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X-ray Imaging of Shock Waves
Generated by High-Pressure
Fuel Sprays
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Synchrotron x-radiography and a fast x-ray detector were used to record the
time evolution of the transient fuel sprays from a high-pressure injector. A
succession of 5.1-microsecond radiographs captured the propagation of the
spray-induced shock waves in a gaseous medium and revealed the complex
nature of the spray hydrodynamics. The monochromatic x-radiographs also
allow quantitative analysis of the shock waves that has been difficult if not
impossible with optical imaging. Under injection conditions similar to those
found in operating engines, the fuel jets can exceed supersonic speeds and result

in gaseous shock waves.

High-pressure, high-speed sprays are an es-
sential technology for many applications, in-
cluding fuel injection systems, thermal and
plasma spray coating, and liquid-jet machin-
ing (/—4). Liquid sprays are often difficult to
record optically because of intense multiple
light scattering from surrounding liquid drop-
lets. In the case of fuel injection, an under-
standing of the structure and dynamics of the
fuel sprays is critical to optimizing the injec-
tion process to increase fuel efficiency and
reduce pollutants. Despite substantial ad-
vances in laser diagnostics over the past 20
years (5—10), the region close to the nozzle
still has not yielded desired quantitative in-
formation. As a result, high-pressure fuel
sprays have never been recognized as super-
sonic under typical fuel injection conditions
(11, 12). In this report, we use monochromat-
ic x-radiography to probe the high-speed fuel
sprays and show the generation of shock
waves.

We studied a high-pressure common-rail
diesel injection system typical of that in a
passenger car with a specially fabricated sin-
gle-orifice nozzle. The orifice was 178 wm in
diameter, and the injection pressure could be
set between 50 and 135 MPa. Fuel was in-
jected into an x-ray—accessible spray cham-
ber (/3) filled with the inert gas sulfur
hexafluoride (SF,) at 1 atm pressure and
room temperature (typically 30°C). This
heavy gas allows simulation of the dense gas
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environment of a diesel chamber without re-
sorting to high-pressure x-ray windows (14).
The fuel was a blend of No. 2 diesel and an
x-ray contrast—enhancing, cerium-containing
compound, resulting in a total cerium con-
centration of 4 weight % (75).

We performed the time-resolved radio-
graph experiments on the fuel sprays by using
two methods: (i) scanning with a focused,

small x-ray beam and a fast point detector
(avalanche photodiode, APD), in a line-of-
sight manner (/3), at bending magnet beam-
line 1-BM at the Advanced Photon Source
(APS) and (ii) using a beam of 1% band pass
and extended size along with a microsecond
framing area detector, the Cornell Pixel Array
Detector (PAD) (16, 17), at the D-1 beamline
of the Comell High Energy Synchrotron
Source (CHESS). The area detection method
was the only practical technique with which
to visualize the shock waves induced by the
fuel spray.

For single-wavelength x-rays, the anal-
ysis of the transmission of the attenuating
material (the fuel) gives an exact measure
of the mass in the x-ray beam (/8). There
was a distinct boundary between the ambi-
ent gas and the leading edge of the fuel
spray, as indicated by the abrupt increase in
fuel mass from 0 to nearly 5 pgatt = 0.17
ms for data taken 1 mm from the injector
nozzle (Fig. 1A). The sharpness of the in-
terface facilitated the calculation of the ap-
parent speed of the leading edge (Fig. 1B).
A highly concentrated fuel region immedi-
ately followed the leading edge represented
by an extremely sharp peak, which was
caused by accumulation of droplets as they
impacted on the ambient gas at the leading
edge (/9). Although the injection pressure
inside the nozzle remained stable (within
5% of 50 MPa) during the injection (20),

Fig. 1. Dynamics of the high-pres-
sure fuel sprays measured with the
point-by-point scanning method:
(A) time evolution of the integrat-
ed fuel mass in the x-ray beam on
the spray axis at 1, 5, 12, and 22
mm from the nozzle and (B) the
calculated spray speeds. The data
in (A) were collected by position-
ing the transient fuel spray be-
tween the x-ray beam (focused
and collimated to 500 wm hori-
zontal (H) by 50 pm vertical ( V),
full width at half maximum, and
tuned to 6.0 keV ) and an APD and
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by recording the time-resolved re-
sponse of the detector with a fast
digitizing oscilloscope. Each curve
is the average of 100 injection cy-
cles to improve the signal-to-noise
ratio. Repeated experiments dem-
onstrated that the data were well
reproducible. Each data point
spans a time interval of 3.68 ps,
which is the fundamental period of
the APS synchrotron storage ring.
The fuel injection pressure was 50

Speed (x100 m/s)

MPa, and the injection duration 0
was about 800 ps. The four curves 0
are each shown as displaced verti-
cally by 1 pg for clarity. The speed
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values for the leading edge (LE) and trailing edge ( TE) were calculated by the derivative of their
penetration curves shown as the inset in (B). By tracking the distinctive features such as the spray
internal segment (IS) between the two marker lines in (A), the speed of the segment was evaluated
with the correlation method illustrated in (27).
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Fig. 2. Optical Schlieren images of the
shock waves generated by fuel sprays in
SF¢ gas collected with the injection
pressure set at 80 MPa (A) and the
effect of a reflecting wall to the shock
front (B). The spray propagates from
left to right along the axis of the injec-
tor in the imaging field. To visualize the
density change in the shock front in the
gas medium, we collimated flashed
white light beam by an aperture and a
collimating lens before illuminating the
fuel sprays. The images were collected
at the Schlieren plane. The exposure
time was controlled by a gated image
intensifier to a duration of about 0.1 ps.
The bright circle in the images indicates
the size of the observation window of
the test chamber, measured at 25 mm
in diameter. The imaging magnification
in (B) was set slightly higher than that
in (A) to emphasize the region where
the reflection of the shock front oc-
curred. The portion of the spray visual-
ized here is the optically dense, low-
mass cloud of droplets surrounding the
thin, main fuel jet that can only be
imaged by x-rays.
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Fig. 3. Time-resolved radiographic images of fuel sprays and the shock waves generated by the
sprays for time instances of 38, 77, 115, 154, and 192 ps after the start of the injection (selected
from the total of 168 frames taken). The imaged area shown in the largest panel is 61.7 mm (H)
by 17.5 mm (V) with data corrected for the divergence of the x-ray beam. Because the x-ray beam
size in the experiment was 13.5 mm (H) by 2.5 mm (V), the imaged area was built up by shifting
the position of the injector relative to the beam and the PAD and repeating the injection cycle.
Boundaries between these areas can be seen upon close inspection. The exposure time per frame
was set to 5.13 ps (twice the CHESS synchrotron period) with subsequent images taken after an
additional 2.56-ps delay. Each position shown is the average of images from 20 fuel injection
cycles. The detector was not positioned over all possible areas of the image, so specific images
show missing areas. To optimize the conditions for the direct visualization of the shock waves, we
chose the injection pressure to be 135 MPa. The contrast of the shock wave was low, corresponding
to only an’ average of about 15% increase in gas density near the shock front. Therefore, the
false-color levels of the images have been set to accentuate small differences in the x-ray intensity
arising from the slightly increased x-ray absorption in the compressed SF gas. The progression of
the shock wave can be seen much more clearly in the “movie” of successive frames (26).

the fuel mass in the spray body appeared to
fluctuate with rather large amplitudes part-
ly because of the traveling shock waves
generated by the impact (27). By 1 ms, a
well-defined spray trailing edge was also
observed, indicating that the injection event
had finished. The trailing edge of the spray
illustrates the dynamics of the injection
process because it moves at an instanta-
neous speed much greater than that of the
leading edge in the region close to the
nozzle (Fig. 1B). The trailing edge speed
can be greater than 600 m/s as the spray
exits the nozzle, well above the sonic speed
in SFg of 136 m/s (22). Thereafter, the
trailing edge slows to 180 m/s at 20 mm
from the nozzle, roughly equal to the lead-
ing edge speed.

We used the density fluctuations shown
in the time-resolved mass profiles (Fig. 1A)
to perform correlation calculations and de-
termine the internal speed of the spray body
(23). The calculated speed of the spray
segment included within the two markers
shown in Fig. 1A lies between the speeds
for the leading and trailing edges but is
much closer to that for the trailing edge
(Fig. 1B), suggesting that the internal part
of the spray travels much faster than the
sonic speed in SF¢. Although these point-
by-point measurements strongly indicated
that the fuel spray should generate shock
waves, such a method lacked spatial cover-
age and became impractical to directly im-
age the shock waves.

To confirm the supersonic nature of the
sprays, we visualized the shock waves in the
same spray system by optical Schlieren im-
aging of visible light (11, 24, 25) when the
injection pressure reached 80 MPa, as shown

in Fig. 2A. A reflecting wall was also intro-

duced in the testing chamber. The shock front
was reflected off this wall and impinged back
onto the spray (Fig. 2B). The influence of the
reflected shock front on the appearance of the
spray was not determined with statistical sig-
nificance. As expected, the optical images
yielded only the cone angle of the shock
wave.

We used high-intensity synchrotron x-ray
sources and the PAD to image the shock
waves (26). As shown in Fig. 3, in an exper-
iment where the fuel injection pressure was
set to 135 MPa, the leading edge speeds
reached 345 m/s and exceeded the sonic
speed upon emergence. The shock wave
front, or the so-called Mach cone, emanated
from the leading edge of the fuel jet soon
after emergence with an increase in x-ray
absorption of up to 3% on the cone. The
Mach cone angles were also measured at each
instance, and the values agreed well with the
leading edge speed.

We also derived the mass density distri-
bution of gas medium near and inside the

15 FEBRUARY 2002 VOL 295 SCIENCE www.sciencemag.org



REPORTS

Fig. 4. Quantitative 0.12
analysis of the radio-
graphic images of the
Mach cone: (A) de-
convolution of the ab-
sorption data by the
line-of-sight  calcula-
tion and (B) best fit-
ting models of density
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the fuel jet, whereas the peaks near 4 mm (circles) and 9 mm (squares) are from the Mach cone.
The solid curves are numeric fits to axially symmetric gas density models (B). This numerical model
is an asymmetric Gaussian distribution across the Mach cone with nearly uniform densities inside
and outside the shell of the cone. All image data include about 2-mm spatial smearing due to the
5-ws time resolution of the image (29) and to the possible multiple shock fronts near the spray tip

(see Fig. 2).

Mach cone, as shown in Fig. 4. In the plane
perpendicular to the jet axis, the shocked
region is a cone with an excess density in the
SF¢ of about 0.6 wg/mm* measured at 10.4
mm from the spray tip. Behind the high-
density region, the interior of the cone has a
small but observable reduction in the gas
density from the ambient (Fig. 4B), which
implies that decompression has occurred
away from the Mach cone. Although there is
no simple hydrodynamic interpretation to ex-
plain the observation, this behavior is differ-
ent from the compression shock waves gen-
erated by a rigid object (27).

The manner in which the shock waves
affect the atomization of the fuel and the
combustion processes is currently unknown.
With more injection systems adopting prein-
jection technology (a short pilot injection be-
fore main injection), the engine cylinders are
likely to be filled with fuel vapor-air mixture
under high temperature before the main spray
arrives. It has been recognized that the mix-
ture would have a sonic speed lower than that
of either fuel vapor (<130 m/s at room tem-
perature) or air, so the generation of shock
waves by the main fuel injection should not
be surprising, even at elevated engine oper-
ating temperature. In this regard, the presence
of the dense fill gas used in our study (SF)
mimics this injection condition. This study
has paved the way to directly study the com-
plete range of fluid dynamics inside and close
to high-pressure liquid sprays. The time-re-
solved x-radiographic method should also
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prove useful in characterizing highly tran-
sient phenomena in optically dense materials,
such as dense plasma and complex fluid-gas
interactions.
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