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Abstract 

Wall interaction of sprays emanating from  Gas Centered Swirl Coaxial (GCSC) 

injectors were experimentally studied as a part of this ten-week project. A key aspect of 

the work was to apply the Proper Orthogonal Decomposition (POD) method of data 

analysis to time-resolved intensity images of these sprays. A high-speed camera with 

backlighting was used to generate the intensity movies.  

 Data were collected using three experimental test sections in a spray facility at Air 

Force Research Laboratories located at Edwards Air Force Base (AFRL/EAFB). The first 

facility consisted of a single acrylic GCSC injector with a transparent wall spaced at 

different locations relative to the injector. The second test section consisted of two 

injectors interacting with a single wall. The third test section consisted of the two 

injectors located within a chamber. Experiments were performed at atmospheric 

pressure using all three test sections. In addition, the chamber tests were also performed 

at elevated pressures of 6.8 bar and 20.4 bar.  Approximately 200 experiments were 

performed and high-speed movies in excess of 2 terabytes were collected. Varied 

parameters included momentum flux ratios, injector-wall spacing, camera angle relative 

to the injectors and wall, and mass flow rate bias between the injectors for two-injector 

experiments.  

 Data of both raw intensity images and intensity fluctuations were subjected to 

POD analysis. For the raw intensity images, the first mode captured in excess of 98 

percent of the intensity in the time-mean spray core. For most sprays, the first 8 modes 

were sufficient to represent the variations in left and right spray angles and attachment 
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points. In excess of 300 modes had to be reconstructed in order to capture the larger 

droplets emanating from the spray edges. Significantly large numbers of modes were 

needed to reconstruct the intensity fluctuation time series data that the raw intensity 

data.  

 The left and right spray angles, attachment point and jet width variations were 

used as primary indicators in a comparison of free sprays with wall-bounded sprays. 

Lower momentum-flux-ratio sprays indicated a larger variation in spray angle with time 

for free sprays and in the unbounded spray angle for wall-bounded sprays. Similarly, a 

larger variation in attachment locations was observed for lower momentum-flux-ratio 

sprays. Time variations of the wall-bounded spray angle are damped for closer wall 

spacing of 5 mm compared with the 10 mm spacing. 
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I. Introduction and Background 

Recent studies at AFRL Edwards Air Force Base (AFRL/EAFB) have documented  

atomization characteristics of a Gas-Centered Swirl Coaxial (GCSC) injector [1-2], in 

which the oxidant is injected in a gaseous form in a central post and the fuel is 

introduced tangentially through holes at the periphery of the central post (see Fig. 1). 

The current 10-week project was aimed at documenting spray-wall interactions in these 

GCSC sprays. Specifically, two heretofore-unstudied aspects of GCSC injector sprays, 

illustrated in Fig. 1, were the focus of this project:  (1) interaction of a GCSC spray with 

the chamber wall, and (2) effect of interaction between sprays from a wall-bounded 

injector and a main injector on the spray-wall interaction.  A unique cold-flow facility at 

AFRL/EAFB was be used to document the GCSC injector spray-wall interactions. 

Nitrogen was used to simulate the oxidizer while water was used to simulate the liquid 

fuel. Time-resolved intensity maps were recorded using a high-speed camera with 

backlighting.   Intensity maps were represented using a POD method and further 

 

Fig. 1. Injector-wall Interaction – Parameters of Interest 
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analyzed to extract mean and time-varying information such as spray angles, 

attachment location and spray width variations.  

II. Experimental facility 

A simplified schematic of the flow facility at EAFB is shown in Fig. 2.  Pressurized 

nitrogen at ~2400 psig was supplied to the flow lab. This nitrogen was regulated down 

to desired pressures and used to pump water from a tank to the test section. Nitrogen 

was also regulated separately in another line and sent to the test section. A sonic nozzle 

on the nitrogen line and a cavitating 

venturi on the water line were used to 

determine the mass flow rates in each 

stream.  Pressure and temperature 

upstream of, and pressure 

downstream of, the flowmeters were 

recorded for use in nozzle and venturi 

equations. All pressure transducers 

were calibrated prior to the beginning 

of experiments with respect to a NIST 

traceable standard (Ruska Digital 

Pressure Calibrator). Pressures and 

temperatures were monitored using a 

Pacific Instruments data acquisition 

system and recorded manually.  A 

Phantom v.7.3 high-speed camera 

was used to record movies with a spatial resolution of 800 x 600 pixels and an 

 

Fig. 2. Simplified schematic of experimental facility at 

AFRL/EAFB 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 3. Schematic of experimental test sections used 

depicting the orientation of spray and wall 
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acquisition rate of ~6700 frames per second for a typical duration of 1.5 seconds.  A 

250-watt halogen light source with a diffuser was used predominantly in a backlit 

configuration to illuminate the field of view of the spray. 

 Three test sections were used in this study with the aim of systematically 

analyzing spray-wall effects. The first one consisted of a single acrylic injector with an 

acrylic wall located either 1 mm, 5 mm, or 10 mm away from the edge of the injector and 

parallel to it (see Fig. 3a). The second test section consisted of two injectors with the 

wall oriented either near one injector (Fig. 3b) or equidistant from both injectors (Fig. 

3c). The last test section consisted of an acrylic chamber that surrounded the two 

injectors in order to simulate injector operation within a combustion chamber of a 

rocket engine (Fig. 3d).  

 Table 1 summarizes the experimental matrices for tests performed using the first 

test section. Varied parameters for the first test section (Fig. 3a) included the 

momentum-flux-ratio (MFR), injector-to-surface spacing, and orientation of the camera 

relative to the injector and wall. For the second test section (see Tables 2 and 3), both 

biased and unbiased conditions were tested for the twin-injector configurations. For 

both of these test sections, free spray data were also recorded in order to provide a 

baseline for illustrating the effects of the sidewall on spray characteristics. In addition to 

MFR ratio variation and biasing, the chamber experiments were performed at pressures 

of 1 bar, 6.8 bar and 20.4 bar (Table 4). 

 

Data Analysis and Typical Results 

 In excess of 2 terabytes of high-speed movies of spray intensities were recorded 

over all three test sections. Each movie file was in a binary file format (.cin format) and 
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consisted of 10,153 images recorded at ~6688 frames per second. The cin-format file 

was first converted to 10,153 separate ASCII files. Since the subsequent image 

processing with POD was computationally intensive, the file size and number of frames 

analyzed were reduced. The time series was downsampled such that every 5th image was 

used for further analysis. This effectively reduced the frame rate by a factor of 5, or to 

Table 1. Single injector- free spray & wall test matrix                    Table 2. Twin injectors- free spray matrix 

        

                                                                  Table 3. Twin injectors-wall test matrix 

 

                                                          Table 4.  Twin injectors- chamber test matrix 
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1,337.6 frames per second. Preliminary analysis confirmed that the frequencies in the 

sprays were much smaller (<50 Hz) and hence downsampling is not expected to have a 

major impact on the reported results. A reduced field of view (FOV) was chosen custom 

to each test condition such that this FOV included the most important regions of the 

spray, vis., the region near the injector and the spray-wall region.  In order to account 

for spatial variation in background lighting, each spray image was subtracted from an 

image with no spray (background). The reduced field of view images were assembled 

into a single large Znxm matrix with dimensions corresponding to n times and m spatial 

locations,  



Znm 

z11 z12 . . . z1m

z21 z22 . . . z2m

. .

. .

. .

zn1 zn2 . . . znm

























     (1) 

where zij correspond to intensity at pixel location i at time j.  Proper Orthogonal 

Decomposition was performed using a singular value decomposition method as outlined 

in [3].  A singular value decomposition was performed on this matrix to yield three 

matrices, U, S and V. 



Znm UnnSnnVnm
t       (2) 

 The matrix U consisted of the normalized expansion coefficients, the diagonal matrix S 

consisted of the square-root of the eigenvalues and the matrix V consisted of the 

eigenvectors of the decomposition. Eigenvectors are uncorrelated in space and 

expansion coefficients are uncorrelated in time. The original data can be recontructed as 



znm  ankFkm
j1

Nmod es

        (3) 
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where ank constitute the elements of the expansion coefficient matrix, a projection of the 

original data onto aech eigenvector. Alternately, expansion coefficients can be evaluated  

by multiplying U with S.   

 After performing a POD, the spray data was typically reconstructed using the first 

2 modes, the first 5 modes and the first 8 modes. For the lowest momentum-flux-ratio 

(MFR = 50), upto 50 modes were reconstructed. Typically, in excess of 98 percent of the 

spray core and its spread was described by the very first mode. The time variation of the 

spray was adequately expressed by less than 10 modes. However, over 300 modes were 

needed to reconstruct details of the smaller droplets outside the main spray core.  Figure 

4 presents POD reconstructions of  a free-spray portion of the MFR 200 spray with the 

wall at 10 mm spacing. Shown in Fig. 4a is a snapshot of the original image, followed by 

reconstructions using 1, 30, and 300 modes in Figs. 4b, c, d and e respectively. Note that 

all figures are scaled from zero to unity.  

 The raw image sequence and POD reconstructions were then subjected to an 

image processing algorithm that involved edge detection and boundary tracing. The 

resultant images are shown in Figures 5a and 5b for a MFR of 200 and a wall spacing of 

10 mm.  Once the left and right spray boundaries were determined (Fig. 5a), a sixth 

order polynomial curve fit is drawn through the data at these boundaries. The 

polynomial curve fits were replotted in Figure 5b for all frames for the raw data along 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. Raw image compared against reconstructed images at t= 0 s. (a) raw image; reconstructions using (b) 

mode 1 , (c) modes 1-30, and (d) modes 1-300 
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with 2, 5, and 8 mode reconstructions.  These polynomial were used to determine the 

spray width variation, attachment location,  and the centerline deviations with time. A 

linear fit (blue line in Fig. 5a) was used to determine the spray angle variations. Once 

these data were determined, a Fast Fouruer Transform (FFT) was performed to 

determine the frequencies of left and right spray angle variation, centerline deviation, 

attachment location, and jet width variation at a chosen downstream location.  

 

 
(a) 

 
(b) 

Fig. 5. Post processing on reconstructed images for an MFR=200 spray. The injector is located 10 mm from the wall 

(a) binarization (b) spray edge detection for raw (black), and reconstructions using modes 1-2 (red), modes 1-5 

(green, and modes 1-8 (blue) 

 Figure 6 shows results of left and right spray angles for a MFR 200 spray with the 

injector located 10 mm from the side wall. Figure 6a shows the spray angles determined 

using the raw intensity plots while Figs. 6b and 6c shows the angles determined using 

reconstructions of modes 1-2 and modes 1-8 respectively. Figure 6d shows a frequency 

plot of spray angles determined from all three time series plots. From each of the time 

series plots in Figs. 6a-c, it is clear that the left and right spray angles show cyclic 

variations and are out of phase with each other, which is indicative of a swaying motion 
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of the spray. The 2 mode reconstruction in Fig. 6b seems to lock onto particular 

locations at the wall which causes the right angle to remain fairly constant over half a 

period of the cycle. The eight mode reconstruction does not show this behavior and is 

closer to representing the raw data variations. The FFT plot on Fig. 6d indicates 

distinctly strong peaks for the 5 and 8 mode reconstructions indicating that these 

reconstructions extract the dominant frequencies in the data while mitigating the noisy 

data.  The dominant frequencies are represented by all modal reconstructions indicating 

that a 2 mode reconstruction is probably sufficient to determine the low frequency 

content in the spray. 

 The time series variation attachment location is presented in Fig. 7 for MFR of 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6. Spray angles for the MFR=200 spray with wall located 10 mm away from the injector edge. (a) 

raw image, (b) modes 1-2, (c) modes 1-8, and (d) power spectrum plot for raw, modes 1-2, 1-5, and 1-8. 
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200 and 800. Both sprays are at a wall spacing of 5 mm. A large variation of nearly 80 

pixels in reattachment pixel location is evident for the MFR 200 spray. The location 

varies at a frequency of approximately four hertz.  The variation in attachment location 

for MFR 800 spray is much less significant at approximately 30 pixels.  

 

 
     (a)       (b) 
Fig. 7. Variation of attachment location with time for (a) MFR = 200 and (b) MFR = 800. The wall is at 5 
mm from the injector edge. 

 

 Intensity fluctuations were also analyzed using the POD method over a small field 

of view close to the injector as shown in Fig. 8a. For this analysis, the instantaneous 

intensities at each spatial location was subtracted from the spatially local time-mean 

value to yield an intensity flutuation data matrix. This matrix was then subjected to POD 

and data from different modes were reconstructed.  The first mode accounted for 15 

percent, the first 10 modes accounted for 55 percent, and the first 100 modes accounted 

for 84 percent, of the variations in the data. Figure 8b presents the expansion 

coefficients, defined in Eq. 3, for the first five eigenvectors. These expansion coefficients 
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are determined  from the singular value decomosition by a multiplication of the first two 

matrices on the right side of Eq. 2. The coefficients are normalized by the corresponding 

eigenvalues of each mode. Most of the expansion coefficients had a dominant peak at 

approximately 6 Hz. This frequency correlated well with the frequency of the jet 

obtained from the raw intensity images, indicating that it was related to the swaying of 

the jet. 

 
(a) 

 
(b) 

Fig. 8.  POD on fluctuating intensity time series. (a) location of analyzed field of view relative to the spray 
extent, (b) expansion coefficients of the first five eigenvectors.  

 

Conclusions  

 Injector-wall interaction was studied experimentally using high-speed imaging 

for gas centered swirl coaxial injectors. Three sets of experiments were performed- the 

first with a single injector and a side wall, the second set with two injectors and one side 

wall and the third set with two injectors located within the chamber.  

 A POD method of data analysis was employed to analyze time series of raw and 

fluctuating intensity images. For the raw intensity images, the first 2 modes typically 

captured the variation of the mean spray angles and attachment points with time. A 

significantly higher number of modes were required to reconstruct the time series of 

fluctuating intensities. Larger variations in wall attachment locations were observed for 
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the MFR 200 spray compared with the  MFR 800 spray. In general, the wall dampens 

the spread of the wall-bounded spray. 
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