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An investigation on the thermophysical properties of glycerol 
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A B S T R A C T   

A vibrating tube density meter (VTD) was used to measure density of pure glycerol at different isotherms be-
tween 298.16 and 423.12 K, and a pressure range up to 55 MPa. The VTD was calibrated based on the mea-
surements conducted for water and nitrogen. Speed of sound in glycerol was also obtained by mean of a double 
path acoustic technique in a high pressure acoustic cell. Speed of sound measurements were conducted at five 
isotherms between 298.14 and 398.16 K with pressures limited to 55 MPa. The acoustic cell was calibrated with 
distilled water. Validation tests were performed by measuring the density and sound velocity in pure toluene 
using the VTD and acoustic cell, respectively. The maximum uncertainty (with 95 % level of confidence, k = 2) of 
the measured densities and sound velocities were found to be 1.27 kg.m− 3 and 4.07 m.s− 1, respectively. 

In addition, the measured sound velocities combined with some reliable literature data for density, heat ca-
pacity and sound velocity at atmospheric pressure were utilised to determine density, isobaric, and isochoric heat 
capacities and the Joule-Thomson coefficient using a numerical integration method. Finally, the calculated 
densities were compared with measured densities from this work and literature, and a good agreement was 
observed.   

1. Introduction 

Glycerol (1,2,3,-propanetriol, C3H5(OH)3) in pure form has a wide 
range of applications in different industries. As a compound with a low 
acute toxicity [1], glycerol is used in the food industry as a sweetener, 
preservative for baked food, solvent for additives, liquor thickener, etc… 
It is added to a wide range of pharmaceutical and cosmetic products, 
including toothpaste, skincare products, tablets, lubricants, and cough 
medicines. In contrast, crude glycerol has almost no direct applications 
and needs purification to be used as a feedstock in the food and phar-
maceutical industry. Depending on the production process, it may 
contain impurities such as water, salts, alcohol, catalyst, ash, fatty acids, 
and unreacted triglycerides. The primary source for crude glycerol is the 
biodiesel production process (through transesterification reactions), 
where crude glycerol is a major by-product [2]. Biodiesel (mainly bio-
diesel and ethanol) currently provides around 3 % of the required energy 
for transportation [3]. Over past decades, the production of biodiesel 
has increased significantly. Between 2005 and 2015, an annual 20 % 
increase in biodiesel production was recorded [4]. During the COVID-19 
pandemic, because of the fall in ethanol consumption in the US market, 
global production of biofuels declined by 5 %. However, at the same 

time, the global production of biodiesel increased slightly in response to 
the demands in Indonesia, Brazil and the US [3]. Although this clearly 
shows the growing market for biodiesel, crude glycerol, as a major 
biodiesel by-product, does not have such a demanding market. It needs 
to be purified before being used in other industries. Therefore, the ef-
ficiency of purification processes can have a significant role in a stable 
market for pure and crude glycerol and the overall cost of the biodiesel 
production process. 

For all the processes mentioned above dealing with either pure 
glycerol or crude glycerol, knowledge of the fluid’s thermophysical 
properties (i.e., density, heat capacity, speed of sound, etc.) at (P, T) 
ranges associated with these processes is essential. A precise under-
standing of these properties improves the design of the process units and 
reduces the associated costs. To the best of our knowledge, experimental 
data on this topic are limited, and no thermodynamic model or nu-
merical correlation is available to precisely predict these properties of 
glycerol. Among various thermophysical properties, density, heat ca-
pacity, Joule-Thomson coefficient, and sound velocity in pure glycerol 
were investigated in this study. 

Measured densities make up the majority of the experimental data 
for thermophysical properties of pure glycerol in the open literature. 
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Compared to other industrial fluids (i.e. ethanol), the number of density 
data, especially those measured at high pressure and high temperature 
conditions (HPHT), is very limited. Available sources and details of 

pressure and temperature ranges of the measured densities are shown in 
Table 1. As shown in the table, most reported densities have been 
measured at atmospheric pressure, and only a few data sets report high 
pressure measurements. Some of these high pressure data cover extreme 
pressures (up to 56 GPa), and there are few data sets reporting mea-
surements performed at moderate pressures (0.1 < P < 200 MPa). 

A correlation suggested by McDuffie [41] for the density of glycerol 
at atmospheric pressure was the only prediction model found for the 
estimation of glycerol’s density. 

Most of the available literature data for the sound velocity in glycerol 
are those measured at atmospheric pressure. Only two literature sources 
(Khelladi et al. [45] and Egas et al. [49]) reported experimental data at 
higher pressures. A list of data sets available in the literature for speed of 
sound in pure glycerol is shown in Table 2. For the data set measured at 
high pressure conditions, the reported sound velocities from two studies 
at identical (P, T) conditions are inconsistent, and noticeable deviations 
between the measured velocities can be seen (Fig. 1). Therefore, further 
measurements, especially at higher pressures, are necessary to find and 
validate the correct sound velocities and fill the gaps in the literature 
data. 

Experimental data in the literature for the isobaric heat capacity of 
glycerol are limited to measured data at atmospheric pressure (Table 3). 

Table 1 
Available experimental data for density of glycerol.  

T range/ K P range / MPa Reference Year 

298.15 0.1 John Holmes [5] 1913 
273.15–475.15 0.1 Jaeger [6] 1917 
288.15–298.15 0.1 Bosart and Snoddy [7] 1928 
313.15–333.15 0.1 Darbari et al. [8] 1967 
283.15–308.15 0.1 Rizk and Elanwar [9] 1968 
293.15–513.15 0.1 Vargaftik [10] 1972 
263.15–398.15 0.1 Wolfe and Jonas [11] 1979 
273.15–573.15 0.1 Liessmann et al. [12] 1995 
298.15–308.15 0.1 Xu et al. [13] 2003 
290.35–355.95 0.1 Adamenko et al. [14] 2006 
298.15–333.15 0.1 Li et al. [15] 2007 
294 0.1 Alkindi et al. [16] 2008 
283.15–308.15 0.1 Romero et al. [17] 2008 
298.15 0.1 Belda Maximino [18] 2009 
298.15–338.15 0.1 Ge et al. [19] 2010 
293.15 0.1 Gultekin and Gore [20] 2010 
298.15–348.15 0.1 Egorov and Makarov [21] 2012 
303–313 0.1 Palani and Srinivasan [22] 2012 
293–303 0.1 Kijevcanin et al. [23] 2013 
303–323 0.1 Koohyar et al. [24] 2013 
274.15–348.15 0.1 Egorov et al. [25] 2013 
283–323 0.1 Ustra et al. [26] 2013 
313.15–573.15 0.1 Medina-Gonzalez et al. [27] 2013 
303.2–323.2 0.1 Solaesa et al. [28] 2013 
298.15 0.1 Chafer et al. [29] 2014 
293.15–298.15 0.1 Soujanya et al. [30] 2016 
303.15–333.15 0.096 Aniya et al. [31] 2016 
313.15–363.15 0.1 Kassim et al. [32] 2016 
283.15–313.15 0.1 Nagadi et al. [33] 2017 
293.15–343.15 0.1 Ghaedi et al. [34] 2018 
298.15–323.15 0.1 Esteban and Gozales-Miquel [35] 2018 
293.15–308.15 0.093 Hoga et al. [36] 2018 
298.15–318.15 0.1 Alavianmehr at al.[37] 2020 
293.15–313.15 0.1 Nordness et al. [38] 2020 
P > 0.1 MPa 
273.15–368.15 49–1177 P.W. Bridgman [39] 1932 
291.15–303.15 7660 and 17,030 Walsh and Rice [40] 1957 
223–353 0.1–274.6 McDuffie et al. [41] 1969 
295 860–56100 Dick [42] 1981 
298.15 101.3 Nakagawa et al. [43] 1983 
298.15 20–200 Miyamoto et al. [44] 1990 
283–373 0.1–100 Khelladi et al. [45] 2009 
323–673.2 0.5–51.7 Michalik[46] 2009 
278.15–323.15 0.1–100 Egorov and Makarov [47] 2014 
298.15–348.15 0.1–25 Prieto et al. [48] 2016 

T: temperature, P: pressure. 

Table 2 
Available data for sound velocity in glycerol.*  

T range/ K P range / MPa Reference Year 

283.15–323.15  0.1 Freyer et al. [50] 1929 
301.65–343.15  0.1 Bhagavantam and Rao [51] 1939 
298.15  0.1 Willard [52] 1941 
296–352  0.1 Richardson and Tait [53] 1957 
295.15  0.1 Richards et al. [54] 1955 
273.15–353.15  0.1 Marks [55] 1967 
299.15  0.1 Wiggins et al. [56] 1967 
298.15  0.1 Ramana et al. [57] 2000 
303.15–313.15  0.1 Palani and Seinivasan [58] 2012 
303.15–318.15  0.1 Latha et al. [59] 2015 
283.15–313.15  0.1 Nagadi et al. [33] 2017 
293.15–308.15  0.1 Hoga et al. [36] 2018 
298.15  0.1 Hossain et al. [60] 2018 
P > 0.1 MPa 
283–373  0.1–100 Khelladi et al. [45] 2009 
303.15–373.15  0.1–20 Egas et al. [49] 2021 

T: temperature, P: pressure. 

Fig. 1. Comparison of the sound velocities measured in glycerol at tempera-
tures of 303.15 ≤ T ≤ 373.15 K and 0.1 ≤ P ≤ 20 MPa: ( ): Khelladi et al. [45], 
( ): Egas et al. [49]. 

Table 3 
Available data for the isochoric heat capacity of glycerol.  

T range/ K P range / 
MPa 

Reference Year 

70.2–179.8  0.1 Gibson and Giauque [61] 1923 
298.15  0.1 Ernst et al. [62] 1936 
2.3–86.9  0.1 Ahlberg et al. [63] 1937 
293.15–308.15  0.1 Rabinovich and Nikolaev [64] 1962 
1.4–4.2  0.1 Craig et al. [65] 1965 
283.15–328.15  0.1 Paz Andrade et al. [64] 1968 
1.9–25.2  0.1 Leadbetter and Wycherley [66] 1970 
293.15–513.15  0.1 Vargaftik [10] 1972 
298.15  0.1 Manohara Murthy and Subrahmanyam  

[67] 
1977 

303.15–373.15  0.1 El-Sharkawy et al. [68] 1984 
299.35  0.1 Riddick et al. [69] 1986 
298.15  0.1 Hopfe [70] 1990 
293.15–493.15  0.1 Liessmann et al. [12] 1995 
298–383  0.1 Righetti et al. [71] 1998 

T: temperature, P: pressure. 
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In addition, no experimental data was found in the open literature for 
the isochoric heat capacity and Joule-Thomson coefficient of glycerol. 

In this study, experimental measurements of the density and speed of 
sound in glycerol were conducted. Using the measured properties, iso-
choric and isobaric heat capacities and the Joule-Thomson coefficient 
were calculated for the fluid. Where possible, the measured and esti-
mated properties were compared against reported data in the literature. 

2. Material and methods 

2.1. Material 

In addition to glycerol, this study used distilled water, nitrogen and 
toluene for calibration and validation. Details of the used fluids are 
given in Table 4. 

2.2. Methods 

2.2.1. Density measurements 
The setup used to measure the fluid density is an Anton Paar, DMA 

HPM, used in previously reported studies by this team [72,73]. This 
vibrating tube density meter (VTD) has a HPHT U-shape tube (made 
from Hastelloy C276) with a built-in temperature sensor (with 0.01 K 
accuracy) to determine the fluid temperature and oscillation period of 
the tube. The device can be used to make measurements at a tempera-
ture range of (263.15 to 473.15) K and pressures up to 140 MPa. The 
density meter is connected to an evaluation unit (Anton Paar, model 
mPDS5) to display the measured oscillation period, sample temperature, 
and density. The density meter is housed in an oven (MKT115, Binder) to 
control the fluid temperature during the measurements. The sample 
pressure is controlled using an automatic pump (Quizix pump Q5210, 
CHANDLER ENGINEERING). The pump injects water into a vessel with a 
movable piston (Proserv, 300 ml titanium cylindrical high-pressure 
transfer vessel). The other side of the piston is filled with test fluid 
and connected to the density meter. The system’s pressure was measured 
using a precise pressure transducer (ESI, GS4200-USB-pressure range up 
to 150 MPa). This pressure transducer is calibrated regularly using a 
Budenberg deadweight tester. 

For this type of density meter, the oscillation period (τ) of the U- 
shape tube is related to the fluid density according to: 

ρ = Aτ2 − B (1) 

In this equation, A and B are temperature and pressure-dependent 
parameters of the oscillator. Here, a physically-based model described 
by May et al. [74,75] was used to estimate parameters A and B of the 
oscillator where A and B are defined as: 

A =

(
ρM

S00τ2
00

)[
(1 + βτP)

(
1 + ετ1T + ετ2T2

)2
(1 + αvT + βvP)

]

(2)  

B =
ρM

S00(1 + αvT + βvP)
(3) 

The parameters used in the above equations are described in Table 5. 
To find the required physical parameters (the last seven parameters 

in Table 5), oscillation periods of the U-shape oscillator were measured 
at various pressure and temperatures. First, the oscillation period under 
vacuum conditions was measured at each isotherm. Then, a linear least 
square regression was performed to find (τ00, ετ1, ετ2) in the below 
equation 

τvacuum = τ00(1 + ετ1T + ετ2T2) (4) 

In the next step, the U-tube oscillator was filled with reference fluid. 
In this study, water and nitrogen were used for calibration purposes. 
Also, the reference equation of state (EoS) for thermophysical properties 
of nitrogen developed by Span et al. [77], and the IAWPS formulation 
for thermophysical properties of water [78] were utilised to estimate the 
densities of the fluids at corresponding pressure and temperatures. Then, 
using nonlinear regression, the other four parameters (i.e, S00, βτ, αv, βv) 
were estimated. 

In this study, calibration tests were conducted at isotherms between 
(287.87 to 423.24) K and pressures up to 63.5 MPa. Overall, pressure, 
temperature and oscillation periods were measured for 200 points (8 at 
vacuum conditions, 96 points from each fluid). The estimated values for 
each parameter and standard deviations of the calculated parameters are 
shown in Table 6. 

The accuracy of the calibration parameters was checked by calcu-
lating the densities of the reference fluids using the estimated parame-
ters and then comparing these densities with the values predicted using 
the reference EoSs. Compared to predictions of the EoSs, the maximum 
deviation of the estimated densities was found to be 0.47 and 0.54 kg. 

Table 4 
Composition of the fluids used in this study.  

Chemical 
Name 

CAS number Formula Purity 
(mole fraction) 

Supplier Purity and Analysis method  

Distilled water 7732-18-5 H2O * PURELABDV25 as stated by the supplier  
Nitrogen 7727-37-9 N2 0.99995 Air product as stated by the supplier  
Toluene 108-88-3 C7H8 ≥ 0.995 Sigma-Aldrich as stated by the supplier  
Glycerol 56-81-5 C3H8O3 ≥ 0.995** Sigma-Aldrich as stated by the supplier  

*electrical conductivity 1 μS.cm− 1, ** water content ≤ 0.20 % weight percentage (as satated by the supplier). 

Table 5 
Description of the parameters used in May et al.[74,75] physically-based model.  

parameter description unit 

ρM density of the matrial (Hastelloy C276) used to make the U- 
shape tube (used value = 8.89 [76]) 

g. 
cm− 3 

T T = Tfluid -Treference, where Treference = 273.15 K. K 
P Fluid pressure MPa 
S00 Geometric sensitivity factor of the evacuated tube at the 

reference temperature 
– 

τ00 Resonance period of the evacuated tube at the reference 
temperature 

μs 

ετ1 Linear temperature response coefficient of spring constant K− 1 

ετ2 Quadratic temperature response coefficient of spring 
constant 

K− 2 

βτ Pressure response coefficient of spring constant MPa− 1 

αv Linear temperature response coefficient of tube volume K− 1 

βv Pressure response coefficient of tube volume MPa− 1  

Table 6 
The estimated calibration parameters for the physically-based model developed 
by May et al. [74,75].  

parameter value Standard deviations 

S00 5.52767 × 10-1 0.00035 × 10-1 

τ00 (μs) 2.5766006 × 103 0.0000265 × 103 

ετ1 (K− 1) 1.26434 × 10-4 0.00308 × 10-4 

ετ2 (K− 2) 5.27433 × 10-8 0.18843 × 10-8 

βτ (MPa− 1) − 0.338 × 10-5 0.007 × 10-5 

αv (K− 1) 4.4709 × 10-5 0.0557 × 10-5 

βv (MPa− 1) 1.67 × 10-5 0.19 × 10-5  
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m− 3 for water and nitrogen, respectively. As described in the uncertainty 
analysis section, the maximum uncertainty of the measured densities 
using this VTD is 1.27 kg.m− 3 (at 95 % confidence level, k = 2). 

Another validity test was performed by measuring the density of 
toluene at seven isotherms between (287.8 to 423.3) K and pressures up 
to 63.4 MPa. Results of the measurements were compared against a 
reference EoS for toluene [79]. The maximum and average absolute 
deviation percentage (AAD%)1 of the measured densities for toluene 
compared to the reference EoS were 1.00 kg.m− 3 (0.14 %) and 0.54 kg. 
m− 3 (0.06 %). Deviations of the measured densities from the reference 
EoS are shown in Fig. 2. Details of the measurements, including 
measured pressure, temperature, densities, and predicted densities, are 
tabulated in Table 7. 

2.2.2. Speed of sound measurements 
A cylindrical Inconel 718 acoustic cell (internal volume ~ 130 ml) 

was the main part of the setup used to measure the sound velocity in 
fluids. The acoustic cell was capable of working under HPHT conditions 
up to 448.15 K and 100 MPa. Two ultrasonic transducers were located 
on opposite sides of the acoustic cell (on the left and right caps) to send 
and receive ultrasonic signals for through-transmission ultrasonic mea-
surement. Both the transducers were piezoelectric ultrasonic trans-
ceivers (X2002-delay line transducer, 2–2.25 MHz, Olympus 
Corporation) that could withstand high temperatures up to 448.15 K. 
The transducers were located perpendicular to the surface of the 
acoustic cell and were accurately aligned. Compared to previous mea-
surements conducted using this setup [80,81], the heating and tem-
perature control system has been upgraded recently. The upgraded 
heating system was a clamping band type heater. Two heater bands 
(250 W-115 V) were attached to the main body of the acoustic cell. The 
temperature of the band heaters were controlled using a temperature 
controller unit (Eurotherm 3508) and an over-temperature controller 
(Eurotherm 3216). Furthermore, another hole was drilled into the main 
body of the acoustic cell for a resistance thermometer to provide direct 
contact with the fluid inside the acoustic cell. A Pt100 calibrated against 
a reference thermometer was used to measure the fluid’s temperature. 

The uncertainty of the measured temperature using this thermom-
eter was found to be 0.06 K. Fluid pressure was controlled using the 
same pump described in the density measurement section. Fluid pres-
sure in the acoustic cell was measured using a pressure transducer 
(Quartzdyne QS10K-B) through a connection on top of the acoustic cell. 
This transducer was calibrated regularly using a deadweight tester and 
can measure fluid pressure with an accuracy of 0.015 MPa. A Pana-
metrics square wave-5077PR pulsar/receiver was used for sending and 
receiving electrical signals (with Pulse Repetition Frequency (PRF) of 
100 Hz). Also, an oscilloscope (MSO-9201 Mixed Signal Oscilloscope, 
Link Instrument) was used to display the waveform of the received 
signal. Finally, a pressure relief valve was connected to the cell for safety 
reasons to prevent any accidental overpressure condition in the system. 
A schematic of the acoustic cell is shown in Fig. 3. 

Measurement of sound velocity starts with injecting the sample fluid 
from the high-pressure transfer vessel into the acoustic cell. Then, the 
temperature of the heating band system was set to the required tem-
perature using the temperature control unit while the fluid pressure was 
controlled using the pump. Enough time needs to be given to the system 
to reach equilibrium. Then, using both ultrasonic transducers, pulser/ 
receiver and the oscilloscope, sound waves were created and propagated 
in the fluid, and the travel time of the waves in the fluid (Tf) was 
measured. Then, employing the travel length of the sound waves in the 
fluid (Lf), calculated in the calibration measurements, the sound velocity 
in the fluid was estimated using 

c =
Lf

Tf
(5) 

Calibration: To calculate sound velocity, travel time (Tf) and length 
(Lf) for the sound waves were required. As can be seen in Fig. 3 and from 
eq. (6), the total travel time of the sound waves (tt) includes travel time 
in the fluid (tf) and travelling time in other parts of the setup (including 
the internal part of the transducers and the thick part of the cylinder 
caps). Here, the latter part was called delay time shown by td. 

tt = tf + td (6) 

The total travel time was measured using the oscilloscope. However, 
precise estimation of td needs knowledge of the speed of sound in Inconel 
718 and other parts of the transducers over the temperature range of the 
measurements. To the best of our knowledge, this information (for 
whole the temperature range) cannot be found in the open literature. 
Therefore, td was measured directly for different temperatures by putt-
ing both caps inside an oven, connected together using long screws and a 
proper coupling agent at the connection point (Fig. 4). 

As the cylinder caps were bulky, at each temperature, enough time 
(~8 hrs) was given to the system to ensure the stability of the temper-
ature in all parts. Then, the travel time of the sound waves was measured 
at each isotherm. This travel time was the delay time mentioned in eq. 
(6). The results of the measurements for all isotherms are shown in 
Table 8. 

The travel length of sound waves in fluid (Lf), was the other property 
that needed to be estimated precisely. To do so, calibration measure-
ments were conducted using distilled water at the isotherms mentioned 
in Table 8, and pressures up to 55.2 MPa. The acoustic cell was filled 
with distilled water. Then for each isotherm, the pressure of the system 
was set to the required pressure using the pump. Then, total travel time 
was measured at equilibrium pressure and temperature and using the td 
values from Table 8, the travel time of the sound waves in water was 
calculated at each specific pressure. Based on the reference values of 
sound velocity in water at any (P, T) condition, calculated from the 
IAWPS formulation for thermophysical properties of water [78], the 
travel length of the sound waves in water was calculated. At the same 
isotherm, similar measurements were performed for higher pressures, 
and the travel length was found at each pressure point. Finally, for each 
isotherm, a linear correlation was found between the travel path (Lf) and 

Fig. 2. Deviations of the measured densities of toluene compared with pre-
dictions of the reference EoS [79] for different isotherms (average temperature 
of each isotherm): ( ): T = 287.77 K, ( ): T = 298.10 K, ( ): T = 323.58 K, 
( ): T = 348.57 K, ( ): T = 353.47 K, ( ): T = 398.41 K, ( ): T = 423.31 K. 

1 AAD%.= 100
n ×

∑n
1(
⃒
⃒
⃒
ρexp − ρfit

ρexp

⃒
⃒
⃒

)
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the pressure of the fluid. Therefore, to determine sound velocity in any 
sample fluid at each isotherm mentioned in Table 8, the value of Lf was 
first calculated using the linear correlations mentioned above. Then, 
using the measured tt and values of td from Table 8, tf and c were 
obtained. 

Validation: Employing the mentioned experimental procedure, the 
sound velocity in toluene was measured at the same isotherms as the 
calibration process. Results of these measurements were compared 
against two predictive tools; first, a reference equation of state for 
toluene developed by Lemmon and Span [79], and second, a correlation 
proposed by Meier and Kabelac [82] based on results from their 
experimental measurements at (240–420) K and pressures up to 100 
MPa. The uncertainties of the measurements were estimated following 
the method described in the uncertainty section. Results are shown in 
Table 9. 

As can be seen in Fig. 5, for most of the isotherms, the measured data 
in this study have slight deviations from both the models tested here. 
Compared to the reference EoS for toluene [79] and the correlation 
proposed by Meier and Kabelac [82], the AAD% of the measured sound 
velocities at all five isotherms were 0.15 % and 0.07 %. However, as the 
figure shows, sound velocities predicted using the correlation are 
slightly more consistent with the experimental results of this study. 

2.2.3. Derived properties 
The procedure employed to obtain fluid’s derived properties using 

the measured sound velocity was almost the same method utilised in our 
previous work [84] with a minor modification. In summary, the density 
and heat capacity of the fluid at atmospheric pressure were used as 
initial values for the calculations in the first pressure step. The atmo-
spheric density data at different temperatures were fitted into a poly-
nomial temperature function to approximate the thermal expansion 
coefficient for different temperatures using eq.(7). Employing eq. (8) 
and the estimated thermal expansion coefficients, the pressure de-
rivatives of density were found. Also, the thermal expansion coefficients 
were fitted into a polynomial temperature function to obtain the pres-
sure derivative of heat capacity by mean of eq. (9). 

αp = −
1
ρ

(
∂ρ
∂T

)

p
(7)  

(
∂ρ
∂p

)

T
=

1
c2 +

T
Cp

αp
2 (8)  

Table 7 
Measured densities for toluene using the VTD.  

T/K P/MPa Phase ρexp/kg.m− 3 (
100 ×

ρexp − ρEoS

ρexp

)
T/K P/MPa Phase ρexp/kg.m− 3 (

100 ×
ρexp − ρEoS

ρexp

)

287.78  0.524 Liquid  872.02  − 0.02  348.57  34.458 Liquid  845.08  − 0.08  
287.76  1.372 Liquid  872.72  − 0.01  348.57  41.354 Liquid  850.28  − 0.07  
287.77  3.468 Liquid  874.21  − 0.02  348.57  48.215 Liquid  855.21  − 0.07  
287.78  6.933 Liquid  876.64  − 0.02  348.56  55.085 Liquid  859.96  − 0.07  
287.76  13.784 Liquid  881.44  − 0.01  348.56  61.955 Liquid  864.46  − 0.06  
287.76  20.685 Liquid  885.96  − 0.02  348.56  63.372 Liquid  865.37  − 0.06  
287.76  27.566 Liquid  890.25  − 0.02  373.46  1.394 Liquid  790.90  − 0.05  
287.77  34.442 Liquid  894.34  − 0.02  373.47  3.538 Liquid  793.57  − 0.06  
287.76  41.370 Liquid  898.40  − 0.01  373.47  6.918 Liquid  797.69  − 0.05  
287.76  48.249 Liquid  902.21  − 0.01  373.47  13.804 Liquid  805.52  − 0.05  
287.76  55.125 Liquid  905.90  − 0.01  373.47  20.696 Liquid  812.69  − 0.04  
287.77  62.000 Liquid  909.43  − 0.01  373.47  27.568 Liquid  819.32  − 0.04  
287.77  63.383 Liquid  910.14  − 0.01  373.47  34.447 Liquid  825.51  − 0.04  
298.10  1.432 Liquid  862.75  − 0.07  373.48  41.348 Liquid  831.30  − 0.04  
298.11  3.527 Liquid  864.31  − 0.07  373.47  48.259 Liquid  836.84  − 0.03  
298.11  6.911 Liquid  866.89  − 0.07  373.47  55.132 Liquid  842.05  − 0.03  
298.10  13.780 Liquid  871.91  − 0.07  373.47  62.006 Liquid  846.99  − 0.03  
298.11  20.691 Liquid  876.64  − 0.08  373.48  63.424 Liquid  847.95  − 0.03  
298.11  27.592 Liquid  881.19  − 0.07  398.41  1.403 Liquid  765.20  − 0.08  
298.10  34.463 Liquid  885.54  − 0.07  398.41  3.455 Liquid  768.37  − 0.08  
298.10  41.355 Liquid  889.69  − 0.07  398.41  6.915 Liquid  773.42  − 0.07  
298.10  48.242 Liquid  893.69  − 0.07  398.41  13.823 Liquid  782.66  − 0.06  
298.10  55.110 Liquid  897.53  − 0.07  398.41  20.673 Liquid  790.90  − 0.06  
298.10  61.992 Liquid  901.24  − 0.07  398.41  27.571 Liquid  798.49  − 0.05  
298.10  63.431 Liquid  902.00  − 0.07  398.41  34.479 Liquid  805.51  − 0.05  
323.58  1.399 Liquid  838.69  − 0.10  398.41  41.359 Liquid  812.01  − 0.05  
323.58  3.441 Liquid  840.52  − 0.10  398.41  48.206 Liquid  818.06  − 0.05  
323.58  6.984 Liquid  843.65  − 0.10  398.41  55.092 Liquid  823.83  − 0.04  
323.58  13.810 Liquid  849.38  − 0.10  398.41  61.988 Liquid  829.28  − 0.04  
323.58  20.682 Liquid  854.81  − 0.10  398.41  63.390 Liquid  830.36  − 0.04  
323.58  27.555 Liquid  859.93  − 0.10  423.31  1.389 Liquid  737.97  − 0.14  
323.58  34.430 Liquid  864.80  − 0.10  423.31  3.600 Liquid  742.18  − 0.13  
323.58  41.361 Liquid  869.48  − 0.10  423.31  6.950 Liquid  748.11  − 0.12  
323.58  48.220 Liquid  873.91  − 0.10  423.31  13.829 Liquid  759.01  − 0.11  
323.58  55.113 Liquid  878.18  − 0.10  423.31  20.671 Liquid  768.60  − 0.10  
323.58  62.027 Liquid  882.30  − 0.10  423.30  27.579 Liquid  777.33  − 0.09  
323.58  63.423 Liquid  883.10  − 0.10  423.32  34.456 Liquid  785.13  − 0.09  
348.57  1.394 Liquid  815.04  − 0.09  423.31  41.383 Liquid  792.51  − 0.09  
348.57  3.452 Liquid  817.25  − 0.08  423.31  48.232 Liquid  799.25  − 0.08  
348.56  6.896 Liquid  820.85  − 0.08  423.31  55.111 Liquid  805.59  − 0.08  
348.56  13.808 Liquid  827.59  − 0.07  423.32  62.038 Liquid  811.60  − 0.07  
348.56  20.666 Liquid  833.77  − 0.08  423.32  63.431 Liquid  812.76  − 0.07  
348.57  27.560 Liquid  839.58  − 0.08      

T: temperature (standard uncertainty 0.03 K), P: pressure (standard uncertainty 0.020 MPa), ρexp: density (experiment, expanded uncertainty (k = 2) 1.27 kg.m− 3), 
ρEoS: density (equation of state, standard uncertainty 0.05 %). 
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(
∂Cp

∂p

)

T
= −

T
ρ

[

αp
2 +

(
∂αp

∂T

)

p

]

(9) 

The next step is to calculate the initial value of density and heat 
capacity for the subsequent pressure step, and this step is the modified 
part of the calculation procedure. In the previous study, predicted 
density and heat capacity for the next pressure step was calculated based 
on the pressure derivative of each parameter at the current pressure 

step: 

ρ(p1) = ρ(p0)+Δp(
∂ρ
∂p
)T,p0

(10)  

Cp(p1) = Cp(p0)+Δp(
∂Cp

∂p
)T,p0

(11) 

However, in this study, the predictor–corrector method proposed by 
Davila and Trusler [85] was applied to obtain the initial values for the 
next pressure step. Their method estimates density and heat capacity 
from the average values of pressure derivatives at the current and the 
next pressure steps (see equations (12) and (13)). In this way, the den-
sity, heat capacity, and their pressure derivatives for the next pressure 
step were estimated using the previous procedure (equations (10) and 
(11)). Then, the average value of both pressure derivatives was used to 
correct the pressure and heat capacity for the next pressure step: 

ρ(p1) = ρ(p0)+
1
2

Δp

[

(
∂ρ
∂p
)T,p0

+(
∂ρ
∂p
)T,p1

]

(12)  

Cp(p1) = Cp(p0)+
1
2

Δp

[

(
∂Cp

∂p
)T,p0

+(
∂Cp

∂p
)T,p1

]

(13) 

Based on the obtained properties from the above calculations and 
employing equations (14) to (17), isothermal compressibility (βT), 
isentropic compressibility (βS), isochoric heat capacity (Cv) and Joule- 
Thomson coefficient (μJT) were computed at different isotherms of 
each pressure step. 

βT = −
1
ρ

(
∂ρ
∂P

)

T
(14)  

βs =
1

ρc2 (15)  

Cv = Cp
βs

βT
(16)  

μJT =
Tαp − 1

ρCp
(17) 

The initial value of ρ and Cp at a reference pressure (here 0.1 MPa) 

Fig. 3. Schematic of the setup used to measure the speed of sound in fluids. In this figure, P stands for the pressure transducer, T for temperature probe, and UT1 and 
UT2 for first and second ultrasonic transducers. 

Fig. 4. Schematic of the acoustic cell caps for measuring td at various 
temperatures. 

Table 8 
Measured td at various isotherms.  

T/K td/ μs  

298.14  22.840  
323.14  23.200  
348.14  23.580  
373.15  23.962  
398.14  24.328 

T: temperature (standard uncertainty 0.06 K), 
td: delay time (standard uncertainty 0.008 
μs). 
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were extracted from the literature. For density, analysis of the literature 
data at this pressure shows a reasonable agreement with most data sets. 
Among them, those measured by Khelladi et al. [45] are the most recent. 
However, the temperature range of their measurements is limited to 
373.15 K. There are other data sets (i.e. those reported by Prieto et al. 
[48], Jaeger [6], Wolfe and Jonas [11], and Vargaftik [10]) that have 
covered wider temperature ranges. Among all, reported densities by 
Wolfe and Jonas [11] and also those obtained by Khelladi et al. [45] 
were selected and fitted to a second-order polynomial function of tem-
perature to cover the required temperature range for calculations (298 
to 398) K. The selected data points and the fitted line are shown in Fig. 6. 
The measurements reported by Khelladi et al. [45] have an uncertainty 
of 0.05 %. Also, densities reported by Wolfe and Jonas [11], which are 
estimated based on the reported data by Miner and Dalton [86] and 

Bridgman [39], have an uncertainty of 1 %. As seen in the figure, data 
from different references agree well and do not have any significant 
deviations. Here, the maximum deviation of the estimated densities 
using the polynomial functions from the experimental literature data 
(0.12 %), was used as the uncertainty of the density values at atmo-
spheric pressure. 

As mentioned before, for the isobaric heat capacity of glycerol at 
reference pressure (here 0.1 MPa), few data sets are available in the 
literature that can be used for this study. Among them, the points re-
ported by Righetti et al. [71] and Liessmann et al. [12] cover a wider 
temperature range. However, as temperature rises, deviations between 
the results from the two references increase. Data from Righetti et al. are 
limited to 382 K; however, their data is consistent with other literature 
data at that range (u(Cp) = 1 %). Therefore, due to the lack of reliable 

Table 9 
Sound velocities in toluene, estimated uncertainties and deviations from the reference EoS[79] and Meier and Kebalec[83] correlation.  

T/K P/MPa Phase cexp/m.s− 1 U(c) 
(k = 2) 

(
100 ×

cexp − cEoS

cexp

) (
100 ×

cexp − ccorrelation

cexp

)

298.14  1.372 Liquid  1311.91  2.09  0.18  0.01  
298.14  3.561 Liquid  1322.76  2.12  0.16  − 0.02  
298.14  7.004 Liquid  1340.31  2.16  0.17  0.01  
298.14  13.850 Liquid  1372.96  2.23  0.15  0.01  
298.14  20.743 Liquid  1404.19  2.31  0.13  0.02  
298.14  27.599 Liquid  1433.17  2.39  0.06  − 0.02  
298.14  34.484 Liquid  1461.16  2.47  0.00  − 0.04  
298.14  41.372 Liquid  1487.99  2.55  − 0.05  − 0.05  
298.14  48.262 Liquid  1512.88  2.64  − 0.17  − 0.13  
298.13  55.161 Liquid  1537.99  2.73  − 0.22  − 0.13  
323.13  1.391 Liquid  1206.77  1.89  0.06  0.06  
323.12  3.567 Liquid  1219.33  1.91  0.06  0.07  
323.15  7.004 Liquid  1238.09  1.95  0.05  0.04  
323.14  13.224 Liquid  1271.12  2.02  0.05  0.03  
323.13  20.782 Liquid  1309.11  2.11  0.07  0.05  
323.13  27.642 Liquid  1341.50  2.19  0.07  0.05  
323.16  34.545 Liquid  1372.15  2.27  0.04  0.05  
323.14  41.415 Liquid  1401.20  2.36  0.00  0.03  
323.13  48.302 Liquid  1428.36  2.44  − 0.09  0.04  
323.13  55.186 Liquid  1454.89  2.53  − 0.15  0.06  
348.15  1.427 Liquid  1105.34  1.70  − 0.13  0.11  
348.14  3.583 Liquid  1119.36  1.73  − 0.11  0.11  
348.15  7.015 Liquid  1140.41  1.77  − 0.11  0.07  
348.14  13.846 Liquid  1180.68  1.85  − 0.08  0.06  
348.15  20.730 Liquid  1218.93  1.93  − 0.01  0.10  
348.15  27.618 Liquid  1254.09  2.01  − 0.02  0.08  
348.16  34.519 Liquid  1287.50  2.10  − 0.02  0.07  
348.15  41.389 Liquid  1319.16  2.18  − 0.01  0.08  
348.15  48.271 Liquid  1348.69  2.27  − 0.07  0.03  
348.13  55.158 Liquid  1377.14  2.36  − 0.11  0.01  
373.16  1.426 Liquid  1006.57  1.54  − 0.38  0.12  
373.15  3.569 Liquid  1022.18  1.57  − 0.35  0.09  
373.15  7.012 Liquid  1046.68  1.61  − 0.29  0.10  
373.14  13.847 Liquid  1092.01  1.69  − 0.17  0.12  
373.15  20.788 Liquid  1134.49  1.77  − 0.06  0.17  
373.16  27.690 Liquid  1173.32  1.86  − 0.02  0.18  
373.14  34.544 Liquid  1209.26  1.94  0.00  0.17  
373.15  41.441 Liquid  1242.71  2.03  − 0.04  0.12  
373.15  48.307 Liquid  1274.73  2.12  − 0.04  0.11  
373.16  55.180 Liquid  1304.94  2.21  − 0.07  0.08  
398.15  1.388 Liquid  909.84  1.40  − 0.64  0.09  
398.14  3.551 Liquid  928.04  1.42  − 0.59  0.08  
398.14  6.952 Liquid  955.35  1.47  − 0.50  0.07  
398.15  13.876 Liquid  1006.76  1.55  − 0.33  0.11  
398.14  20.713 Liquid  1051.99  1.63  − 0.28  0.07  
398.14  27.603 Liquid  1093.79  1.72  − 0.25  0.05  
398.16  34.494 Liquid  1133.09  1.80  − 0.19  0.08  
398.14  41.383 Liquid  1169.70  1.89  − 0.15  0.08  
398.15  48.265 Liquid  1203.55  1.98  − 0.18  0.03  
398.15  55.141 Liquid  1235.88  2.07  − 0.18  0.02 

T: temperature (standard uncertainty 0.06 K), P: pressure (standard uncertainty 0.015 MPa), cexp: measured sound velcoities), U(c): expanded uncertainty (k = 2) of the 
measured sound velocities, cEoS: estimated speed of sound the reference EoS [79] (standard uncertainty 1 %), ccorrelation: calculated speed of sound using Meier and 
Kebalec[83] correlation (standard uncertainty 0.95 m.s− 1). 
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data in the literature for higher temperatures, and also because both 
procedures used in Righetti et al.’s work (MSC and DSC) showed similar 
results, their DSC data set was used (extracted from the digitised figure) 
and was extrapolated to 398 K. This data set has been compared with 
other sources in the literature in Fig. 7. In this figure, the error bar used 
for the measured data of Righetti et al. is increased to 1.5 % (from 1 %). 
Clearly, this value covers almost all other data points. Therefore, this 
value (1.5 %) was used as the overall uncertainty of the isobaric heat 
capacities. 

For the speed of sound data, measured sound velocity data were 
fitted to a function, and that function was used to estimate sound ve-
locity values at various (P, T) conditions. As the minimum pressure 
range of the measured sound velocities in this study was about 1.3 MPa, 
for calculations at 0.1 MPa, the experimental data from Khelladi et al. 
[45] were utilised. As the temperature range of their measurements was 
limited to 373.15 K, their data was extrapolated to 398 K. 

Therefore, using the described procedure and equations (7) to (17), 
the derived properties of the fluid were calculated. 

2.2.4. Uncertainty analysis 
Density: In this study, uncertainties of the measured properties were 

estimated based on the “Evaluation of Measurement Data – Guide to the 
Expression of Uncertainty in Measurement (GUM)” [90]. For density 
measurements, considering the impact of uncertainties associated with 
calibration parameters, measured temperature, pressure and the oscil-
lation period, and the systematic uncertainty of the density meter, the 
combined standard uncertainty of the measured density is calculated by: 

uc(ρ)2
= u(ρ)2

calibration + u(ρ)2
measurements + us(ρ)2 (18) 

For the calibration uncertainties, eq. (19) was used to calculate the 
impacts of all effective parameters, including the uncertainties of the 
reference equations of state (EoSs) used for calibration purposes. 

u2(ρ)calibration =

(
∂ρ

∂S00

)2

u2(S00)+

(
∂ρ
∂αv

)2

u2(αv)+

(
∂ρ
∂βv

)2

u2(βv)

+

(
∂ρ
∂βτ

)2

u2(βτ)+

(
∂ρ

∂τ00

)2

u2(τ00)+

(
∂ρ

∂ετ1

)2

u2(ετ1)

+

(
∂ρ

ε∂τ2

)2

u2(ετ2)+

(
∂ρ

∂ρEoS

)2

u2(ρEoS)

(19) 

In the above equation, uncertainties of the calibration parameters 
were estimated using the same numerical least-squares regression tool 
used in python to estimate the parameters. Also, derivatives of density 
with respect to each of the seven parameters were calculated analyti-
cally based on eq.(1). The uncertainties of the densities calculated from 
the reference EoSs were considered in the last term of equation eq. (19). 

For this term, the value of 
(

∂ρ
∂ρEoS

)
was calculated numerically using 

(
∂ρ

∂ρEoS

)

=

⃒
⃒
⃒
⃒
ρcal([ρEoS + u(ρEoS) ] )− ρcal([ρEoS − u(ρEoS)])

2u(ρEoS)

⃒
⃒
⃒
⃒ (20) 

In this equation, u(ρEoS) is the standard uncertainty associated with 
predicted densities by the reference EoSs. According to these EoSs, the 
maximum values for u(ρ)ρ of water and nitrogen (at 95 % confidence level) 
are 0.01 % [78] and 0.1 % [77], respectively. 

For the uncertainties of measurements, eq. (21) was used to deter-
mine the standard uncertainties: 

u2(ρ)measurements =

(
∂ρ
∂p

)2

u2(p)+
(

∂ρ
∂T

)2

u2(T)+
(

∂ρ
∂τ

)2

u2(τ) (21) 

Here, water and nitrogen derivatives of density with respect to 
pressure and temperature were calculated using the reference EoSs. 
Also, 

( ∂ρ
∂τ

)
was calculated analytically using eq. (1). Considering sys-

tematic uncertainties of measurement devices, the calibration proced-
ures, and reproducibility of the results, the standard uncertainties of the 
measured temperature, pressure, and oscillation periods were found to 
be 0.03 K, 0.020 MPa, and 0.02 μs, respectively. 

The last term in eq. (18), is the systematic uncertainty of the 
measured densities. The root-mean-square deviation (RMSD) of the 
obtained results against predictive reference models can be used as the 
systematic uncertainty of the device: 

u(ρ)s =

[∑n
i (ρfit − ρEoS)

2

n

]0.5

(22) 

In the calibration measurements, the RMSD values of the estimated 
densities against the reference EoSs used for water [78] and nitrogen 
[77] were found to be 0.21 and 0.28 kg.m− 3, respectively. Also, RMSD 
for measured densities of toluene compared with predictions of the 
reference EoS for toluene [79] was found to be 0.59 kg.m− 3. Therefore, 
this value was used for us(ρ). 

Finally, the combined uncertainty of measured density was esti-
mated using eq. (18). The maximum value of U(ρ) (expanded uncer-
tainty at 95 % level of confidence, k = 2) obtained for calibration 

Fig. 5. Deviations of the measured sound velocities in toluene compared with 
predictions of selected models; ( ): the EoS developed by Lemmon and Span 
[79], ( ): correlation developed by Meier and Kabelac [82]. 
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Fig. 6. Glycerol density data from literature measured at P = 0.1 MPa, ( ) Wolfe and Joans [11], ( ): Khelladi et al. [45], ): fitted polynomial function.  

Fig. 7. Selected literature data for the isobaric heat capacity of glycerol at atmospheric conditions. ( ): Righetti et al. [71] (error range shown in these data 1.5%), 
( ): Rabinovich and Nikolaev [87], ( : Riddick et al. [69], ( : Manohara Murthy et al. [88], ( ): Louguinine [89], ( ): Liessmann et al. [12]. 
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measurements was found to be 1.27 kg.m− 3. Therefore, for simplicity, 
this value was used as the expanded uncertainty (k = 2) of the measured 
densities using this VTD. 

Speed of sound: As mentioned before, the sound velocity in a fluid is 
calculated using: 

c =
Lf

tf
(23) 

Therefore, at different (P, T) conditions, the combined standard 
uncertainty of the measured sound velocities are estimated from 

uc(c)2
=

(
∂c
∂Lf

)2

u2( Lf
)
+

(
∂c
∂tf

)2

u2( tf
)
+

(
∂c
∂T

)2

u2(T)+
(

∂c
∂P

)2

u2(P)

(24) 

Time and length derivatives of sound velocity were found analyti-
cally. The pressure derivative of v was found using a second-order 
polynomial regression (P, c) of the measured data. Also, measured 
data for various isotherms were used to determine (∂c

∂T). To do so, 
measured sound velocities at each isotherm were fitted to a second-order 
polynomial function. Then, using the function found for each isotherm, 
sound velocity and temperature derivative at each pressure point were 
estimated for different temperatures. For simplicity of the calculations, 
the maximum estimated value of (∂c

∂T) among all isotherms in the pressure 
range of the measurements, was used for uncertainty estimation. For 
toluene and glycerol, the estimated values of (∂c

∂T) was found to be 5.36 
and 3.00 m.s− 1.K− 1, respectively. Considering the accuracy of the 
oscilloscope, reproducibility of the measured travel time, and calcula-
tions conducted using eq. (6), the uncertainty of the travel time for both 
toluene and glycerol was estimated to be u(tf) ~ 1E-8 sec. For measured 
temperature and pressure, considering the systematic uncertainties of 
the devices, uncertainties of calibration and reproducibility of the re-
sults, the standard uncertainties were found to be 0.06 K and 0.015 MPa, 

respectively. 
Also, eq. (24) can be simplified to: 

u(c)2
=

(
1
tf

)2

u2( Lf
)
+

(

−
Lf

tf
2

)2

u2( tf
)
+

(
∂c
∂T

)2

u2(T)+
(

∂c
∂P

)2

u2(P)

(25) 

In the above equation, as Lf has been estimated based on a linear 
regression of (Lf-P) data, the uncertainty of the estimated Lf was calcu-
lated using the LINEST function in excel. Furthermore, as the initial 
value of the Lf at each pressure point was found based on the sound 
velocity in water using a reference model [78] (with maximum uncer-
tainty (k = 2) of 0.01 % in the (P, T) range of this study), the uncertainty 
of the model also needs to be considered. Based on the calculation 
performed for conducted measurement in the calibration part, the 
maximum uncertainty of the calculated Lf (as input for regression) was 
found to be 1.665E-05 m. 

Finally, the RMSD value (0.95 m.s− 1) was used as the uncertainty of 
the fitted model for sound velocity data. For the purpose of estimating 
the uncertainty of the derived properties, to consider the uncertainty of 
experimental measurements and fitted function, the RMSD value should 
be added to the standard uncertainty value found using the above for-
mula. Therefore, to simplify the calculations, considering the maximum 
combined uncertainty of the measured sound velocities in glycerol 
(2.03 m.s− 1), the overall uncertainty of the estimated sound velocities in 
derived properties calculations is less than 2.24 m.s− 1. 

Derived properties: 
Density and heat capacity data at atmospheric pressure (0.1 MPa), 

and the values of sound velocity in glycerol at (P, T) range of this study, 
are the required input for calculating derived properties. Therefore, 
following the GUM guideline [90], the uncertainty of any calculated 
property Y, can be estimated using: 

Table 10 
Results of density measurements for glycerol using the vtd.  

T/K P/MPa Phase ρexp/kg.m− 3 ρfit/kg.m− 3 Δρ(%) T/K P/MPa Phase ρexp /kg.m− 3 ρfit/kg.m− 3 Δρ(%)  

298.16  1.363 Liquid  1258.70  1258.32  0.03  373.45  1.377 Liquid  1208.18  1208.06  0.01  
298.17  3.566 Liquid  1259.33  1258.95  0.03  373.45  3.591 Liquid  1209.01  1209.01  0.00  
298.16  7.013 Liquid  1260.42  1259.93  0.04  373.45  7.024 Liquid  1210.31  1210.38  − 0.01  
298.17  13.908 Liquid  1262.43  1261.91  0.04  373.45  13.906 Liquid  1212.85  1212.99  − 0.01  
298.19  20.753 Liquid  1264.38  1263.87  0.04  373.45  20.782 Liquid  1215.35  1215.50  − 0.01  
298.17  27.645 Liquid  1266.46  1265.83  0.05  373.45  27.661 Liquid  1217.81  1217.96  − 0.01  
298.17  34.522 Liquid  1268.47  1267.74  0.06  373.45  34.533 Liquid  1220.23  1220.36  − 0.01  
298.16  41.400 Liquid  1270.45  1269.62  0.07  373.45  41.414 Liquid  1222.61  1222.71  − 0.01  
298.18  48.286 Liquid  1272.30  1271.45  0.07  373.45  48.299 Liquid  1224.96  1225.02  0.00  
298.17  55.160 Liquid  1274.26  1273.26  0.08  373.45  55.184 Liquid  1227.28  1227.29  0.00  
323.18  1.376 Liquid  1242.16  1242.52  − 0.03  398.14  1.384 Liquid  1190.38  1190.47  − 0.01  
323.18  3.576 Liquid  1242.88  1243.31  − 0.03  398.15  3.605 Liquid  1191.26  1191.43  − 0.01  
323.17  7.014 Liquid  1244.03  1244.43  − 0.03  398.14  7.059 Liquid  1192.69  1192.94  − 0.02  
323.17  13.908 Liquid  1246.25  1246.62  − 0.03  398.14  13.887 Liquid  1195.37  1195.75  − 0.03  
323.18  20.802 Liquid  1248.38  1248.78  − 0.03  398.14  20.778 Liquid  1198.10  1198.48  − 0.03  
323.17  27.472 Liquid  1250.50  1250.84  − 0.03  398.14  27.655 Liquid  1200.76  1201.12  − 0.03  
323.17  34.546 Liquid  1252.67  1252.97  − 0.02  398.14  34.542 Liquid  1203.36  1203.70  − 0.03  
323.18  41.428 Liquid  1254.71  1255.00  − 0.02  398.14  41.421 Liquid  1205.92  1206.22  − 0.02  
323.18  48.313 Liquid  1256.79  1256.99  − 0.02  398.14  48.309 Liquid  1208.45  1208.70  − 0.02  
323.18  55.192 Liquid  1258.81  1258.96  − 0.01  398.14  55.192 Liquid  1210.92  1211.13  − 0.02  
348.16  1.367 Liquid  1225.55  1225.57  0.00  423.12  1.385 Liquid  1170.83  1170.77  0.01  
348.15  3.551 Liquid  1226.38  1226.46  − 0.01  423.12  3.944 Liquid  1171.97  1171.86  0.01  
348.15  6.994 Liquid  1227.55  1227.70  − 0.01  423.11  7.049 Liquid  1173.42  1173.34  0.01  
348.15  13.887 Liquid  1229.91  1230.10  − 0.02  423.12  13.917 Liquid  1176.36  1176.43  − 0.01  
348.15  20.767 Liquid  1232.23  1232.43  − 0.02  423.10  20.799 Liquid  1179.40  1179.40  0.00  
348.15  27.695 Liquid  1234.52  1234.73  − 0.02  423.11  27.677 Liquid  1182.23  1182.25  0.00  
348.15  34.556 Liquid  1236.76  1236.95  − 0.02  423.12  34.563 Liquid  1185.02  1185.02  0.00  
348.15  41.444 Liquid  1238.98  1239.15  − 0.01  423.12  41.436 Liquid  1187.80  1187.73  0.01  
348.15  48.316 Liquid  1241.16  1241.29  − 0.01  423.12  48.211 Liquid  1190.48  1190.35  0.01  
348.15  55.196 Liquid  1243.32  1243.41  − 0.01  423.12  55.200 Liquid  1193.19  1193.00  0.02 

T: temperature (standard uncertainty 0.03 K), P: pressure (standard uncertainty 0.020 MPa), ρexp: density (experiment, maximum expanded uncertainty (k = 2) of 1.27 

kg.m− 3), ρfit: density (fitted correlation, standard uncertainty 0.29 kg.m− 3), Δρ=.100×
ρexp − ρfit

ρexp  
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u(Y)2
=

(
∂Y
∂c

)2

u2(c)+
(

∂Y
∂Cp0

)2

u2( Cp0

)
+

(
∂Y
∂ρ0

)2

u2(ρ0) (26) 

Here, the derivative of Y with respect to each parameter was deter-
mined using ΔY

Δv, 
ΔY

ΔCp0
, and ΔY

Δρ0 
, when the values of c, Cp0 and ρ0 were 

changed by 1 %. As described before, 1.0 % and 0.12 % values were 
taken as the heat capacity and density uncertainties. Also, the maximum 
uncertainty of the estimated sound velocities used in this part was 2.24 
m.s− 1. Based on these calculations, the maximum expanded un-
certainties of the estimated properties (with 95 % level of confidence, k 
= 2), U(ρ), U(Cp), U(Cv), and U(μJT) were found to be 3 kg.m− 3, 56 J. 
kg− 1.K− 1, 56 J.kg− 1.K− 1, and 5.3 × 10-4K.MPa− 1, respectively. 

3. Result and discussion 

3.1. Density 

Density of glycerol was measured at six isotherms of (298.17, 
323.18, 348.15, 373.45, 398.14 and 423.12) K and pressures up to 55.2 
MPa (60 data points in total). The measured data points are shown in 
Table 10. The maximum expanded uncertainty (with 95 % level of 
confidence) of the measured density using this VTD was 1.27 kg.m− 3. 
Compared to available data in the open literature, the measured den-
sities have filled some of the gaps (see Fig. 8). 

For some isotherms, the measured points from this study can be 
validated with results obtained by Khelladi et al. [45], Prieto et al. [48], 
Egorov and Makarov [47] and Michalik [46]. Measured densities from 
these works at temperatures similar to this study are shown in Fig. 9. 
Clearly, a significant deviation is seen between the results of this study 
and the densities obtained by Michalik. Despite a slight temperature 
difference between the isotherms of this study and measured densities 
by Michalik (323.18, 373.45 and 423.12 K of this work compared to 
323.02, 372.99 and 423.03 K in Michalik’s study), the obtained densities 
by Michalik deviate significantly from the results of this study as well as 
the works performed by Khelladi et al. [45] and Egorov and Makarov 
[47]. The densities measured in this study at 323.18 K agree well with 
both measurements conducted by Egorov and Makarov and Khelladi 
et al. (both measured at 323.15 K). A similar consistency between 
experimental data of this study at 373.45 K and those measured by 

Khelladi et al. at 373.15 is seen. Another isotherm experimentally 
investigated in this study is 298.17 K. According to the literature data, 
Egorov and Makarov [47], and Prieto et al. [48] measured glycerol 
density at 298.15 K. Results obtained by Egorov and Makarov are in a 
good agreement with the measured density of this study. However, a 
minor deviation of the densities measured by Prieto et al. compared to 
other works can be noticed. As shown in the figure, the deviation of 
Prieto et al. data from this study is even more at 348.15 K. 

To the best of our knowledge, no specific model or correlation is 
available to estimate the density of pure glycerol. Therefore, a 20- 
parameter empirical model for the density of fluids previously used by 
McLinden and Splett [91] (for toluene) was fitted to experimental 
density data of glycerol. In addition to the measured densities of this 
study, those obtained by Khelladi et al. were used in the regression 
calculations to cover a wider temperature range and improve the ac-
curacy of the estimated parameters by providing more data points for 

Fig. 8. P-T range of glycerol density measurements of this study vs the range 
for literature with 0.1 < P < 100 MPa and the.( ): this study, ( ): Khelladi 
et al. [45], ( ): Prieto et al. [48], ( ): Michalik [46], ( ):Egorov and Makarov 
[47],( ): Miyamoto et al. [44], ( ): Bridgman [39]. 

Fig. 9. Measured densities of glycerol in this study and some reported data 
from literature; ( ): This study, ( ): Khelladi et al. [45], ( ): Prieto et al. 
[48], ( ): Gregor Michalik [46], ( ): Egorov and Makarov [47]. 
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the regression. In total, 170 data points were fitted to the below 
empirical model: 

ρ =
∑8

k=1
ak

(
T

100

)− bk

pck (27) 

In this model, T is the temperature in K, and P is the pressure in MPa. 
The temperature and pressure range for the validity of the correlation is 
shown in Fig. 10. 

The Parameters of this empirical model (shown in Table 11) were 
found using a nonlinear least square method. The obtained parameters 
were validated by comparing the measured density data with the 
empirical model’s estimated values. Predicted densities and deviations 
from the measured densities of this study are shown in Table 10. The 
maximum observed deviation was 1.10 kg.m− 3. In addition, the root 
mean squared deviation2 (RMSD) of the fit was used as the best estimate 
of uncertainty associated with predictions made by the empirical model. 
The RMSD value for this correlation was 0.29 kg.m− 3. 

3.2. Speed of sound 

speed of sound in glycerol was measured at five isotherms of (298.14, 
323.12, 348.15, 373.14, 398.14) K and a pressure range up to 55.193 
MPa for 50 points. Results of the measurements and the estimated un-
certainties associated with the experimental data (with 95 % level of 
confidence, k = 2) are shown in Table 12. In this study, the maximum 
expanded uncertainty (k = 2) of the measured sound velocities in 

glycerol was found to be 4.07 m.s− 1 (0.20 %). 
Similar to the density results, measured sound velocities were only 

compared against available data in the literature. Two literature sources 
were found with comparable (P, T) conditions for the isotherms tested in 
this study. First, the study reported by Khelladi et al. [45], where sound 
velocity in glycerol was measured at a temperature range of (283.15 to 
373.15) K at 10 K intervals and pressures up to 100 MPa. Second, a study 
conducted by Egas et al. [49] with measurements performed at the same 
isotherms as Khelladi et al.’s study and in a pressure range up to 20 MPa. 
As discussed before, the measured sound velocities of these data sets are 
not entirely consistent. For many data points of both studies measured at 
similar (P, T) conditions, deviations of the obtained sound velocities are 
apparent (see Fig. 1). Some data reported in these studies were measured 
at 323.15 and 373.15 K, similar to the two isotherms of this study 
(323.12 and 373.14 K). The measured sound velocities were compared, 

Fig. 10. Valid ranges of pressure and temperature for glycerol density corre-
lation, eq.(25). 

Table 11 
Parameters of the multi-parameter correlation for glycerol density (equation 
(22)).  

k ak bk ck 

1 1.186169 × 103 − 5.694740 × 10-1 − 3.365000 × 10-3 

2 − 1.339714 × 102 − 1.984508 − 1.556800 × 10-2 

3 1.684683 − 3.831079 − 9.480500 × 10-2 

4 8.089950 × 10-1 − 1.478830 6.173400 × 10-1 

5 − 3.708290 × 10-1 − 5.666265 1.963700 × 10-2 

6 1.482352 − 4.918341 3.135400 × 10-2 

7 − 2.051721 − 2.565248 2.634630 × 10-1 

8 − 3.000000 × 10-6 − 7.930000 1.300000  

Table 12 
Results of sound velocity measurements in glycerol.  

T/K P/MPa Phase cexp/m. 
s− 1 

U(c)(k =
2) 

cfit/m. 
s− 1 

cexp- cfit  

298.14  1.584 Liquid  1925.79  3.59  1925.68  0.11  
298.14  3.517 Liquid  1928.96  3.60  1929.71  − 0.75  
298.14  6.959 Liquid  1936.21  3.62  1936.91  − 0.69  
298.15  13.853 Liquid  1951.83  3.68  1951.27  0.56  
298.13  20.744 Liquid  1965.72  3.73  1965.61  0.11  
298.13  27.474 Liquid  1979.76  3.79  1979.36  0.40  
298.14  34.522 Liquid  1993.04  3.85  1993.41  − 0.37  
298.14  41.435 Liquid  2006.45  3.92  2006.77  − 0.32  
298.14  48.313 Liquid  2020.02  3.99  2019.52  0.51  
298.14  55.192 Liquid  2032.72  4.07  2031.60  1.12  
323.15  1.448 Liquid  1866.00  3.42  1864.67  0.94  
323.13  3.503 Liquid  1869.86  3.43  1869.25  0.26  
323.13  6.967 Liquid  1876.63  3.45  1876.89  − 0.56  
323.13  13.763 Liquid  1891.19  3.50  1891.86  − 0.84  
323.13  20.754 Liquid  1907.85  3.56  1907.14  0.66  
323.12  27.652 Liquid  1923.82  3.62  1922.00  1.90  
323.13  34.543 Liquid  1936.24  3.68  1936.46  − 0.02  
323.12  41.424 Liquid  1948.80  3.74  1950.50  − 1.37  
323.13  48.316 Liquid  1961.51  3.81  1963.95  − 1.98  
323.12  55.191 Liquid  1975.36  3.89  1976.75  − 0.80  
348.15  1.456 Liquid  1806.69  3.25  1806.23  − 0.29  
348.15  3.519 Liquid  1812.79  3.27  1811.06  1.04  
348.16  6.976 Liquid  1819.96  3.29  1819.14  0.24  
348.15  13.880 Liquid  1835.30  3.34  1835.29  − 0.35  
348.14  20.775 Liquid  1851.76  3.40  1851.26  0.36  
348.16  28.273 Liquid  1868.58  3.46  1868.27  0.42  
348.15  34.536 Liquid  1881.92  3.52  1882.21  0.04  
348.16  41.422 Liquid  1896.44  3.59  1897.04  − 0.04  
348.16  48.308 Liquid  1910.25  3.66  1911.31  − 0.27  
348.16  55.187 Liquid  1924.24  3.74  1924.88  0.39  
373.14  1.343 Liquid  1745.92  3.09  1745.65  − 0.14  
373.14  3.554 Liquid  1750.11  3.10  1751.19  − 1.44  
373.14  7.005 Liquid  1760.79  3.13  1759.81  0.67  
373.14  13.899 Liquid  1776.88  3.18  1776.96  − 0.27  
373.15  20.753 Liquid  1793.24  3.24  1793.81  − 0.64  
373.14  27.642 Liquid  1809.90  3.30  1810.50  − 0.56  
373.14  34.526 Liquid  1826.00  3.36  1826.77  − 0.61  
373.14  41.406 Liquid  1842.37  3.44  1842.55  0.12  
373.14  48.285 Liquid  1859.89  3.52  1857.71  2.60  
373.15  55.159 Liquid  1871.50  3.59  1872.14  − 0.09  
398.15  1.359 Liquid  1680.09  2.91  1679.45  0.30  
398.15  3.552 Liquid  1686.15  2.93  1685.33  0.51  
398.14  7.004 Liquid  1693.89  2.95  1694.59  − 0.97  
398.14  13.901 Liquid  1714.03  3.01  1712.94  0.93  
398.14  20.780 Liquid  1730.83  3.07  1731.02  − 0.26  
398.14  27.654 Liquid  1749.48  3.13  1748.77  0.76  
398.14  34.536 Liquid  1765.36  3.20  1766.12  − 0.61  
398.14  41.428 Liquid  1781.50  3.27  1782.96  − 1.20  
398.15  48.313 Liquid  1800.39  3.35  1799.14  1.62  
398.16  55.193 Liquid  1812.98  3.42  1814.57  − 1.11 

T: temperature (standard uncertainty 0.06 K), P: pressure (standard uncertainty 
0.015 MPa), cexp: speed of sound (experiment), U(c) = expanded uncertainty (k 
= 2) of measured sound velocity, cfit: speed of sound (fitted correlation, standard 
uncertainty 0.95 m.s− 1). 

2 RMSD =
[∑n

i=1
(ρi − ρfit )

2

n− p

]0.5

, where n is number of the points and p is number 
of correlation’s parameters. 
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and as can be seen in Fig. 11, the measured data of this study agree well 
with the results reported by Khelladi et al. [45]. However, the experi-
mental data measured by Egas et al. [49], especially those measured at 
373.15 K, diverges from the other data sets. 

Results of sound velocities measurements were fitted to a rational 
correlation previously used by Ndiaye et al. [92], where sound velocity 
can be calculated using a simple function with nine parameters: 

1
c2 =

A0 + A1T + A2T2 + A3T3 + B1P + B2P2 + B3P3

1 + C1T + C2P
(28) 

Parameters of the above correlation were found using the least 
squared technique. The estimated parameters are listed in Table 13. The 
estimated sound velocities using this correlation and their deviations 
from the experimental data are shown in Table 12. Compared with the 
measured sound velocities, the maximum absolute deviation, RMSD, 
and AAD% were 2.60 m.s− 1 and 0.94 m.s− 1 and 0.04 %. Furthermore, 
this correlation was used for validation purposes to estimate the sound 
velocity of data points measured by Khelladi et al. [45] at 323.15 and 
373.15 K at pressures up to 55 MPa. The maximum deviation of the 
experimental results from predictions made by the correlation was less 
than 1.69 m.s− 1. 

3.3. Derived properties 

Density, isobaric and isochoric heat capacities, and Joule-Thomson 
coefficients were calculated following the procedure previously 
described. Calculations were performed for five isotherms of (298.14, 
323.12, 348.15, 373.14 and 398.14) K, and pressures between (0.1 to 
55) MPa with 0.01 MPa incremental steps. The maximum pressure of the 
calculation was chosen based on the validity range of the correlation 
used to estimate the sound velocities. Derived properties are shown in 

Fig. 11. Comparison of the measured sound velocities in glycerol in this study 
( ) with results from Khelladi et al. [45] ( ) and Egas et al. [49] ( ). 

Table 13 
Coefficients of eq. (26) used to estimate sound velocity in glycerol.  

k Ak Bk Ck  

0 − 9.84873899E-08 – –  
1 2.18420657E-09 6.968995048E-11 − 1.55086061E-03  
2 − 6.29881503E-12 − 5.00318800E-13 1.42167348e-03  
3 5.76030621E-15 8.72680627E-15 –   

Fig. 12. Glycerol densities; (red lines): results of this 
study calculated at different isotherms (shown on the 
graph), experimental measurements of this study at 
( ): 298.17 K, ( ): 323.18 K, ( ): 348.15 K. ( ): 
373.45 K, ( ): 3948.14 K, Literature data: ( ): Prieto 
et al. [48] at 298.15 K, ( ): Khelladi et al. [45] at 
323.15 K, ( ): Prieto et al. [48] at 348.15 K, ( ): 
Khelladi et al. [45] at 373.15 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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Figs. 12, 14, 16 and 17. Also, calculated properties from each isotherm 
with 5 MPa intervals are listed in Table 14. 

Due to the lack of experimental data in the literature, derived den-
sities were the only properties that could be compared to different 
experimental data. In Fig. 12, derived densities are compared with the 
experimental results of this study and those measured by Khelladi et al. 
[45] and Prieto et al. [48]. As mentioned before, the initial values of the 
density and heat capacity at atmospheric pressure have a significant role 
in the calculated properties of the fluid. These values were estimated 
using available atmospheric literature data. For density, most atmo-
spheric data points were those measured by Khelladi et al. Therefore, as 
was expected, the derived densities are in line with those reported by 
Khelladi et al. at 373.14 and 323.12 K. Densities measured by Prieto 
et al. at 298.14 K are consistent with those derived and measured in this 
study, but a significant deviation is seen when similar comparison was 
made at 348.15 K. For the isotherm at 398.14 K, a consistent deviation is 
seen between estimated and measured densities. As shown in Fig. 13, at 
this temperature, the estimated atmospheric density is slightly more 
than the value that can be obtained by extrapolating the measured 
experimental data at higher pressures. This may explain the observed 
deviations of the derived densities from those experimentally mesured 

in this study. For this isotherm, no experimental data was found in open 
literature to be used for validation of the measured and estimated 
densities. 

There is no experimental data for the heat capacity of glycerol at non- 
atmospheric pressure to be used for validation purposes. However, it is 
encouraging to compare the outcome of this study with the calculated 
heat capacities by Egas et al. [49]. In their research, the sound velocity 
in glycerol was measured and then used to approximate other fluid 
properties at temperatures up to 348.15 K and pressures up to 100 MPa. 
For the isotherms with temperatures similar to this study, estimated heat 
capacities were compared, and as shown in Fig. 14, a deviation between 
the obtained results of these studies is evident. Egas et al. data represent 
a smaller heat capacity at the lowest isotherm. As temperature increases, 
the deviation between their data and the calculated values of this study 
decreases. Then, at 348.15 K, estimated heat capacities are slightly more 
than the evaluation of this study. The difference between the atmo-
spheric heat capacity data used in both studies can be a possible 
explanation for this observation. Fig. 15 shows the polynomial lines used 
in each study to estimate the atmospheric heat capacities of glycerol. 
The lines cross each other approximately at 340 K. At lower tempera-
tures, the estimated atmospheric heat capacity by Egas et al. is smaller 

Fig. 13. Deviation of the atmospheric density data for glycerol predicted using the literature data (fitted to a polynomial function) against the trendline of the 
measured densities at the same isotherm (398.14 K) at higher pressures; ( ): calculated atmospheric data, ( ): experimental measurements of this study, ( ): 
linear trendline of the experimental results, error bars for experimental data showing uncertainties of 1.27 kg.m− 3. 
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than the values calculated in this work, and at higher temperatures, it is 
larger. Considering the impact of atmospheric data as the initial value 
for the integration, it should be expected to see the obtained deviations 
in Fig. 14. 

For other properties, including isochoric heat capacity and Joule- 
Thomson coefficients, no experimental or calculated data were found 

in the open literature to be compared to the results of this study. 

4. Conclusion 

This study aimed to investigate thermophysical properties of glyc-
erol, including density, speed of sound, isobaric and isochoric heat 

Fig. 14. Isobaric heat capacities for glycerol at different isotherms ( ): calculated in this study, ( ): calculated by Egas et al. [49].  

Fig. 15. Comparison of the polynomial functions used to estimate atmospheric heat capacity of glycerol. ( ): this study, ( ): Egas et al.  
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capacities, and the Joule-Thomson coefficient. A comprehensive litera-
ture review indicated major gaps in the literature data for most of the 
investigated properties at pressures higher than atmospheric pressure. 
Experimental measurements were performed using a VTD to determine 
the density at (298.17 to 423.12) K and a pressure range up to 55 MPa. 
The VTD device was calibrated using water and nitrogen, and validation 
tests were conducted by measuring the density of toluene. The expanded 

uncertainty (with 95 % level of confidence, k = 2) of the measured 
densities using this VTD was found to be 1.27 kg.m− 3. Compared to 
predictions of the reference EoS for toluene [79] for toluene, the AAD% 
of the measured densities was 0.06 %. As no reference model is available 
for thermophysical properties of glycerol, where possible, the measured 
densities were compared with data sets from the literature. The obtained 
density data of this study agrees with reported data by Khelladi et al. 

Fig. 16. Calculated isochoric heat capacities for glycerol at different isotherms (shown in the figure).  

Fig. 17. Calculated Joule Thomson coefficients (JT) for glycerol at different isotherms (shown in the figure).  
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[45] and Egorov and Makarov [47], while deviating from those reported 
by Prieto et al. [48] and Michalik [46]. Finally, the determined densities 
of this study and those obtained by Khelladi et al. were fitted to a 20- 
parameter empirical model to develop a correlation for a precise eval-
uation of glycol density over a wider range of pressure and temperature. 

The sound velocity measurement tests were performed at a similar 

pressure range as density measurements and a temperature range of 
(298.14 to 398.14) K using an acoustic cell based on the through- 
transmission technique. The acoustic cell was calibrated using distilled 
water, and validation tests were made using toluene. Compared to the 
reference EoS for toluene [79] and the correlation proposed by Meier 
and Kabelac [82], experimental results had AAD% of 0.15 % and 0.07 %, 
respectively. For the speed of sound in glycerol, the expanded uncer-
tainty (k = 2) of the measurements was estimated to be less than 4.07 m. 
s− 1. Some of the measured glycerol data were compared with obtained 
sound velocities from two data sets in the literature. It was found that, in 
comparison to the measurements of Egas et al. [49], the results of this 
study are more consistent with the work performed by Khelladi et al. 
[45]. A correlation was tuned to fit the measured sound velocities of this 
study. This correlation was used later to estimate the speed of sound in 
glycerol at various (P, T) conditions. Finally, employing a numerical 
integration method, the estimated sound velocities and atmospheric 
data for density and heat capacity, thermophysical properties of the 
fluid (i.e., density, isobaric heat capacity, isochoric heat capacity and 
the Joule-Thomson coefficient) were estimated. 
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