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Impinging jet injectors are useful atomization devices for mixing and atomization of liquid fuels
and oxidizers. This has particular applications to rocket engines to ensure efficient and stable
combustion of liquid propellants. Most famously, impinging jet injectors were used in the F-1
engines that powered the first stage of the Saturn V rocket [1]. Additionally, impinging jet injectors
have been used in the manufacture of nanoparticles [2] and the delivery of aerosol medication [3]. It
is therefore highly desirable to increase our understanding of the phenomenon and to better explore
the dynamics at play. Here we present a method that enhances our ability to design effective injectors
by experimentally characterizing the spray atomization process in greater detail than previously
possible. This method is henceforth referred to as atomization feature identification tracking and
analysis or AFITA.

Figure 1 illustrates the two-phase flow phenomenon that the impinging jet injector creates where
atomization is achieved through wave instabilities inherent in a liquid sheet that is formed as a
result of the liquid jet impingement [4]. Previous work has been done to examine the different
elements of the atomization process such as liquid sheet surface features tracking [5], particle and
ligament tracking [6], and nonintrusive droplet size measurement [7–9]. However, no previously
developed tool is able analyze all the major atomization features simultaneously to capture the
entire process in a time resolved manner. AFITA is an integrated method for identifying, tracking,
and analyzing the liquid sheet, the attached ligaments, the detached ligaments, and droplets during
the entire atomization process.

In the schematic of the injector along with a model of the spray shown in Fig. 1, the doublet
injector has an outlet diameter of dj = 3.0 mm, an impingement angle 2α = 60◦, and a distance
from the jet nozzle exit to the impingement point of 26.42 mm. In this experiment, water is used
as a simulant for propellant atomization, and the flow speed through the nozzles is uj = 5.7 m/s.
The primary characteristic dimensionless numbers for the experiment are the Reynolds number
(Re = 18 000), the Weber number (We = 1300), and the Ohnesorge number (Oh = 0.0020). These
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FIG. 1. Diagram of impinging jet atomization.

dimensionless parameters are defined as Re = ρu j d j

μ
, We = ρu2

j d j

σ
, and Oh = μ√

ρσd j
=

√
We

Re , where

ρ is the density, μ the dynamic viscosity, and σ the surface tension of the water.
Images of the spray were captured in the orientation shown on the right side of Fig. 1. This gives

a quasiplanar field of view for the atomization process as the displacements of the sheet toward
and away from the camera are relatively small. The camera used for image acquisition is a Photron
FastCAM SA-Z high speed camera. Images were acquired at a rate of 20 000 fps with a shutter
speed of 1/100 000 s to minimize blur. At this frame rate, it was possible to acquire 1024×1024
pixel images which corresponded to a 46.2 mm×46.2 mm field of view at a physical length to pixel
conversion scale of 45.1 µm per pixel.

The method for detecting major components of the atomization process is illustrated in Fig. 2.
The procedure begins by taking the original image, Fig. 2(a), and applying an adaptive Gaussian
threshold to create Fig. 2(b) [10]. This thresholding allows delineation of all of the edges in the
image including those of the sheet, ligaments, and droplets. Using proper definitions for each of
the different components, e.g., the liquid sheet is the largest contour and contains the impingement
point, each atomization element is identified. Figure 2(c) shows the outline of different features
represented by different gray scale values. In this figure, dark gray identifies the primary liquid sheet,
light gray identifies both the attached and detached ligaments, and white identifies the droplets. The
features are highlighted using an overlay of different colors in Fig. 2(d), in which the background
is unchanged, with the primary liquid sheet being dyed in cyan, the ligaments in dark red, and the
droplets in light red.

Once the droplets and ligaments are identified, AFITA will then track these components as they
move through the field of view. An example of the tracking is shown in Fig. 3. The bounding
boxes that are obtained from a component identification step are highlighted in Fig. 3(a). These
bounding boxes were fed into the discriminative correlation filter with channel and spatial seliability
(DCF-CSR) tracker [11] that is provided in the OpenCV library [12]. A subset of tracked paths
can be seen in Fig. 3(b). In this figure, each tracked droplet is given a unique color so as to be
identified. The droplets are outlined by their respective bounding boxes. The pathlines of droplets
are also shown for a course of 20 frames prior to the current instant of time. This gives a visual
representation of the trajectories that the droplets are taking and how they radiate from the center of

110513-2



VISUALIZATION AND FEATURE TRACKING OF THE …

(a) Original image. (b) Adaptive threshold.

(c) Identification of components and labeling. (d) Components highlighted in original image.

FIG. 2. Visual algorithm for atomization component detection. The images are adapted still frames from
the GFM video entry at Ref. [13].

the jet impingement. With the time history of the particle trajectories available, the histories of the
droplet velocity and the acceleration variations along with its motion are then inferred.

Finally, AFITA characterizes the waves on the liquid sheet that cause the atomization to take
place. The primary characteristics of a traveling wave are the wavelength, frequency, speed, and
amplitude. Here we demonstrate a method for measuring the wavelength λ and frequency f of the
dominant waves on the sheet. From the values of λ and f we can then calculate the speed of these
waves using the relation uwave = f λ, thus giving all of the primary information about the large waves
with the exception of the amplitude.

The wavelength of the dominant waves are determined by performing spectral analysis of a
narrow rectangular sample area within the sheet flow field, as shown in Fig. 4(a). First a rectangular
sample area is selected, which is outlined in red in the original image. The image gray-scale intensity
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(a) Bounding boxes for tracked objects based on the initial
detection step.

(b) Example of tracked droplet paths over a course of 20
frames prior to the current instant of time.

FIG. 3. Object tracking example showing the bounding boxes and trajectories of different atomization
components. The image shown in (a) is an adapted still frame from the GFM video entry at Ref. [13].

in the sample area will then be averaged along each horizontal band to reduce noise and reveal the
dominant wave structure. Spectral analysis is then performed on the horizontally averaged sample
area which reveals the spectroscopic wavenumber space. The peak spectroscopic wavenumber are
then extracted and converted to a wavelength. This analysis is performed across all images and an
average peak wavenumber and associated wavelength can be determined for the entire set of image
recording.

Two different methods were used to determine the frequency of the waves which both used the
averaged intensity of a small square sample area, as shown in Fig. 4(b). The first was to perform
spectral analysis in the frequency domain using the average light intensity over the sample area
throughout time. The second was to use a pulse counting method where a wave was detected
whenever the average light intensity of the sample area dropped below a low threshold after having
been above a high threshold. The low threshold represents a dark region when a wavefront is passing
by and the high threshold represents when there is no wavefront appearing. Please note that the
sample square box has a side length smaller than the width of the dominant wave bands. In the

(a) Spectral analysis for wavenumber determination. (b) Spectral analysis for wave frequency determination.

FIG. 4. Determination of the impact wave characteristics of the impinging jet. The images are adapted still
frames from the GFM video entry at Ref. [13].
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bottom right of the figure, a magnified version of the sample area is shown, as is the average light
intensity within the area. In the top right, a plot of the area’s average image intensity is plotted for a
5 ms duration of sampling, with red lines showing the time when wavefronts were detected.

Through the use of AFITA, we demonstrate the ability to gain greater insight into the atomization
process of impinging jet than was previously possible. This enhanced insight makes it possible to
test and design injectors with precise characteristics that can enhance combustion in rocket engines,
better control the manufacturing of nanoparticles, and better deliver medication. Future studies
should be done that utilize this method in both the design process as well as to build out a more
thorough scientific understanding of the mechanisms in the atomization process.
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