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Abstract

The current work focuses on the study of the influence of pressure and
temperature on three important thermodynamic properties: speed of sound,
compressibility and density of common diesel fuels. The sample fuels studied
were conventional diesel (Repsol Elite), Rape Methyl Ester (typical bio-diesel
used in Spain) and a fuel used especially for winter season (Arctic). Speed of
sound and densities have been determined experimentally. The third property,
Bulk Modulus, has been calculated from the other two. Speed of sound
measurements have been carried out in wide range of temperatures (298< T/K
< 343) and pressures (15 < p/MPa < 180), which represent the typical values
used in injection systems for diesel engines. Hence, a particular configuration

was coupled to the high-pressure injection system, obtaining accurate
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measurements at these extreme conditions. A detailed description of the
method is presented; also, the obtained results are listed, with an uncertainty of
~0.3%. Density measurements have been performed over a broad range of
temperatures (298< T/K < 343), using two commercial devices, obtaining an

overall uncertainty of ~0.6%.
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Nomenclature

a Speed of Sound

Bs Isentropic Bulk Modulus
Bt Isothermal Bulk Modulus
Cy Isobaric Heat Capacity

C, Isochoric Heat Capacity

L Longitude

p Pressure

Paim Atmospheric pressure

Po Pressure at the initial point
T Temperature
To Temperature at reference point
L Time

a Isobaric coefficient of thermal expansion



a, Thermal coefficient of the pipe material

B, Compressibility coefficient of the pipe material

P Fluid Density

Abbreviations:

ARCT Arctic Fuel
REF Reference fuel

RME Rape Methyl Ester

1. Introduction

In diesel engines, differences in physical properties of fuels could change the
injection mechanism, the fuel spray behavior, the combustion performance and
consequently have an effect on pollutant emissions ([1]). Nowadays, many
types of diesel fuels have been developed, the major part of them were
intended for reduce emissions, fossil fuel dependency and costs, such as
biodiesels and synthetic fuels; and other ones have been developed for better
performance at a given conditions, such as winter fuels, etc. In any case, all of
them will have their own composition and physical properties, altering the
engine functionality.

In the past, many researchers have identified the physical properties that could
affect the system injection performance. Generally, some of those properties
that influence the injection are density, speed of sound and isentropic bulk

modulus ([2],[3],[4].[5]).



Concerning the density influence, results reported by ([6],[7]) concluded that
fuels with higher density have little higher mass flow rate for the same injection
conditions, so, the mass quantity in the combustion chamber would be higher.
This was confirmed later by Lujan J.M. et al. ([8],[9]). Besides, Van Gerpen et
al. ([2]) noted the influence of bulk modulus, which affects the speed of sound
on diesel injection systems; they suggested that using biodiesel with higher bulk
modulus could increase the NOx values due mainly to an advance of the start of
injection time (applicable only to pump-line-injector type systems); this
happened because high bulk modulus of compressibility is associated to higher
speed of sound values, leading in faster propagation of pressure waves from
the pump to the injector needle, and thus an earlier needle lift. This assumption
is not valid to common-rail systems, because the opening and closing
mechanisms are different. Nevertheless, the bulk modulus and speed of sound
values are indispensable parameters for system modeling ([10]) and for
experimental injection rate determination ([4],[11]).

On the other hand, all the fluid properties mentioned before depend on other
important variables such as pressure and temperature. In a real diesel engine
the operating points involve strong pressure fluctuations and a wide range of
temperatures, so it is expected that the fluid properties could change in terms of
these two variables. The accuracy of the injection modeling is especially
affected by the elasticity of the fuel ([5]), indeed some authors proved that
model results are different assuming it not dependent on pressure. Therefore, is
necessary to understand the behavior of those properties in real diesel engine

conditions. Various researchers have recognized this dependency of fuel



properties with pressure and temperature ([12],[13]), and have performed some
works in order to quantify their relation. However, technological restrictions have
limited the maximum values reached for the measurements of fuel properties,
and typical high pressures and temperatures involved in injection processes
have been very hard to achieve. Previous works have reported the tendency of
some of these properties against the pressure up to 35 MPa ([2],[3]), others
have reached 60MPa ([12],[14]), or 150MPa ([15]), etc. using different liquids as
alkanes, petroleum diesels or biodiesel. Nevertheless, actual diesel common-
rail systems can reach higher pressures than those pressures reported in
previous papers, and fuel diversity is increasing, then it is necessary to extend
these data to higher pressure limits and to other fuels commonly used on
commercial diesel engines and for research purposes.

Hence, the aim of this paper is to present a data base with values of bulk
modulus, density and speed of sound at different pressure values, from 15MPa
up to 180Mpa, and several temperatures, from 298K up to 343K, of three fuel
samples, Rape Methyl Ester (typical bio-diesel used in Spain RME), one fuel
used especially for winter season (ARCT), and a conventional fuel delivered by
Repsol (Elite fuel) used as reference. Speed of sound values are obtained
experimentally, using a special methodology designed for that purpose. Density
has been measured using two commercial devices at atmospheric pressure.
Afterwards, suitable procedure to estimate density and bulk modulus values at
high pressure based on theoretical approaches is presented. Finally,
mathematical correlations of the fuel properties in dependence on pressure and

temperature are listed.



2. Theoretical Basis

For pure liquids and mixtures, it has been demonstrated that a powerful tool that
provides helpful information of thermodynamic properties is the speed of sound
measurement ([16],[17]). In general, in thermo-fluidynamic systems the speed
of sound of a fluid delimits the pressure wave movement from one position to
another in a flow at a given condition. In pipe systems the simplest approach to
tracking wave propagation is to assume a disturbance with small amplitude
(compared with that of the undisturbed flow), which travels from one given point
to another, as it is shown in Figure 1. In such case, the propagation of the
disturbance phenomena, through the homogeneous medium, will travel at a
single wave speed a and could be considered independent of either the wave
form or the direction of propagation ([18]); for acoustic waves a represents the

speed of sound and it can be obtained from Equation 1:
(1)

where L represents a longitude and t, is the time required for the wave to

transverse the length L. This definition is represented in Figure 1.
Moreover, another expression associated with the speed of sound is Equation
2:

at= 2 ®)

Yo,



where By is the isentropic bulk modulus and p is the density of the fluid ([19]).
Also, the isentropic bulk modulus By and the isothermal bulk modulus B, can

be defined as:
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where p is the pressure. In general terms, B, and By are connected as states
Equation 5:

1 Ta?
—+
BT BS pCp

(5)

in which « designates the isobaric coefficient of thermal expansion and C, the

isobaric heat capacity. Combining Equations 2, 3, 4 and 5 a general expression

is obtained:

2
o) _1,Ta (6).
op), a~ C

p
Solving the Equation 6 for an isothermal line, a relationship is obtained which
explicitly links density to the speed of sound:
p(p,T)=p(po,T)+f:—‘;’ﬂf(g—zjdp (7).

Po Po P
In the right side of last expression, the first term provides the main contribution
and can be obtained directly measuring the density at atmospheric pressure.
The second term corresponds to the predominant additive contribution, and

could be evaluated directly by means of the speed of sound along the isotherms



considered. The last term numerically only represents a few percent of the first,
and is very small for the fuels of interest in this paper; it is related to the

difference between the specific heats C,-C,, which is close to 0 (C,/C, =1 for

liquids), so it will not be taken into account in this study ([3],[15],[19],[20]).

If the speed of sound a could be determined as a function of p, at a constant
temperature, and p is measured at an initial point ( p, = p,,, ) Equation 7 could

be satisfactory resolved for each isotherm, and density values could be

obtained for high pressure values. Finally, knowing a and p values, then the

bulk modulus could be obtained applying Equation 2. The technical
characteristics of the experimental device used to obtain these properties

values are explained in the next section.

3. Experimental Setup

The current work involves the measurement of two basic properties: speed of
sound and density, allowing the further calculation of successive properties that
are very difficult to obtain experimentally at high pressure conditions. The
details of the systems used are described in this section. Three devices were
used, the first one was the speed of sound test rig, and the others were the
density instruments. All the variables measured and calculated are dependent
on the fuel type, the pressure and temperature, so these parameters were

precisely controlled and varied in order to have a wide range of results.



3.1. Speed of sound test rig

As was mentioned before, one of the interests of the present study is to
determine the speed of sound at typical diesel injection conditions, this means
at a wide range of pressures and different temperatures. The speed of sound is
obtained experimentally with great precision, based on the principle explained in
the first part of Section 2, the pressure wave traveling ([18]). This is achieved by
measuring the travel time of a pressure perturbation along a known distance.

In order to accomplish that aim, in particular the high pressure requirement, a
special configuration was designed and coupled to the injection system. This
technique has been used due to its simplicity and due to the fact that it is
installed in series with the injection system. The schematic representation of the
system is depicted in Figure 2. It can be seen that the common-—rail injection
system is used directly and a long high pressure pipe was located between the
rail and the injector. Also, two pressure sensors were located in two different
points of that long pipe, being able to measure any possible perturbation
between both points. Specifically, the pressure waves were measured using
high accuracy piezo-resistive Kistler Sensors, coupled to their respective
amplifiers (pressure range 0-200 MPa). The length of the tube was long
enough, permitting to place the pressure sensors far away, reaching an
adequate time separation between the two signals, and a clear acquisition.
Nevertheless, it was short enough, avoiding signal attenuation (length between
sensors = 8.22 m). The sample fuel was contained in that pipe, which had an

inner diameter of 2.5 mm.



Inside the long pipe filled with the sample fuel, the pressure perturbation was
produced by means of the injection event ([11]). The perturbations were
depression waves generated as a consequence of the pressure drop produced
in the tube when the injector was opened, owing to the fluid discharging toward
the IDRCI ([21]). An example of the signals obtained is depicted in Figure 3.

The injection frequency was extremely small (0.1Hz) with the purpose of
avoiding wave interaction, and ensuring steady conditions inside the pipe. In
addition, in order to avoid noises and compound waves that could be generated
due to the interaction between forward and backward waves in the pipe, an
additional high pressure line was coupled between the second pressure sensor
and the rail (~12m length), so the reflected waves are not present during the
acquisition period.

The signals of the two pressure sensors were acquired by a data acquisition
system (Yokogawa) and stored in a computer for further processing. Then, the
travel time of a pressure perturbation could be determined systematically and its
propagation speed could be computed using special algorithms (these
algorithms calculated the initial point of the signal descending).

Speed of sound was measured for three fuels at all pressure and temperature
values referred in Table 1.

In order to keep constant the temperature of the fuel in the high pressure
system, a thermostatic bath filled with water was employed and regulated using
an electronic controller. Moreover, the temperature was measured in five
different points along the system: tank temperature, rail temperature, injector

return temperature, IDRCI temperature and thermostatic bath temperature (this



was the target temperature for the electronic controller), with a maximum
variation of 1% during the experiments.

To have a good estimation of the experimental errors, several repetitive
measurements were carried out at the same test points (line pressure and fuel
temperature), and the obtained dispersion was about +0.5% with proper
calibration of the equipment.

On the other hand, using this procedure for the speed of sound determination,
the length of the pipe between the sensors L must be accurately known as
asserts Equation 1. Moreover, it is known that pipe length itself is affected by
the pressure and temperature, then, it is crucial to introduce terms designed to
correct it for these effects ([14],[22],[23]). For this reason, the length variation

dL with temperature T and pressure p was calculated from Equation 8.
dL=L,[a, (T -T,)+ A (P~ p,)] (8)

where «, and p, are the thermal coefficient and compressibility coefficient

respectively of the stainless steel of the pipe. The original length difference L,

was calibrated at a reference point (T,=298 K and p,=0.1 MPa), by means of

measurements with various alkanes as Decane and Dodecane and comparing
with literature data ([24]), and detailed in Appendix A. Finally, the definitive

distance between the sensors wasL=L_ +dL.

3.2. Density measurements

Since the methodology used for density calculation is based on the integration

of (ap/ap)T, it is necessary to know the tendency of the density against the



temperature at a reference pressure, in order to solve the equation. In this work
the reference point chosen for the measurements was atmospheric pressure.

Therefore, several density tests were performed at p,=0.1 MPa, using a

conventional hydrometer, following the international standard method
established in the ASTM-D1298. The hydrometers used were correctly
calibrated (according to the international established rules), and the accuracy of
the instrument could be estimated to be +5x10 kg/m?.

Moreover, a second instrument was used for corroborating the density values,
given that they should be very accurate, since the further density values will
depend on the reference points. The second instrument used was a
Pycnometer (Afora, Spain), according to the procedure established in the
ASTM-D1217, with a volume of 10 ml and with a precision of +1.16x10™ ml
(properly calibrated at CMT — Motores Térmicos laboratories).

The measurements were carried out for several temperatures from 298 K up to
343 K, increasing in steps of 10 K. Likewise speed of sound measurements, the

temperature was controlled using the mentioned thermostatic bath.

3.3. Fuel Samples

The fuels used for the experiments were very diverse, obtained from different
processes, in agreement with the fuel variety available nowadays in the market
and research area. These fuels were a biodiesel fuel: Rape Methyl Ester
(typical bio-diesel used in Spain), a fuel used especially for winter season in
cold countries (ARCT), and a conventional fossil diesel (Elite Fuel) delivered by

Repsol and used as reference. These fuels have been chosen because it is



very difficult to find wide information about biodiesels and other special fuels
that can be used in diesel injection systems so far, especially when they are

under high pressure condition. Details of these fuels can be seen in Table 2.

4. Results and Discussion

In this section the experimental results are exposed, concerning density and
speed of sound measurements. The properties values obtained for each fuel
are listed and polynomial correlations are presented. With those values and
following the methodology explained in previous sections the bulk modulus

behavior as a function of pressure and temperature is shown.

4.1. Speed of sound measurements

As commented previously, the speed of sound determination consisted in
measuring the time taken by an acoustic wave to travel along a known distance
in the fluid samples, in this case it was the distance L separating the two
pressure transducers. As indicated in Table 1, measurements were carried out
on ten isothermal, from 298 K until 343 K with a temperature increment of 5 K,
and for eight pressure levels, up to 180 MPa, and for each fuel. From the
results, it was observed a variation of this property as a function of pressure and
temperature. One example of this behavior is depicted in Figures 4 and 5, which
present a group of the results obtained for the Reference fuel.

As expected, the value of speed of sound in the fuel increases with the pressure
and decreases with temperature, coinciding with many previous studies

([14],[15],[25]). Temperature dependency is almost linear; in fact, when the



statistical study is done, in the polynomial regression, the coefficient related to
T2 is not significant. On the other hand, the pressure dependency is different
and is higher at lower temperatures.

In order to make this information easier to use, and for future calculations of
densities and compressibility values, the data obtained for each isothermal
curve were fitted to a polynomial expression (Equation 9).

a=C,+C,p+C,p°+C,p° (9)
where C,, C,, C, and C, are the polynomial coefficients listed in Table 3 for

each fuel studied. In this expression, the pressure is given in MPa and the
speed of sound ais in "/s.

The maximum deviation in the fitting expression is ~1% for all the fuels, also the
R? values are very close to the unit, hence the results and the empirical
equation proposed could be considered accurate enough. The absolute values
of speed of sound are different for all the sample fuels, but their trend against
pressure and temperature are similar, as is shown in Figures 6 and 7. For the
same pressure, the speed of sound is higher at lower temperatures, meaning
that the speed of pressure waves will travel faster in the injection system at
certain conditions, such as cold start situations. Besides, Figure 7 depicts that
pressure waves are higher for RME fuel than for the reference fuel from
atmospheric pressure up to ~100 MPa (depending on the pressure). At higher
pressure, occurs the opposite behavior; this trend was also confirmed by other
authors ([25]). These results provide useful information that should be taken into

account in many injector modeling procedures (from the pump until the nozzle



domain)([10],[26]), and also in many experimental techniques such as the
injection rate measurement ([11]).

The results listed previously correspond to defined isothermal lines; however, in
order to facilitate their application in future works, a generic expression of the
speed of sound is presented as a function of both pressure and temperature.
Hence, Equation 10 is obtained and its respective coefficients are shown in

Table 4.

4.2. Density Measurements

Density measurements were made at ambient pressure (0.1 MPa) and for
several temperatures (298 K up to 343 K, increasing each 10 K steps). For
these measurements it was used the methodology explained in previous
sections. For calibration, pure fuels were used as decane and dodecane, and
the values obtained were compared with theoretical values provided by NIST
([24]), as it is described in Appendix A. After calibration, the initial densities of
the three fluids at atmospheric pressure were measured. From those results it
can be obtained a very simple empirical equation as a function of temperature

for atmospheric pressure (Equation 11). In order to obtain C, and C, a linear
regression was applied to experimental data, using an algorithm that iteratively
reweighted least squares with a bisquare weighting function.

p(p, T)=C,+C,T (11)
The polynomial coefficients are reported in Table 5, obtaining an overall

uncertainty of ~0.06%.



4.3. Density at high pressure determination

With the isothermal results of speed of sound at high pressures and density
values at atmospheric pressure it is possible to calculate density at high
pressures, taking into account the assumptions proposed in Section 2.
Nevertheless, involving the isothermal condition implies that the temperature
interval should be very small; otherwise calculations of the derivatives could
introduce an additional uncertainty in the density calculated at high pressures.
To avoid this inconvenient, Equation 11 is used, so the real experimental
temperature of the speed of sound measurements is employed as the initial

term p(p,,T) for density calculations at any pressure value.
Combining Equations 7 and 9, expression 12 is obtained:

P dp
T)= or 1
p(p.T)=p(p )+I(C1+C2p+C3p2+C4p3)2

Po

(12)

Then p values were obtained for a wide range of pressure for each isotherm.

Figure 8 depicts de density values obtained from this procedure as a function of
pressure, for all the sample fuels, at several isothermal lines. As expected, and
in agreement with previous studies, the density increases with pressure and
decreases with temperature.

Figure 9 compares two different isotherms for all the fuels studied, at 298 K and
343 K. For all the pressures the reference fuel had approximately 5% lower
density than the biofuel tested, and approximately 1.5% higher than winter fuel.
This is an important difference that should be taken into account for the
substitution of reference fuel with biodiesel. Therefore, the total fuel mass will

increase for the same volume injected during the injection event inside the



combustion chamber when biodiesel is used. Nevertheless, regardless of
Biodiesel will increase the fuel mass, the engine power could be diminished due
to the lower heat capacity of biofuels [27]. These effects would be minor when
winter fuel is used because the density difference is small.

On the other hand, Figure 10 depicts density values for two isobaric lines (0.1
Mpa and 180 MPa). It can be seen that the density drop is more notorious for
pressure ranges than for temperature (considering diesel engine limits). This
information should be taken into account in the study of some elements of the
engine as nozzle injector, where the pressure drop is very high and so far the
density value has been considered constant, despite the fact that maybe it is
variable as shown the results presented in the current work.

From the experimental and calculated values, a generic equation can be
derived as a function of pressure and temperatures, in order to facilitate the
information usage. The polynomial structure chosen for the correlations is a
common polynomial function used in many thermal libraries and softwares
dedicated to the hydraulic modeling; then, the empirical information could be
coupled to those useful modeling tools. The equation and the respective

coefficients are listed in Table 6.

4.4. Bulk Modulus Determination

Finally, with the experimental values of speed of sound and calculated density
values, the bulk modulus is obtained applying Equation 2 for the wide range of

pressures and temperatures.



The obtained results are represented along a few isotherms in Figure 11 for the
reference fuel. It is observed from this figure that the dependency of the bulk
modulus with respect to pressure is almost linear and increases with pressure.
Some authors have stated that the lower bulk modulus of fluids at lower
pressures is because of the existence of free space between the loosely packed
molecules. When the pressure increases the bulk modulus also increases due
to the own compression of the tightly molecules, creating a resistance
generated by the intermolecular repulsion, then opposing to further
compression increments ([15], [28]).

Figure 12 illustrates the bulk modulus for two isothermal lines, for all the sample
fuels studied. The higher values correspond to biodiesel fuel. The different bulk
modulus observed could affect the behavior of the flow in diesel injection
systems, especially the in-line pump-line-nozzles, in which the injection timing
depends strongly on wave travelling. Furthermore, this could also affect the
pollutant emissions of engines when in-line rotary pumps are used ([12]).
Besides, the bulk modulus of winter fuel is very similar to reference fuel, and is
almost the same at higher pressures where they are overlapped.

The trend observed for the isobaric lines, when the bulk modulus decrease with
temperature, in analogy with the density and speed of sound trend, is depicted
Figure 13. Finally, the data obtained were fitted to the polynomial expression
Equation 14, where both pressure and temperature are fitted to linear
coefficients, according to the trend observed in bulk modulus Figures. The

coefficients are listed in Table 7.



5. Conclusions

This study was done in order to evaluate the effects of temperature and high
pressures on three thermophysical properties of some fuels. So far, the
information available regarding the thermophysical properties of fuels at high
pressure (up to 180MPa), was almost inexistent. Three fuel samples were
studied, winter fuel, Rape Methyl Ester and a reference fuel.

Values of speed of sound were obtained experimentally using a modified
injection system test rig. In general, it was observed an increase with pressure
and a decrease with temperature. For low pressures the biofuel had the higher
speed of sound, and could affect the dynamic of some injection elements (for
pump-line-injector type systems), advancing or delaying the injection event, and
therefore the combustion performance.

Density values at atmospheric pressure were measured. Using these values
together with experimental data of speed of sound, it was computed the density
values of the fuels at high pressure following the detailed methodology. As
expected, density values increased with pressure and decreased with
temperature. Also, biodiesel fuel density is ~5% higher than reference fuel
density, increasing the injected quantity in the combustion chamber (for the
same volume). Besides, winter fuel density is ~1.5% lower than reference fuel
density, so the difference could be neglected.

For all the fuels the bulk modulus increased linearly with pressure, and for the
pressure range studied the bulk modulus of biodiesel was ~7% higher than

diesel fuel. In addition, the bulk modulus of Arctic fuel was very similar, ~3%



lower than diesel fuel for low pressure, and almost the same for high pressure
values. Also, as was expected, the bulk modulus increased with density.

These data, owing to the variety of the properties studied and the extend of the
pressure and temperature domain covered, will be useful for further applications
and research in engine development, like high injection pressure system

modeling, combustion computations, etc.
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APENDIX A.

The measurement devices were calibrated using pure fuels as alkanes,
specifically decane and dodecane. The theoretical values were obtained from
NIST laboratories [24].

For the speed of sound measurements, the experimental measurements were
done up to 80 MPa because of two reasons: the theoretical values available are
up to 75 MPa, and for safety operation of the pump (the viscosity of such liquids
is very low, so the pump was not lubricated enough). The temperature was
properly controlled and maintained at 303 K. In order to obtain the experimental
values, the methodology explained in section 2 was applied. Moreover, it was

possible to calibrate the original length difference L, crucial for the calculations.

For the tested points, it can be seen that the experimental values reproduced
very well the theoretical values, depicted in Figure A.1. Then, the method could
be considered accurate.

Additionally, the density instruments were also calibrated using these pure
fuels. The tests were done at atmospheric pressure and for a wide range of
temperatures. The density behavior is depicted in Figure A.2, and it can be
seen that there is good agreement between the experiments and the theory, so

the method is reliable.
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Table 1. Fuel test conditions

Fuels Temperature Pressure
(K) (MPa)
Reference Fuel 298
(Ref) 303 15
308 25
313 30
Rape Methyl Ester 318 50
(RME) 323 80
328 120
333 160
Winter Fuel 338 180
(Arct) 343

348




Table 2. Fuel general properties

Fuels Density Viscgsi_tly Surface Tension
[Kg/m™] [mm~ s™] [N/m]
Reference Fuel 825 2.34 0.0205
Rape Methyl Ester 863 4.47 0.028
Winter Fuel 812 2.06 0.022




Table 3: Polynomial coefficients for Eq. 9 and R? values

Temp [K] C, C, Cs C, R®
Reference Fuel
298 1338.72 5.38 -0.02136 4.78E-05 0.994
303 1317.45 5.78 -0.02973 8.42E-05 0.996
308 1312.30 419 -0.00552 -2.92E-06 0.999
313 1305.25 454 -0.00612 -1.15E-05 0.993
318 1301.25 4.40 -0.00663 -2.42E-06 0.999
323 1258.86 5.55 -0.02194 5.55E-05 0.997
328 1245.49 5.52 -0.01710 2.61E-05 0.996
333 1237.33 5.64 -0.02363 5.95E-05 1.000
338 1203.16 6.20 -0.02586 6.02E-05 1.000
343 1188.40 459 -0.00544 -8.42E-06 0.999
Rape Methyl Ester
298 1377.57 3.74 -0.00174 -2.50E-05 0.992
303 1363.70 3.89 -0.00906 1.50E-05 0.994
308 1314.62 5.99 -0.03118 8.07E-05 0.991
313 1310.88 5.15 -0.02002 4.64E-05 0.993
318 1291.93 5.35 -0.02030 4.48E-05 0.995
323 1285.91 4.98 -0.01415 1.97E-05 0.996
328 1275.30 2.95 0.01052 -6.04E-05 0.993
333 1244.02 5.99 -0.02932 8.08E-05 0.997
338 1226.27 6.21 -0.03093 8.36E-05 0.999
343 1213.00 5.04 -0.01532 3.05E-05 0.998
Winter Fuel
298 1355.32 4.54 -0.00864 -2.85E-06 0.998
303 1330.40 4.66 -0.01014 1.05E-05 0.997
308 1317.10 5.58 -0.02112 4.81E-05 0.999
313 1311.54 3.91 -0.00067 -2.00E-05 0.999
318 1298.45 3.96 0.00016 -2.17E-05 0.998
323 1295.16 3.61 0.00572 -4.51E-05 0.998
328 1264.71 4.17 -0.00068 -2.27E-05 0.999
333 1238.40 6.27 -0.02667 6.83E-05 0.999
338 1223.49 4.84 -0.00826 8.34E-07 0.998
343 1186.07 6.01 -0.02358 5.93E-05 0.999




Table 4. Polynomial coefficients for speed of sound (Eq. 10) and R? values

a=k1+k2(T -T,) +k3(p—p,) +Kk4(p—p,)* +k5(p—p,NT -T,) (10

Fuel k1l k2 k3 k4 k5 R2
REF  1363.05 -3.11349 4.1751 -0.00696763  0.00940137 0.9959
Arct  1355.84 -3.32715  4.3013 -0.00714654 0.0119425 0.9969

RME 1385.7 -3.06884 3.83734  -0.00650776 0.0116338 0.9933




Table 5. Polynomial coefficients for density (Eq. 11) and R? values at
atmospheric pressure

RME Ref Arct
Cs 1079.9388 1026.0362 1018.6467
Cs -0.6928 -0.6416 -0.6600

R’ 0.9952 0.9979 0.9967




Table 6. Polynomial coefficients for Density (Eqg. 13) and R? values

p=k1+k2(T -T,)+k3(p—p,) +k4(p—p,)* +K5(T -T,)* +k6(p—p,)(T -T,) (13)
Fuel k1 k2 k3 ka4 k5 k6 R2
REF  835.698 -0.6280  0.4914  -0.00070499  0.00073739  0.00103633  0.9998
Arct  821.468 -0.5615  0.4951  -0.00072810  0.00018393  0.00103526  0.9998
RME  874.584 -0.6991 0.4790 -0.00063634 0.0009704 0.00091866 0.9999




Table 7. Polynomial coefficients for Bulk Modulus (Eq. 14) and R? values

B=kl+k2(T-T,)+k3(p-p,)  (14)

Fuel k1 k2 k3 R®
REF 1581.27 -7.2870 9.4233 0.9947
Arct 1522.92 -6.9863 9.7161 0.9947

RME 1697.52 -7.0479 9.1896 0.9909




Figure 1

>

Distance, x

=, ts

L

d ‘oInssa1d

<

d ‘oInssaid

- M.Num.NHm.N \VA

7wy




Figure 2
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System components:
- Fuel Tank
- Injection Kit: injection pump, electrical engine, high pressure lines, common-rail, control system.
- High pressure line, (2.5mm inner diameter)
- Thermostatic Bath: refrigerated with water.
- 2 pressure sensors (Psensor)
- Siemens Piezoelectric Injector, used to generate the pressure wave
- Injected mass was discharged into the IDRCI
- Data acquisition system: YOKOGAWA DL708E
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Figure 4
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Figure 5
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Figure 6
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure A.1
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Figure A.2
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