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Introduction

Conventional diagnostics used in the study of high-
pressure sprays are limited by the scattering of light
from the many droplets surrounding the relatively dense
core of the spray. Scattering is the dominant interaction
between visible light and small droplets, and multiple
scattering prevents quantitative data from being ob-
tained, particularly in the regions of high droplet den-
sity near the nozzle. This limitation affects a number of
modern spray analysis techniques, including diffraction
techniques [1], exciplex fluorescence [2], and pulsed
laser time-of-flight methods[3].

The x-ray absorption technique has been devel oped
to overcome these limitations in the near-nozzle region.
Over the past few years we have demonstrated the abil-
ity of the x-ray method to make quantitative, time-
resolved measurements very near the nozzle [4-7].
However, these measurements were of limited use to
the automotive spray community because they were
performed in an ambient environment of room tempera-
ture and pressure.

In the past year we have fabricated a spray cham-
ber suitable for x-ray absorption measurements in a
pressurized ambient environment. This chamber fea-
tures windows that can withstand the effects of pressure
and x-ray damage while having minimal absorption of
the low-energy x-rays. We present here our first series
of measurements at increased ambient pressure using
this new chamber. These measurements are the first
step in what is anticipated to be a steady progression
toward performing x-ray absorption measurements un-
der realistic engine conditions. Measurements of sprays
at high ambient pressure and temperature will alow
injector designers to assess the impact of nozzle design
on near-nozzle performance, and also provide quantita-
tive, time-resolved data to spray modelers.

M easurement Technique

The measurements were performed at the Ad-
vanced Photon Source at Argonne National Laboratory.
The specialized source and x-ray optics at this facility
can produce a very intense photon beam with a very
narrow bandwidth of x-ray wavelengths. The mono-
chromaticity of the x-ray beam results in a straightfor-
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ward relationship between the measured x-ray intensity
and the mass of fuel in the path of the beam, given by

%0 = exp[- m,M] (1)

where | and |, are the transmitted and incident x-ray
intensities, respectively, M is the mass of fuel in the
path of the x-ray beam, and m, is the absorption con-
stant which is measured in a standard cell.

A schematic of the experimental setup is shown in
Figure 1. The x-ray energy of 6 keV was selected using
a silicon double crystal monochromater. This energy
was chosen to maximize the absorption by the fuel used
in this work, which was a blend of diesel calibration
fluid and a cerium additive. The beam was focussed to
a small spot, then a beam size of 50 mm x 200 mm was
defined by vertical and horizontal dlits.

The injector was mounted perpendicular to the path
of the x-ray beam, and could be moved in the plane
perpendicular to the beam. This alowed the x-ray
beam to probe different positions within the spray
plume. For each set of spray conditions, measurements
were made at approximately 1500 different positions on
the spray’s axial and transverse axes, with each position
representing a single pixel of the fina spray image.
Combining all of these individual measurements al-
lowed reconstruction of a two-dimensional projection
of the spray onto a plane normal to the x-ray beam.
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Figure 1. Schematic of the x-ray absorption setup.



The x-ray intensity was monitored using an ava-
lanche photodiode (APD). The APD had a time re-
sponse faster than 1 ns, with an output proportional to
the x-ray intensity. The APD output was recorded us-
ing afast digitizing oscilloscope. Utilizing a fast detec-
tor and fast digitizer enabled us to measure the x-ray
intensity as a function of time for the entire spray event.
The oscilloscope was synchronized with both the x-ray
beam and the firing of the fuel injector so that precise
time measurements could be made. The measurements
from 100 successive sprays (measured at a rate of 2.2
Hz) were averaged and the data was grouped into time
bins of 3.68 nsin order to improve signal to noise ratio.
The measurement techniques are described in greater
detail in [4].

These measurements were made using a common
rail diesel injection system, the injection nozzle was a
single-hole mini-sac type with an outlet diameter of
about 180 mm. The fuel/cerium blend had a density of
0.89 g/lcm?®, a viscosity of 1.0 cSt at 40° C, a surface
tension of 30 Dynes/cm, and a temperature of 29° C for
measurements at 500 bar and 38° C for measurements at
1000 bar. The sprays were directed into a chamber
filled with nitrogen gas at room temperature, a continu-
ous flow of gas (1 Ipm) was maintained through the
chamber to scavenge fuel vapors from previous sprays.
For the work presented here, the effects of varying the
ambient pressure in the spray chamber were explored.
Measurements were made at spray chamber pressures
of 1 and 2 bar (absolute). At each chamber pressure,
measurements were made at injection pressures of 500
and 1000 bar. The duration of the current pulse to the
injector was 400 ns for all measurements.

Results

Figure 2 shows the penetration of the leading edge
of the spray as a function of time for 1 bar and 2 bar
chamber pressures at an injection pressure of 1000 bar.
The measured data are represented by the sguares, the
horizontal error bars reflect the uncertainty of the time
measurement. The curves through the data are para-
metric fits of the form

S=COP™y, @)
where Sis the spray penetration, C, m, and n are con-
stants, and DP and t;; are the injection pressure and
time after the start of injection, respectively. This
parameterization of the penetration was described in [3]
and does a good job reproducing the shape of the near-
nozzle penetration, but is not expected to be suitable to
model the penetration far from the nozzle.

Figure 3 shows the leading edge speeds for cham-
ber pressures of 1 and 2 bar at injection pressures of
500 and 1000 bar. The speeds were calculated from the
derivatives of the penetration curves, such as those
shown in Figure 2. For both injection pressures, the

leading edge speeds near the nozzle are lower for the
spray penetrating through the higher-pressure N, gas.
The differences in speed that are evident near the noz-
Zle diminish as the spray moves farther from the nozzle.
At 500 bar injection pressure, the speeds are essentialy
the same at distances greater than 10mm. At 1000 bar,
the sprays at the different ambient pressures reach equal
speeds at a distance of about 5 mm from the nozzle. At
this high injection pressure, the spray at 2 bar ambient
pressure actually has a higher speed at distances beyond
6 mm. This effect is not yet understood, but we intend
to investigate further utilizing visible light imaging.

Figure 4 shows images of the sprays reconstructed
from the series of x-ray absorption measurements.
Note that the colors of these images represent the mass
of fuel in the x-ray beam normalized by the area of the
beam. These units represent the two-dimensional den-
sity of the spray when projected onto a plane normal to
the x-ray beam. The two images were measured 115 ns
after the start of injection at an injection pressure of 500
bar. The upper image was measured with an ambient
pressure of 1 bar, the lower image at 2 bar. Comparing
the two images clearly shows the speed difference be-
tween the two ambient pressures, with the spray into 1
bar showing a greater penetration at the same time after
injection.
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Figure2. Axial position of the spray’sleading edge as
afunction of time at an injection pressure of 1000 bar.
The squares represent the measured spray penetration,
the curves are a parameterization of the data as de-
scribed in the text.
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Figure 3. Leading edge speeds as afunction of dis-
tance from the nozzle at injection pressures of 500 and
1000 bar. The dashed lines represent measurements at

aspray chamber pressure of 1 bar, the solid lines are

measurements at a chamber pressure of 2 bar.

The images aso illustrate density differencesin the
spray which result from the change in ambient pressure.
The highest density regions in both images are very
near the nozzle, and the images show similar densities
in this region of the spray. Farther from the nozzle, dif-
ferences in density are apparent between the two im-
ages. Theimage at 1 bar pressure shows a low density
region between 5 and 12 mm from the nozzle that is not
apparent in the 2 bar image. This appears to result from
the greater penetration of the leading edge at this ambi-
ent pressure. Since the total mass in the two images is
the same, the deeper penetration results in alow-density
region in thisimage.

The images also indicate significant differences in
the density of the sprays at their leading edges. High
density regions near the leading edges of the sprays are
formed by collisions between the spray and the sur-
rounding gases, resulting in a buildup of fuel near the
leading edge and possibly coalescence of droplets. Such
effects have been seen in studies with visible light, such
as PDA measurements of relatively large droplets near
the leading edge of the spray by Long et al. [8]. While
both sprays show high density regions near their lead-
ing edges, the spray at two bar shows twice the density
at the leading edge of the spray. The increased ambient
pressure and the slower penetration lead to significantly
higher densitiesin the two bar spray.

The transverse width of the sprays also has a de-
pendence on the ambient pressure. In Figure 4, this is
most clearly visible near the leading edges of the
sprays. The two bar spray is much narrower than the
one bar spray. This indicates that the spray expands in

the transverse direction more quickly at lower ambient
pressures.

The lower image in Figure 4 shows features remi-
niscent of images presented by Lai et al. [9] which have
been interpreted as evidence of buckling [10].

Figure 5 shows an image similar to thatof Figure 4
but at an injection pressure of 1000 bar and 75 ns after
the start of injection. Note that at this higher injection
pressure, the change in ambient pressure has little effect
on the penetration length of the spray. However, the
transverse width of the spray is again broader for the
spray at lower ambient pressure.

The transverse width of the sprays is shown in de-
tail in Figure 6. This figure plots the mass per unit area
as afunction of the transverse position at four different
distances from the nozzle. All data in this figure were
measured at 500 bar injection pressure and 115 ns after
the start of injection (the same conditions illustrated in
Figure 4). The open sguares represent the spray meas-
ured at 1 bar ambient pressure, the solid squares were
measured at 2 bar. At a distance of 0.2 mm from the
nozzle, the two sprays show nearly identical distribu-
tions. Farther from the nozzle both sprays broaden and
the peak densities decrease, but the spray measured at 1
bar ambient pressure broadens more quickly, indicating
afaster expansion in the transverse direction.

The transverse width of the spray shows similar
behavior at 1000 bar injection pressure, though the data
is not presented here. The transverse distributions are
similar at 0.2 and 1mm, but beyond 3 mm the spray
injected into lower ambient pressure broadens more
quickly.

Conclusions

These measurements represent our first efforts to
measure sprays at ambient pressures above atmos-
pheric. We demonstrated that even a small change in
the ambient pressure results in changes in the time-
resolved structure of the spray, and that the x-ray tech-
nique is sensitive to these changes. At relatively low
injection pressure the speed of the sprays near the noz-
Zle is dlowed significantly by the higher ambient pres-
sure, but this effect decreases farther from the nozzle.
At higher injection pressures the modest increase in
ambient pressure has only a small effect on the speed of
the spray. The expansion of the spray in the transverse
direction is affected by the ambient pressure, with
lower ambient pressure leading to greater transverse
expansion. The ambient pressure also has a significant
effect on the density distribution of the spray. While
the densities are similar near the nozzle, the sprays at
lower ambient pressure show a lower density at the
leading edge and a very low density region just behind
the leading edge.

We are continuing to move to higher ambient pres-
sures and temperatures. We recently completed fabri-



cation of a redesigned pressure vessel for x-ray spray
measurements and measured sprays at 5 bar ambient
pressure in March 2003. By the end of the calendar
year we expect to be able to measure sprays at 10 bar
ambient pressure. There are a number of technical hur-
dles that must be overcome to measure sprays at pres-
sures above 10 bar, but we expect to overcome these in
the next year. Development of x-ray windows suitable
for high temperature and pressure measurements is on-
going. We are nearing the fina design of a rapid com-
pression machine compatible with the x-ray absorption
technique, and fabrication of this device will be com-
plete by the end of 2003. With this device we will be
able to make x-ray measurements of sprays at pressure
and temperature conditions comparable to modern
combustion engines. Such measurements will enable us
to make even more significant contributions to the ef-
forts of fuel system manufacturers and spray modelers.
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Figure 4. Images of the sprays reconstructed from the x-ray point measurement technique. The upper image was
measured under 1 bar ambient conditions, the lower image was measured at 2 bar. Both images were measured 115
ns after the start of injection at an injection pressure of 500 bar.
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Figure5. Images of the sprays reconstructed from the x-ray point measurement technique. The upper image was
measured under 1 bar ambient conditions, the lower image was measured at 2 bar. Both images were measured 75
s after the start of injection at an injection pressure of 1000 bar.
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Figure 6. Mass distributions measured perpendicular to the spray axis at 0.2, 1.0, 3.0, and 6.0 mm from the nozzle.
The solid sgquares represent measurements made at 1 bar injection chamber pressure, the open squares were meas-
ured at 2 bar. The curves are fits to the measured data, the full width at half maximum is given for each curve. All

data were measured at an injection pressure of 500 bar 115 rrs after the start of injection.
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