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Abstract Ensuring the safety of nuclear reactors involves carefully selecting the 
cooling fluid for advanced passive cooling systems. The density of the cooling fluid 
changes with the temperature as it flows. A way to alter the density of water is by 
creating ultrafine bubbles with small diameters. Sonication is a faster method of 
producing ultrafine bubbles in pure water without infusing other gases. This study 
aims to establish a causal relationship between the production time and 
temperature changes in the thermal capacity of the sample with its specific heat. 
In addition, a particle size analyzer through zeta potential measurement is 
commonly used to detect the presence of ultrafine bubbles. Variations in the 
production time for ultrafine bubbles through sonication are 1, 3, 5, 7, 10, and 15 
minutes. The samples were analyzed both before and after being heated. Samples 
sonicated for 3 and 5 minutes showed 1.1% and 0.93% increases in specific heat 
compared to pure water. The zeta potential value decreased as the average 
enlarged bubble diameter increased. The 15-minute sonication sample has a 
higher concentration of negative charge and the lowest Cp at 3.883 kJ/kg.K, similar 
to the 1-minute sample with the highest zeta potential of -28.27 mV. 

 

 
INTRODUCTION 

An important aspect of advanced passive 
cooling systems is the choice of cooling materials. 
The reactor vessel resilience support system is 
integrated with a passive cooling system for the 
High-Temperature Gas-cooled Reactors (HTGRs). 
A Reactor Cavity Cooling System (RCCS) is part of 
the inherent safety system that covers the vessel 
with water as its coolant (1,2). The goal is to 
prevent radioactive material hazards and 
maintain safety for workers, the public, and the 
environment through an integrated defense 
system that prevents contamination. Nuclear 
reactor installations are also provided with 
accident prevention and mitigation management 
through integrated instrumentation and control 
systems (3). In case of an accident, the neutron 
flux control system must stop the fission 
reaction, and the residual heat generated must 
be reduced quickly to maintain the system's 
integrity. Both active and passive cooling systems 
can be used to reduce the heat in the system. The 
active cooling system has a forced convection 
mechanism to transfer heat through a coolant 
flow generated from a pressurized pump, in 
contrast to the passive cooling system, whose 
heat transfer mechanism is based on natural 
circulation. Learning from the failure of the active 
cooling system to remove the heat of the reactor 

core after a power outage, the passive cooling 
system model is expected to maintain structural 
integrity without relying on pumps to generate 
flow (4,5). The working principle of the passive 
cooling system is to utilize the phenomenon of 
natural circulation (convection heat transfer) in 
the system so the flow can be formed. The 
mechanism occurs when there is a difference in 
working fluid temperature and height between 
the heat exchanger system and the heat source. 
Water is a commonly used working fluid because 
it has a higher specific heat than air. The 
absorption time of heat by water is faster but 
slower to release it when compared to air.  

The analysis in a comparison of the ability 
of fluid with and without ultrafine bubbles to 
absorb and release heat has been carried out by 
Senthilkumar G. et al. It takes a longer time for a 
fluid with ultrafine bubbles to absorb heat than a 
fluid without ultrafine bubbles (6). Fluids or 
water that have ultrafine bubbles have lower 
heat absorption, but with a slight heating can 
generate natural circulation flow. Ultrafine 
bubbles are air or gas bubbles measuring less 
than 1 μm in diameter that are dispersed into the 
water medium (7,8). One of the characteristics of 
small bubble diameter size is the negative zeta 
potential value in millivolts (mV). The zeta 
potential of the working fluid can be altered by 
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external treatment of ultrafine bubbles. 
Increasing zeta potential value indicates the 
expansion of the diameter of ultrafine bubbles. 
Besides stability, ultrafine bubble diameter size 
distribution uniformity is also important for the 
cooling function. This parameter supports 
effective heat absorption if ultrafine bubbles at 
sizes up to 50 nm do not enlarge during heating 
above 40 ℃ (9). Particle Size Analyzer (PSA) 
determines the average hydrodynamic diameter 
of particles using the polydispersity index (PI). 
This measurement method has a limited 
condition that requires the fluid temperature 
when measured to be conditioned at room 
temperature (25 ℃). This is due to the nature of 
ultrafine bubbles that have Brownian motion to 
provide a measurable state. Ultrafine bubbles in 
water have charged layers that surround the gas 
phase. They are highly pressurized and can be 

affected by temperature and shock, causing 
changes in the charge and bubble size (10). 
Researchers have used several production 
methods to study the characteristics of ultrafine 
bubbles in solution. Table 1 shows the previous 
research that was carried out using mechanical 
production methods (stirring) and sonication. 

In Table 1, this study has mainly discussed 
two sections, i.e. the thermal and zeta potential 
characterization of ultrafine bubbles produced by 
sonication. Considering the change of mass 
samples is proportional to their specific heat, the 
thermal management of samples before and 
after heating should be investigated. The 
production of ultrafine bubbles is conducted at a 
working frequency of 40 kHz with sonication 
times of 1, 3, 5, 7, 10, and 15 minutes and 
temperature variations are conducted up to 70 
℃.  

 
Table 1. Ultrafine bubbles research status 

 

Research 
Objectives 

K. Yasuda et al. 
(2018) 

G. Senthilkumar et al. 
(2020) 

S. Tanaka et al. 
(2021) 

Mingbo Li et al. 
(2021) 

Present 
(2023) 

Temperature 24 ℃ – 25 ℃ 40 ℃ – 90 ℃ 25 ℃ –  26 ℃ 10 ℃ – 70 ℃ 25 ℃ – 80 ℃ 

Production 
time 

5, 10, 15, 20, 
25, and 30 min 

(f = 22kHz, 
43kHz, 129 kHz, 

488 kHz, and 
1MHz) 

  5 – 35 min 1, 3, 5, 7, 
10, and 15 

min 
(f = 40kHz) 

Reduction 
time 

(same as 
production 

time) 

 5, 15, and 30 
min 

(f = 1,6MHz) 

  

Production 
method 

Bath-type 
sonication 

Mechanical stirring Pressure 
differential and 

mechanical 
stirring 

Immersion 
probe (horn) 

type sonication 

Bath-type 
sonication 

Reduction 
method 

 Bath-type 
sonication 

 

Electrical 
Conductivity 

  ✓  ✓ 

pH   ✓   

DO   ✓   

Zeta potential   ✓ ✓ ✓ 

Diameter size ✓   ✓  

Thermal 
conductivity 

 ✓    

Viscosity  ✓    

Surface 
tension 

 ✓    

Specific Heat     ✓ 
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Figure 1. Schematic of the steady-state approach of mixed heat transfer (top view). 

 
Unlike the previous studies, the ultrafine 

bubbles that are produced by sonication have a 
tighter production–reduction region and heat 
accumulation. In addition, due to the lack of a 
cooling system for maintaining the quality of 
samples, the maximum production time is stated 
as 15 minutes. The working frequency of 
ultrasonic transducers is maintained at 40kHz. 
This research objective is to get a causal 
relationship between ultrafine bubble thermal 
capability by varying production time and 
thermal treatment. The thermal capability 
analysis will focus on specific heat based on the 
mass samples measurement. 
 
EXPERIMENTAL SECTION 
Ultrafine Bubbles Production: Sonication 
Method 

One of the methods to produce ultrafine 
bubbles is sonication. Sonication is the process of 
delivering ultrasonic waves to a target material 
for modification purposes. Ultrafine bubbles can 
be produced by sonication using two models: a 
horn-type probe inserted into water and a bath-
type probe attached to a wall or container. 
Sonication involves the formation or alteration of 
bubble nuclei through collisions between 
bubbles in a stationary wave region. Longer 
sonication time forms larger ultrafine bubbles, 
some rupturing and transforming into the 
production-reduction cycle (8). 
 
Zeta Potential  

In general, the mixture between two 
heterogeneous substances that experience the 

Tyndall effect has an ionic charge known as zeta 
potential. The magnitude of the zeta potential 
indicates the potential stability of the colloidal 
system. The size of the bubble diameter is 
proportional to its zeta potential in volumetric 
measurements. The bubble size increases as the 
zeta potential becomes more positive. Thus, if 
the zeta potential is more negative, then it tends 
to shrink the bubble size and make it able to 
remain in the dispersant medium. The magnitude 
of zeta potential can change when the 
temperature changes (11). In a heterogeneous 
sample of ultrafine bubbles, the temperature 
increase leads to the microbubble size enlarging 
faster than the bubble size below 50 nm. This 
allows the zeta potential of the sample to 
increase after heating (9). 
 
Heat Transfer and Specific Heat of Ultrafine 
Bubbles 

The energy passed through the medium 
will be absorbed and transmitted. The first law of 
thermodynamics states that energy is conserved 
within a system. Energy transfer resulting in 
temperature change occurs through conduction, 
convection, and radiation. Figure 1 describes the 
apparatus scheme of the sample in a steady state.  

Based on Figure 1, when the total heat 
transfer of the control sample is the same as the 
ultrafine bubbles sample (qr,c = qr,ufb), then it can 
be stated as; 

 

𝑞𝑟,𝑐 =
𝑇𝑚−𝑇𝑐

𝑅𝑤,𝑡𝑜𝑡𝑎𝑙
  and  𝑞𝑟,𝑢𝑓𝑏 =

𝑇𝑚−𝑇𝑢𝑓𝑏

𝑅𝑢𝑓𝑏,𝑡𝑜𝑡𝑎𝑙
     (1) 
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then multi-layer heat transfer involves 
conduction-convection with resistance or 
thermal resistance (R) fulfilled by; 

 

𝑅𝑢𝑓𝑏,𝑡𝑜𝑡𝑎𝑙 =
1

2𝜋𝐿𝑟𝑖𝑛ℎ𝑢𝑓𝑏
+

𝑙𝑛(
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

2𝜋𝐿𝑘𝑠
+

1

2𝜋𝐿𝑟𝑜𝑢𝑡ℎ𝑚
    

 
and  

𝑅𝑤,𝑡𝑜𝑡𝑎𝑙 =
1

2𝜋𝐿𝑟𝑖𝑛ℎ𝑐
+

𝑙𝑛(
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

2𝜋𝐿𝑘𝑠
+

1

2𝜋𝐿𝑟𝑜𝑢𝑡ℎ𝑚
            (2) 

 
where L (m) is the height of the submerged 
sample and ks is the thermal conductivity of glass, 
which is 0.8 W/m.K (12). Table 2 presents the 
range of h values in the medium of water and air 
under various heat transfer conditions. With h 
(W/m2.K) is the fluid's ability to receive and 
transmit heat, known as the convection heat 
transfer coefficient. 

 
Table 2. Convection heat transfer coefficient of 

water and air 
 

Heat transfer conditions, h W/m2.K 

Gas or air, natural 
convection 

5 – 37 (13) 
2,5 – 25 (14) 

Air, forced convection 10 – 500 (14) 

Water, natural convection 100 – 1200 (13) 

Water, forced convection 100 – 15000 (14) 

Water, nucleate boiling 
2000 – 45000 
(13) 

Water, boiling 
2500 – 25000 
(14) 

Water, film boiling 100 – 300 (13) 

 
Ultrafine bubbles fluid is a mixture of 

water and air or dissolved gas. The specific heat 
of ultrafine bubbles can be obtained through 
mass measurement. The relationship of heat 
energy absorption in a fluid with a certain mass 
at a certain temperature has the following 
general form; 

 
𝑄 = 𝑚. 𝐶𝑝. 𝑑𝑇      (3) 

 
Specific heat (Cp) is one of the thermal properties 
of a fluid, defined as the amount of heat required 
to increase the temperature of a fluid of mass (m) 
1 kg by 1 ℃. The amount of specific heat of pure 
water (w) and ultrafine bubbles (ufb) can be 
calculated with a limitation approach under the 
condition that the energy absorbed by both is the 

same, so 𝑄𝑤 = 𝑄𝑢𝑓𝑏 . If, 𝜌 =
𝑚

𝑉
 with the volume 

of pure water and ultrafine bubbles are the same, 
then; 
 

𝐶𝑝𝑢𝑓𝑏 =
𝜌𝑤.𝐶𝑝𝑤(𝑇𝑥−𝑇0)𝑤

𝜌𝑢𝑓𝑏(𝑇𝑥−𝑇0)𝑢𝑓𝑏
      (4) 

 
Where Tx is expressed as the measurement of the 
targeted temperature and T0 is the initial 
temperature. If (𝑇𝑥 − 𝑇0)𝑤 =  (𝑇𝑥 − 𝑇0)𝑢𝑓𝑏 , 

then the specific heat of ultrafine bubbles fluid is 
obtained from; 
 

𝐶𝑝𝑢𝑓𝑏 =
𝜌𝑤.𝐶𝑝𝑤

𝜌𝑢𝑓𝑏
    (5) 

 
The specific heat of water at 25℃ and 70℃ is 
4.182 kJ/kg.K (15) and 4.190 kJ/kg.K (15,16), 
respectively. Water density ρ (kg/m3) decreases 
with temperature, but air density decreases with 
increasing temperature. 
 
Data Acquisition System 

The data acquisition system includes 
hardware and software for signal conditioning 
and communication with a PC. The condition 
module comprises a series of analog signal 
conditioners that are executed via control 
commands, according to the program. LabVIEW 
is a software system used to create virtual 
diagrams, display measurement results, and 
execute data-based commands. The LabVIEW-
based data acquisition system is widely used in 
laboratories due to its high accuracy and design 
flexibility (17). The NI 9214 device is commonly 
used as a temperature recorder because it allows 
for easier data analysis (18,19). NI cDAQ 9188 
serves as the chassis for the communication 
module with the PC (20).  
 
Methods 

In preparation, the transducer was 
protected from overheating by filling the 
sonicator with pure water in a bath-type setup. 
To ensure optimal performance of the ultrasonic 
transducers, kindly conduct a power 
measurement for 1 minute. K-type 
thermocouples are tested between 30 ℃ to 95 ℃ 
with a standard deviation of less than 0.3. The 
experiment involves producing ultrafine bubbles 
by sonication of 350 mL pure water in BAKU BK-
2000 for several durations: 1, 3, 5, 7, 10, and 15 
minutes. Zeta potential measurements are taken 
at 25 ℃ using a Malvern Zetasizer Nano ZS. A 
total of 200 mL is heated to 90 ℃, while 50 mL is 
used as a sample for zeta potential measurement. 
The first experiment aims to get the thermal 
capability of ultrafine bubbles. Water samples 
are sonicated at different durations, starting 
below 25 ℃ and reaching 80 ℃. 
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Figure 2. Schematic of the apparatus system. 
 

The specific heat of ultrafine bubbles is 
obtained using the temperature change 
relationship between samples under steady-
state according to equation no. 5. The 
transparent vessel sample uses glass materials. It 
is placed in a big transparent glass vessel with a 
reference (pure water). Figure 2 describes the 
thermal testing scheme of the sample under 
steady state. The heat energy absorbed through 
the glass container is calculated through; 

 

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑇ℎ𝑒𝑎𝑡𝑒𝑟−𝑇𝑚

𝑅𝑚
  

And 

𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑇ℎ𝑒𝑎𝑡𝑒𝑟−𝑇𝑚

𝑙𝑛(
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

2𝜋𝐿𝑘𝑔

        (6) 

 
kg is the thermal conductivity of borosilicate glass, 
which is 1.10 W/m.K (21), while L is the height of 
the water pool, which is 10 cm. The heat energy 
released by the heater of 500 W is operated until 
the water pool temperature reaches 80 ℃. The 
pool water convection heat transfer coefficient 
(hm) at a steady state at 80 ℃ is obtained through 
correlation; 
 

ℎ𝑚 =
𝑞𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝐴𝑚(𝑇ℎ𝑒𝑎𝑡𝑒𝑟−𝑇𝑚)
    (7) 

 
To obtain the convection heat transfer 

coefficient of the reference sample (hc), a steady 
state is maintained at that temperature. The 
value of hc can be calculated using the Rayleigh 
number from (22,23) that satisfies; 

 

𝑅𝑎𝐷 =  
𝑔𝛽(𝑇𝑚−𝑇𝑐)𝐷3

𝜈𝛼
    (8) 

 
where Tm and Tc are the bulk temperatures of the 
pool water and reference sample, respectively. 
While the acceleration of gravity g (m/s2), 

thermal expansion β (1/K), and cylinder inner 
diameter D (m) are inversely proportional to 
kinematic viscosity ν (m2/s) and thermal 
diffusivity α (m2/s). The thermal diffusivity of the 
reference sample is obtained through the 
relationship of thermal conductivity k (W/m.K) to 
density ρ (kg/m3) and specific heat Cp (kJ/kg.K) 
which fulfills the equation; 
 

𝛼 =
𝑘

𝜌𝐶𝑝
   (9) 

 
Based on RaD, the Nusselt number for the 
reference sample in cylindrical geometry is 
obtained by; 
 

𝑁𝑢𝐷 =
ℎ𝐷

𝑘
= 𝐶𝑅𝑎𝐷

𝑛    (10) 

 
The constants C and n are known based on Table 
3. Thus, the value of hc obtained from equation 
(10) becomes; 
 

ℎ =
𝑁𝑢𝐷𝑘

𝐷
    (11) 

 
Table 3. Values of C and n on RaD (23) 

RaD C n 

1 x 10-10  to 1 x 10-2 0.675 0.058 

1 x 10-2  to 1 x 102 1.02 0.148 

1 x 102 to 1 x 104 0.850 0.188 

1 x 104 to 1 x 107 0.48 0.25 
1 x 107 to 1 x 1012 0.125 0.333 

 
Furthermore, after hm, hc, and the value of 

the convection transfer coefficient of ultrafine 
bubbles are obtained, the value of hufb is fulfilled; 
 

ℎ𝑢𝑓𝑏 =
𝛼

(1−𝛼)(
𝑙𝑛(

𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

2𝜋𝐿𝑘𝑠
+

𝑟𝑖𝑛
𝑟𝑜𝑢𝑡ℎ𝑚

)+
1

ℎ𝑐

       (12) 

 

Power Supply 

(220 Vac) 

Electric heater  

Thermostat  

Main Display using 

LabVIEW 

NI 9214 

(Temperature Module) 

NI cDAQ 9188 

K-Type 

Thermocouple in 

sample tubes 
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If, (1 − 𝛼) = 1 −
𝑇𝑚−𝑇𝑐

𝑇𝑚−𝑇𝑢𝑓𝑏
= (

𝑇𝑚−𝑇𝑢𝑓𝑏

𝑇𝑚−𝑇𝑢𝑓𝑏
) −

(
𝑇𝑚−𝑇𝑐

𝑇𝑚−𝑇𝑢𝑓𝑏
) =

𝑇𝑐−𝑇𝑢𝑓𝑏

𝑇𝑚−𝑇𝑢𝑓𝑏
 , then, after 1 − 𝛼  is 

substituted into equation (12), the convection 
heat transfer coefficient of ultrafine bubbles, hufb 

can be identified through; 
 

ℎ𝑢𝑓𝑏 =
𝑇𝑚−𝑇𝑐

𝑇𝑐−𝑇𝑢𝑓𝑏(
𝑟𝑖𝑛𝑙𝑛(

𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

𝑘𝑠
+

(
𝑟𝑖𝑛

𝑟𝑜𝑢𝑡
)

ℎ𝑚
)+

(𝑇𝑚−𝑇𝑐)

ℎ𝑐

      (13) 

 
RESULTS AND DISCUSSION  
Convective Heat Transfer (h) and Specific Heat 
at Constant Pressure (Cp) Profiles 

The maximum ultrafine bubble 
production time is limited to 15 minutes, as the 
temperature effects of sonication are significant. 
After the samples are produced and heated 
under atmospheric conditions, they are then 
cooled under room conditions sustained at 
20.41 °C to 21.13 °C. The experiment is 
conducted for 4.16 hours with the boundary 
temperature set at 80 ℃. The sample thermal 
testing model is conducted in a glass vessel 

containing one reference and three test samples 
for one test. The first includes the reference 
sample, 1, 10, and 15-minute samples. Then 
followed by the reference sample (zero), 3, 5, and 
7 minutes. The heated process of the samples is 
carried out until it reaches the target 
temperature (Tsetting) at 80 ℃. The heat transfer 
profile that occurred in each sample is plotted in 
the curve in Figure 3. The convection heat 
transfer involves the combined effects of energy 
transfer from conduction and fluid movement 
(24). The dashed horizontal line along the x-axis 
represents the convection heat transfer 
coefficient of the 0-min sample, which is 313.94 
W/m2.K. Based on the calculations, the obtained 
heat transfer coefficient results are within the 
range corresponding to Table 2, i.e., natural 
convection. According to Figure 3, samples 1, 7, 
10, and 15 min show a positive temperature 
difference in the 0-min sample. A notable finding 
is the change in convection heat transfer 
coefficient, which tends to be greater during the 
heating process at 3 and 5-min samples. The h-
value gap between the 0-min sample and the 3-
min sample is 90.59 W/m2.K.  
 

 

 
Figure 3. The convection heat transfer profile of ultrafine bubbles fluid. 
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Figure 4. The specific heat profile of ultrafine bubbles fluid. 

 
The natural cooling procedure is carried 

out after heating the samples so that the mass 
and zeta potential are measured at the same 
temperature. Mass measurements are 
performed three times to determine the amount 
of measurement deviation. The sample with 5 
min sonication time has the highest standard 
deviation, which is 2.94732 x 10-6. Based on the 
average mass measurement, then calculated 
using equation no. 5 to obtain the amount of heat 
capacity. The specific heat is calculated using 
equation 5 once the steady state is achieved at 
80 ℃. The calculation of the specific heat of the 
sample is carried out before and after heating, 
i.e., at 25 °C and 80 °C. Based on the calculation 
results, the specific heat profile of ultrafine 
bubbles is plotted in Figure 4. It shows that 
Cpreference before heating is 4.176 kJ/K and 
increased after heating to 4.197 kJ/kg.K. Based 
on Figure 4, the increased density after heating is 
the 0, 1, and 7-minute samples, while the other 
samples decreased by different values.  

The specific heat for the 1-minute sample, 
Cp1 is 3.870 kJ/kg.K then increased to 3.889 
kJ/kg.K and Cp7 are 4.171 to 4.197 kJ/kg.K after 
heating. Meanwhile, Cp3 of 4.222 kJ/kg.K 
decreased to 4.179 kJ/kg.K after heating. 
Similarly to Cp3, Cp5 also decreased from 4.215 

kJ/kg.K to 4.202 kJ/kg.K. As well as the Cp10, 
which has an initial specific heat (before heating) 
of 3.859 kJ/kg.K, then decreased to 3.854 kJ/kg.K. 
In addition, for the sample of 15 minutes, the 
specific heat decreased from 3.883 to 3.879 
kJ/kg.K. 

The relationship of specific heat to 
sonication time and temperature change showed 
significance with a maximum p-value of 0.021 
(statistically significant). Furthermore, the 
thermal characteristics of the ultrafine bubbles 
and the reference fluid are studied via zeta 
potential measurements.  
 
Zeta potential analysis 

Zeta potential measurements are 
conducted before and after heating. The period 
between the end of the heating process and the 
measurement is around 96 hours. The 
interpretation of zeta potential difference (dZP) 
in this study indicates that if it shifts in a positive 
direction, then it has a negative indication, and 
vice versa. This will help to analyze the trend of 
bubble diameter change and the tendency of 
survival time. The relationships between the 
differences in specific heating, zeta potential, and 
total counts with indications of possible 
phenomena are shown in Table 4. 
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Table 4. Characterization of the ultrafine bubbles production using the sonication method 
 

Condition* Sample 
[min] 

dCpr-s 

[kJ/kg.K] 
dZPT 
[mV] 

dkiT 
[count] 

dZPr-s 

[mV] 
dkis-r 

[count] 
Sample Indication 

BH 0 
(ref) 

0 1,46 21200 0 0 Reference 
AH 0 0 0 t-Tmaks = reduction; 

𝐷𝑢𝑓𝑏 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒 <<; 

BH 1 0.3063 12,97 -10380 -6,17 -31400 t-Tmin = reduction; 
𝐷𝑢𝑓𝑏,1 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,1 <<; 

AH 0.3074 8,26 -20580 t-Tmaks = production; 
𝐷𝑢𝑓𝑏,1ℎ  <<; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,1ℎ 

<<; 
BH 3 -0.0460 4,14 -38470 -7,02 -6000 t-Tmin = reduction; 

𝐷𝑢𝑓𝑏,3 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,3 <<; 

AH 0.0175 -1,42 -23270 t-Tmaks = reduction; 
𝐷𝑢𝑓𝑏,3ℎ  >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,3ℎ 

<<; 
BH 5 -0.0390 0,64 1063250 -5,43 -83250 t-Tmin = reduction; 

𝐷𝑢𝑓𝑏,5 >>;  𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,5 >>; 

AH -0.0052 -3,33 1001200 t-Tmaks = reduction; 
𝐷𝑢𝑓𝑏,5ℎ  >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,5ℎ 

<<; 
BH 7 0.0055 0,56 51260 -6 

 
-57360 t-Tmin = reduction; 

𝐷𝑢𝑓𝑏,7 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,7 >>; 

AH 0.0001 -3,98 15100 t-Tmaks = reduction; 
𝐷𝑢𝑓𝑏,7ℎ  >>;  

𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,7ℎ<<; 

BH 10 0.3176 -8,06 175850 -39,77 381450 t-Tmin = reduction; 
𝐷𝑢𝑓𝑏,10 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒10 <<; 

AH 0.3428 -30,25 578500 t-Tmaks = reduction; 
𝐷𝑢𝑓𝑏,10ℎ  >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,10ℎ  

<<; 
BH 15 0.2937 14,55 92800 -11,15 25100 t-Tmin = reduction; 

𝐷𝑢𝑓𝑏,15 >>; 𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,15 <<; 

AH 0.3179 4,86 139100 t-Tmaks = production; 
𝐷𝑢𝑓𝑏,15ℎ<<; 

𝑡𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒,15ℎ<<; 

Note : *sample condition AH (after heating) and BH (before heating) 
 

 
Figure 5. Zeta potential profile of the sample. 
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Based on Table 6, t-Tmin means the sample 

before heating and t-Tmax means the sample after 
heating. 𝑫𝒖𝒇𝒃  denotes the average diameter of 

ultrafine bubbles in the pre-heated condition. 
Meanwhile, the additional subscript notation h 
becomes 𝑫𝒖𝒇𝒃,𝒉  denotes after heating. As 

indicated in Table 6, (dkis-r) and (dZPr-s) before 
heating are both positive, meaning that the 
sample could potentially have a longer time 
duration (tdisperse) in water with a smaller average 
diameter ( 𝐷𝑢𝑓𝑏 ). The negative sign of the 

sample's specific heat difference against the 0-
min sample (dCpr-s) may be interpreted as the 
ultrafine bubble's thermal ability to absorb and 
release more heat compared to the 0-min sample. 
The optimal production of ultrafine bubbles 
occurred after the sample with a sonication time 
of 15 min was heated at Tsetting = 80 ℃.  

The zeta potential profiles of the samples 
are shown in Figure 5. The zeta potential of the 
1-min sample compared to the 0-min sample 
before heating shows a significant difference. In 
other words, the zeta potential shifted in a 
positive direction towards the reference (dZP1,r-s 
= -6.17 mV). Then, it shifts to a negative direction 
after heating, which is dZP1,T = 8.26 mV. For the 
0-min sample, the changes in zeta potential 
values before and after heating is dZP0,T = -1.46 
mV. The total count represents the number of 
instances of light beams detected as bubble 
concentration. The difference between the total 
counts of the 1-min sample and 0-min (dki1,s-r) in 
the pre- and post-heated conditions are -31400 
and -20580, respectively. In this case, the sample 
has a much more negative zeta potential than the 
0-min sample after heating. It seems possible 
that ultrafine bubbles with a certain diameter 
size can withstand temperature changes (9). At 
the same time, increased temperature has the 
potential to produce fine bubbles besides 
enlarging and rupturing microbubbles. The zeta 
potential after 3 minutes of ultrafine bubbles 
production moves in a positive direction towards 
the 0-min sample. After being heated, the zeta 
potential increased (moving in the negative 
direction) to -18.59 mV from -14.45 mV. Before 
heating, the zeta potential difference with the 0-
min sample (dZP3,r-s) is -7.02 mV; meanwhile, it is 
decreased (dZP3,T) by -1.42 mV after heating. 

The total counts difference 3-min sample 
against the 0-min sample (dki3,s-r) in the pre- and 
post-heated conditions are -6000 and -23270, 
respectively. In Figure 5, samples that decreased 
in zeta potential (more positive) after production 
indicate that the regime formed is the reduction 

regime. Meanwhile, the dominant production 
regime is indicated after the sample is heated.  

The zeta potential difference between the 
0-min sample and the 5-min sample (dZP5,r-s) 
under pre- and post-heating conditions are -5.43 
mV and -3.33 mV, respectively. Meanwhile, the 
total count differences of the sample against the 
reference (dki5,s-r) in the pre-and post-heated 
conditions are -83250 and 1001200, respectively. 
After heating, a 5-minute sample zeta potential is 
shifted to more negative with a difference 
(dZP5,T) of 0.64 mV. Interestingly, its total count 
has a difference (dki5,T) of 22 times the total 
count before heating, which reached 1063250. In 
the other samples, the change in total counts 
after heating is not as high as this. A greater 
difference in concentration or total count 
(positive value) allows the ultrafine bubbles 
existing in the sample to stay longer. 

Based on Table 6, the zeta potential 
change of the 7-min sample shows different 
behaviour from 1 and 3-min samples but is 
similar to the 5-min sample under pre- and post-
heating conditions. The zeta potential difference 
of the 7-min sample after heating (dZP7,T) is 0.56 
mV. Meanwhile, its zeta potential difference 
against the 0-min sample (dZP7,r-s) before and 
after heating is -6 mV and -3.98 mV, respectively. 
At the same time, the difference between its 
total count and the 0-min sample count (dki7,s-r) 
under these conditions are -57360 and 15100, 
respectively. In comparison, the difference in 
total counts due to heating (dki7,T) is 51260. 
Shifting the zeta potential to the positive 
direction has the potential to increase the size of 
the bubble diameter (undergoing a reduction 
process). However, after thermal testing, the 7-
minute sample was able to narrow the difference 
to -3.98mV against the reference, which means 
that during the heating process, ultrafine bubbles 
were also produced.  

In Table 6, the difference between the 
charge concentration of the sample and the 
reference (dki10,s-r) before heating is 381450. 
After heating, the difference between the 10-min 
and 0-min samples reached 578500. Meanwhile, 
its zeta potential difference (dZP10,r-s) before and 
after heating are - 39.77 mV and -30.25 mV, 
respectively. Meanwhile, the zeta potential 
difference due to heating (dZP10,T) is -8.06 mV. 
Similar to the sample with a sonication time of 7 
minutes, the reduction of ultrafine bubbles is 
identified. The charge concentration (total 
counts) increases in the 5-min and 7-min samples, 
compared to the 0-min sample. In terms of the 
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specific heat difference (dCpr-s) against the 
reference, a positive value indicates that the 
sample has a reduction regime. Still, with a high 
total count, the dispersed ultrafine bubbles have 
a greater number. 

The difference between the total number 
of samples and the reference (dki15,s-r) is 139100 
with a difference (dZP15,r-s) of 4.86 mV, which 
means that the zeta potential value is 
increasingly negative, as shown in Figure 5. 
Before heating, the reference had a difference of 
-11.15 mV compared to the sample, indicating a 
reduction regime in the sonication. The zeta 
potential values for the sample sonicated for 15 
minutes are similar to those for the sample 
sonicated for 1 minute. The 15-min sample zeta 
potential decreased (dZP15,T) by 14.55 mV, while 
the 0-min sample only decreased (dZPr,T) by -1.46 
mV after heating. Negative zeta potential and 
positive charge concentration indicate changes in 
ultrafine bubble size and longevity in water (11). 

 
CONCLUSION 

A production method to produce ultrafine 
bubbles using sonication has been conducted 
and characterized. The variation of production 
time and heat treatment is carried out to obtain 
the production characteristics. The thermal 
characteristics of ultrafine bubbles were 
analyzed using specific heat. The Cp of the 15-
minute sample was the lowest at 3.883 kJ/kg.K. 
However, after heating, it exhibited a higher and 
more negative zeta potential charge 
concentration, similar to the 1-minute sample. 
Samples with sonication times of 5, 7, 10, and 15 
minutes have large charge concentrations or are 
identical to the length of time ultra-fine bubbles 
can sustain in water. The sonication method has 
production and reduction regimes. The longer 
production time cannot ensure that the zeta 
potential concentration increases unless the 
optimal time limit is known through production 
characterization. When a fluid containing 
ultrafine bubbles is heated, air bubbles emerge 
through the container's pores, which increases 
the concentration of H+ ions and produces a more 
negative zeta potential. This research is an initial 
study that notes further characterization 
activities. Some characterization can be done 
through observation of the fluid flow of ultrafine 
bubbles in a closed loop with a natural circulation 
flow generation mechanism to investigate the 
velocity profile. 
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