
Apparatus for the measurement of the

thermodynamic speed of sound of diethylene

glycol and triethylene glycol

Muhammad Ali Javed,† Sebastian Vater,‡ Elmar Baumhögger,¶ Thorsten

Windmann,‡ and Jadran Vrabec∗,‡

†Technical Thermodynamics, Chemnitz University of Technology, Reichenhainer Straÿe 70,

09126 Chemnitz, Germany

‡Thermodynamics and Process Engineering, Technical University of Berlin,

Ernst-Reuter-Platz 1, 10587 Berlin, Germany

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

33098 Paderborn, Germany

E-mail: vrabec@tu-berlin.de

Abstract

The speed of sound is a thermodynamic equilibrium property which relates pressure

to density variations at constant entropy. Because of its thermal and caloric nature,

thermodynamic speed of sound data are crucial for the parametrization of highly ac-

curate Helmholtz energy equations of state, which are in great demand. In the present

work, the thermodynamic speed of sound of diethylene glycol and triethylene glycol is

measured with an apparatus based on the pulse-echo technique. The measurements are

performed along �ve isotherms covering a temperature range between 300 K and 500

K, while the pressure was varied from 0.1 MPa to 45 MPa. The maximum relative ex-

panded uncertainty of the reported data is 0.11% for both glycols. A double polynomial
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equation is �tted to the present data with a maximum deviation of 0.2% for diethylene

glycol and 0.04% for triethylene glycol. A comprehensive comparison with literature

data is carried out, con�rming the present data at ambient conditions. However, for

high temperature isotherms, deviations are up to 2% for diethylene glycol and up to

3% for triethylene glycol.

Keywords: Thermodynamic speed of sound, pulse-echo technique, diethylene glycol, tri-

ethylene glycol.

Introduction

Glycols are organic compounds that are commonly used as raw materials in the polymer

industry. They are attractive industrial �uids because of their high boiling point, freezing

point depression, hygroscopicity, non-corrosiveness, as well as lubricating, plasticizing and

solvent properties. They are used in the production of inks and dyes, as process solvents in

hydrocarbon puri�cation, coolants in automobiles and coupling agents in the formation of

textile lubricants. Further, the presence of hydroxyl end groups in their molecular structure

makes them popular intermediates during the formation of esters.

Diethylene glycol occurs as an intermediate in the preparation of unsaturated polyester

resins, polyurethanes and plasticizers. Both diethylene glycol and triethylene glycol also

have applications in natural gas processing and are employed as dehydrating agents. More-

over, triethylene glycol is utilized as a dehumidi�er in air-conditioning systems, as a vinyl

plasticizer and is an intermediate in the formation of polyester resins or polyols.1

The development of technologies and the demand for new products compel industries

to continuously modify and optimize their processes. For this purpose, accurate thermody-

namic properties of the involved �uids are required. The speed of sound is a thermodynamic

property, which is crucial for the parameterization of highly accurate Helmholtz energy equa-

tions of state. From such equations, all thermodynamic properties can be obtained.2,3 Due
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to its thermal and caloric nature that is outlined in Ref.,4 the speed of sound is particularly

suitable for the parameterization of such models. Currently, only insu�cient speed of sound

data are available for diethylene glycol and triethylene glycol so that no such models exist

for these �uids.

Measurements of the thermodynamic speed of sound of diethylene glycol and triethylene

glycol were reported in several publications, details on the number of data points and covered

temperature and pressure ranges are listed in Tables 1 and 2. All authors have measured the

speed of sound of these glycols only at ambient pressure, except for four state points along

the saturated liquid line up to 0.4 MPa. The phase diagrams in Figure 1 depict the state

points where literature data are available.

The speed of sound of diethylene glycol and triethylene glycol was measured in this work

by implementing a double path length pulse-echo technique. Five isotherms in the liquid

state from 300 K to 500 K with an increment of 50 K were measured, covering pressures up

to 45 MPa. A detailed experimental uncertainty analysis reveals that the experimental data

for both glycols have a maximum relative expanded uncertainty of 0.11% at a con�dence

level of 95% (k = 2) for the entire measurement range. Because no accurate equations of

state were available, a double polynomial equation proposed by Sun et al. 5 was �tted to

the present data with a relative absolute average deviation of 0.043% for diethylene glycol

and 0.008% for triethylene glycol. A comparison of the present data with literature data at

ambient pressure shows that the measurements reported by Kishimoto and Nomoto 6 and

Willard 7 verify the present data for diethylene glycol. Data by Sastry et al. 8 and Kishimoto

and Nomoto 6 are also in very good agreement with the present data for triethylene glycol.

However, other authors reported data that deviate by up to 2% for diethylene glycol and up

to 3% for triethylene glycol.
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Table 1: Sources of experimental speed of sound data for diethylene glycol, where n is the
number of measured data points, Tmin − Tmax the temperature range, pmax the maximum
pressure and Uw the measurement uncertainty, if given.

author year n Tmin- Tmax/K pmax/MPa Uw/m s−1

Willard 7 1947 1 298 0.1 3.3
Kishimoto and Nomoto 6 1954 6 283 - 308 0.1 3.3

Marks 9 1967 1 273 0.1 −
Zotov and Shoitov 10 1970 19 293 - 473 0.4 0.2

Aminabhavi and Gopalakrishna 11 1995 1 298 0.1 −
Sastry and Patel 12 2003 2 298 - 308 0.1 1.3
George and Sastry 13 2004 6 298 - 348 0.1 −

Mehta et al. 14 2004 1 303 0.1 −
Sastry et al. 8 2008 2 298 - 308 0.1 −

�wikli«ska et al. 15 2008 1 298 0.1 −
Tsierkezos and Palaiologou 16 2009 1 298 0.1 −

Carvalho et al. 17 2015 10 283 - 343 0.1 −
Ali et al. 18 2015 4 298 - 313 0.1 −

Klimaszewski et al. 19 2016 7 288 - 318 0.1 −
Hoga et al. 20 2018 4 293 - 308 0.09 −
this work 2021 44 300 - 500 45 1.5

Table 2: Sources of experimental speed of sound data for triethylene glycol, where n is the
number of measured data points, Tmin − Tmax the temperature range, pmax the maximum
pressure and Uw the measurement uncertainty, if given.

author year n Tmin- Tmax/K pmax/MPa Uw/m s−1

Willard 7 1947 1 298 0.1 −
Kishimoto and Nomoto 6 1954 5 273 - 303 0.1 3.3

Marks 9 1967 1 273 0.1 −
Sastry and Patel 12 2003 2 298 - 308 0.1 1.3
George and Sastry 13 2004 6 298-348 0.1 −

Mehta et al. 14 2004 1 303 0.1 −
Sastry et al. 8 2008 2 298 - 308 0.1 −

�wikli«ska et al. 15 2008 1 298 0.1 −
Tsierkezos and Palaiologou 16 2009 1 298 0.1 −

Carvalho et al. 17 2015 10 283 - 343 0.1 −
Klimaszewski et al. 21 2015 14 288 - 318 0.1 −

Hoga et al. 20 2018 4 293 - 308 0.09 −
this work 2021 45 300 - 500 45 1.5
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Figure 1: State points where the speed of sound of diethylene glycol (a) and triethylene
glycol (b) was measured: ⊙ this work, × experimental literature data. The solid line is the
relevant part of the vapor pressure curve.
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Experiment

Materials

Diethylene glycol and triethylene glycol were sampled with an apparatus based on the pulse-

echo technique to measure the thermodynamic speed of sound. Highly pure water was used as

a calibration �uid. The liquids, their suppliers, purities and water content are listed in Table

3. Water content in diethylene glycol and triethylene glycol was provided by the supplier,

which was analyzed with a coulometric titrator. It is well established that even traces of

impurities may have a large impact on the thermodynamic properties. To mitigate this risk,

the glycols were degased after purchase to remove volatile components, which would not

alter the water content. This was achieved by keeping the glycols under vacuum for about

2 h before imbibing them into the acoustic cell.

Table 3: Suppliers along with mass fraction purity y and water content of the samples as
provided by the suppliers.

name chemical formula CAS number supplier y
water content
mass fractiona

water H2O 7732-18-5 Merck 0.9999 -
diethylene glycol (HOCH2CH2)2O 111-46-6 Sigma-Aldrich 0.9998 0.0002
triethylene glycol HO(CH2CH2O)2CH2CH2OH 112-27-6 Sigma-Aldrich 0.9970 0.0003

a Water content mass fraction provided by the supplier, which was analyzed with a coulometric titrator.

Apparatus

For measuring the thermodynamic speed of sound of the glycols, the pulse-echo technique

was employed. With this approach, a piezoelectric quartz crystal was placed between two

metallic re�ectors mounted at di�erent distances. The quartz was excited electrically such

that two sound waves propagated in opposite directions through the �uid and, after re�ection,

were received by the quartz again. The speed of sound was derived by measuring the time

di�erence∆t between the two echoes with the peak-to-peak measurement approach explained
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by Javed et al. 3 Neglecting dispersion e�ects, the speed of sound w was calculated by

w =
2∆L

∆t
, (1)

where ∆L is the path length di�erence of the two re�ectors. While measuring the speed

of sound, di�raction e�ects were neglected because these corrections would amount to less

than 0.01% of the time di�erence.22,23 Moreover, calculating di�erences in transient time,

di�raction and electronic delay errors should be suppressed by cancellation.22

Design

The design and setup of the speed of sound apparatus is depicted in Figure 2. For generating

the pulse, a piezoelectric quartz crystal disc (A) was positioned inside the measuring cell

between the two re�ectors. The quartz disc had a diameter of 15 mm and was mounted to

the measuring cell with steel clamps. Two electrodes supplied the voltage to stimulate the

quartz at its operating frequency of 8 MHz.

The measuring cell (B) itself consisted of the two re�ectors positioned at lengths L1 ≈

30 mm above and L2 ≈ 20 mm beneath the quartz as well as one bracket which connects

the cell to the pressure vessel. The components were made of 1.4571 stainless steel. The

measurement cell was mounted on the closure of the pressure vessel. This o�ers the advantage

of attaching the measurement cell to the closure �rst and subsequently assembling the closure

and the cylinder of the pressure vessel.

The pressure vessel (C) was made of 1.4462 stainless steel and had an internal diameter

of 50 mm and an external diameter of 100 mm, thus having a wall thickness of 25 mm. The

�ange was sealed with a copper seal. Filling and purging of the cell was done via an eccentric

drilling hole in the �ange, which also served as feed through for a wire connecting the quartz.

Evacuation of the pressure vessel was done via the eccentric drilling at the bottom as well

as the additional centered drilling at the top.
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The pressure vessel was embedded inside an inner copper heater (D). The direct contact

to that heating unit enabled heat transport by thermal conduction. It was placed inside a

rack with glass-insulated feet (G) to minimize heat loss. To reduce heat loss by radiation,

the inner copper heater was surrounded by an outer copper heater (E). The base plate (F)

of the outer heater was placed on PTFE-insulated feet (J). Additionally, a heat shield (I)

was installed beneath the base plate (F) to minimize thermal radiation in this direction to

protect the electrical wiring. The cylindrical parts of both copper heaters (D, E) as well as

the base plate of the outer heater (F) were equipped with three additional electrical heating

elements (H1, H2, H3) with a power of up to 200 W each.

All components were placed inside a vacuum chamber (K) to avoid heat transport via

convection. The vacuum chamber was �xed to the ground plate (L) of the apparatus and

sealed with rubber. The entire apparatus was mounted on a rack made of aluminum pro�les.

Wiring, piping and a platinum resistance thermometer (Pt25) were inserted via vacuum

feedthroughs.

Evacuation of the apparatus was done with a vacuum pump (R). Upstream of the vacuum

pump, a cooling trap (P) condensed remaining vapor when purging the measuring cell.

Nitrogen (Q) was used for purging. The sample vessel (N) supplied the liquid sample into

the measuring cell. The pressure inside the measuring cell was adjusted by a hand spindle

pump (M).

Measurement equipment

Five platinum resistance thermometers with a nominal resistance of 100 Ω were used to

measure the temperature of the heaters (Pt1 to Pt5), their placement is shown in Figure 2.

A sixth Pt-100 thermometer (Pt6) was used for safety reasons to switch the heaters o� in

case of runaway temperatures in the pressure vessel. Pt1, Pt2, Pt4 and Pt5 were connected

via a switch (7) to the resistance measuring device (6), resulting in a periodical temperature

measurement. Instead, Pt3 was directly connected to the resistance measuring device (5)
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because it delivered the actual value for temperature control.

Since the temperature inside the measuring cell was one of the two major controlled vari-

ables (the other being the pressure), its measurement had to be highly accurate. Therefore,

a calibrated platinum resistance thermometer with a nominal resistance of 25 Ω was used

for this purpose. This Pt-25 was inserted into the mantle of the pressure vessel. In the

steady state, temperature of the mantle is identical with that of the liquid sample inside the

measuring cell due to thermodynamic equilibrium. The data delivered by all resistance mea-

suring devices were processed with a personal computer (PC) and turned into temperature

values required for controlling the system.

Pressure measurement was done with three transducers (PI1, PI2, PI3). PI1 and PI2

measured the absolute pressure inside the pressure vessel with di�erent measurement ranges.

This o�ered better measurement accuracy by switching between PI1 and PI2. The values

were relayed to the PC. The state of the vacuum inside the chamber was monitored by a

local pressure transducer (PI3).

Temperature control

To allow for a measurement along isotherms, the temperature inside the measuring cell

needed to be controlled during operation. This was achieved by adjusting the voltage of the

power supply of the heating elements of the inner copper heater. For this purpose, a virtual

PID controller was implemented in the according software. Pt3 delivered the actual value

for that process. Controlling the temperature of the outer copper heater and its base-plate

was done analogously.
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Figure 2: Schematic of the speed of sound apparatus. Hardware components: A. Quartz;
B. Measuring cell; C. Pressure vessel; D. Inner copper heater; E. Outer copper heater; F.
Outer copper heater base plate; G. Plastic insulated stand; H1-H3. Electrical heating ele-
ments; I. Heat shield; J. Plastic insulation; K. Vacuum chamber; L. Ground plate; M. Hand
spindle pump; N. Test liquid vessel; O. Electrical feedthrough; P. Cooling trap; Q. Nitro-
gen gas cylinder; R. Vacuum pump. Sensors: Pt1-Pt6. Platinum resistance thermometers
(100 Ω); Pt25. Platinum resistance thermometer (25 Ω); PI1-PI3. Pressure transducers.
Measurement and electrical equipment: 1. Measuring PC; 2-4. Power supply for H1-H3; 5.
Resistance measuring device for Pt3; 6. Resistance measuring device for Pt1, Pt2, Pt4, Pt5;
7. Switch for Pt1, Pt2, Pt4, Pt5; 8. Resistance measuring device for Pt25; 9. Changeable
inductivity; 10. Switch for oscilloscope; 11. Oscilloscope and signal generator; 12. Controller
for Pt6.
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Calibration

The acoustic path length di�erence ∆L(T0, p0) = 9.875 mm was calibrated with water at the

state point T0 = 300 K and p0 = 0.1 MPa. Water was chosen as a reference �uid because of

the availability of the highly precise reference quality equation of state by Wagner and Pruÿ 24

with an uncertainty of 0.005% for the speed of sound at the speci�ed state point. Moreover,

at ambient temperature, very accurate speed of sound measurements were reported by several

authors,25�28 which were used for validation of the present calibration.

The variation of the path length di�erence due to thermal expansion and pressure com-

pression was considered by4

∆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 stainless steel 1.4571, which was provided by

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

coe�cient between the temperatures T0 and T 29

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 also

temperature dependent, it was determined with a �rst order polynomial29

E = a+ bT, (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 Pruÿ,24 along with the

experimental data by Lin and Trusler with an uncertainty of 0.04%,25 Al Ghafri et al. 30 with

an uncertainty of 0.03% and several other authors, is presented in Figure 3. It is evident
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that for the 300 K and 350 K isotherms, the present results are in very good agreement with

the equation of state, also at elevated pressures. The deviation is almost within 0.02% for

these two isotherms. The maximum deviation is -0.23% for the 500 K isotherm at 2.7 MPa.

However, it should be noted that the data by Lin and Trusler 25 also have large deviations

of up to -0.11% for the 450 K isotherm and the equation of state is about 0.2% uncertain in

this region.

Figure 3: Comparison of the calibration measurements for the speed of sound of water with
the equation of state by Wagner and Pruÿ.24 Experimental data: this work, ■ 300 K, ⊡
350 K, ⊞ 400 K, < 450 K, > 500 K; Javed et al.,31 ⊙ 298 K, ⊕ 323 K, ⃝ 361 K; Lin and
Trusler,25 △ 303 K, ♢ 323 K, ▽ 373 K ⋆ 453 K; Al Ghafri et al.,30 + 306 K, × 358 K;
Wilson,32 ▲ 303 K, ▼ 364 K; Yebra et al.,33 ■ 303 K, ⋆ 323 K; Benedetto et al.,34 • 303
K, ♦ 364 K.

Results and discussion

The speed of sound of diethylene glycol and triethylene glycol was measured in the liquid

state along �ve isotherms, i.e. 300 K to 500 K in increments of 50 K. The pressure was

varied from 0.1 MPa to 45 MPa. Since no accurate Helmholtz energy equations of state were
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available, a double polynomial expression suggested by Sun et al. 5 and later implemented

by several other authors4,25,35 was �tted to the measured data of these glycols

(p− p0)/MPa =
3∑

i=1

2∑
j=0

aij[(w − w0) /(m s−1)]i(T/K)j. (5)

Therein, the initial pressure is p0 = 0.1 MPa and w0 is the speed of sound at p0. The

temperature dependence of w0 was �tted with a polynomial

w0/(m s−1) =
4∑

j=0

bj(T/K)
j, (6)

where aij and bj are coe�cients that are independent of temperature and pressure. To

determine the �tting quality, the average relative deviation was calculated by

AAD =
100

n

n∑
i=1

∣∣∣∣wdata − wequation

wdata

∣∣∣∣
i

, (7)

where n is the number of experimental data points.

To correlate the present experimental data, equation (6) was �tted �rst to speed of

sound data at p0 to obtain the coe�cients bj. Equation (5) was subsequently �tted to

all speed of sound data by minimizing the quadratic sum of the di�erence between the

calculated and experimental speed of sound. For the 450 K and 500 K isotherms, it was

not possible to measure w0 because diethylene glycol is gaseous at 0.1 MPa. To estimate w0

for these isotherms, equation (5) was �tted to the 450 K and 500 K isotherms individually.

Subsequently, equation (6) was �tted to these calculated values for w0 in an iterative way.

The coe�cients of equations (5) and (6) are listed in Table 5. Equation (5) has an average

relative deviation of 0.043% for diethylene glycol and 0.008% for triethylene glycol.

The overall expanded uncertainty of the speed of sound at a con�dence level of 95%

(k = 2) includes the uncertainties of temperature uT , pressure up, delay in time of �ight u∆t

and path length di�erence u∆L.4 The overall expanded uncertainty of the speed sound was
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determined with the error propagation law

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

. (8)

The partial derivatives of the speed of sound with respect to temperature and pressure

were calculated with equation (5), while the derivatives with respect to delay in time of �ight

and path length di�erence were determined from equation (1).

A detailed uncertainty budget for diethylene glycol and triethylene glycol is provided

in Table 4. It includes information on the measurement devices used in the present work,

along with the in�uence of their individual uncertainties on the speed of sound data. The

uncertainty of the 25 Ω thermometer was assumed to be ten times larger than the value

provided by the manufacturer because it was not in direct contact with the �uid. To reduce

the pressure uncertainty, two transducers (type: Keller-PAA-33X) were used, having di�er-

ent operating ranges.The presence of pressure causes an elastic deformation of the silicon

diaphragm of the integrated sensor chip. When auxiliary electrical energy was supplied, this

deformation was converted proportionally into an electric signal, which was subsequently

evaluated.

Table 4: Detailed uncertainty budget for the speed of sound of diethylene glycol and
triethylene glycol.

source type
measuring standard

diethylene glycola triethylene glycola
range uncertainty

temperature PT-25 84 - 693 K 0.02 K 0.041% 0.043%

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

0.007% 0.006%
Keller-PAA-33X <100 MPa 0.02 MPa

time oscilloscope − 0.002 µs 0.031% 0.031%
path length − − 7 µm 0.071% 0.071%

a Relative expanded uncertainty (k = 2) value at a typical state point T = 350 K and p = 20 MPa.
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Table 5: Coe�cients of equations (5) and (6).

diethylene glycol triethylene glycol
a10 4.6799225 · 10−01 5.4669331 · 10−01

a11 −5.8475137 · 10−04 −7.6345859 · 10−04

a12 −1.6073934 · 10−15 4.5777364 · 10−14

a20 5.3430583 · 10−03 1.7703447 · 10−03

a21 −2.0880692 · 10−05 −7.7945805 · 10−06

a22 2.0907681 · 10−08 9.2428456 · 10−09

a30 −3.4460086 · 10−05 −5.3904122 · 10−06

a31 1.4823129 · 10−07 2.7829901 · 10−08

a32 −1.5815498 · 10−10 −3.4068752 · 10−11

b0 4.5962805 · 10+03 3.0358819 · 10+03

b1 −2.7226414 · 10+01 −8.2671241 · 10+00

b2 9.8538175 · 10−02 1.9049639 · 10−02

b3 −1.6901320 · 10−04 −2.9822883 · 10−05

b4 1.0483863 · 10−07 1.7304190 · 10−08

Speed of sound of diethylene glycol

The speed of sound data of diethylene glycol with experimental uncertainties at a con�dence

level of 95% (k = 2) are listed in Table 6. The speed of sound as a function of temperature

and pressure in the liquid state covers a wide range between 1048.5 m s−1 to 1710.2 m s−1

and is depicted in Figure 4a. It can be seen that the speed of sound increases with pressure

along isotherms because the liquid is compressed. Contrarily, the speed of sound decreases

with rising temperature along isobars because the liquid expands.

Table 6: Speed of sound of liquid diethylene glycol with its expanded experimental uncer-
tainty (k = 2) as a function of temperature T and pressure p1, measured with a frequency of
8 MHz.

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

300.10 0.10 1582.4 1.2 400.00 10.00 1377.6 1.1

300.04 1.00 1585.0 1.2 400.00 20.00 1414.7 1.3

300.00 2.00 1588.2 1.2 400.00 30.00 1449.7 1.3

299.99 5.00 1597.4 1.3 400.00 40.00 1482.8 1.3
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Table 6 : (Continued)

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

300.00 10.00 1612.3 1.3 400.00 45.00 1498.8 1.3

300.01 20.00 1640.9 1.3 450.00 0.22 1196.7 0.9

299.99 30.01 1670.0 1.4 450.00 1.00 1200.5 0.9

300.01 40.00 1696.9 1.5 450.00 2.00 1205.3 0.9

300.01 45.00 1710.2 1.5 450.00 5.00 1219.2 0.9

350.05 0.10 1464.7 1.1 450.00 10.00 1241.8 1.0

350.03 1.00 1468.3 1.1 450.00 20.01 1284.8 1.3

350.00 2.00 1472.0 1.1 450.00 30.01 1324.8 1.3

350.14 5.01 1483.8 1.1 450.00 40.01 1362.4 1.2

350.00 10.00 1503.2 1.2 450.00 45.00 1380.3 1.3

350.02 20.00 1534.5 1.3 500.00 1.00 1048.5 0.8

350.01 29.92 1565.5 1.4 499.99 2.00 1054.1 0.8

350.06 40.01 1596.2 1.4 500.00 5.00 1070.8 0.8

350.00 45.00 1613.3 1.4 500.00 10.00 1098.1 0.8

400.00 0.10 1338.9 1.0 500.00 20.00 1148.6 1.3

400.00 0.99 1342.5 1.0 500.01 30.00 1195.0 1.3

400.00 2.01 1346.5 1.0 499.91 40.00 1237.9 1.3

400.00 5.00 1358.3 1.0 499.97 45.00 1258.1 1.2

1 Uw is the expanded uncertainty of speed of sound at a con�dence level of 95% (k = 2),

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

MPa, delay in time of �ight u∆t = 0.002 µs and path length di�erence u∆L = 7 µm.

A graphical representation of the experimental uncertainty of the speed of sound as

a function of pressure along di�erent isotherms is provided in Figure 4b. The expanded

uncertainty of the entire data set is below 0.11%. It should be noted that the data have
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uncertainties below 0.08% for a pressure up to 10 MPa because the pressure was measured

with a more accurate transducer, cf. Table 4. This transducer had a standard uncertainty

of 0.002 MPa in terms of pressure, while the second transducer with a pressure range of up

to 100 MPa had a standard uncertainty of 0.02 MPa. Consequently, the relative expanded

uncertainty in the speed of sound data is larger at pressures above 10 MPa.

Figure 4: Speed of sound of diethylene glycol (a) and its experimental uncertainty (b) as a
function of pressure along isotherms: △ 300 K, ⊙ 350 K, ⊕ 400 K, □ 450 K, ♢ 500 K.

Relative deviations of the present speed of sound data of diethylene glycol from equation
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(5) are shown in Figure 5. All isotherms are provided individually, where the error bars

represent the relative expanded uncertainty. It can be seen that the correlatoin is in very

good agreement with the measured data along the 300 K, 450 K and 500 K isotherms, having

a maximum deviation of about 0.1%. For the 350 K and 400 K isotherms, the deviations

are larger at some state points with a maximum of about 0.2%. However, it should be noted

that the experimental uncertainties of the present data are between 0.08% and 0.11%.

Figure 5: Deviation of speed of sound of diethylene glycol from equation (5).

A comprehensive comparison of the present speed of sound data with literature values

and equation (5) is presented in Figure 6. A total of 15 authors have reported the speed of
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sound of diethylene glycol at 66 state points, covering the temperature range between 273 K

and 473 K. However, all authors have measured the speed of sound below 0.4 MPa. Thereof,

six authors have provided the speed of sound at a single state point.

The comparison shows that literature data deviate by up to 2% from the present data

and equation (5). Zotov and Shoitov 10 as well as George and Sastry 13 reported 19 and

six state points, respectively. The present measurements con�rm their data near ambient

temperature, but the deviations are large at elevated temperatures. Willard 7 as well as

Kishimoto and Nomoto 6 presented data points at ambient conditions that are also in very

good agreement with the present results with a deviation of about 0.07%. Other data usually

deviate between 0.4% and 1%.

Figure 6: Deviation of speed of sound data for diethylene glycol from equation (5). Experi-
mental data: this work ⊙, Zotov and Shoitov 10 ⊞, Willard 7 ▼, Kishimoto and Nomoto 6 •,
Marks 9 •, Aminabhavi and Gopalakrishna 11 ♢, Sastry and Patel 12 ⊡, George and Sastry 13

⊺, Mehta et al. 14 ∗, Sastry et al. 8 ⋆, �wikli«ska et al. 15 △, Tsierkezos and Palaiologou 16

×, Carvalho et al. 17 +, Ali et al. 18 □, Klimaszewski et al. 19 ⃝, Hoga et al. 20 ⊕.
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Speed of sound of triethylene glycol

The speed of sound of triethylene glycol with experimental uncertainties at a con�dence level

of 95% (k = 2) are listed in Table 7. The speed of sound as a function of temperature and

pressure in the liquid state covers a wide range between 1018.4 m s−1 to 1733.6 m s−1 and

is presented in Figure 7a.

Figure 7: Speed of sound of triethylene glycol (a) and its experimental uncertainty (b) as a
function of pressure along isotherms: △ 300 K, ⊙ 350 K, ⊕ 400 K, □ 450 K, ♢ 500 K.

A graphical representation of the experimental uncertainty of the speed of sound as a
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function of pressure along di�erent isotherms is provided in Figure 7b. The experimental

uncertainties vary between 0.07% to 0.012%. The largest contribution to the overall uncer-

tainty is due to path length calibration, i.e. 0.07%, which also includes the uncertainty of

the equation of state and the deviation of the present data from the equation of state at

elevated temperature and pressure. The uncertainties are large at pressures above 10 MPa

because the pressure was measured with a less accurate transducer, as explained above.

Table 7: Speed of sound of liquid triethylene glycol with its expanded experimental uncer-
tainty (k = 2) as a function of temperature T and pressure p1, measured with a frequency of
8 MHz.

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

300.00 0.10 1605.2 1.3 400.00 20.00 1389.9 1.3

300.00 1.00 1607.9 1.3 400.00 30.01 1426.2 1.3

300.00 2.00 1610.9 1.3 400.00 40.00 1460.5 1.3

300.00 5.00 1620.2 1.3 400.00 45.00 1476.9 1.3

300.00 10.00 1635.3 1.3 450.00 0.10 1165.2 0.9

300.00 20.00 1664.8 1.3 450.00 1.00 1169.7 0.9

300.00 30.00 1693.0 1.5 450.00 2.00 1174.6 0.9

300.00 40.00 1720.2 1.5 450.00 5.00 1189.1 0.9

300.00 45.00 1733.6 1.5 450.00 10.00 1212.6 0.9

350.00 0.10 1457.0 1.1 450.00 20.00 1256.7 1.3

350.00 1.00 1460.2 1.1 450.00 30.00 1297.8 1.3

350.00 2.00 1463.7 1.1 450.00 40.00 1336.5 1.2

350.00 5.00 1474.4 1.1 450.00 45.00 1354.8 1.3

350.00 10.00 1491.8 1.2 500.00 0.10 1018.4 0.8

350.00 20.00 1525.4 1.4 499.99 1.00 1023.8 0.8

350.00 30.00 1557.2 1.4 500.00 2.00 1029.5 0.8

350.00 40.00 1587.6 1.4 500.00 5.00 1046.9 0.8
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Table 7 : (Continued)

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

350.00 45.00 1602.5 1.4 500.00 10.00 1074.6 0.8

400.00 0.10 1311.3 1.0 500.00 20.00 1126.0 1.3

400.00 1.00 1314.9 1.0 500.00 30.00 1173.0 1.3

400.00 2.00 1319.2 1.0 499.98 40.00 1216.5 1.2

400.00 5.00 1331.5 1.0 500.00 45.00 1236.8 1.2

400.00 10.00 1351.6 1.0

1 Uw is the expanded uncertainty of speed of sound at a con�dence level of 95% (k = 2),

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

MPa, delay in time of �ight u∆t = 0.002 µs and path length di�erence u∆L = 7 µm.

Relative deviations of the present speed of sound data of triethylene glycol from equation

(5) are shown in Figure 8. All isotherms are provided individually, where the error bars

represent the relative expanded uncertainty. It can be seen that equation (5) was �tted

with a maximum deviation of 0.04% only, which is four times better than the equation for

diethylene glycol. The main reason is that for triethylene glycol, it was possible to measure

the speed of sound w0 at 0.1 MPa up to 500 K, which was necessary for �tting equation (6),

while diethylene glycol is gaseous above 430 K.

A comprehensive comparison of the present speed of sound data with literature values and

equation (5) is presented in Figure 9. A total of 12 authors have reported the speed of sound

of triethylene glycol at 48 state points, covering the temperature range between 273 K and

348 K. However, similar to diethylene glycol, all authors have measured the speed of sound

at ambient pressure only, while six authors have provided a single data point. Comparison

shows that literature data exhibit deviations of up to about 3% from the present data and

from equation (5). Kishimoto and Nomoto,6 Carvalho et al. 17 and Klimaszewski et al. 21

have reported �ve, 10 and 14 state points, respectively. It is evident that their data con�rm
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Figure 8: Deviation of speed of sound of triethylene glycol from equation (5).
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the present measurements at some state points, but systematically deviate from the present

data at higher or lower temperatures. Sastry and Patel 12 published the speed of sound of

triethylene glycol at two state points. Their point at ambient conditions is in very good

agreement with the present work, having a deviation of 0.08%. However, the data by George

and Sastry 13 have a deviation of up to 3% from the present work and from equation (5).

Figure 9: Deviation of speed of sound of triethylene glycol from equation (5). Experimental
data: this work ⊙, Willard 7 ▼, Kishimoto and Nomoto 6 •, Marks 9 •, Sastry and Patel 12 ⊡,
George and Sastry 13 ⊺, Mehta et al. 14 ∗, Sastry et al. 8 ⋆, �wikli«ska et al. 15 △, Tsierkezos
and Palaiologou 16 ×, Carvalho et al. 17 +, Hoga et al. 20 ⊕, Klimaszewski et al. 21 ⃝.

Conclusions

In a certain frequency range, the speed of sound is a thermodynamic property, characterizing

the interplay of pressure and density at constant entropy, thus having a thermal and caloric

nature. Such data are important for the development of highly accurate Helmholtz energy

equations of state, which allow for the calculation of all thermodynamic properties. There-

fore, equations of state of this type are needed in numerous chemical and process industries

to optimize their operations. In the present work, an apparatus based on the pulse-echo tech-
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nique was designed and built to measure the thermodynamic speed of sound of diethylene

glycol and triethylene glycol. The path length of its acoustic cell was calibrated with distilled

water of ⩾ 99.99% purity on the basis of a reference quality Helmholtz energy equation of

state by Wagner and Pruÿ.24 The calibration measurements were also compared with very

accurate experimental literature data. Subsequently, diethylene glycol and triethylene glycol

were sampled with the apparatus for measuring the speed of sound, covering the temperature

range between 300 K and 500 K and a pressure of up to 45 MPa. A detailed experimental

uncertainty analysis was carried out with the error propagation law and a coverage factor

k = 2. It was found that the data have a maximum expanded uncertainty of 0.11% for the

glycols.

Because no accurate equations of state were available for these glycols, a double-poly-

nomial equation was �tted to the present data with an average relative deviation of 0.043%

for diethylene glycol and 0.008% for triethylene glycol. A comparison of the present data

with these correlations and literature data was made. For both glycols, literature data were

available almost only at the ambient pressure. Near ambient temperature, literature data

are in good agreement with the present data. However, the deviations are signi�cant at high

temperatures, having a maximum value of 2% for diethylene glycol and 3% for triethylene

glycol.
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Calibration measurements

Table 1: Speed of sound of liquid water with its expanded experimental uncertainty (k = 2)
as a function of varying temperature T and pressure p1, measured with a frequency of 8 MHz.

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

300.03 1.000 1503.1 1.2 400.01 20.097 1555.6 1.2
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Table 1 : (Continued)

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

300.03 10.001 1518.0 1.2 450.08 0.994 1398.5 1.1

300.02 20.001 1534.7 1.2 450.00 10.000 1426.9 1.1

350.01 1.001 1556.8 1.2 449.99 19.997 1456.6 1.1

350.00 10.001 1574.3 1.2 500.00 2.714 1237.1 0.9

349.99 20.003 1593.1 1.2 500.01 9.998 1269.3 1.1

400.01 1.002 1510.3 1.2 500.01 20.000 1308.3 1.1

400.03 9.999 1532.0 1.2

1 Uw is the expanded uncertainty of speed of sound at a con�dence level of 95% (k = 2),

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

MPa, delay in time of �ight u∆t = 0.002 µs and path length di�erence u∆L = 7 µm.
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