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Abstract
Monochromatic synchrotron x-rays from the Advanced Photon Source have been used to make time-resolved absorption measurements of the spray from a high-pressure diesel fuel injector. Because the x-rays were monochromatic, the absorption measurement was quantitative and the two dimensional projection of the mass has been determined. From the mass distributions, the density and volume fraction have been calculated as a function of time and
position. The measurements show that the volume fraction was near unity 0.5 mm from the nozzle, but dropped off
quickly farther from the nozzle. The speed of the leading and trailing edges of the spray was also measured. The
speed of the spray’s trailing edge was found to be supersonic.
Introduction
The study of fuel sprays has long been recognized
as an important part of the improvement of efficiency
and reduction of pollutants in combustion engines. A
number of techniques have been developed to study the
spray structure and dynamics [1-6]. However, these
techniques are severely limited in the region very near
the fuel injector nozzle. The large number of small
droplets in this region limits the penetration of visible
light and makes quantitative measurements with such
techniques very difficult if not impossible. For this reason, we began to investigate the use of x-rays as a probe
to measure fuel sprays in the near-nozzle region [7-8].
X-Ray Technique
The experiments were performed at the Advanced
Photon Source (APS) at Argonne National Laboratory.
The APS is a synchrotron light source that produces
brilliant x-rays. Because of the high intensity, we can
select a narrow bandwidth of x-ray energies. The high
monochromaticity of the x-ray beam results in a
straightforward relationship between the measured xray intensity and the mass of fuel in the path of the
beam. For monochromatic x-rays this relationship is
given by

I
= exp[− µ M M ] ,
I0
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(1)

where I and I0 are the transmitted and incident intensities, respectively, µM is the absorption coefficient, and
M is the mass of fuel in the path of the x-ray beam. For
an x-ray beam with a broad energy bandwidth the relationship between intensity and mass is complicated,
making quantitative measurements difficult.
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 cerium
additive used in the fuel, as cerium has several absorption edges around 5.7 keV. The beam was focussed by
the x-ray optics, then a beam size of 75 µm × 500 µm
was defined by vertical and horizontal slits. This small
beam passed through the fuel spray and served as our
probe. The injector was mounted perpendicular to the
x-ray beam and mounted in a small chamber. A slow,
steady flow of SF6 gas at 1 atm pressure was maintained through the injection chamber to scavenge fuel
vapors from previous sprays. The x-ray intensity was
monitored using an avalanche photodiode (APD). The
APD had a very fast time response, with an output signal proportional to the x-ray intensity. The APD output
was amplified then recorded by a digitizing oscilloscope. The data was grouped into time bins of 3.68 µs
in order to improve signal to noise ratio. The experimental setup is described in greater detail in [7].
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been fit to the measured mass distributions. The Gaussian distribution reproduces the measured mass distributions well, this was found to be true for all positions
and times throughout the spray. For this reason, Gaussian curves were fitted to all of the measured mass distributions.

X-Y Slits
75 µ m (V)
x
500 µ m (H)

Fuel
Injector

6

1 mm from Nozzle

5
4
3
2
1
0
5
4
3
2
1
0
5
4
3
2
1
0
0.0

6

0.5 mm
Mass of Fuel (µg)

Mass of Fuel (µg)

Figure 1. Schematic of the experimental setup.
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Figure 2. Measured fuel mass along the central axis of
the spray as a function of time. The measurement is
shown for 1, 6, and 14 mm from the nozzle.
Results
The mass of fuel in the x-ray beam on the central
axis of the spray is plotted as a function of time for distances of 1, 6, and 14 mm from the nozzle in Figure 2.
At a distance of 1 mm from the nozzle, an abrupt peak
appears a time of about 0.2 ms. This peak represents the
leading edge of the spray, and its sharpness indicates a
very distinct boundary between the leading edge of the
fuel and the surrounding gas. At a time of about 1.0 ms,
the mass quickly drops back to near zero, indicating the
trailing edge of the spray also has a well-defined
boundary. These features persist at larger distances
from the nozzle.
In Figure 3, the mass distributions across the spray
is shown for distances of 0.5, 4, 10, and 20 mm from
the nozzle. Also shown are Gaussian curves that have
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Figure 3. Measured mass distributions across the spray
(squares) and Gaussian fits to the distributions (curves).
The distributions are shown at distances of 0.5, 4, 10
and 20 mm from the nozzle 0.5 ms after the start of
injecton.
Based on the Gaussian fits to the mass distributions
and the assumption of cylindrical symmetry about the
spray axis, the fuel density distribution was modeled as
a Gaussian function around the spray axis in the plane
perpendicular to that axis. The volume fraction is obtained by dividing the fuel density by the bulk fuel density, thus a volume fraction of unity indicates a density
equal to that of the bulk fuel. This process is described
in greater detail in [9].
The volume fraction as a function of time is plotted
in Figure 4 for distances of 0.5, 2, and 8 mm from the
nozzle. At a distance of 0.5 mm (about 2.5 nozzle diameters) from the nozzle, a volume fraction near unity
was calculated at the leading edge and in the main body
of the spray. This indicates that the fuel is very near the
density of the pure liquid fuel at the center of the spray
in this region. However, volume fraction drops off
quickly farther from the nozzle, with a maximum volume fraction of about 0.25 at a distance of 8 mm.

0.8
0.6

Speed (m/s)

Maximum Volume Fraction

600

0.5 mm from Nozzle

Leading Edge
Trailing Edge

1.0

2 mm from Nozzle

0.4
0.2

200

8 mm from Nozzle

0.0

0

0.0

0.5

1.0

Figure 4. Calculated volume fraction at the center of
the spray as a function of time. The volume fraction is
shown for distances of 0.5, 2, and 8 mm from the nozzle.
Information about the spray dynamics can also be
obtained from these measurements. In Figure 5, the
time of the intersection of the leading and trailing edges
of the spray with the x-ray beam are plotted as a function of the distance from the nozzle. This penetration
data can be used to calculate the speed of the leading
and trailing edges of the spray as a function of the distance from the nozzle. The calculated speed of the leading and trailing edges of the spray are shown in Figure
6. The speed of the leading edge starts out at approximately 50 m/s, then asymptotically approaches the
speed of sound in the injection chamber filled with SF6
gas. The speed of the trailing edge of the spray is much
higher near the nozzle (~500 m/s) and slows as it travels away from the nozzle. The trailing edge of the spray
is supersonic, and shock waves produced by the spray
under these conditions have been observed using visible
light Schlieren imaging and more recently with the xray absorption technique (to be published).
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Figure 5. Intersection times of the leading and trailing
edges of the spray with the x-ray beam as a function of
the distance from the nozzle.

Figure 6. Speeds of the leading and trailing edges of
the spray obtained from the derivative of the penetration data.
Figure 7 compares visible light images of the spray
with the images reconstructed from the x-ray point
measurements in the near-nozzle region. Images are
shown at four different instants with spray penetrations
of approximately 5, 9, 13, and 17 mm. An analysis of
the spray cone angles was performed on the visible
light images based on the guidelines described by
Heimgärtner and Leipertz [10]. The microscopic and
macroscopic cone angles were measured to be 28° and
18°, respectively. These angles agree well with the
measurements of Heimgärtner and Leipertz for a minisac nozzle at 50 MPa.
Due to the qualitative nature of the x-ray measurements, we propose a new criterion to determine the
spray cone angle. We utilize the full width at halfmaximum of the Gaussian curve fit to the mass distribution at several locations to calculate the spray cone
angle. For the nozzle used in this work (mini-sac, 180
µm orifice, 50 Mpa) the measured spray cone angle was
2.7°. This technique gives an objective measure of the
angle. The cone angles measured in this way are significantly smaller than those obtained with the visible
light images.
We wish to stress that while the visible light measurements simply show the reflected light, the x-ray images are a mapping of the mass distribution in the
spray. While there are similarities between the images
produced by the two different methods, they are fundamentally different.
Conclusions
The x-ray measurements have proven to be highly
quantitative in the region very near the nozzle. We are
able to measure the mass distributions with excellent
time and position resolution. Measurement of the mass
distributions allows the determination of the density

and the volume fraction, important quantities that cannot be obtained using other techniques.
In addition to the structural information about the
spray, we have also studied the spray dynamics. The
penetration and speeds have been measured for both the
leading and trailing edges of the spray. To our knowledge this is the first such measurement of the trailing
edge.
X-rays have proven to be a useful tool to probe the
dense core of the spray without the ambiguities introduced by scattering. The highly quantitative nature of
the measurement should be valuable to the development
of accurate computational spray models.
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Figure 7. Comparison of visible light and x-ray images at four different penetration lengths. The upper image of
each pair was made using visible light, the lower image was reconstructed from the x-ray measurements.

