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ABSTRACT

Biodiesel fuels are increasingly attracting interest in the scientific community and in the
world motor industry. The morphological analysis of injected sprays is a key factor to
increase engine performances using new biodiesel fuels and to compare them with those
related to the use of conventional fuels. In this paper, an experimental setup is realised to
carry out test campaigns, in order to analyse and compare the spray injections of different
fuel typologies. A PC-interfaced electronic system was realised for driving BOSCH
injectors and for varying the injection pressure and opening time. Hence, the
morphological analysis was performed for each tested fuel by characterising the shape-
ratio and penetration depth inside the velocimetric chamber. The results show higher
penetration values for biodiesel fuels due to their viscosity and drops in superficial
tension, which facilitate a deeper penetration compared to those obtained with
conventional diesel fuels. Although used biodiesels contain only 20% of renewable
vegetable-origin diesel fuels, the viscosity and superficial tension are slightly higher than
those of petroleum diesel, thus determining a weak vaporisation and formation of larger
drops. By knowing the morphological behaviour of sprays using biofuels and
conventional fuel, it is possible, by using programmable electronic systems, to adjust and
improve the spray parameters in order to obtain better engine performances. The results
reported in this instance could be utilised by future research works for choosing the most
suitable biofuel based on the desired morphological behaviour of the injected sprays.

Keywords: Biodiesel fuels; spray characterisation; common rail system; electronic
injector driving, measurements, experimental setup.

INTRODUCTION

In these last years, biodiesel fuels have been attracting more and more interest in the
scientific community and in the world motor industry, constituting clean biodiesel,
biodegradable and renewable fuels. Numerous experimental studies have already been
conducted on the combustion and emissions of biodiesel fuel in conventional diesel
engines [1-5]. Biodiesel is a liquid and transparent fuel, with an amber colour, entirely
obtained from renewable sources such as vegetable oil (rapeseed, sunflower or other),
produced by dedicated oil crops, from exhausted oils and food-borne animal/vegetable
fats; the latter can be recovered through waste recycling, coming, for example, from the
restaurant business, food processing industries and households [6-9]. Biodiesel fuels are
produced through a trans-esterification reaction, i.e. a process in which a vegetable oil is
reacted in an excess of methyl alcohol in the presence of an alkaline catalyst; the final
product is a mixture of a few methyl esters with the absence of sulphur and aromatic
compounds. It contains oxygen in a high amount (not less than 10%); its viscosity is

3849


https://doi.org/10.15282/ijame.14.1.2017.4.0314

Morphological analysis of injected sprays of different bio-diesel fuels by using a common rail setup controlled by a
programmable electronic system

slightly higher to that of the conventional diesel and it can be used, mixed with diesel fuel
or not, as fuel for transport and heating [10].

Compared to conventional diesel, biodiesel presents a better performance; it makes
it possible to obtain a faster ignition, because of a higher cetane number than the
conventional diesel and a more complete combustion of fuel charge which means fewer
black smoke emissions during start-up and normal operation. On the contrary, biodiesel
is more perishable and it has a lower energy density compared to conventional diesel; in
fact, in order to replace 1kg of conventional diesel, 1,13 kg of biodiesel are needed [11-
14]. However, considering the whole chain of biofuel production, the emission of
polluting gases in the atmosphere is significantly reduced using the biodiesel fuel rather
than the fossil fuel [15-19]. At the Italian latitudes, the employed dedicated crops for
biodiesel production are generally rapeseed, sunflower and, to a lesser extent, soybean.
In the southern regions, the Brassica Carinata represents a relatively promising crop due
to its modest water requirements and high degree of adaptability to soils [20]. In addition
to oils derived from dedicated crops, the so-called second-generation biofuels must also
be taken into account; for example, they can be produced from a ligno-cellulosic biomass
at very low costs. Even if the production technologies are still not optimised, second-
generation biofuels are considered very promising because they make it possible to reduce
the product costs of biofuel, compared to those for producing first-generation biodiesel
and diesel from fossil fuel, a key factor for a greater spread of biodiesel [21]. Between
second-generation biofuels, there is biodiesel resulting from coffee; the coffee wastes can
become a viable alternative to first-generation fuels, fully entering into the second
generation; in fact, these biofuels do not subtract land to food crops and avoid damage to
biodiversity with intensive crops [22]. In this research work, the biofuels used for the
morphological study of the injected sprays are shown in the bottles in Figure 1. Besides
coffee, they are also derived from the Cynara cardunculus and from the Brassica carinata
and are blended, each of them, with petroleum diesel in percentage equal to 20%, in order
to obtain B20 biodiesel fuels.
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Figure 1. Coffee beans on the right and used biodiesel fuels derived from the Cynara
cardunculus (orange colour), Brassica carinata (yellow colour) and Coffee (black
colour) in the bottles on the left.

Cynara cardunculus and Brassica carinata are an environmentally friendly
alternative and also more fruitful than traditional crops for energy production from
biomass and biofuels. This typology of green-energy, produced from vegetal oil, not only
avoids subtracting land to food crops but also allows the recovery of abandoned areas
(marginal or seeds-marginal soils). Furthermore, the by-product resulting from Cynara
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cardunculus bio-liquids, i.e. the lignin, can replace carbon and thus also contributes to the
energy needs from biomass [23]. The employment of pure vegetable oils in the internal
combustion engine can lead to engine operating problems caused mainly by the higher
viscosity of vegetable oils than conventional diesel fuels. The injection quality depends
on the fuel viscosity; a higher viscosity results in a lower oil pulverising in the combustion
chamber causing a more difficult combustion and residue formation. However, modern
biodiesel mixed with conventional diesel up to 30% by volume, can be used today in most
engines without any modification to the fuel system. The use of pure biodiesel is possible
only for certain specific engines, whereas for others some technical adjustments are
necessary. The Common Rail system provides a direct injection of an amount of fuel
inside the cylinder [24-27]. Because of the low fuel volatility and the reduced time for
carrying out the combustion process in compression ignition engines, the pulverisation of
the fuel sprays and the air-fuel mixing play a key role in the engine performance, from
combustion to exhausting emissions [28-36]. In this context, the automotive world is
evaluating the possibility to use biofuels in substitution to the traditional diesel. In
addition, this is efficient in order to obtain better biodiesel characteristics, such as minor
density and viscosity variations, lower aromatic hydrocarbons content and a more
convenient sprays morphology of the injected biofuel inside the combustion chamber [37-
41]. Hence, in this research work, the results of different tests performed in order to
characterise the sprays morphology provided by a diesel injector, varying injection
pressure and opening time, are shown; four fuel typologies were tested, three types of
biodiesel and the conventional diesel [42-49]. Using a fast camera, the images related to
spray injections were acquired and post-processed using a LabVIEW software, thereby
characterising each injected spray related to a particular fuel typology and comparing the
morphology (spray penetration depth and shape ratio) of the different performed
injections for each tested fuel. A morphological analysis of different biofuels has been
performed comparing it with that related to conventional diesel; the obtained results show
a deeper penetration for biodiesel fuels than conventional diesel. In fact, as confirmed by
other studies, due to a weak vaporisation with a consequent formation of drops with larger
diameter, the sprays penetration for biodiesel fuels reaches higher values than
conventional diesel [22], [23]. The proper functioning of the realised programmable
electronic system was tested, promoting it as a good candidate to be used for diesel
injectors in test benches in which the injection parameters have to be changed. By
knowing the chemical composition of used biofuels, it is possible to use some biofuels
rather than others to obtain the desired morphological behaviour inside the velocimetric
chamber. Moreover, based on the results reported herein, future research works can
identify biofuels featured by the desired morphological behaviour to be used for
improving the engine performances and fuel consumption, as a function of the specific
application.

EXPERIMENTAL SETUP

Modelling Specifications

In order to characterise the sprays morphology of different types of fuel, i.e. conventional
diesel and biofuels mixed with it (B20), the experimental setup shown in Figure 2 was
realised. The aim of this work is the spatial and temporal analysis, in terms of penetration
and shape ratio, of the injected fuel by varying the injection parameters, i.e. injection
pressure and time duration, with constant back-pressure in the quiescent chamber (filled
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with inert gas, nitrogen in our case). The main components of the realised setup are
described below.

1) Mechanical and hydraulic system (orange section): the Common Rail system is
composed of a high pressure hydraulic circuit, realised with a high pressure pump, a
common accumulator (rail) and various pipes, and of a low pressure section with a
proper pump, several filtering stages and ducts. It is provided with a pressure
regulator, a pressure sensor, the Bosch injector and a velocimetric chamber with
optical accesses.

i) Memrecam for injection recording in the velocimetric chamber (blue section): the
velocimetric chamber is provided with two quartz lateral accesses to illuminate it in
order to make it possible to capture high quality spray images using the
MemrecamGXlink placed in front of chamber (where a third optical access is
present), as shown in Figure 2. The adopted procedure to record the spray pattern
with proper synchronisation between the injector, Memrecam and other components
of the experimental setup will be described later.

11) Electronic apparatus(red section): this section is composed of a PC for managing
of the injection operation making use of a LabVIEW Virtual Instrument that drives
the NIUSB-6259 acquisition board; the TTL control signals are generated as input to
the suitably realised electronic board for injector driving, synchronised with the
video-camera trigger signal for recording the injection process in the velocimetric
chamber.

Before describing the subsequent procedure for recording the injection process,
the realised electronic control units and the used Bosch injector are described below.
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Figure 2. Block scheme of the experimental apparatus: replicated Common Rail system
in the orange section, memrecam in the blue section and PC/electronic control units in
the red section.
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Electronic Board for Injector Driving

In Figure 3(a), the used injector BOSCH 0445110266-825 is reported; it needs suitable
voltage and current signals, as shown in Figure 3(b), for a proper operation. These signals
are provided from the control/driving board, shown in Figure 4(a), which transforms a 0-
5V signal, named Shape in or Energizing Time (the high level injection command with a
duration of 140 ps + 2 ms, reported in the upper section in Figure 3(b)) in a proper voltage
signal (Figure 3(b) at the centre) applied across the inner coil of the injector inductive
load. In this way, a current with a shape shown in the bottom of Figure 3(b), flows through
the injector coil; the resulting magnetic field determines the lift of the injector atomizer
needle, for a time set by the Shape in duration, thus obtaining the fuel injection in the
velocimetric chamber.

ELECTRICAL SHAPE IN I 5V |
 —
COMMAND (ENERGIZING TIME) OV

<. HIGH
PRESSURE 60V
FUEL INPUT

12V 12V

VOLTAGE ACROSS
INJECTOR COIL

=212 A

CURRENT THROUGH
INJECTOR COIL

BOOST BYPASS HOLD PHASE

(a) (b) PHASE PHASE

Figure 3. (a) Photo of the used solenoid diesel injector and (b) voltage and current
signals, provided from the designed electronic board for proper injector driving.

The current signal presents an initial Boost Phase, highlighted in red in Figure 3(b),
with a maximum intensity of <30A (this Boost Phase is required to overcome the intrinsic
mechanical forces of the injector, which resist the lift of the needle). After a Bypass Phase
(blue colour) with a reduced current intensity and a Zero Voltage Phase (grey colour) in
which the voltage across the inductive load drops to 0V, a Hold Phase (green colour)
follows, with a current value of =<12A in order to keep open the injector until the end of
the Shape-in high level. During the hold and boost phases, a current regulation by means
of a feedback circuit is performed. The electrical/temporal injection parameters can be
modified acting on six potentiometers highlighted in Figure 4(a). In Figure 4(b), the
complete block diagram of the designed electronic driving board with the most significant
components is reported. Block 1 is composed of the power supply circuit, of the high
voltage section and of a DC-DC step-up converter that elevates the input voltage (12V
DC) into a DC output voltage Vstepup in the range [38.4V - 68.4V]. Through a 0 — 12V
PWM signal, with the duty cycle regulated by acting on R3g potentiometer, the Vsrepup
voltage reaches, in a few instants, the desired value. The output voltages of block 1, 12V
DC and adjustable Vstepup, are provided as inputs to the circuital block 3.

Circuital block 2 is composed of the processing circuit of the command signal for
opening/closing the injector (a 0-5V shape-in pulse with variable duration shown in
Figure 5(a)) and of the circuital section that provides two 0-5V pulses with an adjustable
duration (Short Pulse, shown in Figure 5(b), duration in the range [32.9 ps - 172.9 ps],
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and Long Pulse, Figure 5(c), duration in the range [168 ps — 518 ps]), through the 20 kQ
R40 and 50 kQ Ry9 potentiometers, respectively. Block 2 also includes the generation
circuit of the 5-0V Torr pulse (Figure 5(d)) (duration [10.8 ps = 30.8 ps]), acting on the
20 kQ R24 potentiometer.
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Figure 4. (a) Electronic board for injector driving with indication of the 1/O terminals
and potentiometers to adjust the injection parameters; (b) block diagram of the driving
board.
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Figure 5. Digital timing signals provided by the circuital block 2.

The Short Pulse, Long Pulse and Torr digital signals, together with Shape in, are
the inputs of blocks 3 and 4 allowing to generate the output voltage signal across the Out
Injector terminal and to regulate the operation of the current limitation circuit that flows
through the injector load. Block 3 performs various operations: it commutes from 12V to
the Vstepup voltage for the Short Pulse duration and from Vstepup to 12V when the Short
Pulse ends, thus providing by means of switches, 12V or Vsrtepup to the Out Injector+
positive terminal, disconnecting these voltages when the current limiting circuit
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intervenes. It also provides a path to ground to the injector’s current for a time interval
equal to the Long Pulse duration, determining after, during the Torr pulse, a voltage drop
across the injector load equal to OV. In this way, block 3 represents the driving circuit of
the inductive injector with a proper time sequence of the Boost-Bypass-Zero Voltage-
Hold phases. Block 4 is constituted by the regulation circuits of the boost / hold currents
flowing through the injector, disconnecting the voltage applied to the injector terminals,
if the current value is greater than a threshold value (adjustable via the 10kQ Ris (R17)
potentiometer); in this way, an instant drop to OV of the voltage across the injector occurs
causing a current decrease. When the current returns below the threshold value, then the
voltage is connected again across the injector, determining a current increase through the
inductive load.

Digital Potentiometers to Adjust the Parameters of the Injector Driving Signals

In order to avoid the manual changing of the potentiometer values, a new solution was
adopted employing digital potentiometers; in this way, it is possible to modify the
electrical/temporal parameters directly from a PC by a suitable interface program. Thus,
by removing the mechanical potentiometers, the installed digital potentiometers, through
the SPI interface and a microcontroller, are programmed with the proper value related to
the desired electrical/temporal parameter of the injector signal. The block scheme of the
realised system with the mechanical potentiometers removed is shown in Figure 6.

USB - RS232 R38

‘ DRIVING WITH REMOVED
™ pictersrza | s R0

== == r® o ¢
R24 1
R16
R17

PROTOBOARDD

Figure 6. Block scheme of the electronic system to manage the injector parameters from
a PC.

DIGITAL
POTENTIOMETERS

LABVIEW
APPLICATION

The developed solution allows the user to program comfortably the potentiometer’s
value avoiding the manual intervention and thus to make significant errors in the setting
of the mechanical potentiometer value. The electrical scheme of the realised circuit,
shown in Figure 7, includes the microcontroller PICI6F877A (section 1 in red), 33010
SMT-DIP adapter used for assembling a high voltage digital potentiometer (model
AD5290 from Analog Devices) powered by the 12V-30VSTEP-UP converter (model
I2DI5SNNL provided from YDS), section 2 in orange, and finally the digital
potentiometers (model MCP41010 and MCP41050 from Microchip), section 3 in violet.
Section 4 in blue is relative to the USB-PC serial communication and to the power supply
of the PIC and MCP potentiometers; lastly, a circuit for the voltage stabilisation is present.
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The digital potentiometer relative to the adjustment of the DC Vsrepup voltage, used
in place of R3g, must be able to tolerate a maximum voltage of 30V on its terminals. In
order to provide this supply voltage, a STEP-UP 12V-30V DC converter (model 7/9D-
12DI15NNL from YDS), shown in Figure 8(a), was used. The block diagram of the used
digital potentiometer, model AD5290 from Analog Devices, is shown in Figure 8(b); the
50kQ Rap resistance between the A and B terminals is highlighted in red and the Rws
resistor value changes as a function of the programming value inserted from the user on
the PC. The MCP41050 potentiometers were employed in the rheostat configuration in
place of mechanical potentiometers R4o R29 and R24 (Rag= 50 kQ). For potentiometers
Risand Ry relative to the adjustment of the threshold voltages for peak and maintenance
currents limitation, the digital potentiometers MCP41010with Rag=10 kQ, in the resistor
divider configuration, were used. For all employed potentiometers, it is possible to
program 256 resistance values, being the programming digital word composed of 8 bits.
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Figure 7. Electrical scheme of the realised prototype board with the indication of the
different sections related to the microcontroller, potentiometers and power supply.

ADS5290 G i Voo

Q

sSDO

a8-8IT a

SERIAL
REGISTER

T £ o

D

Figure 8. View of the STEP-UP 12V-30V DC converter (a) and inner block diagram of
the high voltage digital potentiometer AD5290 (b).
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Firmware Development and Testing of the Realised Prototype

The firmware for managing the serial communication between the PC and the
microcontroller and for the programming of the digital potentiometers, via the SPI
protocol, was developed in the C++ language. In Figure 9, the related flow chart is
reported; the user can choose to set the potentiometer values for all potentiometers or for
only one of them, by entering ‘0’ or ‘1’ by the keyboard, respectively. Once the
programming mode has been chosen, the user has to insert a decimal value between 0 and
255 that corresponds to the desired resistance value; for example, if the R3g potentiometer
is chosen, the user inserts a value between 0 and 224 which corresponds to a R3g resistance
value in the range [0kQ; 44kQ]. The electrical/temporal parameters of the injector signal,
their variation range and the values range of the corresponding resistor, together with the
conversion formula to obtain the decimal value to provide to the digital potentiometer,

are reported in Table 1.
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Figure 9. Flow chart of the developed firmware to program the potentiometer values.
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Table 1. Conversion between the injection parameters and the potentiometer values.

Injection Electrical/ Resistance of . .
. . Conversion formula for digital
signal Temporal mechanical otentiometer (Digital value)
parameter range potentiometer range P &
Vstep up 425V -68.4 _| Vo =425 | 4
(R38) \Y 0kQ —44kQ R38_[ 0.115625 } M
Short Pulse 32.9us — 172.9-T,
_ R40=| ———3%2 4153 (2
(R40) 172.9 s Ok = 20 k2 [ 1372549 } @
Long Pulse 168 us - 518 ) [Tm —168}
_ 9=t ——1 (3
(R29) us 0kQ = 50 ke 1.372549 ®)
10.8 us — T, -10.8
o — OFF 4
Toff (R24) 30.8 pis 0kQ — 20 kQ R24 [—0. I 6078} “4)
Peack Current 10.25 A - 1., —10.25
_ R16= P.CT. 5
Threshold (R16)  32.05 A 0kQ2 — 10k { 0.08549 } )
Hold Current
Threshold 1027223 oo 10kQ RI7= [ﬂ} ©6)
(R17) A 0.05941

The realised proto-board connected to a PC through a USB/RS232 adapter cable is
shown in Figure 10(a), the connections between the digital potentiometers and connectors
on the board in place of the removed mechanical potentiometers are shown in
Figure 10(b). The realised driving system composed of the proto-board with digital
programmable potentiometers, a PC for sending data for potentiometer programming and
the injector driving board, was tested and the current and voltage waveforms were
compared with those provided from the initial power board (with mechanical
potentiometers).

(b)
Figure 10. (a) Realised proto-board with digital potentiometers and PIC connected to a
PC; (b) connections between the digital potentiometers and driving board.
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Figure 11. Trends of the driving signals using the Bosch injector and the new electronic
board with digital potentiometers (b) similar to those provided from the initial power
board (a).

Figure 12. Final aspect of the injectors driving unit placed into a branch box: rubberised
bipolar cables were used for connecting the realised electronic system with the outside.
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The voltage signal is taken on the Rspunt terminal (R; in Figure 4(b)) being
proportional to the current flowing through the used Bosch injector. Figure 11(a) is
relative to the captured signals employing the initial power board with mechanical
potentiometers, whereas in Figure 11(b), the detected signals using the new driving
solution are shown. With equal injection parameters, in one case defined manually and in
the other by digital setting, waveforms are similarly confirming the proper operation of
the implemented driving solution. Finally, the developed system for injector driving was
assembled and placed inside a branch box with dimensions 30 x 20 x 12 c¢m? for better
user management (as shown in Figure 12).

Experimental Procedure

Before analyzing the spray injections inside the velocimetric chamber, the necessary
measures related to image acquisition, chamber illumination, synchronisation between
signals and followed procedure to pass from one test to the next, are reported as follows.
For image acquisition, the used system is composed of the following principal blocks:
optically accessible chamber and velocimetric camera (Memrecam GX-1F) as described
below. Optically accessible chamber (Figure 13): it is a steel chamber, with a
parallelepiped shape, designed for a maximum pressure of 50 bar and provided with 4
accesses: 3 optical and 1 for the injector housing. One of the optical accesses, opposed to
that for the injector housing, is aligned with the memrecam in order to capture the spray
images. The chamber contains inert gas with a mean density similar to that of a typical
motor in order to simulate the same conditions, in the combustion chamber, at injection
start. An ambient temperature and quiescent gas conditions were adopted. In order to
avoid fogging phenomena from the residual drops of the injected fuel, thus keeping clean
the optical accesses, the chamber was continuously washed with fresh charge of inert gas
even if, much more frequently, it was preferable to wait between one test and the next, in
order to allow the fuel particles to deposit on the bottom of the chamber. In Figure 13, the
velocimetric chamber used for the sprays injections (a) and injector tip inserted into the
suitable access, on the opposite side to that of photo in Figure 13(b), are shown.

Figure 13. (a) View of the velocimetric chamber; (b) the injector tip into the chamber.

Velocimetric camera (Memrecam GX-1F): to properly acquire the images of the
spray injections, the high speed camera was used. Figure 14(a) reports the memrecam
aligned with the chamber optical access in order to acquire spray images, whereas a
captured image displayed on a PC is shown in Figure 14(b). The camera has an acquisition
frequency of 20 kHz (i.e. 20000 frames/sec), appropriate for the preset aims of our tests.
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Using this frequency, it is possible to obtain an image resolution of 308 x 304 pixels thus
being able to record up to 1.84 seconds (upper limit of the camera internal memory).

Figure 14. (a) Optical set-up with camera focusing on the injector tip into the velocimetric
chamber; (b) GX-Link camera software interface on PC with the acquired image.

Afterwards, from the acquired image, it is necessary to extract the correct relation
between pixel and mm, obtaining a scaling factor [pixel/mm] for proper post-processing.
In order to clarify the adopted procedure for calculating the proper scaling factor between
pixel and mm, which depends on the real dimension of the filmed objects with respect to
the focus framing of the camera window (with dimension in pixel), a detailed description
of the used procedure follows below. The initial photogram (without spray presence) was
imported for each test, in Autocad, in a rectangular window with a dimension of 308x304
pixels; on this frame, the measured diameter (in pixel) of the injector tip was divided for
the real dimension of the same tip (known value = 6.67 mm), thus obtaining the
conversion coefficient. This procedure was adopted for each performed test and tests
campaign because of possible slight shifts of the chamber during the conducted tests.
Once the images have been acquired, another operation needs to be performed;
considering the spray shape ratio defined as A/B, where A is the spray length and B is the
rope with greater length in the perpendicular direction to A, the captured images from the
camera show the spray projection in the orthogonal plane to injector axis. Therefore, to
obtain the A value, the acquired penetration values must be divided for the sine of 71°,
1.e. half angle of the injection cone (as reported in the injector datasheet). Furthermore,
the light reflections caused by the chamber internal edges and injector tip did not allow
to capture clean images; to improve the illumination level and to eliminate reflections, a
black adhesive fabric layer type "mock velvet" was applied on the walls of the inside
chamber. Instead, the injector tip was coated by software in the processing step using
masks and filters with proper thresholds.

Memrecam Trigger Signal

The electronic unit provides the power signal to the injector when it receives the Shape
in the signal, generated by the NI DAQ board. A train of eight pulses of the Shape-in
signal was provided to the driving board, thus performing eight injections; to properly
analyse the fuel injection images, the third and the fourth injection (named pilot and
main), considered stabilised (with all the 5 sprays, even more important for low-pressure
injections), were taken into account (Figure 15). Therefore, the delay of the camera
triggering signal was set to capture from the third injection onward. Furthermore, the
Bosch injector presents an intrinsic delay between the instants of the injection signal
receiving and the injection start; considering the camera acquisition frequency of 20000

3861



Morphological analysis of injected sprays of different bio-diesel fuels by using a common rail setup controlled by a
programmable electronic system

fps, the time shift At between two events, injection and recording, is among 0 and 50 ps.
Thus, the first useful acquired frame was chosen as corresponding to the instant in which
the injector tip appeared still closed; so the next acquired frame displayed the injection
start with the spillage of fuel jets. Therefore, the event of the injector opening is located
between the two cited frames. For obtaining the spray penetration curve, the effective
instant of the injection start is important; to calculate the At time shift, the average
penetration data related to one injection (5 sprays) were considered; through a polynomial
regression of the second order, the best data interpolating function was found and by the
intersection of this function with the time axis, the time shift was obtained.
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Figure 15. Signals for managing the system operation during a single injection test.

Image Post-processing

Once the spray images had been acquired, their quality was improved by removing
reflections and imperfections, employing a digital photo retouching to provide to the
LabVIEW software a better image quality useful for subsequent data processing and
interpretation. The spray penetration mean value (i.e. distance between the injector tip
and the spray ends), the standard deviation and shape ratio A/B of a single spray was
determined, by using a suitable realised LabVIEW interface, for each acquired frame. A
fundamental step, in this procedure, was the setting of the threshold values to determine
a more accurate reconstruction of the spray morphology; an algorithm determines, for
each image pixel, the spray presence or absence depending on the set threshold value. By
using a lower or upper threshold, the image appeared in black or white colour; overlaying
the same image processed with different thresholds (Figure 16(a)) and comparing the
results with the original frame (in the upper corner on the left, Figure 16(b)), the proper

threshold values were found.

LVARVIRY.

o /
of

Figure 16. (a) Overlapping of the spray image with different threshold values;
(b) original frame with beside different threshold values applied to the same frame.
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High threshold values made it possible to obtain a spray morphology similar to that
real, but when higher than necessary, sometimes, a spray division or narrowing in thin
areas (such as that corresponding to injector tip) were generated. On the contrary, lower
threshold values generated a more voluminous spray, giving as a result a possible merger
in the tip area. Thus, a trade-off was found, assigning to the lower threshold value 33 and
to the upper threshold, the value 255. Afterwards, once the proper sprays images were
obtained, the error related to the derived thresholds was determined. This analysis was
performed using a CAD program (by rescaling frames starting from the known value of
the tip injector dimension) calculating the penetration of a single spray. By comparing
these values with those obtained from the LabVIEW processing, the estimation error was
found. The set values of the thresholds were used for each test, ensuring, in each frame,
the presence of all the 5 sprays. After the described procedure, it was possible to display
the images related to the development over time of the spray contours, the average
penetration (inmmand pixels), standard deviation, spray shape ratio and number of the
revealed sprays.

RESULTS AND DISCUSSION

The experimental tests were carried out by varying the injection pressure and the injector
opening time for each tested fuel with a back-pressure value in the velocimetric chamber
of 25 bar for all injection tests. In particular, the used settings are reported as follows:

1) Used fuels: diesel, biodiesel derived from coffee, from the Cynara cardunculus
and Brassica carinata, each biodiesel blended with petroleum diesel in percentage
equal to 20% , thus obtaining a B20 bio-diesel fuel.

i1) Fuel injection time (Energizing Time - ET) equal to 150, 300 and 450us.

i11) Injection pressure equal to 500, 750, 1000 and 1250 bar.

The temperature was kept constant (ambient temperature) for each test; to ensure
and verify the repeatability of the obtained results, each test was replicated two times.
However, with 500 bar for the injection pressure and 150 ps for injector opening, it was
not possible to detect the penetration and shape ratio values. Furthermore, the conversion
factor was calculated for each test due to the possible minimal movements of the high
speed camera or some apparatus connected to it, such as the easel. In fact, between one
test and the other one, the calibration operations (i.e. back-pressure control inside the
chamber or washing of optical access) were performed with possible movements of the
chamber/camera position. Nevertheless the calculated conversion factors for the same test
repeated twice and for the same tested fuel these are very similar. The results relative to
the sprays’ average penetration and to the standard deviation, obtained varying the
injector pressure and opening time (ET), are reported in the following graphs for all the
tested fuels.

The graphs, shown in Figure 17, report the average penetration values relative to
the 5 sprays of the injection. As shown in Figure 17(a), for an injection pressure equal to
750 bar, the bio-diesel fuels derived from the Brassica carinata and Cynara cardunculus
exhibit a penetration of about 10mm, much greater compared to the other types of fuels
(exactly 8 mm for biodiesel derived from coffee and lower than 6 mm for conventional
petroleum diesel). With an injection pressure equal to 1000 bar, the penetration is higher
reaching about 12 mm for coffee, about 11mm for Brassica carinata and Cynara
cardunculus bio-diesels and about 8mm for petroleum diesel (Figure 17(b)). Upon
increasing the injection pressure, the average penetration values are equal to about 10mm
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for all tested fuels except for Cynara cardunculus that reaches an average penetration
value of 12 mm. As found in the performed experimental tests, biodiesel fuels, being
characterised by a slightly greater density and viscosity than petroleum diesel, reach a
higher penetration inside the velocimetric chamber. On the contrary, the obtained
penetration features, as reported in De Domenico et al. [23], are slightly different (i.e.
standard diesel fuel and Cardoon with a slightly higher spray penetration compared to the
Brassica one), but using B100 biofuels differently from the B20 fuel blends used in this
work, as discussed in the introduction.
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Figure 17. Graphs relative to the sprays penetration for different injector pressure
values, i.e. 750 bar (a), 1000 bar (b), 1250 bar (c) with ET= 150 us, concerning all
tested fuels.

The following graphs, shown in Figure 18, report the average penetration values of
the injected fuel sprays and the standard deviation using an injection opening time of
300 pus. In this case, the average penetration reaches higher values compared to the
previous tests (with an injection opening time of 150 us), for all tested fuels. In fact, in
Figure 18(a), relative to an injection pressure of 500bar, the sprays average penetration
reaches 14mm for biofuels derived from Cynara cardunculus, 13 mm for Brassica carinata
and coffee-based ones and about 10 mm for the conventional petroleum diesel. Upon
increasing the injection pressure value to 750 bar (Figure 18(b)), for biodiesel fuels
derived from Cynara cardunculus and coffee, an average penetration greater than 18 mm
was reached, whereas about 17 mm for the Brassica carinata-based one and about 15 mm
using conventional diesel fuel. For an injection pressure value of 1000 bar, the average
penetration values of the injected sprays increase up to 22 mm for the Cynara
cardunculus-based bio-diesel, 20mm for coffee and Brassica carinata based ones and up
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to 17 mm for petroleum diesel (Figure 18(c)). Using an injector pressure value of 1250bar,
the average penetration values increase for all tested fuels and the difference between
these values is lower, as reported in Figure 18(d); in particular, for the B20 biodiesel
derived from Brassica carinata, an average penetration of about 26mm was reached, about
24mm using the Cynara cardunculus based one, 23 mm for biodiesel from coffee and
22mm for diesel. Therefore, as expected, greater injection pressure values lead to an
increase of the spray penetration; moreover the, curves of Figures 17 and 18 for different
ET values show that the penetration increases more linearly varying the opening time
rather than the injection pressure.

Figure 19 reports the injection tests with an injector opening time of 450 usec
whereas other parameters remain unchanged from the previously performed tests (e.g
chamber pressure = 25 bar). With an injection pressure of 500 bar, the average penetration
of the injected sprays using the Cynara cardunculus based biodiesel reaches an additional
24 mm than the 20 and 19 mm reached with Brassica carinata and coffee based biodiesel
fuels respectively; a slightly lower value instead is obtained for petroleum diesel (18 mm).
Upon increasing the pressure up to 750 bar, the three biodiesel fuels reach an average
penetration of ~26-27 mm (Figure 19(b)) whereas diesel penetration is equal to 23 mm.
With an injection pressure equal to 1000 bar (Figure 19(c)), the sprays penetration of
biodiesels rises up to 30 mm; for diesel instead it is about 24 mm. For the last test with
injector pressure = 1250 bar, the sprays penetration of biodiesels reaches 33-34 mm and
about 30mm for the petroleum diesel (Figure 19(d)). As previously reported for the plots
of Figures 17 and 18, also for the curves of Figure 19, the spray penetration increases
more linearly varying the opening time rather than the injection pressure.
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Figure 18. Sprays average penetration and standard deviation related to all tested fuels
with injector opening time (ET) of 300us and different values of the injection pressure.
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Figure 19. Graphs related to the injector opening time (ET) of 450 us; the average
penetration is higher, for all tested fuels, compared to the previous tests with shorter ET
values.

The obtained results are also confirmed by other research works [28-35]. For
example, in Sathrudhan et al. [28-35], the simulations were carried out using different
nozzle diameters (0.15, 0.2, 0.3) mm, varying pressure between 800,1200 and 1800 bar
values and the fuel typology, i.e. standard diesel, Rapemethyl Ether (RME) and Dimethyl
Ether (DME), each of them featured by different fluid properties. The DME spray spreads
widely with short penetration, being less dense than diesel, hence the liquid portion of the
DME spray has shorter penetration than the diesel one. On the contrary, the RME
penetrates more when compared to diesel and DME, because of large droplets and a
higher mass density. Summarising our obtained experimental results, by increasing the
injector pressure, as expected, a higher average penetration value is obtained due to a
greater initial velocity and thus higher quantity of motion of the injected fuel. In
particular, observing the shape of each penetration curve, it is possible to notice peculiar
characteristics regarding three different curve sections, for all performed tests:

i) The first section with a steep gradient and linear behaviour over time is related to
injection in the first time instants; in this phase, the chamber back-pressure is still weak
and the jet is compact, essentially governed by only the injector pressure.

i1) The second curve section presents a knee shape; in this phase, the injection interacts
significantly with the back-pressure chamber determining a deceleration of the spray
penetration. The drops larger than others accumulate energy on the outer surface that

3866



Visconti et al. / International Journal of Automotive and Mechanical Engineering 14(1) 2017 3849-3871

causes, beyond a certain limit of instability, the breaking and the formation of smaller
droplets. The knee value is referred to in the literature as the break up length.

1ii) The third section shows a typical root square dependence over time; the injection tends
to a steady-state condition with a strong reduction of the spray penetration velocity.

Concerning the qualitative aspect, no significant difference appears between the
values related to the B20 biodiesel and diesel fuels; anyway, upon varying the injection
pressure, for conventional diesel it results in a minor penetration compared to that of the
used biodiesel fuels. The reason has to be found in the biodiesel chemical/physical
properties; in fact, although used biodiesels contain only 20% of renewable vegetable-
origin biofuel, their viscosity and superficial tension are higher than those of petroleum
diesel. Therefore, due to a weak vaporisation with the consequent formation of drops with
a larger diameter, the sprays penetration for biodiesel fuels reaches higher values than in
the case of conventional diesel.

To complete the discussion about the reached results, an anomaly concerning the
penetration inhomogeneity of the individual sprays, related to a single injection, has to be
mentioned. This inhomogeneity appeared specially in the first injection instants, also
reducing almost fading away as the injection pressure increases. This phenomenon is
related to sporadic cases because, in order to make a test as reliable as possible, the
injection images were captured from the third injection, allowing the injection process to
achieve a certain stationarity and stability. For example, considering an injection test with
ET = 300 ps and an injection pressure of 500 bar (Figure 18(a)), some fuels, such as
biodiesel derived from coffee, present a standard deviation curve that exceeds the value
of 2 almost reaching 3. This means that a certain non-uniformity among the 5 jets of the
same injection occurs, resulting in two jets shorter compared to the other three. In
conclusion, Siebers [50] reports that the injection pressure, considering the injected
sprays of conventional diesel, has no significant effect on the liquid-phase penetration of
the spray itself. On the contrary, as reported in De Domenico et al. [18], upon varying
injection pressure, a slight increase of the spray penetration is obtained, but this is much
lower than the opening time effect. In our research work, as obtained by the experimental
curves and a qualitative analysis on the quantification of effects, it results that the
penetration value is mostly influenced by the opening time (i.e. Energizing time, ET)
rather than the injection pressure. As an example, considering an ET of 300us and
injection pressure that doubles from 500 to 1000 bar, the spray penetration increases to
41.2% for conventional diesel, to 35.0% for coffee and Brassica carinata and to 37.7%
for the Cynara cardunculus biofuel. On the other hand, by doubling the opening time (ET
from 150 to 300 us), with a constant injection pressure of 1000 bar, the spray penetration
increases to 50.2% for diesel (9% more than the increase due to the injection pressure
doubling), 40.0% for coffee biodiesel (with a 5% more), 47.5% for Brassica carinata
(12.5% more) and finally 51.1% for Cynara cardunculus (13.4% more than the increase
due to the injection pressure doubling). This trend is also respected for other values of the
opening time (ET) and injection pressure, confirming that the Energizing time has a
greater influence on the penetration value of the injected sprays than the injection
pressure.

CONCLUSIONS
In this work, an experimental apparatus was realised in order to perform a morphological

characterisation of the sprays injection of different fuel types. Using this setup, tests were
carried out to analyse the sprays evolution and penetration inside a velocimetric chamber
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provided with optical accesses used to record the process; a Bosch injector, driven by a
suitable realised electronic system, was used. The sprays penetration employing different
fuel typologies, such as the B20 biodiesel derived from Cynara cardunculus, from
Brassica carinata and from coffee and conventional petroleum diesel, was analysed
setting, for each test and fuel, different parameters such as the injector pressure and the
injection opening time while maintaining constant the back-pressure value inside the
velocimetric chamber. The results show a deeper penetration for all biodiesel fuels
compared to conventional diesel due to the different biodiesel chemical/physical
properties such as higher viscosity and superficial tension, with the consequent formation
of drops with a larger diameter, with respect to conventional diesel. Furthermore, it results
that the penetration value is mostly influenced by the opening time rather than by the
injection pressure. The realised programmable electronic system has proved to be able to
drive correctly the diesel injector making it possible to adjust, as desired by the user or
required by a specific application, the injector pressure and the opening time. Therefore,
the designed system is a good candidate to be applied in test benches where the injector
parameters have to be adjusted for carrying out the morphological analysis of biofuels
sprays and for optimising the injector operation. Furthermore, the reported results,
concerning the sprays morphological analysis of the tested biofuels, can be used by future
research works for obtaining the desired injection parameters thus improving engine
performance and fuel consumption.
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