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ABSTRACT

In this study, particle image velocimetry (PIV) measurements have been performed extensively on a non-
reactive dense diesel spray injected from a single orifice injector, under various injection pressure and steady
ambient conditions, in a constant flow chamber. Details of PIV setup for diesel spray measurement without
additional seeding are explained first. The measured velocity profiles are compared to those obtained from
other similar measurements performed in a different institution, as well as those obtained from a 1D spray
model simulation, presenting in both cases a good level of agreement. In addition, the velocity fields under
various injection pressures and ambient densities show the dominant effects of these parameters on the
behavior of diesel spray. The self-similarity of the transverse cut profiles of axial velocity is evaluated,
showing that the measurements are in agreement with the hypothesis of self-similar velocity profiles.
Finally, the effect of injection pressure and ambient density on the velocity fluctuations is presented and
analyzed as well. While the experimental results presented here could help to understand the complex diesel
fuel-air mixing process during injection, they also provide additional spray velocity data for future

computational model validation, following the main idea of the Engine Combustion Network.
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1. Introduction

The air-fuel mixing process is one of the key processes governing the combustion and the pollutant
formation in diesel engines (Mobasheri et al., 2012; Pickett and Siebers, 2004). Solutions to recent and ever
increasing concerns of fuel efficiency and pollutant emissions are, therefore, closely linked to a better

understanding of this mixing process. Because of this, the diesel spray development has been extensively
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studied, and the characteristics of liquid phase (Bardi et al., 2012; Herfatmanesh et al., 2013; Naber and
Siebers, 1996; Payri et al., 2012; Payri et al., 2013a) and vapor penetration (Bardi et al., 2012; Herfatmanesh
et al., 2013; Pastor et al., 2012; Payri et al., 2013b) are now quite well known. These experiments have
enabled the development of very useful 1D spray models (Desantes et al., 2009; Desantes et al., 2007;
Musculus and Kattke, 2009; Pastor et al., 2008; Pickett et al., 2011)] that allow for fast and reliable
predictions that effectively reduce testing times and costs necessary for new developments to comply with
efficiency standards, emission regulations, etc.

However, relatively few studies have focused on velocity fields inside the spray, which are of great
importance for model validation (Kolakaluri et al., 2010). Payri et al. (2008) have performed PDPA (phase
doppler particle analyzer) on the spray recently; they found that the application of this technique to diesel
sprays is challenging and has certain limitations imposed firstly by the high droplet number concentration
and secondly by the droplets typical high velocity and small size. Particle Image Velocimetry (PIV) is
another laser diagnostics technique which can be utilized to measure instantaneous velocity of complex flow
fields. Many authors have employed this technique in fuel sprays with external seeding (Cao et al., 2000;
Driscoll et al., 2003; Meijer et al., 2012a; Zhu et al., 2012a) but out of these studies, only Cao et al. (2000)
and Meijer et al. (2012a) perform measurements of the velocity field inside the high ambient density diesel
spray. Moreover, to the authors’ knowledge, there are very few authors that have successfully measured
spray internal velocity fields without the use of seeding particles (Zama et al., 2012; Zama et al., 2013; Zhu
et al., 2012b). Out of all these PIV experiments, only Meijer et al. (2012a), Zama et al. (2012), Zama et al.
(2013) and Zhu et al. (2012b) have performed internal spray velocity measurements for current-trend small
nozzle (of outlet diameter Do < 200 pm), high injection pressure and high ambient density conditions.

The main goal of this paper is to analyze the velocity fields inside the non-vaporizing, high ambient density
diesel spray, through planar seeding-free PIV analysis. This is relevant not only because non-vaporizing
sprays present very similar behaviors to vaporizing sprays for mixing processes (Hiroyasu and Arai, 1990;
Naber and Siebers, 1996; Payri et al., 2014; Zhu et al., 2012b), but also because performing PIV in
vaporizing, high ambient density/injection pressure conditions presents a real challenge regarding the
experimental test rig and the correct supply of seeding particles.

Therefore, velocity field measurements were carried out for different test conditions. To further evaluate the
measurements, a well-documented nozzle and set of test conditions were selected. The evaluation of the
measurements consists of comparing both similar experiments performed at two different institutions (CMT-
Motores Térmicos using liquid fuel droplets as tracers and IFP Energies Nouvelles using ceramic
nanoparticle seeds) and also comparing experimental results with a well-documented 1D spray model, first
introduced by Desantes et al. (2009; 2007), and Pastor et al. (2008). Finally, after the assessment of the
seeding-free technique is presented, an analysis of the experimental velocity field at parametric variations of

injection pressure and ambient density is held.
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2. Experimental setup and methodology

2.1. The fuel injection system

A common-rail injection system was employed during the experiments, which allows injection pressure up
to 2000 bar (Payri et al., 2012; Payri et al., 2013a; Payri et al., 2013b). The fuel utilized was n-dodecane,
injected through a single orifice nozzle (ECN nozzle 210675, BOSCH solenoid actuated injector)
(Kastengren et al., 2012), with an outlet diameter Dy = 89.4 um and a k-factor = 1.5. The injector tip
temperature was controlled using a customized injector holder, which guarantees the uniform temperature
through the whole injector body. The nozzle is also isolated from the chamber temperature with a ceramic

shield liner which features a small axial orifice to allow the free pass of the fuel spray.

2.2. The high pressure and high temperature test rig

The tests have been performed in a high temperature, high pressure, constant flow test chamber where the
in-cylinder thermo-dynamic conditions of a diesel engine at the time of injection can be reproduced. The test
chamber allows a maximum ambient temperature of 1000 K and maximum pressure of 150 bar. The test
section has three large windows (128 mm in diameter) placed orthogonally in order to have complete optical
access to the injection-atomization process. The complete test rig functioning and principles are precisely
described in previous works presented by Payri et al. (2013a; 2013b; 2015). In this study, the vessel was
filled with nitrogen to guarantee the non-reacting conditions sought.

Since the injector tip is directly exposed to the chamber gas, the actual injector tip temperature depends on
the chamber gas temperature, chamber gas density, and injector coolant temperature (Payri et al., 2012).
Thus, injector coolant temperature was adjusted according to the chamber conditions to guarantee the ECN

injector tip temperature requirement of 363 K.

2.3. Experimental test matrix

The experimental test matrix, presented in jError! No se encuentra el origen de la referencia., focuses on
studying the velocity field of a steady, fully developed spray at different test conditions. The injector
utilized, the ambient densities and injection pressures selected are those of interest to the Engine
Combustion Network (ECN) (Bardi et al., 2012; Kastengren et al., 2012; Meijer et al., 2012b). The ECN is a
worldwide group of institutions that perform experiments and computational fluid dynamics, whose aim is
to advance the state of spray and combustion knowledge at engine-relevant conditions. This initiative has
permitted the construction of a large, public set of experimental data based on a particular point of working
conditions: the so called “Spray A” condition is a low-temperature combustion condition relevant to engines
that use moderate EGR. The main target of this experimental dataset is to enhance model validation

capabilities and overall knowledge and understanding of the diesel sprays.
Published as: R. Payri et al. / International Journal of Multiphase Flow 80 (2016) 6978 3



In this case, the study seeks to enhance the ECN database by providing velocity fields and turbulent
statistical behavior for the Spray A test conditions and parametric variations around these. Compared to the
standard ECN Spray A conditions, a lower ambient temperature condition (500 K) was selected to achieve
the adequate droplet density for PIV measurements — since the fuel droplets are the actual tracers for the
velocity measurements. Higher ambient temperatures would cause evaporation of most of the fuel droplets
and thus leave few droplets left to trace. Since ambient temperature was kept at 500 K, ambient pressures
were adjusted accordingly to obtain the target ambient densities inside the chamber (see jError! No se
encuentra el origen de la referencia.). Note that the dimensionless numbers presented in jError! No se
encuentra el origen de la referencia. are calculated at the orifice outlet, with the hydraulic performance

data available for this nozzle from the ECN experimental campaigns (Kastengren et al., 2012).

iError! No se encuentra el origen de la referencia.

Target parameter Values Units
Fuel n-dodecane -
Nozzle reference 210675 -
Outlet diameter 89.4 pm
Nominal k-factor 1.5 -
Ambient Temperature 500 K
Ambient Density 228-152-76 kg/m’
Ambient pressure 33.2-219-11.0 bar
Injection pressure 500 — 1000 — 1500 bar
Reynolds number 3.18e4 — 4.58e4 — 5.65¢4 -
Weber number 3.23e5 - 6.89¢e5 — 10.32e5 -
Ohnesorge number 1.8e-3 —1.8e-3 — 1.8e-3 -
Injector coolant temperature 343 K
Oxygen concentration 0 %

The flow field of the steady, fully developed liquid spray is the main concern of this study. Therefore, the
laser timing with respect to the injector trigger signal (Start of Energizing, SOE) was set so that images were
acquired late enough to guarantee a steady, fully developed spray, but the tip of the spray remained inside
the frame so as to allow for velocity measurements in the spray tip region. This means that the actual frame
timing with respect to the SOE is not constant through the test matrix, but adjusted to find the above criteria

for each test condition.
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2.4. Optical setup

The optical setup utilized for these experiments (shown in

Fig. 1) consisted in a two-dimensional PIV setup, constituted by a double-pulse Nd:YAG laser, two laser
mirrors, sheet optics and a double pulse camera. The camera, situated perpendicular to the laser sheet plane,
captured light scattered by the liquid droplets in the spray. The laser was introduced from the front of the
spray tip, towards the nozzle. Although frontal illumination produces an unbalanced intensity distribution
along the macroscopic spray (a strong light attenuation was found near the injector tip), it has been proved to
have a negligible effect on an analysis such as a PIV (Dankers et al., 2008), which was observed in this
study as well. jError! No se encuentra el origen de la referencia. summarizes the rest of the optical setup

components and characteristics:

iError! No se encuentra el origen de la referencia.

Acquisition camera TSI PowerView™ Plus 4MP Camera
Camera lens Zeiss 100mm f/2.0 Makro-Planar
Laser Litron Nano L PIV

Laser type Double pulsed Nd:YAG

Laser head power output @ 532 nm [m]] 135

Laser pulse duration [ns] 6

Double pulse time step [ps] 20-10-8

Laser sheet thickness [mm] <0.5

Mirrors Edmund Optics Nd:YAG specific
Image size [pixels] 2048 x 2048

Image pixel/mm ratio [pixel/mm] 21.63

Number of repetitions 25

The time step between frames is also another important variable in a proper setup PIV system. If set too
short, the very small particle movements detected become comparable to pixel wise spatial resolution, and
actual velocity measurements are then left to sub-pixel interpolations which can introduce additional
problems in small particles, where peak locking may occur (Cholemari, 2007; Overmars et al., 2010). A
certain amount of particle movement (thus, a long enough time step) is needed in order to reduce spatial

resolution related issues. However, considering the very wide range of velocities in the field of measurement
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and the high turbulence/strong dimensional properties of the spray flow, time steps were adjusted to find the
best compromise possible between these criteria.

In addition, spray particle velocities depend on various variables, with the most important being (for a given
axial and radial location in the spray) the injection pressure and ambient density. Time steps were adjusted
depending also on test conditions, to properly limit the maximum particle displacement to 30% of the

interrogation window size.

2.5. Image Processing

Image pairs were processed with commercial software INSIGHT 3G. Before processing, image masking and
background subtraction were applied sequentially.

The cross-correlation calculations employed a multi-pass algorithm, to increase accuracy and resolution of
the results. Spot pixel resolutions were set to 128x64 for the first pass and 64x32 for the rest. The spots
selected were not squared because it was expected for the axial component of the velocities to be much
larger than the radial component (Desantes et al., 2009; Meijer et al., 2012a).

Prior to each of the cross-correlation calculations, every spot in the image is also corrected with a Gaussian
weighting function so that the center of the spot is bright and the edges fade out. This strategy ensures that
the center of the spot contributes more to the correlation map than the edges, which serves as a quality
enhancer for the correlation maps since it reduces the impact that loses (or inclusions) of particles near the
edges of the spots, caused by the different velocity directions involved, have over the correlation map. In
practice, this increases the signal-to-noise ratio which consequently reduces the random pairing peak sizes

and overall noise in the correlation maps.

2.6. Post processing

Each velocity field obtained went through a post processing sequence to enhance or guarantee its quality and
physical meaning. Statistical outliers were detected and rejected by employing global and local standard
deviation analyses. Holes left by these rejected vectors are filled with the local median.

Although a single-shot velocity field will be presented later, the paper will focus on the ensemble average
velocity fields; because these better show the influence of various parameters on the spray development and

they are very useful for model validation.
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3.

Results

3.1. Single injection velocity field

As stated in the previous section, an individual velocity field was obtained for every single injection at a

given set of tests conditions. Fig. 2 depicts an example of one of these velocity fields, where vectors have

been plotted over the original scattered image.

Several important aspects of this figure have to be described before further analysis:

The image shown is a cropped section of the actual image (original image resolution can be found in
iError! No se encuentra el origen de la referencia.). The rest of the image is black and does not
add important information to this analysis so it was removed to focus on the important area.

Yellow vectors are those validated by all validation checks, stored for analysis. Red vectors are
statistical outliers that were rejected in the last check, and are shown as examples.

There is a certain length, near the nozzle, where no velocity fields can be detected. This occurs
because in this area the droplet concentration is too high, which results in poor signal-to-noise ratios
that do not permit reliable velocity measurements. Also, the high droplet concentration may cause
multiple scattering problems in this area, which introduce additional uncertainty to the PIV analysis.
There are no measured vectors in areas where pre-processing image masking was performed, or the
spots did not comply with the minimum average intensity requirements.

It is imperative to clarify that, since this is just a figure to illustrate a particular result, the intensity
scale in the image presented is logarithmic to better show the lower intensity areas. Nonetheless, it
can be observed that scattered intensity throughout the image is not constant which is, of course,
expected. For this reason, light intensity has to be controlled to obtain the proper dynamic range in
the images. Here, it is again important to remark that the image shown is raw from the camera and is
very different from the actual image that is correlated, which has gone through all of the pre-
processing steps that help enhance the signal-to-noise ratio of the correlation maps. Note also that the
logarithmic intensity scale will reduce the “apparent” signal-to-noise ratio, in the image shown.

The velocity field presented shows turbulent flow, which is expected. The top and bottom part of the
spray tip feature the typical two big vortices expected to exist in that zone, which are caused by the
aerodynamic balance between the spray tip penetration and the radial air entrainment. The spray
contour shows the branch-type morphologies and the velocities within the spray present a “pulsing”

behavior (shown in the image as velocities vectors of different magnitude) typical of turbulent flows.

3.2. Ensemble average velocity field

The ensemble average calculation cancels out many of these turbulence-associated behaviors and renders an average
velocity field that is considerably smoother than the single-shot velocity field.

Fig. 3 depicts this velocity field for a given test condition, as an example. It is necessary to clarify that, as explained in
section 3.1, it was not possible to measure velocities in the near-nozzle region. Therefore, the velocity fields and profiles
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presented in this paper are not a complete representation of the spray. Note that, moving across the spray towards the tip,
the cutoff point where the measurements are not possible or valid depends on test conditions and spray characteristics; for
the particular case of

Fig. 3, the velocity fields where discarded below 36 mm from the nozzle, since measurements from this
point down were considered the result of random pairing because of the poor signal-to-noise ratio acquired
in that zone.

It can be seen in

Fig. 3 that the ensemble averaged field does not show the strong turbulent behavior typical of an injection
spray at this conditions, although it holds the radial spreading tendency of the spray. Near the tip, there
seems to be a tendency for the spray to spread even more, suggesting that the two vortices that typically
form at both side of the tip appear consistently in most of the 25 fields obtained. Another important
observation is that the peak velocity is lower for the ensemble average than the peak velocity likely to be
found in any of the single shot velocity fields. Either way, these ensemble average fields still hold very
useful information that can be extracted to analyze the velocity response of the spray to different injection
conditions and that can be utilized for model validation. From this point on, all velocity fields and profiles

presented are obtained from the ensemble averages.

3.3. Validation of measurements against experimental data

A comparable PIV study was carried out by Meijer et al. (2012a). In the study, the authors perform time-
resolved measurements of the spray velocities in both inert and reacting Spray A conditions. A very similar
injector was employed (210678 nozzle for the ECN, see Kastengren et al. (2012)) in a constant volume
vessel and results of the ensemble average of 20 injections are presented. In particular, the authors present
transverse cut profiles of axial velocity but regarding only Spray A conditions. Note that additional
measurements from the same test campaign that produced the results previously presented by Meijer et al.
(2012a) are presented in this paper.

Fig. 4 shows the first evaluation of measurements performed in this study, comparing against the reference
Spray A conditions already presented by Meijer et al. (2012a), and two additional test conditions of ambient
density and injection pressure respectively.

The figure addresses two separate validations: first, a comparison of the results obtained in this study
(labeled as CMT in the legend) to those of Meijer et al. (2012a)(labeled as IFPEN in the legend), and second
an evaluation of an additional ambient density (Fig. 4a) and injection pressure variations (Fig. 4b).

As can be observed in Fig. 4, all velocity profiles show a Gaussian distribution as has been seen previously
(Desantes et al., 2007; Meijer et al., 2012a; Pastor et al., 2008; Payri et al., 2008; Zama et al., 2012; Zama et
al., 2013). A good agreement was found between the measurements from the two different institutions, as
Fig. 4 illustrates. In average, the difference between the two sets of measurements was 8%. This is a very
important result, since it suggests that the simple PIV setup utilized for this study is valid, while set up
properly, for non-reacting liquid spray studies. On the same lines, it is an important result regarding spray
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behavior because, once again, it confirms that the density is the key factor in spray development, since the
ambient temperature for the two tests is considerably different and the densities are purposely matched. The
major drawback of the technique utilized in this study is that it is limited only to liquid sprays, but on the
other hand it is as simple and non-intrusive as it can get. Seeding particles to a high pressure chamber can be
a considerable challenge. Also, a low temperature test rig is much common and easier to get access to than a
high temperature test rig, so experiments demand considerably less time and cost. It is crucial to stress that
the boundary conditions were, in both cases, carefully controlled (Bardi et al., 2012; Meijer et al., 2012b),
but the IFPEN-labeled measurements were done at an ambient temperature of 900 K with ceramic nano-
particle seeding, so the techniques and PIV setups are quite different, while still showing similar results for
this particular case.

Moreover, although similar tendencies are found in both cases, CMT velocities seem slightly higher and the
profiles slightly wider. It is important to point out that the small difference is well under the experimental
dispersion for both experiments. However, it is expected for the non-vaporizing spray to show slightly
higher velocities and wider profiles since, in high temperatures, the fuel/air mixture within the spray gets
denser as the entrained hot gases are cooled by the evaporating fuel, and more important, momentum
exchange is enhanced when the spray is in vapor state. These processes contribute to slowing down the
spray, as has been seen in spray tip penetration measurements (Hiroyasu and Arai, 1990; Naber and Siebers,
1996; Payri et al., 2014; Zhu et al., 2012b) and confirmed in internal velocity measurements presented by
Zhu et al. (2012b). However, the real magnitude of this effect, regarding internal velocity profiles, is still to
be determined. Zhu et al. (2012b) only compare time-dependent sample frames and neither the present study

or the work of Meijer et al. (2012a) have the experimental resolution needed for such conclusion.

3.4. Laser timing

The timing criteria, as explained in section 2.3, consisted in acquiring the images at a certain time with
respect to SOE early enough so that the tip of the spray still remained inside the frame, thus allowing
measurements in this area, but at the same time, acquiring the images as late as possible so to guarantee a
fully developed spray upstream of the spray tip. In order to assess if the timings utilized complied with this
latter requirement, two separate tests were carried out at different timings: an early time that followed the
criteria just explained (this was the timing criteria utilized throughout the whole test matrix) and a very late
timing, where the tip of the spray had long exited the frame but the spray was, for sure, fully developed. Fig.
5 addresses this verification showing transverse cut profiles of axial velocity at two axial locations of 45 mm
and 65 mm from the nozzle tip. As depicted in the figure, the early timing guarantees that the velocities
measured in the developed region of the spray are similar to those of a fully developed spray, but still permit
the velocity measurements near the tip of the spray, as Fig. 2 and 3 show.

Fig. 6 also shows the two timing cases studied, but in this case for longitudinal axial velocity profiles. This

confirms once again that the early timing criteria complies with the fully developed spray requirements. It is
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important to mark that the velocities measured in the proximity of image boundary are not to be considered
valid, and for this reason, velocities in this area (towards the 90 mm mark) are not presented for the later
timing case (4500 ps after SOE). On the other hand, it can be seen that the earlier timing case (3300 us after
SOE) presents a subtle decrease in velocities near the spray tip. These velocities are considered valid and
show the expected behavior when previous results are accounted for (Meijer et al., 2012a; Pastor et al.,
2008). This slope near the tip is additional evidence to the momentum exchange between the spray and the
ambient gas and the decrease in axial velocity characteristic of the vortices at the spray tip region. Overall,
the difference between the two tests at different timings was 7% in average, note that this is calculated

excluding the spray tip where the velocities decrease for the early timing case.

3.5. Comparison to 1D spray model

A 1D spray model (Desantes et al., 2009; Desantes et al., 2007; Pastor et al., 2008) was set up to the
experimental test conditions and simulations were run to compare results with the PIV measurements. In the
model, transverse velocity profiles are constructed as Gaussian distributions around a centerline or axis
velocity, which is one of the results of the actual 1D simulation. Thus, a comparison of longitudinal velocity
profiles at the centerline of the spray is depicted in Fig. 6. Note that, in the case of experimental
measurements, the “centerline” is constructed by locating the spray tip vertical position in the image.

Fig. 6 illustrates good agreement found between the experimental measurements and the 1D model, which
has been extensively utilized in both research and industry (Desantes et al., 2009; Desantes et al., 2007;
Pastor et al., 2008). It is important to point out that the spray spreading angle is an input to the model and,
since it is a largely uncertain parameter, in this type of models it is usually set so that the predicted spray tip
penetration matches the experimental measurements for a given set of conditions (Desantes et al., 2009;
Pastor et al., 2008; Pastor et al., 2012). Here lies one of the clear advantages of using a well characterized
nozzle, since time-resolved spray tip penetration data, injection rates, etc. are openly available to calibrate
the model. Further details on the development of this model and its hypotheses can be found in the work of
Desantes et al. (2009) and Pastor et al. (2008).

It is important to point out here that the model does not solve the tip of the spray properly (Pastor et al.,
2008). This is due to the fact that purely convective conservation equations are used, where radial diffusion
is only accounted assuming self-similar radial profiles of velocities and fuel mass fraction. Thus, there is a
steep drop in both centerline velocity and fuel mas fraction at the spray tip, which marks the maximum
penetration. For this reason, velocities near the spray tip cannot be compared to the 1D model, and the
velocity curve shown in Fig. 6 for the model represents a completely developed spray in which the spray tip
is considerably far from the region windowed in the figure, representing then, the velocity profile of a

steady, fully developed spray.
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3.6. Effect of ambient density

Several authors have studied the effect of ambient density on spray development (Desantes et al., 2009;
Desantes et al., 2006; Hiroyasu and Arai, 1990; Naber and Siebers, 1996; Payri et al., 2011). All of these
authors have found that ambient density is one of the key parameters in the spray development. Therefore,
the ambient density was selected as the priority parameter to match those of Spray A condition, instead of
temperature, which was not set to Spray A specifications (as explained in section 2.3).

Fig. 7 and 8 illustrate the effect of ambient density, both of which show that increasing density reduces the
magnitude of the axial velocity profile. This result was repeated throughout the test matrix although only the
most relevant test condition is shown. These tendencies were expected, since in many studies it can be seen
that ambient density slows down spray tip penetration (Desantes et al., 2009; Desantes et al., 2006; Hiroyasu
and Arai, 1990; Naber and Siebers, 1996; Payri et al., 2011), which is directly related to the in-spray
velocity fields. Those studies also show, in terms of spray tip penetration, that the effect is not linear and
attenuates as ambient density increases. A similar non-linearity can be observed in Fig. 7 and 8 in terms of
axial velocity profiles, reported by Zama et al. (2012) as well. Moreover, Fig. 7 and 8 also show different
deceleration slopes for the three densities; this is caused by the momentum exchange between the fuel and
the air entrained, which increases with ambient density. The axial velocity dramatically decreases as the
spray exits the nozzle, and downstream (where it is possible to measure velocities) the higher ambient
density spray has lost considerably more momentum early in the chamber and thus the complete velocity
profile is flatter. In the transverse profiles shown in Fig. 8 the slopes are results of the longitudinal velocity
profile: a lower density presents higher velocities in the center (at a given axial distance) and thus higher
shear-rates (slopes in the transverse profiles). The same tendencies can be observed for transverse and
longitudinal axial velocity profiles reported by Payri et al. (2008) and for transverse axial velocity profiles

presented by Zama et al. (2012).

3.7. Effect of the injection pressure

As with ambient density, several authors have exposed the effects of the injection pressure on spray development (Desantes
et al., 2006; Hiroyasu and Arai, 1990; Naber and Siebers, 1996; Payri et al., 2013a; Payri et al., 2011). In these studies,
authors found that the injection pressure increases the spray tip penetration rate. Thus, in this study the injection pressure
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is expected to increase droplet velocities in the spray. This effect is also present in the velocity profiles, as illustrated in
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Fig. 10. It is important to note that the injection pressure increases not only the axial velocities at the
centerline but also when moving along the radial direction.
Another important observation is that the effect of the injection pressure seems indeed linear, especially

when comparing to the effect of the ambient density which showed a non-linear tendency.

3.8. Self-similarity analysis

Steady state sprays and gas jets are expected to feature self-similar velocity and mixture fraction profiles in
the radial direction (Baskaya et al., 1997; Desantes et al., 2009; Desantes et al., 2007; Muiiz and Mungal,
2001; Pastor et al., 2008; Payri et al., 2008). This implies that each profile follows a particular fundamental
profile shape, regardless of the injection conditions (i.e. injection pressure, ambient density) and axial
location where the profile is being analyzed, that is then scaled to dimensions with the appropriate scaling
parameters. To evaluate the self-similarity of the transverse-cut velocity profiles presented in this study,
each profile was normalized by the corresponding centerline velocity at the axial distance at where the
profile is taken. This is done for all test conditions, and the two axial locations presented in section 3.4 (45
mm and 65 mm). Therefore, this renders the scatter plot presented in Fig. 11, where U(X,r) is the axial
velocity at a given axial location X and radial location r, and Ucl is the axial velocity in the centerline of the
spray.

This result supports what Payri et al. (2008) found for comparable liquid diesel sprays, but in this case a
much wider test matrix is considered in the normalized analysis. For reference, the theoretical self-similar
Gaussian profile was fitted to the data (black dashed line in Fig. 11), with a resulting root mean square error
of 0.07. Note that the fundamental profile shape is, therefore, independent of the injection conditions or
axial location, and it is then scaled with the centerline velocity and the spray size (or axial location, in this

case) to produce a particular transverse cut profile.
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3.9. Effect of the injection pressure and ambient density on velocity fluctuations

The standard deviation obtained for each ensemble velocity field is a combination of factors that come from
various sources. The main contribution to the standard deviations obtained is the turbulent behavior of the
spray: causing that it is virtually impossible to capture two injections with similar instant velocity profiles.
In other words, given a single axial and radial location inside the spray and time with respect to SOE, the
resulting velocity vector may feature very different magnitudes and directions from one injection to the
other. This behavior will be referred to as turbulent dispersion (Duret et al., 2012; Zhu et al., 2012b). This
concept is different to what is considered shot-to-shot dispersion of an injector, which is also present in any
study of this type. The latter refers to the injector, having a natural dispersion between different injections,
not always producing the same injection event (in terms of injection rate and spray momentum), which can
be reflected in macro variables like spray tip vapor or liquid penetration (Desantes et al., 2006; Payri et al.,
2013a; Payri et al., 2013b). The turbulent dispersion, on the other hand, is not as macro as the shot-to-shot
dispersion, and is the result of the high level of turbulence present in the spray, producing significant
unpredictable local velocity fluctuations within the spray in space and time (Duret et al., 2012).

Furthermore, if the rest of the variables are controlled and maintained during a test at particular conditions, it
is considered valid to assume that the standard deviation map obtained from the ensemble average is an
approximate estimation of the physical velocity fluctuations found, between all test repetitions, for those
particular test conditions.

Fig. 12 depicts the effect of injection pressure and ambient density on the standard deviation obtained from
the ensemble average, for both axial and radial velocities. Each standard deviation presented is, at the same
time, the mean of the standard deviation profile that the ensemble average renders at 45 mm from the
injector tip. This was done to synthetize data into a presentable figure, where the effects of parametric
variations are addressed.

As it can be observed in Fig. 12, increasing the injection pressure considerably increases the standard
deviation of both axial and radial velocities which comes from increasing, not just the magnitude of the
velocities involved (as shown in section 3.6), but also velocity fluctuations within the spray. Contrasting
that, Fig. 12 also shows that, for the axial velocity fluctuations, increasing ambient density has the contrary
effect, reducing not only the magnitude of the velocities (as shown in section 3.5), but also the velocity
fluctuations. It is important to note that the effect of the densities is smaller than the effect of the pressure. A
triplication in injection pressure produces, in average, a duplication in standard deviation of the axial
velocities, while a decrease in density to a third of the largest value produces, in average, an increase in
standard deviation of only a half of the value for the largest density. Note also that the response of the
fluctuations of radial velocities to the parametric variations is different. In general, radial velocity
fluctuations increase both with injection pressure and ambient density, which suggests that turbulence and
mixing are enhanced. Finally, the fact that the effect of the injection pressure increases with ambient density

must be pointed out, which is thought to occur due to the considerable increase in mixing rates.
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However, standard deviations can be misleading since they are related to a mean dimensional value. Each of
the std. point presented in Fig. 12 can be normalized by calculating the ratio of that std. to the axial RMS
velocity of the corresponding velocity profile at this axial location. This will be referred to as normalized
axial velocity fluctuations as shown in Fig. 13. Note that this normalization now accounts for the overall
effect that each variable (injection pressure and ambient density) has on the mean value, so the result is
independent in this regard (similar to the self-similarity normalization presented in section 3.8), and can be
considered an indicator of flow fluctuations in relative terms.

It is important to note in Fig. 13 that the normalized axial velocity fluctuation increases with both ambient
density and injection pressure. This is an important conclusion as it is different from what looking only at
Fig. 12 may suggest. Note also that the effects of injection pressure are amplified as density increases, in
both the axial and radial velocity fluctuations. These trends suggest that increasing injection pressure and
ambient density enhances mixing in terms of relative velocity fluctuations, which are caused by turbulence.
This was also observed by Zhu et al. (2012b) in terms of vortex distributions and should be further analyzed

with detailed numerical models or microscopic, localized, PIV analyses.

Summary and conclusions

This work sought to provide velocity field measurements for a single-hole diesel like injector employing a
different PIV technique, in which the liquid droplets of fuels are used as tracers instead of seeding particles.
It must be pointed out that the proper setup of the PIV system and processing algorithm is crucial for
obtaining good measurements, as is the correct set up of the processing strategies.

The seeding-free PIV measurements were validated by comparing experimental results from two different
institutions employing two different PIV setups. In addition, a comparison of experimental results against
predictions of a well-known 1D model was also presented. From this validation analyses, the following
conclusions can be drawn:

e Measurements of transverse-cut axial velocity profiles were compared to previous comparable work
presented by Meijer et al. (2012a) at IFPEN with seeding particles. The comparison also presents
new data of the same IFPEN experimental campaign that was not published at the time by Meijer et
al. (2012a). The measurements presented in this work correlate well to the reference study, in which
a similar injector was utilized at ECN Spray A evaporative conditions. A slight overestimation of
velocities was found in the present measurements which are considered to be associated with the
difference in ambient temperature and spray thermodynamic state. Overall, an average difference of
8% was observed, which is mostly found in the peaks and borders of the profiles.

e The agreement between the experimental measurements and predictions obtained from the 1D

model, which was set up to match the spray tip penetration for the particular test conditions, was 7%.
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This difference is mostly due to the fluctuations featured by the axial ensemble average velocity
profiles, and should be reduced if the number of samples is increased.
This is a very important result, since it suggests that the simple PIV setup utilized for this study is valid for
non-reacting diesel spray studies, while set up properly. Moreover, it is a non-intrusive method. The
limitations of this technique are the impossibility to have information on the reactive sprays, velocities
outside the spray and, especially, in the near field. After performing these experiments, the authors would
recommend considerably increasing the number of samples acquired for each test conditions, which at the
same time, can be very time-consuming and costly.
A parametric study was carried out to evaluate the influence of ambient density and injection pressure on the
velocity fields and finally, on velocity fluctuations. An important group of conclusions may be extracted
from the present study:

e Ensemble average velocity fields were obtained from 25 different injections. These averages confirm
that the ambient density is the determining factor in the spray development and that the effect of
ambient density is not linear. The velocity fields obtained for single injections show a turbulent flow,
as expected. The spray contour shows the branch-type morphologies and the velocities within the
spray present a "pulsing" behavior characteristic of turbulent flows. The effect of ambient density
over the ensemble average velocity fields was found to be non-linear while the effect of injection
pressure was found to be linear. Because of the strong turbulent behavior, the authors would
recommend more than 25 repetitions for experiments with such a high degree of variability such as
these.

e The self-similarity of the transverse-cut velocity profiles was evidenced, where a good fit of the
theoretical Gaussian profile was found. This confirms that the fundamental shape of the velocity
profiles is independent of the injection conditions.

e The evaluation of the velocity fluctuations for several injection pressures and ambient densities
showed that 1) axial velocity fluctuations increase both with injection pressure and ambient density,
when considering the behavior relative to the magnitude of the velocities involved and 2) the effects
of injection pressure seem to be greater than those of the ambient density. This evidences, again, that

increasing both the injection pressure and ambient density significantly increases the mixing rates.

In conclusion, this work provides a study of the velocity field within the diesel spray injection from a single
orifice injector with planar, seeding-free PIV measurements that trace the actual droplet velocities. Finally,
as previously stated, these results could be of good value for computational model validation and further

discussion of the physics involved in such a complex process.
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Fig. 1 Scheme of the optical setup utilized.
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Fig. 2 Instantaneous velocity field obtained for a single injection in particular tests conditions. Pinj =
500 bar, p, = 22.8 kg/m’, Tamb = 500 K so Pamb = 33.2 bar. The red vectors show examples of vectors
rejected by the validation check. The nozzle tip is indicated by the blue cross.
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Fig. 3 Ensemble average velocity field obtained at Pinj = 1500 bar, p, = 7.6 kg/m’, Tamb = 500 K so
Pamb = 11.0 bar.
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Fig. 4 Comparison between the ensemble average transverse cut profiles of axial velocity obtained at
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Fig. 5 Ensemble average transverse cut profiles of axial velocity comparing different timing criteria at
two axial locations. Times are measured from the injection trigger (SOE) and the axial locations are
measured from the injector tip. Pinj = 1500 bar, Pamb = 33.2 bar, Tamb = 500 K, 50 pa = 22.8 kg/m’.
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Fig. 6 Comparison between experimental (ensemble average) and predicted axial velocity profiles at
Pinj = 1500 bar, Pamb = 33.2 bar, Tamb = 500 K, 0 p, = 22.8 kg/m’. The two times shown represent,
again, two separate experiments at different laser timings measured from the SOE.
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Fig. 7 Longitudinal ensemble average profiles of axial velocity illustrating the effect of the ambient
density at Pinj = 1500 bar, Tamb = 500 K.
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Fig. 8 Transverse cut ensemble average profiles of axial velocity illustrating the effect of the ambient
density at x = 45 mm, Pinj = 1500 bar, Tamb = 500 K.
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Fig. 9 Longitudinal ensemble average profiles of axial velocity illustrating the effect of the injection
pressure at p, = 22.8 kg/m3, Pamb = 33.2 bar, Tamb = 500 K.
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Fig. 10 Transverse cut ensemble average profiles of axial velocity illustrating the effect of the injection
pressure atx =45 mm, p, = 22.8 kg/mS, Pamb = 33.2 bar, Tamb = 500 K.
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Fig. 11 Normalized transverse cut ensemble average profiles of axial velocity at x =45 mm and x = 65
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similar profile.
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Fig. 12 Effect of the injection pressure and ambient density on axial and radial velocity fluctuations at
45 mm from the nozzle tip.
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Fig. 13 Effect of the injection pressure and ambient density on the normalized axial and radial
velocity fluctuations at 45 mm from the nozzle tip.
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