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Abstract We present the realization of set-up where a cylindrical lens is used to determine the 3D positions of 

bubbles in a flow: the transverse position of a bubble is deduced from the transverse position of its 

interferometric out-of-focus image on the CCD sensor, its size is deduced from the fringe’s frequency, and its 

longitudinal position from the orientation of the fringes. The effect introduced by the cylindrical lens (rotation of 

the fringes versus the longitudinal position of the bubble) can be induced by the pipe itself when the liquid and 

the bubbles are in a cylindrical pipe. When irregular particles as sand particles are present in the flow, the 

classical ways of interpretation do not work. The out-of-focus image of a sand particle is indeed a speckle-like 

pattern. We present a new original set-up which gives simultaneously the 3D location and the size of bubbles, 

and the 3D location and the size of sand particles as well. Air bubbles and grains of sand in a water-filled 

aquarium are illuminated by a Nd:YAG laser. The light scattered by the particles is collected at 45° by an optical 

system, which consists of a spherical lens, a diaphragm and a cylindrical lens aligned with a CCD camera. To 

corroborate the validity of the set-up, we compare simulated out-of-focus images with experimental acquisitions. 

Such a device should be a useful tool to study how water current turbines alter the seabed.  
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1  Introduction 

Three-dimensional (3D) characterization of multiphasic flows has important applications. Different 

techniques have been proposed in the last decade. 3D PIV is particularly attractive, but requires many CCD 

sensors [1]. A complex signal processing is necessary to ensure the tomographic reconstruction of the flow. 

Plenoptic cameras offer an alternative with a single exposure [2]. Unfortunately, resolution is not so good. 

Digital holography uses only one standard camera [3]. The reconstruction and analysis of holograms can be 

time-consuming. Defocusing methods give an alternative way: they have allowed the 3D imaging of 

fluorescently doped tracers using a single camera [4]. For droplet or bubble characterization, interferometric 

out-of-focus imaging gives the possibility to determine their 2D positions in a laser sheet, their sizes and 

velocities using double-pulse acquisition [5-10]. In addition, high speed image processing techniques can be 

developed [11]. Unfortunately, the analysis over three spatial coordinate directions (i.e. in a volume) remains 

difficult. We have proposed recently some cylindrical set-ups which allow a characterization of droplets or 

bubbles in a volume [12-14]. We present here these recent developments, and show finally that the technique 

can be applied to the characterization of both bubbles and irregular particles in a volume. Bubbles are 

characterized using a classical fringe’s analysis. Irregular sand grains are analyzed from the interpretation of 

their speckle-like out-of-focus image [15-17]. 

 

2  Principle of cylindrical interferometric out-of-focus imaging for the analysis of bubbles in a volume 

Figure 1 shows the typical set-up of an interferometric laser imager for droplet sizing. Droplets are 

illuminated by a laser sheet [5]. Some part of the light is reflected by the droplet and one part is refracted by 

the droplet (without any internal reflection) [18-20]. The droplet is then observed in an out-of-focus plane 

with a lens or an objective. The defocused image is a circular spot with parallel interference fringes due to 

the two previous optical paths. It allows to determine the position of the droplets in the plane of the laser 

sheet and their sizes.  
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Fig. 1 Typical ILIDS set-up 

 

 

In order to extend the technique to the analysis of droplets in a 3D volume, droplets have to be illuminated 

by a large plane wave beam. The longitudinal position z of each droplet (see figure 1) is then deduced from 

the diameter of the out-of-focus image. Another solution we proposed recently is to record images of 

droplets using a cylindrical imaging system. The longitudinal position of the droplets is given by the 

ellipticity of the out-of-focus image and /or by the orientation of the interference fringes [12,13]. Similar set-

up can be used when investigating bubbles in a liquid [14]. 

Figure 2 shows the first set-up that has been realized. Bubbles are illuminated by a large collimated laser 

beam. The incidence angle of the laser on the aquarium is such that we observe light scattered at the 

scattering angle =45°. At this angle, the amplitude of light reflected on the bubble and light refracted within 

the bubble are similar. The contrast of the interference fringes is then optimal. Interference occur as if light 

was emitted by two coherent sources: the glare points GA and GB of figure 3. In some cases, a third optical 

path can lead to the consideration of a third glare point: GC, which will not be the case in these first 

experiments (the amplitude linked to this order remains small). The imaging system is composed of the 

association of a spherical lens and a cylindrical lens (CL). The main axes of the CL and of the CCD sensor 

are tilted with respect with the horizontal axis (see side view of figure 2). This orientation will cause the 

variation of the fringe orientation versus the longitudinal position of the bubbles. 

 

 
 

Fig. 2 Cylindrical interferometric out-of-focus imaging set-up for the characterization of bubbles in a volume 
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Fig. 3 Glare points of a bubble illuminated by a laser beam 

 

This set-up can be modeled assuming that each scattering bubble can be described by two punctual emitters, 

i.e. the glare points GA and GB, and using a formalism based on generalized Huygens-Fresnel integrals 

[10,14]. The whole system is then described by its optical transfer matrix. The cylindrical geometry is 

described as well using different matrices along both transverse axes x and y. This model allows to calculate 

the longitudinal position of the particle versus the orientation of the fringes. This curve depends on the 

characteristics of the SL and CL, and on the different distances between the elements. In the case of the set-

up we realized, it is plotted on figure 4. Parameters of the set-up are:  z1 = 108 mm; fSL =100 mm; z2 = 314 

mm; fCL;x = 250 mm; fCL;y = +1; z3 = 127 mm. The laser used is a frequency-doubled Nd:YAG laser emitting 

4ns, 5 mJ pulses at the wavelength 532 nm. 

 
 

Fig. 4 Axial position of bubbles versus orientation of the fringes  

 

 

Once the axial position of the bubbles is determined, analytical relations link the size of the bubble to the 

frequency of the fringes [14]. Figure 5 (on the left) shows a zoom of the experimental out-of-focus image of 

three droplets. We obtain respectively the following fringe angles from the left-hand sided to the right-hand 

sided bubble: 129 ± 6° , 131 ± 8° 1, 101 ± 3° .We deduce:  z0,bubble1 = 22.1 ± 0.7mm  , z0,bubble2 =
22.3 ± 0.8mm  , z0,bubble3 = 18.8 ± 0.4mm . We evaluate finally the diameter of a bubble from the 

frequency of the fringes. We obtain:  dbubble1 = 185 ± 20μm  , dbubble2 = 153 ± 20μm  , dbubble3 =
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200 ± 12μm. Finally, a simulation is done using these parameters. It is presented in figure 5 (on the right). It 

matches perfectly well the experimental image. This final fitting operation allows to reduce the uncertainty 

to ±0.4mm for z0, and to  ±8μm for d. We can note that the ellipticity of the out-of-focus image appears as 

another criterium to evaluate the axial position of the bubbles. 

 

   

Fig. 5 Experimental (left) and corresponding simulated (right) out-of-focus images of three bubbles 
 

3  Bubbles in a cylindrical channel 

Figure 6 shows the second set-up that has been realized. Bubbles are illuminated by a large collimated laser 

beam. But bubbles are located in a cylindrical channel filled with water [21]. The incidence angle of the laser 

on the channel is such that we observe light scattered in an horizontal direction, at the scattering angle 

=45°. 

 

 

 

Fig. 6 Set-up for the characterization of bubbles in the volume of a cylindrical channel 

 

 

Figure 7 (left) shows the out-of-focus image of two bubbles in the channel. Analyzing the angle of the 

fringes and their frequency, it is possible to evaluate the position of the bubbles and their sizes. The 3D 

positions of the two bubbles are (from the left-hand sided to the right-hand sided): 

𝐫⃗bubble1 = (0.027mm,0.226mm,149.4mm) 
𝐫⃗bubble2 = (0.143mm,0.712mm,147.6mm) 

The radii of the two bubbles are :  Rbubble1 = 56.8μm,  Rbubble2 = 63.8μm. To validate these values, a 

complete simulation of the set-up using these parameters is done. It is presented in figure 7 (right). It 

matches very well the experimental results for the two bubbles that have been selected. 
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Fig. 7 Experimental (left) and corresponding simulated (right) out-of-focus images of two bubbles in a cylindrical 

channel. 

 

4  Characterization of mixed sand particles and air bubbles in a volume 

Let us now consider the most complex case when particles present in the fluid are either bubbles, or sand 

particles. The experimental set-up is presented in figure 8. Air bubbles and grains of sand in a water-filled 

aquarium are illuminated by a frequency-doubled Nd:YAG laser (4ns, 532 nm pulses). Light scattered by the 

particles is collected at 45° by an optical system. This imaging system is composed of a spherical lens (SL) 

and a cylindrical lens (CL). But in this case, the principal axes of the CL and of the CCD sensor are not 

rotated around the longitudinal z-axis. It means that the longitudinal position of the bubbles or particles will 

not be deduced from the orientation of the fringes but from the ellipticity of the out-of-focus images, as was 

previously mentioned. This is because there is no privileged orientation of fringes in the case of irregular 

sand particles. In this case, the interferometric image is indeed a speckle-like pattern. The distance between 

the particles and the wall of the aquarium is z1 : it is an unknown parameter. The wall of aquarium is made of 

PMMA (thickness ze = 10.2 mm, refractive index 1.495). Other distances are: z2 = 122 mm, z3 = 60.0 mm, z4 

= 64.0 mm, z5 = 121 mm. Focus length of SL is 100 mm. Focus length of CL is 200 mm along the x-axis 

(infinity along y-axis). The dimensions of the CCD sensor are 2452x2054 pixels, for a pixel size of 3.45 µm.  

 

 

Fig. 8 Experimental set-up mixing sand and bubbles 

 

 

Figure 9 shows the calibration curve giving the longitudinal position of the particle (bubble or irregular 
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particle) versus the ellipticity of its out-of-focus image (ratio of the dimension along y- by dimension along 

x-axis). Figure 10 (left) shows a zoom on three particles of an out-of-focus image recorded with the CCD 

sensor. We see immediately that two objects are bubbles while the third one is an irregular grain of sand. 

With this set-up, the bubbles are characterized by low-frequency fringes with a high frequency modulation. 

This is due to the fact that three glare points have to be taken into account for this size of bubbles : the three 

glare points are the points GA, GB and GC on figure 3. 

 

 
 

Fig. 9 longitudinal position of a particle (bubble or irregular particle) versus the ellipticity of its out-of-focus image 

 

   

Fig. 10 Experimental out-of-focus image (left) and corresponding simulation (right) 

 

 

From the ellipticity of each out-of-focus image, we deduce the longitudinal position of the particles according to figure 

9. The transverse position of each bubble is deduced from the position of each elliptic image on CCD sensor. The 

diameter of the bubbles is deduced from the low fringe-frequency. The results obtained are presented in table 1. 

 

Particle x0 (mm) y0 (mm) z0 (mm) d (µm) 

Bubble 

1 
1.439 -1.021 

30.4 
158.2 

Bubble 

2 
-0.625 -1.363 

26.4 
137.5 

Sand 1.463 -0.422 32.3 
191.2 

95.6 

Table. 1 Position and size of the bubbles and sand particle 
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For the characterization of the sand particle, the procedure is more complex and is deduced from previous 

work [15,16]. The size of the speck of light in the speckle pattern is obtained statistically from the size of the 

central peak of the 2D-autocorrelation of the speckle pattern [22]. According to recent work done with 

irregular rough particles, the size of the speck of light along x-axis is inversely proportional to the size of the 

particle along axis x (idem along y-axis). Taking then into account the cylindrical geometry by the 

appropriate evaluation of the optical transfer matrix coefficients of the imaging system, we obtain the size of 

the sand particle. In our case, the particle has an elliptical shape. The dimension of the particle along its big-

axis and along its small-axis are summarized in table 1. Figure 10 (right) shows a simulated out-of-focus 

image simulated using the parameters of table 1. For both bubbles, the agreement is very good. For the sand 

particle, it is not possible to reproduce a speckle pattern similar to the experimental one (there is no exact 

model that describes the scattering properties of an arbitrarily-shaped rough particle). The comparison that 

validates the procedure for this particle is the statistical size of the speck of light. This dimension is the same 

experimentally and numerically (the central peak of the 2D-autocorrelation for both experimental and 

simulated speckle patterns are not reported here but they have similar size and shape). The agreement is thus 

good as well. This is corroborated by the fact that sand particles in our experiment are ellipsoidal particles 

and have a calibrated size of 200 ± 30 µm along their biggest dimension.   

5 Conclusion 

We have presented the realization of set-up where a cylindrical lens is used to determine the 3D positions of 

bubbles in a flow: the transverse position of a bubble is deduced from the transverse position of its 

interferometric out-of-focus image on the CCD sensor, its size is deduced from the fringe’s frequency, and its 

longitudinal position from the orientation of the fringes. The effect introduced by the cylindrical lens 

(rotation of the fringes versus the longitudinal position of the bubble) can be induced by the pipe itself when 

the liquid and the bubbles are in a cylindrical pipe. When irregular particles as sand particles are present in 

the flow, we show that their out-of-focus image is a speckle-like pattern, whose characteristics give the 3D 

position and the size of the rough particle. We present a new original set-up which gives simultaneously the 

3D location and the size of bubbles, and the 3D location and the size of sand particles as well. To corroborate 

the validity of the set-up, we compare simulated out-of-focus images with experimental acquisitions. Such a 

device should be a useful tool to study how water current turbines alter the seabed. 
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