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With brilliant synchrotron X-ray sources, microsecond time-resolved synchro-
tron X-ray radiography and tomography have been used to elucidate the
detailed three-dimensional structure and dynamics of high-pressure high-speed
fuel sprays in the near-nozzle region. The measurement allows quantitative
determination of the fuel distribution in the optically impenetrable region owing
to the multiple scattering of visible light by small atomized fuel droplets
surrounding the jet. X-radiographs of the jet-induced shock waves prove that
the fuel jets become supersonic under appropriate injection conditions and that
the quantitative analysis of the thermodynamic properties of the shock waves
can also be derived from the most direct measurement. In other situations where
extremely axial-asymmetric sprays are encountered, mass deconvolution and
cross-sectional fuel distribution models can be computed based on the
monochromatic and time-resolved X-radiographic images collected from
various rotational orientations of the sprays. Such quantitative analysis reveals
the never-before-reported characteristics and most detailed near-nozzle mass

distribution of highly transient fuel sprays.
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1. Introduction

High-pressure high-speed sprays are an essential technology
in many industrial and consumer applications, including fuel
injection systems, ink-jet printers, liquid-jet cutting tools and
liquid-jet cleaning systems (O’Keefe et al, 1967, Herman,
1988; Tikhomirov et al, 1992; Summers, 1995; Kuo, 1996).
Frequently, the liquids are optically dense or the liquid
droplets generated by the sprays scatter light so strongly that
the detailed structure of the sprays cannot be resolved by
conventional optical means (Field & Lesser, 1977). This is
especially true in the region near the injection nozzle, which is
often the region of greatest interest in understanding the
structure of the jet. Other challenges arise from the transient
nature of features of the jet sprays, frequently requiring
images on microsecond time scales. The lack of quantitative
time-resolved analyses on the structure and dynamics of
sprays limits the accuracy of spray modeling and creates
obstacles to improving spray technology. In particular, liquid
fuel sprays and their atomization and combustion processes
have numerous technological applications including energy
sources for propulsion and transportation systems including
internal combustion engines (ICEs). The importance of
detailed gasoline and diesel fuel-spray analyses is well recog-
nized as vital information with which to increase the
combustion efficiency and reduce the emission of pollutants of
ICEs. In these cases, improvements of even a few percent
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would have enormously important and beneficial economic
and social consequences. In the application of compression-
ignition direct-injection (CIDI) for diesel sprays, higher
injection pressures (>150 MPa) and smaller orifice diameters
(<150 pm) for small-bore diesel engines have brought even
greater impetus to the understanding of fuel-spray behavior.
On the other hand, with the increased global interest in
gasoline direct injection (GDI), automotive industries world-
wide are taking the initiative to commercially implement this
technology, which is considered a major improvement towards
cleaner automobile engines as it may offer 15-35% improve-
ment in fuel efficiency (Spearot, 2001). Currently, this tech-
nology, however, faces potential problems in controlling
particulate matter and nitrides-of-oxygen emissions and fails
to meet US government regulatory standards. The environ-
mental concern is one of the main reasons explaining why the
technology is yet to be implemented in commercial auto-
mobiles in the US (Council, 2001).

In direct-injection (DI) engines, since fuel is directly
injected into the cylinder the spray characteristics and mixing
process play an important role in the combustion procedure.
Thus, knowledge of fuel-spray behavior in combustion systems
is recognized as a key to increasing combustion efficiency and
reducing pollutant emissions (Zhao et al., 1999). Thorough
understanding of the fuel density distribution in the near-
nozzle region is particularly important with regard to DI
sprays. An understanding of the liquid breakup mechanism in
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the region close to the nozzle is also vital to realistic compu-
tational modeling and has significant bearing on the design of
nozzle geometry. These interests have spurred considerable
activity in the development of optical techniques for
measurements. Despite significant advances in spray diag-
nostics over the last 20 years, the region close to the nozzle has
not satisfactorily yielded to experiments designed to acquire
quantitative information (Yule & Watkins, 1990; Adrian, 1991;
Chigier, 1991; Hentschel & Schindler, 1996; Fujikawa et al.,
1999; Beeck & Hentschel, 2000; Cao et al., 2000; Zhang et al.,
2000; Lee et al., 2001; Sick & Stojkovic, 2001; Ullom & Sojka,
2001). Multiple scattering from the large number of droplets
prevents the penetration of light in this near-nozzle region and
thus limits quantitative evaluation with these techniques. Fuel
spray characterization has been difficult also because it
requires microsecond time resolution of submillimeter-scale
structures in a complex mixture of liquid and gas. Mechanical
techniques, such as patternators, are capable of probing the
near-nozzle region but perturb the spray and have limited
spatial and temporal resolution (Hoffman et al., 1997; Parrish
& Farrell, 1997). While many other researchers are looking
into the possibility of using ultrahigh-power lasers to pene-
trate this region, this paper reviews the development of a new
nonintrusive and highly time-resolved (1 ps or better) tech-
nique to characterize the dense part of the fuel spray using
X-radiography, which has proven to yield unique and more
quantitative information than any conventional nonoptical or
optical technique (Powell et al., 2000; MacPhee et al., 2002; Cai
et al., 2003).

X-rays are highly penetrative in low-atomic-number mate-
rials of extremely dense droplets owing to their intrinsically
low cross section when interacting with matter, and multiple
scattering is typically a negligible component in such systems.
This makes X-rays a useful tool for spray studies designed to
overcome the limitation of visible light. Previously,
researchers (Char et al., 1990; Woodward et al., 1995) used
X-ray tube sources to perform radiographic studies of the
liquid core structure of coaxial jets of high-Z materials on a
relatively large scale (nozzle diameter 5 mm). However, when
an energy-dispersive X-ray beam is used as the radiographic
light source, the transmission of the X-ray beams (//1,,, where
I, and I are the incident and transmitted intensity, respec-
tively) is described by

11, = [ pGexp[—py(OM] di/ [ pO)dr, (1)

where p(A) is a wavelength (X) dependent function that
describes the incident beam spectrum and the detector
response, while p,,(A) is the mass absorption coefficient and
M is the total sample mass in the beam. Because of the A
dependence, a precise and quantitative analysis of the
absorption is extremely difficult if not impossible. Therefore, a
quantitative study of sprays must utilize a monochromatic
X-ray beam. For single-wavelength X-rays transmitting
through an attenuating material, the analysis of the radio-
graphic image of the attenuating material is straightforward
and follows the form

I/1y = exp(=jty M). @

Since w, can be measured accurately for the absorbing
medium at a single wavelength, the amount of fuel in the beam
path can be easily deduced from the transmission, //[,. With
the advent of synchrotron X-ray sources, extremely brilliant
monochromatic X-ray beams are now available. These sources
have paved the way for fast experiments of this type using
monochromatic beams and achieving a time resolution of 1 ps
or better. For example, at the Advanced Photon Source (APS)
bending-magnet beamlines, the high-energy storage ring
produces brilliant wide-band X-ray beams of the order of
10" photons s~*. Even with high monochromaticity (e.g. 1.5 x
10~* bandwidth), one can obtain 10> photons s~ focused to a
0.6 mm x 0.3 mm beam spot (Lang et al., 1999).

In this article, we summarize the first several attempts, by
using synchrotron X-radiography and novel fast X-ray
detectors, to study fuel sprays from high-pressure fuel injec-
tors. For the first time, time-resolved X-radiography clearly
captures propagation of the spray-induced shock waves in a
gaseous medium. It also allows quantitative analysis of the
thermodynamic properties of the shock waves, which has been
impossible with optical imaging methods. In a separate
experiment, microsecond time-resolved synchrotron X-ray
radiography and tomography have also been used to elucidate
the detailed three-dimensional structure and dynamics of
high-pressure GDI sprays. The combination of novel fast-
framing pixel array detectors and model-dependent analyses
allowed the tomographic reconstruction of the time-depen-
dent spray that typically last for only about 1ms. The
measurements revealed that hollow-cone gasoline sprays have
striking features in the critical and highly transient near-nozzle
region, including complex traveling density waves and un-
expected axially asymmetric flows.

2. Experiments
2.1. X-radiography and optical imaging setup

The time-resolved radiograph experiments on the fuel
sprays were normally performed using two methods: (i) by
scanning with a small X-ray beam and a point detector, and (ii)
by the use of a beam of extended size with a fast area detector.
In the first method, the radiographic images of the sprays were
collected by a focused and monochromatic synchrotron X-ray
beam from the bending-magnet beamline 1-BM at the APS, in
conjunction with a fast avalanche photodiode (APD) point
detector (Powell et al, 2000). The data were collected by
positioning the transient fuel spray between the X-ray beam
and an APD and by recording the time-resolved response of
the detector on a transient digitizing oscilloscope. To improve
the signal-to-noise ratio, each curve is the average of 50 to 100
injection cycles. Repeated experiments demonstrated that the
data were perfectly reproducible. Each data point spans a time
interval of 3.68 ps, which is the fundamental period of the APS
synchrotron storage ring. The data collection was accom-
plished by successively measuring the absorption for points
along the axis of the spray by directing a fine X-ray beam
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perpendicular to the spray axis. The X-ray beam was tuned to
a photon energy of 6.0 keV to maximize the X-ray absorption
of the fuel additive, cerium, above its L-resonance edges near
5.7 keV (see §2.2). The focused beam was then further defined
by a pair of X-Y slits to a beam size of 200 to 500 um (hori-
zontal, H) x 50 pm (vertical, V), full width at half-maximum
(FWHM). The APD has a fast response of ~5 ns, which is
sufficient to capture transient spray events, which occurred
between 300 and 500 ps after the spray was initiated. The
point-detection measurements established that the spray had
interesting dynamics and repeatable internal structure.
However, point-by-point detection is an impractical means to
record the details of the spray over a large area and time
duration for phenomena such as spatial and temporal propa-
gation of shock waves or the spatially extended GDI sprays.
The second method involved imaging of the spray process with
a pixel array detector (PAD) (Barna et al., 1997; Rossi et al.,
1999) and with a spatially extended wide-bandpass synchro-
tron X-ray beam at the D-1 beamline of the Cornell High
Energy Synchrotron Source (CHESS) (MacPhee et al., 2002;
Cai et al., 2003). Because the X-ray beam size in the experi-
ment was 13.5 mm (H) x 2.5 mm (V), the imaged area was
built up by shifting the position of the injector relative to the
beam and the detector and repeating the injection cycle. The
exposure time per frame was set to 5.13 ps (twice the CHESS
synchrotron period of 2.56 us) with subsequent images taken
after an additional 2.56 to 15.4 us delay. Each position shown
is the average of images from 10 to 40 fuel injection cycles. The
area detection method not only provided a much more effi-
cient data-collection process but also was a practical technique
with which to visualize the shock waves induced by the spray
and the large sprays from a GDI injector. Both methods used a
similar experimental setup as shown schematically in Fig. 1. In
the data-collection apparatus, the injection system, the

Beam
Chopper

T

T

SRC > D T
XY Monitor
Slits

Monochromatic
X-ray Beam

Spray
Chamber

Fast X-ray
Detector

2

T
L

Monitor

YYVY

Synchronization
Circuitry

Figure 1

Schematic of the experimental setup. Components, such as the injection
system, the detector and the X-ray shutter are synchronized to the
storage ring (SR) to ensure minimum timing jitter. In the scanning model,
the detector is an APD while in the imaging mode it is a PAD as described
in the text. The use of the X-ray shutter is to limit radiation damage to the
detector.

detectors and the beam shutter are synchronized with the
storage ring with a timing jitter estimated to be less than 1 ps.

Optical Schlieren images (Hecht, 1998) of the shock waves
generated by fuel sprays in SF gas were collected prior to the
X-ray measurements under similar injection conditions. To
visualize the density change in the shock front in the gas
medium, flashing white light was collimated 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.

2.2. High-pressure diesel injection system

We used a high-pressure common-rail diesel injection
system, typical of that in a passenger car with a specially
fabricated single-orifice nozzle. The orifice was specified to be
178 pm in diameter, and the injection pressure can be set at
between 20 and 135 MPa. Injection was performed into a
spray chamber filled with inert gas at atmospheric pressure
and at room temperature (typically 298-303 K). The spray
chamber was intended to hold the injector, contain the spray
plume, and allow the inert gas to scavenge the fuel vapors. It
has two 50 mm x 25 mm windows made of polymer thin films
providing line-of-sight access for the X-rays. A gentle flow of
inert sulfur hexafluoride (SF¢) gas, with symmetric inlets both
above and below the injector, was maintained to scavenge the
fuel spray; SFg, which is a heavy gas (molecular weight of 146),
was used to simulate the relatively dense ambient gas envir-
onment in a diesel engine during the adiabatic compression
part of the engine cycle when the diesel fuel is normally
injected. By using SFg it was possible to simulate the dense gas
environment of the chamber without resorting to high-pres-
sure X-ray windows. Note that the sonic speed in SF¢ at room
temperature (303 K) has been measured to be 136 ms™'
(Hurly et al, 2000), considerably less than the 330 m s ™' speed
of sound in air at the same temperature. However, fuel sprays
with much higher speeds can be generated at the higher
injection pressures often used in diesel engines.

The fuel used in this study was a blend of No. 2 diesel
(Amoco) and a cerium (Ce) containing compound (DPXO9,
Rhodia Terres Rares, 4.2% by weight in the blend). The Ce
additive was included to increase the X-ray absorption of the
fuel jet and accounted for ~50% of the total X-ray absorption
at the selected beam energy (Henke et al., 1993).

2.3. Injection system for GDI sprays

A GDlI injection system with an outwardly opening injector
was employed to produce a hollow-cone type of sprays.
Injection was performed into a spray chamber filled with
nitrogen gas at atmospheric pressure and room temperature.
The injection test conditions are summarized in Table 1. The
spray chamber is designed like that used in the diesel-spray
experiment but with much larger X-ray transparent windows
that provide line-of-sight access for the X-rays for the full
hollow-cone spray with a large cone-angle. The fuel used in
this study was a blend of calibration-type gasoline fuel
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Table 1

Summarized GDI test conditions.

Parameters Quantity and properties

Injection system GDI, with outwardly opening pintle

Orifice type Annular

Orifice diameter 1.9 mm

Fill gas N,, 0.1 MPa, 298-303 K

Fuel Viscor calibration fluid with Ce-containing additive
Specific gravity 0.8405 g ml™"

Spray duration
Spray cone angle
Region of interest

1 ms (nominal)
65° (full, 0.1 MPa chamber pressure, nominal)
25 mm from the nozzle

(Viscor) and the Ce-containing additive with a final Ce
concentration of 4.2% by weight. Again, the monochromatic
X-ray beam tuned to 6.0 keV was used to maximize absorption
by the fuel spray.

3. Results
3.1. Shock waves generated by supersonic diesel sprays

For single-wavelength X-rays, the analysis of the transmis-
sion of the attenuating material (the fuel) gives an exact
measure of the mass in the X-ray beam as described in (2).
With the point-by-point method, the time-resolved fuel-mass
data measured on the spray axis at 1, 5, 12 and 22 mm from the
nozzle are shown in Fig. 2(a). The fuel-injection pressure was
50 MPa, and the injection duration was about 800 ps. The four
curves are each shown as displaced vertically by 1 pg for
clarity. For the data collected at 1 mm, the spray intersected
the X-ray beam at ¢ = 0.17 ms, evidenced by an abrupt increase
of the fuel mass in the X-ray beam from 0 to nearly 5 ug
(inside the X-ray beam), indicating a distinct boundary
between ambient gas and fuel spray. The sharpness of the
interface facilitates the calculation of the apparent speed of
the leading edge of the spray, as shown in Fig. 2(b). Immedi-
ately following the leading edge is a highly concentrated fuel
region represented by an extremely sharp peak caused by
accumulation of droplets as they impact on the ambient gas at
the leading edge. Because the spray is composed of an aerosol
of streams and droplets, the liquid at the leading edge of the
spray can move at rates quite different than the average body
of the spray. Without the resistance or impact to the ambient
gas, the spray body can move much faster than the leading
edge and with speeds close to that for the trailing edge. While
the injection pressure remained stable (< 5%) during the
injection, the fuel mass in the spray body appeared to be
fluctuating with rather large amplitudes as a result of the
traveling shocks generated by the impact. A shock generated
by the impact of the fuel spray on the ambient gas travels
within the spray body as a compressed gaseous pocket
resulting in a low fuel density region. The result of a rigorous
fluid dynamics simulation on this phenomenon is to be
published. At a time of 1 ms, a well defined spray trailing edge
was also observed indicating that the injection event had
finished. The trailing edge of the spray is interesting in that it
clearly illustrates the dynamics of the injection process

because it moves at an instantaneous speed much greater than
the leading edge in the region close to the nozzle, as shown in
Fig. 2(b). It is quite striking that the trailing-edge speed can be
greater than 600 m s~ as the spray exits the nozzle, well above
the sonic speed in SFy of 136 m s~ . Thereafter, the trailing
edge slows to 180 ms™' at 20 mm from the nozzle, roughly
equal to the leading-edge speed.

The fluctuations indicate that the axial mass distribution is
not uniform throughout the spray body. The first sharp peak in
the mass profile is almost certainly caused by mass accumu-
lation as the droplets impact on the chamber gas. The fluc-
tuation, we speculate, is the result of gas entrainment near the
nozzle exit. Fortunately, these fluctuations allowed us to
perform a correlation calculation for evaluating the internal
speed of the spray body as follows. Consider the correlation
function, g(x, Ax, t), defined by

Mass in Beam (ug)
T
3
3

IS —»

Speed (x100 m/s)

136 m/s
—

Distance-to-Nozzle (mm)
(®)

Figure 2

Dynamics of the high-pressure fuel sprays measured with the point-by-
point scanning method: (a) time evolution of the integrated 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. Each datum point spans a time
interval of 3.68 ps. The speed values for the leading edge (LE) and
trailing edge (TE) were calculated by the derivative of their penetration
curves shown as the inset in (). 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 equation (3).
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g(x, Ax, 1) = [M(x, T) M(x + Ax, T + 1) dr, 3)

where x is the coordinate along the spray axis and Ax is a small
displacement at which another time-resolved mass profile was
recorded. For practical purposes, Ax can be 1 mm. When the
correlation function is calculated with a small fraction of mass
profile data, such as those indicated inside the two dashed
lines shown in Fig. 2(a), one obtains a peak value in the
correlation function (equation 3) at ¢ = Atr. Therefore, the
speed of such a fraction of the spray at the location x can be
simply estimated by v(x) = Ax/At. The speeds that are
calculated in this way (Fig. 2b) lie between the speeds for the
leading and trailing edges but are much closer to that for the
trailing edge. Therefore, we conclude that the speed of the
major part of the spray travels in the injection chamber with a
speed much higher than the speed of sound in the SF¢ gas. In
addition, it should be pointed out that the calculation also
shows that a small part of the spray has a speed rather similar
to that for the leading edge and travels below the speed of
sound. Although the point-detector measurements described
so far suggested that the fuel spray should generate shock
waves, the point-by-point method lacked the spatial resolution
and coverage to directly image the shock waves.

To confirm the supersonic nature of the sprays, the shock
waves were visualized in the same spray system by optical
Schlieren imaging of visible light when the injection pressure
reaches 80 MPa, as shown in Fig. 3(a). A reflecting wall was
also introduced into the testing chamber. The shock front was
reflected off this wall and impinges back onto the spray
(Fig. 3b). The influence of the reflected shock front on the
appearance of the spray could not be determined with statis-

Nozzle Exit
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Reflecting Plate
e

6

Figure 3

Optical Schlieren images of (a) the shock waves generated by fuel sprays
in SF¢ gas collected with the injection pressure set at 80 MPa, and (b) the
effect of a reflecting wall on the shock front. The spray propagates from
left to right along the axis of the injector in the imaging field.

tical significance at this time. However, the possibility of
enhancing atomization of the liquid fuel near the nozzle by the
reflected shock front is of great interest and is currently being
investigated. The bright circle in the images indicates the size
of the image intensifier, measured at 25 mm in diameter. The
imaging magnification in Fig. 3(b) was set slightly higher than
that in Fig. 3(a) to emphasize the region where the reflection
of the shock front occurred. The portion of the spray visua-
lized here is the optically dense, low-mass cloud of droplets
surrounding the thin main fuel jet that can only be imaged
by X-rays.

As expected, the optical images yielded only the cone-angle
of the shock wave; no other quantitative information can be
obtained. The direct imaging and the quantitative analysis of
the shock waves have become possible with highly brilliant
synchrotron X-ray sources and the advent of the PAD. Fig. 4
shows a series of X-radiographs of the fuel spray for times
ranging from 38 to 192 ps after the beginning of the injection
process. The imaged area shown in the largest panel is
61.7mm (H) x 17.5mm (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) x 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 us
(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. In this
measurement, the fuel injection pressure was set to 135 MPa,
resulting in maximum leading-edge speeds of 345 ms™'. The
leading-edge speed exceeds the sonic speed upon emergence.
The shock wavefront, or the so-called Mach cone, is clearly

X-ray Transmission
o o
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Figure 4

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
in the radiographic image sequence).
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Quantitative analysis of the radiographic images of the Mach cone: (a)
schematic of the data-collection method, (b) deconvolution of the
absorption data by the line-of-sight calculation, and (c) best fitting models
of density distribution of excess ambient gas near the Mach cone.

observed as emanating from the leading edge of the fuel jet
soon after emergence with an X-ray absorption of up to 3% in
the shock front. The false-color levels of the images have been
set to accentuate small differences in the X-ray intensity
arising from the slightly increased (~15%) X-ray absorption
in the compressed SFs gas. The Mach cone angles were also
measured at each instance, and the values agreed well with the
leading-edge speed determined by the analysis outlined by
equation (3).

The quantitative nature of the X-radiograph technique
allows us not only to observe the qualitative dynamic evolu-
tion of the shock waves but also to derive thermodynamic
parameters of interest such as the mass density distribution of
gas medium near and inside the Mach cone. Although radio-
graphy has long been used to study the shocks in laser/solid
interactions (Hoarty et al., 1997), to the best of our knowledge
this is first time that X-radiography has been applied to

directly image and quantify the thermodynamic parameters of
shock waves generated by liquid jets in a gaseous medium. A
schematic showing the data-collection method is illustrated in
Fig. 5(a), and the model-dependent data fitting is highlighted
in Fig. 5(b), along with the best fitting models (Fig. 5¢). In
Fig. 5(b), absorption curves were generated from the two-
dimensional image shown in the last panel (192 ps) of Fig. 4 in
a direction normal to the fuel jet direction and at positions of
10.4 mm (circles) and 19.4 mm (squares) behind the spray tip
which traveled to 60 mm from the nozzle. The peak in each of
the curves at 0 mm is due to absorption in 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. 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 5.13 ps time resolution of the image and to the possible
multiple shock fronts near the spray tip (see Fig. 3).

In the plane perpendicular to the jet axis, the shocked
region is a cone with an excess density in the SFg of
~0.6 ug mm > measured at 10.4 mm from the jet tip. Behind
the high-density region, the interior of the cone has a small but
observable reduction in the gas density from the ambient,
which implies that decompression has occurred away from the
Mach cone. This behavior is different to the compression
shock waves generated by a rigid object (Thompson, 1971).
Although an independent measurement of the pressure and
temperature near the Mach cone is needed to completely
characterize the shock waves, the mass distribution of gas near
the shock front has never been measured by any other means.

3.2. Results: GDI spray

By using the PAD and the spatially extended X-ray beam at
the CHESS D-1 station, synchrotron-radiation-based mono-
chromatic X-radiography was used to image the sprays
(Fig. 6a). Fig. 6(b) shows a sequence of radiographic images,
taken at different time instances during the injection. The
imaged area shown in each panel is 25 mm (H) x 37 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) x 2.5 mm (V), the imaged area was built up by shifting the
position of the injector relative to the beam and the detector,
and repeating the injection cycle. Again, the boundaries
between these areas can be seen upon close inspection. The
exposure time per frame was set to 5.13 pus with subsequent
images taken after an additional 15.38 ps delay. Each position
shown is the average of images from 20 fuel injection cycles.
The measured transmission images were then reduced to
projected fuel mass in the X-ray beam according to equation
(2). The images (and, even more dramatically, the radio-
graphic animation) show striking details in the dynamic
characteristics of the mass distribution of the hollow-cone
gasoline spray within 25 mm from the nozzle. These include
unexpected time-dependent irregular density distributions
and high-frequency density waves within the sprays, features
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Figure 6

X-radiography of hollow-cone direct-injection fuel sprays: (a) schematic
of the experiment, (b) snapshots of projected fuel mass at various
instances, and (c) projected fuel mass snapshots taken from four different
projection orientations, 0°, 45°, 90°, 135°.

that have never been reported by conventional fuel-spray
diagnostic techniques. Additional detailed features, such as
axial asymmetry and streaks, are readily evident in these
snapshots. More specifically, in Fig. 6(b), the snapshots were
taken at the instances of 164 ps, when the spray is just exiting
the nozzle; 451 ps, when the spray starts to form a stable
hollow-cone; 984 s, when the spray is extended to its full
range; and 1168 ps, immediately after the nozzle is closed.
Detail features can be found in the fuel distribution, such as a
‘sac’ (small volume of fuel next to the spray leading edge
owing to transient pressure inequilibration at the instance of
the injection pintle lift), density waves (owing to instability in
pintle axial motion), heavy asymmetry (owing to pintle
asymmetric radial motion) and local streaks (owing to nozzle
surface finish). Although the axial asymmetry in the spray
seemed to have moderated as the spray continued, quantita-
tive analysis revealed that the irregularity still existed
throughout the duration of the spray. All these features were
amazingly reproducible under identical injection conditions.
It was obvious that such complex spray characteristics could
not be analyzed by using a single set of images taken from just
one orientation and that images from several spray orienta-
tions were needed for a quantitative temporal and spatial

analysis of the fuel mass distribution. Tomographic type
X-radiographs, as shown in Fig. 6(c), were collected from four
rotational angles about the spray axis (0°, 45°, 90° and 135°
taken at 1107 ps after the start of injection) to facilitate the
deconvolution analysis. It was difficult to apply conventional
computed tomographic analysis (Romans, 1995; Stock, 1999)
and density deconvolution and reconstruction methods
(Hammond, 1981; Dasch, 1992) to the spatially complex and
transient sprays viewed from only four orientations; therefore,
a model-dependent method was developed to reconstruct the
time-resolved fuel distribution as follows.

Given the fact that the fuel density distribution was not
homogeneous along both angular and radial directions, two
layers of iterative fitting models were used. First, an asym-
metric cone was constructed based on the obvious irregular
deviations from symmetry around the spray axis and by taking
advantage of the multiple images taken at various rotational
orientations. Second, details of local structure, in the form of
several density peaks, were then added to constitute a more
complete model. More specifically, the cross section of a
hollow-cone spray is a roughly circular-shaped structure,
referred to here as a ‘cross-sectional ring’. The fuel density can
vary along the ring’s radial (r) and angular or azimuthal ()
directions. For the density distribution along the radial
direction, the width of the mass density was observed to be
different on the inside and outside of maxima at radius r,(6), as
0,(0) and 0,(f) (Gaussian width), respectively. Taking the
peak density, p,(0), at radius ry(0) to vary with 6 as well, the
form for the fuel density becomes

p(r.0) = (@ exp|~[r = @] 2[00 O] '},

where k = 1 for r < ry and k = 2 for r > r,. With the limited
number of radiographic projections taken, p,(6), r,(0) and
0,(0) can only be evaluated precisely at the angles corre-
sponding to the regions near the edge portion of each
projection, namely, in the vicinity of 6,; = nw/4 withn =0to 7
for the four projections taken in this study. The values of p,(6),
ro(0) and o,(0) at other angular locations were interpolated
with sinusoidal functions, smoothly connecting these points.
For example,

£o(6) = pol(n + D /4] +({ po(n/4) — pol(n + D /4]}
x [1+ cos(49)]/2), 4)

in the angular range from nm/4 to (n+ 1)mw/4. After the
‘global’ distribution is modeled, more detailed structures, such
as the streaks, were simulated with Gaussian peaks at various
angular locations and added to the ‘global’ distribution. The
fuel density in the streaks, based on an N-peak model (N =7),
was expressed as

N
py(r.0) =D ol exp[—(0 — 6,) /203
i=1

X exp{—[r - rO(G)]z/Zofi}, 5)

where p¢ is the individual peak density, and 6,;, o,; and o,; are

the peak center location and width in the angular and radial
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directions, respectively. In a mixed representation using both
Cartesian (x,y) and polar (r,6) coordinates with r =
(x? + y*)"/* and 6 = tan~'(y/x), we assume that the X-ray beam
passes through the spray along the x direction and that the y
axis is perpendicular to both x and the spray axis. Therefore,
the line-of-sight integrated mass profile or instantaneous mass
in the beam, M(y), is evaluated by

M(y) = A [[p(x, ) + py(x, y)] dx, (6)

where A is the pixel area of the PAD. The mass integration is
limited to three standard deviations from ry(0) on either side.
The mass deconvolution used a x? regression for curve fitting
the experimentally measured data resulting in a best para-
meter set of r,(0), 0,(6) and p,(6), as well as other parameters
representing local density peaks. These parameters were
initially fitted to the four transmission curves independently.
To remove the degeneracy of the peaks introduced by the line-
of-sight measurement in the cross-sectional ring, the model
was consolidated so that it would fit all four data sets simul-
taneously. Since the deconvolution method was based on
models, the self-consistency was verified, since the most

(ww) sixy-01-20uelsiq

@

N

Fuel Mass in Beam (ug)
— N

Figure 7

Computed fuel mass distribution by fitting the experimental data (circles)
with mass reconstruction models (lines) at time 820 ps and 8 mm from the
nozzle at four projection orientations: 0°, 45°, 90° and 135°. A single
model, shown as the cross-sectional ring, is used to fit all four sets of the
transmission data.

realistic single model of fuel distribution fit data from all four
imaging directions and the model agreed well with the inte-
grated amount of fuel in the cross section of interest obtained
from the radiographic measurements.

With the same reconstruction method, Fig. 7 displays the
fitted results or reconstruction from the deconvolution
regression to the X-ray transmission data collected from all
four rotational angles at 8 mm from the nozzle exit and at
820 ps after the injection, when the hollow-cone spray is fully
developed. It is apparent that the fuel density and the cone
wall width vary around the ring. The greatest difference in
density can be a factor of ten. The variations in the radius of
the ring indicate that the cross section of the spray cone is not
perfectly circular. The azimuthal dependence of the diameter
of the cross-sectional rings and the limited number (four) of
mass projection causes the polygonal appearance shown in the
calculated rings. Such reconstruction artifacts will diminish as
the number of projections increases. Similarly, differences up
to 0.8 mm occurred in the cone-wall width showing the strong
angular dependence of these parameters. Also present in these
fittings are clear localized peaks with which the reliability of
the four deconvolution fits can be verified. The projected
width and height of these local peaks as shown in Fig. 7
depend on the orientation with which they are viewed.

Fig. 8 shows the cross-sectional density distribution recon-
structed from the calculated matrix at four distances, [ = 5, 8,
12 and 18 mm, from the nozzle, at 820 ps after the start of
injection. The radii of the rings increase away from the nozzle,
corresponding to a well developed hollow cone even 5 mm

(ugimn)

8 mm F"O

5 mm .50

L_100 L_100
15
Bl12 mm ) . 18 mm !10
r PN ‘
¢ ! \ i
0 i
| e
: V4
e L_loo L oo
-15 0 15 (mm)
Figure 8

Reconstructed fuel density distribution rings at 820 us with cross-
sectioned slices at 5 mm, 8 mm, 12 mm and 18 mm from the nozzle. The
maximum fuel density in any of these cross sections is 105 pg mm ™ which
is considerably less than the liquid density of the test fuel blend of
840 ug mm . The asymmetry of the spray is apparent in the cross-
sectional rings and is evaluated quantitatively and summarized in Table 2.
The vertical mark (dashed line in the 12 mm cross section) illustrates the
halves where the fuel mass values are evaluated.
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from the nozzle. This observation clarifies Table 2
confusion about the hollow-cone develop-
ment based on measurements using visible-
light techniques, where light scattering near

the nozzle precluded inference of an unam-

820 pis.

Parameters associated with the fuel distribution at various cross sections of the fuel spray at

The spray wall thickness is defined by o, 4 0,. The asymmetry of the distribution is defined as
M, — M,|/(M, + M,), where M, and M, are the integrated mass values on each side of the ring
separated by the dashed line in Fig. 8.

biguous conclusion. The averaged diameter

_ f the holl t h 1 f Distance  Average Maximum Minimum Maximum Minimum Fuel mass
() o ¢ hollow cone at cach location to nozzle radius fuel density  fuel density ~ wall thickness ~ wall thickness  asymmetry
reveals the true cone angle (full) to be 66.2° (mm) (mm) (ugmm3)  (ugmm~>)  (mm) (mm) (%)
at this time instance. The average fuel

o 5 4.45 1.97 0.22 0.45 0.28 11
density is greatest near the cone and falls as 3 6.45 1.05 0.19 0.70 032 13
the spray progresses outwards. However, the 12 9.13 1.40 0.12 1.28 0.80 17
maximum density of 105 ugmm > at only 18 12.92 1.30 0.09 2.00 1.25 22
5 mm from the nozzle is much lower than the
liquid density of the test fuel blend (840 pg mm ), indicating
that the fuel had already undergone atomization. A similar Density
result was found for diesel fuel sprays (Powell et al., 2000; (”g/m;gs)
MacPhee et al., 2002) but under much higher injection pres- 349 ps 820 s F
sures (typically >50 MPa). The physical existence of the - -
localized density peaks is further substantiated by their S— \

constant angular positions in rings at different distances from
the nozzle. Parameters from the fitting procedure, including
the peak fuel density, p,, show a diverse irregularity and are
summarized in Table 2, where the spray wall thickness, d, is
defined by (o, + 0,) (where o, and o, are the values of the
outer and inner Gaussian half-width, respectively, as defined
previously), and the asymmetry, A,,, of the distribution is
defined as |M, — M,|/(M, + M,). Here, M, and M, are the
integrated mass values on each side of the ring separated by
the dashed line in Fig. 8 (lower-left panel).

A time series of the cross-sectional fuel density at 12 mm
from the nozzle is presented in Fig. 9 at 349 ps, when the spray
front just passed the 12 mm mark; 820 ps, when the stable
hollow cone formed; 1148 ps, when the nozzle was closed; and
1271 ps, when the trailing edge of the spray was to arrive at the
12 mm mark. Not only does this show the time development of
the hollow-cone average diameter, the complexity of the spray
dynamics is readily apparent and the asymmetry of the spray
persists over the entire injection period. Although the local
fuel-density distribution varies rapidly, the overall asymmetry
shows that a large fraction of the total amount of fuel was
delivered to a limited solid angle. In addition, the features on
the rings are relatively stable, with concentrated fuel always on
one part of the ring and the local peaks on the other side of the
ring. For example, the amounts of fuel during the injection
delivered to the halves separated by the dashed mark in Fig. 9
differ by 55%. This observation indicates that the pintle
opened asymmetrically throughout the entire injection
process. This asymmetry is more clearly shown in an animation
of time evolution of the deconvoluted fuel cross-sectional
distribution at 15 mm from the nozzle (data not shown).

4. Discussion and summary

We have demonstrated that high-pressure fuel sprays can be
supersonic and that the Mach cone generated by the super-
sonic sprays in a gaseous medium can be directly imaged and
quantitatively analyzed by X-radiography. Although the
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Figure 9

Reconstructed fuel density distribution 12 mm from the nozzle at time
instances of 349 us, when the spray front just passed the 12 mm mark;
820 ps, when the stable hollow-cone formed; 1148 ps, when the nozzle was
closed; and 1271 ps, when the trailing edge of the spray was to arrive at
the 12 mm mark.

manner in which the shock waves affect the atomization of the
fuel and the combustion processes are currently unknown, the
results will likely draw the attention of spray and combustion
researchers to investigate this interesting phenomenon both
experimentally and theoretically. With more injection systems
adopting preinjection technology (one or a series of short pilot
injections before the main injection), the engine cylinders are
likely to be filled with a fuel-vapor—air mixture under high
temperature before the main spray arrives. It has been
recognized that the mixture would have a sonic speed lower
than that of either fuel vapor (130 m s~ at room temperature)
or air, so the generation of shock waves by the main fuel
injection should not be surprising, even at elevated engine-
operating temperatures. In this regard, the presence of the
dense fill gas used in our study (SFs) mimics this injection
condition.
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X-radiograph

Optical shadowgraph

Figure 10

Comparison between images of hollow-cone direct-injection gasoline
sprays taken by visible-light shadowgraphy and X-radiography, at the
same time instance and under the same injection conditions. Owing to
serious multiple scattering by the spray near the nozzle, quantitative
evaluation of the fuel density in this region has been difficult with the
optical imaging technique. By contrast, the X-ray image directly relates
the absorption data to the fuel mass in the X-ray beam. Both the
shadowgraph and the X-radiograph are averages of 20 shots.

In the case of the GDI sprays, the severe asymmetry of the
fuel distribution may result in uneven combustion and high
particulate matter and NO, emissions since uniform air/fuel
mixing cannot be achieved in the chamber. Spray symmetry is
considered a key requirement for GDI engines to reduce fuel
droplet size in order to increase fuel dispersion and to facil-
itate full atomization of the fuel before ignition (Zhao et al.,
1999). Our results clearly show that both the structure and the
dynamics of hollow-cone fuel sprays from nominally
symmetric fuel-injector orifices can still be extremely asym-
metric, resulting in uneven fuel distribution. The time-
resolved quantitative three-dimensional information on the
asymmetry and many abnormalities of the sprays revealed in
this work, which we have found common to current-genera-
tion injectors, may help to explain deficiencies in combustion.

There has been relatively slow progress in understanding
fundamental processes in the so-called two-phase or multi-
phase fluid dynamics of the high-speed jets that are critical to
every fuel injector. In the absence of such understanding,
simultaneous optimization of the many variables associated
with fuel injectors (e.g. the nozzle geometry, fuel pressure,
injection chamber gas pressure efc.) has been a highly
empirical process that effectively has amounted to educated
wandering in a complex multidimensional space. Part of the
reason for the lack of progress has been the dearth of
experimental methods to validate computational fluid
dynamics modeling efforts. The X-radiographic method
described here may well provide the needed information.
Currently, the 5 ps time resolution is a combination of the
image integration time and jitter associated with the coordi-
nation of the start of the image integration with the start of the
injection cycle with the timing jitter less than 300 ns. Improved
time resolution would be possible if, instead of the bending-
magnet beamlines used in this study, beamlines with higher

intensity, such as insertion-device beamlines at either the APS
or CHESS, were used. With these higher fluxes, the PAD,
capable of submicrosecond imaging, could image the spray at
higher speeds with single shots if required.

We conclude that rapid-framing nonintrusive monochro-
matic X-ray radiography and tomography are well suited to
characterization of the critical difficult-to-measure parts of the
fuel-injection process that are required to optimize engine
combustion performance. As shown in Fig. 10, compared with
conventional optical methods, this technique provides the
transient spatial distribution of fuel mass, whether in liquid or
vapor form, which has been otherwise difficult to measure, in
this optically dense near-nozzle region. We also believe that a
more comprehensive understanding of the factors affecting
the fuel-density distribution over time will enable the devel-
opment of more realistic and complex computer models of the
spray. This is important since experimentation with an actual
engine is a lengthy and costly process. The methodology
demonstrated here is obviously also suitable to study the fluid
dynamics of other high-speed liquid sprays in situations that
do not readily lend themselves to analysis by optical methods,
such as in spray coaters, ink-jet apparatus, dense plasmas and
mixing chambers.
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