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Abstract: Engine efficiency and emissions depend on the fuel atomization and dispersion. The fuel
atomization and dispersion depend heavily on the ambient pressure and temperature. In this work,
to study Diesel sprays in engine conditions, an electrically heated, constant-volume, pressurized
vessel was designed and manufactured. The controlling electronics and software were developed
and tested to ensure safe and precise operation. A commercial Bosch six-hole automotive Diesel
injector was used. The spray spatial and temporal development were studied. In the literature, spray
liquid length and cone angle are extensively used to quantify fuel dispersion. In this work, these
parameters were quantified using a high-speed shadowgraph technique. Models were derived to
describe the temporal evolution of the liquid core. Such models can be used to predict the Diesel
spray behaviour and the engine performance.

Keywords: Diesel spray; shadowgraph; liquid core

1. Introduction

Current automotive powertrain technology is moving towards the electrification of
the fleet [1]. However, electrification of the vehicle fleet has many challenges. Moreover,
electrification of heavy-duty vehicles and existing vehicles is almost impossible. Currently,
in the US, there are approximately 13 million Diesel engines in all vehicle types. Emissions
from these engines are responsible for the premature death of 21,000 people. The most
dangerous emission from a Diesel engine is particulate matter (PM), which is solely respon-
sible for the death of 15,000 people annually and is highly carcinogenic [2,3]. Exhaust gas
aftertreatment and waste heat recovery systems can reduce the vehicle emissions [4] but
not eliminate them.

In a typical modern Diesel engine, fuel is injected directly into the cylinder. It is
known that the better the fuel evaporation and dispersion with air, the lower the particulate
emissions [1]. For sprays with many plumes, measurements [5] and simulations [6] have
shown that the plumes create a low-pressure region in the centreline of the spray, which
deteriorates fuel dispersion. In extreme cases, particularly with long injection duration,
the low pressure in the centreline of the spray may even lead to the complete collapse
of the spray in a single entity [7]. Increased number of plumes in a spray enhances the
low-pressure region [8].

The Diesel fuel spray penetration and cone angle are relevant parameters in fuel
dispersion. The spray structure, primarily influenced by the injection pressure and duration,
affects the evaporation of the fuel and the mixing of the vapour with the surrounding
gases [9,10].

However, evaporation and mixing phenomena in a spray are also heavily dependent
on the pressure and temperature of the surroundings. Therefore, it is important to study
these phenomena at values typically found near the injection timing of a Diesel engine.
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A variety of optical techniques have been employed in the literature to visualize and
understand the spray structure and formation [2,5-12].

Back-illumination techniques take advantage of the difference in the transmittance be-
tween the ambient air and injected fuel. The liquid phase of the spray is, therefore, visualised
using back-illumination [2]. A shadowgraph technique was used by Tsujimura et al. [13]
to study hydrogen sprays, Hwang et al. [14] to study DME (dimethyl ether) sprays, He-
lin et al. [15] to study LPG (liquefied petroleum gas) sprays and Verhoeven et al. [16] to
study n-dodecane sprays.

In the literature, several researchers applied optical techniques to visualize Diesel
sprays. Baert et al. [17] studied the Diesel spray from eight-hole injectors, Bae et al. [18] from
a ten-hole injector and Kunkulagunta et al. [19] from a five-hole injector. There is limited
work published on the six-hole injector, which is the most widely used in small automotive
Diesel engines. This work combines back-illumination with high-speed cinematography to
provide quantitative results on the temporal development and evaporation of the spray of
a six-hole Diesel injector.

Additionally, Diesel sprays visualized in optical engines are restricted by the moving
piston and valves. For this work, a pressurised vessel was designed and manufactured and
was electronically operated and controlled so as to create engine-like conditions. In this
way, optical access is better than in optical Diesel engines or endoscope measurements in
full metal engines.

2. Experimental Setup and Image Processing
2.1. Optically Accessible Vessel

A constant-volume vessel (Figure 1) was designed and manufactured to allow the
study of Diesel sprays in a high-temperature and -pressure nitrogen environment. The
gas conditions up to a maximum pressure of 40 bar and 500 K are achieved using a high-
pressure regulator and four electrical cartridge heaters of 500 W each. The vessel is made
of stainless steel 316L and has three quartz windows of 125 mm diameter and 83 mm
thickness. A magnetically coupled stirrer is used to mix the gases in the vessel, thereby
avoiding breaching the pressure vessel by a shaft. Bronkhorst mass flow controllers (MFC)
control the amount of nitrogen entering the vessel. A detailed description of the vessel
design and characterization can be found in [2].
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Figure 1. Schematic of constant-volume vessel.
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2.2. Fuel Injection Equipment

A Hartridge 1100 test stand drove an automotive Bosch CP3 pump, the flow rate
of which is controlled by a valve upstream of the pump, as opposed to downstream
in previous pump generations [20]. To be able to control the pressure in the associated
common rail (which is factory-equipped with a pressure relief valve only), an additional
dummy common rail (with a pressure-regulating valve downstream of the pump) was
attached. As a safety measure, should the valves fail (thus deliver full flow), we retained
the injectors on the dummy rail with their integral spill paths (Figure 2).

Figure 2. Experimental setup of Diesel injecting system. (1) Fuel tank, (2) lift pump and filter,
(3) Bosch CP3, (4) rail with pressure control valve, (5) tested modern rail with pressure relief valve,
(6) injectors for overspilling fuel in case of valve failure, (7) tested injector, (8) fuel cooler.

The injected fuel quantity is known to affect the spray characteristics and temporal
development. In the literature, displacement sensors have been used to measure the
injector needle movement, and the injected quantity has been calculated using Bernoulli’s
approach [16]. However, this approach considers the fuel to be incompressible and that no
cavitation appears in the nozzle. Both of these assumptions are incorrect at the pressures
typically found in a common rail. An alternative more complicated approach that has been
applied requires the use of a force sensor, on which the spray impinges [21]. However, this
technique requires the perfect perpendicular alignment of the force sensor to the spray
centreline, as the smallest misalignment causes a large error.

In this work, the injected fuel quantity from the injector shown in Figure 3 was mea-
sured using a simple collecting and weighting technique, over an average of 1000 injections.
A high-precision lab scale was used to weigh the collecting canister before and after the
injections. The drawback of this technique is that despite the fact that the injector was
enclosed in the canister, some vapour fuel did escape. However, the escaped fuel vapour
represents a small quantity in comparison to the injected and collected fuel. A simple
way to estimate the mass escaped is to use the equation of state, knowing the fuel vapour
pressure at ambient temperature and the canister vapour volume. The measured value of
46.5 mg per injection is in agreement with similar research and represents a typical value
of a 1 ms injection duration found in typical commercial Diesel vehicles [20]. A detailed
description of the fuel injection equipment and its characterization can be found in [2].

2.3. Electronic Control

The vessel, pump and injection operation were controlled in LabView, and all op-
erations were monitored and controlled in real time using a National Instruments cRIO
FPGA, which thereby provided a standardized operating procedure to the control risks
and hazards associated with the operation of the pressure vessel.
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Figure 3. Bosch common rail fuel injector, Bosch (2005).

Timing uncertainties are of the order of 5 ns, which is negligible in the injection
timescale (0.3 ms). The pressure drop in the common rail during injection is compensated
for by the FPGA controller. Additionally, the volume of the first and second common
rail and the connecting lines is several times larger than the injected quantity, so the
pressure drop in the common rail during injection can be considered negligible. A detailed
description of the control hardware and software and its characterization can be found
in [2].

2.4. Optics

As the spray injection lasts for a very short time, of the order of 1 ms, to obtain good
temporal resolution of the injection, a high-speed camera must be used. In this work, a
high-speed camera (LaVision HighSpeedStar 6) was used to capture images of the spray.
The acquisition speed was set to 15,000 frames per second. However, as there is a trade-off
between temporal and spatial resolution, the resolution was set to 512 by 512 pixels, which
was considered sufficient to capture clear images of the sprays using a f = 150 mm lens,
where f is the focal length. The spatial resolution was 0.14 mm per pixel.

The camera was triggered by the cRIO, and acquisition paused at the end of every
spray, allowing for the vessel’s nitrogen atmosphere to be purged and reheated. When the
16 GB camera memory was full, the images were copied to the computer’s hard drive and
the process continued.

The spray was back-illuminated using a standard 12 V 45 W automotive light bulb,
and a paper diffuser was used to even out luminosity. The homogeneity of the light source
after the diffuser was optically checked in the captured images as shown in Figure 4a. A
typical image acquired with full resolution is presented in Figure 4b. Some consecutive
instantaneous sample raw images appear in Figure 5, and the time interval between them is
1/15,000 s. A detailed description of the optical diagnostic and testing can be found in [2].

High-speed Vessel Light
camera Homogeniser

| Llamp
| %

(a) (b)

Figure 4. (a) Schematic of optical setup used in this work to back-illuminate the Diesel spray;
(b) typical photo of a Diesel spray in the vessel.
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Figure 5. Typical consecutive photos of spray in the vessel at 3, 6 and 9 bar ambient pressure and
room temperature. The time interval between the frames is 1/15,000 s. Time starts at the start of the
hydraulic injection (aSOI), when the spray exits the nozzle hole.

3. Results and Discussion

Figure 5 shows a typical raw image of a Diesel spray at atmospheric pressure and
temperature as acquired using the optical set-up. The injector is mounted on the top and
a temperature RTD probe is visible on the far left running from the top of the vessel to
the centre. The two large circle structures at the periphery of the images are the front
and back windows of the vessel. The camera is focused on the plane in the middle of the
vessel, running by the injector tip. On the right of the frame, a second injector tip is visible,
which was not used in this work. On the right of the injector on the top plate, a small
tubular structure appears, which is a glowplug used for the ignition of the gases in the



Energies 2023, 16, 2874

60f11

vessel to build up the temperature in the vessel. The scope of this paper is the study of
non-evaporating sprays, so all results presented are in room temperature.

On the image of the spray in Figure 5, four plumes appear but the injector has six holes.
The two plumes appearing in the middle are hiding two more plumes in the background.
The plumes on the far left and the far right of the spray are single plumes along the line
of sight. A detailed schematic of the injector orientation and the resulting spray plume
orientations is given in [22].

Figure 5 presents the temporal evolution of three Diesel spray events at different
ambient pressures. The three columns of frames, from left to right, represent ambient
pressure of 3, 6 and 9 bar, respectively. The order of the images from top to bottom
represents the temporal evolution of the spray events. The time interval between the
frames is 1/15,000 s as the acquisition rate was 15,000 fps.

The spray exits the nozzle hole at 0.17 ms =+ 5 ns after the electronic signal for the start
of injection. This time delay between the signal and the actual hydraulic start of injection is
the hydraulic delay. To remove the effect of the injector hydraulic delay from the presented
data, all results are presented in time after the start of the hydraulic injection (aSOI).

The centreline of every spray is more optically dense than the periphery. This is due
to more liquid fuel mass in the centreline of the spray. Additionally, the centre of the spray
has experienced less primary and secondary atomization, less air entrainment, less mixing
with the surrounding air and less evaporation. The combined resulting effects of these
phenomena are captured in the photos as spray regions of less optical density compared to
the centreline of the spray. The spray tip and the spray sides are lighter blue in colour. The
sides of the spray, along the centreline, experience air entrainment, mixing and evaporation,
while the tip of the spray experiences primary atomization and evaporation.

Structures are visible on the spray tip and sides. On the spray tip, these structures are
the outcome of local micrometre- and nanometre-level uneven distributions of tip velocity
and liquid fuel concentration. The structures on the spray tip move linearly along the spray
axis. At the spray sides, the structures are the outcome of local enhanced air entrainment.
The side structures follow the curling air entrainment motion and form small vortices on
the sides of the spray. Both the tip and side structures form early on in the spray injection
and formation and remain until the end of the spray.

3.1. Image Correction and Processing

The images were processed using a combination of DaVis software and purpose-
programmed codes in C++ and MATLAB. A LaVision calibration target was used to
match pixels to length on the focal plane and dewarp the edges of the image. Prior to
measurements, a dark image was shot and was then subtracted from the acquired images.

The captured images of the spray represent the projection of the spray on the camera
plane, as shown in Figure 6. In order to acquire useful information on the actual spray
geometry, the spray characteristics measured on the images have to be corrected for the
inclination of the spray to the camera CCD plane. For the two middle plumes of the spray,
it can be easily shown that

Lp =Lp/cos® 1

where L, is the projection tip penetration of the spray, Lp the actual tip penetration and 0
the angle between the spray plane and the CCD surface.

To acquire the projection tip penetration, the images were rotated, and the tip pen-
etration length was measured along the centreline of the spray, using a threshold of 40
counts to differentiate between vapour fuel and nitrogen environment. Then, Equation (1)
was used.

Similarly, the projection of the spray centreline on the CCD ¢ / can be correlated to
the actual

¢ = atan(tan ¢// sin ) 2)
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The cone angle can be calculated by measuring the spray width at a distance of
50 mm from the injector tip. A similar technique has been used by other researchers in
the past [2,23]. He at al. proposed that the spray cone angle is measured at half the spray
tip penetration length [24]. This was due to the higher spray fluctuation and evaporation
observed in their work.

Figure 6. Representation of spray, with marked tip penetration length and angles of spray centreline.

Figure 7 presents a typical intensity profile, along the axis of the spray plume. The
beginning of the axis of the plume is the nozzle hole and the axis extends up to the vessel
wall. The presence of liquid blocks the light, so the captured image records no light or zero
counts where liquid is present. This can be seen on the left side of the plot. In this sample
intensity profile taken at 3 bar ambient pressure and 0.27 ms aSO], there are zero intensity
counts for about the first 65 pixels. Then, the intensity starts increasing rapidly. A threshold
of 80 counts was chosen to signify the end of the liquid length.
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Figure 7. Collected light intensity profile along spray plume line, starting from the nozzle hole
extending to the vessel wall.

The spray macroscopic liquid structure is quite repetitive, so five spray injection events
were enough to provide statistical conversion of the measured liquid length and the cone
angle. The data acquired from the plume temporal evolution of the five spray events were
ensemble averaged to provide the figures presented in the next section.

3.2. Spray Penetration

Similar to the past work of Yeom et al. [9], Reitz et al. [10] and Sphicas [2], this work
also observed a decrease in the spray liquid length with increasing ambient pressure.
Figure 8a presents the plume tip penetration as a function of time at various ambient
pressures. The data from this work are marked with circles, crosses and dots for ambient
pressure of 3, 6 and 9 bar, respectively. On the same graph, data from IFP are presented in
squares and X marks. These data were acquired at 1bar ambient pressure and 387 K for 800
and 1500 bar injection pressure, respectively, Verhoeven et al. [16].
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Figure 8. Spray tip penetration: (a) as a function of time, at 3, 6 and 9 bar ambient pressure, compared
to data from [16]; (b) as a function of time, at 3, 6 and 9 bar ambient pressure and natural logarithmic
model fit.

At the start of the hydraulic injection, the spray has the maximum velocity. With the
lapsing of time aSQO], the spray transfers its momentum to the ambient environment. Several
mechanisms have been suggested for this phenomenon. Evaporation is certainly a way of
transferring momentum from the liquid to the vapor and then to the ambient environment.
However, the measurements presented here were performed in non-evaporating conditions.
The breakup of the spray into droplets and of droplets into smaller droplets, known as
primary and secondary atomization, is another mechanism of transferring momentum
from the spray to the ambient gas.

Both primary and secondary atomization have been studied extensively, but further
understanding of these phenomena on smaller scales is paramount. However, for the prac-
tical purposes of engine dimensioning and valve timing, macroscopic spray characteristics
can provide sufficient approximation. With this aim, Figure 8b presents the data acquired
in this work, with the regression of a natural logarithmic function. The considered function
describing the liquid length Lp, as a function of time t aSO], is of the form Lp = aln(t) + b,
where a and b are constants. A similar spray behaviour was observed by Yue et al. [25] and
by Ma et al. [26]. It was also observed that less volatile fuels, such as Diesel, lead to higher
spray tip penetration compared to more volatile fuels such as pentanol [26].

3.3. Curve Fitting

A non-linear least squares method was applied. The basis of this method is to approxi-
mate the model by a line and to refine the parameters by successive iterations. In matrix
format, the nonlinear model is described by the formula

y=f(X,B)+ 3)

Where y is the vector of responses, in this case, the liquid length. The curve model is f,
which is a function of X and S, in this case, the time and the model coefficients, respectively.
The true error between the data and the model is noted as e.

The method starts with an initial estimate for each coefficient. The fitted curve
7 = f(X, B) for the current set of coefficients is produced by calculating the Jacobian matrix
of f(X,B), which is defined as a matrix of partial derivatives taken with respect to the
coefficients. The coefficients are adjusted within a trust region, which has no more than 10%
change from the last value of the coefficients. The improvement of the fit is determined.
The steps above are iterated until a tolerance of 107 is met or up to 600 iterations.

Table 1 shows the model coefficients for the different ambient pressures tested in this
work. With increasing ambient pressure, the value of coefficient a is reduced. By derivation
of the logarithmic model, the spray tip velocity is proportional to coefficient a.
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Table 1. Model coefficients.

Coefficients a b R?
3 bar 26.4 76.8 0.9456
6 bar 25.53 74.33 0.9625
9 bar 21.98 62.65 0.9922

3.4. Spray Tip Velocity

In Figure 8b, for any time aSOI and the value of the spray liquid length penetration for
different values of ambient pressure, it is easily observed that increased ambient pressure
leads to decreased spray penetration. For example, at 100 ms aSO], the spray tip penetration
is 16, 15.55 and 12.04 mm for 3, 6 and 9 bar ambient pressure, respectively. It is evident that
increased ambient pressure decreases the spray tip penetration with decreasing rate.

As a result, with increased ambient pressure, the spray tip velocity is reduced. The
mechanism in place can be attributed to increased momentum exchange from the spray
to the ambient environment with increased ambient pressure. A similar observation was
reached in Table 1, where increased ambient pressure leads to a reduced value of coefficient
a. For example, at 3, 6 and 9 bar ambient pressure, the value of coefficient a is 26.4, 25.53
and 21.98, respectively. The velocity follows the inverse function of time, as expected from
derivation of the natural logarithm equation Lp = aln(t) + b. Figure 9 presents the spray
tip velocity as a function of time.
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Figure 9. Spray tip penetration velocity.

3.5. Spray Cone Angle

Another macroscopic observation of improved momentum transfer is the cone angle
of the plume. Figure 10 shows the measured cone angle of the plumes with time aSOI. The
cone angle is relatively constant as a function of time, indicating that the injection duration
is not affecting the value of the cone angle. This makes the cone angle of the plume a direct
measure of the momentum exchange. The value of the cone angle, at the ambient pressures
tested in this work, is proportional to the ambient pressure. For example, at 3 bar ambient
pressure, the spray cone angle is between 35 and 37 degrees. At 6 bar, it is approximately
40 to 42 degrees and at 9 bar, around 50 degrees. Increased ambient pressure increases the
cone angle of the plume. This indicates that the denser ambient environment makes the
plume spread radially and increases the momentum transfer to the ambient environment.

In Figure 10, for reduced ambient pressure, data points are reported at earlier times
aSOL. This happens because the plume tip requires time aSOI to reach the 50 mm down-
stream line, where the cone angle was measured. For higher ambient pressure, the plume
tip requires more time to reach the 50 mm line. For example, at 3, 6 and 9 bar, the first
reading at 50 mm occurs at approximately 2.1, 2.4 and 2.6 ms aSOL.
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4. Conclusions

Fuel dispersion is of vital importance for reducing emissions in any combustion system.
In this work, the dispersion of an automotive Diesel spray was investigated at high pressure,
in a purpose-built optically accessible pressure vessel, using high-speed shadowgraphy.

The spray photographs showed reduced optical density on the spray tip, attributed
to primary atomization. Reduced optical density was also observed at the spray sides,
attributed to ambient air entrainment, mixing and evaporation. Structures on the spray tip
and sides were observed to remain until the end of the spray. Spray characteristics such
as tip penetration and cone angle provide a good description of the fuel dispersion in a
Diesel engine. The spray tip penetration and cone angle depend on the ambient pressure
and temperature.

Spray tip penetration was observed to decrease and cone angle to increase with
increasing ambient pressure. Both the mechanisms above indicate enhanced momentum
transfer from the spray to the ambient environment. A natural logarithm model was
proposed for the temporal evolution of the spray tip penetration. A non-linear least squares
method was used to calculate the model parameters based on the acquired data. The
temporal evolution of the spray cone angle was relatively constant, but was proportional to
the ambient pressure.
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