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Abstract
In this paper, we determine the bubble size and velocity from air bubble generation (MBG) in a diesel using optical methods. 
A KTM Series Pump was used to generate micro air bubbles in diesel. The air bubble radius and velocity measurements can 
be useful parameters to optimize the bubble generation process. Two optical systems were used for measurement air bubble 
sizes and their velocities in diesel. First, the optical system without an objective lens was used to determine the velocity of 
air bubbles in diesel. Another optical system with a 10× objective lens was used to obtain the size distribution of air bubbles 
generated in diesel. An available optical system with a 10× objective lens can detect a bubble diameter greater than 3.3 µm 
that air bubble images were processed using the ImageJ program. We measured the size distribution of air bubbles generated 
using the ImageJ program. The micro air bubble radius measured in diesel was found to be 6.26 µm in the sample after a 
month from air bubble generation. In addition, the particle image velocimetry (PIV) technique was used to measure the veloc-
ity field. Then, we used the OpenPIV program for PIV image processing. The highest velocity distribution was determined 
to be 90 mm/s for diesel without air bubbles and 20 mm/s for diesel with air bubbles after a month of the bubble generation.
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Introduction

The enhancement of engine performance and reduced pollut-
ant emissions can impact positively on the environment and 
energy. Air bubble generation technology has been used to 
improve vehicle efficiency by reducing fuel consumption and 
reducing the fuel–air ratio [1]. Many studies were focused on 
the size distribution of air bubbles measurements to control 
air–fuel mixing by applying the liquid and airflow rates [2]. 
Bubble transportation and mechanisms of bubble breakup 
were also studied. Ghiji et  al. investigated the effect of 
residual air bubbles on the diesel engine during the injection 
process [3]. In addition, the residual air bubble distribution 

with diesel was experimentally and numerically studied on 
the nozzle spray [4]. However, pollutant emissions, such as 
NOx and SOx, can be decreased using bubble generation 
technology with fuel. There are three types of bubble gen-
eration: pressurized dissolution, gas–water circulation, and 
Venturi [5].

Air bubble size measurements are an important parameter 
to control the air bubble generator operation. The sizes of air 
bubbles have been measured in many studies [6–9]. Bubble 
coalescence and break-up effects make measuring bubble 
sizes challenging. Sherman Cheung et al. described bub-
ble interaction mechanisms to understand some phenomena 
(e.g., bubble coalescence and break-up) by determining the 
bubble size and rising velocity [10]. They used two popula-
tion balance models. Lau et al. [8] studied the behavior of 
bubbles during bubble coalescence and bubble break- up. 
The air bubble size was determined in a liquid medium 
using optical measurements [9]. Bubble coalescence or 
break-up can cause an overlapping bubble effect. The over-
lapping bubble effect is a major challenge when measur-
ing the bubble size [7, 8]. Image processing can be used 
to improve bubble detection for bubble size measurements. 
Some image processing algorithms have been developed to 
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detect the actual bubble size [7, 8]. Bubble detection and 
cluster splitting methods can be used to detect bubbles [6]. 
An example of a bubble detection method is the binary mask 
method to discriminate bubbles [11]. Examples of the cluster 
splitting method to detect bubbles are the threshold with the 
watershed algorithm [12] and the threshold with the inverted 
algorithm [6].

Measuring the velocity of bubbles is also an important 
factor to optimize the bubble generation process. The parti-
cle image velocimetry (PIV) technique was used to provide 
the velocity field of air bubbles [11, 13–16]. It is an optical 
method and a nonintrusive measurement.

In addition, other techniques are used to analyze the size 
of microparticles. One of the methods is the nanoparticle 
tracking analysis (NTA) method to measure particle-by 
particle with high-resolution (i.e., (LM20) and (NS500) 
by NanoSight). Jeon et al. used NanoSight to measure bub-
ble sizes [5]. No collection angle, wavelength, or refractive 
index of the solvent were required to measure the particle 
size in that solvent. Additionally, sample preparation was 
required. Another method, the dynamic light scattering 
(DLS) method was used to determine the particle size, 
molecular weight, concentration, and zeta potential (i.e., 
(ELSZ-2plus) by Otsuka Electronics, (NANOPHOX) by 
Sympatec, (SZ-100) by Horiba, and (LS 13 320) by Beck-
man Coulter). The bubble size and zeta potential were meas-
ured using the DLS method [17]. A wide range of particle 
sizes and concentrations can be measured using this method. 
A collection angle was required at 90° and 173°. Micropar-
ticles can be also detected by weak scattering. The laser dif-
fraction scattering (LDS) method was used to the measure 
particle size (i.e., (LS 13 320) by Beckman Coulter, (SALD 
7100HH) by Shimadzu, and (HELOS) by Sympatec). In 
addition, the resonant mass measurement (RMM) method 
was used to measure the number and size of particles (i.e., 
(Archimedes) by Malvern Instruments). The number of par-
ticles can be calculated in terms of milliliters. The bubble 
size was measured by Tesar using this method [18].

We studied the behavior of micro air bubbles in diesel. 
The number and size of the air bubbles in diesel were meas-
ured using the ImageJ program. The PIV technique was used 
to measure the velocity field using the OpenPIV program in 
MATLAB. The samples of air-bubbles in diesel were taken 
at different times during the bubble generation process.

Experimental details

A KTM Series Pump (model: KTM20N-000) was used to 
generate micro air bubbles in diesel. Four samples of air-
bubbles in diesel were taken at different times during the 
bubble generation process. The first sample was diesel with-
out air bubbles before turning the bubble generator on. The 

second sample was taken after applying the bubble generator 
for five minutes. Micro air bubbles were homogeneously dis-
tributed through the whole diesel tank. The bubble generator 
system was turned off after 15 min. Surely, micro air bubbles 
became relatively stable in diesel. Then, the third sample and 
the fourth sample were collected after the bubble generator 
was turned off by a half-hour and one month, respectively. 
All measurements were calculated in offline and were taken 
manually from the bubble generator.

Experimental setup

A schematic of the experimental setup used is shown in 
Fig. 1. A 532 nm-Nd:YAG double-pulse laser (Spectra Phys-
ics, Quanta-Ray PIV-400, 10 Hz) was used. The programma-
ble timing unit (PTU 9, LaVision) was used to trigger syn-
chronization of a CCD camera (FlowMaster II, by LaVision) 
and a Nd:YAG laser. The DaVis 7.2 software package (by 
LaVision) was used to control the PTU. Cylindrical lenses 
were used to expand the 2-D sheet beam. The laser sheet 
thickness was controlled using an iris diaphragm. The laser 
sheet was incident to a quartz cell cuvette (10 × 10 × 45 mm3, 
four clear windows). The scattering was focused using a 
Nikkon 50 mm (f# 1.8) lens. A 532 nm-bandpass filter was 
used to remove background and noise. The bandpass fil-
ter and lens were coupled to the CCD camera. An energy 
monitor (LM-PM10, By Coherent) was used to measure the 
laser energy. The laser energy was optimized to be 2.5 mJ 
for each pulse with a pulse repetition rate of 10 Hz. A 10× 
microscope objective lens (with a numerical aperture (NA) 
of 0.25, by AmScope) was used to detect micro air bubbles 
in diesel, as shown in Fig. 1b. The Nikkon lens was set to 
infinity focus when the microscope objective lens was cou-
pled with the CCD camera.

The position and exposure time of the CCD camera were 
optimized using a calibration plate. The calibration plate 
was placed into a quartz cell cuvette, as shown in Fig. 2b. 
The laser sheet was aligned with the plane of the calibration 
plate. The exposure time was optimized using a calibration 
plate without a bandpass filter and beam laser. The exposure 
time was fixed to 4000 µs for satisfactory images in these 
experiments. A CCD camera recording mode was selected 
for single-frame mode.

Calibration of the camera is an important process for 
image processing. A camera measures the distance in pixels, 
not in millimeters. Most cameras have linear scaling, which 
show a linear relation between a measured distance in pixels 
and a true distance in millimeters at a 90° -viewing angle 
of the CCD camera with a calibration plate. A calibration 
plate is used for the scaling of the camera. The calibration 
plate contains black crosses and dots on a white background. 
The distance between the two end crosses in the calibration 
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plate is 5 mm. The length of one cross is 3 mm, as shown 
in Fig. 2a. This was used in this study for micro air bubble 
velocity and size calculations.

The resolution for each optical system was calculated by 
measuring the length of the cross and the distance between 
two end crosses in pixels. The resolution is 3 mm divided by 
the cross length in pixels using the optical system with a 10× 
objective lens, as determined using MATLAB program. For 
the optical system without an objective lens, the resolution 
is 5 mm divided by the distance between two end crosses 
in pixels. The resolution was calculated to be 0.0827 mm/
pixel (~ 82.70 µm/pixel) for the optical system without an 
objective lens and 0.0033 mm/pixel (~ 3.30 µm/pixel) for 
the optical system with a 10× objective lens, as listed in 
Table 1. As a result, these optical systems cannot detect a 
micro air bubble diameter less than 82.70 and 3.30 µm for 
the optical system without an objective lens and with 10× 

objective lens, respectively. These values will be used in the 
velocity and radius of the micro-air-bubble measurements. 
The positions of the camera were also marked for two optical 
systems after completing calibration. In Fig. 2b, the image 
window size was selected to be 6.12 × 14.39 for the optical 
system without an objective lens and 2.14 × 1.57 mm2 for the 
optical system with a 10× objective lens.

Measurements of the velocity of micro air 
bubbles in diesel

The PIV technique was used to measure the velocity field of 
the micro air bubbles. The flow field was illuminated using 
a laser sheet. Two frames with a double-pulse laser were 
used with a known time between the two frames. There 
are many factors that impact the evaluation of velocity 

Fig. 1  Schematic of the used 
experimental setup used to 
measure the size and velocity 
of bubbles in diesel a without a 
microscope objective lens and 
b with a microscope objective 
lens
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measurements. For example, the laser sheet thickness should 
cover the volume of the particle. A decrease in the numeri-
cal aperture (NA) and total magnification (M) of the optical 
system should increase the laser sheet thickness. The laser 
sheet thickness must be selected based on the particle size 
to reduce the noise levels. The PIV image will lose some 
information.

The single-frame mode was used to obtain PIV images 
with one exposure for every single frame using the DaVis 
7.2 program. The PIV images were cropped to remove noise 
using MATLAB program. After cropping, image windows 
were analyzed by applying cross-correlation. The PIV cross-
correlation was performed using the OpenPIV 1.1 program 
for PIV image analysis [19]. The OpenPIV program is an 
open-source program, which was written in MATLAB pro-
gram. The PIV cross-correlation subdivides images in the 
interrogation window size in the first frame. Each interroga-
tion window in the first frame will be matched to identical 
particles in the second frame using cross-correlation. For 
example, the micro air bubble in the first frame was detected 
in the second frame with the highest correlation, as shown in 
Fig. 3c. The center of the interrogation window in the first 
frame was located at pixel (307, 209) at point (x0, y0) at t0. 
The identical particle was detected using cross-correlation 

in the second frame at pixel (308, 189) at the point (x1, y1) at 
t1. The recording rate of the CCD camera was 5 Hz between 
two frames (dt = t1 − t0 = 0.2 s). The displacement of the par-
ticle in the pixel unit was converted using the scale value in 
the OpenPIV program. The cross-correlation computes the 
displacement of the particle between two frames that have 
similar particles (x1 − x0, y1 − y0).

The interrogation window should be selected based on 
the micro air bubble sizes and micro air bubble density in 
the interrogation window size, as shown by the white dashed 
lines in Fig. 3a. The interrogation window size was fixed to 
be (16 × 16) pixels for micro air bubbles in a diesel without 
an objective lens. In addition, the spacing or overlap size, 
which is the neighbor interrogation window, was fixed to 
be (8 × 8) pixels for micro air bubbles in a diesel without 
an objective lens. The interrogation window size should be 
selected to be greater than the spacing size. The velocity 
field of the micro air bubbles was calculated, as shown in 
Fig. 4. The velocity distribution of the micro air bubbles was 
shown in Fig. 5.  

Measurements of the size distribution 
of micro air bubbles in diesel

An image processing and analysis software (ImageJ) pro-
gram were used to measure the micro air bubble size dis-
tribution in diesel. The ImageJ program is public domain 
software and was written in Java by Wayne Rasband [20]. 
Each micro air bubble image contains separately processed 
and analyzed particles (e.g., the micro air bubble radius and 
the number of bubbles).

Four image processes were used to detect micro air bub-
bles in diesel, as shown in Fig. 6. The resolution of the 
optical system with a 10× objective lens was used as the 
calibration scale for the ImageJ program before image pro-
cessing, as listed in Table 1. Micro air bubble detection and 
cluster splitting methods were used in this study. All images 
were converted to an 8-bit grayscale image, as shown in 
Fig. 6(2). The sharpening process was applied to improve 
the edge detection of particles, as shown in Fig. 6(3). The 
background was removed using a subtraction function via 
the process tab, as shown in Fig. 6(4). Threshold method was 
applied by converting the images to binary images, as shown 
in Fig. 6(5). The radius and number of the micro air bubbles 
were measured automatically using the “analyze particle” 
tool of the ImageJ program after image processing. 

Fig. 2  Calibration plate: a marks on the calibration plate and b cali-
bration plate placed in the sample holder

Table 1  Resolution and image window size of the optical systems

The kind of optical system Resolution 
(µm/pixel)

Image 
window size 
 (mm2)

1 Without an objective lens 82.70 6.12 × 14.39
2 With a 10× objective lens 3.30 2.14 × 1.57
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Results and discussion

The 300 micro air bubble images of each sample were used 
to measure the micro air bubble velocity and size for the four 

samples of micro air bubbles in diesel. The optical system 
without an objective lens was used to determine the velocity 
of micro air bubbles in diesel. The optical system with a 10× 
objective lens was used to determine the size distribution of 
micro air bubbles in diesel.

Fig. 3  PIV cross-correlation 
technique: a the first image 
frame of the bubbles in diesel, 
b the next image frame of the 
bubbles in diesel 200 ms after 
the first frame, c cross-correla-
tion of one of the interrogation 
windows

Fig. 4  The velocity map of the bubbles in diesel at different times through bubble generation: a diesel without bubbles, b during bubble genera-
tion, c bubbles in diesel after a half hour, and d bubbles in diesel after a month using the optical system without an objective lens
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The PIV cross-correlation was performed using 300 
PIV images. An average of velocity vectors was the sum 
of the velocity vectors divided by the number of PIV 
images for each spacing size (in 300 PIV images). This 
function was useful to reduce the background noise level 
and improve the accuracy of velocity measurement [14]. 
The diesel particles and micro air bubbles in diesel veloc-
ity vectors were calculated for the optical system without 
an objective lens at different times through bubble genera-
tion, as shown in Fig. 4. The fluid motion rotated in the 
vortex ring at diesel without micro air bubbles, as shown 
in Fig. 4a. In diesel, during bubble generator operation for 
5 minutes, the fluid motion moved in one direction with 
the rising bubble direction. This is the first step for bubble 
nucleation through bubble generation in the early period 
of bubble generation, as shown in Fig. 4b. The direction of 
micro air bubbles movement mostly contained rising micro 

air bubbles, with a few random collisions micro air bubble 
coalescence or break-up for the third sample, as shown in 
Fig. 4c. In micro air bubbles in diesel a month after the 
bubble generator was turned off, the fluid motion was in a 
steady state without collisions, as shown in Fig. 4d. The 
velocities of the micro air bubbles in diesel for a month, 
after the bubble generator was turned off, moved slowly 
compared with the velocities of the diesel particles and 
diesel during the bubble generation process. This is a good 
arrangement in which the velocity depends on the particle 
diameter according to Stokes’ law.

Each sample had (8 × 20) velocity vectors. The veloc-
ity distribution of the particles was obtained for differ-
ent times through bubble generation, as shown in Fig. 5. 
An average of 160 velocity vectors for each sample was 
used to plot the velocity distribution of the particles. The 
highest velocity distribution was found to be 90, 45, and 
20 mm/s for diesel without bubbles, diesel during the 
bubble generation process, and micro air bubbles in die-
sel one month after the bubble generator was turned off, 
respectively.

The radius of micro air bubbles was measured using the 
ImageJ program for diesel during the bubble generation 
process; micro air bubbles in diesel were measured a half-
hour after the bubble generator was turned off, and micro 
air bubbles in diesel were measured a month after the bub-
ble generator was turned off. The radius and number of 
micro air bubbles were calculated in a 2.14 × 1.57 mm2 
image window size. The micro air bubble radius can be 
detected using the optical system with a 10× objective 
lens. The micro air bubble in diesel was approximately 
6.26 µm from micro air bubbles in diesel one month after 
the bubble generator was turned off, as shown in Fig. 7. 
The highest micro air bubble radius distribution was found 
to be approximately 10 µm. An average of the number 
and size micro-air-bubbles of the 300 images was used to 
plot the micro-air-bubble radius and number distribution. 

Fig. 5  Distribution of the velocity of bubbles in diesel at different 
times through bubble generation

Fig. 6  Image processing of bubbles for radius measurement: a at during bubble generation and b bubbles in diesel after a half-hour using the 
optical system with 10× objective lens
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The highest micro air bubble radius distribution in diesel 
a month after the bubble generator was turned off was 
smaller than the highest distribution of the micro air bub-
ble radius in diesel a half-hour after the bubble generator 
was turned off and during the bubble generation process. 
Generally, the number of micro air bubbles increases with 
decreasing micro air bubble radius during the bubble gen-
eration process and for micro air bubbles in diesel a half-
hour after the bubble generator was turned off. An increase 
in the micro air bubble radius will increase the velocity of 
the micro air bubbles according to the results presented in 
Figs. 5 and 7.

Conclusions

In this study, the size and velocity of the micro air bubbles 
in diesel were successfully measured. The samples of air 
bubbles in diesel were taken at different times during and 
after the bubble generation process using a KTM Series 
Pump. The size of air bubbles in diesel was measured 
using the ImageJ program for image processing. The PIV 
technique was used to measure the velocity field using 
the OpenPIV program in MATLAB. The highest air bub-
ble velocity was found with a large air bubble size. The 
velocity of the diesel particles without air bubbles was 
90 mm/s. A month after turning off the bubble generator, 
the air bubbles were still suspended in diesel due to their 
micro-level size, and the lowest velocity was found to be 
20 mm/s. The highest velocity distribution was found at 
45 mm/s for diesel during the bubble generation process. 

In addition, the highest radius of air bubble measured was 
10 µm. The micro air bubble radius was approximately 
6.26 µm for micro air bubbles in diesel one month after 
the bubble generator was turned off.
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