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Abstract 
 

Spray diagnostics using holography and wavelet analysis 
 

In-line holography, where the reference beam coincides with the beam that is scattered 

against the droplets, has been found to be a versatile and simple experimental method for 

spray diagnostics using holography. Such an experiment was setup and a water spray was 

studied and holograms of high quality was obtained using a CCD-camera. 

 

The holograms were analysed with Wavelet analysis, implemented as a Matlab program. 

It was found that the droplets’s size and position could be reconstructed with reasonable 

accuracy. Future work will focus on a dynamic analysis program that dynamically adapts 

the wavelet analysis parameters to each detected droplet. 
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Summary 
 

In order to understand the interaction between e.g. flames and a water spray from a 

sprinkler it is important to have detailed information regarding the droplet size and 

velocity distribution of the spray. These are for example required input for CFD 

simulations (Computational Fluid Dynamics). Spray imaging is the family name for a 

number of spray characterization methods. Spray imaging means that a two-dimensional 

image can be obtained of all or part of the spray. An alternative to imaging is to use a 

zero-dimensional method such as Phase Doppler Anemometry (PDA) which studies the 

scattered light from a point where two or more laser beams cross each other. A major 

drawback of a zero-dimensional point measurement method is that information is only 

obtained for a point. By comparison, with an imaging method this information might be 

obtained in a single measurement, which typically takes a few seconds. The disadvantage 

of imaging is that the methodology for measuring droplet sizes is relatively undeveloped. 

The purpose of this work was to develop an improved measurement methodology for 

droplet size determination based on spray imaging 

 

In-line holography, where the reference beam coincides with the beam that is scattered 

against the droplets, was found to be a versatile and simple experimental method for 

spray diagnostics using holography. Such an experiment was setup and a water spray was 

studied and holograms of high quality was obtained using a CCD-camera. The holograms 

were analysed with Wavelet analysis, implemented as a Matlab program. It was found 

that the droplets’s sizes and positions could be reconstructed with reasonable accuracy. 

Future work will partly focus on a dynamic analysis program that dynamically adapts the 

wavelet analysis parameters to each detected droplet. In general it is found that the 

experimental methodology for spray imaging is well developed and rather straightforward 

with today’s laser systems and CCD-cameras. Rather, it is the analysis part that requires 

most attention in order to obtain repeatable and reproducible measurements with high 

accuracy. 
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1 Introduction 
 

 

Spray imaging is an important research field in spray physics. Spray imaging means that a 

two-dimensional image can be obtained of all or part of the spray. An alternative to 

imaging is to use a zero-dimensional method such as Phase Doppler Anemometry (PDA) 

which studies the scattered light from a point where two or more laser beams cross each 

other. A major drawback of a zero-dimensional point measurement method is that 

information is only obtained for a point. For the characterization of an entire spray this 

means that the spray must be mapped point by point. This is time consuming and may 

take several days for a single spray configuration (i.e. type of nozzle, the orientation of 

the nozzle, injection pressure, etc.). By comparison, with an imaging method this 

information might be obtained in a single measurement, which typically takes a few 

seconds. A number of measurements might however be required in different planes 

through the spray, depending on the spray symmetry. Another disadvantage of point 

measurements is that they cannot supply time-resolved information about the entire spray, 

for example to study the interaction between a water spray and a flame. An important 

topic in this field is if the spray at a given time penetrates into the flame. Such 

information can be obtained with relative simplicity with an imaging technique. In 

summary, therefore, imaging has many advantages over point measurements. The 

disadvantage of imaging is that the methodology for measuring droplet sizes is relatively 

undeveloped. The purpose of this work is to develop an improved measurement 

methodology for droplet size determination based on spray imaging. 
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2 Background and Theory 
 

 

Traditionally, when imaging sprays a laser beam is formed into a narrow plane (<1 mm). 

The droplets in the spray are hit by the laser plane and scatter the light. A camera with a 

lens is used to image the scattered light and an image of the spray is obtained in this way, 

see Figure 1. 

 

  
Figure 1. Principle of spray imaging using a laser plane (with permission from LaVision). 

 

A typical image of such a measurement is shown in Figure 2. 

 

   
Figure 2. Example of image obtained in traditional imaging of a spray [1]. 

 

It is not possible, or at least very difficult, to directly from the picture in Figure 2 

determine the size of the droplets. There are several reasons for this. One of the problems 

is that the laser plane is not completely homogeneous in intensity. This means that 

different droplets are illuminated in different ways. If two droplets are equal in size but 

one is illuminated more than the other, the most illuminated droplet looks bigger due to 

the fact that the imaging optics and the CCD chip in the camera are not ideal optical 

components. 

 

Therefore a method is required, other than direct observation of the focused image, to 

determine the droplet size. One way is to study the interference patterns that occur when 
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the laser light is scattered from a droplet. An example of such an interference pattern is 

given in Figure 3. 

 

   
Figure 3. Interference pattern from droplets illuminated with laser light [1]. 

 

The spatial density of the fringes in the interference pattern depends on the droplet size 

[2] and can be used for measuring the droplet size distribution. The image in Figure 2 

contains many droplets and therefore an effective method is needed to detect and quantify 

all the droplets. An interference pattern as in Figure 3 can be obtained by e.g. defocusing 

the camera in a controlled manner [3]. A drawback is that the information about the exact 

position of the droplet is then partly lost. By instead using holography both the droplet 

interference pattern (i.e., droplet size) and its position can be studied. 

 

In conventional mapping, see Figure 4, light from a light source is scattered from the 

object to the camera. The lens of the camera creates a focused  at the plane of the CCD 

chip. In holographic imaging, Figure 5, no lens is used. The light is scattered directly 

from the object to the CCD chip (named "plate" in Figure 5). Additionally the scattered 

light from the object interferes with light from the same laser but that has not been 

scattered from the object, but instead is e.g. reflected against a mirror (as in Figure 5), or 

is directly obtained from the laser (as in this work). It is the interference between 

scattered and non-scattered laser light that creates the hologram. 

 

 
Figure 4. Conventional imaging [4]. 
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Figure 5. Holographic imaging [4]. 

 

The hologram itself is very hard to interpret visually. Instead the scattering object must be 

reconstructed by illuminating the hologram with laser light. This is a relatively 

complicated process when using film plates. With modern digital holography this is more 

straightforward since this reconstruction can be performed numerically with a computer 

program. This is the method used in this report. In this way one can, from a digital 

hologram, both determine the interference pattern (i.e. droplet sizes) and the droplets’ 

exact positions. 

 

In this project wavelet analysis [5] is employed to analyze the interference patterns. 

Wavelet analysis is a method that has great applicability in image processing [6, 7]. 

Wavelet analysis of images can be desribed as a comparison of how much different parts 

of the image resembles a given wave shape, for example, an interference pattern. Wavelet 

analysis differs from Fourier analysis in that the Fourier analysis is applied on the entire 

image. For example Fourier analysis of the image in Figure 3 is performed by examining 

how much different Fourier base functions, e.g. that in Figure 6, resembles the entire 

image in Figure 3. This has many limitations because the interference pattern of various 

droplets are at different positions on the image in Figure 3. 

 

 

   
Figure 6. Example of a Fourier base function. 

 

Wavelet analysis, on the other hand, examines how different wavelet base functions 

resemble different parts of the image,  e.g. in Figure 3, in different positions in the image. 

An example is the  Morlet base function shown in Figure 7,  which here is shown in one 

dimension.  
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Figure 7. Morlet wavelet base function [8]. 

 

Real holograms are typically relatively noisy. In order to develop a computer program for 

wavelet analysis of holograms it is therefore advantageous to have suitable numerical 

standard holograms for testing. Wu and Gréhan [9] developed the computer program 

Holo-Mie which can be used as a standard for testing various image processing 

algorithms for analysing holograms. The program calculates the Mie-scattered field or the 

hologram for clouds of spherical, homogeneous and isotropic particles. Several 

parameters can be varied which makes the program very versatile: 

 

• Number of particles 

• Position of particles 

• Complex refraction of particles (can be different for different particles) 

• Polarization of illumination field 

• Recording distance  

• Collecting angle 

• Detector resolution (number of pixels) 

 

This program was extensively used in this project with the purpose of producing images 

for testing wavelet inversion schemes. 

  

http://upload.wikimedia.org/wikipedia/commons/2/23/Wavelet_-_Morlet.png
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3 Method 
 

Digital in-line holography (DIH) was applied on a water spray to generate a digital 

hologram of the droplets. Further, the object planes in the volume of droplets were 

reconstructed by means of wavelet analysis. This is described in further details in the 

sections below and the theory is mainly retrieved from Pu [10]. 

 

3.1 Experimental setup 
 

Digital in-line holography can be achieved by a fairly simple setup. As a minimum only a 

collimated light source and a camera is needed. In our setup we used a Nd:YAG laser 

which output needs to be attenuated to not burn the CCD sensor of the camera. The setup 

can be seen in Figure 8. The output of the Nd:YAG laser is frequency doubled, which 

means that the wavelength of the light beam is 532 nm. A glass mirror and two polarizing 

beam splitters are used as attenuators before the beam is expanded such that it covers the 

entire CCD sensor of the camera. The beam expansion also enables a smoother intensity 

distribution on the CCD. The camera only has a bare CCD sensor with no optics in front 

of the sensor, such that the light can be recorded unaltered after interaction with the spray. 

The spray is applied ahead of the camera as seen in Figure 9.  

 

The hologram recorded by the CCD camera comprises the interference pattern between 

the light diffracted by the water droplets and the light passing the spray unaltered. This 

means that only one light beam is used as, what in off-axis holography or classical 

holography is referred to as illumination and reference beams.  A limitation related to this 

is that when the particle density is high the assumption that the reference beam is a plane 

wave is no longer valid.   

 

 
Figure 8. DIH experimental setup. 

 

Mirror 

Beam expander 

Attenuators 

Mirror/ 

attenuator 

Nd:YAG laser 

Camera 
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Figure 9. Water spray ahead of the camera.  

 

3.2 Wavelet analysis 
 

It can be shown that a convolution between the intensity distribution in recording plane, 

𝐼𝑧(𝑥, 𝑦), and a specific wavelet function 𝜓𝑎(𝑥, 𝑦) becomes [10, p. 69]: 

 

𝐼𝑧(𝑥, 𝑦) ∗ 𝜓𝑎(𝑥, 𝑦) =  𝜋 − 𝜋𝑂(𝑥, 𝑦) +
1

𝜆𝑧
𝑂(𝑥, 𝑦) ∗ sin [

𝜋

2𝜆𝑧
(𝑥2 + 𝑦2)] 

 

Where 𝜆 is the wavelength, 𝑧 is the recording distance, and 𝑂(𝑥, 𝑦) is the object function, 

which in the object plane is 1 where there is an object and 0 elsewhere. The Fresnel 

approximation shall be valid and in case of semi-transparent objects the far field 

condition should be checked. The first term on the right side of the equation corresponds 

to the background intensity. The second term corresponds to the real image of the objects 

and the third term corresponds to the diffraction pattern due to the twin image located at a 

distance 2𝑧 away. The third term means that there will be image noise also for a perfect 

recording and reconstruction case.  

 

The wavelet function employed in this work is defined as [10, p. 68]: 

 

𝜓𝑎(𝑥, 𝑦) =
1

𝛼2 sin (
𝑥2 + 𝑦2

𝛼2 ) 

Where 

𝛼 = √
𝜆𝑧

𝜋
 

 

However, 𝜓𝑎(𝑥, 𝑦) is not limited in space and to meet the wavelet criteria of well-located 

and zero mean value, the function is modified into [10, p. 70]:  

 

𝜓𝐺𝑎(𝑥, 𝑦) =
1

𝛼2 [sin (
𝑥2 + 𝑦2

𝛼2 ) − 𝑀𝜓]exp (−
𝑥2 + 𝑦2

𝛼2𝜎2 ) 

 

Where  

𝑀𝜓 =
𝜎2

1 + 𝜎4 
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and 𝜎 is the size parameter of the Gaussian window function. 𝑀𝜓 is introduced to ensure 

zero mean value. 

 

With 𝜎 = 4, 𝜆 = 532 nm, and 𝑧 = 0.15 m the wavelet will look like in Figure 10. The 

axes are labelled with pixel number where pixels are 9 × 9 µm. The wavelet will change 

when 𝑧 is changed and the different object planes (different distances 𝑧) in the volume of 

droplets can be reconstructed through a convolution between each wavelet and the 

hologram. 

 
Figure 10. Example of wavelet used in the analysis. Axes are labelled with pixel number. 
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4 Results 
 

To verify the reconstruction and analysis programs written in Matlab a synthetic 

hologram was constructed from the computer program Holo-Mie [9]. After the 

reconstruction of the synthetic hologram the same analysis was used on real holograms 

from a water spray captured by the CCD-camera. 

 

4.1 Synthetic holograms 
 

The synthetic hologram constructed is an image of 10 droplets approximately 0.1 m from 

the detector with diameters in the range 40-200 µm. The test image was 1000 × 1000 

pixels with a pixel size of 5 × 5 µm. The wavelength of the plane wave was 532 nm and 

the hologram can be seen in Figure 11. 

 
Figure 11. Hologram of 10 droplets created by the Holo-Mie software. 

The result when a convolution between the wavelet (𝜎 = 4, 𝑧 = 0.1 m) and the hologram 

from Holo-Mie is made can be seen in Figure 12. All droplets are almost in focus in the 

presented image. Image noise will contribute with both negative and positive values, so a 

threshold is introduced where positive values no longer have a corresponding negative 

value, in this case at 3.4e10. The result is shown in Figure 13 and a first approximate 

estimation of the particle sizes shows that they range from 50-180 µm, which is within 

the diameter range of the randomized constructed droplets. However, the threshold value 

chosen is only valid for the largest particle. Smaller particles contribute with less noise 

and should therefore have a lower threshold value. In future work a more dynamic code is 

to be written for better particle sizing and automatic particle locating. 
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Figure 12. Reconstructed image in focused plane. 

 

Figure 13. Reconstructed image with threshold value at 3.4e
10

. 

 

4.2 Real holograms 
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The water spray, shown in Figure 9, was directed in different ways to obtain pictures with 

low density of droplets and some with higher density. In addition, the nozzle was adjusted 

to create larger and smaller droplets. Two examples of holograms captured are shown in 

Figure 14 and Figure 15. Besides higher density in Figure 15, there should also be some 

larger droplets. The CCD sensor has 2672 × 4000 pixels with size 9.0 × 9.0 µm. A 

reconstruction from the hologram in Figure 14 for 𝑧 = 0.15 m (𝜎 = 4) is shown in Figure 

16.  

 
Figure 14. Hologram of low density of droplets. 

 
Figure 15. Hologram of high density of droplets.  
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Figure 16. Reconstructed image from the hologram in Figure 14, z = 0.15 m.  

Reconstructions were processed each centimetre between 10 - 30 cm from the recording 

plane. After introducing a threshold at 4e
8
 the identified droplets are shown in Figure 17. 

As can be seen, the same droplet is present in several reconstructed planes, but the 

intensity of the droplet varies between the planes, visualized in Figure 18. However, 

particle locating in z-direction can be imprecise and generally the depth of focus is quite 

large for in-line holography. The depth of focus may be decreased by increased Gaussian 

window size parameter 𝜎. However, the size parameter also affects e.g. signal to noise 

ratio, oscillations in axial intensity, and resolution.  

 
Figure 17. Identified droplets between 10-30 cm from the recording plane with threshold value 4e8. 
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Figure 18. The same area of droplets for different reconstructed planes. Threshold 4e8. 

The reconstruction process, with the same values for 𝑧 and 𝜎 as above, was also 

performed for the hologram in Figure 15. A projection of all reconstructed planes with 

threshold value 4e8 is shown in Figure 19. By looking at this first approximation of the 

droplet sizes gives an idea of the variation. The largest droplets is about three times larger 

than the largest droplets reconstructed from Figure 14. This conform with the nozzle 

configuration in the experiment generating larger droplets for that case. 

 

 
Figure 19. Projection of all reconstructed planes (z = 0.1-0.3) with threshold value 4e8. Hologram from 
Figure 15. 

  



21 

© SP Sveriges Tekniska Forskningsinstitut AB 

5 Conclusions 
 

 

In-line holography, where the reference beam coincides with the beam that is scattered 

against the droplets, has been found to be a versatile and simple experimental method for 

spray diagnostics using holography. Such an experiment was setup and a water spray was 

studied and holograms of high quality was obtained using a CCD-camera. 

 

The holograms were analysed with Wavelet analysis, implemented as a Matlab program. 

It was found that the droplets’s size and position could be reconstructed with reasonable 

accuracy. Future work will focus on a dynamic analysis program that dynamically adapts 

the wavelet analysis parameters to each detected droplet.   
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