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1. More detailed description on experiment setup

The radiograph experiments have been conducted to measure the GDI sprays by using intense monochromatic x-ray beams at the 1-BM beamline at the Advanced Photon Source (APS) of Argonne National Laboratory (ANL) and the D-1 beamline of the Cornell High Energy Synchrotron Source (CHESS). All the results reported in this Letter are based on the images taken during our recent run at the CHESS testing a commercial prototype GDI injection system designed for passenger car applications.  The injection nozzle has an outwardly opening pintle and an annular orifice with a diameter of 1.9 mm with a spray full hollow-cone angle specified as 65°. Injections under injection pressure of 7.1 MPa and with a nominal duration of 1 ms were performed into a spray chamber filled with nitrogen gas at atmospheric pressure and room temperature. The spray chamber is designed to hold the injector, contain the spray plume, and allow the nitrogen to scavenge the fuel vapors.  The chamber has 64 (horizontal, H) x 64 (vertical, V) mm2 x-ray transparent windows made of polymer thin film that provide line-of-sight access for the x-rays. The fuel used in this study was a blend of a calibration fluid and a cerium-containing commercial fuel additive used for emission reduction, which had physical properties similar to gasoline. The blend has a cerium concentration of 4%. The calibration fluid (Viscor® 16-A, Rock Valley oil & Chemical Company, Inc.) is a simulated fuel with properties similar to gasoline fuel with precisely controlled viscosity and specific gravity specifications. The cerium additive (DPX9, Rhodia Terres Rares, a commercial fuel additive for emission reduction) was included to increase the x-ray absorption of the fuel jet and accounted for ca. 50% of the total absorption at the selected x-ray energy. Using the PAD, synchrotron-radiation-based monochromatic x-radiography was used to image the sprays as shown in Fig. EPAPS2a.
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FIG. EPAPS2a. Schematic of the experiment.

The incident x-ray beam, tuned to 6.0 keV with a multilayer monochromator (1% bandwidth), was slit-collimated to 13 mm (H) x 2.5 mm (V). The x-ray photon energy was set slightly above the several Ce L-resonance absorption edges near 5.7 keV, to maximize absorption by the fuel spray. The imaged area shown in each panel of Fig.1. is 25 mm (H) x 37 mm (V) with data corrected for the divergence of the x-ray beam. 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. Boundaries between these areas can be seen upon close inspection. The exposure time per frame was set to 5.13 µs (twice the CHESS synchrotron period) with subsequent images taken after an additional 15.38 µs delay. Each position shown is the average of images from 20 fuel injection cycles. 

2. Analysis and algorithm of tomographic deconvolution and reconstruction: 

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 asymmetric 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 the angular or azimuthal (
[image: image2.wmf]) directions (see Fig.EPAPS2a). For density distribution along the radial direction, the width of the mass density was different on the inside and outside of 
[image: image3.wmf], where radius 
[image: image4.wmf] is the distance from the origin to the mean radial peak position. The outer portion had a Gaussian half-width (GHW) of 
[image: image5.wmf], while the inner portion had a GHW of 
[image: image6.wmf]. The density at the peak position
[image: image7.wmf] and radius 
[image: image8.wmf] are also considered as functions of
[image: image9.wmf].  Therefore, the fuel density, as an axially asymmetric cone, can be modeled as 
[image: image10.wmf], where k = 1 for r < r0 and k = 2 for r > r0. With the limited number of radiographic projection taken, 
[image: image11.wmf], 
[image: image12.wmf], and
[image: image13.wmf] can only be evaluated precisely at the angles corresponding to the regions near the edge portion of each projection, namely, in the vicinity of 
[image: image14.wmf] = 
[image: image15.wmf] with n = 0 to 7 for the four projections taken in this study. The values of
[image: image16.wmf], 
[image: image17.wmf], 
[image: image18.wmf] at other angular locations were interpolated with sinusoidal functions, smoothly connecting these points, for example, 
[image: image19.wmf], in angular range from 
[image: image20.wmf] to 
[image: image21.wmf]. 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 
[image: image22.wmf], where 
[image: image23.wmf] is the individual peak density, 
[image: image24.wmf],
[image: image25.wmf] and 
[image: image26.wmf] are the peak center location and HWHM in angular and radial directions, respectively. In a mixed representation using both Cartesian 
[image: image27.wmf] and polar 
[image: image28.wmf] coordinates with 
[image: image29.wmf] and
[image: image30.wmf], we assume that the x-ray beam passes though the spray along the x-direction and the 
[image: image31.wmf]-axis is perpendicular to both x and the spray axis. Therefore, the line-of-sight integrated mass profile or instantaneous mass in beam, 
[image: image32.wmf] is evaluated by 
[image: image33.wmf], where 
[image: image34.wmf] is the pixel area of the PAD. The mass integration is limited to three standard deviations from 
[image: image35.wmf] on either side. The mass deconvolution used a 
[image: image36.wmf]-regression for curve fitting the experimentally measured data resulting in a best parameter set of 
[image: image37.wmf], 
[image: image38.wmf], and 
[image: image39.wmf], 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 simultaneously. Since the deconvolution method was based on models, the self-consistency was verified since the most realistic single model of fuel distribution fit data from all four imaging directions, and the model agreed well with the integrated amount of fuel in the cross section of interest obtained from the radiographic measurements. The azimuthal dependence of the diameter of the cross-sectional rings and the limited number (4) of mass projection causes the polygonal appearance shown in the calculated rings. Such reconstruction artifacts will diminish as the number of the projection direction increases.
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