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Abstract 
This work presents an application of the diagnostic technique commonly known as ballistic imag-
ing, which is adept at resolving internal structures in optically dense media. A time-gated imaging 
system specifically designed for transient fuel sprays was applied to a nitrogen aerated water jet 
issuing into ambient air. The images acquired by this system reveal fluid structures undergoing 
breakup in the near-nozzle region of the flow. To unambiguously describe the forces that act to 
break apart the liquid core in a spray, one must directly measure the force vectors themselves. To 
this end, obtaining velocity and acceleration data from near-field fluid features is essential to un-
derstanding spray breakup dynamics. By employing a fast-framing CMOS camera and a new ul-
trafast laser source, consecutive ballistic images with a temporal separation of 10 μs were ac-
quired. This fast detection scheme allows the determination of velocity information from pairs of 
ballistic images using cross-correlation methods. Three approaches were applied to obtain velocity 
information: particle-tracking correlation analysis was applied to obtain velocity for small droplets 
resolved in the images, conventional non-adaptive grid correlation analysis was applied across the 
entire field-of-view, and image segmentation with subsequent grid correlation analysis was ap-
plied over the resolved fluid features larger than a reasonable size threshold. The results presented 
here are an important step in understanding how primary breakup occurs in dense sprays, and 
opens the way for analysis of spray breakup dynamics using time-resolved single-shot ballistic 
imaging. 

 
 

Introduction 
Liquid fuels are prevalent in combustion devices because they have higher energy densities than gaseous fuels 

and can be conveniently transported and stored. The principal difficulty in liquid-fuel combustion lies in controlling 
the fuel/air mixture fraction in a steadily reacting or cyclically reacting flow. To maximize combustion efficiency 
and minimize the production of pollutants such as soot and NOx, it is necessary to rapidly disperse the fuel into the 
airstream using a spray. As a consequence, the fluid dynamics of spray breakup are directly coupled to mixture 
preparation, such that a detailed understanding of spray fluid dynamics is essential for the design of efficient and 
environmentally responsible combustion devices. 

For many sprays, complete and non-invasive diagnostics of the flow is problematic due, first, to the sensitivity 
of the flow which renders probes or devices placed in the flow volume impractical, and second, to the high optical 
density of some regions of the flow, often termed the “near-field” or “dense spray” region. These dense portions of 
the spray frustrate most optical diagnostics due to the large degree of scattering exhibited by these regions. Ballistic 
imaging (BI) is an optical technique designed to mitigate the interference from scattered light to form high-
resolution shadowgram-type images of structures inside an optically dense measurement volume. BI utilizes visible 
light produced by commercially available laser sources, and may be optimized to suit a wide variety of spray condi-
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tions. With BI, it is possible to acquire breakup information from dense regions of the spray, thereby enabling fully 
effective spray characterization. 

A detailed description of the ballistic imaging instrument used in this work can be found elsewhere [1]. In brief, 
when light passes through a highly turbid medium, a number of photons pass straight through without scattering. 
These relatively few photons are termed “ballistic”. Since they travel the shortest path, they exit first. A second 
somewhat larger group is made up of “snake” photons which are scattered once or possibly several times but man-
age, to a large extent, to retain their original direction of propagation. These photons exit the medium traveling in 
the same direction as the input light with a larger solid angle than the ballistic photons. Since they travel a larger 
distance, they exit just after the ballistic photons. Photons that have undergone multiple scattering events, termed 
diffuse photons, are the most numerous in materials with high extinction coefficients. These photons are scattered 
into a very large solid angle (4π Sr), and they exit last. The undisturbed path taken by ballistic photons allows the 
retention of image information regarding structures that may be embedded within the turbid medium. If they are 
collected by a line-of-sight optical arrangement, the ballistic photons can provide a diffraction-limited shadowgram-
type image of these structures. Unfortunately, in most highly scattering environments the number of transmitted 
ballistic photons is often insufficient to provide the necessary signal-to-noise ratio to form an image in a single-shot 
format. In such a case, snake photons, together with ballistic photons, can be used for imaging with little degradation 
in resolution. The problem of obtaining a high-resolution image through highly turbid media is thus a matter of sepa-
rating and eliminating diffuse light from the ballistic and snake light which retains high-fidelity image information 
[2]. This can be done by using discrimination methods that make use of the properties of the transmitted light [3]. 
The BI instrument in this work selects photons based on their propagation direction, polarization, and exit time, us-
ing collection optics, crossed Glan-polarizers, and an optical Kerr-effect shutter. 
 
Ballistic Imaging Advantages 

When imaging through a measurement volume that exhibits very little scattering, BI yields roughly the same in-
formation as a conventional shadowgram [4]. However, when scattered light begins to affect image quality, the dif-
ferences are quite apparent. Fig. 1(a) shows a white-light shadowgram of an aerated water spray taken with an inten-
sified CCD (Princeton Instruments, PI-Max). Here, the gate-time of the intensifier is used to freeze the motion of the 
spray. Fig. 1(b) shows a time-gated ballistic image of the aerated spray at the same conditions for comparison. A 
number of factors contribute to the differences exhibited by the images in Fig. 1(a) and 1(b). Among these, the time-
resolution of the image collection, the spatial filtering characteristics of the collection optics, and the specific tempo-
ral selection of light provided by the time gate are the most important. 

 

   
 

Figure 1. Aerated water spray with 2% gas-to-liquid ratio. (a) shows a focused white-light 
shadowgram. (b) shows a time-gated ballistic image of the same spray with the ~9 mm field of 
view indicated by the square inset. 
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Materials and Methods 
Dual images for this study were generated by a time-gated ballistic imaging system specifically designed for 

transient fuel sprays, applied to a nitrogen aerated water jet issuing into ambient air. The laser source used in this 
measurement was a specialized ultrafast system capable of generating two 100 fs laser pulses with a user selected 
time separation. Dual laser pulses with 1 mJ of energy, a pulse width of 100 fs, and a time-separation of 10 μs were 
used to obtain time-resolved image pairs of the aerated spray. 

By employing a fast-framing CMOS camera and the ultrafast laser source described above, consecutive ballistic 
images with a temporal separation of 10 μs were acquired. This fast detection scheme allows the determination of 
velocity information from pairs of ballistic images, based on the apparent motion, or “optical flow,” of the spatial 
intensity between corresponding images. For intensity normalized images with a short temporal separation, local 
image intensity can be assumed to be constant, allowing the optical flow to be written [5]: 
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where dx/dt and dy/dt are the components of the motion to be estimated from the image pair, and E(x, y ,t) represents 
the brightness of the image plane at the point (x, y). 

A variety of methods have been developed to calculate the motion of the spatial intensity in successive images 
[6, 7, 8]. The results presented here are based on region-matching, using normalized cross-correlation of sub-regions 
from corresponding image pairs, produced by consecutive pulses of the ultrafast laser source. Prior to analysis, the 
images are normalized to the measured image background. The image from the first pulse is taken at time t1; the 
second pulse produces an image at time, t2 = t1 + 10μs. A set of square image regions are selected from the t1 image, 
and cross-correlated with a set of square image regions selected from the t2 image, yielding dx/dt and dy/dt velocity 
components as shown in Eq. 1. 

The spray images analyzed in this work are challenging, in the sense that they present large variations in struc-
ture and contrast throughout the field of view. Small, well-separated droplets appear on the spray periphery, while 
the interior of the spray includes large liquid structures and voids with varying amounts of contrast. In order to ac-
quire velocity information throughout the spray, three approaches were applied to select the image regions used to 
calculate velocity: particle-tracking correlation analysis was applied to obtain velocity for small droplets resolved in 
the images, conventional non-adaptive grid correlation analysis was applied across the entire field-of-view, and im-
age segmentation with subsequent grid correlation analysis was applied over the resolved fluid features larger than a 
reasonable size threshold. 

For the particle-tracking (PT) approach, a threshold is applied to the background-corrected t1 image. Connec-
tivity-based image segmentation is then applied to identify image regions. Distinct image regions below a stable 
droplet size [9] threshold are identified as individual droplets. A square correlation window from the t1 image is de-
fined to encompass each droplet, and correlated with an appropriately sized search field formed from the t2 image. 

For the grid analysis approach, the entire t1 image is segmented by a regular grid, such that each square grid 
element represents a correlation window. Each of these windows is correlated with a search field formed from a t2 
image sub-region centered at the same location. 

The third approach is essentially a hybrid of the PT and grid approaches. Large image regions are identified by 
image segmentation in a manner analogous to the PT approach. A preliminary window is formed for each large re-
gion identified in the t1 image. This preliminary window is then divided into a regular grid, such that each grid ele-
ment represents a correlation window. These regions are correlated with the sub-regions from the t2 image centered 
at the same location. 
 
Results and Discussion 

The cross-correlation region matching approach applied here was chosen as a straightforward example to show 
the feasibility of extracting velocity information from sequential ballistic images, taken with a temporal separation 
of 10 μs. More refined correlation approaches, for example including additional analysis steps for dynamic window 
sizing or corrected window offsets, should yield more accurate correlations [10, 11]. The errors involved in image 
flow analysis such as that employed in this work are explored in the literature [6, 12]. Significant errors are reported 
for spatial intensity fields without strong features, which serve to form a well-defined cross-correlation peak. Veloc-
ity components reported in this work are validated, first by eliminating correlation windows which exhibit very little 
spatial intensity deviation, and second, by a simple correlation magnitude threshold.  
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Fig. 3 shows the t1 image of the aerated spray with 2% gas to liquid ratio (GLR), together with the velocity field 
calculated from the t1 and t2 images. Fig. 4 shows the t1 image and velocity field of the aerated spray with 10% GLR. 
Vectors produced by each approach, as explained above, are indicated by color. Green vectors correspond to results 
produced by the PT method, blue vectors correspond to the grid approach, and red vectors correspond to results 
from the hybrid method. Here, the vector lengths indicate the displacement from the t1 image to the t2 image. 

One should note that this is not a planar velocity imaging method like particle-imaging velocimetry (PIV); this 
is a line-of-sight integrated technique. Hence, the calculated velocity vectors shown in Figs. 3 and 4 appear as ex-
pected for the turbulent 3-D spray imaged here.  In addition, the velocity indicated by the measured mass-flow at the 
nozzle exit for the spray in Fig. 4 is ~35 m/s, which compares reasonably well with the mean, ~20 m/s, and range, 
~60 m/s, of the calculated velocities for this spray. 

 
 
 
 
 

  
 

Figure 3. Aerated water spray with 2% gas-to-liquid ratio. (a) shows the time-gated ballistic im-
age taken at time, t1. (b) shows the velocity field generated from ballistic image pair, taken at 
times t1 and t2. 

(b) (a) 
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Figure 4. Aerated water spray with 10% gas-to-liquid ratio. (a) shows the time-gated ballistic im-
age taken at time, t1. (b) shows the velocity field generated from ballistic image pair, taken at 
times t1 and t2. 

 
 

This procedure produces an adequate number of valid velocity vectors for basic analysis of the complicated 
flow produced by the spray in this work. However, an in-depth study of this spray would be well-served by a more 
sophisticated approach which takes advantage the advances made in optical flow and correlation methods, particu-
larly in the fields of particle image velocimetry and machine vision [13]. 

The results presented here demonstrate that velocity information can be obtained from sequential ballistic im-
ages of the near-field of a spray, providing valuable insight into the forces active in primary breakup. The approach 
presented here opens the way for more advanced analysis of spray breakup dynamics using time-resolved single-
shot ballistic imaging. 
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