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Abstract

Thermodynamic speed of sound data are an important basis for the development

of Helmholtz energy equations of state because of their thermal and caloric

nature. Moreover, they can be measured rapidly and with a high accuracy.

Xenon is sampled with the pulse-echo technique to provide the speed of sound

data covering a temperature range from 217 K to 500 K with a pressure of

up to 100 MPa. The measurement cell’s path length is calibrated with water

and validated with the reference equation of state by Wagner and Pruβ. At a

confidence level of 95% (k = 2), the data have an overall expanded uncertainty

of up to 0.17% near the critical point and less than 0.1% in the liquid and

supercritical regions. The results are in good agreement with the Helmholtz

energy equation of state by Lemmon and Span with a maximum deviation of

up to 1.1%. The present data are also used to optimize the parameters of the

Lennard-Jones potential and its truncated and shifted form for xenon. This

parameterization leads to a convincingly better performance for the speed of

sound calculation, but the representation of other properties, like the vapor-

liquid two phase region, is significantly deteriorated.
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1. Introduction

Xenon is a dense, colorless, odorless and tasteless noble gas that is present at

about 90 ppb in earth’s atmosphere.[3]. Although it is chemically inert and non-

toxic, xenon can form strongly oxidizing agents and highly toxic compounds, like

xenon hexafluoroplatinate. Naturally, xenon exists in seven stable isotopes, two5

long-lived radioactive isotopes and more than 40 unstable isotopes that undergo

radioactive decay. [4]. Under ambient conditions, its density (5.761 kg m−3) is

approximately 4.5 times the density of earth’s atmosphere at sea level. In the

liquid state, it has a density of up to 3100 kg m−3 with a maximum at the triple

point.[5]10

The current global production of xenon is about 53,000 kg per year and its

demand increases steadily.[6] However, the supply is not a big concern because

the atmospheric reserves are larger than 2 billion tonnes.[7] Xenon is commer-

cially obtained as a byproduct during the separation of oxygen and nitrogen from

air, further purification is carried out by additional fractional distillation.[8] As15

xenon is a rare gas, it is relatively expensive to extract it from the atmosphere.[9]

Because of its distinct nature and non-reactive characteristics, xenon has nu-

merous applications. About 15% of its total production is used as an anesthetic.

In the liquid state, it is an excellent solvent for hydrocarbons, biological com-

pounds and even water.[10] Recently, liquid xenon detectors were used for the20

search of dark matter.[11] Moreover, it also serves as a fuel in xenon ion repulsion

systems (XIPS), which are implemented in satellites and spacecraft.[12] Other

applications are in illumination and optics,[13, 14] nuclear magnetic resonance

(NMR) spectroscopy[15] and microelectromechanical systems.[16]

Because of the expanding demand for xenon in different sectors, accurate25

thermodynamic data are essential to optimize its supply and use. The speed

of sound is an important thermodynamic property to develop highly precise

Helmholtz energy equations of state and simulation models.[17, 18, 19] Cur-

rently, an insufficient amount of experimental speed of sound data of good ac-

curacy is available for xenon.30
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Measurements of the thermodynamic speed of sound of xenon were described

in seven publications, details on their number of data points and covered tem-

perature and pressure ranges are provided in Table 1. However, most data are

40 to 50 years old and most authors measured near the saturation line with a

pressure of up to 6.6 MPa[20, 21, 22, 23, 24], cf. Figure 1. Pitaevskaya et al.[25]35

and Vidal et al.[26, 27] have reported the speed of sound data in the supercritical

region, but their assessment shows that the data by Pitaevskaya et al.[25] have

a maximum deviation of more than 6% from the Helmholtz energy equation of

state by Lemmon and Span[2] that is recommended by the National Institute

of Standards and Technology (NIST). Vidal et al.[26] have measured nine state40

points along a single isotherm of 298 K and their data deviate by up to 8% from

that equation of state. For the pressure range between 6.6 MPa and 40 MPa,

no experimental data were available, cf. Figure 1.

In the present work, the speed of sound of xenon was measured by imple-

menting a double path length pulse-echo technique for liquid and supercritical45

states. A temperature range from 217 K to 500 K with a pressure of up to 100

MPa was covered. The results have a maximum expanded uncertainty of 0.17%

at a confidence level of 95% (k = 2) for the entire measurement range. More-

over, a comprehensive comparison of the present data with the literature data

and the equation of state by Lemmon and Span was carried out. The present50

data are in good agreement with that equation of state and have a maximum

deviation of 1.1%. The existing equation of state should be improved on the

basis of the present data. Furthermore, the parameters of the Lennard-Jones

(LJ) potential and its truncated and shifted (LJTS) form were optimized to the

present data.55

2. Experimental

2.1. Materials

For calibration of the apparatus, water was purchased from Merck with a

mass fraction purity of 0.999. It was degassed prior to the measurements by
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Figure 1: State points for which the speed of sound was measured: present work �, experi-

mental literature data ×. The solid line is the vapor pressure curve.

Table 1: Experimental speed of sound data for xenon from the literature, where N is the

number of measured data points, Tmin−Tmax the temperature range and pmax the maximum

pressure.

author year N Tmin - Tmax/K pmax/MPa uw/m s−1

Blagoi et al.[20] 1967 23 162 - 270 vapor pressure 0.5

Aziz et al.[21] 1967 71 162 - 272 vapor pressure 0.5

Lim et al.[22] 1968 116 165 - 285 6.6 0.1

Pitaevskaya et al.[25] 1975 152 298 - 473 400 6

Vidal et al.[26, 27] 1979 9 298 419 0.2

Baidakov et al.[24] 1985 159 220 - 270 4 0.1

Hurly et al.[23] 1997 232 210 - 400 vapor pressure 0.5
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Table 2: Suppliers and mass-fraction purity y of the samples, as provided by the suppliers.

chemical name CAS number source y purification method

water 7732-18-5 Merck 0.999 none

xenon 7440-63-3 Air Liquide 0.995 none

keeping it under vacuum for almost 24 h. Xenon was provided by Air Liquide60

in a metal flask with a pressure of about 5.3 MPa at ambient temperature. Its

mass fractional purity was 0.995 and contained impurities below 78 ppm, which

included traces of argon, krypton, nitrogen, oxygen, hydrocarbons and water.

It was used as a sample without further treatment, cf. Table 2.

2.2. Apparatus layout65

A schematic of the speed of sound measurement apparatus employed in the

present work is shown in Figure 2. The preeminent part of this rig was an

acoustic cell, fabricated from a stainless steel, type 1.4571. It consisted of four

segments, where the acoustic transducer was placed in the center, surrounded

by two metallic reflectors at different distances, cf. Figure 3. The cell was70

located in a cylindrical pressure vessel of 50 mm inner diameter and 25 mm

of wall thickness, fabricated from a highly tensile steel, type 1.4462. It had a

volume of almost 200 cm3 and could detain a pressure of up to 100 MPa. To

achieve and maintain elevated temperatures, the pressure vessel was surrounded

by three copper jackets, equipped with three electric resistance heaters. For low75

temperature measurements, a thermostat (Huber Unistat 825w) with ethanol

as a heat transfer fluid was employed. This alcohol was circulated through a

stainless steel pipe which was mounted to the inner jacket. The sample fluid

(xenon) pressure was specified with a high pressure hand pump (HIP 50-5.75-30)

with a 20 cm3 cylinder volume and 200 MPa of maximum operating pressure.80

For technical reasons, the present measurements were limited to 100 MPa.

The sample temperature was measured with a platinum resistance ther-

mometer PT-25 (type 162CE Rosemount) located in the wall of the pressure

vessel, cf. Figure 2. Moreover, to check whether the temperature was con-
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Figure 2: Schematic of the employed speed of sound measurement apparatus, showing that

the acoustic sensor was placed inside the pressure vessel, surrounded by copper jackets. Signal

generation and detection was done by an oscilloscope (Handyscope HS5). The experimental

conditions were monitored and controlled with a computer that also served for data acquisition.
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stant throughout the sample fluid, two additional PT-100 thermometers were85

installed at the top of the pressure container. Furthermore, for a better accu-

racy of pressure measurements, two transducers with different operating ranges,

i.e. Keller-PAA-33X for p < 10 MPa and Keller-PAA-33X for p < 100 MPa,

were installed at the bottom pipe, cf. Figure 2.

2.3. Measurement principle90

An 8 MHz, x-cut piezoelectric crystal disk of 15 mm diameter with 10 mm

gold plated electrodes was used as an acoustic transducer. It was alternately

connected to an arbitrary signal generator and an oscilloscope by a fast radio

switch, where a Handyscope HS5 served as burst generator and oscilloscope,

cf. Figure 2. To compensate the quartz and cable capacity, a step switch with95

selectable inductivity was positioned in the electric connection. Burst generator

and oscilloscope were controlled and read out by a computer.

To measure the speed of sound, a sinusoidal burst signal of eight periods

with an amplitude of 10 V was generated to excite the quartz. Consequently,

two sound waves propagated trough a sample fluid and, after reflection, were

received by the quartz at different time instances, cf. Figure 3. The speed of

sound w was measured as

w =
2∆L

∆t
, (1)

where ∆L is the path length difference of the two reflectors and ∆t the delay

in the time of flight caused by 2∆L. In equation (1), diffraction effects were

neglected because the according corrections would amount to less than 0.01%100

of the measured time difference.[28, 29] Moreover, by calculating the difference

in transient time, diffraction and electronic delay errors should be suppressed

by cancellation.[28]

2.3.1. Path length calibration

The acoustic path length difference ∆L(T0, p0) = 9.9815 mm was calibrated105

with water at the state point of T0 = 300 K and p0 = 1.29 MPa. Water

was chosen as a reference fluid because of the availability of the highly precise
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Figure 3: Working principle of the acoustic cell based on the pulse-echo technique. A delay

in time of flight ∆t was caused by different distances between the quartz crystal and the two

reflectors.
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reference quality equation of state by Wagner and Pruβ[1] with an uncertainty

of 0.005% for the speed of sound at the specified state point. Moreover, at

ambient temperature, very accurate speed of sound measurements were reported110

by several authors,[30, 31, 32, 33] which were used for validation of the present

calibration.

The variation of the path length difference due to thermal expansion and

pressure compression was considered by[17]

∆L(T, p) = ∆L (T0, p0)

[
1 + α− 1

E
(1 − 2ν) (p− p0)

]
. (2)

Therein, ν = 0.3 is the Poisson number of the steel which was provided by its

supplier (Thyssen-Krupp Materials International) and α is the integral thermal

expansion coefficient of the stainless steel 1.4571 between the temperatures T0

and T

α =
[
n0 (T − T0) +

n1

2

(
T 2 − T 2

0

)
+
n2

3

(
T 3 − T 3

0

)
+
n3

4

(
T 4 − T 4

0

)
+
n4

5

(
T 5 − T 5

0

)]
,

(3)

where n0 = 4.7341·10−6 K−1, n1 = 7.1518·10−8 K−2, n2 = −1.5273·10−10 K−3,

n3 = 1.5864 · 10−13 K−4 and n4 = −6.1342 · 10−17 K−5. Since the modulus of

elasticity E is temperature dependent too, it was determined with a first order

polynomial

E = a+ b(T ), (4)

where a = 219711.07 MPa−1 and b = −79.8 K−1 MPa−1. A comparison of

the present calibration measurements with the equation of state by Wagner

and Pruβ[1], along with the experimental data by Lin and Trusler with an115

uncertainty of 0.04% [30] and Al Ghafri et al.[34] with an uncertainty of 0.03%,

is presented in Figure 4. It is evident that the present results are in very good

agreement with the equation of state, even at elevated pressures. Except for

a single state point, the deviation is almost within 0.02% for the entire set of

calibration measurements. The maximum deviation is 0.05% at 400 K and 1.3120

MPa, but it should be noted that at high temperature and low pressure, the

literature data are less accurate too and the equation of state is 0.1% uncertain

in this region.
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Figure 4: Comparison of the calibration measurements with the Helmholtz energy equation

of state by Wagner and Pruβ[1]. Experimental data: this work, 300 K �, 350 K ⊕, 400 K ©;

Lin and Trusler[30], 303 K 4, 373 K 5, 413 K ♦; Al Ghafri et al.[34], 306 K +, 358 K ×, 421

K F.
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2.4. Time of flight

To measure the timing, the received echoes were analyzed with a MATLAB125

based software. For a precise measurement, a high resolution in time and ampli-

tude domains was needed, along with minimum ambient noise and distortion.

Consequently, signal enhancement was performed by applying a fast Fourier

transform (FFT) based band pass filter algorithm of ± 20% around the signal

frequency, i.e. 6.4 MHz to 9.6 MHz. Here, the filter range should be chosen130

carefully to preserve the shape of the original echoes. Moreover, by applying

zero padding, the time domain resolution was enhanced fourfold. As a result, a

clean signal with a high resolution was prepared for analysis.[35]

The delay in time of flight ∆t was derived from a peak-to-peak measurement

approach,[35] which leads to the time difference between the maximum ampli-135

tudes of both echoes. Moreover, a correlation method and Hilbert transform

function[35] were used too, to select or verify the correct maximum peaks.

For the correlation approach, a time domain analysis similar to that proposed

by Ball and Trusler[28] was followed. Applying this method, two data cuts were

made for both echoes from the recorded signal, cf. Figure 5. The delay in time140

of flight ∆t was calculated with the correlation

s (∆tx) =

t1+∆te∑
t=t1

a (t) · a (t+ ∆tx) , (5)

where a is the amplitude of the signal and ∆tx ranging from t2 − (t1 + ∆te)

to (t2 + ∆te) − t1, the definition of these time instances can be seen in Figure

5. The maximum of s indicates the delay in the time of flight between the two

echoes.145

The accuracy of the time measurement also depends on quality and resem-

blance of the two signals, which fluctuate with acoustic impedance and attenu-

ation. For xenon, these effects were significant at low pressures, the second echo

became wider than the first one and the maximum amplitude within the echo

was reached later in the second echo than in the first. This phenomenon was150

suppressed by applying a brake function as described by Dubberke et al. [35].
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Figure 5: Echoes after applying a band pass filter and zero padding that served for the

calculation of the delay in the time of flight ∆t. The lower panel contains magnified views on

the echo maxima highlighted in the top panel by squares.
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Xenon was supplied in a gaseous state at the ambient temperature with a

pressure of almost 5.3 MPa, which is near its critical region [2]. To fill the fluid

into the cell, the pressure vessel was evacuated for about 2 h and cooled down

to a temperature of 216 K. Because of the temperature and pressure gradient,155

xenon was imbibed into the cell and condensed to the saturated liquid state.

After closing the vessel and attaining a constant target temperature and target

pressure, the first state point was measured. Subsequently, the fluid was heated

in a step-wise manner to a maximum temperature of 500 K and the hand pump

was used to regulate the pressure at each step. It was necessary to keep the160

pressure below 100 MPa so that some quantity of xenon had to be released.

For low pressure measurements, more xenon was discharged at 500 K and the

temperature was again step-wise reduced to the target state points, cf. Figure

6.

3. Results and discussion165

The speed of sound of xenon was measured at 42 state points and the numer-

ical data with their expanded experimental uncertainties are provided in Table

3.

3.1. Experimental uncertainty

The overall expanded uncertainty of the speed of sound Uw at a confidence

level of 95% was calculated by considering the standard uncertainty due to

temperature uT , pressure up, path length calibration u∆L and the uncertainty

of time measurement u∆t for a coverage factor k = 2

Uw = k

[(
∂w

∂T

)2

p,∆L,∆t

u2
T +

(
∂w

∂p

)2

T,∆L,∆t

u2
p +

(
∂w

∂∆L

)2

T,p,∆t

u2
∆L +

(
∂w

∂∆t

)2

T,p,∆L

u2
∆t

]1/2

.

(6)

Therein, the partial derivatives of the speed of sound with respect to tem-170

perature and pressure were calculated with the equation of state by Lemmon

and Span[2] for xenon, whereas partial derivatives with respect to length and

time were obtained from equation (1). A detailed uncertainty budget for speed
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Figure 6: Step-wise approach to measure the target state points.
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Table 3: Speed of sound of xenon with expanded experimental uncertainties at temperature

T and pressure pa.

T/K p/MPa w/m s−1 Uw/m s−1 T/K p/MPa w/m s−1 Uw/m s−1

liquid state 349.96 41.32 434.6 0.3

216.59 3.566 504.6 0.4 349.97 49.92 473.7 0.3

229.23 6.028 481.3 0.4 349.94 64.34 529.1 0.4

229.24 6.276 482.8 0.4 399.61 20.58 251.5 0.2

229.34 6.787 485.8 0.4 399.59 25.18 284.4 0.2

253.54 7.509 409.1 0.3 399.46 34.42 345.6 0.3

253.55 9.198 423.7 0.3 399.44 46.68 410.7 0.3

253.54 13.87 457.7 0.4 399.56 60.40 468.0 0.3

253.56 17.89 481.8 0.4 399.58 70.11 503.7 0.4

270.49 12.65 399.3 0.4 399.57 87.00 554.9 0.4

270.48 17.17 434.5 0.4 449.71 26.50 277.9 0.2

270.47 27.19 493.9 0.4 449.68 33.72 315.3 0.2

supercritical state 449.59 46.41 377.2 0.3

300.03 10.71 272.3 0.5 449.67 57.18 422.3 0.3

299.99 16.65 353.0 0.4 449.85 67.82 461.1 0.3

299.98 23.27 408.1 0.3 449.80 87.91 525.0 0.4

299.96 30.10 450.6 0.3 449.76 97.04 549.8 0.4

299.92 39.95 500.0 0.4 499.90 32.59 302.3 0.2

350.01 14.01 214.9 0.3 499.91 41.93 341.2 0.3

350.00 16.64 247.1 0.3 499.90 56.44 398.2 0.3

350.03 24.18 324.3 0.3 499.89 71.16 449.1 0.3

350.02 31.01 375.6 0.3 499.87 83.72 488.8 0.4

a Uw is the expanded uncertainty of speed of sound at a confidence level of 95% (k = 2),

composed of standard uncertainties of temperature uT = 0.02 K, pressure up: 0.002

MPa for p < 10 MPa and 0.02 MPa for p < 100 MPa, time u∆t = 0.002 µs and path

length u∆l = 7 µm.
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Figure 7: Relative expanded uncertainty for the present speed of sound measurements as a

function of pressure: 217 K 4, 229 K �, 253 K ⊕, 270 K �, 300 K ♦, 350 K ×, 400 K +, 450

K 5, 500 K F.

of sound measurement of xenon at a typical state point, i.e. T = 349.96 K

and p = 41.320 MPa, is provided in Table 4. The largest contribution to the175

uncertainty budget was due to length calibration, which also includes the repro-

ducibility of the data.

The relative expanded uncertainty for the entire measured range is below

0.1%, except for four data points at low pressures of the isotherms 300 K and

350 K, cf. Figure 7. The uncertainties are high at these state points because180

they are approaching the critical point.

The absolute speed of sound of xenon as a function of pressure is presented

for different isotherms in Figure 8 (a). It was measured along nine isotherms,

where the lowest pressure was chosen depending on quality of the echoes. At

low pressures, the speed of sound changes rapidly for temperatures 300 K and185

350 K because of the proximity of these states to the critical point. In the
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Table 4: Detailed uncertainty budget for the speed of sound of xenon.

source type
measuring

range

standard

uncertainty

speed of sound

derivativea

relative expanded

uncertaintya

temperature PT-25 84 - 693 K 0.02 K 1.2 m s−1 K−1 0.023%

pressure
Keller-PAA-33X <10 MPa 0.002 MPa

0.51 m s−1 MPa−1 0.011%
Keller-PAA-33X <100 MPa 0.01 - 0.02 MPa

time
Handyscope

HS5
− 0.002 µs 9.5 · 106 m s−2 0.009%

path length − − 7 µm 2.2 · 104 s−1 0.070%

a Uncertainty value at a typical state point T = 349.96 K and p = 41.320 MPa for the present speed of sound

measurement of xenon.

supercritical region, it increases more moderately with rising pressure. Figure 8

(b) shows a deviation plot analyzing the present speed of sound data on the basis

of the equation of state by Lemmon and Span[2] that has a stated uncertainty

of 1% for the speed of sound. All measured state points agree within almost190

1.1%. However, it should be noted that the present data systematically diverge

from the equation of state at elevated pressures, where the speed of sound was

measured with a high accuracy, i.e. Uw 6 0.1%, cf. Figure 7. It can thus

be concluded that the equation of state should be improved in the liquid and

supercritical regions.195

A comprehensive comparison of the present speed of sound data with lit-

erature values and the equation of state by Lemmon and Span[2] is presented

in Figure 9. It is evident that for the 217 K and 229 K isotherms, the present

data are in a good agreement with the equation of state as well as the exper-

imental data by Lim et al.[22] and Baidakov et al.[24] under an experimental200

uncertainty of 0.1 m s−1 for each. These authors have measured the speed of

sound of xenon starting from its vapor pressure up to a maximum of 4 MPa

and 6.6 MPa, respectively. In the vicinity to their maximum measured pressure,

data by Lim et al.[22] systematically approach the present data, which can be

seen most clearly for the 229 K isotherm. Data by Baidakov et al.[24] validate205

the present results at a state point of 270 K and 3.8 MPa. The majority of
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Figure 8: Speed of sound of xenon (a) and deviation of the present data from the equation of

state by Lemmon and Span[2] (b): 217 K 4, 229 K �, 253 K ⊕, 270 K �, 300 K ♦, 350 K

×, 400 K +, 450 K 5, 500 K F.

18



the authors has measured the speed of sound along the saturation line only,

e.g. Aziz et al.[21], Blagoi et al.[20] and Hurly et al.[23] The latter two data

sets have a somewhat better consistency with the equation of state, exhibiting

a maximum deviation of 0.3% and 0.7%, respectively. However, data by Aziz210

et al.[21] show a large scatter of up to 3% around the equation of state. Only

two data sets were reported for the supercritical region by Vidal et al.[26] and

Pitaevskaya et al.[25] It should be noted that Vidal et al. have measured nine

state points along the isotherm 298 K with experimental uncertainty of 0.2 m

s−1, but their data exhibit a large scatter with a maximum deviation of about215

8% from the equation of state. The data by Pitaevskaya et al. cover wide spans

of temperature and pressure with an experimental uncertainty of 0.5 m s−1.

However, their data deviate by of up to 6.5% from the equation of state and

even more from the present experimental results, cf. Figure 9.

3.2. Lennard-Jones potential220

All thermodynamic properties can be obtained from molecular simulation

based on a force field, but the results are entirely dependent on quality of the

employed model.[36] The Lennard-Jones (LJ) potential model describes the in-

teraction between two spherical molecules located at a distance r

uLJ (r) = 4ε

[(σ
r

)12

−
(σ
r

)6
]
, (7)

where ε and σ are the energy and size parameters. The truncated and shifted225

version of the Lennard-Jones (LJTS) potential

uLJTS (r) =

uLJ (r) − uLJ (r = rc) for r 6 rc

0 for r > rc

, (8)

is a common modification that artificially eliminates interactions beyond the

cut-off radius rc = 2.5σ.[18]

The LJ and LJTS potential model parameters reported by Rutkai et al.[18]

and Vrabec et al.[37] along with the respective Helmholtz energy equations of230

19



Figure 9: Deviation of the experimental data for xenon from the Helmholtz energy equation

of state by Lemmon and Span[2]: this work �; Blagoi et al.[20] 4, Aziz et al.[21] �, Lim

et al.[22] ×, Pitaevskaya et al.[25] ♦, Baidakov et al.[24] +, Hurly et al.[23] F.
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state by Thol et al.[38, 39] were taken to predict the speed of sound of xenon.

Temperature, pressure and speed of sound were transformed into reduced units

T ∗ =
kBT

ε
, (9)

p∗ =
pσ3

ε
, (10)

w∗ = w

√
m

ε
. (11)

Therein, kB is the Boltzmann constant and m = 131.29 g mol−1 the molecu-

lar mass of xenon. The predicted speed of sound data from the LJ and LJTS

parameters show large deviations from the equation of state by Lemmon and

Span, cf. Figure 10. Therefore, the parameters ε and σ of these models were op-

timized to the present speed of sound measurements by a least squares method.

Numerical values of these parameters are listed in Table 5. The absolute average

deviation (AAD) of the potential model was calculated for the present number

n = 42 of experimental data points

AAD =
1

n

n∑
i=1

∣∣∣∣wdata − wequation

wdata

∣∣∣∣
i

. (12)

Relative deviations of the experimental data, equations of state for the LJ[39]

and LJTS[38] fluids with the parameters by Rutkai et al.[18], Vrabec et al.[37]235

and this work, from the Helmholtz energy equation of state by Lemmon and

Span[2] are presented in Figure 10.

Literature parameters for the LJTS model with an AAD of 2.91% show a

somewhat better performance than the LJ parameters with AAD of 3.80%. The

LJ parameters by Rutkai et al.[18] are more consistent with the equation of state240

for all isotherms at elevated pressures. However, at low pressures deviations are

much higher with a maximum deviation of about 6%. At elevated temperatures,

i.e. from 400 K to 500 K, the maximum deviations are about 4% at low pressures
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Table 5: Energy ε and size σ parameters of the Lennard-Jones potential and its truncated

and shifted form, together with the resulting critical properties for xenon.

σ/10−10 m ε/kB/K AAD/% Tc/K pc/MPa ρc/kg m−3

Rutkai et al.

LJ 3.949 226.14 3.80 299 6.59 1097

Vrabec et al.[37]

LJTS 3.945 265.78 2.91 287 6.04 1133

this work

LJ 3.882 223.47 1.14 295 6.86 1156

LJTS 3.936 262.00 2.17 289 6.39 1191

experiment[2] 290 5.84 1103

and the results converge to the reference equation of state at high pressures.

Parameters by Vrabec et al.[37] for the LJTS model deviate by up to 6% from245

the equation of state for 217 K and 229 K isotherms at low pressures. However,

the deviations are smaller with an offset of about 2% for high temperature

isotherms, i.e. from 400 K to 500 K.

The present parameters for the LJ and LJTS models with AAD of 1.14%

and 2.17%, respectively, have a noticeably better performance. At elevated tem-250

peratures and pressures, they lead to a very good agreement with the equation

of state.

The critical properties for xenon resulting from the equation of state,[2] the

present and literature parameters for the LJ and LJTS models are provided nu-

merically in Table 5. Relative deviations of the vapor pressure pv and saturated255

liquid density ρ′ calculated form literature and this work parameters for LJ and

LJTS models and the equation of state by Lemmon and Span[2] are presented

in Figure 11. Because these parameters were optimized to speed of sound data

only, other thermodynamic properties, like vapor pressure and saturated liquid

density, were significantly deteriorated. It becomes clear that these simple po-260

tential functions are insufficient to describe the intermolecular interactions of

xenon with a good overall accuracy of the thermodynamic properties.
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Figure 10: Deviation of data for xenon from the Helmholtz energy equation of state by

Lemmon and Span[2]: this work �; LJ, Rutkai et al.[18] −−−; LJ, this work —–; LJTS,

Vrabec et al.[37] −−−; LJTS, this work —–.
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Figure 11: Deviation of the Lennard-Jones model for xenon from the Helmholtz energy equa-

tion of state by Lemmon and Span[2] for vapor pressure (a) and saturated liquid density (b):

LJ, Rutkai et al.[18] −−−; LJ, this work —–; LJTS, Vrabec et al.[37] −−−; LJTS, this

work —–.
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4. Conclusion

Xenon is an inert monatomic noble gas with distinct properties that has

numerous applications in medicine and engineering. In the present work, the265

thermodynamic speed of sound of xenon was measured with the pulse-echo

technique in the liquid and supercritical regions. The data cover a wide tem-

perature range from 220 K to 500 K with a pressure of up to 100 MPa and

have a maximum expanded uncertainty of 0.17% at a confidence level of 95%

(k = 2). Comparison shows that the present data are in a good agreement with270

the Helmholtz energy equation of state by Lemmon and Span with a maximum

deviation of about 1.1%. Moreover, the present data were used to optimize the

LJ and LJTS potential parameters for xenon. It was found that the LJ (AAD =

1.14%) and LJTS (AAD = 2.17%) parameters from this work lead to a convinc-

ingly better performance for speed of sound calculations than the parameters275

by Rutkai et al. and Vrabec et al. with AAD of 3.80% and 2.91%, respectively.

Deviations from the Helmholtz energy equation of state are lower at elevated

temperatures and pressures. However, other thermodynamic properties, like

vapor pressure and saturated liquid density, were considerably deteriorated by

this optimization, highlighting the shortcomings of these potential functions.280
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