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Report (Proposal Ref. No. 53754): 
The aim of this first measurement campaign was to provide information about the breakup mechanisms, 
especially the velocity distribution, in the near-nozzle region. Thereby it is desirable to achive a high spatial 
as well as temporal resolution during the whole spray event. Typically a spray event lasts approximately  
2-10 ms. The first measurement campaign took place when the storage ring was run in the 16 bunch filling 
mode. This leads to a time between bunches of 176 ns. This campaign was used to figure out the right 
scintillator material for the different cameras used and the right propagation distance. 
For the evaluation of the velocity distributions, two different approaches are used: Autocorrelation and 
optical flow. For the autocorrelation, multiple exposed images are required. Therefore the images are exposed 
with several x-ray bunches within one camera frame. This technique enables capturing the whole spray event 
with a image framerate in the kHz magnitude, evaluating velocities using the MHz frequency of the single 
bunches. 
To retrieve the velocity distribution, the following algorithm is used: Due to the multiple exposures, the 
resulting images show each spray structure several times. The movement of the structures is computed using 
autocorrelation. After the background image is subtracted to improve contrast, the image is divided into tiles 
and the cross correlation of every tile and the original image is computed. The resulting image shows several 
local maxima in the correlation coefficient, according to the number of exposures. The first and highest 
maximum thereby represents the original position of the tile. To determine the velocity, the distance between 
the first and second maximum is divided by the time between two x-ray bursts. To make sure that only spray 
structures and no image artefacts are evaluated, a lowest acceptable correlation coefficient is defined. 
Figure 1 shows the basic working principle of the described autocorrelation evaluation algorithm. The 
required multiple exposed images for the autocorrelation were recorded using a Photron Fastcam SA-Z high 
speed camera. This camera enables framerates up to 2100 kHz. With reasonable resolutions (384x408 pixels) 
still 100 kHz are possible. The number of recorded frames is only limited by the camera memory (up to 128 
GB, no restriction in practical use). Hence several whole spray events can be captured before reading out the 



memory. Here a framerate of 20 kHz was used, which is the maximum framerate that still allows the full 
spatial resolution of 1024x1024 pixels. 
 

       
 
Figure 1: Working principle of the autocorrelation evaluation algorithm 

The relatively low framerate, compared to the other camera (Shimadzu HPV-X) used, is not enough to use 
the optical flow algorithm. This algorithm tracks structures between two subsequent images. Therefore, the 
movement and also the deformation of the spray structures must not be too high. Together with the high 
expected velocities at the nozzle exit (around 210 m/s according to Bernoullis law for 150 bar injection 
pressure), this means that very high framerates are required. The Shimadzu HyperVision HPV-X ultra high 
speed camera enables framerates up to 5000 kHz (200 ns interframing time) at a fixed resolution of 400x250 
pixels. Due to the image storage directly on the chip, an image sequence is limited to 128 pictures. After that 
recording is stopped and the camera memory has to be read out. This means a time of approximately 25 µs 
can be recorded. 
Moreover, two different scintillator materials have been compared: LuAG:Ce and LYSO:Ce. The LuAG:Ce 
material is fitting the spectral sensitivity of the Photron SA-Z camera very well but leads to a smearing of the 
resulting images due to its high decay time. LYSO:Ce has a very short decay time, giving good and sharp 
images with the Shimadzu HPV-X. Unfortunately, its emission maximum at 420 nm doesn’t fit the spectral 
sensitivity of the photron SA-Z, leading to images with very poor contrast and signal-to-noise ratio. 
The evaluated images from the optical flow and the autocorrelation approach are displayed in Figure 2. 

 
Figure 2: Results from the optical flow (left, 100 bar injection pressure, LYSO:Ce Scintillator) and the 
autocorrelation evaluation (right, 150 bar injection pressure) for the LuAG:Ce and the LYSO:Ce scintillator 

The images clearly show, that the optical flow algorithm with the Shimadzu HPV-X camera is working well 
and that clear velocity distributions can be computed. As the Shimadzu HPV-X only is capable of recording 
25 µs, 80 repetitions are necessary to record the whole 2 ms of a spray event. In contrast the Photron SA-Z is 
capable of recording the whole spray event with one repetition. However, Figure 2 shows the poor quality of 
the evaluated velocities. This is mainly due to the high decay time of the LuAG:Ce scintillator smearing the 
image and the lack of sensitivity of the Photron SA-Z with the 420 nm emission maximum of the LYSO:Ce 
scintillator. To overcome these difficulties we plan to use a high speed image intensifier for the Photron SA-
Z. For example the model HighSpeed IRO from LAVISION is suitable for this application. It allows to shift 
its spectral sensitivity towards smaller wavelength and enables the use of the very fast LYSO:Ce scintillator 
with the Photron SA-Z. 
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