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ABSTRACT: The challenge presented in this research is to determine the local volumetric bubble concentration (or 
void fraction) in the center of a microbubble cloud with limited optical access and without disturbing the flow. By 
applying defocused volumetric shadowgraphy to an aerated water column we were able to measure the 
characteristics of single microbubbles in the control volume for a void fraction of 0.078 percent. The time-averaged 
local bubble concentration in the center of the water column was measured over four periods (800 seconds each) to 
investigate the repeatability. Two reference methods, based on differential pressure (ΦV = 0.081 percent ± 0.011) 
and direct observation of the bubble's in-depth  z-position, both validate the results independently. 

 

1 Introduction 
The presence of microbubbles in fluids has considerable effects on the liquid compressibility and thus 
the speed of sound, even for moderate volume fractions. Microbubbles are small compressible gas 
bubbles with typical diameters between 1 μm and 1 mm. Knowledge the local volumetric bubble 
contraction (or void fraction) is of key importance in several industrial processes, such as the 
production of ammonia and water waste treatment [1]. Especially for industrial processes exposed to 
high pressures or temperatures, such as fuel injectors, access to the region of interest in the flow can be 
difficult. Furthermore, the flow phenomena of interest might be locally disturbed by the presence of 
intrusive measurement sensors. 
 
Direct imaging methods are non-intrusive, have the ability to characterise particle shape in great detail 
and are relatively inexpensive [2-3]. Shadowgraphy or backlighting has the advantages offered by 
digital imaging methods such as visualization of objects in high spatial resolution, identification of 
particle images and extraction of their characteristics [4]. Also, this measurement method is robust for 
bubbles as no random dust particles are picked up [1]. In fact, the main disadvantage of shadowgraphy 
is the loss of depth information when objects are projected on a two-dimensional image. Therefore, 
many of the proposed imaging techniques for volumetric measurements use multiple cameras to 
construct a three-dimensional space. However, some articles in literature report imaging techniques for 
3D particle positioning based on a single camera. Combining shadowgraphy with defocused imaging 
enables the acquisition of depth information by the degree of out-of-focus from a single camera. Using 
this principle, the distance from the focus plane is derived from determining the image intensity 
gradient, or blurriness, over the bubbles' edges. The idea of using focal gradients to infer depth from 
images was introduced by Pentland in 1987 [5]. He examined the focal gradients resulting from the 
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limited depth of field inherent in optical systems as a useful source of depth information. By measuring 
the error in focus (i.e. focal gradient) the depth in the image can be estimated [5]. 
 
In recent years many researchers elaborated on defocused shadowgraphy imaging to determine 
locations and sizes for synthetic particles [6-8], larger gas bubbles [9] and dense sprays [3][10-14]. 
Lebrun et al (1993) used two CCD cameras with the same angle of view to deduce particle diameters 
from the image contrast and the cross-section areas of the defocused images. More recently, Bröder and 
Sommerfeld (2007) developed an interesting planar defocusing imaging technique for the analysis of 
the hydrodynamics in bubbly flows based on intensity gradients to define the depth of field of the 
imaging plane for bubble diameters between 2.0 and 4.0 mm. The intensity gradient over the boundary 
of the microbubble in the image, or blurriness, contains information on the in-field depth position z 
relative to the object focal plane. Fdida et al. (2010) used the calibration of the point spread function 
(PSF) to determine the drop size distribution by counting drops. Malot and Blaisot (2000) developed an 
imaging model based on the point spread function to determine the drop size distributions of sprays 
produced by low-velocity plain cylindrical jets. Wavelet transforms, based on the point spread 
functions, have been constructed to perform hologram analysis [4][12]. The study of Ren et al. (1996) 
shows that corrections for the estimated diameters are less significant for larger particles. Digital 
pattern recognition algorithms deliver accurate and robust results as the projected particles are close to 
circular. Lee et al. (2009) developed a modified in-focus parameter based upon optical principles to 
identify particles. Their adaptive sampling volume methodology varies with each particle size based 
upon a critical in-focus value [2]. By linking particle depth location to the circle of confusion (COC), 
determined from the gray scale gradients of the 2D image profile and from image contrast 
considerations, Legrand et al. (2016) obtained less than 20 percent error in particle sizing with 
displacements up to 30 particle diameters away from the focus plane [3]. 
 
Closely related to defocused volumetric imaging is defocused digital particle image velocimetry 
(DDPIV) where flow fields of tracer particles are measured [15]. For example, Willert and Gharib 
(1992) proposed a new approach to track particles in space and time by using defocusing and an 
embedded mask in the camera lens to observe triangular patterns [6]. De Haeck et al (2009) proposed 
an alternative method to locate depth from 2D-images combines backlighting and glare point 
velocimetry [1]. Only bubbles inside the thin laser sheet have two symmetrical glare points, so that the 
control volume is well-defined. The laser sheet needs to be perpendicular to the optical access, which 
makes this method unsuitable for cases with limited optical access. 
 
In this research we further elaborate on defocused volumetric shadowgraphy by extending it to smaller 
compressible gas microbubbles with a mean diameter in the order of 600 μm and apply Circular Hough 
Transform (CHT) and Sobel edge detection for bubble shape recognition. The objective of this paper is 
to propose a method, based on intensity gradients, to measure bubble concentrations in aerated liquids 
locally from images captured by one single camera. As smaller droplets and dense sprays (typically 
particle size < 100 μm) and larger bubbles (with typical diameters > 2.0 mm) have been studied 
extensively over recent years, only limited literature is publicly available for microbubbles with 
diameters smaller than 1 millimeter. These microbubbles have the advantages of having a relative large 
surface to volume and approximate sphericity which allows for precise volumetric determination. We 
employ defocused volumetric shadowgraphy to acquire bubble size distribution and locations 
accurately. The bubble z-position is relative to the focus plane and thus the measurement volume is 
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well-defined. On the other hand, the sign of the relative distance from the focus plane cannot be traced 
back from the images. Therefore, it is possible to determine precisely if bubbles are located within a 
specified control volume, only we do not know whether the bubbles are in front or behind the focus 
plane [3]. A second advantage of defocused imaging is the ability to measure bubble characteristics, 
such as volume, since the selected gas bubbles have sharp contours in the focus plane. 
 
The outline of this paper is as follows: The next section describes the imaging model and point spread 
function which approaches the defocused intensity profile of the image. From this, the experimental 
setup, methodology and calibration procedure are described. The result section discusses the measured 
bubble concentrations for the center of a bubble cloud and two validation techniques. The last section 
concludes the results and provides an outlook for future work. 

2 Imaging model 
An optical imaging systems with backlight configuration is used in this research (see figure 1). The 
intensity distribution in the image is the convolution of the point spread function (PSF), i.e. the system 
response, and the object function [7]. Pentland (1987) showed that the shape of the PSF can be 
approximated by a Gaussian function for non-coherent polychromatic light and that the PSF depends 
on the relative distance between the focus plane and the object [5][14].  The Gaussian function flattens 
out for particles further located away from the focus plane, i.e. the object projection of the image plane 
becomes increasingly blurred. Consequently, the intensity gradient of the edge between the projected 
object and the background decreases too. The contribution of non-spherical aberrations is assumed to 
be negligible by imposing the PSF to have a generic symmetrical Gaussian shape [10]. 

3 Bubble shape 
The degree of bubble sphericity depends on the  dimensionless Eötvös (or Bond) number, Morton 
number Mo and the Reynolds number and the regions are indicated by the Grace diagram. The Eötvös 
number compares the gravitational force (ρgL3) with the surface force (σL), while the Reynolds number 
is the ratio of inertia to viscous forces. The Morton number (gμ4 / ρσ3) follows from a dimensional 
analysis by Rosenberg (1950) on the motion of air bubbles in liquids. Chesters (1975) reformulated the 
Morton number as We3 / (Re4 Fr2), where the Weber number describes the ratio of inertia to surface 
forces and the Froude number Fr is the ratio of inertia to gravity. Microbubbles with typical diameters 
of 600 μm in water (depth ≈ 0.5 m) under standard conditions approach sphericity as the surface 
tension dominates over the gravitational force. For these dimensionless numbers the Grace diagram 
indicates that bubbles are located far into the spherical regime. Sphericity is an important bubble 
characteristic that enables us to expand the projected two-dimensional bubble into the three-
dimensional space accurately. Especially for larger gas bubbles, which may become irregular wobbling 
as the relative influence of the surface tension lowers, determining the volume from projected images 
may become more challenging. 

4 Experimental facility and methods 
In this work, defocused shadowgraphy imaging is used to estimate the depth of objects in single 2D-
images captured by one single camera. Basically, the object {x, y}-coordinates are directly available by 
processing correctly calibrated single 2D-images, while the z-coordinates follows from the amount of 
defocusing or blurring. 
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An experimental setup has been built to generate an aerated liquid (see figure 1). A static water column 
with a height of 1.30 meter, filled with filtered tap water, has optical access provided by two opposing 
windows, where the camera optical axis is aligned with a LED panel for diffuse incoherent backlight 
illumination. Two fine-pore aerators (Pentair) are installed at the bottom of the water column and 
generate adjustable gas bubble clouds with bubble diameters between roughly 500 and 900 
micrometers. Thus, typical particle sizes are much larger than the wavelength of the incoherent light 
(i.e. D/λ >> 1). Two reference measurement methods are added to validate the observed depth position 
by the single camera. First, a reference camera is installed, perpendicular to the optical axis of the main 
camera, to validate the bubble position in the {y, z}-plane. In this way, the z-coordinate is observed 
directly. Secondly, the void fraction is measured globally by the pressure difference over the aerated 
liquid and a reference water column. 

 
 
 
 
 
The point spread function (PSF) describes the complete, quantitative response of the optical system 
[14]. The response is determined experimentally by attached bubbles on the calibration sheet. The 
calibration is performed by recording multiple images of a calibration sheet, with attached 
microbubbles and spacing markers, by translating the CCD camera (LaVision Imager Intense), 
equipped with a 105 mm objective (Nikkor), in steps between 50 μm (near the object focal plane) and 
400 μm (further away). The aperture of the objective is set to 4 to obtain a small depth of field. The 12-
bit grey level frame images have a resolution of 1040 by 1376 pixels. For each image the magnitude of 
the intensity gradient of the attached bubble is measured to construct a calibration curve, which relates 
the magnitude of the image intensity gradient and distance from the focal plane (see figure 4). 
Once the imaging system is calibrated and the calibration sheet is removed, a bubble cloud of 
approximately 110 x 300 mm2 in cross-section is generated when releasing compressed air through the 
fine-pore aerators at the bottom of the water column. Contrary to the calibration procedure, the 
unbounded bubbles are moving towards the free surface. Motion blur, the effect that moving objects 
are smeared out over their trajectory path, might cause blurred edges too. In order to reduce motion 
blur in the image, the exposure time is set to 50 μs during the entire experiment. The image pixel 
resolution is 0.01086 mm/pixel, corresponding to a field of view of 14.9 mm by 11.3 mm. Assuming an 

 Fig. 1. Systematic overview of experimental setup (not to scale). The measurement volume (red rectangular) is 
aligned between the centerline of the LED panel and the main camera. Two air diffusers (300 x 40 x 40 mm3) are 
installed at the bottom and connected to pressurized air. The differential pressure transducer and the reference 

camera serve as reference methods. 



μ x x x x
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Fig. 3. Left: the red line represents one of the four intensity profiles over the edge of the bubble. Right: the direction 

of the gradient (dotted green line) ensures that the outer circle is selected by zeroing the intensity gradient for 
negative angles (mage 

 

5 Differential pressure reference measurement 
A reference differential pressure measurement is performed in order to validate the measured bubble 
concentration in the control volume. The injected bubbles lower the effective density and thus reducing 
the hydrostatic pressure (see figure 1). Even though the bubble concentrations are low (ΦV  << 1 
percent), the differential pressure sensor is able to measure accurately the pressure difference between 
the single-phase and aerated water column. The pressure drop over the test section consists of the static 
head and the wall friction [16]. The latter depends on the Reynolds number. For the single-phase case 
the water is stagnant, while the induced liquid velocity by the rising gas bubbles is assumed to be 
negligible. Therefore, the effect of the main contribution of the pressure difference for aerated liquids 
is: 
 
   ∆𝑃 =  𝜌𝑔Φ𝑉𝑔𝐻 + 𝜌𝑙(1 − Φ𝑉)𝑔𝐻⏟                

𝑎𝑒𝑟𝑎𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑

   − 𝜌𝑙𝑔𝐻⏟  
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

    →       Φ𝑉 =  
∆𝑃

𝑔𝐻(𝜌𝑔−𝜌𝑙)
 (1) 

 
where ρg and ρl are the gas and liquid densities respectively, H the height of the test section and g the 
gravitational acceleration. Pressure differences are only measurable for substances with different 
densities. Considering that ρg << ρl, equation (1) approximates ΦV ≈ - ΔP / (ρl g H). The accuracy of the 
Validyne DP45 very low pressure transducer is ± 0.5 percent over the full range. Typical pressure 
differences are in the range of 10 to 150 Pa, so that the membrane with the maximum pressure of 550 
kPa was selected. This corresponds to an absolute measurement uncertainty of 5.5 Pa, or approximately 
0.55 mm water column. This uncertainty corresponds to an error of 0.056 percent volume fraction for 
the microbubbles (based on equation 1). Because the sensitivity of the pressure transducer, the pressure 
difference is measured at a temporal frequency of 1 kHz over 30 seconds to reduce pressure 
fluctuations below the measurement accuracy [16]. 



μ
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In order to further inspect the robustness of the recognition method, detected bubbles are marked and 
visually inspected whether the particle indeed are classified correctly. Table (1) presents the measured 
void fraction in time periods to check for compliance with the steady-state condition. The distribution 
of the bubble diameters is also shown in figure (5). 
 
Table 1: Measured bubble characteristics for four consecutive time periods of 800 seconds (i.e. 400 images) each. The 

bubble concentration, mean and median bubble diameter, and number of detected bubbles are stationary in time. 

time period (s) 0 – 800 802 – 1600 1602 – 2400 2402 – 3200 total 

bubble concentration (%) 0.079 0.076 0.076 0.079 0.078 

mean diameter (mm) 0.563 0.559 0.563 0.566 0.563 

median diameter (mm) 0.532 0.532 0.532 0.543 0.532 

number of bubbles (-) 1164 1150 1109 1101 4524 
 
 

 
 
 
 
Once the {x, y, z}-coordinates of the microbubbles are measured accurately, bubbles that are located 
within the defined measurement section are selected for further analysis. Although the boundaries of 
the measurement volume are demarcated accurately, only the absolute z-position relative to the focus 
plane is known. In other words, we do not have information if the defocused bubble image is located in 
front or behind the focus plane. Unless all bubbles are known to be located on one side of the focus 
plane, no full 3D spatial representation can be reconstructed with this method. To overcome this 
problem, Legrand et al. [3] arbitrarily depicted the z-coordinate of the particle as positive to be able to 

Fig. 5. Histogram of the bubble diameters based on 4 524 bubbles with average bubble size of 563 
micrometer (redline) 
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construct a 3D visualization. In this work we do not follow this convention, as the visualisation gives 
twice as high bubble concentration when the negative z-positions are mirrored in the {x, y, z = 0}-
plane. 
 

6.3 Comparison of the z-position with reference camera 
To validate the z-position found by our method we installed a reference camera, aligned with the 
centerline of the control volume and perpendicular to the optical axis of the main camera. Arrays of 
bubbles were injected now and recorded simultaneously in the measurement section by both cameras. 
Images from the main camera span the {x, y}-plane, and thus need first to be processed to obtain the z-
coordinate. Meanwhile, images recorded of the reference camera span the {y, z}-plane, and hence the z-
coordinate is directly observable. Using this depth-information from the second reference camera, the 
exact z-position can be retrieved from the intensity gradient method. Figure (6) shows the comparison 
with the second reference camera and validates that defocused imaging allows for determining the 
depth z-position of microbubbles from the recorded images by only the main camera. The offset for the 
z-position by the reference camera was set afterwards during processing as it proved to be very difficult 
to place the calibration target exactly in the focus plane of the main camera. A simple linear regression 
analysis is performed to test the goodness of defocused shadowgraphy for determining bubble positions 
(indicated by the red line). Based on the R-squared of 0.9883, the calculated z-positions has very high 
explanatory power. 
 

Fig. 6. Validation of the in-depth z-position with the second reference camera (horizontal axis) and the measured in-
depth position by the main camera (vertical axis). 
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6.4 Comparison with differential pressure reference measurement 
A second reference method, based on the differential pressure between two interconnected water 
columns, is performed to validate the correctness of the void fraction measurement. One water column 
is filled with single-phase liquid, while the second column (in which the measurement section is 
located) is aerated with gas bubbles. The reference void fraction measured by pressure difference 
between the single-phase water column and the aerated column equals to 0.081 ± 0.011 percent. The 
reference differential pressure measurement works independently from the defocused shadowgraphy in 
the sense that different measurement techniques are employed. However, one important limitation of 
the pressure difference method is the global scope, by which it is not possible to obtain local void 
fractions. Bubbles near the bottom of the water column experience a larger static head pressure and will 
be more compressed. Naturally, bubbles close to the free surface are relatively more expanded. 
Considering a water column of 0.95 meter, the static head compresses microbubbles at the bottom by 
roughly nine percent in volume and 2.9 percent in diameter, assuming isothermal compression and 
atmospheric pressure at the free surface. As the measurement section for defocused imaging is located 
near the middle of the water column (0.40 m below the free surface), the camera records bubbles with 
average bubble diameters and thus volume changes may be ignored. Even though the global scope of 
the differential pressure measurement is not able to provide local information at the control volume, yet 
the reference void fraction corresponds reasonable well to the obtained bubble concentration of 0.078 
percent by the defocused volumetric shadowgraphy method. 
 

7 Conclusion and Outlook 
Defocused volumetric shadowgraphy is used to determine accurately the microbubble position z from 
2D-images, recorded by a single camera, and provides detailed volumetric information about the 
number and volume of gas microbubbles in the center of a bubble cloud. It is demonstrated that this 
method is able to accurately determine local voids fraction for bubble clouds in (industrial) setups with 
limited optical access in a non-intrusive and non-disturbing manner. The bubble size distribution is 
determined by finding the center of the bubble using Circular Hough Transform (CHT) and Sobel edge 
detection from the Matlab toolbox and the radius by the median of four maximum intensity gradients. 
Based on the Eötvös and Bond number, the gas bubbles are considered to be spherical so that the 2D 
projected surface provides accurate representation for the 3D-volume. Currently, most work has been 
done on the density measurement of droplets in dense sprays. This work extends the literature on the 
field of defocused imaging and local gas fraction measurements by applying this method to detect 
microbubbles in liquids. In ongoing work, we extend the number of local measurements by positioning 
the control volume systematically throughout the fluid section to construct full bubble concentration 
maps for several gas flow. 
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