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� New data on sound speed is reported for fatty acid methyl esters.
� New data on speed of sound is reported for biodiesel fuels.
� Molar compressibility was calculated for fatty acid methyl esters and biodiesel.
� Predictive models for speed of sound and molar compressibility are proposed.
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The property changes associated with the differences in chemical composition of biodiesel may change
the fuel injection timing which in turn cause different exhaust emissions and performance of engines.
The property that has an important effect on the fuel injection timing is the speed of sound (related with
isentropic bulk modulus). Despite the speed of sound of pure fatty acid (methyl and ethyl) esters being
reasonably known in a wide range of temperature the experimental data for biodiesel are very scarce in
the literature. In this work the speed of sound of six fatty acid methyl esters (FAME = laurate (MeC12:0),
myristate (MeC14:0), palmitate (MeC16:0), stearate (MeC18:0), oleate (MeC18:1), linoleate (MeC18:2))
and six biodiesel fuel samples were measured using a non-intrusive ultrasonic methodology. The mea-
surements for FAMEs were made at atmospheric pressure from a minimum of 288.15 K to a maximum
of 353.15 K, and in the temperature range 298.15–353.15 K for biodiesel samples. The uncertainty of
the measurements was estimated as less than ±1 m s�1. The speed of sound data combined with available
density data from literature was used to calculate the isentropic compressibility and the molecular com-
pressibility for the FAMEs and for the biodiesel samples. The results for molecular compressibility evi-
denced that this property is almost independent of the temperature in the temperature range of
calculations both for FAMES and biodiesel. Linear relationships were established between the molar com-
pressibility and the molecular weight for FAMES and biodiesel. The before mentioned behavior of molar
compressibility face to temperature and molecular weight make it possible to develop prediction meth-
ods for the calculation of the speed of sound.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The conventional fossil fuels (petrofuels) are non-renewable,
increasingly scarce, with growing emissions of combustion result-
ing pollutants, and with increasing costs of production. On the
other hand, fuel reserves are concentrated in certain planet regions
and most of them are reaching the production peak. All these cir-
cumstances make biomass sources more attractive in particular
the biodiesel. Unlike petrodiesel, biodiesel is a renewable fuel
offering important benefits including reduction of green-house
emissions, biodegradability, and non-toxicity. Biodiesel shows to-
tal miscibility with petrodiesel and compatibility with modern en-
gines [1,2]. Nowadays, biodiesel production has important
economic and social impacts at the regional development level
especially to developing countries [3]. Technically, biodiesel is a
fuel formed by long chain of fatty acid esters produced from a large
variety of feedstocks including vegetable oils and animal fats, with
designation of B100, meeting the property and quality require-
ments of the American Society Testing (ASTM) D6751 standard.
Biodiesel can be produced through transesterification chemical
reaction along which the raw material reacts with alcohol (usually
methanol or ethanol) in the presence of a catalyst that can be metal
alkoxide [4], ionic liquids [5], or others [6]. The resulting products
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are the fatty acid (methyl or ethyl) esters (FAE or biodiesel) and
glycerol.

Glycerol, which is a high value byproduct of the transesterifica-
tion reaction forms one phase and (FAE) form another phase, which
settles above the glycerol in the reactor. The biodiesel fuel must
meet specifications contained in biodiesel standards, such as the
(ASTM) D6751 and the EN14214 in Europe. Some of these specifi-
cations are related to the fuel quality such as completeness of
transesterification reaction, storage conditions and other impor-
tant properties as viscosity, density, oxidative stability, cetane
number, and cold flow properties, depending all on the fatty acid
composition of biodiesel. The injection process is of great impor-
tance for engine efficiency. In this process an appropriate quantity
of fuel is feed to the engine cylinder forming a spray of tiny fuel
droplets to optimize the combustion and reduce the fuel consump-
tion and emissions. All injection process is strongly influenced by
Table 1
Previous sources of data for the speed of sound of the FAME compounds studied herein a

Authors Year Np T (K) P (M

Mehyl laurate (MeC12:0)
Gouw and Vlugtert [9] 1964 2 293, 313 0.1
Tat and Gerpen [10]c 2003 – 293–373 0.1
Tat and Gerpen, NREL[11] 2003 30 293–373 0.1
Freitas et. al. [12] 2013 12 288–343 0.1

Methyl myristate (MeC14:0)
Gouw and Vlugtert [9] 1964 2 293, 313 0.1
Freitas et. al. [12] 2013 10 298–343 0.1
Daridon et. al. [13] 2013 8 303–373 0.1
Ndiaye et al. [14] 2013 53 303–393 0.1

Methyl palmitate (MeC16:0)
Gouw and Vlugtert [9] 1964 1 313 0.1
Tat and Gerpen [10]c 2003 – 293–373 0.1
Tat and Gerpen, NREL[11] 2003 24 313–373 0.1
Ott et al. [15] 2008 7 308–338 0.1
Daridon et. al. [13] 2013 7 313–373 0.1
Ndiaye et al. [14] 2013 35 303–393 0.1
Freitas et al. [16] 2013 8 308–343 0.1

Methyl Stearate (MeC18:0)
Gouw and Vlugtert [9] 1964 1 313 0.1
Tat and Gerpen [10]c 2003 – 293–373 0.1
Ott et al. [15] 2008 5 318–338 0.1
Freitas et al. [16] 2013 7 313–343 0.1

Methyl oleate (MeC18:1)
Gouw and Vlugtert [9] 1964 2 293, 313 0.1
Ott et al. [15] 2008 7 278–338 0.1
Freitas et. al. [12] 2013 12 288–343 0.1
Daridon et. al. [13] 2013 10 283–373

Methyl linoleate (MeC18:2)
Gouw and Vlugtert [9] 1964 2 293, 313 0.1
Tat and Gerpen [10]c 2003 – 293–373 0.1
Tat and Gerpen, NREL[11] 2003 30 293–373 0.1
Ott et al. [15] 2008 7 278–338 0.1
Daridon et. al. [13] 2013 10 283–373 0.1
Freitas et al. [16] 2013 11 288–343 0.1

Biodiesel
Tat and Gerpen [10,11] 2003 384 293–373 0.1
Huber et al. [17] 2009 14 278–333 0.0
Payri et al. [18]c 2011 – 298–343 15–
Nicolic et al. [19]c 2012 17 293 0.1
Freitas et al. [12] 2013 120 288–343 0.1

a The uncertainty in speed of sound (ru) is given in m s�1 or percentage.
b Interf: interferometer; PE: pulse-echo; TOF: time of flight.
c Data is given in expression(s) form(s).
d Sample: MeC12:0 (99.2), MeC18:1 (0.6), and MeC18:2 (0.2).
e Sample: MeC12:0 (0.2), MeC14:0 (4.6), MeC16:0 (88.2); MeC17:0 (0.4), and MeC18:
f Sample: MeC16:0 (1.4), MeC18:0 (0.7), MeC18:1 (5.2), MeC18:2 (86.5), and MeC18:
g Two commercial samples from rapeseed oil were used.
h Rape methyl ester used in Spain.
i Rape methyl ester used in Serbia.
j Samples synthesized at laboratory: soybean (S), rapeseed (R), palm (P), soybean + ra

(SRP), sunflower (SF); from Portuguese biodiesel producers: soybean + rapeseed (GP) an
the thermophysical fuel properties. The properties of major influ-
ence in the injection time are the surface tension [7], the viscosity,
and the isentropic bulk modulus [8], which is determined by the
sound speed. Therefore, for the accurate design and maintenance
of injection systems, the accurate knowledge of the sound speed
of the fuel plays an important role. Biodiesel sound speed informa-
tion is very scarce in the literature, although several authors have
measured this property for pure methyl and ethyl FAEs. Some pre-
vious literature reports on speed of sound of pure FAMEs and bio-
diesel are summarized in Table 1, calculated for different
temperature and pressure ranges, techniques and uncertainties of
the measurements.

This work aims to evaluate the sound speed of pure liquid
FAMEs most frequently found in biodiesel, and also of the biodiesel
fuels. This property has been measured for MeC12:0, MeC14:0,
MeC16:0, MeC18:0, MeC18:1, MeC18:2 considering wide ranges
nd biodiesel.

Pa) (u) and (ru (m s�1)a Methodb Purity (wt%)

(1278, 1351) (0.08%) Interf >99.7
–32.5 (1086–1502) (0.1–0.7%) PE d

–34.5 (1080–1498) (0.1–0.7%) PE d

(1171–1370) (0.01) PE 97

(1299, 1372) (0.08%) Interf >99.7
(1194–1353) (0.01) PE 98
(1098–1335) (<0.1%) PE 99

–80 (1036–1614) (0.2%) PE 99

(1318) (0.08%) Interf >99.7
–32.5 (1123–1537) (0.1–0.7%) PE >99
–34.5 (1019–1463) (0.1–0.7%) PE e

(1233–1338) (0.1%) PE >99.0
(1171–1370) (<0.1%) PE 99

–50 (1057–1507) (0.2%) PE 99
(1216–1337) (0.02) DSA5000 99

(1333) (0.08%) Interf >99.7
–32.5 (1141–1541) (0.1–0.7%) PE >99

(1248–1317) (0.1%) PE >99.0
(1231–1333) (0.02) DSA5000 99

(1338–1408) (0.08%) Interf >99.7
(1250–1462) (0.1%) PE >99.0
(1238–1427) (0.01) PE 99
(1139–1446) (<0.1%) PE 99

(1348–1419) (0.08%) Interf >99.7
–32.5 (1156–1554) (0.1–0.7%) PE f

–34.5 (1151–1550) (0.1–0.7%) PE f

(1260–1472) (0.1%) PE >99.0
(1149–1456) (<0.1%) PE 99
(1246–1418) (0.02) DSA5000 99

–34.5 (1053–1551) (0.1–0.7%) PE –
8 (1255–1467) (0.03–1.00) PE g

180 (1213–1848) (�0.3%) TOF h

–160 (1404–1893) (0.05) PE i

(1230–1432) (0.01) DSA5000 j

0 (6.3).
3 (6.2).

peseed (SR), palm + rapeseed (PR), soybean + palm (SP), soybean + rapeseed + palm
d SoyA.



Table 2
Sample material purities of the calibration standards and FAMEs.

Material Supplier Cas
No.

Sample purity (wt%) Structure/properties

Water Mili-Q
Toluene Acros Organics 142–82–5 99.9
2-Butanediol Carlo Erba 64–17–5 99.9
Methyl laurate Sigma Aldrich 111–82–0 >97
Methyl myristate Sigma Aldrich 124–10–7 >98
Methyl palmitate Sigma Aldrich 112–39–0 >97
Methyl stearate Sigma Aldrich 112–61–8 >96
Methyl oleate Sigma Aldrich 112–62–9 >99 GC
Methyl linoleate Acros Organics 112–63–0 >99 GC
Cotton seed oil Acros Organics 17711 Fatty acid composition: MeC14:0 and lower: ca 1.5%;

MeC16:0 ca 25%; MeC18:0 ca 3%; MeC18:1, 16
to 24%; MeC18:2, 50 to 55%; MeC18:3 and higher < 1.5%

AV 6 0.5 mg KOH g�1 SV = 185–198 mg KOH g�1;
IV = 95–115 g I/100 g, UM < 1.5%;
n = 1.4720–1.4730 (20 �C, 589 nm)

AV = acid value; SV = saponification value; IV = iodine value; UM = unsaponifiable matter; n = refractive index.

Table 3
Biodiesel composition (wt%) of biodiesel of this study.

Biodiesel FAME SCSa SBTb SPFc SYG1d SYG2d PCSe

MeC14:0 0.93 0.50 0.94 0.00 2.83 0.01
MeC16:0 24.98 17.00 25.56 11.90 28.57 26.76
MeC18:0 2.66 9.41 7.83 14.43 13.07 2.81
MeC18:1 18.48 31.24 36.34 72.46 46.60 17.89
MeC18:2 52.94 41.85 29.32 1.21 8.92 51.60

a SCS: synthetic cotton seed oil.
b SBT: synthetic beef tallow.
c SPF: synthetic biodiesel poultry fat.
d SYG1 and SYG2: synthetic samples from yellow grease.
e PSB: Produced cottonseed biodiesel.
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of temperatures. Additionally, five synthetic biodiesel samples
composed by different FAMEs were prepared, and also a cotton
seed biodiesel sample was produced by transesterification of the
cotton seed oil, then measuring the respective speed of sound.
The measurements are reported at atmospheric pressure and tem-
peratures ranging from 298.15 to 353.15 K. The speed of sound was
combined with density to calculate the isentropic and molecular
compressibilities for the FAMEs and biodiesel samples studied in
this work. We have also used additional information of speed of
sound for FAMEs and biodiesel samples from literature to extend
and complete the knowledge of the molecular compressibility.
From all the collected information, predictive models of molecular
compressibility and speed of sound for FAMEs and biodiesel were
formulated.

2. Experimental

2.1. Calibration liquids and fuels

Water (mili-Q), toluene obtained from ACROS (Cas No: 142–82-5)
with a mass fraction purity of 99.9 wt%, and 2-butanediol from Carlo
Erba (Cas No. 64–17-5) with a stated mass fraction of 99.9 wt% have
been used as speed of sound calibrant liquids in the cell. The liquids
were previously degassed ultrasonically.

The methyl esters (MeC12:0, purity P 97%, wt%), (MeC14:0,
purity P 98%), (MeC16:0, purity P 97%), (MeC18:0, purity P 96%),
(MeC18:1, purity P 99%, GC grade), were purchased from Sigma
Aldrich and (MeC18:2, purity P 99%, GC) from Acros Organics.
All the FAMEs were used without further purification. Five syn-
thetic biodiesel samples were prepared from known masses of
FAMEs (MeC14:0, MeC16:0, MeC18:0 MeC18:1, and MeC18:2).
Also, one biodiesel sample was produced by trasesterification of
cottonseed oil, which was supplied by Acros Organic. The detailed
specifications of all materials are summarized in Table 2.

2.2. Synthetic samples and cottonseed biodiesel preparation

The composition choice for the synthetic samples was based on
the availability of their experimental cetane number once we in-
tend to study this important parameter in a future work. The idea
was to choose samples that could allow covering a wide range of
cetane numbers, with specifications of regulatory standards.
Methyl esters were mixed in appropriate mass proportions to sim-
ulate the target biodiesel samples. The biodiesel samples were pre-
pared as follows: the synthetic cottonseed (SCS) biodiesel was
based on the compositions reported by Wadumesthrige et al.
[20]; the synthetic beef tallow (SBT) was from the composition gi-
ven by Ramirez-Verduzco et al. [21]; synthetic biodiesel poultry fat
(SPF) was obtained from composition reported by Wadumesthrige
et al. [20]; two synthetic samples from yellow grease (SYGI and SY-
GII), obtained from cooking oil used in ‘‘fast food’’ were prepared
from the composition reported by Kinast [22] and Canacki and Ger-
pen [23], respectively. The composition of synthetic biodiesel sam-
ples are presented in Table 3. The transesterification of cottonseed
oil was carried out in a 50 ml three-necked double wall jacketed
reactor. The reactor was equipped with a reflux condenser, to avoid
methanol losses, a magnetic stirrer, a digital thermometer (ERTCO-
EUTECHNICS Model 4400 Digital thermometer) and one stopper to
feed the raw materials. The reactor was initially charged with a
known amount of oil. A solution of known amount of catalyst so-
dium methoxide was prepared in the required amount of methanol
and was added to the oil sample. After proper closing of the flask
the temperature in the reactor was maintained constant by circu-
lating water from a thermostatic bath (Digiterm 100 JP SELECTA).
The system was also kept airtight to prevent the loss of alcohol.
The reaction mix was held at a temperature just above the boiling
point of the alcohol i.e. around 65 �C to speed up the reaction. The
reaction time was 2 h. Excess alcohol was normally used to ensure
total conversion of the oil to its esters. After the confirmation of
completion of methyl ester formation, the heating was stopped
and the products were cooled and transferred to a separating fun-
nel. The ester layer containing mainly methyl esters and methanol
and the glycerol layer containing mainly glycerol and methanol
were separated. The methyl esters were washed and dried under
vacuum to remove traces of moisture.

2.3. Analyticalmethods

The FAMEs of biodiesel produced from cottonseed oil supplied
by Acros Organic, was analyzed by gas chromatography in a TRE
METRICS 9001 gas chromatograph equipped with a 30 m fused sil-
ica capillary column DB-225 (J & W Scientific), Agilent with a
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length of 30 m, with 0.15 lm film, and an internal diameter of
0.25 mm. A sample (1 ll) was injected at temperature of 280 �C
and without split. Helium was used as the carrier gas at a flow rate
of 1 ml min�1 and also used as auxiliary gas for the FID. The follow-
ing temperature ramp was used: initial temperature of 70 �C dur-
ing 1 min, followed by an increase of 10 �C min�1 up to 180 �C
and then 3 �C min�1 up to 220 �C, which was maintained for
15 min. The components in the product were quantified by using
heptadecanoate methyl ester as an internal standard. Calibration
was done using different concentrations of each methyl esters in
n-heptane with addition of internal standard. The composition of
the cotton seed biodiesel (PCS) is presented in Table 3.
0 5 10 15 20 25
-2
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-1
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Fig. 2. S A-scan signal: (1) Emission signal; (2) receiving signal; (3) steel wall
reflected signal.
2.4. Sound speed measurement

The measurement of the ultrasound velocity can provide useful
information about the physicochemical behavior of liquids and li-
quid mixtures. Several relations and semi-empirical approaches
are available in literature for the calculation of the ultrasound
velocity in liquid and liquid mixtures.

In order to measure the ultrasound propagation velocity in the
esters and biodiesel fuels a cell was used. A schematic of that cell is
shown in Fig. 1a inserted in the measurement system and its con-
struction details can be observed in Fig. 1b. The cylindrical cell is
composed by a stainless steel hollow having diameter and length
of 12 mm and 15.5 mm, respectively to accommodate the testing
liquids. Two 5 MHz ultrasonic transducer are mounted in cavities
drilled on the cell plane surfaces, one acting as a transmitter and
the other as a receiver. To minimize reflections, the transducers
are in contact with the stainless steel walls of the cavities, and sil-
icone oil is used to enhance the wave transmission.

A wide band pulse generator is used to excite the transmitter
transducer. The acoustical wave propagates through the testing li-
quid and is collected by the receiver. Then, the signal is amplified
and displayed in the oscilloscope, and transferred to the computer
for processing (see Fig. 1a). An A-scan representation of a signal
corresponding to the propagation over the media between the
transmitter and the receiver is shown in Fig. 2. The time of flight
Ds in the testing sample is obtained from the difference between
the emitter-receiver propagation time and the propagation time
in the steel walls (see Fig. 2). The cell was calibrated by measuring
Ds in water, toluene and 2-butanediol at atmospheric pressure,
over the full range of temperatures T = (298.15–343.15) K and
u = (1117–1602) m s�1 using a total of 22 (T, u) data points for
Pulse 
Generator

Amplifiervalve

Cell

Transducers

(a)
Fig. 1. Scheme of speed of sound measurement system. (a) Ultraso
these liquids (water [24], toluene [25], and 2-butanediol [26]).
The literature u(T) data were fitted using the following equation:

1
u
¼ ðc1 þ c2TÞ þ ðc3 þ c4TÞDs ð1Þ

where c1 = (�1.84069� 10�4 ± 3.1489� 10�5) m�1 s, c2 = (3.45446 �
10�7 ± 9.8981 � 10�8) m�1 s K�1, c3 = (64.0477 ± 2.0235) m�1, and
c4 = (�3.17784 � 10�2 ± 6.3000 � 10�3) m�1 K�1. The obtained cor-
relation coefficient and standard deviation were R = 1.000 and
r = ± 6.30 � 10�7 m�1 s, respectively. In terms of speed of sound
the standard deviation and absolute average deviation AAD% are
defined as:

r ¼
XNp

i¼1

ðucal � uexpÞ2i =Np

" #1=2

ð2Þ

AAD% ¼ ð100=NpÞ
XNp

i¼1

jucal=uexp � 1ji ð3Þ

where the subscripts ‘‘exp’’ and ‘‘cal’’ are used for experimental and
calculated values (vd. Eq. (1)), respectively, and Np is the number of
Transducer

Transducer

Hollow

(b)
und cell and peripheral equipment. (b) Ultrasound cell details.
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data points. The values r = ± 1.2 m s�1 and AAD% = 0.07% were
obtained.
3. Results and discussion

3.1. Sound speed

The speed of sound measured at extended ranges of tempera-
ture for several FAMEs and biodiesel here studied are given in
Table 4. The following polynomial expression, the equation:

u ¼
X2

i¼0

uiT
i ð4Þ

was fitted to the experimental (T,u) and the obtained coefficients ui

are shown in Table 5. The coefficient of correlation, the low stan-
dard deviation and AAD% values reveal the good quality of mea-
sured data (T,u). The second degree polynomial accounts for the
slight curvature sometimes observed in (T,u) data. This behavior
is particularly seen for water used here as calibration fluid. The
experimental speed of sound for the studied samples, calculated
from the A-Scan data (see Fig. 2) versus temperature are illustrated
in Fig. 3. The melting points of the FAMEs given by Knothe and
Dunn [27] are also shown. It can be seen that the speed of sound de-
creases with the increase of temperature as expected, with almost
the same slopes, and the saturated and unsaturated MeC18 show
similar values of speed of sound, where the differences are less than
10 m s�1. This is important because most of biodiesel systems are
formed mainly by MeC18 FAMEs of several degrees of saturation.
The speed values for biodiesel at a given temperature are similar
to those of MeC18 FAMEs as illustrated in Table 4. The experimental
speed of sound values were compared with the ones from literature
(see Figs. 4–6). It can be affirmed that the sound speed values ob-
tained in this work are in agreement with the ones provided by
the literature, presenting relative deviations less than 0.3%, which
corresponds ca. 4 m s�1, except for the results by Tat and van
Table 4
Experimental speed of sound (u) for FAME, synthetic and produced biodiesels at atmosph

T/K u / (m�s�1) T/K u / (m�s�1) T/K u / (m�s�1)

MeC12:0 MeC14:0 MeC16:0

298.25 1332.3 298.15 1350.9
303.17 1313.5 303.15 1331.5
308.26 1293.5 308.17 1312.8
313.15 1277.8 313.15 1296.6 313.42 1317.0
318.15 1258.2 318.15 1276.4 318.15 1297.0
323.17 1243.6 323.15 1255.3 323.17 1282.1
328.17 1224.5 328.15 1243.2 328.15 1263.4
333.15 1207.6 333.15 1228.2 333.15 1247.1
338.15 1187.5 338.15 1212.1 338.15 1231.2
343.15 1171.2 343.16 1192.7 343.15 1211.9
348.17 1156.1 348.15 1178.4 348.15 1193.3
353.15 1138.0 353.15 1162.4 353.15 1179.1
SCS SBT SPF

303.15 1369.2 303.15 1371.3 303.15 1371.3
308.15 1353.3 308.17 1351.3 308.19 1351.4
313.15 1335.9 313.15 1334.0 313.15 1332.1
318.19 1314.4 318.15 1317.2 318.15 1314.4
323.16 1298.2 323.45 1304.7 323.15 1297.3
328.16 1283.4 328.17 1283.4 328.16 1278.2
333.15 1264.8 333.17 1263.9 333.10 1263.1
338.15 1250.1 338.16 1250.9 338.18 1247.6
343.15 1230.1 343.15 1235.0 343.15 1231.0
348.18 1216.4 348.15 1214.8 348.24 1215.7
353.15 1203.1 353.15 1200.8 353.21 1200.8

The uncertainty in u is less than ±1 m s�1.
Gerpen [11]. The experimental speed of sound in synthetic samples
and in the produced cottonseed biodiesel are shown in Fig. 7. It can
be observed that they fall in a narrow range of ca.11 m s�1, and this
range is almost independent of the temperature. The experimental
values of Freitas et al. [12] for soy and palm methylic biodiesel were
included for purpose of comparison. All the other biodiesel samples
studied by Freitas et al. have (T,u) values into the before mentioned
speed of sound range.

3.2. Molar compressibility

An important parameter in the study of liquid state is the molar
compressibility also called Wadás constant [28] defined by

km ¼
M
q

k�1=7
S ð5Þ

where M is the molar mass, kS the isentropic compressibility, and q
the density. The isentropic compressibility kS is calculated from the
Laplace equation:

kS ¼
1
q

@q
@p

� �
S

� �
¼ 1

qu2 ð6Þ

where S is the entropy, and p the pressure.
The molar compressibility is assumed to be independent of the

temperature in liquids and it is obtained from integration of the
differential relationship [29],

@ ln ks

@T

� �
P

¼ �7ap ð7Þ

where aP ¼ �ð1=qÞð@q=@TÞP is the isobaric expansibility. For the
saturated FAMEs MeC10:0, MeC14:0, and MeC16:0, Daridon et al.
[13] found an almost constant temperature dependence of km and
they developed a group contribution method to predict the molec-
ular compressibility and speed of sound for methyl and ethyl esters
with an uncertainty of ca. 0.1%. In this work, the experimental den-
sity data of Pratas et al. [30] were used to calculate the isentropic
eric pressure.

T/K u / (m�s�1) T/K u / (m�s�1) T/K u / (m�s�1)

MeC18:0 MeC18:1 MeC18:2

288.41 1434.5
293.33 1414.5

298.28 1389.9 298.15 1398.3
303.79 1365.3 303.20 1378.5
308.15 1353.3 308.20 1360.3
313.28 1336.0 313.15 1343.7
318.15 1318.2 318.15 1327.6

323.15 1297.3 323.15 1301.0 323.15 1308.3
328.15 1281.7 328.15 1282.6 328.34 1288.8
333.15 1263.1 333.15 1266.5 333.15 1272.5
338.15 1248.4 338.15 1249.2 338.15 1255.9
343.15 1230.1 343.15 1233.4 343.15 1239.0
348.15 1215.6 348.15 1215.6 348.15 1225.1
353.24 1200.1 353.15 1200.0
SYG1 SYG2 PCS

298.15 1394.1
303.38 1369.3 303.17 1365.2 303.23 1376.4
308.17 1352.3 308.18 1345.4 308.21 1358.3
313.28 1328.3 313.17 1326.4 313.15 1338.8
318.17 1316.3 318.15 1309.8 318.15 1322.9
323.22 1292.8 323.15 1292.8 323.15 1305.5
328.16 1279.9 328.19 1275.5 328.18 1286.1
333.17 1261.4 333.17 1258.0 333.15 1271.6
338.18 1250.1 338.20 1242.6 338.20 1253.4
343.16 1230.1 343.17 1225.3 343.15 1237.4
348.16 1213.3 348.18 1211.7 348.18 1221.1
353.17 1204.6 353.16 1194.7 353.17 1206.2
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Fig. 3. Speed of sound of methyl esters (u) as function of the temperature (T)
measured in this work. s, MeC12:0; O, MeC14:0; M, MeC16:0; h, MeC18:0;
}, MeC18:1; , MeC18:2; +, melting points [27].
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and molar compressibility of the pure FAMEs. The results for molar
compressibility are presented in Table 6 and depicted in Fig. 8a ver-
sus temperature. It is clearly observed that km is an almost constant
function of temperature, tending to be lightly decreasing. Table 7
shows the coefficients k1 and k2 of the linear representation km = -
k1 + k2T as well as the standard deviations of the fitting. As the mo-
lar compressibility only is slightly temperature dependent, it seems
logical to calculate the average values hkmi ¼ ð1=NpÞ

PNp

i ðkmÞi for fu-
ture applications. The hkmi values of FAMEs are presented in Table 6
as well as the standard deviation from the mean value of molar
compressibility, rkm, and the average absolute deviation from the
mean, AAD%. These quantities are, respectively, defined as

rkm ¼
XNp

i¼1

ðkm � hkmiÞ2i =Np

" #1=2

ð8Þ

AAD% ¼ ð100=NpÞ
XNp

i¼1

j1� hkmi=kmji ð9Þ

The standard deviation rkm and the AAD% are usually lower
than 5 � 10�3 and 0.05%, respectively. Also, one proceeded with
the calculation of the molar compressibility for the biodiesel sam-
ples studied by Freitas et al. [12], Huber et al. [17], and the ones
processed in this work. For the samples used by Freitas et al. and
Huber et al. the density is known and was used. The calculated
km values using Eq. (5), were obtained from the speed of sound
and density of biodiesel fuels, presented by Freitas et al. [12] and
Pratas et al. [30], respectively, and from the same data determined
by Huber et al. [17]. For the processed synthetic samples and pro-
duced cotton seed biodiesel sample the density q was calculated
by using the Kay mixing rule

q ¼
XFAMES

i

xiqi ð10Þ

where qi represents the density of FAME i in the mixture with molar
fraction xi. Pratas et al. [30] have shown that using molar fractions
in Kay rule is preferable than the use of other concentration unit,
and that the AAD% between calculated and experimental values of
density were ca. 0.33%. The molar compressibility of biodiesel is
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represent this worḱs experimental data and (ulit) the values from the literature. +, this work; d, Tat and van Gerpen, NREL [11]; , Gouw and Vlugter [9]; , Freitas et al. [12];
( ),Tat and van Gerpen [10]; �, Daridon et al. [13]: M, Ndiaye et al. [14]. In (b, d) the symbol + represents the relative deviations between the fitted values with equation (4)
and this worḱs experimental data.
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Fig. 5. Speed of sound (u) of MeC16:0 and MeC18:0 as function of the temperature (T) and comparison of experimental data of this work with the previous literature data.
Legend: (a) values (u, T) for MeC16:0; (b) relative deviations for MeC16:0; (c) values (u, T) for MeC18:0; (d) relative deviations for MeC18:0. In the relative deviations (uthis)
represent this worḱs experimental data and (ulit) the values from the literature. +, this work; d, Tat and van Gerpen, NREL [11]; , Gouw and Vlugter [9]; ( ),Tat and van
Gerpen [10]; , Tat and van Gerpen [10]; �, Daridon et al. [13]; M, Ndiaye et al. [14]; , Ott et al. [15]; h, Freitas et al. [16]. In (b, d) the symbol + represents the relative
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presented in Table 6 and illustrated in Fig. 8b versus temperature. A
statistical analysis of the biodiesel data was also performed calcu-
lating the standard deviation and the average absolute deviation
from the mean value of the molar compressibility. The results are
also shown in Table 6. The analysis of Fig. 8b allows us to conclude
that for biodiesel, km is also slightly dependent of temperature, and
this behavior is related to the nature of biodiesel sample (biodiesel
composition). The standard deviation and the average absolute
deviation from the mean value of km, are for all the biodiesel fuels,
usually lower than 5 � 10�3 and 0.05%, respectively as verified for
FAMEs.

Daridon et al. [13] observed a linear increase of the molar com-
pressibility with the molecular weight for FAMEs and fatty acid
ethyl esters (FAEE). This behavior is displayed in Fig. 9a, where
the molar compressibility of saturated FAMEs (MeC8:0, MeC10:0,
MeC12:0, MeC14:0, MeC16:0, MeC18:0) are represented as a
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biodiesel, Payri et al. [18]; , Huber et al.[17].

A.F.G. Lopes et al. / Fuel 116 (2014) 242–254 249
function of molecular weight (M). The linear behavior can be de-
scribed by the expression,

hkmi ¼ �ð0:2825� 0:0049Þ þ ð0:02502� 2:12� 10�5ÞM ð11Þ
which correlation coefficient, standard deviation, and AAD% are
R = 1.000, r = ±0.0025, and 0.03%, respectively. The unsaturated
FAMEs MeC18:1, MeC18:2 and MC18:3 have lower values of molar
compressibility than MeC18:0. Daridon et al. also observed similar
straight lines for saturated FAMEs and FAEEs, which were coinci-
dents, and also they were parallel to the corresponding line for par-
affins. That means the molar compressibility is not only a function
of molecular weight but depends on the molecular structure of mol-
ecules. The parallelism observed between paraffins and FAE is due
to the constant contribution of the ester group for km in FAE, which
is independent of the ester considered [13]. Based on these results,
Daridon et al. developed a group contributionmethod for the pre-
diction of km of FAE with AAD% less than 0.05%. It was checked
the existence of some relationship between km and M for biodiesel
with different compositions. In Fig. 9b the mean molar compress-
ibility averaged to the temperature ranges of data, is represented
as a function of the mean molecular weight of biodiesel, given by

M ¼
XFAMES

i

xiMi ð12Þ

As before a linear behavior is also observed between hkmi and M
and considering the (hkmi,M) pairs for Freitas et al., Huber et al. and
for our work (with the exception of SYG1 biodiesel because hkmi is
outside the observed range), the equation:

hkmi ¼ ð1:5630� 0:2475Þ þ ð0:01839� 0:0009ÞM ð13Þ

with correlation coefficient, standard deviation, and AAD% of,
respectively, R = 0.984, r = ±0.0095, and 0.11% was obtained. It is
important to emphasize that this equation results from wide tem-
perature and composition ranges of fuels. At extremes of molar
weight are the values corresponding to the palm and soy biodiesel
samples studied by Freitas et al. [12] presenting significant differ-
ences in composition: the palm sample (P) has composition (wt%)



Table 6
Molar compressibility (km) for FAME, synthetic and produced biodiesels.

T (K) km � 103 T (K) km � 103 T (K) km � 103 T (K) km � 103 T (K) km � 103 T (K) km � 103

MeC12:0 MeC14:0 MeC16:0 MeC18:0 MeC18:1 MeC18:2

288.41 6.967
293.33 6.964

298.25 5.082 298.15 5.783 298.28 7.084 298.15 6.964
303.17 5.082 303.15 5.781 303.79 7.076 303.20 6.961
308.26 5.080 308.17 5.780 308.15 7.080 308.20 6.959
313.15 5.082 313.15 5.781 313.42 6.490 313.28 7.080 313.15 6.960
318.15 5.080 318.15 5.778 318.15 6.484 318.15 7.078 318.15 6.961
323.17 5.083 323.15 5.772 323.17 6.488 323.15 7.190 323.15 7.077 323.15 6.957
328.17 5.081 328.15 5.779 328.15 6.485 328.15 7.192 328.15 7.074 328.34 6.953
333.15 5.081 333.15 5.781 333.15 6.485 333.15 7.188 333.15 7.074 333.15 6.952
338.15 5.078 338.15 5.782 338.15 6.486 338.15 7.191 338.15 7.073 338.15 6.951
343.15 5.078 343.16 5.778 343.15 6.482 343.15 7.187 343.15 7.073 343.15 6.950
348.17 5.080 348.15 5.781 348.15 6.478 348.15 7.190 348.15 7.070 348.15 6.953
353.15 5.078 353.15 5.781 353.15 6.481 353.24 7.191 353.15 7.070
hkmi 5.081 5.780 6.484 7.190 7.076 6.958
rkm 1.70 � 10�3 2.72 � 10�3 3.24 � 10�3 1.47 � 10�3 4.07 � 10�3 5.36 � 10�3

AAD (%) 0.03 0.04 0.04 0.02 0.05 0.07

SCS SBT SPF SYG1 SYG2 PCS
303.15 6.850 303.15 6.927 303.15 6.885 303.38 7.022 303.17 6.863 303.23 6.864
308.15 6.852 308.17 6.923 308.19 6.881 308.17 7.021 308.18 6.859 308.21 6.862
313.15 6.851 313.15 6.923 313.15 6.878 313.28 7.011 313.17 6.857 313.15 6.859
318.19 6.845 318.15 6.923 318.15 6.877 318.17 7.018 318.15 6.857 318.15 6.860
323.16 6.846 323.45 6.931 323.15 6.876 323.22 7.008 323.15 6.857 323.15 6.859
328.16 6.848 328.17 6.922 328.16 6.872 328.16 7.013 328.19 6.856 328.18 6.855
333.15 6.845 333.17 6.918 333.10 6.874 333.17 7.010 333.17 6.854 333.15 6.858
338.15 6.847 338.16 6.923 338.18 6.876 338.18 7.018 338.20 6.856 338.20 6.856
343.15 6.841 343.15 6.923 343.15 6.875 343.16 7.011 343.17 6.854 343.15 6.856
348.18 6.845 348.15 6.916 348.24 6.877 348.16 7.010 348.18 6.858 348.18 6.856
353.15 6.849 353.15 6.919 353.21 6.878 353.17 7.022 353.16 6.856 353.17 6.857
hkmi 6.847 6.923 6.877 7.015 6.857 6.859
rkm 3.09 � 10�3 3.95 � 10�3 3.28 � 10�3 5.10 � 10�3 2.48 � 10�3 2.92 � 10�3

AAD (%) 0.04 0.04 0.04 0.07 0.03 0.04
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MeC16:0 = 42.45%, MeC18:1 = 41.92% and MeC18:2 = 9.80%, while
for soy sample (S), MeC16:0 = 10.76%, MeC18:1 = 22.96% and
MeC18:2 = 53.53%. From the data existent in the literature, it can
be said that a narrow range is observed for the variation of molar
weight (Mmin = 284.317 corresponding to palm diesel to
Mmax = 295.072 for rapeseed fuel). Considering the molar compress-
ibility and mean molar weight values of biodiesel samples prepared
by Freitas et al., Huber et al. and the ones obtained in this work, re-
sulted by least squares fitting the equation:

km ¼ 6:8178� 1:127� 10�4T þ FðM; TÞð0:2351� 6:8

� 10�5TÞ ð14Þ

with statistical parameters R = 1.000, r = ±0.0102, and AAD% = 0.1%.
In Eq. (14),

FðM; TÞ ¼ �4:284� 10�7ðM � 295:07ÞðM � 284:32ÞT
þ 0:09298ðM � 284:32Þ ð15Þ

This equation provides the accurate data of molar compressibility
at molar weight limits Mmin and Mmax, before mentioned, therefore
giving bounded values of km. The AAD% values from Eq. (14), re-
lated to the biodiesel fuels are given in Table 8. The error analysis
is made considering the subsets (Freitas et al., Huber et al. and the
ones obtained in this work), justified by the different variation
range of sound speed versus temperature (see Fig. 7) and the dif-
ferent composition of fuels for the subsets. The results of Eq. (14)
can be compared with those assuming the ideal mixing rule de-
fined as:

km ¼
XFAMES

i

xikm;i ð16Þ
where km,i are the molar compressibility of the FAMEs. Due to the
lack of experimental sound speed data for some minority FAMEs
allowing the calculation of the molar compressibility, then in this
work a pseudo-component concept similar to that applied by
Freitas et al. [12] to the speed of sound was adopted: the molar
compressibility of C16:1 was supposed as that of MeC16:0, that
of MeC20:0, MeC22:0 and MeC24:0 as that of MeC18:0 and for
MeC20:1 and MeC22:1 as that for C18:3. For methyl caprate
(MeC10:0), the speed of sound provided by Daridon et al. [13]
for temperatures ranging from 283.15 K to 343.15 K and density
measured by Pratas et al. [31], were used to obtain the relation
km = 4.4151–1.0857 � 10�4 T. For methyl linolenate (MeC18:3)
the speed of sound measured by Gouw and Vlugter [9] at
temperatures of 293.15 K and 313.15 K and the density measured
by Pratas et al. [32] provided a similar relation km = 6.8400–
3.9300 � 10�5T.

From Table 8, it can be concluded that the predictions for the
molar compressibility with the simple mixing rule given by Eq.
(16), provide good estimates of that parameter. For Freitas et al.
and this work subset, the AAD% is lower than 0.1%. The prediction
with Eq. (14) is also possible with deviations lower than 0.1% par-
ticularly for Freitas et al. subset. The predictive capacity of both
methods are evaluated in term of overall average deviation,
OAAD%, defined as:

OAAD% ¼ 1
NS

XNS

i¼1

ðAAD%Þi ð17Þ

where the subscript i refers to a subset with an average deviation
value (AAD%)i for the (T,km) data and Ns is the number of systems
(subsets) involved. The OAAD% for equations (14) and (16) are
0.17 and 0.19%, respectively.
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3.3. Models for speed of sound

From Eq. (6), the sound speed is obtained by

u ¼ q3 km

M

� �7=2

ð18Þ

Therefore the sound speed can be calculated from the molar
compressibility, density and molecular weight. As the molar com-
pressibility can be considered as constant in wide ranges of tem-
peratures hkmi can be used in Eq. (18), giving

u ¼ q3ðhkmi=MÞ7=2 ð19Þ
Table 7
Fitting parameters and standard deviation (r) of linear of equation fitted to the (km, T) da

Coefficients MeC10:0 MeC12:0 MeC14:0 MeC16:0

k1 4.4151 ± 0.0031 5.1007 ± 0.0081 5.7805 ± 0.0163 6.5523 ±
k2 105 �10.8571 ± 0.9939 �6.2091 ± 2.4734 �0.2170 ± 4.9955 �20.3650 ±
r 0.001 0.002 0.003 0.002
The density of FAMEs can be accurately calculated [31,32] or
predicted while Kay mixing rule given by Eq. (10) can be used
for biodiesel samples. Thus, Eq. (19) can be used to predict the
speed of sound in FAMEs and biodiesel. The comparison between
the sound speed calculated by Eq. (19) using Eq. (11) for hkmi,
and experimental ones for saturated FAMES are given in Fig. 10.
The individual AAD% values are expressed by Eq. (3), and are usu-
ally less than 0.20% (ca. 3 m s�1), which is not far from the exper-
imental error found in the measurements. For the saturated FAMEs
the overall average relative deviation OAAD% was calculated by Eq.
(17) where Ns refers to the number of FAMES studied. For the
FAMEs (MeC6:0 to MeC18:0), the OAAD% = 0.15% (ca. 2 m s�1).
For FAMEs not included in the fit of Eq. (11) (MeCn:0, n = 7, 9,
11, 13, 15, 17) the OAAD% in the speed of sound is 0.26% (ca.
3 m s�1).

Eq. (19) was applied to biodiesel fuels considering also the (T, u)
subsets of Freitas et al. [12], Hubber et al. [17], and the six biodiesel
ta.

MeC18:0 MeC18:1 MeC18:2 MeC18:3

0.0187 7.1962 ± 0.0219 7.1455 ± 0.0104 7.0448 ± 0.0086 6.8400
5-6001 �1.8152 ± 6.4877 �21.4394 ± 3.1809 �27.300 ± 2.7127 �3.9300

0.002 0.002 0.002 0



Table 8
Error analysis of molar compressibility and speed of sound predictions by different methods.

Biodiesel AAD% (km) AAD% (u)

Eq. (14) Eq. (16) ID VD NMT CT MC1 MC2 JJ IMP

Sa 0.24 0.04 0.23 0.31 0.22 0.22 0.23 0.40 0.24 0.22
Ra 0.00 0.02 0.27 0.34 0.27 0.26 1.86 0.99 0.28 0.26
Pa 0.01 0.12 0.31 0.51 0.28 0.33 0.62 0.70 0.30 0.31
SRa 0.03 0.06 0.34 0.42 0.34 0.34 1.01 0.25 0.35 0.33
PRa 0.04 0.14 0.29 0.45 0.27 0.30 1.24 0.12 0.29 0.29
SPa 0.04 0.11 0.23 0.40 0.21 0.24 0.59 0.39 0.23 0.22
SRPa 0.01 0.11 0.31 0.46 0.29 0.31 1.02 0.08 0.31 0.30
SFa 0.14 0.02 0.32 0.37 0.31 0.31 0.69 0.07 0.32 0.31
GPa 0.04 0.13 0.23 0.31 0.22 0.22 0.82 0.08 0.24 0.22
SoyAa 0.14 0.18 0.33 0.42 0.32 0.34 0.54 0.36 0.34 0.33

PAAD% 0.07 0.09 0.28 0.40 0.27 0.29 0.86 0.34 0.26 0.22
HAb 0.18 0.31 0.40 0.45 0.39 0.40 0.74 0.08 0.41 0.39
HBb 0.14 0.52 0.37 0.43 0.37 0.37 1.12 0.32 0.38 0.37

PAAD% 0.16 0.42 0.39 0.44 0.38 0.39 0.93 0.06 0.40 0.38
SCSc 0.10 0.05 0.15 0.24 0.14 0.15 0.58 1.49 0.15 0.14
SBTc 0.19 0.04 0.14 0.20 0.14 0.14 0.63 0.34 0.14 0.14
SPFc 0.21 0.05 0.16 0.29 0.14 0.17 0.58 0.50 0.15 0.15
SYG1c 0.76 0.06 0.20 0.22 0.20 0.20 2.78 1.55 0.20 0.20
SYG2c 0.37 0.03 0.10 0.18 0.11 0.10 0.95 0.30 0.10 0.10
PCSc 0.06 0.15 0.52 0.64 0.49 0.54 0.14 0.96 0.52 0.51
PAAD% 0.28 0.06 0.21 0.30 0.20 0.21 0.94 0.86 0.21 0.21
OAAD% 0.17 0.19 0.29 0.38 0.28 0.30 0.91 0.42 0.29 0.27

a Freitas et al. [12].
b Hubbet et al. [17].
c Biodiesel fuels of this work. ID: ideal mixture; VD: van Dael; CT: Collision theory; MC1: Eq. (19) with density by Eq. (10); MC2: Eq. (19) with density of FAMEs by GCMOL

method.
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fuels of this work. The correlation (13) was used for the hkmi calcu-
lation. The density of biodiesel was calculated in two ways because
it is a fundamental property to be considered in Eq. (19). In a first
method (MC1) the density was calculated by Eq. (10) using the
density linear equations found by Pratas et al. [31,32] for the satu-
rated and unsaturated FAMEs. In the second method, labeled as
(MC2), the following relationship has been used,

qBD ¼
XFAME

i

xiMi

XFAME

i

xiVm;i

, !
ð20Þ

where the molar volume Vm,i of the FAME i is calculated by GCVOL
group contribution method revised by Pratas et al. [30].

Some predictive models usually used in the literature were also
applied to calculate the speed of sound in biodiesel. As biodiesel is
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Fig. 10. Deviation between calculated speed of sound from Eq. (19) applied to
FAMEs (uEQ. (19)) and experimental (uexp). N, MeC7:0; M, MeC8:0; ., MeC9:0; O,
MeC10:0; d, MeC11:0; s, MeC12:0; h, MeC13:0; j, MeC14:0; �, MeC15:0; +,
MeC16:0; , MeC17:0; �, MeC18:0.
a mixture of FAMEs of similar molar weight one can use a mixing
rule assuming an ‘‘ideal’’ mixture behavior, as

uBD ¼
XFAME

i

xiui ð21Þ

In Eq. (21) the sound speed of FAME i was calculated for
MeC12:0, MeC14:0, MeC16:0, MeC18:0, MeC18:1, and MeC18:2,
using Eq. (4). For methyl caprate (MeC10:0) and methyl linolenate
(MeC18:3) the (T,u) data of Daridon et al. [13] and Gouw and Vlug-
ter [9] were considered, respectively. For MeC10:0, the data have
given u = 2802.4–6.2236T + 4.036 � 10�3T2 with standard devia-
tion, r = 0.24 m s�1 and for MeC18:3, it was found that
u = 2454.3–3.5050T. The calculation of uBD by Eq. (21) was made
using again the pseudo-component concept similar to that applied
to speed of sound by Freitas et al. [12] already explained. Other
models are the equation of Van Dael [33] sometimes considered
as a variation of ideal mixture, given as

uBD ¼
XFAME

i

xi

Miu2
i

 ! XFAME

i

xiMi

 !" #�1=2

ð22Þ

The Nomoto relation [34] written as

uBD ¼
XFAME

i

xiRi

XFAME

i

xiVm;i

, !
ð23Þ

where Ri and Vm,i are the molar sound speed and the molar volume
of FAME i, respectively. The molar sound speed is defined as R = u1/

3Vm[35]. Another model is the Schaaff́s collision factor theory (CFT)
[36–38]. Following this theory,

uBD ¼ u1
XFAME

i

xiSi

 ! XFAME

i

xiBi

 !
Vmix=

 !
ð24Þ

where u1 = 1600 m s�1, S ¼ ðuVmÞ=ðu1BÞ is the collision factor for
the ith pure FAME in the biodiesel mixture. The molar volume of
the mixture Vmix can be evaluated as Vmix ¼ ð

PFAME
i xiMi=qmixÞ and
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Fig. 11. Deviation between calculated speed of sound from Eq. (19) applied to
biodiesel fuels (uEQ.(19)) and experimental (uexp). M, S [12]; r, R [12]; s, P [12];, SR
[12]; , PR [12]; , SP [12]; h, SRP [12]; +, Sf [12]; �, GP [12]; , SoyA [12]; },
Sample A and , Sample B [17]; N, SCS; ., SBT; d, SPF; j, SYG1; , SYG2, , PCS.

A.F.G. Lopes et al. / Fuel 116 (2014) 242–254 253
qmix as evaluated using Eq. (10). Bi is the actual volume of a mole-
cule per mole of FAME i in the biodiesel mixture which is evaluated
as B ¼ 4=3pr3NA, where NA is the Avogadro’s number and r is the
molecular radius of the pure FAME, calculated as
r ¼ ð3b=ð16pNAÞÞ1=3, where

b ¼ M
q

� �
� RT

qu2

� �
1þMu2

3RT

 !1=2

� 1

2
4

3
5 ð25Þ

The Junjie relation [39],

uBD ¼
XFAME

i

xiVm;i

 ! XFAME

i

ðxiMiÞ1=2

 ! XFAME

i

ðxiVm;i=qiu
2
i Þ

 !1=2
2
4, 3

5
ð26Þ

was also used to predict the speed of sound in biodiesel. Finally the
speed of sound in biodiesel was also calculated based on the acous-
tical impedance (Z = uq),

uBD ¼
XFAME

i

xiZi

XFAME

i

xiqi

, !
ð27Þ

The values of AAD% corresponding to the various methods de-
scribed before are given in Table 8. The OAAD%, defined as in Eq.
(17) with NS identified with the number of biodiesel subsets
(NS = 3), is also presented in Table 8. The values of the partial
AAD% (PAAD%), are presented for the different subsets of biodiesel
fuels. The ideal mixture model which is the simplest to use, gives
the same results compared with more sophisticated methods. It al-
lows the representation of speed of sound data with OAAD = 0.29%
being particularly good for our and Freitas et al. subsets. The ideal
mixture method has equivalent predicting capacity as Nomoto,
collision theory, Junjie, and impedance methods. The ideal mixture
works better in our subset, being the individual values of AAD% of
each biodiesel fuel lower compared with Freitas et al. and Hubber
et al. subsets. This is perhaps due to the largest speed of sound var-
iation range of our samples (see Fig. 7). The ideal mixture method
was applied by Freitas et al. [12] to biodiesel fuels produced from
different feedstocks. They obtained an OAAD% = 0.36%. In this work
the value 0.28% was obtained and the difference is explained by the
wide range of temperature tested by Freitas et al.. These same
authors tried another prediction method based in a modified Auer-
bach model [12] but the results obtained were poor, being the
deviations around 1.5%. It is interesting to see that Eq. (19) pro-
vides different AAD% values when different density calculation
methods are used. The MC2 method which uses GCVOL group con-
tribution gives usually lower deviations compared with MC1 one
which uses Eq. (10). In our subset the deviations for PCS are higher
than for the SCS although both fuels have the same composition
(vd. Table 3). This is due to the higher speed of sound measured
in PCS (vd. Table 4) and because it is possible that PCS contains
other residual chemical species other than the detected FAMEs.
The relative deviations between calculated and experimental
speed of sound with the MC2 method is presented in Fig. 11. This
method gives very good predictions of speed of sound particularly
in Freitas et al. subset. More accurate relationships for hkmi and km

can be possibly developed and used with GCVOL method to give
accurate estimates of speed of sound in biodiesel fuels.
4. Conclusions

The sound speed for six fatty acid methyl ester and six biodiesel
fuels were measured at temperatures ranging from 288 to 353 K
and at atmospheric pressure using a new non-intrusive method.
For the six biodiesel samples five were prepared by weight from
the pure FAMEs and one was produced from transesterification
of cotton seed oil being characterized by gas chromatography.
The speed of sound of FAMEs and biodiesel is very well described
by polynomial quadratic equations in temperature. An extensive
survey of speed of sound data in the literature was used for the
purpose of comparison. The results produced in this work are in
close agreement with the literature ones. A particular and interest-
ing aspect is that the biodiesel samples of this work show a large
variation range of speed of sound variation at a given temperature
compared with the narrow range relative to the samples measured
by Freitas et al. [12]. Taking the values of the density for FAMEs to-
gether with the sound speed data, the molar compressibilities were
calculated. This property is a very weak function of temperature
either for FAMEs or biodiesel and can be considered as a constant
depending on the substance over wide temperature ranges. Devia-
tions from mean value are usually less than 0.05%. Linear correla-
tions were developed for mean molar compressibility as a
function of molecular weight for FAMEs and biodiesel fuels with-
AAD% of 0.03% and 0.11%, respectively. A new correlation for the
molar compressibility of biodiesel as function of mean molecular
weight and temperature was developed with mean overall devia-
tion of 0.17% taking into account subsets of data from the literature
and of this work. The deviation is less than 0.1% for several biodie-
sel fuels. For all the biodiesel the ideal mixture model which is the
simplest to use has equivalent predictive capability of sound speed
in biodiesel as the more sophisticated methods. The new method
developed in this work, based in mean molar compressibility and
in the GCVOL group contribution for density calculation of FAMEs,
gives good estimates of speed of sound. More accurate relation-
ships for hkmi and km can be possibly developed and used with
GCVOL method to give even more accurate estimates of speed of
sound in biodiesel fuels. It is expected that the prediction methods
here developed for molar compressibility and speed of sound could
produce useful correlations for other biodiesel properties as the ce-
tane number and other exhaust emission related issues.
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