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Microsecond time-resolved synchrotron x-radiography has been used to elucidate the structure and
dynamics of optically turbid, multiphase, direct-injection gasoline fuel sprays. The combination of
an ultrafast x-ray framing detector and tomographic analysis allowed three-dimensional
reconstruction of the dynamics of the entire 1-ms-long injection cycle. Striking, detailed features
were observed, including complex traveling density waves, and unexpected axially asymmetric
flows. These results will facilitate realistic computational fluid dynamic simulations of high-pressure
sprays and combustion. @003 American Institute of Physic§DOI: 10.1063/1.1604161

High-pressure liquid fuel sprays and their atomizationimaging capabilities, it is impractical to perform
and combustion processes are the basis of modern intern@mographic-type measurements to interrogate the asymmet-
combustion engines. Despite decades of intensive experiic and highly transient sprays, which require many images
mental and theoretical studymuch is still unknown about taken from various orientations. In this letter, we report the
fuel injection sprays, largely because the fuel aerosols scattélirect imaging and the quantitative analysis of the GDI
visible light so strongly that the detailed dynamics of fuel hollow-cone sprays by using x-radiography with spatially ex-
and vapor mass distribution cannot be readily imaged. Untended, monochromatic x-ray beams from intense synchro-
derstanding of the fuel-spray physics is essential for the delron x-ray sources and a recently developed fast-framing,
velopment of improved engines. For example, recently detwo-dimensional x-ray pixel array detect¢PAD),’ at the
veloped gasoline direct injectiofGDI), which injects fuel ~1-BM beamline at the Advanced Photon Sou(é®S) and
into the combustion cylindefas opposed to the air intake the D-1 beamline of the Cornell High Energy Synchrotron
port), has greatly improved internal combustion engine per-S'OUfC@(CHESS-lo
formance because of the capability of precise control of the ~ The prototype commercial GDI injection system tested
injection rate, timing and combustion of the fdélQuanti- ~ Was designed and fabricated for passenger car applications. A
tative spray characterization has been difficult because it réletailed description of the experimental method is given in
quires microsecond time resolution of submillimeter-scaleP'®VIOUS publicatiorfs® and in EPAPS Document #2Fig-
structures in a complex mixture of liquid and gas. ConvenUré 1& shows a sequence of radiographic images, each 5.1
tional visible light methods are severely limited by optical #S in duration, taken at different instances during the injec-

multiple scattering from the fuel droplétésee also EPAPS tion: 164, when the spray was just exiting the nozzle; 451
Document #1 for a comparison of visible light shadow graph“s' when the spray started 1o form a stable hollow-cone; 984
and x-radiograph of a GDI sprady Other techniques, such as S, wh_en the spray extended to its full range; a_nd 1468
patternators, are capable of probing the near-nozzle regiohmmedlately after the nozzle was closed. These iméged,

but perturb the spray and have limited spatial and tempora‘?\/en more d_ramaucally, the radiographic animation consist-
resolution® ing of a series of 5.}s snapshots taken every 20u5,

X-radiography is an alternative imaging technique. Re_mcluded as EPAPS Document %#3how striking details in

centlv. we used point-bv-point measurement of monochrothe dynamic characteristics of the hollow-cone gasoline

. Y. b pt' typ titatively ch terize the d spray. These include a “sadsmall volume of fuel near the
matic x-ray absorption to gquantitatively characterize the Y'spray leading edge due to transient nonequilibrium pressures
namics and structure of high-pressure diesel sprays witl

utiGrPoi : h | Qt the instance of the injection pintle )ifdensity wavesdue
unprecedented resolutidrRoint-scanning methods are labo- 1, 5 pydrodynamically driven instability in pintle axial mo-

riogs to image spat-ially extended gasoline sprays, vyhich afion), heavy asymmetrydue to pintle asymmetric radial mo-
typically a few centimeters across, yet exhibit evolving SUb'tion), and local streaké&ue to nozzle surface finisHEach of

millimeter structures. In addition, without two-dimensional hase features was amazingly reproducible under identical
injection conditions. The transmission of monochromatic

JExperimental Facilities Division. x-rays through a fuel spray is given byl ,=exp(—uuM),
":AISO at: Naperville Central High School, Naperville, IL 60540. wherel andlg are the transmitted and incident x-ray inten-
dEI”eecran?g’f;Z? \E’vg’r'fé%-aps anlgov sities, respectivelyu, is the mass absorption coefficient of
eDepartment of Physics. the fuel,_ anavi Is t_he mass of fuel m_the beam, given tha_lt_the
D Cornell High Energy Synchrotron Source. absorption variation through the nitrogen gas is negligible.
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FIG. 1. (Color) X-radiography of hollow-cone direct injection fuel sprays:
(a) snapshots of projected fuel mass at various instances(barsthapshots
taken from four different projection orientations at 1103.

Thus, the time evolution of the measured x-ray transmissio

/15 can be easily transformed into integrated, line-of-sight

fuel mass data at each point in the radiograph. This simpl

conversion ensures that the mass distribution measurement is ) . -
FPray cone as obtained from the deconvolution regression. It

guantitative and absolute. The droplet size distribution woul

not have a noticeable influence on the transmission data.
In order to perform quantitative temporal and spatial

analysis of such complex spray characteristics, images fro

several spray orientations were needed. Tomographic-typ,

x-radiographs, as shown in Fig(h), were collected from
four rotational angleg0°, 45°, 90°, and 135°about the
spray axis to facilitate the deconvolution analysis. Again, th

progression of the spray is shown in unprecedented detail ift
the movie of successive frames taken from the four projec

tion directions, as included in EPAPS Document®#3ow-
ever, it was difficult to apply conventional computed tomog-
raphic analysi& and density deconvolution and
reconstruction methodto the spatially complex and tran-

sient sprays viewed from only four orientations; therefore, a
model-dependent method was developed to reconstruct tHfe

time-resolved fuel distribution. Given that the fuel-density

distribution was not homogeneous along either angular of!

radial directions, two steps of iterative fitting models were
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FIG. 2. (Color) Computed fuel mass distribution obtained by fitting the

experimental datécircles)with mass deconvolution mode(fnes) at 820

us and 8 mm from the nozzle at four projection orientations: 0°, 45°, 90°,

and 135°. The fitting procedure is discussed in EPAPS Documel(set?

Ref. 5).
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FIG. 3. (Color) Reconstructed fuel density distribution rings at §20with
cross-sectioned slices at 5, 8, 12, and 18 mm from the nozzle.

used. First, an asymmetric cone was constructed based on the
obvious irregular deviations from symmetry around the spray
axis, taking advantage of the multiple images taken at vari-
ous rotational orientations. Second, details of local structure,
in the form of several density peaks, were then added to
constitute a more complete model. Finally, the integrated,
line-of-sight mass profile of the model in each of four pro-
jections was fit to the four transmission curves collectively.
he detailed analysis method and reconstruction algorithm
gre discussed in EPAPS Document®#2.
Figure 2 displays a cross section of the fully developed
Is apparent that the fuel density and the cone wall width vary
around the ring. The greatest difference in density is a factor

rﬂf 10. The variations in the radius of the ring indicate that the

oss section of the spray cone is not perfectly circular. Dif-
erences of up to 0.8 mm occurred in the cone wall thickness,
showing the strong angular dependence of these parameters.

éAIso present are clear localized peaks with which the reli-

bility of the four deconvolution fits can be verified.

_ Figure 3 shows the cross-sectional density distribution
reconstructed from the calculated matrix at four distances
(I=5, 8, 12, and 18 minfrom the nozzle, at 82@s after the
start of injection. The radii of the rings increase farther from
the nozzle, corresponding to a well-developed hollow cone
even 5 mm from the nozzle. This observation clarifies the
é)nfusion about the hollow-cone development based on mea-
urements using visible light techniques, where light scatter-
g near the nozzle precluded inference of an unambiguous
conclusion’ The averaged diameter)(of the hollow cone at
each location reveals the true cone an@l#l) to be 66.2° at

this time instance. The average fuel density is greatest near
the cone and falls as the spray progresses outwards. How-
ever, the maximum density of 106g/mn? at only 5 mm
from the nozzle is much lower than the liquid density of the
test fuel blend(840 wg/mnt), indicating that the fuel had
already undergone atomization. A similar result was found
for diesel fuel sprays® but under much higher injection
pressurestypically >50 MPa. The physical existence of the
localized density peaks is further substantiated by their con-
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FIG. 4. (Color) Fuel density distribution rings at 12 mm from the nozzle at
various instances.
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TABLE |. Parameters associated with the fuel distribution at various crossg more comprehensive understanding of the factors affecting
sections of the fuel spray at 8365 the transient fuel density distribution due to fluid instability
| T o po_. Y in the system w?ll enable_the development of more_re_ali_stic
mm  (mm (ugimmd)  (ugimnd)  mm) (mm) (%) and complex fluid-dynamic models of the spray. This is im-
portant since experimentation with an actual engine is a

5 4.45 105 11.7 045 028 11 oo d i T hasize th lity of
8 6.45 56 5 101 070 032 13 lengthy and costly process. To emphasize the generality o
12 9.13 74.3 6.37 128 0.0 17  this study, the methodology demonstrated here is also suit-
18 12.92 69.0 4.78 200 125 22 able 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 dense plasmas, spray

stant angular positions in rings at different distances from thgoaters, and ink-jet apparatus.

nozzle. Parameters from the fitting procedure, including the  The authors are thankful to R. Poola and R. Sullivan for
peak fuel densityp,, show a diverse irregularity and are ps njtiation of and participation in the research. Technical
summarized in Table |, where the spray wall thicknéss  gnh0rt from A. G. MacPhee, A. L. McPherson, D. Moran, J.
defined by ¢, + ) (o, ando, are the values of outerand |, R Cuenca, G. E. Geiger, and P. G. VanBrocklin is
inner Gaussian half-width, respectively, see EPAPS DocUgreatly appreciated. This work and the use of the APS are
ment #2), and the asymmetr\y of the distribution is de-  gpnorted by the U.S. Department of Energy under contract
fined as|M;—Mol/(My+M). Here,M, and M, are the  \y.31.109-ENG-38. We gratefully acknowledge staff support
integrated mass values on each side of the ring separated by the CHESS, funded by the U.S. National Science Founda-
the dashed line in Fig. 3. _ _ tion (NSP and the U.S. National Institute of General Medi-
A time series of the cross-sectional fuel density at 12.5| gciences via NSF under award DMR-9713424. PAD de-
mm from the nozzle is presented in Fig. 4 at 348 when  tactor development was funded by DOE grants DE-FG-
the spray front just passed the 12-mm mark, 320 when  3o97ER14805 and DE-FG-0297ERG2443.
the stable hollow-cone formed; 114@s, when the nozzle
was closed; and 1274s, when the trailing edge of the spray . _ o
was to arrive at the 12-mm mark. Not onIy does this show Recent Advances in Spray Combustion: Spray Atomization and Drop

the ti d | t of the holl di t Burning Phenomenaedited by K. K. Kuo(American Institute of Aero-
€ Ume development o € hollow-cone average diameter, . ics and Astronautics, Reston, VA, 1996ols. 1 and 2.
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