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High-pressure processes carried at low or high temperatures often require the use of pressure-transmitting
fluids (PTFs) other than water. Optimization of those processes involves their numerical simulation. The
mathematical model used for that purpose depends on the physical properties of the PTF which vary with
both pressure and temperature. The purpose of this work was to study the volumetric properties of different
PTFs and evaluate how different they were from those of water. Castor oil, silicon oil, propylene glycol,
ethylene glycol, and ethanol specific volumes were determined between (273.15 and 313.15) K and up to
350 MPa, individually and in a mixture with water or ethanol. The thermal expansion coefficient and the
isothermal compressibility were derived from those measurements. The volumetric properties of all of the
PTFs showed a behavior with pressure and temperature different from that of water. Specific volumes of
the binary mixtures of these fluids were predicted within 3 % on a relative basis. These results will be
useful in particular for modeling and to select the PTF that best fits with a given application.

Introduction

High hydrostatic pressure applied to food is emerging as an
innovative soft technology for conservation and creation of new
products regarding texture and functionality.40,26 The equipments
work by batch or in a semicontinuous way. Thus, there is an
important challenge concerning the design and development of
continuous equipment for food industrial production. These tasks
and also that of process optimization involve the knowledge of
material physical properties under high pressure. These are, in
particular, the volumetric properties of food and of the pressure-
transmitting fluid (PTF). The density, F, or its inverse value,
namely, specific volume, V, the thermal expansion coefficient,
R, and the isothermal compressibility coefficient, kT, are
necessary to calculate heat transfers and convective movement
in liquids (Navier-Stokes equations) and to assess volume
changes with pressure and temperature. The temperature
distribution in a food product and the associated microbial
inactivation can be predicted from those calculations. However,
these properties are seldom available under high pressure, and
in fact, this is a quite recent research topic.19,10,41 When no data
exist, the only solution is then to approximate food properties
from those of water.3,22 This is a relatively easy task because
water is the main component of much food and its properties
are known in a wide range of temperature and pressure.
Moreover, water is the principal PTF used in the food industry.
Thus, these approximated properties can be initially helpful to
evaluate treatment uniformity, for example, but with a limited
predictive power.

Besides, the high-pressure technology in food is developing
toward new processes by combining pressure with temperature,

for example, freezing and sterilization. These processes involve
PTFs other than water. For instance, processes at subzero
temperatures require the use of PTFs with a freezing point below
248.15 K (e.g., glycols). Sterilization at high pressure should
be enhanced by using a PTF with a higher compression heating
than water (e.g., silicon oil).2,28,42 The same lack of data on
volumetric properties for PTFs as for food under pressure is
observed. Data on organic and inorganic liquid compounds can
be found at high pressure, but they mostly concern compounds
used for chemical industry applications or studied in the physics
of the universe.37 In contrast to food composition, the PTF
usually contains a lower amount of or no water. In such cases,
approximations from water properties may be hazardous or even
impossible. The main objective of this work is to provide data
on volumetric properties of PTFs. These data will be compared
to those of water and between each other to characterize each
PTF. An estimation of PTF mixture properties from those of
its components will also be tested.

Materials and Experimental Procedure

Samples. Volumetric properties were studied for different
PTFs habitually used at low temperatures whose composition
is indicated in Table 1. The components of those PTFs were
deionized water (W), ethanol (E), propylene glycol (PG),
ethylene glycol (EG), castor oil (CO), and silicon oil (SO).
Measurements were performed on the PTFs in the same
conditions as they are used in high-pressure equipment, that is,
without degassing. Thus, the volumetric properties given in this
paper should be regarded as “apparent” properties. Nonetheless,
it will be seen from comparison with data from other authors
that the difference with “true” properties can be considered
negligible for engineering purposes.

Experimental Setup. The specific volume at atmospheric
pressure has been obtained as the inverse of the density which
was measured with a densimeter (density meter DMA5000,
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Anton-Paar GmbH, Graz, Austria). This densimeter allows for
measuring densities between (0 and 3000) kg ·m-3 at temper-
atures between (273.15 and 363.15) K. The standard uncertain-
ties were 0.002 K for temperature and 6 ·10-8 m3 ·kg-1 for
specific volume. The repeatability between triplicates was about
( 0.003 K for temperature and ( 1.1 10-7 m3 ·kg-1 for specific
volume at atmospheric pressure.

The specific volume at high pressure has been determined
from direct measurements as a function of pressure at constant
temperature. The device used may be classified as a variable-
volume piezometer with a solid-piston volumeter. It was
designed and constructed at the Institute of High Pressure
Physics in Warsaw (Poland) by Unipress. The standard uncer-
tainty on volume change measured by this device was calculated
to be around 1.3 ·10-7 m3 ·kg-1. It consists of a stainless steel
cylindrical sample holder with a mobile piston inside. The piston
is provided on its top with a ferromagnetic core, and its
displacements can be monitored from a linear variable dif-
ferential transformer. The whole system is assembled on the
upper plug of a high-pressure vessel connected to a hydraulic
pump (high pressure pump 700 MPa type U111, Unipress,
Warsaw, Poland). A full description of each part of the
equipment can be found in ref 9 for the volumetric device and
in ref 8 for the high-pressure equipment (U111, Institute of High
Pressure Physics, Warsaw, Poland).

Procedure for Measurements under High Pressure. The
sample holder was filled with about 17 mL of the studied PTF,
purged to evacuate air bubbles, and weighted (m) after tare. It
was placed in the vessel and immerged in a thermostatic bath
(Haake F3-K, Fisons Instruments, Karlsruhe, Germany); it took
coarsely between half an hour and one hour to bring the sample
to the required temperature. The temperature was checked by a
T-type thermocouple (combined standard uncertainty 0.07 K)
in contact with the bottom part of the sample holder. Then
pressure was slowly increased by 50 MPa steps up to 350 MPa,
waiting for more than 10 min for temperature equilibration
between each pressure increase. Pressure was measured in the
capillary connecting the intensifier with the vessel by a strain
gauge transducer (type EBM 6045 V-0-10 GmbH, KGT Kramer,
Dortmund, Germany; combined standard uncertainty 0.04 MPa).
The temperature, pressure, and position of the piston were
recorded every 0.5 s by using a data acquisition system (DC100
Data Collector Yokogawa, Tokyo, Japan). The data recorded
during 1 min after temperature equilibration at each pressure
were averaged to give the final result. The repeatability of these
measurements (p, T, position of piston) was about ( 0.03 K
for temperature, ( 0.1 MPa for pressure, and ( 2 ·10-6 m (i.e.,
( 9 ·10-10 m3 ·kg-1) for the position of piston, respectively.
When the maximal working pressure of 350 MPa was reached,
the pressure was released, and the sample holder was newly
weighted to control that neither a leak of sample nor contamina-

tion of it with silicon oil occurred. The complete procedure was
repeated at least three times for each PTF.

The specific volume at pressure p was:

V(p) ) V0 + ∆V(p)
m

+ ∆Vcalib (1)

where V0 is the specific volume of the sample at atmospheric
pressure; ∆V(p) ) S∆x(p) was the sample volume change due
to the increase of pressure (S being the section of the sample
holder and ∆x piston displacement) and m the mass of the
sample. ∆Vcalib is a correcting term obtained from calibration
tests with degassed, deionized water. This term corrects a
systematic error mainly due to a slight deformation of the
volumetric device with pressure. The specific volume at high
pressure was finally determined with a combined standard
uncertainty of uc ) 1.5 ·10-7 m3 ·kg-1. Since it may be assumed
that the possible estimated values of V are approximately
normally distributed with the approximate standard deviation
uc, the unknown value of V is believed to lie in the interval V (
2uc with a level of confidence of approximately 95 %.

Calculation of Volumetric Properties

The thermal expansion coefficient, R, and the isothermal
compressibility coefficient, kT, can be calculated from their
respective definitions:

R ) 1
V(∂V∂T)p

and kT ) -1
V(∂V∂p)T

(2)

On one part, the specific volume was expressed as a function
of temperature to be able to calculate the thermal expansion
coefficient at atmospheric pressure. On the other part, it was
expressed as a function of pressure to obtain the isothermal
compressibility at constant temperature.

For the thermal expansion coefficient calculation, the fol-
lowing expression of the specific volume at atmospheric pressure
V0(T) has been used:

V0(T) ) V00 exp(C1· t + C2 · t
2) with t ) T - 273.15

(3)

where V00, C1, and C2 are coefficients to fit, t is the temperature
in °C, and T is the temperature in K. This expression was a
simplified form of the one proposed by ref 18.

For the isothermal compressibility calculation, the secant bulk
modulus equation was selected to express the specific volume
as a function of pressure:

V(p) ) V0
B(p) - ∆p

B(p)
with B(p) ) B0 + C3∆p +

C4∆p2 and ∆p ) p - p0 (4)

V0 is the specific volume at atmospheric pressure p0, and B(p)
is the secant bulk modulus as a function of pressure, with both

Table 1. Composition of the PTFs Studied

mix supplier φ1 ref abbreviation

ethanol JVF 96°, Betamadrileño S.L., Spain (contains 0.1 % w/v benzalconium
chloride)

1.00 6 E

ethanol (1) + water (2) 0.50 46 E+W
propylene glycol PRS 99.5 %, Panreac, Spain 1.00 7 PG
propylene glycol (1) + water (2) 0.55 25 PG+W
ethylene glycol Panreac, Spain 1.00 6 EG
ethylene glycol (1) + water (2) 0.75 20 EG+W
ethylene glycol (1) + etanol (2) 0.80 15 EG+E
castor oil Panreac, Spain 1.00 CO
castor oil (1) + ethanol (2) 0.15 33 CO+E
silicon oil SilOil Typ M40.165.10, Peter Huber Kältemaschinenbau GmbH,

Germany; kinematic viscosity of 10-5 m2 · s-1 at 298.15 K
1.00 8 SO
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magnitudes taken at the temperature of measurement T. B0 is
the bulk modulus at atmospheric pressure, and C3 and C4 are
coefficients to be fitted. This equation was chosen because of
its demonstrated simplicity, suitability, and accuracy in this
relatively narrow pressure interval.13

Thus, it is finally obtained that:

R(T) ) C1 + 2C2(T - 273.15) (5)

and

kT )
B0 - C4∆p2

(C4∆p2 + C3∆p + B0)(C4∆p2 + (C3 - 1)∆p + B0)
(6)

The software TableCurve2D version 5.0 (SPSS Inc., Chicago,
IL) has been used to perform the corresponding fittings
(Levenberg-Marquardt algorithm).

Results and Discussion

Specific Volume and Thermal Expansion Coefficient at
Atmospheric Pressure. The specific volume of the PTFs was
measured at atmospheric pressure at each 1 K from (273.15 to
313.15) K. Results are partially shown in Table 2; the complete
results can be consulted in the Supporting Information. The
specific volume of each PTF increases with temperature. The
oil-based PTFs (CO, CO+E, and SO), E, and the E+W mix
have a higher specific volume than W; the other PTFs have all
a lower one, EG having the lowest. The specific volumes of
the E and EG are respectively 1.2 times and 0.9 times that of
W at 273.15 K. To understand the differences observed between

the specific volumes of the PTFs, the molecular weights are
calculated from the periodic table giving (18, 46, 62, 76, 298,
> 310) g ·mol-1 for W, E, EG, PG, CO (main component:
ricinoleic acid), and SO (> dimer), respectively. Thus, the
differences observed are less related with the molecular weights
of their respective main component than with the interactions
between molecules. In this way, W, E, EG, and PG all contain
one or two hydroxyl groups which are able to form hydrogen
bonds to one another. This is at the root of the relatively high
density of W: hydrogen bonds organize water molecules in a
quite compact structure. In that way, EG (C2H6O2) with two
hydroxyl groups also forms a three-dimensional network29 which
is not observed for E (C2H5OH) with only one hydroxyl group.
E molecules form linear or cyclic aggregates.39 The structure
is probably not so compact for PG (C3H8O2) because of the
supplementary CH3 group compared to EG. Besides, PG+W
has an unexpected lower specific volume than that of its
individual components. This could mean that W molecules, at
this concentration (mole fraction ) 0.778), are able to organize
with PG molecules in a more compact structure than the PG
molecules alone. CO and SO are constituted by more complex
molecules (triglycerides and polymers, respectively), and they
are expected to form more disordered structures than the rest
of the studied PTFs. It is likely that their molecules occupy a
higher molar volume but with “heavier” molecules leading to
intermediate values for the specific volume.

The specific volumes measured are compared with data
collected in the literature in Figure 1; comparisons with more
references with one figure per PTF can be find in the Supporting
Information linked to this article. In the case of the PTF
mixtures, the data found in the literature are often expressed in
mass or mole units and seldom correspond exactly to the
concentration being studied in this paper. Thus, the required
conversion and interpolation were performed; the volume
concentrations of the studied mixes converted into mass fractions
are 0.43, 0.17, 0.55, 0.76, and 0.84 for E+W, CO+E, PG+W,
EG+W, and EG+E, respectively (calculated from the measured
density data at 298.15 K). The measured specific volumes agree
well with the data from literature, showing a relative deviation
smaller than 0.2 % on average. The observed deviations can be
explained by the different measuring methods used and by the
sample degassing or not. For E and E+W, the relative deviations
are about 2 % and 0.5 %, respectively. These higher deviations
are compatible with the higher purity grade of the ethanol used
for the mix by the other authors compared to the one used in
this work. The highest differences are found for silicone oil
with maximal relative deviations of about 2 % (see Supporting
Information). These are attributed to a difference in oil types
(the kinematic viscosity claimed by the provider is about 10-5

m2 · s-1 for the SO used in this work, see Table 1); in fact, the

Table 2. Specific Volume of the Studied PTFs at High Pressure

E EG PG

p T V p T V p T V

MPa K m3 ·kg-1 MPa K m3 ·kg-1 MPa K m3 ·kg-1

0.1 288.18 0.0012334 0.1 288.22 0.0008954 0.1 288.31 0.0009617
48.4 288.03 0.0011910 49.2 288.19 0.0008811 48.8 288.38 0.0009437
99.1 288.15 0.0011572 99.8 288.18 0.0008684 99.8 288.22 0.0009279
148.8 288.20 0.0011313 149.4 288.18 0.0008577 149.9 288.28 0.0009146
199.1 288.08 0.0011095 199.7 288.21 0.0008479 199.6 288.31 0.0009031
250.2 288.14 0.0010906 249.3 288.19 0.0008392 250.1 288.29 0.0008927
300.5 288.11 0.0010742 299.2 288.18 0.0008312 299.9 288.31 0.0008834
348.4 288.05 0.0010601 349.4 288.15 0.0008238 349.1 288.32 0.0008750

E+W EG+W PG+W
0.1 288.08 0.0010675 0.1 288.13 0.0009105 0.1 288.13 0.0009585
49.2 288.10 0.0010451 49.3 288.33 0.0008968 49.5 288.03 0.0009439
98.3 288.04 0.0010263 100.9 288.36 0.0008842 100.1 288.00 0.0009305
148.4 288.07 0.0010100 149.3 288.33 0.0008737 148.9 288.04 0.0009188
198.9 288.04 0.0009956 199.2 288.31 0.0008639 198.8 287.99 0.0009078
248.3 287.96 0.0009831 251.0 288.32 0.0008545 248.6 288.11 0.0008977
299.9 288.02 0.0009708 300.3 288.33 0.0008464 298.4 288.11 0.0008885
348.5 288.08 0.0009603 348.3 288.33 0.0008391 348.4 288.12 0.0008794

E+W EG+E CO
0.1 298.49 0.0010764 0.1 288.12 0.0009440 0.1 288.22 0.0010383
49.0 298.49 0.0010526 49.4 288.20 0.0009266 48.6 288.15 0.0010159
99.6 298.50 0.0010320 98.2 288.14 0.0009121 99.0 288.11 0.0009971
148.5 298.50 0.0010152 148.2 288.12 0.0008993 148.3 288.12 0.0009821
198.4 298.50 0.0010005 198.4 288.14 0.0008879 199.0 288.13 0.0009685
250.3 298.50 0.0009870 249.1 288.17 0.0008777 249.1 288.11 0.0009569
298.5 298.51 0.0009750 298.3 288.13 0.0008687 299.2 288.11 0.0009467
350.0 298.55 0.0009631 349.5 288.13 0.0008599 349.3 288.10 0.0009374

E+W SO CO+E
0.1 308.42 0.0010854 0.1 288.15 0.0010586 0.1 288.11 0.0011973
49.3 308.38 0.0010606 48.8 288.12 0.0010178 48.6 288.08 0.0011584
99.8 308.39 0.0010393 99.8 288.14 0.0009863 99.5 287.98 0.0011276
148.3 308.39 0.0010219 150.0 288.10 0.0009625 148.3 288.06 0.0011046
198.4 308.45 0.0010061 198.8 288.11 0.0009432 198.5 288.10 0.0010845
248.7 308.47 0.0009922 250.1 288.07 0.0009257 249.5 288.07 0.0010672
298.1 308.45 0.0009798 299.7 288.12 0.0009110 299.0 288.08 0.0010514
349.9 308.46 0.0009680 348.7 288.10 0.0008983 349.1 288.26 0.0010381

Figure 1. Relative deviations ∆V ) V(expt.) - V(lit.) between experimental
and literature values of the specific volume at atmospheric pressure for the
different PTFs: ×, SO ref 21; +, CO ref 34; O, E ref 44; 4, EG ref 45; 0,
PG ref 47; b, E+W ref 31; 2, EG+W ref 14; 9, PG+W ref 36.
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relative deviations are about 0.5 % when comparing with a SO
of same viscosity.

The experimental results on specific volume at atmospheric
pressure were used to fit the coefficients of eq 3, and the values
obtained are given in Table 3 for each PTF. Then, the thermal
expansion coefficient was calculated as explained in the previous
section. The corresponding results are illustrated in Figure 2.
The thermal expansion coefficient increases with temperature
for all of the PTFs. Its value increases more slowly with
temperature than for W, and it is at least twice higher. Unlike
for W, the sign of the thermal expansion coefficient does not
change even in the case of the water-based PTFs. All of the
studied PTFs expanding upon temperature increase in the
explored range of temperature. Besides, thermal expansion
coefficients of SO and EG+E were almost constant with
temperature, meaning that they expand in about the same
proportion at “low” and “high” temperatures in the studied
temperature range of (273.15 to 313.15) K. A comparison of
our data to data found in the literature, only available for SO,
CO, E, and PG, shows that the relative deviations did not exceed
(5, 2, 1.5, and 0.2) %, respectively (Figure 3a).

Specific Volume and Isothermal Compressibility at High
Pressure. The specific volume of the studied PTFs was
measured as a function of pressure up to 350 MPa at 288.15 K.
In the case of the W+E mix, high-pressure measurements were
also performed at (298.15 and 308.15) K. The values obtained
in one experiment are shown in Table 2. The values obtained
in the other two experiments are provided in the Supporting
Information. The specific volume decreases as pressure increases
as it was expected. Its value is divided by 1.18 for SO, by 1.17
for E, by 1.15 for CO+E, by 1.12 for W, and by 1.09 to 1.11
for the rest of the PTFs between atmospheric pressure and 350
MPa. The specific volumes of E+W at (288.15, 298.15, and

308.15) K have closer values between each other at 350 MPa
than at atmospheric pressure (the differences are reduced by
half). The specific volume measured at high pressure are
compared to the few data available from the literature for SO,
CO, PG, and E+W in Figure 4. These data were previously
extrapolated to 288.15 K for SO, CO, and PG and interpolated
to a volume fraction of 0.5 for E+W at 298.15 K. The deviations
between our measurements and those of the other authors are
less than (6, 2, 0.8, and 0.1) % for CO, SO, E+W, and PG,
respectively. The deviations for CO and SO are attributable to
a difference in raw product characteristics. In the case of E+W,
the deviations are related with differences in purity grade.

The experimental results on specific volume at high pressure
were used to fit the coefficients of eq 4, and their values are
given in Table 3 for each PTF. Then, the isothermal compress-
ibility was calculated as described in the previous section. The
results at 288.15 K are represented as a function of pressure
for all of the PTFs in Figure 5. It can be observed that SO, E,
and CO+E are the most compressible PTFs, while EG, EG+W
and PG+W are the least compressible ones. The isothermal
compressibility of SO, E, and CO+E also exhibits a larger
variation with pressure than the other PTFs. All of the studied
PTFs tend to a similar value of the isothermal compressibility

Table 3. Fit Coefficients for Equation 3 in the Range of (273.15 to
313.15) K and for Linear Secant Bulk Modulus in Equation 4 in the
Range of (0.1 to 350) MPa

V00 ·103 C1 ·104 C2 ·106 r2 C3 C4 ·103 B0 r2

fluid m3 ·kg-1 K-1 K-2 (eq 3) MPa-2 MPa-3 MPa (eq 4)

E+W 1.0556 7.2682 1.7376 0.9997
288.15 K 4.2488 –1.5 2169.0 0.9998
298.15 K 4.3328 –1.6 2044.3 0.9996
313.15 K 4.0537 –1.2 1979.3 0.9999

CO+E 1.1800 9.5504 1.2683 0.9998 4.2676 –1.2 1304.5 1.0000
EG+W 0.9024 5.8017 0.7333 1.0000 4.1501 –1.2 3121.6 0.9998
EG+E 0.9344 6.7534 0.2425 0.9990 4.7856 –1.5 2472.4 0.9998
PG+W 0.9499 5.7845 1.5535 0.9999 4.2416 –1.4 2913.7 0.9999
PG 0.9519 6.5973 1.0917 0.9995 4.6673 –1.4 2338.4 0.9999
SO 1.0431 9.7985 0.0877 1.0000 3.9332 –1.2 1085.7 1.0000
E 1.2143 10.1354 1.4624 0.9999 4.1062 –1.4 1191.0 0.9999
CO 1.0273 6.9799 0.3545 0.9999 4.9237 –1.5 2063.5 0.9999
EG 0.8871 6.1052 0.4236 0.9999 4.6574 –1.2 2896.6 0.9999

Figure 2. Thermal expansion coefficient of the PTFs as a function of
temperature at atmospheric pressure. ×, SO; +, CO; O, E; 4, EG; 0, PG;
b, E+W; 2, EG+W; 9, PG+W; 2, EG+E; s, CO+E. The curve
represents the data of W from ref 21.

Figure 3. Relative deviations between experimental and literature values
for (a) the thermal expansion coefficient: ×, SO ref 30; +, CO ref 34; 0,
PG ref 47; 9, PG ref 43; O, E ref 10; b, E refs 4 and 5; and for (b) the
isothermal compressibility: ×, SO ref 38 (two kinematic viscosities: big-
sized symbol, 5 ·10-5 m2 · s-1; small-sized symbol: 3 ·10-6 m2 · s-1) and 0,
PG ref 47.

Figure 4. Relative deviations ∆V ) V(expt.) - V(lit.) between experimental
and literature values of the specific volume at high pressure for the different
PTFs: ×, SO ref 38; +, CO ref 1; 0, PG ref 47; black b, E+W ref 16;
gray b, E+W ref 31.
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when increasing the pressure which is comprised between
(0.000172 and 0.000271) MPa-1 at 350 MPa. The reason of
this asymptotic behavior at high pressure is that the free space
between molecules is more and more reduced, and volume
changes are thus more and more limited. In the case of E+W
for which the isothermal compressibility was also determined
at (298.15 and 308.15) K, it is observed that kT increases with
temperature and that the corresponding values are more and
more different from that of water (data not shown). All of the
data obtained could only be compared to values extrapolated at
288.15 K from the data given in ref 38 for SO and in ref 47 for
PG: the observed deviations are coarsely around 5 % in both
cases (Figure 3b).

Approximation of the Specific Volume and Thermal
Expansion Coefficient BehaWiors of Mixtures with Pressure
and Temperature from That of Their Pure Components. The
specific volume and thermal expansion coefficient are used
together with the specific heat to calculate the adiabatic heat
generated during the compression of a food product. Then the
temperature increases, and distribution both in the PTF and in
the product can be simulated from heat transfer modeling. Some
PTFs are made of a mixture of two or more liquids in variable
proportions. Thus, it should be useful to be able to predict the
specific volume and thermal expansion coefficient of those PTFs
from that of their pure components. The following relationships
have been employed by several authors22,12 to get an ap-
proximation of the specific volume Vmix of (food components)
mixtures at high pressure:

Vmix(p, T) ) x1V1(p, T) + x2V2(p, T) (7)

Vmix(p, T) )
Vmix(p0, T)

V1(p0, T)
V1(p, T) (8)

where x1 and x2 are the mass fractions of components 1 and 2
(usually water and dry matter), respectively, and V1 and V2 are
their specific volumes as a function of pressure and temperature.

In this way, the specific volumes Vmix of PG+W, EG+W,
EG+E, and CO+E are computed at 288.15 K as a function of
pressure from eqs 7 and 8. The specific volume of each pure
component is calculated from eq 4 and then introduced in those
equations. V1 is taken as the specific volume of the main
component of the mixture in eq 8 (notice that W is not always
the main component unlike the case of food). When one of the
component is W, the data from ref 21 are employed. Figure 6
shows the experimental versus calculated values of Vmix at
different pressures. Almost all of the calculated values from eq
7 are higher than the experimental ones. This results from the
fact that eq 7 does not take into account the excess molar volume
related with the rearrangement between the molecules of the
two liquids involved in the mixture. The maximal relative

difference between calculated and experimental values is about
3 % and is observed for E+W at atmospheric pressure. In all
cases, this relative difference decreases at higher pressures to
less than 0.5 %. In contrast, eq 8 offers better approximations
for E+W and EG+W, and the relative differences are generally
lower than 1 %. In eq 8, it is implicitly assumed that the ratio
between the specific volume of the main component and that
of the mixture at atmospheric pressure is maintained at high
pressure. Thus, it is not so surprising that the relationship works
well at low pressures, but it loses little by little its prediction
ability as pressure increases. If water is not the main component
but its properties are used, the goodness of the prediction falls
drastically; this underlines the importance of knowing the
volumetric properties of PTFs other than W.

An approximation of the thermal expansion coefficient of
mixtures was calculated by deriving eq 7 and according to eq
2 as detailed below:

Rmix ) 1
Vmix

(∂Vmix

∂T )
p
) 1

x1V1 + x2V2
(∂(x1V1 + x2V2)

∂T )
p

(9)

Rmix ) 1
x1V1 + x2V2

(x1V1
1
V1

(∂V1

∂T )
p
+ x2V2

1
V2

(∂V2

∂T )
p)

(10)

Rmix )
x1V1R1 + x2V2R2

x1V1 + x2V2
(11)

Calculations were performed over the whole studied range
of temperatures from (273.15 to 313.15) K at atmospheric
pressure. The predicted values differed by (16 to 28) % in
average from the experimental ones for the water-based PTFs,
while the relative difference between predicted and experimental
values was only about (1 and 5) % for CO+E and EG+E. It
seems that the approximation made was not suitable for water-
based PTF probably because of the very peculiar behavior of
the pure water thermal expansion coefficient: the prediction error
was maximal in the region of low temperature, while it

Figure 5. Isothermal compressibility of the PTFs at 288.15 K as a function
of pressure. ×, SO; +, CO; O, E; 4, EG; 0, PG; b, E+W; black 2, EG+W;
9, PG+W; gray 2, EG+E; s, CO+E. The curve represents the data of W
from ref 21.

Figure 6. Experimental vs calculated values of (a) specific volume. Dark
symbols correspond to the results of eq 7; light symbols correspond to the
results of eq 8. (b) Thermal expansion coefficient: b, E+W; 2, EG+W;
9, PG+W; [, EG+E; +, CO+E.
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decreased upon temperature increase. The special packing of
water molecules at 277.15 K is disturbed by the presence of
other molecules in a more or less strong extent depending on
the concentrations of each component. In contrast, the proposed
correlation (eq 11) should be useful to approximate the thermal
expansion coefficient of nonaqueous mixtures; it remains to
check it in the high-pressure range.

Conclusions

From all of the above results, it clearly appears that, even in
the case of water-based PTFs, the properties of any PTF cannot
be substituted by those of pure water for modeling purposes.

As an alternative to the unavailability of data on PTF
mixtures, two relationships based on the properties of its pure
components can be employed to predict the specific volume of
the mixture. They provide good approximations of the mixture
specific volume whatever the considered components and
proportions among those studied. The thermal expansion coef-
ficient of a PTF mixture can also be approximated, but the
derived relationship only works for the two nonwater-based
mixtures EG+E and CO+E. For the other cases, the deviation
is related to the anomalous behavior of water thermal expansion
coefficient with temperature that can turn “normal” in the
presence of other substances.

Supporting Information Available:

A table containing all of the mean values obtained for the specific
volume of each PTF at atmospheric pressure between (273.15 and
313.15) K is provided. A set of figures is presented as a complement
to Figure 1 of this article. One figure per type of PTF shows the
relative deviation between the experimental and the literature values
of the specific volume at atmospheric pressure as a function of
temperature. SO experimental data are compared to those from refs
21, 27, and 30. CO experimental data are compared to those from
refs 1, 32, 34, and 41. EG experimental data are compared to those
from refs 14, 35, and 45. PG experimental data are compared to
those from refs 17, 36, 43, and 47. E experimental data are
compared to those from refs 4, 5, 10, 11, 16, 23, 24, 31, and 44.
EG+W experimental data are compared to those from refs 11, 14,
35, and 45. PG+W experimental data are compared to those from
refs 11, 17, and 36. E+W experimental data are compared to those
from refs 11, 16, 23, 24, and 45. Finally, the other two experimental
data sets of specific volume at high pressure are presented in two
tables for the different PTFs. This material is available free of charge
via the Internet at http://pubs.acs.org.
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