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Abstract

Unlike most quantitative optical measurement techniques, x-ray-radiography is not restricted by multiple scattering
effects, and it has been demonstrated in recent years that the mass distribution in a Diesel spray can be deduced from
the measured extinction of a monochromatic x-ray beam, even in the dense near-nozzle region. In prior applications
of the technique, single- or three-hole research nozzles were generally used, and data evaluation was almost exclu-
sively based on radiography measurements. In this paper, the first application involving standard, 5-hole production-
type passenger car nozzles is reported, and the radiography results are complemented by a comprehensive set of
high-quality optical spray images. The combination of the two techniques leads to a very thorough description of the
sprays and is used to investigate the influence of gas density on the spray properties.

Introduction

The injection system of a modern Diesel engine plays an important role regarding the fuel/air mixture prepara-
tion, and hence on power, fuel consumption and emissions [1]. At the current high level of engine development,
further improvements can only be based on a detailed understanding of all the processes involved in the atomization
of the fuel jet and its subsequent evaporation and combustion. However, current models of the internal structure of
high-pressure Diesel sprays are still speculative, reflecting the limited amount of available reliable experimental data
[2]. Studies of fuel sprays typically rely on non-intrusive optical measurement techniques, but in the dense primary
break-up region close to the nozzle outlet, the spray core is generally surrounded by a cloud of small droplets that is
opaque to visible light. Information obtained from most optical measurement techniques is thus restricted to the
spray periphery which, however, contains only a small fraction of the total fuel mass.

In the x-ray part of the electromagnetic spectrum, absorption replaces elastic scattering as the dominant interac-
tion mechanism between fuel parcels and incoming photons. Since the attenuation of a monochromatic x-ray beam
does not depend on the exact shape of the spray, but only on the total fuel mass contained within the beam path, x-
ray radiography can be used to map the mass distribution in the spray, even in the dense near nozzle region. Several
applications of this technique have been reported by Argonne National Laboratory (ANL) and collaborators, with
spray characteristics such as local fuel density, droplet accumulation at the spray tip and different definitions of jet
velocities being investigated [3-6].

Diesel spray research still relies heavily on knowledge gained from experiments where custom made nozzles
with single axial holes are used and the fuel is injected into a gas at ambient atmospheric pressure. However, pro-
duction-type multi-hole nozzles are characterized by a sharp bend in the fuel flow and by injections into extremely
dense atmospheres. It is thus questionable whether the same break-up mechanisms are dominant in these different
types of experiments. As it is still relatively straightforward to obtain the necessary unobstructed “optical” access to
the spray under investigation using three-hole nozzles, and as they have a very similar layout to production-type
nozzles (where 5-10 spray holes are typical), three-hole nozzles are often considered to be good substitutes for pro-
duction-type nozzles, and have been used previously for measurements of the mass distribution in the spray [7].
Similar experiments with a higher number of spray holes are much more challenging. One possibility is to deflect
neighboring sprays away from the field of view using nozzle caps [8]. This approach has been followed by Ramirez
et al. for a heavy-duty injection system [9], but it could not be ruled out that there was an accumulation of minor fuel
quantities from the unobserved spray plumes near the outlet of the spray hole under investigation.
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For the present study, a 5-hole passenger-car Common-Rail system was chosen as a starting point. In order to
separate the effects of the aerodynamic forces from those of the other break-up mechanisms, two sets of experiments
were performed, first at a high ambient density representative of actual engine conditions, and then under atmos-
pheric conditions. Additionally, a 3-hole version of the same nozzle design was also used. Detailed optical images of
the sprays were also recorded for all operating points, which provided valuable additional information about the
spray structure and also made it possible to check the functionality of the spray cap used on the 5-hole nozzle.

Experimental Setup
The experiments described in this report were
performed at the 1-BM-C beam line of the Advanced
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Figure 1: Schematic representation of the experi-
mental setup. The pressure vessel is mounted on a
computer-controlled x-y-translation stage.

a pressure vessel with specially designed thin x-ray

windows, the beam size is reduced to about 100 pm (FWHM, full width half maximum) in axial (x) and 15 um
FWHM in transverse (v) direction using a pair of vertical and horizontal slits. The total energy of each x-ray pulse
transmitted through the spray chamber is measured by an Avalanche Photodiode and recorded with a digitizing os-
cilloscope. As a control, the time averaged beam power is continuously monitored by two ionization chambers.

The fuel is injected into the pressure vessel using a Bosch Common-Rail injector and fuel supply system capa-
ble of delivering rail pressures up to p; = 135 MPa. The injector is oriented in such a way that the spray axis corre-
sponds to the horizontal x-axis. The correct function of the injection system (see Table 1 for the relevant nozzle
properties) and the nozzle cap was verified using an optical imaging system: for the 5-hole nozzle, fuel from the
deflected sprays could not be found within the field of view at any time during the injection event; this was also the
case for the three-hole nozzles, where it was not necessary to mount a cap.

Number | Nozzle Orrifice Outlet Height
of holes | type geometry | diameter angle

5 mini-sac | ks 1.5 Dp=130pum | ¥ =75°
3 mini-sac | ks 1.5 Dp=130pum | ¥ =75°

Table 1: Geometric nozzle parameters (explained in detail in [10])

For the 5-hole nozzle, 20 mm® of fuel were injected at a rail pressure of p;= 80 MPa, corresponding to an injec-
tion duration of ~1 ms. For the 3-hole nozzle, the energization pattern of the solenoid actuator was left unchanged,
resulting in an almost identical injection duration, but a reduced fuel quantity of 15 mm’. The spray chamber can be
pressurized up to p < 2.1 MPa (absolute). When filled with nitrogen (N,) at room temperature, the selected operat-
ing pressure of 1.85 MPa is equivalent to a gas density of p; =21 kg/m’, a typical value at the moment of injection
in a passenger car engine at high part-load-conditions. The low-pressure experiments were done at p; = 0.125 MPa,
corresponding to pg = 1.4 kg/m’. This value is slightly above atmospheric pressure, as a purge flow inside the
chamber is necessary in order to minimize fog formation. Since the nozzles employed in this study are free of cavi-
tation, changes in nozzle flow due to the decreased back pressure ps are assumed to be negligible and all observed
differences can be attributed entirely to the interaction of the liquid fuel with the surrounding atmosphere.

In order to increase its x-ray extinction coefficient, the fuel is doped with a cerium (Ce) additive. The x-ray ab-
sorption of materials is strongly dependent on kinetic photon energy, which is thus selected in order to optimize the
absorption of fuel and additive compared to the extinction due to the chamber fill gas. At the photon energy
(E,=8.16 keV) used in this study, the nitrogen is nevertheless responsible for a significant loss of incident x-ray
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intensity, but this does not negatively affect the signal-to-noise ratio as the remaining photon flux is still more than
sufficient.

Data Processing Methods
For monochromatic x-rays, the beam attenuation is described by the simple Beer-Lambert-law:

1(t)=1, expl—.[,uM oz, 1) dzJ

(1)
:Io exp[_ﬂM 'M'(t)]'

In this equation, /() and I, are the transmitted and incident beam intensities (i.e. during and before the injec-
tion), u,, is the extinction coefficient (per mass/area) and p the local fuel density in the spray, which will generally
be lower than the density pr of the undisturbed liquid. M'= ) p(z)dz is the projected mass per unit area along the
beam path (z-axis). Since [, is constant during the injection, it is straightforward to calculate M'(f) at different posi-
tions in the spray using (1). The normalization with /,, which is determined individually for each injection, ensures
that x-ray extinction not due to the fuel spray (i.e. nitrogen, chamber windows, fuel mist,...) does not induce any
errors in the calculation of M. It should be stressed that since radiography is a line-of-sight technique, the measured
data points M'(x, y) represent the projection of the actual, three-dimensional mass distribution on a two-dimensional
plane perpendicular to the x-ray beam. Accordingly, M’ is measured in units of mass/area [pg/mm®].

During each injection, the attenuation is measured only for the small portion of the spray illuminated by the x-
ray beam (coordinates: x, y). The spatial spray structure is examined by moving the spray chamber to many different
positions along an optimized measurement grid, performing measurements at each point. Furthermore, the signal-to-
noise ratio is improved by averaging the intensity traces for 32 or 64 different injections. Thus, the measurements
represent the ensemble-averaged behavior of the spray.

Mass Distributions
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Figure 2: Projected mass/area [pug/mm’] during the quasi-steady phase of the injection (£ = 0.9 ms)
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Figure 2 shows the mass distributions measured for the 5-
and 3-hole nozzles at high and low ambient densities during
the quasi-steady phase of the injection. The time ¢ is given in
relation to the start of energization of the solenoid coil. Fuel
can first be seen leaving the nozzle at r=0.35 ms, and once
the spray tip has left the field of view (¢ ~ 0.5 ms, with slightly
different values according to the operating conditions), there is
almost no noticeable change in the mass distributions until the
end of injection, which occurs around ¢ = 1.3 ms.

The highest values of the local fuel concentration are
found just after the nozzle outlet, and most of the fuel is lo-
cated in a very narrow zone around the spray axis. There is a
very rapid decrease of the projected fuel mass with increasing
distance from the orifice. While the differences in the mass
distributions from the 5- and 3-hole nozzles are relatively
small, the influence of the ambient density is obvious. Com-
paring these results with previous investigations where meas-
urements were carried out at different ambient densities [4, 5,
7, 11] suggests that, for strongly hydroground nozzles, spray
shapes and mass distributions change significantly when the
gas density is varied at low values (~ 1-6 kg/m®), but that these
changes are much less pronounced once the gas density is
above ~ 10 kg/m’.

It is interesting to compare the mass distributions with
shadow images of the sprays (Figure 3). As expected, the “op-
tical spray widths” are much higher than the corresponding
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pe=1.4kg/m’

Figure 3: Shadow images of the sprays from
the 3-hole nozzles, steady phase of the injec-
tion (¢=0.9 ms). The images have been se-
lected to be representative of a much larger
set of images recorded under identical condi-
tions. A description of the test rig used to
photograph these sprays can be found in [12].

widths derived from mass distributions, and the optical cone angles increase with ambient density. Unlike the x-ray
data, which is ensemble averaged over a very large amount of distinct injections, the photographs are from individ-
ual injection events. Thus, it is not surprising to find some irregular features near the spray periphery. At high ambi-
ent density, these structures are rather small, as are the fluctuations between images taken from different injections.
Large scale structures can be seen at low ambient density, and the fluctuations between different images are much
more pronounced, giving the overall impression that the spray is less stable.

Spray Width
At different distances x from the nozzle out-
let, the width of the spray can be determined. For

the radiography data, the criterion is full width / 3
half maximum of the projected mass distribu- E
tions; more details about the calculation method % %
can be found in [7]. The optical spray width is 32 12
determined using statistics on a set of individual gv

S o8

images recorded at the same time after the start of
injection. Roughly, the criterion used defines the
spray border as the locations where there is a
50%-probability of detecting liquid fuel (i.e. dark
areas) in any given image; details can be found in
[8]. Results of these evaluations, averaged during
the quasi-steady phase of the injection, are shown
in Figure 4.

The evaluation clearly confirms that the val-
ues of the optical spray width are much higher
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Figure 4: Average spray widths during the steady phase

of the injection (¢ = 0.9 £+ 0.2 ms)

than the values based on the mass distributions. Both techniques show that, at high and at low ambient density, the
sprays from the 3-hole nozzles are wider than those from the 5-hole nozzle, despite the fact that the spray hole ge-
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ometries are almost identical. The most plausible assumption is that these differences can be traced to changes in the
nozzle sac flow; since all the sprays were carefully checked to be symmetric, spray asymmetry can be ruled out as
an explanation. Based on the evaluation of the optical images, the spray widens with increasing ambient density as
expected, although the influence of p; seems lower than predicted by the literature, where the cone angles are often
assumed to be proportional to (o /pr)"* [13]. The situation is different for the mass-based spray widths: close to the
nozzle outlet, the widths are actually lower at high ambient density; further downstream (x = 10 mm), however, the
spray width is higher for the high ambient density cases. The mass-based spray width is not proportional to x: the
corresponding curves seem to have different slopes in the near-nozzle and in the downstream spray regions. Interest-
ingly, the near-nozzle slope is higher than the downstream slope under atmospheric conditions while the reverse is
true at high ambient density.

Axial Mass Distribution and Spray Velocity
Additional information about the spray structure can be obtained by examining the axial mass distribution,
which is shown in Fig. Sa.
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Figure 5a: Mass/area on the (dynamically defined) Figure 5b: Transverse integrated mass

spray axis; the points correspond to the measured val-
ues, the lines represent fits to the data.

The curves representing the projected mass along the spray axis confirm that, as already indicated by the pro-
jected mass distributions (Fig. 2), there is a rapid drop of the local fuel concentrations with increasing distance from
the nozzle, and that this drop is faster under atmospheric conditions. Since the injection rate is identical for all the
operating conditions, there should be less mass along the beam path for a wide spray than for a narrow spray. This is
indeed the case when comparing the sprays from the 5- and 3-hole nozzles, but not so for the two different ambient
densities. An explanation can be found by examining the transverse integrated mass M";(x) (Fig. 5b), which is the
total fuel mass detected at a given distance x from the nozzle outlet plane:

M, (x)= [M'(x,p) dy = Y M (x,3,) &, @)

For atmospheric conditions, the transverse integrated mass is nearly constant and independent of the number of
spray holes during the quasi-steady phase of the injection. At high ambient density, a noticeable increase of the
transverse integrated mass with downstream distance can be seen, which means that fuel accumulates along the jet
path. The rise of M'; with x seems to stop at distances of x = 12-15 mm. This is not a real effect, but can be ex-
plained by the small width of the x-ray windows. At high distances from the nozzle outlet, the spray has widened so
much that its outer peripheral regions are no longer within the accessible field of view. Thus, the increase in M’;
stops sooner for the spray from the 3-hole nozzle, which is wider than the spray from the 5-hole nozzle.

The transverse integrated mass is closely related to the mean spray velocity [6]. For steady sprays, the mass
flow through planes normal to the main spray direction is independent of the distance x to the nozzle outlet:

[[V. .32 plx, y,2) dy dz = const = ¥,(x) [[ p(x, y,2) dv dz =5, (x) M", (x) (3)
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In Eq. 3,V (x) is defined as the mass-averaged axial spray velocity. It should not be confused with the velocity
of the spray tip, which will generally be lower, and for which the “steady spray” assumption cannot be valid. For a
steady spray, v, (x)is inversely proportional to M';(x). The increased mass accumulation along the spray axis at high
ambient density is thus a natural consequence of the loss of spray velocity due to aerodynamic drag. Since the spray
from the 3-hole nozzle is wider than the one from the 5-hole nozzle, the leading spray regions are expected to be less
effective at shielding the trailing droplets from aerodynamic resistance, and the slowdown of the spray is expected to
be more rapid. This is confirmed by the results shown in Fig. 5b, where the increase of M’ (x) is seen to be more
pronounced for the 3-hole nozzle. At atmospheric ambient conditions, only a very slight increase of M';(x) can be
seen, which indicates that the velocity losses in the spray are very small.

The analysis presented here is based on an idealization of the actual spray behavior, since its validity depends
on the approximation of a perfectly steady spray. Nevertheless, the projected mass distributions do not change much
during most of injection event, apart for the beginning and end of injection.

Summary

The experiments presented in this paper represent a further step towards the ambitious objective of performing
x-ray radiography measurements of Diesel sprays under realistic engine conditions. For the first time, production-
type passenger car nozzles were used; to obtain an unobstructed view of one of the spray plumes, special nozzle
caps were developed. It was carefully checked via optical imaging that the sprays are symmetric and that the use of
the cap does not disturb the observed spray. The comparison of production 5-hole nozzles with 3-hole research noz-
zles, where the cap is not needed, has shown that while the break-up mechanisms seem to be very similar, there still
are some important differences in the spray structure. Additional control experiments conducted at atmospheric gas
density clearly show that there are important qualitative differences in the way Diesel sprays evolve close to the noz-
zle outlet. The evaluation techniques chosen for this paper highlight these differences and separate between effects
due to axial and transverse spray motion.

The x-ray radiography data was supplemented with a very extensive set of optical spray images. The compari-
son of the two datasets indicates that important trends, such as spray penetration (not discussed in this paper due to
space constraints) and spray width can be assessed using either technique. However, the absolute values obtained
differ, since they are derived from related, but not from identical spray properties. The combination of the two meth-
ods yields a much more comprehensive description of the spray structure than would be available if either one of
them had been used exclusively.
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