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a b s t r a c t

Investigation of the high-pressure thermophysical properties of biofuels, e.g., bulk modulus, surface
tension, and viscosity is of paramount importance in fuel injection systems in diesel engines. Another
crucial and dangerous phenomenon that may occur in biofuels at high pressures is phase transition
(solidification), which can drastically increase the viscosity of the biofuel. This effect may hamper proper
operation of the engine, especially under cold-start conditions. Unfortunately, the availability of high-
pressure thermophysical properties of biofuels is still limited. The goal of this paper is to investigate
the impact of high pressures on thermophysical properties of biofuels on the example of rapeseed fatty
acid methyl esters (RME) in a wide range of pressures (0:1 to 250 MPa) and temperatures (5 to 20 �C). To
this end we employed innovative ultrasonic techniques, i.e., the Bleustein-Gulyaev surface acoustic
waves for measuring RME viscosity, and ultrasonic bulk compressional waves for measuring sound ve-
locity in RME and consequently evaluating RME thermophysical parameters, e.g., bulk modulus and
surface tension. The viscosity of the measured RME displayed an abrupt increase at pressures: 260 MPa
(t ¼ 20 �C), 230 MPa (t ¼ 15 �C), 190 MPa (t ¼ 10 �C), and 130 MPa (t ¼ 5 �C). Evidently it was a
signature of the phase transition (solidification) occurring in the RME. The discovered high viscosity
high-pressure phase in RME can be very detrimental for operation of modern common rail Diesel en-
gines. Therefore, the results of research presented in this paper should be interesting for engineers and
designers working with modern common rail Diesel engines using biofuels.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Application of high pressures in fuel injection systems for diesel
engines is one of the possible ways to improve combustion effi-
ciency and reduce harmful gas emission. Increased pressures have
many advantages such as: better atomization of fuels and improved
corresponding characteristics. On the other hand, new fuel injec-
tion systems (common rail) are inherent high-pressure systems.
Therefore, the optimization of operation of common rail injection
systems requires in depth understanding and knowledge of ther-
mophysical parameters of biofuels and their components in a wide
range of pressure, what consequently is of crucial importance for
designers of common rail injection systems. The thermophysical
parameters of biofuels that significantly affect the injection process
i).
are as follows: viscosity, density, bulk modulus and surface tension
[1].

1.1. High-pressure phase transitions (solidification) in RME

One of the major challenges in the use of biofuels at high
pressures is a possibility of occurrence of high-pressure phase
transitions i.e., transformation of liquid fuel into a solid-like me-
dium (solidification). In fact, an inherent feature of modern fuel
injection systems (e.g., common rail) for diesel engines is the
presence of a reservoir (common rail) that contains fuel at very high
pressure values (up to 300MPa). At pressures over 200MPa a phase
transition (solidification) may occur in biofuels. This solidification
can result in significant problems of engine failure under cold-start
conditions. The resulting new high-pressure phase is characterized
by high viscosity and increased density.

Biofuels used in diesel engines, consist mainly of methyl and
ethyl esters of fatty acids [2e7]. Rapeseed fatty acid methyl esters

mailto:pkielczy@ippt.gov.pl
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(RME) are the most commonly used additive for biofuels in mod-
erate climate zone. Therefore, rapeseed oil methyl esters (RME),
were selected for investigation in this paper.

This solidification process can be important in the low tem-
perature range (below 20 �C). This fact can justify the choice of the
temperature range in which investigations of the RME's properties
have been performed by the authors.

The existence of these high-pressure phase transitions in bio-
fuels has not been yet systematically studied and documented. For
example, in paper [8] a phase transition in RME was detected
qualitatively using an optical method. A rapid decrease of the RME
sample transparency was attributed to a phase transition occurring
in the measured RME sample.

By contrast, in the present paper, the Authors investigate high-
pressure phase transitions in RME quantitatively, using an inno-
vative ultrasonic technique. To this end, viscosity isotherms of the
RME sample were measured, using surface acoustic waves of the
Bleustein-Gulyaev (B-G) type. The measurements were performed
as a function of pressure from 0.1 up to 350 MPa. Discontinuity and
the following abrupt increase of the viscosity versus pressure was a
clear indication that a high-pressure phase transition occurred in
the measured RME sample. We stated the presence of high-
pressure phase transitions of the first order in RME (FAME).

1.2. High-pressure thermophysical properties of RME

The thermophysical properties of biofuels are required for the
efficient design of every step in their production, distribution, and
utilization [9]. Knowledge of high-pressure thermophysical pa-
rameters, such as bulk modulus B, density r, viscosity h, and surface
tension s, of these liquids (RME) allows for prediction of their
performance characteristics, e.g., parameters of atomization and
combustion of the corresponding biofuels [10]. It has been shown
in paper [11] that a suitable biodiesel fuel in a Direct Injection (DI)
engine requires carefully balanced values of viscosity h, density r,
bulk modulus B and surface tension s, for a given atomizer to
operate properly. Proper atomization enhances the mixing and
complete combustion in a direct injection engine (DI), and hence is
an important factor in engine emission and performance [11].

Unfortunately, so far in the literature of the matter, there is an
insufficient data on the thermophysical properties of biofuels and
their components (e.g., methyl esters) at high pressure conditions
and at various temperatures [9,12e14].

The fundamental goal of this paper is twofold. Firstly, we
investigate the possibility of occurrence of high-pressure phase
transitions (solidification) in biofuels. Secondly, we investigate the
impact of high pressures and temperatures on thermo-physical
properties of biofuels. Investigations were performed on the
example of rapeseed oil fatty acid methyl esters (RME), which are
typical components of biofuels [6,7]. The corresponding measure-
ments were performed using innovative ultrasonic techniques at
pressures from 0.1 to 500 MPa and temperatures from 5 to 20 �C.

It is noteworthy that traditional measurements of thermo-
physical parameters of liquids (biofuels) at high-pressure range
using conventional methods (e.g., the measurement of the surface
tension s by the Wilhelmy plate method, the capillary rise method,
and the drop weight method) are very difficult, coarse and even
impossible to be performed.

To overcome disadvantages of the conventional methods, the
authors applied the original ultrasonic techniques [15] to evaluate
the high-pressure thermophysical parameters of RME. For example,
the viscosity h of liquids at high pressures was measured with SH
(Shear Horizontal) surface acoustic waves of the Love and
Bleustein-Gulyaev (B-G) type, propagating in solid waveguides
immersed in the measured liquid. This measurement method have
been originally proposed and developed by the Authors at the
Institute of Fundamental Technological Research inWarsaw [16,17].
On the other hand, the speed of sound c (pressure waves) in liquids
was determined from measurements of the time-of-flight (TOF) of
bulk compressional (longitudinal) ultrasonic waves propagating in
the measured liquid between two immersed ultrasonic
transducers.

Availability of thermophysical parameters of biofuels such as
density, viscosity, bulk modulus, and surface tension is of funda-
mental importance for practitioners (designers) in determining the
optimum parameters of the processes of injection, atomization,
ignition, and combustion of fuels in engines [9].

The speed of sound c (pressure waves) and viscosity h of the
RME sample was measured ultrasonically, as a function of pressure
p for various values of temperature T . The results of measurements
for the speed of sound c and density r, as a function of pressure p
and temperature T , were approximated by analytical formulas, i.e.,
third and fifth order polynomials of two independent variables p
and T . From the measured speed of sound c (pressure waves) and
density r, other crucial high-pressure thermophysical parameters
of the investigated RME sample, such as its bulk modulus B, surface
tension s, etc., were evaluated using appropriate analytical
formulas.

The results of measurements and mathematical modelling
presented in this paper, for example the discovery of high-pressure
phase transitions (solidification) in the fuel, can be of paramount
importance for researchers working on fundamental problems e.g.,
mathematical simulation of thermophysical properties of biofuels.
In addition, the results presented in this paper can be of particular
significance for engineers and designers occupied with numerical
modelling, design and optimization of new modern fuel injection
systems (common rail) in diesel engines.

The results of research outlined in this work may also raise
awareness of potential pitfalls (e.g., solidification) that may occur
when designing new injection systems (common rail) with RME
based biofuels.

2. Materials and methods

2.1. Properties of the measured RME

Measurements were performed for samples of the rapeseed
fatty acid methyl ester (RME). Fatty acids methyl esters of rapeseed
oil are obtained by transesterification of triacylglycerols using
methanol (CH3OH). Transesterification involves the exchange of
chemically bound glycerol in the triacylglycerol (TAG) molecule to
the added methyl alcohol in the presence of an alkaline catalyst.
The catalyst for the reaction are the alkoxide ions. In our case, the
transesterification process was catalyzed by sodium methoxide
(CH3ONa). As a result of this reaction, we obtain amixture of methyl
esters of fatty acids (RME) and a glycerol fraction which also con-
tains sodium soaps and other unreacted products. After the trans-
esterification process, RME samples were purified from these
remains and distilled.

The transesterification process and analysis (by gas chroma-
tography method) of the chemical composition of the obtained
RME were carried out at the Laboratory in the Institute of Agri-
cultural and Food Biotechnology in Warsaw, Poland.

Raw material (rapeseed oil) used to fabricate the RME was
provided by the Polish branch of the American company Bunge.
Physicochemical parameters of rapeseed oil were as follows:

- acid number - 0.1 mg KOH/g,
- peroxide number - 0.0 meq of active oxygen per kg,
- water and volatile matter content - 0.02% (m/m),



Table 2
Comparison of the measured parameters of the investigated RME sample with the
specifications of the European Standard for Biodiesel (EN 14214).

Property Unit Result Lower
limit

Upper
limit

Test Method

Ester content % (m/m) 98.9 96.5 e EN 14103
Water content mg/kg 100 e 500 EN ISO 12937
Density at 15 �C g/cm3 0.8798 0.86 0.90 EN ISO 3675
Viscosity at 40 �C mm2/s 4.37 3.5 5.0 EN ISO 3104
Sulfur content mg/kg 5 e 10 EN ISO 20846
Methanol content % (m/m) 0.1 e 0.2 EN 14110
Monoglyceride content % (m/m) 0.4 e 0.7 EN 14105
Diglyceride content % (m/m) 0.05 e 0.2 EN 14105
Triglyceride content % (m/m) 0,05 e 0.2 EN 14105
Free glycerol % (m/m) 0.02 e 0.02 EN 14105
Total glycerol % (m/m) 0.10 e 0.25 EN 14105
Alkali content (Na þ K) mg/kg 2 e 5 EN 14108
Phosphorus content mg/kg 2 e 4 EN 14107
Acid value mg KOH/g 0.2 e 0.5 EN 14104
Iodine value e 118 e 120 EN 14111
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- content of unsaponifiables in petroleum ether, - 0.01% (m/m),
- content of unsaponifiable matter e 0.8% (m/m)

RME samples were stored at 15 �C in a refrigerator to avoid the
influence of external factors on the RME thermophysical properties.

Main components of the measured RME sample are: methyl
ester of oleic acid C18:1 (60.7%), methyl ester of linoleic acid C18:2
(19.9%), methyl ester of linolenic acid C18:3 (9.1%) and a vestigial
amount of methyl esters of other unsaturated and saturated fatty
acids, see Table 1. The chemical composition of the measured RME
sample was determined using the gas chromatography Hewlett-
Packard HP 6890 device working in conjunction with a Flame
Ionization Detector and a high-polar column BPX70. The subse-
quent analysis was performed following the AOCS Cd 11b-91
methodology according to the ISO 5508 and ISO 5509 standards.

The RME fabricated by the Institute of Agriculture and Food
Biotechnology satisfied the specifications of the European Standard
for Biodiesel (EN 14214). Analysis of the RME properties compliance
with the EN 14214 Standard is summarized in Table 2.
2.2. High-pressure experimental setup

The original experimental setup for high pressure measure-
ments of liquid properties was developed and constructed by the
Authors at Institute of Fundamental Technological Research in
Warsaw, Poland [18e22], see Fig.1. High pressureswere obtained in
a thick-walled cylindrical chamber with a simple piston and a
Bridgman II sealing system. The pressure inside the chamber was
measured with an 104 U manganin transducer. Its resistance
(pressure dependent) was measured by a NI 4065 multimeter PC
board provided by National Instruments Corp., USA. The pressure
inside the chamber was measured with a 2s uncertainty of 0:1%.

The temperature inside the chamber was kept constant within
±0:1 �C due to employment of a thermostatic water bath with a
precision thermostatic device provided by Julabo Labortechnik,
Seelbach, Germany. A type T type copper-constantan thermocouple
was placed directly inside the high-pressure chamber, for temper-
ature measurements.

The piezoelectric transducers (bulk and surface wave), were
driven by the TB-1000 pulser-receiver PC board, provided byMatec,
USA. The signals received by piezoelectric transducers were
amplified by the TB-1000 receiver and sent into the PDA-1000
digitizer board, provided by Signatec, USA.

The PC boards were installed inside an industrial PC computer,
Table 1
Fatty acids composition of the investigated FAME sample
according to the ISO standard 5508.

Fatty acid Amount (%)

C 14:0 0.1
C 16:0 4.5
C 16:1 0.3
C 17:0 0.1
C 17:1 0.1
C 18:0 1.8
C 18:1 cis9 58.1
C 18:1 cis11 2.6
C 18:2 cc 19.9
C 18:3 ccc 9.1
C 20:0 0.6
C 20:1 1.5
C 20:2 0.1
C 22:0 0.3
C 22:1 0.5
C 24:0 0.2
C 24:1 0.2
provided by Transduction, Mississauga, Canada. Whole experi-
mental setup was controlled by a custom software written in the
Visual Cþþ software development environment provided by
Microsoft, working in conjunction with the Measurement Studio
software package provided by National Instruments.

The viscosity sensor (B-G wave piezoceramic waveguide) was
built with a metalized piezoelectric plate with dimensions
6� 40� 10mm (width, length and height). The viscosity sensor (B-
G wave piezoceramic waveguide) was placed directly inside the
high-pressure chamber. The ultrasonic transducer generating and
receiving B-G surface waves was driven by the tone burst TB-1000
pulser-receiver board with a radio frequency of f ¼ 2MHz and
pulse length � 0:5 ms. The impulse generated by the B-G wave
transducer was multiply reflected between the two opposite edges
of the B-G wave waveguide. Thus, the ultrasonic signal received by
the transmitting-receiving B-G wave transducer was composed of a
train of several consecutive echoes with a diminishing amplitude. It
is worth noticing that the B-G surface acoustic waves are shear
(transverse) waves propagating in piezoelectric waveguides. Thus,
by its nature shear wave waveguides can “sense” the viscosity of
the adjacent liquid, since shear stresses in the liquid are, by defi-
nition, proportional to the liquid viscosity.

Measurements of the speed of sound c were performed in the
same high-pressure chamber, which was used for viscosity mea-
surements. However, in contrast to the viscosity measurements the
speed of sound c in liquids was measured using bulk compres-
sional (longitudinal) ultrasonic waves, propagating directly in the
measured liquid. Two piezoelectric transducers, first generating
and second receiving compressional (longitudinal) ultrasonic
waves in the liquid, were placed directly in the high-pressure
chamber. The compressional (longitudinal) piezoelectric trans-
ducers were facing each other and were in a direct contact with the
measured liquid. The compressional (longitudinal) piezoelectric
transducers (Y-36 cut LiNbO3) were provided by Boston Piezo-
Optics Inc., USA.
2.3. Measurements of the viscosity h

It should be stressed that both types of the surface acoustic
waves (Love or B-Gwaves) used by the Authors are shear horizontal
(SH) transverse waves, with direction of particle vibration
perpendicular to the direction of wave propagation.

Love or B-G solid waveguides, employed in viscosity measure-
ments in liquids, are immersed directly in the measured liquid. Due
to the interaction with the surrounding liquid the B-G wave



Fig. 1. Computerized ultrasonic experimental setup for measuring the viscosity of biofuels at high pressures and various values of temperature.
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 changes its velocity and amplitude. The mechanical load exerted by
the liquid on the piezoceramic waveguide is proportional to the
shear impedance ZL of the liquid. In general, for sinusoidal waves
the impedance ZL is described by a complex quantity ZL ¼ RL þ jXL,
where j ¼ ð�1Þ1=2 is the imaginary unit. The shear mechanical
impedance of the liquid ZL can be determined from measurements
of the attenuation and phase of the SAW wave impulses propa-
gating in the solid waveguide loaded by the liquid [23]. The vis-
cosity h of the liquid can be determined from the following
formula: h ¼ 2R2L=ur , where: RL is the real part of the mechanical
shear impedance ZL of the liquid, r is the liquid density, u the
angular frequency of the Love or B-Gwave and h the viscosity of the
liquid.

2.4. Measurements of the speed of sound c

The ultrasonic waves used to measure the speed of sound c in
liquids are bulk compressional (longitudinal) waves, i.e., with the
direction of particle vibrations parallel to the direction of propa-
gation of the wave.

The speed of sound c of these compressional pressure waves in
the liquid was determined from the following elementary formula:
c ¼ L=TOF , where L is the distance between two ultrasonic trans-
ducers and TOF is the time-of-flight required for the ultrasonic
impulses to travel between the transmitting and receiving ultra-
sonic transducers, in the measured liquid. The time of flight (TOF)
between the two consecutive ultrasonic impulses was determined
in the controlling PC computer using a cross-correlation method
[24e26]. The expanded 2s uncertainty for the speed of sound c of
compressional pressure waves in the liquid was estimated to be
0:3%.

2.5. Measurements of the liquid density r

The density r of the RME sample was determined from mea-
surements of the sample massm and its actual volume V , using the
standard formula r ¼ m=V .

In order to determine changes in the density r of the investi-
gated liquid, we measured changes in the volume of the liquid
sample subjected to high pressures. The volume changes of the
liquid samplewere determined from themeasured displacement of
the piston in the pressure chamber using a digital caliper. Initially,
the density r of the liquid sample was measured at an atmospheric
pressure by a Jaulmes pycnometer. The changes in density r of the
RME sample were measured as a function of pressure p at various
constant temperatures T . The standard uncertainty s for the mea-
surements of density r was estimated to be 0:1%:
3. Experimental results

3.1. Speed of sound c measured in RME

Fig. 2 shows the isotherms of the speed of sound c (pressure
waves) measured as a function of pressure p at a frequency 5 MHz,
and at temperatures T: 5, 10, 15, and 20 �C.

The pressure in the high pressure chamber was applied incre-
mentally with a step of 10MPa, from an atmospheric pressure up to
250 MPa. Each pressure increase was followed by a time interval of
5 min, allowing the RME sample to achieve the conditions of
thermodynamic equilibrium.

To facilitate subsequent calculations, the speed of sound c,
measured in the RME sample, was approximated by a polynomial of
the order 3 with 2 independent variables i.e., pressure p and tem-
perature T . As a result, the following empirical formula for the
speed of sound c in RME has been obtained:

cðp; TÞ ¼ aþ bpþ cT þ dp2 þ eT2 þ fpT þ gp3 þ hT3 þ ipT2

þ jp2T

(1)

where the coefficients of the polynomial are as follows:
a ¼ 1.581806047, b ¼ 0.004172975, c ¼ �0.00623323, d ¼ �5.06e-
06, e ¼ 0.000235852, f ¼ �2.5277e-05, g ¼ 1.35455e-08,
h ¼ �1.3458e-05, i ¼ 3.56471e-06, j ¼ �2.7979e-07.

To assess the quality of the polynomial approximation with Eq.
(1), we compared the values of the speed of sound c measured in
the RME sample with the numerical values provided by the poly-
nomial approximation. To quantify the difference between the
measured and approximated values of the speed of sound c, we
calculated a number of the corresponding statistical parameters,
such as the absolute average deviation (AAD), the maximum de-
viation (MD), the average deviation (Bias) and the standard devi-
ation s that are defined, respectively, as follows [28].



Fig. 2. Speed of sound c (pressure waves) measured in the RME sample versus pressure p and temperature T , for ultrasonic waves at a frequency of f ¼ 5 MHz.
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AAD ¼ 100
N

XN
i¼1

�����c
exp
i � ccali

cexpi

����� (2)

MD ¼ max

 
100

�����c
exp
i � ccali

cexpi

�����
!

(3)

Bias ¼ 100
N

XN
i¼1

cexpi � ccali

cexpi

(4)

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

�
cexpi � ccali

�2
N �m

vuut
i ¼ 1;/;N (5)

where: cexpi is the experimentally measured speed of sound, ccali
represents the speed of sound calculated from the polynomial
formula (Eq. (1)), N is the number of the experimental data
(N ¼ 86) and m is the number of adjustable parameters in the
polynomial formula (in our case m ¼ 10).

Statistical parameters of the polynomial approximation for the
measured speed of sound c in the RME sample are given in Table 3.

The approximation given in Eq. (1) was performed with the
software package Table Curve 3D (Systat, USA).
3.2. Density r measured in RME

Fig. 3 shows the results of measurements for the density r of the
RME sample versus pressure p and temperature T .

Similarly to the speed of sound c, the measured density r of the
rapeseed methyl esters was approximated by a fifth order
Table 3
Statistical parameters of the polynomial approximation (Eq. (1)) for the measured
speed of sound c in the RME sample. r2 is the coefficient of determination.

Statistical parameter AAD (%) MD (%) Bias (%) s (m/s) r2

Numerical value 0.10 0.38 �0.00017 2.5 0.9998
polynomial of two independent variables, p and T , as follows:

rðp; TÞ ¼ a1 þ b1pþ c1p
2 þ d1p

3 þ e1p
4 þ f1p

5 þ g1T þ h1T
2

þ i1T
3

(6)

where: a ¼ 0.889802845, b ¼ 1.2551e-05, c ¼ 7.16522e-07,
d ¼ �6.3172e-09, e ¼ 2.32501e-11, f ¼ �3.1429e-14,
g ¼ �0.00040858, h ¼ �3.0012e-05, i ¼ 8.21127e-07.

To evaluate the quality of the approximation with Eq. (6) the
statistical parameters given by Eqs. (2)e(6), were calculated and
presented in Table 4.

The calculated statistical parameters (AAD, MD, Bias and Stan-
dard Deviation) are lower than the experimental uncertainties of
the speed of sound c and density r. Therefore, the values of the
speed of sound c and density r, determined from the polynomial
approximations (Eqs. (1) and (6)), can be used in the following
calculations involving themeasured speed of sound c and density r

of the RME sample.
The approximation given in Eq. (6) was performed with the

software package Table Curve 3D (Systat, USA).
3.3. Viscosity h measured in RME

The viscosity h of the investigated RME sample at an atmo-
spheric pressure was measured with an Ubbelohde type capillary
viscometer, see Table 5.

The viscosity h of the RME sample was subsequently measured
as a function of pressure p (from atmospheric up to 350 MPa, step
10 MPa) for different temperatures T (from 5 �C to 20 �C), using the
original ultrasonic B-G waves method developed by the authors
[16e18]. The results of measurements for the viscosity h are pre-
sented in Fig. 4.

The viscosity h of the RME sample (see Fig. 4) displays three
significantly different characteristics. Namely, a low-pressure phase
region (blue color), a phase transition region (black color), and a
high-pressure phase region (red color).

Initially the pressure was gradually increased from an atmo-
spheric pressure until a first-order phase transition began (blue



Fig. 3. Density r of the RME sample measured as a function of pressure p and temperature T .

Table 4
Statistical parameters of the polynomial approximation (Eq. (6)) for the measured
density r of the RME sample. r2 is the coefficient of determination.

Statistical parameter AAD (%) MD (%) Bias (%) s (g/cm3) r2

Numerical value 0.00475 0.015 �4.82 � 10�7 6.9 � 10�5 0.9998

Table 5
Viscosity h of the RME sample measured at atmospheric pressure.

Temperature (�C) 5 10 15 20
Viscosity h (mPas) 9.426 8.012 6.928 6.042

Fig. 4. Viscosity h of the rapeseed methyl esters sample measured as a function of
pressure p for different temperatures (T ¼ 5 �C;10 �C;15 �C and 20 �C).
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part of each curve in Fig. 4). The viscosity in this region was
increasing almost exponentially according to the empirical Barus
formula. Subsequently, we observed a spontaneous pressure drop
in the pressure chamber, which indicates initiation of the phase
transition process (black part of each curve in Fig. 4). When the
phase transition was completed, the resulting high-pressure phase
was further compressed (red part in each curve in Fig. 4).

Phase transition (solidification) regions are clearly visible in
Fig. 4, see black part in curves in Fig. 4. When we detected a phase
transition, e.g., at 190 MPa for a temperature of 10 �C, we stopped
immediately the compression of the sample and the piston in the
high-pressure chamber was immobilized in a fixed position in or-
der to enable the phase transition to occur in quasi-static condi-
tions. During the phase transition, the viscosity of the liquid shows
a spontaneous and rapid raise despite the pressure drop. At the end
of the phase transition process we started to increase the pressure
again (see high-pressure phase parts marked red in Fig. 4). When
the temperature during measurements was higher, the pressure, at
which the phase transition started, increased (e.g. 130 MPa for 5 �C
and 260 MPa for 20 �C). Consequently, the pressure at which
transition stopped was also higher. The stabilization of pressure
and negligible changes in viscosity indicate that the high-pressure
phase transition is completed.
4. Phase transitions in RME

The presence of the high-pressure phase transitions in biofuels
is a highly undesirable effect, since it can result in a damage of the
diesel engine and its fuel injection systems.

It is noteworthy that phase transitions in RME, at high pressures,
were investigated previously using an optical method [8]. However,
the optical method employed gives only qualitative results, since
only the presence or absence of a high-pressure phase transition
can be detected. Changes in physicochemical parameters of the
liquids (e.g., viscosity) during the phase transitions cannot be
quantified with the reported optical method.

The high-pressure phase transitions, which were observed in
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the investigated RME sample are high-pressure phase transitions of
the first order. This is due to the following phenomena, which were
observed during phase transitions in the examined RME sample:

1) a change in the volume of the RME sample
2) a discontinuous and rapid change in the viscosity h of the RME

sample
3) a spontaneous pressure drop
4) an abrupt change of the density r of the RME sample

Similar high-pressure phase transitions were discovered by the
Authors in other liquids (oils), i.e., in the triacylglycerol (TAG),
diacylglycerol (DAG), oleic acid, castor oil and olive oil
[19,23e25,27], using SH (Shear Horizontal) ultrasonic surface
waves of the B-G and Love type, propagating in solid waveguides.
Nevertheless, the high-pressure phase transitions in the examined
RME (FAME) are still not well understood and require further
research.
5. Thermophysical parameters of the RME evaluated from the
measured speed of sound c and density r

All thermophysical parameters of RME presented in this section,
such as bulk modulus B, and surface tension s, were calculated in
the low-pressure phase region, i.e., for pressures lower than
250 MPa.
5.1. Bulk modulus B

The bulk modulus B is a crucial parameter that characterizes the
behavior of fuels in the injection systems in diesel engines [29]. The
adiabatic bulk modulus B (at a constant entropy S) was determined
from the following expression [30]:
Fig. 5. Bulk modulus B of the RME sample as a
Bðp; TÞ ¼ 1
bsðp; TÞ

¼ rðp; TÞ
�
vp
vr

�
S
¼ rðp; TÞ c2ðp; TÞ ðPaÞ (7)

where: bs is the adiabatic compressibility, r is the density measured
in the RME sample and c is the speed of soundmeasured in the RME
sample.

Dependence of the bulk modulus B in the RME sample, on
pressure p and temperature T , evaluated from Eqs. (1), (6) and (7) is
presented in Fig. 5.
5.2. Surface tension s

Surface tension is one of the key parameters of biofuels that
directly affects fuel atomization. For example, a large value of the
surface tension makes the formation of small droplets difficult,
hindering the correct fuel atomization in the engine combustion
chamber [31,32]. The surface tension s is defined as the energy dW
(Gibbs free energy) that must be supplied to increase the surface
area of a liquid by one unit dA, namely [31,33].

sðp; TÞ ¼ dW
dA

¼ 6:33$10�10$rðp; TÞ$cðp; TÞ3=2
�
N
m

�
(8)

Fig. 6 displays the dependence of the surface tension s in the
RME sample versus pressure p and temperature T , computed from
Eqs. (1), (6) and (8).

Measurements of the viscosity h and other thermophysical
properties of biofuels at high pressures is of paramount importance
in determination of the exploitation properties of biofuels used in
diesel engines. For example, knowledge of the fuel viscosity h,
surface tension s, density r and bulk modulus B is of crucial
importance in modeling and optimization of the atomization pro-
cess in injection systems, e.g., common rail, and biofuels
function of pressure p and temperature T .



Fig. 6. Variation of the surface tension s of the RME sample on pressure p and temperature T .
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combustion dynamics [34e42].
Measurements of the viscosity h in the RME sample, performed

with the B-Gwaves ultrasonic method, in awide range of pressures,
revealed the existence of the first order high-pressure phase tran-
sitions at pressures above 100 MPa, see Fig. 4. These measurements
also enabled for the determination of the values of pressures at
which the phase transitions initiate and terminate.

During the phase transition the hydrostatic pressure slightly
decreases, while the value of the viscosity h raises significantly. For
example, at a temperature of 10 �C, the viscosity h raises from
56 mPas to 102 mPas at a pressure of ~180 MPa, see Fig. 4. With an
increasing temperature (see Fig. 4), the pressure at which the phase
transition begins is higher. For example, at a temperature of 5 �C the
phase transition occurs at ~130 MPa, whereas at a temperature of
20 �C at ~260 MPa. With decreasing temperatures, the phase
transition is completed faster. For example, at temperatures 20, 15,
10 and 5 �C the phase transitionwas completed, in about 8, 6, 4 and
3 min, respectively.

The discontinuous change in the viscosity h of the RME sample
as a function of pressure is a strong evidence that the first order
high-pressure phase transition occurs in the investigated RME
sample.

At higher temperatures, these phase transitions (solidification)
may occur at higher pressure values. Based on the results of the
research conducted by the authors, it can be estimated that the
high pressure phase transition in RME at temperature t ¼ 30 �C is
expected at p ¼ 350MPa. Similarly, for t ¼ 40 �C this high-
pressure phase transition is expected at p ¼ 450MPa. These
pressure values are above the pressure range that is employed in
contemporary injection systems (e.g., common rail).

Fig. 5 shows that the bulk modulus B of the RME sample grows
with increasing pressures, and decreases with increasing
temperatures.
As illustrated in Fig. 6, the surface tension s of the RME sample
diminishes with the raise of temperature, and increases with the
growing pressure, as one might expect.

6. Conclusions

The main implications resulting from this work can be sum-
marized as follows:

1) Knowledge of quantitative and qualitative characteristics of
high-pressure phase transitions and high-pressure behavior of
thermophysical parameters of biofuels is of crucial importance
for engineers and designers of modern fuel injection systems of
the common rail type for diesel engines.

2) Ultrasonic methods (speed of sound and density measure-
ments) allow for relatively simple evaluation of many key high-
pressure thermophysical parameters of biofuels, e.g., surface
tension and bulk modulus.

3) Innovative B-G waves ultrasonic technique has been used suc-
cessfully in detection and quantification of high-pressure
(200 MPa) first order phase transitions (solidification) occur-
ring in the RME material being a biofuel component.

4) The change in the viscosity of RME (in contrary to changes in the
speed of sound and density of RME) is very clear and precise
indicator of phase transitions occurring in RME. In fact, during
the phase transition in RME, the speed of sound c changes
approximately only 0.3%. By contrast, the changes in the vis-
cosity h of RME during the high-pressure phase transition were
of the order of 100%.

5) The discovered high-pressure phase in RME, occurring after the
phase transition (solidification), is characterized by high vis-
cosity, what can be very detrimental for the performance of
modern fuel injection systems of the common rail type, where
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pressures above 200 MPa, kept an extended period of time, are
common, especially under cold-start conditions.

The precise knowledge of the high-pressure thermophysical
parameters of biofuels, is of vital importance in the design and
optimization of modern fuel injection systems (common rail) in
diesel engines. Namely, the thermophysical parameters of the fuel
directly affect the pressure wave amplitude and consequently the
mass flow rate and the total amount of the fuel injected in the
cylinder.

Density is the main parameter that influences the conversion of
the fuel volume flow rate qV into mass flow rate qm, here the
following relation holds: qm ¼ r$qV . The bulk modulus affects the
fuel pressure wave amplitude and also its velocity and conse-
quently the fuel injection timing. The viscosity of the fuel impacts
the pressure wave damping and the pressure loss in the injector
feed pipe. Surface tension along with viscosity, density and bulk
modulus determine the quality of atomization of biofuels in diesel
engines.

For this reason, a complete (precise) knowledge of thermo-
physical parameters of fuel (such as viscosity, bulk modulus, den-
sity and surface tension) in a high-pressure range is of great
importance for practitioners, engineers and designers of fuel in-
jection systems in diesel engines of the common rail type to
establish a mathematical model of diesel engine operation.
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