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Abstract Modeling of high-pressure technological processes
in the food industry requires knowledge of thermophysical
parameters of processed foodstuffs in a broad range of pres-
sures and temperatures. However, the high-pressure
thermophysical parameters of foodstuffs are very rarely pub-
lished in the literature. Therefore, further research is necessary
to achieve a deeper insight into the biophysical and
thermophysical phenomena under pressure to provide better
control of technological processes and optimize the effects of
pressure. The essential goal of this work is to evaluate
the impact of high pressure and temperature on the
thermophysical parameters of liquid foodstuffs on the exam-
ple of diacylglycerol (DAG) oil (which attracted recently a
considerable attention from research and industrial communi-
ties due to its remarkable benefits for health), using ultrasonic
wave velocity and density measurements. Isotherms of adia-
batic and isothermal compressibility, isobaric thermal expan-
sion coefficient, internal pressure, and thermal pressure coef-
ficient versus pressure were evaluated, based on the measure-
ment of the compressional ultrasonic wave velocity and den-
sity of DAG oil at high pressures (up to 500 MPa) and at
various temperatures. The adiabatic compressibility is affected
mostly by the changes of pressure, i.e., it grows about four
times when the pressure increases from the atmospheric

pressure (0.1 MPa) to 400 MPa at a temperature of 50 °C.
By contrast, the internal pressure is a pronounced function
of the temperature, i.e., it increases six times when the tem-
perature rises from 20 to 50 °C at a pressure of a 200 MPa. To
perform numerical calculations, it was convenient to introduce
a Tammann–Tait type equation of state to approximate the
measured density isotherms of the investigated DAG oil.
The results obtained in this paper can be applied in modeling
and optimization of high-pressure technological processes and
processing of foodstuffs. Evaluation of high-pressure iso-
therms of the considered thermophysical parameters of the
DAG oil is an original authors’ contribution to the state-of-
the-art.
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Introduction

High-pressure food processing and conservation are nowa-
days fast developing technologies due to its numerous advan-
tages. In fact, the high-pressure processing preserves the fla-
vor, aroma, appearance, and color of the product without
compromising its quality and nutritional characteristics
(Rendueles et al. 2001). In addition, high-pressure technolo-
gies do not reduce the amount of vitamins in processed foods
(Balasubramaniam et al. 2015; Bello et al. 2014, Barba et al.
2015). Moreover, the expiry date of many food products can
be significantly extended after the high-pressure processing.

High-pressure technological processes of food preservation
and processing are characterized by heat, mass, and momen-
tum transfers occurring at various pressures and temperatures,
as well as by possible phase transitions (LeBail et al. 2003). A
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sound understanding of pressure-dependent thermodynamic
properties of foods is therefore crucial in designing of new
products, equipment and technological processes (Min et al.
2010). The experimental evaluation of high-pressure physico-
chemical parameters of processed liquid foodstuffs is there-
fore vital for industrial developments.

The knowledge of thermophysical parameters of foods at
high pressures is indispensable in development and optimiza-
tion of mathematical models of food conservation and pro-
cessing. For example, a number of thermophysical parameters
of foods, such as their density, specific heat capacity, thermal
expansion coefficient, and viscosity, as a function of pressure
and temperature, must be known to model thermal profiles of
pressurized food systems (Otero & Sanz 2003; Barbosa-
Cánovas & Rodriguez 2005; Kowalczyk et al. 2005;
Khurana & Karwe 2009). Unfortunately, the data on the phys-
icochemical parameters of foods at high-pressure range is not
readily available (Guignon et al. 2012).

The primary objective of this work is to evaluate the impact
of high pressures (up to 500 MPa) at various temperatures
(20–50 °C) on thermophysical parameters of liquid foodstuffs
on the example of diacylglycerol (DAG) oil (that is an impor-
tant constituent of various fatty food products). To this end, we
measured the speed of sound and density in samples of the
DAG oil. The speed of sound of the DAG oil was measured
using high-frequency ultrasonic waves propagating in the
measured liquid. Ultrasonic measurement techniques are very
convenient in practice since they are fast and nondestructive
and can be fully automated and implemented online. By con-
trast, conventional methods used in estimation of
thermophysical parameters of foods at high pressures are very
cumbersome and difficult.

DAG-enriched oils have been drawing increased global
attention from researchers and food manufacturers because
of their health benefit. DAGs are natural components of nu-
merous comestible oils (Shimizu et al. 2008). In addition to
use as cooking oil, DAG oil has many other applications in
fat-based food products, such as mayonnaises, salad dress-
ings, margarines, shortenings, chocolates, and ice cream fats
(Zhang et al. 2016). DAG oils have been widely used at dif-
ferent purity levels as additives enhancing fats’ plasticity,
emulsifiers and stabilizers in food, chemical, pharmaceutical,
and cosmetic industries (Shimada & Ohashi 2003; Camino
Feltes et al. 2013; Satriana et al. 2016). Recent studies have
shown that consumption of DAG oils results in metabolic
characteristics that may be beneficial in preventing and man-
aging obesity (Lo et al. 2008; Telle-Hansen et al. 2012, Ng
et al. 2014).

The knowledge of thermophysical properties of liquids has
a primordial relevance in design process in a number of in-
dustrial applications. Very important thermophysical parame-
ters of liquids are the coefficient of thermal expansion αp and
isothermal compressibility βT, since these parameters are

frequently used in flow, heat transfer, and mass transfer calcu-
lations in many chemical and other industrial processes
(Chorążewski & Postnikov 2015). The compressibility is used
to calculate the work done by compressional forces
(Bridgman 1970).

On the other hand, the density is used to estimate compres-
sion heating of materials under pressure (Barbosa-Cánovas &
Rodriguez 2005) and to calculate other transport phenomena
(Bird et al. 1976). Measurements of material volumetric prop-
erties under pressure are needed to address fundamentals of
high-pressure processing engineering (Min 2008).

This paper presents the results of measurements of the
speed of sound and density of the DAG oil at the pressure
range 0–500 MPa, and temperatures from 20 to 50 °C. The
pressure p and temperature T dependence of the density was
further approximated analytically by a Tammann–Tait type
equation of state. As a consequence, the density of the DAG
oil was expressed explicitly as a function of two variables,
namely p and T. Subsequently, we calculated the effect of
pressure and temperature on the following crucial physico-
chemical parameters of the DAG oil, i.e., (a) isothermal com-
pressibility βT, (b) adiabatic compressibility βS, (c) isobaric
thermal expansion coefficient αp, (d) thermal pressure coeffi-
cient γ, and (e) internal pressure Pint. The numerical data ob-
tained in this paper will be useful in optimization of high-
pressure technological processes in food processing and pres-
ervation industries. However, a further research is necessary to
achieve a deeper insight into the biophysical and
thermophysical phenomena occurring in pressurized liquids
in order to provide better control of technological processes
and their optimization (Guignon 2016). For example, it will be
useful to extend the range of measurements in higher pres-
sures and temperatures.

High-pressure thermophysical parameters of the DAG oil
are very seldom published in the professional literature. In the
present paper, the density ρ(p, T) of the DAG oil was deter-
mined from measurements of the actual mass m and volume
V p;Tð Þ of the measured liquid. On the other hand, the speed
of sound c p; Tð Þ in the DAG oil was measured ultrasonically
using high frequency 5 MHz ultrasonic waves propagating in
the measured DAG oil. Ultrasonic techniques have many ad-
vantages over conventional methods used in assessing the
thermophysical parameters of liquid foodstuffs. In fact, the
ultrasonic techniques are very convenient in practice since
they are fast, noninvasive, and nondestructive and can be fully
automated and implemented online. The ultrasonic waves
generated in the investigated DAG oil are of relatively small
amplitude (linear waves). Therefore, they did not affect ther-
modynamic properties of the measured liquid. By contrast, the
conventional methods used in assessing the thermophysical
parameters of liquid foodstuffs are cumbersome and difficult
in implementation. They are rather laboratory methods, which
cannot be used online. The experimental setup developed by
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the authors allows for a simultaneous measurement of the
speed of sound and changes in the density of liquids at a broad
range pressures at various temperatures.

The determination of the considered thermophysical pa-
rameters of the DAG oil, from measurements of the speed of
sound and density in a wide range of pressures and tempera-
tures, is an original authors’ contribution to the state-of-the-
art.

Material and Methods

Properties of the Measured DAG Oil

DAGs are glycerides consisting of two fatty acid chains cova-
lently bonded to a glycerol molecule through ester linkages.
DAGs are esters of the trihydric alcohol glycerol in which two
of the hydroxyl groups are esterified with long chain fatty
acids.

The subject of the experiment were samples of DAG oil
composed of 82% of DAGs and 18% of triacylglycerols
(TAGs), with an extra vestigial content of monoacylglycerols
(MAGs) and free fatty acids, see Table 1.

The composition of the measured DAQ oil was precisely
determined using the gas chromatography AOCS Cd 11b-91
method, with a HP6890 device. The subsequent analysis was
performed according to the ISO standards 5508 and 5509.

The main component of the DAG oil is an oleic acid C18:1
cis (59.1%). The other significant components of the DAG oil
are the following acids: linoleic C18:2 cis–cis (19.6%),
linolenic C18:3 cis–cis–cis (8.9%), palmitic C16:0 (4.5%),

stearic C18:0 (2.5%), and arachidic C20:0 (1.9%). Other fatty
acids are presented in a small amount (≤1.2%).

Measurement Method

High-pressure measurements were performed in the ultrasonic
experimental setup designed and constructed by the authors,
see Fig. 1. High-pressure conditions were achieved in a thick-
walled cylindrical chamber (length=23cm, diameter = 1.7 cm,
volume = 52 cm3) by forcing down a piston. The chamber was
sealed by a Bridgman II sealing system, see Fig. 2.

The pressure inside the chamber was measured by a 100-Ω
manganin resistive sensor calibrated with a deadweight piston
gauge of relative uncertainty 0.05%. The resistance of the
manganin sensor was measured and monitored using an NI
4065 multimeter PC card, provided by National Instruments
Corp., Austin, TX, USA. The temperature in the chamber was
kept constant within ±0.01 °C using a precise thermostatic
unit, manufactured by Julabo Labortechnik, Seelbach,
Germany. A type T copper-constantan thermocouple was
mounted inside the high-pressure chamber.

The speed of sound c of ultrasonic waves propagating in
the liquid was measured in a computerized setup especially
designed to obtain a low level of the electrical noise and sup-
pression of spurious ultrasonic signals. Special mounts for
ultrasonic transducers were placed in the high-pressure cham-
ber. The ultrasonic transducers were manufactured in-house
using lithium niobate (LiNbO3) 36° Y-cut piezoelectric crys-
tals, provided by Boston Piezo-Optics Inc., USA. The diame-
ter of the piezoelectric crystal was 5 mm and its fundamental
frequency 5 MHz. Two parallel surfaces of the crystal were
metallized with a thin layer of chromium- and gold-forming
transducer’s electrodes. Piezoelectric transducers in the pres-
sure chamber were facing each other and were in direct con-
tact with the measured liquid.

The transmitting ultrasonic transducer was driven by a high
power TB-1000 pulser–receiver PC card, provided by Matec,
USA. The transmitting ultrasonic transducer was excited by a
short tone burst electrical pulse with a RF frequency of
5 MHz, width 0.3 μs, and amplitude 300 Vpp. The pulse rep-
etition period was 800 μs. Therefore, the ultrasonic signal was
sent through the investigated liquid more than 1000 times per
second. The ultrasonic signal detected by a receiving ultrason-
ic transducer was amplified and filtered in the Matec card and
sent further to the PDA-1000 digitizer card, provided by
Signatec, USA for digitization. Digitized ultrasonic signals
with a sampling rate of 62.5 MHz were further processed
and stored inside an industrial PC computer. One value of
the speed of sound c in liquid was calculated from an averaged
ultrasonic signal (1024 times). Signal averaging improves sig-
nificantly signal-to-noise ratio of the received ultrasonic signal
(32 times for 1024 averages).

Table 1 Fatty acid content of the investigated DAG oil sample
according to ISO-5508 standard

Fatty acid (carbon atoms:C=C bonds) Amount [%]

C14:0 0.1

C16:0 4.5

C16:1 (Σ) 0.5

C17:0 0.1

C17:1 0.1

C18:0 2.5

C18:1 (Σ c) 59.1

C18:2 (cc) 19.6

C18:3(ccc) 8.9

C20:0 1.9

C20:1 (Σ) 1.0

C22:0 0.1

C22:1 (Σ) 1.2

C24:0 0.3

C24:1 0.1
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The time-of-flight (TOF) is the time for the ultrasonic sig-
nal to travel in the liquid from the sending transducer to the
receiving transducer. The TOF between ultrasonic impulses
traveling through the investigated liquid was determined using
a cross-correlation method.

The computer program controlling operation of the PC
cards (pulser–receiver ultrasonic card and digitizer card)
as well as signal processing, data storage, and presenta-
tion was written with the Microsoft Visual C++ software
package working in conjunction with the Measurement
Studio software, provided by National Instruments. The
PC cards and software were implemented within a Berta
PC industrial computer, from Transduction, Mississauga,
Canada.

The ultrasonic waves, generated in the measured liq-
uid, were of longitudinal (compressional) type with the
direction of particle vibrations parallel to the direction of
wave propagation. The generated ultrasonic waves were
of relatively small amplitude (linear waves). Therefore,
they did not affect thermodynamic properties of the mea-
sured liquid. All measurements were carried out at pre-
cisely controlled temperatures, i.e., T = 20, 30, 40, and
50 °C.

Measurements of Volume Changes

Volume changes of the pressure chamber were determined
from observations of the displacement of the piston mounted
on the chamber’s top. The displacement of the piston was
measured by a digital caliper, see Fig. 1. Corrections resulting
from the chamber expansion were evaluated from the Lamé
equations and taken onto account during the final data analy-
sis. The main source of error in determination of the actual
volume of the pressure chamber was therefore the error in
measurements of the piston displacement, which was mea-
sured by a digital caliper with a standard uncertainty σ of

0.02%. Thus, the standard uncertainty σ in determination of
the chamber volume was estimated to be 0.06%.

Measurements of the Density

The density of the DAG oil was measured initially at an at-
mospheric pressure (at various temperatures), using a U-
shaped tube densitometer, provided by MG-2 UniLab,
Poland. The density of the DAG oil at high-pressure condi-
tions (up to 500 MPa) was evaluated by measuring changes in
the volume occupied by the DAG oil sample, i.e., employing
the following formula: ρ(p, T) =m/V(p, T), where m is the
mass and V(p, T) is the actual volume of the DAG oil sample
in the chamber at a pressure p and temperature T. Initial vol-
ume of the investigated DAG oil in the chamber at an atmo-
spheric pressure was 22 cm3.

Since the mass m of the DAG oil sample did not change
during the experiment (no oil leak was observed), changes in
the volume occupied by the DAG oil sample can be used to
determine the density changes as a function of pressure. The
standard uncertainty σ for the density measurements was es-
timated to be ±0.1%.

Measurements of the Speed of Sound

The speed of sound c for ultrasonic waves propagating in a
liquid along a path L is given by c = L/td: where td is the TOF
along the path L. In the experimental setup, presented in
Fig. 1, the TOF between two selected ultrasonic impulses
was calculated using the cross-correlation method
(Sugasawa 2002). Since the cross-correlation function can
be efficiently calculated using fast Fourier transform (FFT)
algorithms, the TOF between two ultrasonic impulses in the
experimental setup from Fig. 1 was calculated in a few
microseconds.

Fig. 1 Computerized ultrasonic
experimental setup to measure the
speed of sound c and density ρ of
liquids at high pressures and
various values of temperature
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According to the ISO guidelines (BIPM & ISO 1995), the
expanded 2σ relative uncertainty for the speed of sound in
liquid ΔUc/Uc can be expressed as

ΔUc

Uc
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔUL

UL

� �2

þ ΔUtd

Utd

� �2
s

ð1Þ

where ΔUL/UL is the relative standard uncertainty of the path
L, and ΔUtd=Utd is the relative standard uncertainty of the
TOF delay td.

Due to the employment of specialized signal process-
ing procedures (FFT, cubic spline, interpolation, etc.), the
TOF was measured with a picosecond resolution.
However, due to extra systematic errors, resulting from

pulse diffraction, signal distortions, etc., the resulting rel-
ative standard uncertainty ΔUtd=Utd for the TOF delay td
was estimated to be ΔUtd=Utd ¼ 0:1%. Similarly, the
standard uncertainty ΔUL/UL of the ultrasonic path L,
resulting from calibration measurements in water, was es-
timated to be ΔUL/UL = 0.1%. As a result, the expanded
2σ relative uncertainty for the measured speed of sound c
in liquid was estimated to be 0.3% (Kiełczyński et al.
2014). In other words, it was estimated that 95% of the
measured results for the speed of sound in liquid will be
located within a distance of 2σ from the estimated value
of the speed of sound.

Results

It has been discovered in the previous papers published by
the authors (Kiełczyński et al. 2012a; Kiełczyński et al.
2012b; Rostocki et al. 2013b) that high-pressure phase
transitions do occur in the DAG oil, olive oils and oleic
acid (Rostocki et al. 2011, 2013a; Kiełczyński et al.
2014). Therefore, all measurements and computations, re-
ported in this paper, were performed in the appropriate
pressure range, starting from an atmospheric pressure up
to the pressure at which phase transition begins, i.e., at
20 °C up to 220 MPa, at 30 °C up to 300 MPa, at 40 °C
up to 380 MPa, and at 50 °C up to 520 MPa.

Speed of Sound c Measured in the DAG Oil

Parameters of the ultrasonic wave, propagating in a liquid,
are directly affected by the thermodynamic properties of
the liquid, which in turn are functions of pressure and
temperature (Winkelmeyer et al. 2016). Therefore, by
measuring the speed of sound in liquid and ultrasonic
attenuation, we can gain valuable information about the
thermodynamic properties of the liquid. The speed of
sound c in liquid is directly associated with a number of
thermodynamic properties of the liquid. Therefore, mea-
surements of the speed of sound c in the liquid and its
density ρ, as a function of pressure p and temperature T,
enable for the determination of a number of other thermo-
dynamic properties of the liquid, such as adiabatic com-
pressibility, isothermal compressibility, isobaric thermal
expansion coefficient, etc. Figure 3 shows the speed of
sound c in the DAG oil measured as a function of pres-
sure p and temperature T.

As it is seen in Fig. 3, the speed of sound in the DAG oil
decreases with the rise of temperature and increases with in-
creasing pressures. The increase in the speed of sound c can be
attributed to a decrease in the intermolecular free path length
and the adiabatic compressibility.

Fig. 2 Cross section of the high-pressure chamber used for measure-
ments of thermophysical parameters of liquid foodstuffs. 1 piston exten-
sion, 2 upper plug, 3 high-pressure piston, 4 thermostatic jacket, 5 ther-
mostatic fluid, 6 pressure chamber, 7 ultrasonic transducers, 8 electrical
lead trough system for electrical wiring for pressure p and
temperature T sensors and ultrasonic transducers, 9 lower plug, 10 base
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Density ρ Measured in the DAG Oil

The density of the DAG oil was measured at an atmospheric
pressure for several different temperatures using a vibrating U
tube densitometer, see Table 2.

Knowledge of the density of the processed liquid
foodstuff versus pressure, at a constant temperature (iso-
therm), is crucial in engineering calculations and model-
ing of high-pressure technological processes of food
processing and conservation. Figure 4 shows the results
of measurements for the density of the DAG oil versus
pressure and temperature. The compression of the DAG
oil results in a smooth increase in its density as pressure
grows. By contrast, the density of the DAG oil de-
creases with the temperature rise, as one might expect-
ed, taking into account the phenomenon of thermal
expansion.

Approximation of the DAG Oil Density by an Analytical
Formula of the Tammann–Tait Type

The density ρ p; Tð Þ of the DAG oil was measured for a finite
number of pressures p and temperatures T. However, we can
determine the density ρ at an arbitrary point (p, T) using the
appropriate analytical approximation formula. In this paper,
the measured density isotherms of the DAG oil were approx-
imated by an analytical function with two variables (p, T),
proposed by Tammann and Tait (Hayward 1967; Dymond &

Malhotra 1988). The approximation function is as follows:

ρ p; Tð Þ ¼ ρ0 þ A3 T−T0ð Þ þ A4 T−T 0ð Þ2

1−A0ln
A1e−A2 T−T0ð Þ þ p
A1e−A2 T−T0ð Þ þ p0

� � g=cm3
� � ð2Þ

where T0 is the reference temperature (in our case 20 ° C), p0 is
the reference pressure 0.1 MPa, ρ0 is the density at (p0, T0) in
grams per cubic centimeter, and p is the actual pressure in
megapascal.

Equation 2 depends on two variables (p, T) and contains
five free parameters A0 , A1 , A2 , A3 , and A4, which have to be
fitted to the experimental data for density. In this paper, the
fitting process was performed using a TableCurve 3D version
4.0 (Systat, Richmond, CA, USA) software package. The nu-
merical values of the adjusted parameters A0, A1, A2, A3, and
A4 are shown in Table 3.

The analytical expression, Eq. 2 with the five coefficients
presented in Table 3, will be used in the following of
BThermophysical Parameters of the DAGOil Calculated from
the Measured Density ρ and Speed of Sound c ^ section to
calculate a number of crucial physicochemical parameters of
the DAG oil.

To assess the quality of approximation with the Tammann–
Tait empirical formula (Eq. 2), we have compared the results of
measurements for the density of the DAG oil with the numer-
ical values provided by the Tammann–Tait approximation. To
quantify the difference between the measured and approximat-
ed densities, we calculated the following statistical parameters:

Fig. 3 Speed of sound c in the DAG oil measured as a function of
pressure and temperature at a frequency of f = 5 MHz

Fig. 4 Density ρ of the DAG oil measured as a function of pressure and
temperature

Table 2 Density of DAG oil sample measured at an atmospheric
pressure at various temperatures

Temp [°C] 20 30 40 50

Density [g/cm3] 0.93017 0.92324 0.91623 0.90911

Table 3 Numerical values of the parameters A0, A1, A2, A3, and A4 in
Eq. 2 fitted to the measured DAG oil data

A0 A1 A2 A3 A4 r2

0.12154 176.96429 0.00080433 -0.00040716 -8.1415e-06 0.9996

r2 coefficient of determination
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the absolute average deviation (AAD), the maximum deviation
(MD), the average deviation (Bias), and the standard deviation
σ that are defined as follows (Comuñas et al. 2008):

AAD ¼ 100

N

X N

i¼1

ρexpi −ρcali

ρexpi

����
���� ð3Þ

MD ¼ max 100
ρexpi −ρcali

ρexpi

����
����

� �
ð4Þ

Bias ¼ 100

N

X N

i¼1

ρexpi −ρcali

ρexpi
ð5Þ

σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX N

i¼1
ρexpi −ρcali

� 	2
N−m

vuut
; i ¼ 1;…; N ð6Þ

where ρexpi is the experimentally measured density, ρcali repre-
sents the density calculated from the Tammann–Tait formula
(Eq. 2), N is the number of the experimental data (N =145),
and m is the number of adjustable parameters in the
Tammann–Tait equation (in our case m = 5).

The statistical parameters of the Tammann–Tait approxima-
tion for themeasured density of theDAGoil are given in Table 4.

The obtained statistical parameters (AAD,MD, Bias, and σ)
aremuch lower than the experimental uncertainty of the density
measurements. Therefore, the values of the density calculated
from the Tammann–Tait approximation formula (Eq. 2) are
viable approximations of the measured density of the DAG oil.

Optimization procedures used in the approximation process
are valuable and general tools that can be employed for many
important applications in various domains of science and tech-
nology (Khasraghi et al. 2015; Valipour 2012a; Valipour 2012b;
Valipour et al. 2015; Valipour 2016; Yannopoulos et al. 2015).

Thermophysical Parameters of the DAG Oil Calculated
from the Measured Density ρ and Speed of Sound c

Isothermal Compressibility βT

The isothermal compressibility is a key physicochemical
property of liquids in high-pressure technological process-
es, e.g., during food conservation under high-pressure
(Barbosa 2003).

The isothermal compressibility βT is defined as follows:

βT p; Tð Þ ¼ 1

ρ p; Tð Þ
∂ρ p; Tð Þ

∂p

� �
T

1=Pa½ � ð7Þ

where T is the temperature in Kelvin.
Using Eqs. 2 and 7, one obtains the following explicit

formula for the isothermal compressibility:

βT p; Tð Þ ¼ A0

A1e−A2 T−T0ð Þ þ pð Þ 1−A0ln
A1e−A2 T−T 0ð Þ þ p
A1e−A2 T−T 0ð Þ þ p0

� �
 � ð8Þ

Figure 5 shows the isothermal compressibility βT of the
DAG oil calculated with Eq. 8,

as a function of pressure, for various values of temperature.
The isothermal compressibility of the DAG oil grows with

increasing temperatures and decreases with increasing pres-
sures, see Fig. 5. The isothermal compressibility descends
faster at lower pressures than at higher pressures.

Adiabatic Compressibility

The adiabatic compressibility is an important physical param-
eter of liquids. It depends on the structure of the liquid. Since
the propagation of ultrasonic waves in liquids is an adiabatic
process, the adiabatic compressibility βS can be calculated
from the speed of sound as follows:

βS p; Tð Þ ¼ 1= c2 p; Tð Þ � ρ p; Tð Þ� 	
1=Pa½ � ð9Þ

where c(p, T) is the speed of sound in liquid and ρ(p, T) its
density.

The dependence of the adiabatic compressibility βS of the
DAG oil on pressure and temperature, calculated with Eq. 9, is
shown in Fig. 6.

The adiabatic compressibility of the DAG oil, as a function
of pressure and temperature, displays similar trends as the
isothermal compressibility presented at Fig. 5.

Table 4 Statistical parameters of the Tammann–Tait approximation for
the measured density of the DAG oil

Statistical parameter AAD [%] MD [%] Bias [%] σ [g/cm3]

Numerical value 0.021 0.11 0.0037 1.26 × 10−4 Fig. 5 Isothermal compressibility βT of the DAG oil as a function of
pressure and temperature
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Isobaric Thermal Expansion Coefficient

The isobaric thermal expansion coefficient is a significant pa-
rameter used in design and control of high-pressure techno-
logical processes, e.g., in food industry (Aparicio et al. 2011).

The isobaric thermal expansion coefficient αp is defined as
follows:

αp p; Tð Þ ¼ −1
ρ p; Tð Þ

∂ρ p;Tð Þ
∂T

� �
p

1=K½ � ð10Þ

Employing Eqs. 10 and 2, we arrive to the following for-
mula for the isobaric thermal expansion coefficient:

αp p; Tð Þ ¼ A0A1A2e−A2 T−T0ð Þ p−p0ð Þ
1−A0ln

A1e−A2 T−T0ð Þ þ p
A1e−A2 T−T0ð Þ þ p0

� �
 �
A1e−A2 T−T0ð Þ þ pð Þ A1e−A2 T−T0ð Þ þ p0ð Þ

−
A3 þ 2A4 T−T0ð Þ

ρ0 þ A3 T−T 0ð Þ þ A4 T−T0ð Þ2

ð11Þ

The dependence of the isobaric thermal expansion coeffi-
cient αp of the DAG oil, on pressure and temperature, calcu-
lated with Eq. 11, is presented in Fig. 7.

Variations of the isobaric thermal expansion coeffi-
cient with pressure are complementary to variations
of the isothermal compressibility with temperature
(Barbosa 2003). Therefore, the isobaric thermal expan-
sion coefficient of the DAG oil decreases with rising
pressure. On the other hand, the values of the isobaric
thermal expansion coefficient are positively affected by
temperature, see Fig. 7.

Thermal Pressure Coefficient γ

The thermal pressure coefficient is one of the most fun-
damental parameters of liquids. It is closely related to
various parameters of liquids, such as the isothermal
compressibility, the speed of sound, the isobaric thermal

expansion coefficient, the internal pressure, etc. (Moeini
2012).

The isochoric thermal pressure coefficient γ of the DAG oil
can be determined from the following formula:

γ p; Tð Þ ¼ αp p; Tð Þ
βT p; Tð Þ Pa=K½ � ð12Þ

where αp and βT stand, respectively, for the isobaric thermal
expansion coefficient and the isothermal compressibility.
Figure 8 shows the thermal pressure coefficient γ of the
DAG oil, evaluated from Eqs. 8, 11, and 12, as a function of
pressure and temperature.

As it is shown in Fig. 8, the thermal pressure coefficient of
the DAG oil grows monotonically as a function of pressure
and temperature.

Fig. 7 Isobaric thermal expansion coefficient αp of the DAG oil versus
pressure and temperature

Fig. 6 Adiabatic compressibility βS of the DAG oil versus pressure and
temperature
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Internal Pressure Pint

The internal pressure is a very important and excellent tool to
understand the nature of molecular interactions and internal
structures of liquids (Polikhronidi et al. 2012).

The internal pressure Pint can be calculated using the fol-
lowing equation (Perez & Dayantis 1990):

Pint p; Tð Þ ¼ T αp p; Tð Þ
βT p; Tð Þ −p Pa½ � ð13Þ

where αp is the isobaric thermal expansion coefficient and
βT the isothermal compressibility.

The plot of the internal pressure Pint of the DAG oil as a
function of pressure and temperature, calculated from the
Eqs. 8, 11 and 13, is shown in Fig. 9.

The internal pressure of the DAG oil rises with increasing
temperatures. The dependence of the internal pressure of the
DAG oil on pressure is more complex. For lower tempera-
tures, the internal pressure diminishes with increasing pres-
sure. For higher temperatures, the internal pressure augments
with increasing pressure, see Fig. 9.

Discussion

The values of thermophysical parameters of DAG oil change
significantly with increasing temperature and pressure. For
example, the adiabatic compressibility is affected mostly by
the changes of pressure, i.e., it grows about four times when
the pressure increases from the atmospheric pressure
(0.1 MPa) to 400 MPa at a temperature of 50 °C. By contrast,
the internal pressure is a pronounced function of the temper-
ature, i.e., it increases six times when the temperature rises
from 20 to 50 °C at a pressure of a 200 MPa.

The main objective of this paper was to investigate the
thermophysical properties of the DAG oil, such as its density,

compressibility, isobaric thermal expansion coefficient, ther-
mal pressure coefficient, etc. Chemical properties of the DAG
oil (although essential) were in fact out of scope of our re-
search. In the range of applied pressures and temperatures, no
phase transitions of the investigated liquid were observed. In
this paper, we evaluated seven major thermophysical param-
eters of the DAG oil at high pressures for various tempera-
tures. These parameters can be indispensable in modeling and
design of the corresponding high-pressure equipment and
technological processes (Sastry 2016; Norton & Sun 2008;
Otero & Sanz 2003).

The data available in the literature shows that the effect of
high pressures on the chemical structure of oils is rather of
secondary importance in the range of pressures and tempera-
tures applied in our investigations. At relatively low tempera-
tures used in our measurements (20–50 °C), the covalent
bonds of oils are virtually unaffected. The limited effect of
the high-pressure processing (HPP), at moderate tempera-
tures, on covalent bonds represents a unique feature of this
technology. In other words, the HPP has a minimal effect on
food chemistry.

Similarly, the high-pressure processing has a negligible ef-
fect on compounds with low-molecular weight, such as flavor
compounds, vitamins, and pigments by contrast to the thermal
food processing. As a result, the quality of the HPP pasteur-
ized food is virtually the same as that of fresh food products
(Yordanov & Angelova (2010); Balasubramaniam et al. 2015,
Muntean et al. 2016; Kadam et al. 2012).

A characteristic feature of the HPP treatment is that the
pressure alters mainly interatomic distances that are connected
to weak interactions, for which bonding energy is distance
dependent, such as van der Waals forces, electrostatic forces,
or hydrogen bonding. As a consequence, a pressurized sample
would preserve its strong bonding (mainly covalent bonds)
unchanged. The above argumentation was essential in a state-
ment that the biological activity of functional compounds,

Fig. 9 The dependence of the internal pressure Pint of the DAG oil versus
pressure and temperature

Fig. 8 Variations of the thermal pressure coefficient γ of the DAG oil as a
function of pressure and temperature
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such as ascorbic acid, folates, antioxidants, and anthocyanins,
is preserved under HPP treatment (Martinez-Monteagudo &
Saldaña 2014).

The changes in physicochemical properties of oils (triolein)
under high-pressure conditions at room temperature were in-
vestigated in (Tefelski et al. 2010) using a Raman spectrosco-
py. The observed changes were mainly attributed to changes
in the conformation of molecules. This phenomenon did not
significantly affect the chemical properties of the investigated
oils.

Conclusions

There is still a lack of sufficient information regarding changes
of in situ thermophysical properties of foods during high-
pressure treatment. In situ thermophysical properties could
be informative parameters that represent quality changes of
food products in a pressurized environment (Park & Jun
2015).

The essential aim of this study was to evaluate the influence
of high pressure and temperature on the thermophysical pa-
rameters of liquid foodstuffs on the example of DAG oil
(which is an important constituent of various fatty food prod-
ucts), using compressional ultrasonic wave velocity and den-
sity measurements. The use of ultrasonic methods (in contrast
to conventional methods) greatly facilitates evaluation of the
physicochemical parameters of foods under high pressure.
Ultrasonic techniques have many advantages over conven-
tional methods used in the food processing industry. In fact,
the ultrasonic techniques are very convenient in practice since
they are fast, noninvasive, and nondestructive and can be fully
automated and implemented online. The ultrasonic waves
generated in the investigated DAG oil were of relatively small
amplitude (linear waves). Therefore, they did not affect ther-
modynamic properties of the measured liquid.

It has been found that the density is a very important phys-
ical property of liquids, from which a number of crucial
thermophysical parameters of liquids (e.g., that of DAG oil)
can be established. Approximation of the measured DAG oil
density isotherms versus pressure by the Tammann–Tait type
equation of state enabled the development of analytical for-
mulas for such important thermophysical properties of the
DAG oil, such as (a) the isothermal compressibility, (b) iso-
baric thermal expansion coefficient, (c) internal pressure, and
(d) thermal pressure coefficient, as a function of pressure and
temperature. Additionally, employing the compressional ultra-
sonic wave velocity measurements, the adiabatic compress-
ibility isotherms were evaluated as a function of pressure.
These data can be helpful in engineering practice to evaluate
the optimum parameters of high-pressure technological pro-
cesses in the food industry, without the necessity for complex
and time consuming experimental investigations on the effects

of temperature and high pressure on the thermophysical pa-
rameters of the processed food products.

Analytical formulas established in this work can be used in
engineering calculations to design and optimize of high-
pressure technological processes of food conservation and
processing, as well as to characterize high-pressure physico-
chemical properties of biofuels (Ivanis et al. 2016).

The determination of the considered thermophysical pa-
rameters of the DAG oil, from measurements of the speed of
sound and density in a wide range of pressures and tempera-
tures, is an original authors’ contribution to the state-of-the-
art.

The authors hope that the results of research, presented in
this paper, extended our knowledge about the high-pressure
and high-temperature parameters of liquid foodstuffs and can
be useful in the actual engineering practice in designing of
new technological processes and systems in food industry.
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