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Abstract

The injection process of the urea-water solution (UWS) determines the initial
conditions for the mixing and evaporation of the fluid in the selective catalytic
reduction system. In this study, the liquid atomization process of a UWS dosing
system is investigated using optical diagnosis through back-light imaging. The
droplet diameter distribution and the droplet velocity (in the axial and tangen-
tial components) of the liquid spray are quantified under different air flow and
injection conditions. A new test facility was designed to study UWS spray un-
der conditions that resemble those of the engine exhaust pipe, which is capable
of reaching an air flow of 400 kg/h and air temperatures up to 400 °C. The
test matrix consisted of variations in the air flow temperature, air mass flow
and UWS injection pressure. A high speed camera was used for capturing the
images of the liquid spray, comparing the atomized liquid behaviour in three
different regions of the plume: the first one near the nozzle exit, and the other
two in the developed region of the spray (one aligned with the injector axis and
the other at the spray periphery). Increasing the injection pressure affected
the atomization process producing smaller particles with higher velocities in
the axial and tangential components, promoting wider global spray angles, that
combined with high air flow temperatures could improve the evaporation and
mixing process in the SCR system. The main contribution is the development

of an alternative technique for the quantification of the droplet size and velocity.
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1. Introduction

Environmental concerns and fuel consumption are still hot topics in the main
forums related to internal combustion engine development. The emission chal-
lenges and the engine efficiency are commanding the directions for continuous
improvement of internal combustion engines [1-3]. Thanks to the efforts of
the industry and the scientific community, the technologies are rapidly evolv-
ing, especially in the improvement of several subsystems such as fuel injection
components, combustion system and the after-treatment. For example, studies
done by Triantafyllopoulos et al. [4] showed that for the enhancement in de-
NOy technologies, the preferential solution is the implementation of Selective
Catalytic Reduction (SCR), which reduced the real drive emissions. The SCR
works as a chemical reactor in conjunction with the injection of a Urea-Water
Solution (UWS) upstream in the exhaust pipe [5]. The UWS mixes with the
combustion gases, passing through a catalysts where the NOy byproducts of
combustion are reduced with ammonia (NH3) into water and nitrogen [6].

To ensure an effective de-NOy process, the UWS should vaporize before the
flow reaches the inlet section of the SCR with an adequate distribution and
correct quantity [5, 7]. Therefore, a good design should include rapid decompo-
sition and uniform distribution of the urea.

The UWS injector is responsible for the correct dosing and homogeneous dis-
tribution of the droplets. The literature shows that substantial efforts are being
done in the understanding and improvement of these systems, especially for a
better comprehension of the UWS spray characteristics, from the global perspec-
tive (liquid spray penetration and spreading angle) and from local point of view
(droplet velocity, shape and diameter distribution). In recent years, the interest
in the determination of the global and local spray characteristics at different

exhaust flow conditions has increased, basically because improper quantities of
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Dy Droplet Diameter ics
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NO32 Nitrogen Dioxides ET Energizing Time

NOg Nitrogen Oxides LED Light-Emitting Diode

AP Pressure Difference SCR Selective Catalytic Reduction
Py Density of the flow UWS Urea Water Solution

oL Density of the fluid

urea-water spray may generate deposits that could block the exhaust lines and
reduce the efficiency of the system. Many researchers have investigated the
spray pattern of the UWS using both numerical and experimental approaches.
On the experimental side, several works have been done using optical techniques
in simplified facilities that allow to study the liquid jet in cross-flows. Some of
those studies have been carried out injecting water instead of the UWS solution
since the physical properties are similar. However, in other cases the use of urea
is preferred, specially when deposits are the subject of interest. Studies by Oh
and Lee [7] and Varna et al. [8] showed the importance of spray distribution,
droplet diameter and wall impingement on the deposit formation and the NOy
conversion efficiency. From the global perspective, spray imaging measurements
were carried out by Van Vuuren et al. [9, 10] using an aqueous urea solution
(AUS-32) in a hot air test bench, reaching both fluid and air temperatures of
130 °C and 490 °C respectively. They concluded that the temperature of the
fluid had a strong influence on the global spray parameters, due to the atmo-
spheric boiling point of the fluid. Meanwhile, gas temperature slightly affects
the spray development. LeCompte et al. [11] evaluated the effect of exhaust

pipe geometry, mixer location and gas temperature on the vaporization and



homogenization of the mixture using optical diagnostics as well.

Droplet and velocity distributions have also been investigated. Concern-
ing the velocity field, Spiteri and Dimopoulos-Eggenschwiker [12] described a
test rig to characterize the spray flow field using a particle image velocimetry
apparatus, providing mean velocity fields. Liao et al. [13] conducted measure-
ments in the same test rig for determining the droplet size and velocity using
phase doppler anemometry (PDA) before wall impingement. Although this laser
based optical approach is widely used, the assumption of completely spherical
particles might limit its application for some boundary conditions, such as low
injection pressures and near the nozzle exit where blobs and ligaments also ap-
pear. Postrioti et al in [14] proposed a viable alternative based on back-light
imaging for diameter determination and validated the results against PDA.

The objective of this paper is to determine the urea spray structure in terms
of droplet size distribution and velocity in conditions analogous to those in the
exhaust pipe of a combustion engine, for pressure, air flow and temperature.
The estimations of the droplet size distribution are made using a back-light
technique at three different positions of the spray plume: near the nozzle exit,
and in the developed region of the spray. Furthermore, a novel procedure is used
for the determination of the droplet velocity based on the back-light imaging
at high speed acquisition rate and a particle tracking algorithm. This method
is an alternative to the PIV, which only provides averaged flow velocities, or
to PDA and other related method that are based on spherical droplets. The
quantification of the droplet size distribution and velocity is necessary in order
to provide robust experimental data for computational fluid dynamic models,
as boundary conditions or for validation purposes.

The manuscript is divided into four sections. After the introduction, the
experimental facility is described, along with the details of the optical config-
uration and the image processing implemented. The results are presented and
discussed next for the measured parameters. Finally, the conclusions obtained

through the execution of this work are presented.



2. Materials and Methods

The urea-water solution spray development was analyzed experimentally us-
ing a new installation designed at the facilities of Centro de Motores Térmicos
(CMT). It is capable of reaching high gas flow and temperature and is explained

in detail in the following subsections.

2.1. High Flow and Temperature Installation for Urea-Water Solution (UWS)

Spray Visualization

The test rig reproduces realistic conditions of flow inside the exhaust pipe
and is connected to a chamber with four optical accesses (showed in Figure
1). The facility is composed of a centrifugal blower, hot-wire flow meters, a
15-kW electric heater and a visualization chamber that was used to carry out
the optical measurements. The installation has a wide operation range, allow-
ing boundary conditions of flow and temperature up to 400 kg/h and 400 °C
respectively. The test rig inhales air from its surroundings through the centrifu-
gal compressor,and then sent to the electric heater controlled by a PDI set at
the desired measurement temperature. The flow enters the visualization vessel

where the UWS spray is injected into the hot air stream.

750 mm 95mm 660 mm . 375mm__ 205 mm
- Optical Accesses
Flow meter Gas Flow
Injector
Air Intake —» Heater Element
Centrifugal
Compressor

Figure 1: High Flow and Temperature Installation.



The visualization vessel (in Figure 2) has four optical accesses allowing direct
visualization of the Urea-Water Solution (UWS) spray. The design is modular,
and it can be easily rearranged to simulate various configurations of the injector
position and the exhaust pipe. For this work the UWS injector is mounted
perpendicular to the air flow, in such manner that the whole spray development
can be registered.

The dosing unit used was a commercial injector developed for diesel SCR
application. Its nozzle has three holes with a diameter of 135 um each. Never-
theless, the images indicated that the cone spray produced by each hole merged
to a single plume. The tip is refrigerated with a cooling fluid at a temperature

of 60 °C. The details of the injector are described in table 1.

Table 1: Injector properties.

Injector Bosch dosing module
Injector type Solenoid
Number of holes 3
Hole diameter 135 um
Cooling temperature 60 °C
Energizing time 7500 us
,k \
292 mm m 70 mm m
v '_:
Y
. <t >
E— 180 mm -

Figure 2: Configuration of the optically-accessible section. The air flow moves from left to

right
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2.2. Optical Technique and Setup

In order to study the liquid spray characteristics of the UWS injection pro-
cess, a diffused back-illumination (DBI) technique was applied to visualize the
spray. Light emitted from a source, a light-emitting diode (LED) in this case, is
passed through a diffuser and is reproduced in the spray plane by a Fresnel lens.
The rays that were not blocked by the spray are captured by a camera, thus
rendering the liquid phase as a shadow or dark pixels in the images. The use of a
high-speed pulsing LED as illumination makes this optical setup the best option
for liquid phase visualization of the spray. Coupled with a high-speed camera,
this setup allows to capture sharper images than with continuous light sources,
as the pulse has a controlled duration of 500 ns, thus reducing the actual timing
and spatial uncertainties of the captured image.

The DBI was carried out with a Photron SA5, equipped with a Nikon Sigma
24-70mm lens, for an acquisition rate of 31 Kfps and a spatial resolution of 7.3
pix/mm. Figure 3 shows the optical arrangement employed. For the near-field
visualization campaign, the same equipment was used, coupling the camera to
an Infinity K2 DistaMax lens, allowing the enhancement of the resolution to
40.2 pix/mm, and enabling the visualization and tracking of the UWS spray
droplets by acquiring images at 150 Kfps, with a depth of field of 1 mm. Some
details of the optical setup are presented in Table 2.

UWS inlet

Cooling Inlet Coollng outlet

Fleld lens

Camera

ED

Visualization chamber lefuser

Figure 3: Scheme of the optical setup used for Diffused Back-Illumination (DBI): global spray;
UWS:Urea-Water Solution, LED: Light Emitting Diode



Table 2: Details of the optical setup for the employed techniques.

LED Frame
Camera Lens Resolution Pixel-mm Repetitions
Pulse Duration  Rate

DBI: Global Spray Nikon Sigma 24-70mm 500 ns 31.000 384 x 976 7.3
Photron SA5 10
DBI: Near-Field Spray K2 DistaMax 200 ns 150.000 256 x 216 40.2

2.3. Image Processing

To analyse the data obtained with the DBI technique, a systematic algorithm
is applied in order to extract the properties of the spray. The methods employed

in this work are described below.

2.3.1. Contour Determination

The first step was to define the general shape of the spray that would assist in
the definition of the locations for the near-field visualization windows, ensuring
that they are within the spray boundaries. Besides, this methodology is often
used for determining other global spray parameters like the spray penetration
and the angle, as was reported by Payri et al [15].

The camera was configured to record images every 32 ps. This short time
gap was possible thanks to the adquisition rate of the equipment. A short
light pulse emitted by the LED was used to freeze the image. This allowed an
accurate detection of the spray evolution in time. Figure 4 shows an example of
the images obtained through the setup explained in the previous subsection. In
general, the methodology described by Payri et al [16-19] was followed in order

to obtain the spray information:

e Background correction: To remove reflections and back-drop objects
that could generate bad estimations of the spray, the background is taken
as the image acquired before the start of injection and is subtracted arith-

metically from spray images.

e Spray boundaries detection: The approach proposed by Siebers[20]
was employed to analyse diesel sprays, where the spray boundary is calcu-

lated by binarizing the image. The images in general showed the evolution



of a dark shadow that represented the liquid phase of the spray. However,
some regions of the frames also depicted lighter gray shades that might
correspond to droplets that are evaporating or out of the focal plane. The
binarization threshold was kept high enough to mitigate the noise related
to the background camera sensor noise or beam steering but low enough to
ensure a robust detection of the liquid. After an iterative procedure based
on previous experiments for determining the threshold, the best trade-off
was found for a value corresponding to 5% of the dynamic range of each

frame.

¢ Contour analysis: Once the contour of the spray was obtained, it was
possible to calculate the geometrical features showed in Figure 5 [15]. This

allowed to locate properly the positions for the microscopic study of the

spray.

I-HT-.
b a

[ e 0 B Eoem

Figure 4: Spray image series seen by the DBI image processing method. (Tair = 350 °C, Pjy;
= 8 bar, gas flow = 40 kg/h). Referenced to the time ASOE.



Figure 5: Spray countour determination methodology example.

2.8.2. Droplet Size Determination

For the near-field visualization, the general configuration presented in Figure
3 was used, but replacing the the Nikon Sigma lens with the K2 DistaMax
microscopic lens, which allows a more detailed visualization of the spray. With
the magnification provided by this lens, droplets of the UWS spray can be seen
and measured, allowing the determination of their diameter, trajectory, and
velocity. Three measuring windows were selected for the droplet size imaging:
Position 1 (P1) at 4 mm below the nozzle exit, Position 2 (P2) on the axis of
the injector at 30 mm from the nozzle exit, and Position 3 (P3) as far from the
nozzle as P2, but 7 mm off axis in the direction of the flow (see Figure 6). All
measurement positions were recorded in an optical window of 4.1 mm in height
and 3.8 mm in width (not to scale in the drawing). The characteristics of the

optical configuration are detailed in Table 2.

10



| x
Lol
4.6 mm X X
¥
b
35 mm i
5
ulmm
. P3

Figure 6: Definition location of the windows used for the near-field visualization (not to scale);

P1: Position 1, P2: Position 2, P3: Position 3.

The main difficulty of this setup is the small depth of field of approximately 1
mm. Thus, some of the droplets appear out of focus. To overcome this problem

the images were processed in the following way:

e QOut of focus droplet filtering: The unfocused structures on the frame were
filtered using a dynamic threshold. These droplets have low contrast and

appear more blurred the further away they are from the focal plane.

¢ Image binarization: With the idea of making the determination of proper-
ties easier, after the filtering has been finished, a binarization of the image

takes place.

e Properties determination: For each detected droplet, several properties
can be extracted using an image processing tool developed in MATLAB.
It is focused on obtaining the area of the droplets and their location co-

ordinates for each time step.

e Droplet filtering by residence time: During the measurement, many droplets

appear in focus just for a couple of frames. In order to keep only those

11



droplets that could be tracked, as will be explained in Section 2.3.3, the
droplets found with this method are cross referenced with the one used
to calculate the velocity of the droplets, and only the matching droplets

were kept.

A comprehensive approach of droplet visualization and image processing can

be found in the studies of Manin et al. [21] and Blaisot and Yon [22].

2.3.3. Droplet Velocity

Another advantage of the microscopic visualization setup is the ability to
track down droplets for each frame to determine their velocity. This is achieved
by taking into account only those that comply with certain parameters, which

are:

e Droplet detection: After the background was removed and the threshold
was applied to each image, the properties of size and location were ob-
tained (as showed in Figure 7), and the resulting filtered image was then
used to track the droplets. This step goes along with the determination
of the droplet size.

e Frame to frame position: A search radius was defined to help the algorithm
locate particles that have similar properties in consecutive frames (Figure
8). Thanks to the recording speed of 150,000 frames per second, the size of
the search radius became smaller, avoiding most of the interference with

other droplet search regions.

e Residence time: As mentioned in Section 2.3.2, the volume in which the
droplets were detected is small, and some droplets might pass through this
space, staying in focus for a short time. In order to filter these droplets, a
residence time was set, which allowed the algorithm to ignore those that

did not appear in the images for a given number of frames.

12



Figure 7: Steps to detect the droplets for each frame:(a) Image with background subtracted,
(b) binarized image, (c) droplet detection, and (d) tagged droplets.
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Figure 8: Location on the Y axis of droplets at Position 2 (P2) at (a) 1780 us, (b) 1806 ps,
and (c) 1838 ps; Referenced to the time ASOE.

The information of the position in each time step is used to track a trajectory,
as shown in Figure 9.

The velocity in each direction of every droplet is calculated by subtracting
frame-to-frame its position and then dividing it by the time step, as shown in
the equation:

X, — X,

Up == (1)

Where U; is the Velocity of the droplet between the frames, X;, and X, ,
its coordinates in each image and At = 6.6 us is the time between each frame.
The mean velocity of the droplet was estimated as the average of all the values

obtained.
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Figure 9:
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Trajectory of droplets at P2 at (a) 1780 us, (b) 1806 us, and (c) 1838 us ASOE.

2.4. Test Conditions

The experiments were performed using the three-hole injector detailed in

Table 1. The fluid used was AdBlue, which properties are described in Table 3.

The experiments were performed in accordance with the conditions summarized

in the test matrix shown in Table 4, with 10 repetitions per test point.

Table 3: Fluid properties for AdBlue.

Density at T 20 °C
Viscosity at T 25°C

1087-1093 g/cm?
1.4 mPa-s

Surface tension at T 20 °C 65 mN/m

Table 4: Test conditions.

Parameter Value  Unit
Injection Pressure  4-6-8 bar

Gas Mass Flow 40 kg/h
Gas Temperature  180-350 °C

14



3. Results
3.1. Effect of Injection Pressure on the Droplet Size Distribution

Figure 10 shows three images at position 1 (top row) and three frames at
position 2 (bottom row), for the three pressure levels tested at 180 °C and
the time step corresponding to 3 ms after start of energizing (ASOE). At this
time step the injection event is stabilized, with no influence of the opening or
closing of the needle. From these frames it can be seen that in position P2 most
of the droplets were spherical. However, at location P1 there were some other
regions of liquid with non-spherical structures, like blobs or ligaments, that were
still breaking up. Similar observation was previously reported by Postrioti et
al[14], done at positions far from the nozzle exit, where they also registered the

appearance of some non-spherical blobs.
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Figure 10: Images of the urea-water-solution droplets at P1 (top row) and P2 (bottom row)
for the three injection pressures. From left to right: (a and d) 4 bar, (b and e) 6 bar, and
(c and f) 8 bar at 180 °C.

After evaluating the morphology of the droplets that were successfully tracked
it was decided to standardize all the non-spherical and ligament shapes, calcu-

lating an equivalent diameter of all the contours detected using the relationship:

Deq =1/ — (2)
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Where D, is the equivalent diameter and a is the estimated droplet area.
This process was applied to each time step of the injection event during the
stable phase (not considering the opening and closing transient) and for all 10
repetitions, analysing approximately 6000 frames per test condition.

Since the injected mass is proportional to the square root of the pressure
difference between the line and the vessel, the number of droplets for each in-
jection pressure should be proportional to this parameter. In fact, the number
of droplets found were in average 10% and 25% higher with the increase of the
injection pressure from 4 to 6 and 8 bar, respectively. To be able to draw com-
parisons between measurement points, a normalized probability distribution[23]
was calculated as is depicted in Figure 11, for the three positions and injection
pressures. Even though a wide range of diameter size distribution was captured,
the minimum diameter detected with this setup was limited to 21.7 wm, due to
the optical zoom restriction and pix/mm relation. However, as Varna et al [§]
and Postrioti [14] reported for similar conditions, the number of droplets with

a diameter below 25 um could be considered negligible.
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Figure 11: Distribution of the droplet diameter at P1 (near the nozzle exit) for the three

injection pressures.

In the position near the nozzle exit (position 1), the injection pressure influ-

enced the droplet quantity and size distribution. Figure 11 shows the droplet
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distribution curves for each injection pressure in this position. For the smaller
droplets (21 wm to 45 pm) the three curves behave similarly. Injection pressure
of 8 bar has a higher droplet probability in the range between 80 um and 180 pm
and for droplets with diameters above 200 um the tendency reverts, depicting a
higher droplet probability for the injection pressure of 4 bar. The overall values
obtained in this work were in the same order of magnitude as those found by
other authors [8, 14, 24, 25].

Figure 12 shows the distribution of the droplet size at the region of interest
in position 2, far from the nozzle exit. Injection pressures of 6 and 8 bar have a
higher proportion of droplets with diameter below 50 wm than the one of 4 bar.
The mode of the three distributions is at 50 pm, and between this diameter and
110 pm the 8 bar curve has a higher probability than the rest. After the 110
um diameter the 4 bar curve has higher values than the 6 and 8 bar curves as

was observed in Position 1.
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Figure 12: Distribution of the droplet diameter at P2, for the three injection pressures.

In position 3, showed in Figure 13, the trends of the distributions are similar
to position 2, with a mode of 45 wm for the injection pressures of 4 and 6 bar
and 55um for the 8 bar curve. Between 55 and 110 pm the 8 bar curve has a
higher proportion of droplets and for diameters bigger than 110 um the 4 bar

17



curve becomes higher than the rest. The difference in the distribution curves is
small compared to what was observed in Figure 12, meaning that as the region
of interest is moved away from the spray axis the effect of the injection pressure

is less noticeable in terms of droplet distribution.
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Figure 13: Distribution of the droplet diameter at P3, for the three injection pressures.

Moreover, in regions further away from the nozzle, the proportion of big
droplets with a diameter above 100 wm decreased, evidencing that some atom-
ization process or evaporation took place at the developed zone of the spray.
The confidence of the data obtained in this work are based on references found
in the literature that compared the DBI technique versus the PDA, finding good
agreement in the results [14, 22]. Those reports were done at spray positions far
from the nozzle exit, where most of the particles are spherical. Moreover, in the
near nozzle region the spray is more dense and the droplets are not spherical and
could have any other shape, as ligaments or blobs. Here the validation is more
restricted, and from the authors knowledge there is very limited information

available.

3.2. Effect of Injection Pressure on the Droplet Velocity

A similar approach as the one shown in the previous section was used to

compare the velocity of the droplets in the injector axis (Y component) and in

18



the flow direction axis (X component).

3.2.1. Velocity in the Y Awis

The droplet velocity distribution in the region close to the nozzle exit is
plotted in Figure 14. Higher injection pressure provides more energy present in
the fluid, then the droplets have a faster velocity in the vertical axis. Besides,
the pressure increase results in an asymmetric distribution in the droplet ve-
locity. At 8bar the velocity distribution peak is shifted towards the right. The
behaviour is different at 4 bar, where the values have a narrow normal distribu-
tion with a mean of 23m/s, comparable to the theoretical Bernoulli velocity at
those conditions in the nozzle exit (approx. 24.4m/s).

Figure 15 shows the velocity distribution curves for position 2. The be-
haviour with the injection pressure is similar to what was observed in position
1, finding higher velocity of the droplets as this parameter is increased. Unlike
the previous position, the shape of the curves are similar and the mean velocity
is lower for the three injection pressures. The homogenization of the curves can
be attributed to atomization processes happening between positions and to the

drag generated by the gas.
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Figure 14: Distribution of the droplet velocity in the Y axis at P1, for the three injection

pressures.
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Figure 15: Distribution of the droplet velocity in the Y axis at P2, for the three injection

pressures.

Finally, in Figure 16, the droplet distribution for P3 shows how for this
off-axis position, the curves for the three cases had a uniform shape, as injec-
tion pressure was increased, the mean value of the distribution shifted toward
faster velocities. In comparison with position 2 the distributions have a wider
range, especially for the 4 bar curve, meaning that there are more droplets with
different velocities in this position.

If velocity values are compared between the three positions for the same
injection pressure, a general deceleration is observed as the droplets move far
from the nozzle due to the momentum exchange with its surrounding and to
the interaction of the UWS with the flow (that tends to deflect the spray in the
direction of the gasses) [15].
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Figure 16: Distribution of the droplet velocity in the Y axis at P3, for the three injection

pressures.

The results obtained for this component of the velocity are in concordance
with the ones found in other studies [14, 26, 27], showing that the processing

methodology used in this work is a viable alternative to measure droplet velocity.

3.2.2. Velocity in the X Axis

The following figures present the results for the X component of the velocity.
Figure 17 shows that the range of the velocity distribution has negative and
positive values, meaning that droplets travelled in both directions (left and
right) suggesting a spreading of the spray from the nozzle exit. Furthermore,
the distribution became wider as the injection pressure rose, which may be
attributed to slightly higher turbulence inside of the nozzle that moves the flow
in the tangential direction [28]. This is in agreement with global spray angle

results presented in [15], where higher injection pressure produced wider plumes.
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Figure 17: Distribution of the droplet velocity in the X axis at P1, for the three injection

pressures.

At position 2, showed in Figure 18, the distribution of the droplets velocity

had the same range for all injection pressures. It is noticeable that at this

position the distribution is narrow and symmetric because in this region most

of the droplets observed are those that travelled straight down from the nozzle

and are not being deflected by the air flow.
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Figure 18: Distribution of the droplet velocity in the X axis at P2, for the three injection

pressures.
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Figure 19 presents the results of the X component of the velocity at P3 for the
three injection pressures, showing a similar behaviour in terms of distribution
range and shape. Moreover, the droplets captured in this region have the highest

velocity of the 3 positions, in the gas flow direction.
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Figure 19: Distribution of the droplet velocity in the X axis at P3, for the three injection

pressures.

3.3. Effect of the Flow Temperature on Droplet Velocity

In Figures 20 and 21, the influence of the temperature of the flow on the
velocity of the droplets is presented. In the closest position to the nozzle, there
was not an important effect on the droplet velocity distribution shape for both
components due to the short distance from the exit orifices and the short expo-
sure of the spray to the flow.

Nevertheless, the curves representing the flow temperature of 350 °C are
slightly displaced towards a higher velocity. When the temperature of the gas
is increased its density becomes smaller and since the gas flow is set to 40 kg/h
and the section area is constant for all test points, its velocity increases to mass
flow comnservation (1 = p-v-A). This could explain the increase of velocity
observed in Figure 21 at positions 2 (middle) and 3 (right). Additionally, the
effect of increasing temperature of the gas flow affects its viscosity facilitating
the penetration of the fluid in the chamber, in agreement with the results of the

macroscopic spray characterization of the same injector studied by Payri et al
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Figure 20: Distribution of the droplet velocity in the Y axis at P1 (left), P2 (center), and
P3 (right), for the two flow temperatures.
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Figure 21: Distribution of the droplet velocity in the X axis at P1 (left), P2 (center), and
P3 (right), for the two flow temperatures.

3.3.1. Droplet Diameter - Velocity Summary

As a summary of the results presented above, Figure 22 shows the relation-
ship that exist between the velocity of the droplets and their size, corresponding
to the injection pressure of 4, 6 and 8 bar and 180 °C at position P1. The upper
part of Figure 22 shows a three dimensional plot of the joint normalized droplet
size and velocity distributions. In the case of the velocity of the droplets, the
normalization is done considering the ideal exit velocity from the nozzle as
U, = 2[)A—LP. As for the droplet size, the normalization takes into account the
mass median diameter(MDD), which is obtained by calculating the volume in
each interval of the distributions as AQ; = ANi(%)[%(Dil + Djs)?, where AN;
is the number of droplets in each interval and D;; and D;5 the boundary diam-

eters of said interval, then the MMD is the diameter where the cumulative sum

of the volume in the intervals equals 50% of the total liquid volume [28].
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Figure 22: Average spray angle during the stable phase of the injection event.

The bottom part of Figure 22 shows three projections from the top view,
which gives a good idea of the Diameter-Velocity trend. In general, from the
three plots the majority of the droplets are smaller that the MMD and travel
at a lower velocity than the theoretical U,. From a practical point of view this
could have some implications when the boundary conditions are imposed for
CFD calculations.

This scattered distribution could be important when the evaporation rate
wants to be determined because, as Birkhold suggested in [29], small droplets do
not penetrate as much as bigger droplets and evaporate and decompose faster,
resulting in a temperature drop and an increase of the concentration of water
vapour and NHj far from the nozzle where this phenomena occurs, affecting the
de-NOx process in the catalytic converter.

The influence of the injection pressure over the number of droplets is clear,

as this parameter increases the number of droplets also increases.

4. Conclusions

An experimental methodology to analyse the atomization of a UWS spray
injected in similar engine exhaust conditions is presented. The experiments were
carried out in a test rig capable of reaching high temperatures and gas mass flow.
The optical accesses of the facility allowed the measurement of the microscopic
properties of the spray using the DBI technique at high imaging speed. Three

measuring windows were selected for the characterization: one very close to the
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nozzle exit, and the other two in the developed region of the spray (in the axis
of the plume and in the periphery of the spray in the direction of the flow).
From the images, the droplet diameter distribution and velocity under different
conditions of injection pressure and gas temperature were determined. The
velocity of the droplets was calculated using a droplet tracking algorithm. The
interest in the technique is that the setup is relatively easy and that the velocity
can be determined in two components at the same time.

The droplet diameter and velocity are affected by injection pressure. Differ-
ences were seen at the three positions of the spray. Near the nozzle exit, higher
injection pressure produced more amount of droplets with smaller diameter. In
regions further away from the injector, the influence of the pressure was less
notorious. Also, at the developed zone of the spray the distribution of particle
size showed a higher concentration of droplets with small diameter, evidencing
that some atomization process or evaporation took place.

The droplet velocity distribution in the injector axis (Y component) showed
a wider range of velocity as the injection pressure rose. As the region of interest
was set in the developed zone of the spray, the velocity distribution became sim-
ilar in shape, but still with higher values for higher pressures as expected. The
velocity distribution in the flow direction (X component) depended on injection
pressure in the region near to the nozzle exit, with wider shape (negative and
positive values) at high pressure that can be related to some degree of turbulence
inside the nozzle, moving the flow in the radial component and corroborating
the wider global spray angle behaviour.

The gas temperature has an effect on the velocity distribution in the devel-
oped spray zone. The increase of velocity at high flow temperature could be
attributed to the change of properties in the gas mass flow, allowing the droplets
to penetrate the chamber faster in both directions.

From a qualitative point of view, the raw images showed that in locations
near the nozzle exit there were regions of liquid with non-spherical structures,
like blobs or ligaments, that were still breaking up. On the other hand, in the

frames registered in the developed zone of the spray most of the droplets were
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spherical, more uniform and smaller than in the first position. Future works
will be done using this setup with the intention of exploring more positions
and different injector parameters that could affect the behaviour of the spray

characteristics.
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