14 −4.273462 × 10−1 0.826 2 0.864 0.8780 1.0850 0.815
15 −1.148009 × 10+0 0.830 2 1.149 2.2200 0.6844 0.491

Table 7. Parameters for the Ancillary Equations for MDM and
MD2M

pv: eq (8) ρ′: eq (9) ρ″: eq (10)

i ni ti ni ti ni ti

MDM
1 −8.8192 1.00 7.016 0.54 −5.3686 0.515
2 4.0952 1.50 −13.924 0.90 −11.85 4.580
3 −4.062 1.90 20.84 1.30 −16.64 2.060
4 −6.208 3.71 −16.64 1.73 −52.26 5.250
5 −3.212 14.6 5.906 2.20 −125.6 11.30
6 −235.7 21.60

MD2M
1 −10.174 1.00 8.215 0.498 −4.5483 0.428
2 9.607 1.50 −24.65 0.855 −101.989 2.320
3 −10.08 1.83 47.23 1.220 224.06 2.800
4 −7.242 4.15 −42.44 1.600 −182.79 3.300
5 −30.56 17.8 15.18 2.040 −110.45 8.500
6 −330.87 17.50

Figure 3. Available experimental data for MDM and MD2M in the
homogeneous region. The red symbols depict data that were available in
2008 for the development of the equations of state of Colonna et al.4
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T→ 0 K holds. Furthermore,mi and θi of eqs 4 and 6 were treated
as adjustable parameters.17 For both siloxanes, three temper-
ature-dependent terms were sufficient to represent the available
data with a reasonable accuracy.
For the adjustment of these parameters, there was only one

data set of Nannan and Colonna32 available. These data were
predicted by means of ab initio calculations and an uncertainty of
6% was reported. Figure 4 shows the representation of these data
with the present equations of state. For MDM, the data can be
reproduced within 0.5%, whereas the equation for MD2M shows
deviations of up to 3.2%. Although both deviations are clearly
within the specified uncertainty, the significant quality differ-
ence between both equations was further investigated. The
publication of Nannan and Colonna32 contains data for six linear
and six cyclic siloxanes. cp

o data are not available for comparison
with none of the others, except for MM. The representation of
the MM data is illustrated in Figure 5. Accurate measurements
were presented up to 500 K and calculated for higher tem-
peratures by Scott et al.46 Their uncertainty was claimed to be
0.1%, which could be confirmed with a recent equation of state.1

However, the data of Nannan and Colonna32 deviate from the
data of Scott et al.46 and the equation of state by up to 3%.
Especially in the low-temperature region, deviations increase.
This is in line with the representation of the cp

o data of MD2M.

Similar to MM, deviations increase with decreasing temperature
and reach up to approximately 3%. A better representation of
these data could not be achieved without compromising the
speed of sound and isobaric heat capacity data from experiments.
Therefore, it is assumed that the representation of the MD2M
data is reasonable.

4.2. Thermal Properties. Figure 6 shows the representation
of the vapor pressure data for both fluids. For MDM, there are
measurements available between 273 and 565 K. Some of these
data were already available for MM and octamethylcyclote-
trasiloxane (D4) as investigated in detail by Thol et al.

1,2 Similar
to MM and D4, the vapor pressure data of Abbas et al.

9 exhibit a
systematic negative offset of approximately 4% and increasing
relative deviations for decreasing temperatures. As discussed
before,1 this behavior is most likely caused by an erroneous
handling of the comparative ebulliometer. Therefore, these data
were not considered for the development of the present

Table 8. Fluid-Specific Properties of MDM and MD2M. If No
Reference Is Given, the Property Was Calculated in This
Work

MDM ref MD2M ref

Tc/K 565.3609 24 599.4 24
ρc/mol·dm−3 1.134 25 0.864 26
pc/MPa 1.4375 1.144
TB/K 425.63 467.59
Ttr/K 187.2 23 205.2 23
ρtr,liq./mol·dm−3 3.907 3.032
M/g·mol−1 236.5315 27 310.6854 27

Table 9. Average Absolute Relative Deviations of
Experimental Vapor Pressure, Saturated Liquid, and
Saturated Vapor Density Data from the Present Equation of
State for MDM. Temperatures Were Adapted to the ITS-90
Scale

AAD/%a

author
no. of
points

temp
range/K LT MT HT overall

Vapor Pressure
Abbas et al.9 23 292−426 3.29 3.87 3.64
Flaningam26 12 346−437 0.075 0.075
Lindley and
Hershey25

74 322−565 2.80 0.42 0.27 0.45

Patnode and
Wilcock28

1 426.14 1.33 1.33

Reuther and
Reichel29

7 273−344 5.21 0.98 4.60

Thompson30 1 426.14 0.50 0.50
Wilcock31 10 280−424 11.2 5.74 7.96

Saturated Liquid Density
Lindley and
Hershey25

34 273−564 0.13 0.27 1.02 0.40

Saturated Vapor Density
Lindley and
Hershey25

18 460−565 0.45 1.22 0.75

aLT: T/Tc < 0.6; MT: 0.6 ≤ T/Tc ≤ 0.98; HT: T/Tc > 0.98.

Table 10. Average Absolute Relative Deviations of the
Experimental Data of Homogeneous States from the Present
Equation of State for MDM. Temperatures Were Adapted to
the ITS-90 scale

author
no. of
points temp range/K

pressure
range/MPa AAD/%

Isobaric Heat Capacity of the Ideal Gas

Nannan and Colonna32 10 298−1201 p → 0 0.17

Density

Abbas et al.9 459 278−438 0.8−130 0.044

Golik and Cholpan33 1 303.13 0.101325 0.23

Hurd34 5 273−354 0.101325 0.089

Marcos et al.35 70 448−574 <0.1−1 0.51

McLure et al.36 17 299−413 0.101325 0.065

Sperkach and Cholpan37 6 183−304 0.101325 0.17
Speed of Sound

This work 48 299−550 0.1−31 0.10

Golik and Cholpan33 1 303.13 0.101325 0.11

Sperkach and Choplan37 6 183−304 0.101325 1.91

Waterman et al.38 1 293.14 0.101325 2.63

Weissler39 2 303−324 0.101325 0.17
Isobaric Heat Capacity

Abbas et al.9 38 213−394 pv 0.21

McLure and Neville40 2 303−324 pv 1.95
Heat of Vaporization

Wabiszczewicz41 33 294−401 pv 2.08
Second Thermal Virial Coefficient (AAD in cm3·mol−1)

Marcos et al.35 6 448−574 p → 0 32.4

Table 11. Average Absolute Relative Deviations of
Experimental Vapor Pressure Data from the Present Equation
of State for MD2M. Temperatures Were Adapted to the
ITS-90 Scale

AAD/%a

author
no. of
points

temp
range/K LT MT HT overall

Abbas et al.9 23 320−468 4.56 3.74 3.95

Flaningam26 15 366−480 0.066 0.066

Hurd34 1 467.00 1.42 1.42

Waterman et al.38 1 467.65 0.15 0.15

Wilcock31 2 361−468 0.96 0.96
aLT: T/Tc < 0.6; MT: 0.6 ≤ T/Tc ≤ 0.98; HT: T/Tc > 0.98.
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equations of state. The data of Flaningam26 are represented
within 0.15%. In this publication,26 the author does not give any
information about experimental uncertainties. However, when
comparing to the equation of state and other experimental
measurements for MM and D4, an uncertainty of approximately
0.5% can be assumed. For temperatures T > 437 K, only one data
set published by Lindley and Hershey25 is available. During their
measurements,25 they applied two different measurement
devices. In the temperature range from 322 to 426 K, a
Swietoslawski ebulliometer was utilized. They state their
temperature measurement to be accurate within 0.1 K and

their pressure measurements within 3.4 to 7 kPa. When con-
sidering the lower value of 3.4 kPa, the uncertainty of the vapor
pressure measurements is already above 3% in the best case.
However, except for some outliers, the data scatter around the
present equation of state and the data of Flaningam within
0.5%.26 Therefore, the specified uncertainties seem to be too
large and the data were used for the fit.
The high temperature range (T > 426 K) was investigated by

means of a Kay type pρT apparatus.48,49 Since it was originally
designed to determine saturated vapor and liquid densities, the
accuracy of the vapor pressure measurements is slightly lower
than what can be achieved with an ebulliometer. However, these
data can be reproduced within the same accuracy as the low
temperature data. On the basis of the data of Flaningam26 and
Lindley and Hershey,25 the accuracy of vapor pressure data
calculated with the present equation of state for MDM is
estimated to be 0.5%.
For MD2M, only the two data sets of Flaningam26 and Abbas

et al.9 containing more than two data points are available.
As stated above, the data of Abbas et al.9 were not considered
here. Since the data of Flaningam26 only cover a restricted
temperature range (366 to 480 K), a reliable estimation of the
accuracy of vapor pressure data calculated with the present equa-
tion of state is not possible. However, the data are reproduced
similarly to the data of MDM. Therefore, at least in this tempera-
ture range an uncertainty of 0.5% can be assumed.
In Figure 7, relative deviations of density data in homogeneous

states from the present equations of state are shown. In addition
to the present speed of sound measurements, density data in the
liquid state published by Abbas et al.9 are the most com-
prehensive and reliable data sets for both siloxanes. Moreover,
they are the only density data at elevated pressures. For their
measurement, Abbas et al.9 used an Anton Paar vibrating tube
densimeter, which was calibrated with water and heptane. Test
measurements agreed with the corresponding equations of
state50,51 within 0.04% and 0.08%. The sample purity is reported
to be better than 99.8% with a maximum water content below
100 ppm. Individual uncertainties are not clearly defined in the
publication.9 Only a temperature reproducibility (0.01 K) and an
uncertainty value for the density measurement (0.1 mg·cm−3) are
reported. Therefore, the works of Abbas52 and Schedemann53 as
well as results for MM1 were considered here for an assessment.
On the basis of these results and the sample purity, an uncertainty
of 0.1% to 0.15% is assumed for both fluids. Figure 7 shows that
the new equations of state reproduce these data within the
assumed uncertainty. For MDM, only five data points out of 459
exhibit a deviation above 0.1% (maximum deviation: 0.11%)

Table 12. Average Absolute Relative Deviations of the
Experimental Data of Homogeneous States from the Present
Equation of State for MD2M. Temperatures Were Adapted to
the ITS-90 Scale

author
no. of
points temp range/K

pressure
range/MPa AAD/%

Isobaric Heat Capacity of the Ideal Gas
Nannan and Colonna32 11 298−1401 p → 0 1.55

Density
Abbas et al.9 459 278−438 0.8−130 0.05
Fox et al.42 1 293.14 0.101325 0.25
Golik and Cholpan33 1 303.13 0.101325 0.058
Hunter et al.43 1 298.14 0.101325 0.33
Hurd34 5 273−354 0.101325 0.034
Matteoli et al.44 1 303.15 0.101325 0.53
McLure et al.36 16 299−413 0.101325 0.12
Povey et al.45 1 293.15 0.101325 0.03
Waterman et al.38 1 293.14 0.101458 0.05

Speed of Sound
this work 66 218−500 0.0−121 0.057
Golik and Cholpan33 1 303.13 0.101325 0.55
Povey et al.45 1 293.15 0.101325 0.61
Waterman et al.38 1 293.14 0.101325 0.40
Isobaric Heat Capacity
Abbas et al.9 45 228−439 pv 0.40

Heat of Vaporization
Hurd34 1 467.00 pv 0.85
Matteoli et al.44 1 298.15 pv 5.25
Wilcock31 1 467.51 pv 16.2

Figure 4. Representation of the isobaric heat capacity of the ideal gas of
MDM and MD2M with the present equations of state.

Figure 5. Representation of the isobaric heat capacity data of the ideal
gas for MM with the equation of state of Thol et al.1
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from the present equation of state. For MD2M, the highest
isotherm (T = 437 K) is represented with deviations between
0.1% and 0.15%. Among the remaining 432 state points, only
23 data points deviate by more than 0.1% (maximum deviation:
0.15%). Therefore, the uncertainty of density of the homoge-
neous liquid state calculated with the present equations of state is
estimated to be within 0.15%.
Moreover, these data are not only important for the correct

behavior of the equations of state at elevated pressures. Because

of the restricted data situation, they were also applied to adjust
the saturated liquid density.
In Figure 8, relative deviations of the saturated liquid and vapor

density data from the present equation of state for MDM are
illustrated. The measurements of Lindley and Hershey25 are
the only data available in the literature and cover a restricted
temperature range. Since the homogeneous density data of
Abbas et al.9 are located sufficiently close to the saturated liquid
line, the vapor−liquid equilibriumwasmainly controlled by these
data and the vapor pressure data. To ensure low uncertainties of
the saturation densities over the entire temperature range, a
linear rectilinear diameter according to ρRD = (ρ′ + ρ″)/2 was
applied as a constraint to the fit, which ends at the critical point
given in Table 8. In this way, not only the saturated liquid but also

Figure 6. Relative deviations of the vapor pressure data for MDM and MD2M from the present equations of state.

Figure 7. Relative deviations of the homogeneous density data for
MDM and MD2M from the present equations of state.

Figure 8. Relative deviations of the saturated liquid (top) and vapor
(bottom) density data from the present equation of state for MDM.
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the saturated vapor line could be modeled at least qualitatively
correctly. In the case of MDM, the saturated densities of Lindley
and Hershey25 were employed to verify this approach, which was
already successfully adopted for the development of the equation
of state for MM.1 The information on the uncertainties given in
the publication of Lindley and Hershey25 is not sufficient to
estimate a combined uncertainty of their density measurements;
thus no statement on the accuracy of the present equation with
respect to the saturated densities can be made. However, the
saturated liquid density data are reproduced within 0.5%,
whereas the saturated vapor density data are represented within
1.5%. Considering the measurement technique and the sample
purity of 99%, these deviations are reasonable. For the saturated
densities of MD2M, no experimental data are available in the
literature to verify the phase boundaries.
Because of the limited database, a straight rectilinear diameter

was applied in the critical region, and the critical point reported in
Table 8 was applied to the fit. A correct behavior of the isotherms
in this region was controlled by modeling a saddle point of the
critical isotherm at the critical point for both fluids (cf. Figure 9)
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In this way, the critical temperature and density calculated
from the equation of state differ from the values given in Table 8
by less than 0.001%.
Relative deviations of experimental density data at atmospheric

pressure from the equation of state are depicted in Figure 10. For
MDM, the equation of Colonna et al.4 agrees better with the
course of the data of McLure et al.36 than the present equation
of state, and deviations between both equations increase for
decreasing temperature. During the development of the equa-
tion in this work, it was not possible to fit to these data more
accurately without deteriorating the representation of the
homogeneous density data of Abbas et al.9 For MD2M, the
representation of the data is similar with both equations. The
data of McLure et al.36 and Hurd34 agree much better with each
other than in case of MDM. This might be an indication that the
data of MD2M are more accurate than those for MDM. This
assumption is also supported by the representation of the data
with the present equations of state. However, for both fluids,
deviations do not exceed 0.14%. Moreover, since Abbas et al.9

measured down to pmin = 0.77 MPa, the uncertainty statement of
0.15% is also assumed to be valid for atmospheric pressure.

Finally, there are some density measurements in the homo-
geneous gas state for MDM available. Figure 7 shows that these
data scatter around the present equation of state within approxi-
mately 1.5%. The uncertainty of the data was analyzed in detail
for MM by Thol et al.1 and was assessed to be at least 1%. Except
for the highest isotherm (T = 573 K), the data are represented
within this uncertainty.
Since the data were measured at very low density, it is possible

to extrapolate the isotherms down to vanishing pressure to
determine the second thermal virial coefficient B. According to
the virial expansion, the compressibility factor can be expressed
as

ρ
ρ ρ= = + + +Z

p
RT

B C1 ...2

(14)

On the basis of this approach, the second thermal virial coeffi-
cient can be extrapolated as shown in Figure 11. This figure depicts
that the isotherms are self-consistent for ρ > 0.04 mol·dm−3 only.

Figure 9. Pressure as a function of density along selected isotherms. The critical isotherm is marked in red. Note that the vertical axis is presented on a
logarithmic scale.

Figure 10. Relative deviations of the homogeneous density data at
atmospheric pressure for MDM and MD2M from the present equations
of state.
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The low-density data should thus not be considered in such a
procedure. Nevertheless, it is not completely clear how the second
thermal virial coefficient data of Marcos et al.35 were determined.
Especially for 548 and 573 K, a significant offset persists between
the extension of the experimental data and the provided virial
coefficients.35 Despite this discrepancy, the present equation of
state matches with the virial coefficient data better than with the
density data. Therefore, deviations of up to 1.5% for the low-
density data were accepted, whereas the second thermal virial
coefficient data are represented within 70 cm3·mol−1 (3%).
4.3. Caloric Properties. In Figures 12 and 13, relative

deviations of the speed of sound data measured in this work from

the present equations of state are shown. In combination with the
density data of Abbas et al.,9 these data formed the basis for the
development of the present equations of state. For MDM, a
temperature range from 300 to 550 K with a maximum pressure
of p = 30MPa was covered. The data are reproduced within 0.3%,
which is well within the uncertainty of the data. The equation of
Colonna et al.4 deviates by more than 15% because no density or
speed of sound data at elevated pressures were available when that
equation was developed. Only three data points of Waterman
et al.38 and Weissler39 at atmospheric pressure were available.
However, they were still missed by about 10% because they

were not included in the fitting procedure.4 With the present
equation of state they are reproduced within 3%, whereby the
two data points of Weissler39 agree well with the data measured
in this work. Moreover, they are supported by the data point of
Golik and Cholpan.33 Measurements of Sperkach and Cholpan37

show positive deviations up to 3%, whereas the data point of
Waterman et al.38 deviates by −2.6%. For both data sets, no
information on the uncertainty is available so that the main focus
was given to the correct description of the data measured in this
work.
As explained in section 2, another pressure sensor enabled

the measurement of data at higher pressures for the measure-
ments of MD2M. Here, a temperature range of 218 to 500 K with
a maximum pressure of pmax = 120 MPa was considered. These
data are represented within 0.2%. Considering the accuracy of
the apparatus and the sample purity, this is most likely within the
measurement uncertainties. For the same reason as in the case of
MDM, the equation of Colonna et al.4 again exhibits large
deviations of up to 16%. The available data of Waterman et al.38

and Weissler39 were not considered by Colonna et al.4 so that
deviations of up to 14.5% can be observed. These deviations were
reduced to approximately 0.5% in the present work.
Figure 14 shows isobaric heat capacity data along the saturated

liquid line for both fluids. The experimental uncertainties of the
data of Abbas et al.9 are 1% according to the authors. Therefore,
deviations of 0.6% with respect to the present equations of state
are well within these uncertainties. The equations of Colonna
et al.4 deviate by up to 5%. The main reason can be attributed to
the inappropriate description of the ideal gas contribution and the
speed of sound. A better description of both properties entailed a
much better characterization of the isobaric heat capacity.

5. PHYSICAL AND EXTRAPOLATION BEHAVIOR
The correct description of the physical and extrapolation
behavior is a crucial task during the development of equa-
tions of state. Many applications require the knowledge of
thermodynamic properties not only outside the range of validity

Figure 11. (Z-1)/ρ as a function of density along six isotherms. Open
triangles represent experimental density data of Marcos et al.,35 solid
triangles mark the extrapolated second thermal virial coefficient data of
Marcos et al.,35 and the solid lines depict the present equation of state for
MDM.

Figure 12. Relative deviations of experimental speed of sound
data measured in this work from the present equation of state
for MDM.

Figure 13. Relative deviations of experimental speed of sound
data measured in this work from the present equation of state
for MD2M.
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(e.g., in mixture models) but also of thermodynamic prop-
erties that were not investigated experimentally. Since all
thermodynamic properties can be calculated from combinations
of the Helmholtz energy and its derivatives with respect to the
natural variables, it is possible to predict properties at least

qualitatively. Therefore, appropriate behavior was a major aspect
in this work. The equation was carefully analyzed by means
of characteristic properties, which are well-known to be an
indication for good extrapolation behavior. Detailed infor-
mation can be found in the literature.20,22,54,55 This includes
the isobaric and isochoric heat capacity, speed of sound,
phase identification parameter,56 Grüneisen parameter,57 char-
acteristic ideal curves,54 thermal virial coefficients, thermal
behavior (pρT) at extreme conditions, etc. All of these prop-
erties exhibit reasonable behavior, which is representatively
shown for the speed of sound and the characteristic ideal curves
in Figure 15.

6. BETHE−ZEL’DOVICH−THOMPSON FLUIDS

Because of their special characteristics, siloxanes are considered
as working fluids for ORC processes. In this context, the pos-
sible affiliation of siloxanes to the class of so-called Bethe−
Zel’dovich−Thompson (BZT) fluids is discussed in the
literature.10 This phenomenon is based on theoretical observa-
tions of Bethe58 and Zel’dovich59 in the 1940s and was applied to
ORC working fluids by Thompson60 in 1971. In ORC processes,
turbines are often operated at transonic conditions. This causes
huge losses due to distinct pressure gradients evoked by com-
pression waves and the available energy cannot fully be
exploited.61 The basic idea of BZT fluids is that these losses can
be reduced with the use of working fluids with unusual behavior in
the gaseous regime near the critical point. Numerous studies
were conducted to identify such fluids in the literature.61−64

Figure 14. Relative deviations of experimental isobaric heat capacity
data of MDM and MD2M from the present equations of state.
Deviations from the equation of Colonna et al.4 are out of range for
almost all calculated states for MD2M.

Figure 15. Speed of sound as a function of temperature (top) and characteristic ideal curves54 (bottom) ofMDM andMD2M. ID: ideal curve; BL: Boyle
curve; JT: Joule−Thomson inversion curve; JI: Joule inversion curve.
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The decisive criterion for the unusual behavior is the fundamental
derivative of gas dynamics introduced by Hayes65
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If a fluid exhibits a negative fundamental derivative of gas
dynamics along the saturated vapor line, it is considered to be a
BZT fluid, which is desired for a particularly effective operation of
ORC processes.
On the basis of their equations of state, Colonna et al.10

suggested siloxanes as possible BZT fluid candidates. However,
eq 15 shows that this property is highly dependent on the correct
description of density and speed of sound. As shown by Thol
et al.,1,2 Colonna et al.,3,4 and in this work, the experimental
databases were very limited when Colonna et al.3,4 developed
their equations of state. With the recent accurate and com-
prehensive density and speed of sound measurements, the
description of these properties by means of the recent equations
of state is much more reliable. Thus, the question whether the
siloxanes may be BZT fluids is reinvestigated here. Figure 16
shows that the first three linear siloxanes (MM, MDM, MD2M)
and the first cyclic siloxane (D4) do not exhibit a negative
fundamental derivative of gas dynamics. The equations of Colonna
et al.3,4 already showed this behavior, which is confirmed by the
equations presented in Thol et al.1,2 and in this work. In Figure 17,
the same property is depicted for four siloxanes of higher order
(MD3M, MD4M, D5, and D6). Except for D5, according to the
equations of Colonna et al.,3,4 all of them do show a negative
fundamental derivative of gas dynamics, which may lead to the
conclusion that those are BZT fluids. However, the underlying
equations of state are based on such a weak experimental database
that new measurements and equations of state are required for a
reliable statement. This task is planned for future work.

7. CONCLUSION

Equations of state for octamethyltrisiloxane and decamethylte-
trasiloxane are presented. Because the experimental database was
rather limited, speed of sound measurements were carried out in
the compressed liquid as well as in the supercritical region by
means of the pulse-echo technique.

The equations are expressed in terms of the Helmholtz energy
and can be used to calculate all thermodynamic properties. For
both fluids, the ideal contribution contains three Planck−
Einstein terms, whereas the residual contribution comprises five
polynomial, five exponential, and five Gaussian bell-shaped
terms. They are valid from the triple point temperature up to a
maximum temperature of Tmax,MDM = 570 K and Tmax,MD2M =
600 K with a maximum pressure of pmax = 130 MPa. On the basis
of recent density and speed of sound measurements, the repre-
sentation of these properties could significantly be improved
when compared to the equations of Colonna et al.4 The
uncertainty of density data calculated with the new equations of
state is expected to be 0.15%. The speed of sound can be
reproduced with an uncertainty of 0.3% (MDM) and 0.2%
(MD2M). Calculated vapor pressure data are expected to be
accurate to within 0.5%.
Reference values to verify computer implementation are given

in the Appendix. Furthermore, parameter files for the application

Figure 16. Fundamental derivative of gas dynamics as a function of temperature along the saturated vapor line for MM, MDM, D4, and MD2M.

Figure 17. Fundamental derivative of gas dynamics as a function of
temperature along the saturated vapor line for MD3M, MD4M, D5,
and D6.
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in the software packages TREND66 and REFPROP67 are pro-
vided in the Supporting Information.
Since siloxanes are considered for the application in ORC

processes, the affiliation of these fluids to the so-called Bethe−
Zel’dovich−Thompson (BZT) class was analyzed. The results
show that MM, MDM, MD2M, and D4 exhibit a positive funda-
mental derivative of gas dynamics along the entire saturated
vapor line. Therefore, they are not categorized as BZT fluids.

■ APPENDIX
Reference values to verify computer implementation are shown
in Table 13.
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(54) Span, R.; Wagner, W. On the Extrapolation Behavior of Empirical
Equations of State. Int. J. Thermophys. 1997, 18, 1415−1443.
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4.7 Experimental setup of a cascaded two-stage

organic Rankine cycle
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a b s t r a c t

In combination with a bottoming cycle, operated with a pure fluid in transcritical mode, the usage of a
zeotropic mixture as a working fluid appears to be exergetically favorable for power cycle efficiency in
cascaded two-stage organic Rankine cycles (CORC). A CORC is set up and initially tested with cyclopen-
tane and propane as working fluids in its high temperature and low temperature cycle, respectively. A
thermal oil cycle serves as the heat source and is powered electrically with a maximum heat flow of
158 kW. The design of this experimental setup allows for a rapid replacement of individual components
and for a wide range of conditions in terms of fluids and thermodynamic states. The components of all
cycles and the measurement and control technology are described in detail. A testing procedure is pre-
sented, followed by a discussion of the measurement results, where it is shown that the intended concept
of two cascaded organic Rankine cycles is operational and that the measured data are consistent.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Many types of organic Rankine cycles (ORC) for the recovery of
waste heat have been described in the literature [1–5]. Different
cycle layouts and components, combined with a variety of organic
working fluids, lead to a wide range of power cycle efficiency val-
ues mainly due to the characteristics of the heat source. Lampe
et al. [6] proposed a design tool to maximize process performance
by optimizing both process parameters and varying the working
fluid. Taking the economic situation of an individual project into
account, cycle construction can be realized in a sophisticated
way to reach higher power efficiency [7].

To maximize performance of ORC processes, the usage of mix-
tures as working fluids appears to be beneficial due to an exerget-
ically favorable heat transfer caused by the temperature glide
during evaporation [8,9]. Having a more constant temperature dif-
ference DT while transferring heat from the heat source due to the
temperature glide of zeotropic mixtures may minimize exergetic
losses [10]. On the other hand, the temperature glide is exergeti-
cally unfavorable during condensation and may neutralize the
exergetic advantage during evaporation. Therefore, a second low
temperature (LT) cycle was coupled in this work as a cascade to
utilize the residual exergy that is discharged by the condenser of

the high temperature (HT) cycle [11–13]. Thus, a cascaded two-
staged ORC, where the HT cycle is operated with a zeotropic mix-
ture and the LT cycle is operated with a pure fluid in transcritical
mode [14], may facilitate both heat uptake from the source as well
as heat discharge to the environment in a favorable way.

As a test rig for two-stage cycle innovations, an electrically
heated cascaded ORC (CORC) was designed and commissioned in
Paderborn. To achieve a high efficiency, the design strongly
depends on the temperature level of the heat source. The integra-
tion of four electrical heating rods as a primary heat source for
the HT cycle enabled for the specification of different temperature
levels and the LT cycle was supplied with the residual thermal
energy discharged by the HT cycle. After successful commissioning
of the two-stage CORC, experimental results were used to evaluate
component and cycle performance in comparison to the intended

design. Fig. 1 (left) shows the non-isothermal heat flow _Q , formally

separated into the exergy flow _E and anergy flow _A, which is deter-
mined by the ambient temperature Ta in a temperature-entropy
diagram [15]. For a non-isothermal heat source, _E ranges from the
inlet temperature Tin down to Ta. Fig. 1 (right) illustrates a combina-
tion of two pure fluids that exemplify heat integration between the
HT and LT cycles and their exergetic utilization of a given heat
source. State points 2 to 3 outline the exergy uptake of the HT cycle
and state points B to C outline the exergy uptake of the LT cycle. The
pinch point characterizes the minimum temperature difference
DTpp during the heat transfer to the HT and LT cycle.
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A feature of the present CORC test rig is that individual compo-
nents, such as heat exchangers, pumps, condensers, turbines as
well as working fluids, can be varied rapidly at comparably low
cost. The long-term goal of the present project is to put a two-
stage CORC system into practice, exploiting waste heat sources at
temperature levels above 600 K, particularly from biogas engines.
An additional target is to identify combinations of working fluids
(pure fluids and mixtures) that may exploit a maximum of the
incoming exergy from waste heat sources, cf. Fig. 1 (right).

Instead of a zeotropic mixture, cyclopentane was chosen in this
work as the working fluid for the HT cycle for testing reasons, fol-
lowing a recommendation by Lai et al. [17], and propane was cho-
sen as the working fluid for the LT cycle. Propane was proposed by
Schilling et al. [18] for low temperature applications. With a critical
temperature of Tc ¼ 369:8 K it is suitable for transcritical operation
at a comparably low temperature. Fig. 2 shows potential thermo-
dynamic state points in a temperature-entropy diagram for the
present working fluid selection of the CORC, where the HT cycle
was operated with cyclopentane and the LT cycle with propane.

The use of an internal heat exchanger was not considered in this
work because it does not affect the exergetic efficiency. It impacts
the thermal efficiency which is governed by the temperature level
of the heat transfer and is not suitable for rating the performance
of a cycle exploiting a non-isothermal heat source [19].

2. CORC apparatus setup

Due to safety reasons, e.g. because flammable working fluids
may be employed, the CORC was placed outside of the laboratory
in a separate container, cf. Fig. 3. Both the HT and LT cycle were
designed according to AD 2000-Regelwerk B7 (HT/ LT in PN 100/

PN 60). All flanges were sealed with meshed metal (chrome-
nickel-molybdenum alloy, Material-Nr. 1.4404) strengthened gra-
phite gaskets novaphit SSTCTA-L provided by Frenzelit [20], limit-
ing the leakage rate to a tolerable amount which was assessed by
pressure tests.

To ensure that the maximum working temperature of 353 K of
the pressure sensors (6.4 MPa) was not exceeded, a flexible metal
tube was used as an extension which was connected with a tube
fitting to the piping system and sealed with a copper gasket and
PTFE sealing.

2.1. Heating cycle

The heating cycle (HC) mass flow was driven by a pump (All-
weiler NTWH 25 200/01; 0.3 kW), which was capable of a feeding
mass flow of up to 700 g/s of Therminol 66 [21]. Heat was supplied
by four electrical heating rods with a combined power of 158 kW,
three with 50 kW and one with 8 kW. One 50 kW heating rod was
thyristor-controlled (TCH) and fully adjustable, the three remain-
ing ones were controlled by power contactors (PCH). Consequently,
the combination of all four heating rods enabled for a variable
heating power from 0 to 158 kW, where switching of the PCH
was necessary. Fig. 5 (top) illustrates the heating concept by
depicting total power, which results from the sum of the TCH
and the three PCH, over increasing or decreasing heating power.
The switching points were chosen differently, depending on

Nomenclature

AI/AO analog input/ output [–]
CC cooling cycle [–]
CORC cascaded two-stage organic Rankine cycle [–]
DI/DO digital input/ output [–]
EOS equation of state [–]
GUI graphical user interface [–]
HC heating cycle [–]
HT high temperature cycle [–]
LT low temperature cycle [–]
M motor or feed pump [–]
ORC organic Rankine cycle [–]

PCH power contactor controlled heating rod [–]
PLC programmable logic controller [–]
pp pinch point [–]
TCH thyrister controlled heating rod [–]
VFD variable-frequency driver [–]
hi specific enthalpy at state i [J g�1]
_m mass flow [g s�1]
_Q heat flow [J s�1]
s specific entropy [J g�1 K�1]
S entropy [J K�1]
T temperature [K]

Fig. 1. (left) Exergy flow ( _E) and anergy flow ( _A) of a non-isothermal heat source for
ambient temperature Ta. (right) Potential arrangement of high temperature (HT)
and low temperature (LT) cycles of the CORC to maximize the utilization of the
exergy flow _E, cf. Baehr [16].

Fig. 2. CORC process in a temperature-entropy diagram: the high temperature (HT)
cycle operated with cyclopentane was driven by the heating cycle (HC); the low
temperature (LT) cycle operated with propane and was connected to the HT cycle
by a heat exchanger acting as a condenser for the HT cycle and an evaporator for the
LT cycle. The pinch point characterizes the minimum temperature difference DTpp

HT

between the HC and the HT cycle during heat transfer, cf. DiPippo [9].
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increasing or decreasing heating power, which led to a switching
offset of 8 kW. This strategy supported a more rapid attainment
of stationary operation, in particular a stable inlet temperature
Tin at the evaporator.

2.2. High and low temperature cycles

The main difference between the two cycles was that the HT
cycle had a turbine, while a variable throttle was used as an expan-
sion device in the LT cycle. This was done for practical reasons,
since at this stage of the experiment the thermodynamic condi-
tions, which are essential for the design of a turbine, were not con-
strained for the LT. The HT cycle was filled with about 40 kg of
cyclopentane and the LT cycle with about 20 kg of propane. Both
cycles were pressure tested up to a pressure of 4 MPa (HT) or 6
MPa (LT).

2.3. Feed pumps

Progressive cavity pumps (NETZSCH NEMO� [22]) were applied
as feed pumps (M1, M2), which worked with a helical rotor inside a
helical stator. This type of pump is capable to deal with two-phase
fluids, is not susceptible to cavitation and works up to high pres-
sure. The emerging cavities between rotor and stator move along
the axis and transport the fluid. These cavities do not change in
their size and are sealed among each other’s so that volume flow
is controlled by rotational speed. Disadvantages of this type of
pump are that they may not run dry and that the pumped fluid
must be harmonized with the material of the stator. Typically, this
material selection is preceded by chemical compatibility and mois-
ture expansion tests [23]. Modification of the stator geometry, such
as expansion due to temperature or chemical non-compatibility,
may lead to a decrease of pump efficiency or even to failure. For
pumping propane in the LT cycle, glycerin was used as a friction
modifier, as described by Hadfield et al. [24] and Granryd [25].
Approximately 100 g of glycerin was placed directly in the inlet
of the stator on the suction side.

2.4. Heat exchanger

Plate and shell heat exchangers from Vahterus [26] were
applied as HE1 and HE2 with a total volume of 13 l and 25 l. Their
operation pressure range of up to 6 MPa for HE1 and up to 10 MPa
for HE2 was large. In combination with the maximum design tem-
perature of 523 K, they allow for the study of a wide range of ther-
modynamic states. In both cases, evaporation of the working fluids
took place in the plate of the heat exchanger due to higher flow
velocity of the steamwhich led to a higher heat transfer coefficient.
To ensure a proper steam quality, a demister was connected down-
stream to HE1 in the HT cycle. It reversed the flow direction of the
steam twice within a tube geometry. At high flow velocities (here
about 13 m/s) liquid droplets, which may be carried by the super-
heated steam, centrifuge to the outer edges of the tube and evap-
orate at the tube surface, cf. Fig. 6.

2.5. Cooling cycle

The overall waste heat was discharged via an air-blown cooler
(type H.T.E.) outside of the container by a cooling cycle, which
was connected to the condensers C1 and C2 (plate heat exchangers
type GEA WTT PL 150) of the HT and LT cycles. It operated on the
basis of a binary ethylene-glycol/water (1 : 1:125) mixture driven
by pump M5 (Grundfos TP 50-120/2) with a volume flow of about
17.6 m3=h. M5 circulated the cooling liquid through C1 and C2,
where residual heat was taken after the turbine from the HT cycle
and after the throttle from the LT cycle, cf. Fig. 4 (top).

2.6. Turbine and generator

The design of the CORC turbine was based on an axially fed cen-
trifugal pump that expanded the superheated vapor through its
curved laval nozzles that were embedded in a blade wheel
(1.4305/ X8CrNiS) outwards to the radial expansion tube in the
turbine casing (1.4006 + QT/ X12Cr13), cf. Fig. 7. Due to the
impulse principle, the torque was mainly generated by the acceler-
ation of the high velocity flow in the blades, as described e.g. by
Fister [27]. The connection between turbine and generator, which
was a six pole synchronous servomotor operating at 50 Hz (type
SK-190-1-30-560 T1), was maintained by non-contacting magnetic
coupling. The synchronous machine switches frommotor to gener-
ator operation as soon as the force of the steam exceeds the break
loose torque of the driving shaft. To minimize gap losses in the
CORC turbine, the gap was designed as a labyrinth seal with 12
steps with a width of 0.25 mm and a rotary shaft seal. Two angular
ball bearings in O arrangement and one deep groove ball bearing
formed the fixed shaft bearing at the turbine side, which lead to
a minimum slackness of the blade wheel. For cooling and lubrica-
tion of the ball bearings, the casing was flodded with hydraulic oil
(Mobil DTE 10 EXCEL 15). The construction of the wheel blade
enabled for a quick and easy adaption to different thermodynamic
states for varying working fluids at low cost. The focus of this tur-
bine lied on its applicability for testing a large variety of working
fluids over a wide range of thermodynamic states and therefore
the efficiency was subordinate at this point in time. A variable
throttle in the LT cycle allowed adjusting a suitable expansion
ratio, according to mass flow and fluid properties.

2.7. Controllers and sensors

The CORC software framework was based on two systems: a
graphical user interface (GUI), which was programmed in Agilent
VEE, and a C program providing functions for the GUI to access
the programmable logic controller (PLC). The PLC allowed for

Fig. 3. CORC setup in a container that was placed outside of the laboratory due to
safety reasons. Heat exchangers and piping system were thermally insulated with
mineral wool.
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digital in- and output (DI/DO) and analog in- and output (AI/AO),
which expect either a voltage from 0 to 10 V, a current from 4 to
20 mA or a resistance from temperature (Pt1000) and pressure
sensors. The AO connectors were used for setting the motor speed
of the pumps by sending a signal from 0 to 10 V to these devices.
The DI could only detect an activated (24 V) or deactivated voltage
(0 V) and was used for receiving error status from the devices. With
the DO, variable-frequency drivers (VFD) or non-controllable
actors were turned on and off by sending a current to them or their
dedicated contactors. All in- and output streams were monitored
and accessed by the GUI, cf. Fig. 8. An alternative to the PLC was
a hard-wired programmed logic controller (HPC), which was used
for safety functions. A VFD, that is often applied in electro-
mechanical systems as a frequency converter, was used to control
the pumps and the generator. The mass flow measurement in the
HT and LT cycles worked with a differential pressure aperture
according to DIN EN ISO 5167.

2.8. Safety precautions

Working with the CORC mandated dedicated safety require-
ments because flammable and potentially hazardous fluids were
employed at high temperatures and pressures. The experimental
setup was therefore placed in a container outside of the laboratory.

A gas leakage monitoring system with an infrared gas transmitter
sensor (Dräger Polytron IR type 334) [28] calibrated for hydrocar-
bons was linked to an electric autonomous ventilation system as
explosion prevention to avoid a flammable atmosphere in the con-
tainer. In addition, any gas detection would have triggered an
emergency shutdown and switched all electric parts to dead volt-
age, preventing igniting sparks. Redundant temperature and pres-
sure sensors were hard-wired programmed for the feed pumps M1
to a maximum pressure of 3.5 MPa and M2 to a maximum pressure
of 2.5 MPa as well as for the HC to a maximum temperature of 573
K. A manual emergency valve was implemented in the LT cycle for
releasing its working fluid (here propane) outside of the container.

3. Experimental setup and initial operation

The initial operation aimed at the evaluation of the components
of the experimental setup and the basic function of the apparatus,
namely exploiting a heat source by two cascaded cycles. At this
stage, the focus lied on the heat exchangers, especially HE2 cou-
pling the two cycles as the central element of the cascade. Before
start up, a variety of technical preparations was required. Before
and during the filling of the HT cycle with cyclopentane, inert
gas was removed by a vacuum pump in combination with a cooling
trap. The LT cycle was evacuated before its filling. To enhance the

M1 M2
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Fig. 4. (top) Design of the experimental CORC setup: a high temperature (HT) and a low temperature (LT) cycle were coupled to a cascade (CORC) by a heat exchanger (HE2)
to maximize exergetic utilization. The heating cycle (HC) was realized by four electrical heating rods and a pump (M0). Heat was discharged from the HT and LT cycles to the
ambient by an air-blown cooler (M3) using an ethylene-glycol/water mixture, which was pumped (M5) through the cooling cycle (CC) via condensers (C1, C2) in the HT and
LT cycles. (bottom) CORC construction layout: HT heat exchanger (HE1) and feed pumps (M1, M2) of the HT and LT cycles, respectively. For the present testing reasons, the LT
cycle had a variable throttle as an expansion device instead of a turbine.
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filling process, the pressure difference between the propane gas
bottle and the LT cycle was increased. Therefore, the temperature
of the propane gas bottle, which was hung upside down to force
the liquid phase into the hose, was raised by about 15 K above
ambient temperature. Because of the flammability of cyclopentane
and propane, as a mandatory safety procedure, the ventilation sys-
tem of the container (open doors) was activated and access to the
laboratory was prohibited. The positioning of all valves was
checked. First, the heating cycle was warmed up along a tempera-
ture ramp and the cooling cycle was activated at the same time.
Before the mass flow of M1 in the HT cycle was gradually increased
and the turbine was set to 50 Hz rotation, lubrication and the cool-
ing cycle of the turbine ball bearing started. Subsequently, the
mass flow of the HT cycle _mHT was raised by feed pump M1 until

a heat flow of about _QHT = 70 kW was transferred from the HC to
the HT cycle at constant quality of evaporation (dry steam) behind
the demister.

4. Performance of heat transfer

Because the CORC was based on two cascaded cycles, HE2
played a major role as the central element transferring heat from
the HT cycle to the LT cycle. The dimensioning and layout design

of HE2 determined the overall cycle performance. Therefore, at this
stage of the experimental setup it was important to learn about the
characteristics of HE 2 due to its process parameters, such as mass
flow and temperature, as a function of the thermophysical proper-
ties of the working fluids. To simplify this complex interrelation-
ship, the inlet temperature T in of the HC was controlled at 493 K
for a constant mass flow of about 0.5 kg/s of Therminol 66�,
whereas the mass flows of the working fluids driven by the feed
pumps M1 and M2 were variable parameters. All subordinate
parameters were derived from this setting. This knowledge enables
for an optimization of future cycle design and operation. For a
proper validation of all heat exchangers, the balancing calculations
were done on the basis of a steady state flow process.

A constant heat flow _QHC ¼ 70 kW from the HC led to an
enthalpy flow D _H into the HT cycle, where isobaric conditions were
assumed in the heat exchanger. Feed pump M1 pressurized a mass
flow of about _mHT ¼ 0:110 kg/s of cyclopentane to a pressure of 1.6
MPa. It was preheated from state point 2 at a temperature of
T2 ¼ 297 K and an enthalpy of h2 = �46.32 kJ/kg, evaporated and
superheated to a temperature of T3 ¼ 452 K at state point 3. In
addition to the measured temperature and pressure data, other
thermodynamic properties were derived with REFPROP [29], based
on accurate equations of state (EOS) from Gedanitz et al. [30] for
cyclopentane and from Lemmon et al. [31] for propane.

The pinch point temperature difference DTpp
HT between the HC

and HT cycle in HE1 was determined by equating the heat flow
from state points 2 to sHT (saturated liquid) in the HT cycle and
state points II to pp of the HC, cf. Fig. 9.

Fig. 5. (top) Heating concept: combination of three power contactor heating rods
(PHC, blue) and one thyristor controlled heating rod (THC) with a different
switching strategy for increasing (green) and decreasing (red) total heating power
output (black) to avoid excessive switching due to a small hysteresis. (bottom) THC
power over total heating power in case of increasing (green) or decreasing (red)
total heating power output. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Cut through the demister, which reversed the flow direction of the steam twice within a tube geometry. At high flow velocities, liquid droplets, which may be carried
by the superheated steam, centrifuge to the outer edges of the tube and evaporate. All lengths are given in millimeter.

1

2 3 4 5 6 7

3

3a
3b

Fig. 7. Centrifugal radial turbine with two angular ball bearings and a magnetic
coupling to the generator: (1) axial steam inlet; (2) steam outlet; (3) blade wheel;
(3a) blade channel; (3b) laval nozzle; (4) shaft bearing; (5) cooling and lubrication
cycle; (6) magnetic coupling; (7) generator.
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� _Q II;pp ¼ _Q2;sHT : ð1Þ
The heat flow in this section of the HT cycle was

_Q2;sHT ¼ _mHT � ðhs
HT � h2Þ ¼ 0:11

kg
s
� ð273:67� ð�46:32ÞÞ kJ

kg

¼ 35:2 kW; ð2Þ
where the saturated liquid state point sHT of the HT cycle with its
temperature Ts

HT (1.6 MPa) = 441.15 K and has an enthalpy hs
HT

(1.6 MPa) = 273.67 kJ/kg. With an average isobaric heat capacity
of �cp;T ¼ 2:19 kJ=ðkg KÞ of Therminol, the heat flow in this section
of the HC was

_Q II;pp ¼ _mHC � �cp;T � ðT II � Tpp
HCÞ: ð3Þ

With the knowledge of the pinch point temperature of Therminol

Tpp
HC ¼

_Q II;pp

_mHC � �cp;T
þ T II

¼ �35:2 kW

0:54 kg s�1 � 2:19 kJ kg�1 K�1
þ 434:15 K ¼ 463:91 K; ð4Þ

the pinch point temperature difference was given

DTpp
HT ¼ Ts

HT � Tpp
HC ¼ ð463:91� 441:15Þ K ¼ 22:7 K: ð5Þ

In this work, the design of the turbine in the HT cycle was not
optimized for cyclopentane. Therefore, a nearly isoenthalpic
expansion in the radial turbine to a pressure p1 ¼ 0:23 MPa led
to an inlet temperature to the HE2 of T4 ¼ 426:84 K at state point
4. Between state points 4 and 5 cyclopentane was cooled in its gas
state down to a temperature T5 ¼ 362 K.

The mass flow of propane in the LT cycle _mLT was gradually
raised by feed pump M2 until the temperature difference between
inlet temperature T4 and outlet temperature TC of HE2 was
reduced down to DT4;C ¼ 74:4 K. At the same time, the adjustable
throttle was continuously controlled manually so that pressure
p2 reached about 2.58 MPa, which led to a mass flow of
_mLT ¼ 0:03 kg/s. Here, the heat flow

_QB;C ¼ _mLT � ðhC � hBÞ ¼ 0:03
kg
s
� ð659:02� 248:35Þ kJ

kg

¼ 12:32 kW; ð6Þ
was transferred via HE2 from the HT to the LT cycle. The pinch point
temperature difference DTpp

LT in the LT cycle was determined from
the equality of the heat flows

� _Qpp;4 ¼ _QsLT ;C; ð7Þ
with

_QsLT ;C ¼ _mLT � ðhC � hs
LTÞ ¼ 0:03

kg
s
� ð659:02� 401:91Þ kJ

kg

¼ 7:71 kW: ð8Þ
The saturated liquid state point sLT of propane in the LT cycle had a
temperature Ts

LT(2.58 MPa) = 343.01 K and enthalpy hs
LT(2.58 MPa) =

401.91 kJ/kg. With the knowledge that heat was transferred only
from superheated steam between state points 4 and 5 from the
HT to the LT cycle, the heat flow was given by

_Qpp;4 ¼ _mHT � �cp;C � ðT4 � Tpp
LT Þ: ð9Þ

Here, an average isobaric heat capacity of cyclopentane

�cp;Cð406:92 K;0:23 MPaÞ ¼ 1:758
kJ

kg � K ; ð10Þ

was assumed. With the knowledge of the pinch point temperature
derived from Eq. (9),

Tpp
HT ¼

_Qpp;4

_mHT � �cp;C
þ TC

¼ � �7:71 kW

0:11 kg s�1 � 1:758 kJ kg�1 K�1
þ426:8 K ¼ 386:96 K;

ð11Þ
the pinch point temperature difference was determined

DTpp
LT ¼ Tpp

HT � Ts
LT ¼ ð386:9� 343Þ K ¼ 43:9 K: ð12Þ

Fig. 8. CORC master display visualizing the hydraulic schematic with essential operation parameters, such as temperatures and pressures of the HC, the HT and LT cycles as
well as the CC. It enabled for an operation of the actors and allowed to set different thermodynamic states within the cycles.
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Since the turbine of the HT cycle did not yield any significant
power output and a throttle was applied in the LT cycle, the overall
heat flow of about 70 kW was dissipated by the air blown cooler to
the ambient with the condensers C1 between state points 5 and 1
in the HT cycle and with C2 between state points D and A in the LT
cycle. Because the dimensioning of C1, C2 and the air-blown cooler
were excessively large, the dissipation of the waste heat from HT
and LT cycles was done at a small temperature difference of
DT < 8 K.

5. Conclusion

The combination of zeotropic mixtures and pure working fluids
in two-staged ORC applications may be exergetically favorable due
to small temperature differences during heat exchange. The CORC
process was constructed by coupling a HT and a LT cycle as a cas-
cade that allows for different test modes. In the present experi-

ment, the overall functionality and of all equipment parts was
tested with the pure fluids cyclopentane and propane operating
in the HT cycle and the LT cycle, respectively. The focus of the
experiment was on the heat transfer between the two cycles. It
was shown that the setup enables to partially use the waste heat
from the HT to evaporate the LT working fluid. However, the
majority of the waste heat from the HT, particularly most of the
heat from condensation, was not transferred to the LT. In the
future, more suitable fluid pairs, including zeotropic mixtures,
have to be identified that allow larger mass flows and with this a
better thermal integration. To clarify the advantages of a two-
staged ORC, the temperature of the heating cycle should be
increased. Moreover, the design of the turbine in the HT cycle
needs to be adapted to the thermodynamic state of its operation
condition and the throttle needs to be replaced by a turbine in
the LT cycle.
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Fig. 9. (top) Heat transfer in HE1: Therminol 66� (black) from the HC supplied a
heat flow of 70 kW to the HT cycle, where a mass flow of cyclopentane (red) was
heated, evaporated and superheated from state point 2 to state point 3 at a pressure
of p2 ¼ 1:6 MPa. (bottom) Heat transfer in HE2: the LT cycle absorbed a heat flow of
12.32 kW from the HT cycle (red) to heat, evaporate and superheat a mass flow of
propane (blue) from state point B to state point C at a pressure of pB ¼ 2:56 MPa.
Residual heat from the HT and LT cycles was discharged via condensers C1 and C2.
The pinch point temperature difference in HE2 DTpp

LT ¼ 43:9 K was about twice as
large as the one in HE1 DTpp

HT ¼ 22:7 K. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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 ������ �� �� � ���

��� �	 ������ �(� -��% �(�( ���
�

�� �c : �(98 -�� ��������� �� .�/�� �� ��(% "�����
 ���
��� ��
������
 ����"

�8(� -�� �� ��� 
������������ ��&��� ������ ����� ��� �� ���( 5�#���
��% ��� �����


��������� ������&�� "�
 ��� ��������� �
 
������� �� ���� ����#��� �� ��� ��������

����� �
 ��� ���
�!���� �����(
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��� ������������ �
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����� �� ��
	� ���
����� �
 ��� ��� �� ��
� �� ��� � �! ��� ���� 
�

�
��� ������������ �� "�#�� �� ��� �$�! (◦) ��� ��� ������ 	
�% (�)

��� ����������
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������ ��	
 ���	���� ������ ��	�� �� �������	� ��	��	�� 	
 ������ �����������

����� 	
 �	�� ���� 
�	� ��� ������	 	
 ����� ����� 
	� ��� � �! "�	�

�� ��# $%�& �� (•) ��� '( (◦) ��) '( (�) �)) ' �� (�) ��) '#



���

�� ��� � ��	 
�		� � 
��� w � ������ ��� �� ����	�
	
 ��� ��� ��
 �� � ��	

��	 �

���� � � � ���
� !�� ��
 �� � ��	

��	 � �"�� �� � �# $�	�	�
 $��� �� ����	�
	

� ��	 �	��	�����	# ��	 
�		� � 
��� �������
�% �	��	�
	
 � ����� ��� ��
 ��

&�� � �� � ������"�	 ��	

��	 � �"�� �� � �# ��� '�(� ��� )�	��*� +�	 �	,�����

��� ��	 �-� "% +�� 	� ��� �
 $����� .�/ ��� �/ ��� ����	�
	
 $��� �	��	�����	 ���

��	

��	# ��� '�(� ��� )��(��*� +�	 ,	���� �	�
��	�	�� ���	������% �	
���
 ��� ��	


�� � ���	�������	
 �����( ��	 �	�
��	�	�� ���	

 ��� $�
 	0�	�
�,	�% ��
��

	� ��

��	,��
 $�1
# 2�# 3&4�

5���	 6����( ��	 �	�
����( �	�� $��� ��� �� �
��( � ���� ����# �� ���
����% ���(	

����� � ,���	 ��� � "	 ��
����	� "	��	 � 
�(��6���� ��	

��	 ����	�
	 $�
 ����	,	��

7���1	 �� $��	�# �
��( ��	 ���� ���� �� ������ ��� ��# ��	 8��� $�
 ��
��	��"�%

��	 ����	

�"�	# �	���% ��1	 ����	

��( � (�
	�
 8��� ���	� 
��	��������� ����.

���
� +��
 ��(�� "	 ��	 � ��	 
���( �	���
�� � ��	 �	(���,	 8����	 ���
 �� ��	

��	���	
# ���
��( � 
���(�% ������	� �	�� ��		 �����
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������ ��	
 �������	� 	
 ��� ����� 	
 �	�� ����������� �	 ��� ������	 	
 �����

����� �� ��	� �� �� !"#$ 
	� ��� #� �� %�& ' (�) (���������� )���

���
	���� ��	* ��� +	�������	 
�+��	 �,-� 
�	� �	) �	 ��*� ��������� 

��� .�� �������* �	��� � �� � ��	) � �������	 �	 ��� +	�������	


�+��	 �	 ����
� ��� ������� ����������� )��� �	� �	)���� �	)��

��������� 
	� ��� ���� ��	����� ������ �	��� �/%� 0� �� ��	) ���� ����

)��� 	� � ��� )��� �����	�� ������� ��� �	 � ���� ��+	��	����	 �+������

+����� �� ������� �������* 



���

�� ����	 
������ �������� ������ ������������ �� ��� ��� � ��������� ���� ����

������� ��� ���� 	�� �������� �� ���� �������� ����� ��� ���� ����� ����� ������

�!��	�
������ 	����� ��� �
��� � �� �� ��������� �� �"�# $%� ��� &��� $%� '��� �����

������ � ��� � �� (��� ���) ��� �������� �� ��� *+, 
� ���	 �� �	� -�". ��� ��� ��

	��� ���� ����� ��������� �� 	���� ��������� ��� (��� ���� /� 	������� ��� ��������

��� ��������� ������������ �� ������� ����	�� ��� ��� ���� �������� ��� ���������

�� ��� *+, ��� ��������� ��� ����� ������ " ��� � �� (��� ���� /����� ����� �����

" �� ����������� ��� �����
	� 
������ ��� !����0 ������	 ���� �����	 ����� ��� ���

1��		� ������������ � 2��� ����	� ���� ��� ��������� ��		 ����	�� � ������ �� ���

���������� �� ,*, "# �� ����� �� ���� ��� ������	 ����������� ��� 2��� �� ��	�� �������

���� ��	��	��� �� ���3��� ���� ��� ��� ���� ���� �����4	�3� �� ����4	�3�� 5������	���

��� ����������� ��		 ������ � ����� ������ �� ��� !����0 ������	 ����� ��� ��������

�� ��� ��	� �	�������� ���	�� �6 ��� !����0 ������	� ������� ��� (��� ���� $������ ���

������� �� ��� �����	��� ����	 ��		 ��� ��������	� �7���0�� ��� ���������

��������	� ��� 2��� ��� ����3�� ���� ��������� �������� �������
	� �� �������

�������� 2������ 2������������ ��� ������ �� ������
�� 
� ��� ������ ���� �����

,+8���9*:$� ,*, "# -��.� ,���� ��� ������������� �������� �� ��� ������� ���4

������ ����������� �� ��� � ��� � ���� ��	�� 
������ ��� ����������� �� ��� �����

������ � ��� � " � �� �� 	���� �� � '��������) ���� �������� ���� 	�3�	� ��� �� ������	

������� 9����� �� ����	� 
� ����� ���� (�;
� �� �	� -��. ��������� ������������ ��

��� ������ ������������ �� �� �� ��" � ��� ��� ��� ������ ��� ������������� ��������

������ ���	 ,���� ������ �� ��������� ��		 '	���) ��� !����0 ������	 '�����) 
� ���4

������ ��� �� ��� �������	 ������������� �� ,*, "# 
� ������	 �������
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 �	�� ����������� � ������	�� �����

5.2 Hydrogen chloride

����� 	
 �	�� ����������� ���� ���
	���� 
	� ����	�� ���	���� ����� ���� �!

"#$"�%��%& ����� ��� ��������� �� ��� '�(���� ���� � ��)� ������ 	
 ≥ 99.8 *	�!+

�� � �	��� 	
 ���� ����� 	
 < 2000 ��� ,"�-! .� ��� ����)���� � � ��� ������� �#

/�& �� � )��	� �������� 	
 �0	�� $!�� 12� �� �34!�� 5! ��� �� � �	�	����� ��� ���� �

���	� ��������)� 	�	� �� ��)��	�� � �	���� ���� ��� ����� ��	/� ��� �	 ��� �����

����	��	������ ,"#-! 6	� 7���� ��� �������� ���� ���� ���� ����� ��� ��� ��� �������

��� �	���� ������ �	� �	 ��/� ��)����� 	
 ��� ��(��� �����! . ������	� ���

�������� ���� ��� �		��� �	� �	 � ����������� 	
 ��� 5 �	 ����	�� ��� �	� ��	 ���

���������� ���� ��� �	 ��� ��8����� � �	��� )��	� ��������! 9�� �	 ������� ��
���

��������	� ��� ��� ���� ��� 	� ����! :��/� ��� ����������� 	
 	���� �����

���� ���� ������� 	�� ��	� ��	������� ��	��	��� ����������� ���� ���
	���� ���� �	

�)	�� ��� 7���� �� ������� ��	������ �� ���� �� �	���0��! ;����
	��� ��� ��������

���� ��� 	�� 7���� 	�� �� ��� 5 �� ��� ����� ��� ��	��	��� ����������� ������

�� ���� � �������� 	
 $% 12� ��� �������� ����� ��� ��� ��<���� ��	�� ��������

��� �	 ��
��� �	��������	�! �
��� ���� ��	��	�� ��� ��� �������� ���	��� � )��)�

�� 
�� ���	��� � ��0� ���� � �	����� ����� 
��� 	 ��� �� ��	 � ������ 0	�����

����� ��� ��� ��� ��� �������=�� � �	���� ����	<��� �	����	� �
! 6�� �!#! �� ��
���

������	�� ���	��������� ��� ����� ������=�� �������� �(����0���� �� �����
	��

��� �������� �	 ���� ��� ��/���� �	����	! �
��� ����� ��� ����������� ��� ���������

���� ��� )��	� �������� ��� ������� �� � ���� ��� ����������� ���� �������� ��

�	 � ����������� 	
 $"3 5! ����� 	
 �	�� ����������� ���� ���
	���� ��	� ��

��	��	�� � � ����������� ���� 	
 ��� 5 �	 $"3 5 �� � �������� ���� 
�	� �	������

�0	)� ��� )��	� �������� �� �	 $% 12�� �
! 6��! �!"! �� ��� ���� 	
 ��� ������������

��� ����	� ��� 	� ����� 	
 	���� �)����0�� ����� 	
 �	�� ����!

6��! �!� ��	�& ������� ��� �0�	���� ����� 	
 �	�� 	)�� ��� �������� ��	� �� ��	��	��!

;�� ����� 	
 �	�� �������� ���� �������� p �� ������ ρ! 6��! �!� �0	��	�& ��	��

��� ��)����	� �	 ��� >?� 0� ;�	� �� ��! ,""- 	)�� �������� �� ����� ����������

��������� uw! .� �� 0� ��� ���� uw �������� �	����� �	��� ���������! @������ ���

������� �������� ��������� ��	������ ;A>&� ���� � �������� ���� 	
 �� �	 �%% 12�

�� � ��������� 	
 ±0.1 + ���� ������� �	 ��� 
��� ������ ��� � ��<���� �0�	����

��������� 	
 ±0.2 12�� ��� ������ ���������� �� �	� ��������� ��� 	� ���(�����!

������< � ��	)���� ��� ������ ���� �	������ ���� ����� �����������!

���� �������� ��	��
���
 �(�) ��� 
�� ������
 ����	
 �
 ��� 
������
����� ���� �� � 	�����

����	� �� 
�� �������� ��	��
���
� 	������� ��
� 
�� ���� ���
������ 	������������
 ��


�� ���� �
 ��	� 
����������	 �
�
���
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+ OH
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������ ��	
 �����	
�� �� 	� �� ��� ���� �� �	�� ���	������ �������	� ��� ����

	���� ��

 �� �

�� �� �������� ��
����� ���
� ����	�� ����������� ��

� ��������	�� �� �� !� "	������ #	�� �����
 �� ��	���
�$�� ����	��

� �
� ���� ���� ���	� �����%��� �
	�����
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	� ����	�� ���	���� (�)� ��� ���	� �������� � ! ����� �� ��	� ��"

�	���� �	 ��� #�� $� ��	� �� ��� %&&'�
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������ ��	
 ����� �	
���� 
���� �� 
���� ������� ���� �� ���

��� ����� ���� �
��

����
 ��� �������� �������� ����� � (•) ��� �� !3" (�) #$� �� !3" (◦)
#�� �� !3" (�) %&# �� !3" (�) %'� �� !3" (�) �$� �� !3" (�) �(�

�� !3 ��� (�) ��# �� !3) �*��!� +�������
 � �� ,-. 	� ���� �

��) /$$0)



��� � ����� 	
 �	�� ����������� � ������	�� �����

5.3 Dodecamethylpentasiloxane

�	�����������������	��� ���3�� ���	�� �	 ��� ����� 	
 ����� ���	���� �� �� �

�	������ �	� �� ���� �������� 
	� ���� ����������� !"# ���������	�$ %�� ����

�#&�'(�$)�*�'+�',� ��� ��������� �� ����� &������ ���� � ��-� ������ 	
 ≥ 97 .	�$/$

����� 	
 �	�� ����������� ���� ���
	���� 
	� �	�����������������	��� ��� 3��

� ��� ��������� ��0��� �� ������������� ������ 	-�� � ����������� ���� 
�	� �11 �	

��1 2 �� �� �	 � �������� 	
 �1 �3�$ %�� ���������� ���� ��� ������� �	� �	

� �������� 	
 ��	�� � �3� 
	� ��� ��1 2 ��	����� ��� �	 ��� ��������	� 	
 ��� �����'

���	 ����	� 
	� ���'�������� ������ �� � ������ 	
 ���	����	 �� ��������	 �4����5

�
$ 6�� �$,$ 6��$ �$�1 ��	�� ��� ���	���� -����� ��	�� �� ��� �	�����	��� ��-����	�

�	�	�

��� ��� ��� ��� ��� ���

�	
�	�
�
�

�

�

��

��

��

��

	�

������ ��	
 !-��-��� 	
 ����� 	
 �	�� ����������� ������� 	�� � ��� ������ �	� 


	� �	�����������������	��� ���3�� (�)$ %�� -��	� �������� ���-�

�7� �� ��	� ���	���� �	 ��� 8!� �� #	�	� �� ��$ 9*�:$
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�� ��� ��	 
� ������ �� �� ���� ���� ��� ��������� �
������� ��� ����� � ��!��

��"������ ��#���� �#�� ��������!��� ��� ������ �����!��� �� �
�!� ��$% �&� �� �%%

' ��� �% ()� ��� ��� ��� �#��� *�!� � ��� ������� ����!������� � ���!�� $+�

�&� �� ��% ' �� � ()��

,�#�*��- ��� ���� !�"�������� ��"������ !� �� $.  �� ����!������� �� ��% ' 
��#

� ()�� ���� ��"����� �� �!� �� ���  �"� ���� ��� �����*� !�"�������� � ��� �����!��

����!������ #�� �����/"���� ������ �� �# �����!���- "��
���� #��� ��� ���� �������0

�� "��������
���� � ��� 1!�� �� �!"� ������������" ������� 2�� ��� ��������� �����

������- ��� ���� !�"�������� *����� 
��#��� %�%3. ��� %��.� 4������� 4 ���*����

��� ������� ���� �������� #��� ����� !�"���������� �� �!����"�  ����
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� ��	�� ���	���� ����� 	
 �	�� 	��� �������� 	
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6 Summary and conclusions
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A Appendix

A.1 Tabulated speed of sound measurement data
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