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Featured Application 

This study presents a low-cost nanobubble spray system for decentralized aquaculture, enabling 

efficient oxygen transfer under low-power conditions to improve water quality and fish productivity. 

Abstract 

Dissolved oxygen (DO) management is a primary challenge in intensive aquaculture, where 

conventional aeration often suffers from high energy costs and low efficiency in decentralized 

systems. Oxygen transfer kinetics were investigated under oxygen-depleted conditions (initial DO = 

2.4 mg L⁻¹) using the dynamic method. The system’s performance was characterized through the 

volumetric mass transfer coefficient (kLa), Specific Oxygen Transfer Efficiency (SOTE), and 

dimensionless analysis (Reynolds, Schmidt, and Sherwood numbers). After 1 hour of operation, the 

DO concentration increased to 6.2 mg L⁻¹, achieving a net oxygen transfer of 9.55 ± 0.46 g. The system 

yielded a kLa of 1.44 h⁻¹ (R² = 0.97) and a SOTE of 76.4 ± 7.8 gO₂ kWh⁻¹. Dimensionless analysis (Re ≈ 

2 x 10⁴, Sc ≈ 500, Sh ≈ 682) confirms that oxygen transfer is governed by hydrodynamic-induced 

interfacial area generation rather than molecular diffusion. Biological validation demonstrated that 

fish (catfish) grown under nanobubble-assisted conditions achieved a 43% higher growth rate over 

17 days compared to non-assisted groups. These findings demonstrate that hydrodynamically 

controlled nanobubble spray systems provide an energy-efficient and scalable solution for 

decentralized aquaculture aeration. 

Keywords: nanobubble spray system; oxygen mass transfer; aquaculture aeration; dissolved oxygen 

enhancement; hydrodynamic mass transfer; decentralized aquaculture 

 

1. Introduction 

Dissolved oxygen (DO) availability is a critical factor in intensive aquaculture systems because 

it directly influences fish metabolism, growth performance, and overall pond productivity. 

Maintaining adequate oxygen levels remains a major challenge, as conventional aeration 

technologies often require high energy input while providing limited oxygen transfer efficiency. 

Insufficient DO conditions can induce physiological stress, reduce growth rates, and lead to 

production losses in aquaculture operations [1–3]. In modern systems such as recirculating 

aquaculture systems (RAS), DO dynamics are strongly affected by feeding rates, stocking density, 

water temperature, and aeration performance, making continuous monitoring and control essential 

[1,2]. In pond-based systems, DO fluctuations are also influenced by diel cycles and temperature 

variations, which alter the balance between oxygen production and biological consumption [2,3]. 
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Effective DO management has therefore become a central engineering challenge. Oxygen 

availability in aquaculture is governed by interactions among hydrodynamic conditions, aeration 

efficiency, and biological demand [4]. Maintaining sufficient DO levels is essential for sustaining fish 

survival, growth, and economic productivity, particularly for commercially important species such 

as tilapia and shrimp [5,6]. Conventional aeration systems—including paddlewheel aerators, 

diffused air systems, and venturi injectors—have been widely implemented to enhance oxygen 

transfer and mixing. However, these systems often exhibit a trade-off between oxygen transfer 

performance and energy consumption. The volumetric mass transfer coefficient (kLa) is commonly 

used to evaluate aeration performance, representing the kinetics of oxygen transfer in gas–liquid 

systems. Although high-power aeration can rapidly increase DO levels, the associated operational 

cost becomes a significant constraint, especially in small-scale and decentralized aquaculture systems 

[1,7–9]. 

Recent advances in aeration technology have focused on improving system efficiency through 

optimized design and control strategies. Automated aeration systems and sensor-based monitoring 

have been proposed to regulate oxygen supply based on real-time DO conditions [10,11]. 

Additionally, low-power aeration strategies have been explored to reduce energy consumption while 

maintaining adequate oxygen levels, although optimal configurations remain dependent on 

hydrodynamic performance [1,12]. Among emerging technologies, nanobubble (NB) systems have 

attracted considerable attention due to their potential to enhance gas–liquid mass transfer efficiency. 

Nanobubbles are ultrafine gas bubbles characterized by extremely small diameters and large 

interfacial surface areas, which can significantly increase oxygen transfer rates compared to 

conventional aeration systems. Enhanced performance is attributed to prolonged bubble residence 

time and increased interfacial area, which facilitate oxygen diffusion into the liquid phase [13–15]. 

Previous studies have demonstrated that nanobubble technology can improve DO concentration and 

biological responses in aquaculture systems, although performance is strongly influenced by 

injection configuration and operating conditions [14–16]. 

Despite these advantages, most existing studies are limited to laboratory-scale systems using 

specialized nanobubble generators. Such systems may not fully represent practical aquaculture 

conditions, where simplicity, cost efficiency, and energy consumption are critical considerations. 

Field-scale implementation of low-power nanobubble systems remains limited, particularly for 

decentralized pond aquaculture employing spray-based injection mechanisms [13,17,19]. Therefore, 

this study investigates oxygen transfer enhancement using a low-cost nanobubble fluid spray system 

designed for circular tarpaulin ponds. The approach integrates experimental DO measurements, 

estimation of the volumetric mass transfer coefficient (kLa), evaluation of energy performance 

through specific oxygen transfer efficiency (SOTE), and hydrodynamic analysis using dimensionless 

parameters. This work aims to provide a practical and scalable engineering framework for improving 

oxygen transfer efficiency in small-scale aquaculture systems. 

2. Materials and Methods 

The fluid spray system was constructed using a series of PVC pipes and tubes equipped with a 

flow control valve and powered by a 125 W electric water pump. The system was operated for 1 h 

per experimental cycle under controlled conditions. The experimental pond was a circular tarpaulin 

tank with a diameter of 2 m and a height of 1 m. Initially, dissolved oxygen concentration was 

measured in the absence of fish. Subsequently, 700 catfish with an initial average length of 13.4 cm 

were introduced into the pond. 

Dissolved oxygen concentration and fish length were measured at day 0, day 7, and day 17. The 

oxygen concentration was monitored under three conditions: 

• Without nanobubble injection 

• With air-based nanobubble injection 

• With pure oxygen-assisted nanobubble injection 
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2.1. Experimental Setup 

The experimental aquaculture setup used to evaluate the performance of the nanobubble-based 

fluid spray system is shown in Figure 1. The experimental system consisted of a recirculating 

aquaculture pond integrated with a low power of nanobubble spray unit. The pond was circular with 

a diameter of 2 m and a water depth of 0.8 m, corresponding to a total volume of approximately 2512 

L. A commercial centrifugal pump (Shimizu PS-128 BIT, 125 W) was used to drive the recirculation 

flow. Air entrainment and bubble dispersion were induced through flow-driven mechanisms within 

the recirculation line, generating a fine bubble plume upon discharge into the pond. The system was 

designed to promote turbulent mixing and enhance gas–liquid interfacial area, which are critical 

factors governing oxygen transfer performance. 

 

Figure 1. Schematic representation of the nanobubble spray system showing the circulation loop, venturi-

induced air entrainment, and bubble dispersion in the aquaculture pond. 

2.2. Operating Conditions 

The system was operated at a flow rate of approximately 0.16 L s⁻¹ for a duration of 3600 s. The 

initial dissolved oxygen concentration was 2.4 mg L⁻¹, and the saturation concentration was 7.44 mg 

L⁻¹, under ambient conditions. The saturation dissolved oxygen concentration was determined based 

on water temperature using standard empirical correlations [20]. All experiments were performed at 

ambient temperature and atmospheric pressure. No external oxygen source was supplied unless 

otherwise specified 

2.3. Measurement Methods 

Dissolved oxygen was measured using a DO-5512SD meter with a resolution of ±0.1 mg L⁻¹. The 

measurement instruments and specifications are summarized in Table 1. 

Table 1. Measurement instruments and specification. 

No. Parameter Instrument/Specification Accuracy/Resolution 

1. Pump Power (P) Shimizu PS-128 BIT (125 W) ±9% 

2. Dissolved Oxygen (DO) DO-5512SD meter ±0.1 mg L⁻¹ 

3. Initial DO (C₀) 2.4 mg L⁻¹ derived from DO meter resolution 

4. Final DO (Cₜ) 6.2 mg L⁻¹ derived from DO meter resolution 

5. Pond Volume (V) 2512 L (D = 2 m, H = 0.8 m) ±3% 

6. Measurement time (t) 3600 s ±0.1 s 

7. Flowrate (Q) 0.16 (L/s) used for hydrodynamic analysis 
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2.4. Oxygen Transfer Analysis 

The volumetric mass transfer coefficient (kLa) was determined using the dynamic method based 

on first-order kinetics. The oxygen transfer process is described by [21,22]: 

𝑑𝐶

𝑑𝑡
= 𝑘𝐿𝑎 (𝐶∗ − 𝐶)       (1) 

where C is the dissolved oxygen concentration (mg L⁻¹), C∗ is the saturation concentration (7.44 mg 

L⁻¹), and kLa is the volumetric mass transfer coefficient (h⁻¹). By integrating the equation, the 

following linear form is obtained: 

𝑙𝑛 (
𝑪∗−𝑪𝒕

𝑪∗−𝑪𝟎
) = −𝑘𝑳𝑎𝑡       (2) 

2.5. Specific oxygen transfer efficiency (SOTE) 

The oxygen mass transfer and SOTE were calculated based on the measured DO increase and 

energy consumption. The total oxygen transferred was calculated as: 

𝑚𝑂2
=  (𝐶𝑡− 𝐶0) 𝑥 𝑉       (3) 

where V is the pond volume (L). 

The SOTE was calculated as: 

𝑆𝑂𝑇𝐸 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
=

𝑚𝑂2

𝑃 𝑥 𝑡
    (4) 

where P is the pump power (W) and t is the operating time (h). This parameter represents the amount 

of oxygen transferred per unit energy input. 

All experiments were conducted in a single run under controlled conditions, and uncertainty 

analysis was applied to account for measurement variability. 

3. Results 

3.1. Overall Oxygen Transfer Behavior and Kinetics 

The oxygen transfer performance of the proposed nanobubble spray system was evaluated 

through the temporal evolution of dissolved oxygen (DO) and its corresponding kinetic behavior. As 

shown in Figure 2, the DO concentration increased from 2.4 ± 0.1 mg L⁻¹ to 6.2 ± 0.1 mg L⁻¹ within 

3600 s of operation, indicating substantial oxygen transfer under low-power conditions. The 

calculated volumetric mass transfer coefficient (kLa) was 1.44 h⁻¹, as presented in Figure 3. 

 

Figure 2. Temporal evolution of dissolved oxygen during nanobubble-assisted aeration, highlighting rapid 

increase and saturation dynamics. 
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Figure 3. Semi-logarithmic plot for kLa determination showing first-order mass transfer behavior with linear 

regression (R² = 0.97). 

3.2. Energy Performance (SOTE) 

The energy performance of the system was evaluated using the Specific Oxygen Transfer 

Efficiency (SOTE). This was calculated based on oxygen mass increase and energy input (Eq. 3), 

yielding: 

SOTE =  
(6.2 – 2.4) mg L−1 x 2.512 m3 

125 𝑊 𝑥 1 ℎ
= 76.4 gO2/kWh 

3.3. Effect of Gas Composition and Nanobubble Characteristics 

The influence of gas composition and nanobubble formation on oxygen transfer was further 

evaluated. Under non-biological conditions (No Fish), DO increased from 2.4 mg L⁻¹ to 6.2 mg L⁻¹ 

using air and further to 11.6 mg L⁻¹ with pure oxygen injection. Under biological conditions (Fish), 

DO increased from 0.5 mg L⁻¹ to 0.9 mg L⁻¹ (air) and 1.2 mg L⁻¹ (pure oxygen). This explanation is 

presented as shown in Figure 4. 

 

Figure 4.  Effect of gas composition and nanobubble (NB) characteristics on dissolved oxygen (DO) 

concentration under biological (Fish) and non-biological conditions (No Fish). 
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3.4. Biological Validation of Oxygen Transfer Enhancement 

The engineering performance of the system was validated through biological response analysis 

using catfish growth as an indicator. 

Figure 5 presents the variation of average fish length during the 17-day cultivation period with 

measurements taken at day 0, day 7, and day 17. The results show that fish cultivated under 

nanobubble-assisted conditions exhibited a 43% higher growth rate over a 17-day period compared 

to the control group. 

 

Figure 5. The variation of average fish length during the 17-day cultivation period under two conditions. 

3.5. Hydrodynamic and Dimensionless Analysis 

The Reynolds number was calculated using 𝑅𝑒 =
𝜌𝑣𝑑

𝜇
. With flow rate 0.16 L s-1, d = 0.01 m, 𝜌 = 

1000 kg m-3, and 𝜇 = 1.0 x 10-3 Pa s, the jet velocity was v (Q/A) ≈ 3.18 m s-1, yielding Re ≈ 20,382 which 

confirms turbulent jet flow. The Schmidt number, calculated as 𝑅𝑒 =
𝜇

𝜌𝐷
 with diffusivity of oxygen 

in water, D = 2.0 x 10-9 m2 s-1, was approximately 500. Using the correlation 𝑆ℎ = 2 + 0.6𝑅𝑒1/2𝑆𝑐1/3, 

the Sherwood number was estimated as Sh ≈ 682. These values indicate that oxygen transfer in the 

present system is governed by turbulent mixing and favorable convective mass transfer, while the 

main limitation remains the available gas–liquid interfacial area rather than intrinsic diffusion 

kinetics. 

3.6. Comparative Performance Evaluation 

The obtained kLa (≈1.44 h⁻¹) lies within the range of mechanical aerators (0.3–2.0 h⁻¹) and 

overlaps with fine-bubble and nanobubble systems (0.5–5.0 h⁻¹). The SOTE (≈ 76.4 gO₂ kWh⁻¹) is 

significantly lower than industrial systems (500–1500 gO₂ kWh⁻¹). 

3.7. Experimental Uncertainty 

The uncertainty analysis was performed based on the measurement accuracy and resolution 

listed in Table 1. The DO uncertainty is based on instrument resolution, while power uncertainties 
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are derived from manufacturer specifications and flow rate was obtained by volumetric measurement 

method. 

3.7.1. Uncertainty of Oxygen Mass Transfer 

The total oxygen mass transferred was determined based on a batch accumulation approach 

using the change in dissolved oxygen concentration over time. 

𝑚𝑂2
= ∆𝐷𝑂 𝑥 𝑉 

where ∆𝐷𝑂 = Ct – C0 

The uncertainty in ΔDO was calculated by combining the uncertainties of the initial and final 

DO measurements: 

𝑢∆𝐷𝑂 = √(𝑢𝐶0
)2 + (𝑢𝐶𝑡

)2 

Given that the DO meter resolution is ±0.1 mg L⁻¹ 

𝑢∆𝐷𝑂 = √(0.1)2 + (0.1)2 = 0.1414 mg L⁻¹ 

The relative uncertainty is: 

𝑢∆𝐷𝑂,𝑟𝑒𝑙 =
0.1414

3.8
= 3.72% 

The pond volume uncertainty was assumed to be ±3%, based on geometric measurement 

limitations. The combined relative uncertainty in oxygen mass transfer is therefore: 

𝑢𝑚,𝑟𝑒𝑙 = √(3.72%)2 + (3%)2 = 4.78% 

The absolute uncertainty is: 

um = 9.55 × 4.78% = 0.46 g 

Thus, the oxygen mass transfer is: 

𝑚𝑂2 =  9.55 ±  0.46 𝑔 

3.7.2. Uncertainty of SOTE 

The SOTE uncertainty is influenced by the uncertainties in oxygen mass transfer and electrical 

energy input. The relative uncertainty is expressed as: 

𝑢𝑆𝑂𝑇𝐸,𝑟𝑒𝑙 = √(𝑢𝑚)2 + (𝑢𝐸)2 

The uncertainty in electrical energy is primarily governed by the pump power measurement, 

estimated at ±9%. The contribution of time measurement uncertainty is negligible. 

𝑢𝑆𝑂𝑇𝐸,𝑟𝑒𝑙 = √(4.78)2 + (9)2 = 10.19% 

The absolute uncertainty is: 

𝑠𝑢𝑆𝑂𝑇𝐸 = 76.4 ×  10.19% =  7.8 gO2/kWh 

Thus, the final SOTE value is: 

SOTE = 76.4 ± 7.8 gO2/kWh 

4. Discussion 

4.1. Overall Oxygen Transfer Behavior and Kinetics 

From Figure 2, the DO profile exhibits a characteristic non-linear trend with two distinct regimes. 

In the initial stage, a rapid increase in DO is observed due to a large concentration driving force, 

whereas in the later stage the rate of increase gradually decreases as the system approaches 

saturation. This behavior is consistent with classical gas–liquid mass transfer theory, where the 

oxygen transfer rate is governed by the difference between the saturation concentration (C*) and the 

instantaneous concentration (Ct) [22,23]. The kinetic analysis confirms this observation. The semi-
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logarithmic transformation of the mass transfer equation yielded a strong linear relationship (R² = 

0.97), indicating that the system follows first-order mass transfer kinetics (Figure 3). The linear 

regression of the transformed data yielded a slope corresponding to kLa. The calculated volumetric 

mass transfer coefficient (kLa) was 1.44 h⁻¹, demonstrating effective oxygen transfer performance (Eq. 

2). 

This value falls within the range reported for conventional aeration systems, suggesting that the 

proposed system achieves comparable mass transfer capability despite its simplified and low-energy 

configuration. The high linearity confirms that oxygen transfer in the system follows first-order mass 

transfer kinetics, consistent with conventional aeration models [24,25]. The slight deviation from ideal 

linearity can be attributed to minor hydrodynamic fluctuations and measurement uncertainty, which 

are typical in open aquaculture systems. From a physical perspective, the obtained kLa value 

indicates that the system achieves effective oxygen transfer performance comparable to conventional 

mechanical aerators, despite operating at significantly lower power input. This highlights the role of 

hydrodynamic enhancement, where turbulent jet-induced mixing and bubble fragmentation increase 

the effective interfacial area. 

4.2. Energy Performance Interpretation 

Although the obtained SOTE is lower than values reported for industrial aeration systems 

(typically 500–1500 gO₂ kWh⁻¹), direct comparison must consider differences in system scale and 

operating conditions [26,27]. Industrial systems are optimized for maximum oxygen transfer using 

pressurized gas injection and specialized diffusers, whereas the present system is designed for low-

power, decentralized applications. 

In this context, the measured SOTE should not be interpreted as a limitation, but rather as an 

indication of system design philosophy. A portion of the input energy is utilized for bulk fluid 

circulation and mixing, which enhances oxygen distribution but does not directly maximize oxygen 

transfer efficiency. This distinction highlights the importance of application-oriented performance 

rather than purely energy-normalized metrics. 

4.3. Role of Gas Composition and Nanobubbles 

This result clearly indicates that oxygen transfer is strongly influenced by gas partial pressure. 

According to Henry’s law, the equilibrium concentration (C*) is proportional to the gas partial 

pressure [28]. In addition to thermodynamic effects, nanobubbles contribute significantly to oxygen 

transfer enhancement. Due to their small size, high stability, and low buoyancy, nanobubbles exhibit 

prolonged residence time and large specific interfacial area. The combined effect of increased partial 

pressure and enhanced interfacial area results in a synergistic improvement in oxygen transfer 

performance. Under biological conditions, DO increased from 0.5 mg L⁻¹ to 0.9 mg L⁻¹ (air) and 1.2 

mg L⁻¹ (pure oxygen), indicating that the system remains effective even in the presence of continuous 

oxygen consumption. 

This confirms that the nanobubble spray system is capable of maintaining oxygen availability 

under realistic aquaculture conditions. Overall, the results indicate that oxygen transfer enhancement 

is governed by a combination of hydrodynamic effects and thermodynamic driving forces. While 

turbulent mixing and bubble fragmentation increase interfacial area, gas composition determines the 

maximum achievable oxygen concentration, highlighting the coupled role of fluid dynamics and gas 

properties in controlling system performance. 

4.4. Biological Implications 

This improvement can be directly attributed to the enhanced dissolved oxygen availability in 

the system. As demonstrated in Section 3.1, increased DO levels and kLa values provide a more 

favorable environment for fish metabolism. Adequate oxygen availability supports essential 

physiological processes, including respiration, feed conversion, and energy utilization [1,2]. Under 
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low DO conditions, fish experience metabolic stress that reduces feeding efficiency and growth 

performance. Therefore, the observed increase in growth rate confirms that improved oxygen transfer 

has a direct and measurable impact on aquaculture productivity. These findings demonstrate that the 

proposed system is not only effective from an engineering perspective but also delivers practical 

benefits in real aquaculture applications. 

4.5. Hydrodynamic Interpretation 

The dimensionless parameters, including Reynolds number (Re), Schmidt number (Sc), and 

Sherwood number (Sh), were calculated based on classical transport phenomena theory [29,30]. The 

Sherwood number was estimated using an empirical correlation for convective mass transfer in 

turbulent flow conditions. The correlation 𝑆ℎ = 2 + 0.6𝑅𝑒1/2𝑆𝑐1/3, is widely used for describing gas–

liquid mass transfer around dispersed bubbles and turbulent flow systems [29,31]. 

The estimated Reynolds number (Re ≈ 2 x 10⁴) indicates a turbulent flow regime, which promotes 

strong mixing and enhances bubble fragmentation. This condition is favorable for increasing the gas–

liquid interfacial area. The Schmidt number (Sc ≈ 500) reflects the dominance of liquid-phase diffusion 

resistance typical for oxygen transfer in water. The corresponding Sherwood number (Sh ≈ 682) 

suggests enhanced interfacial mass transfer promoted by hydrodynamic mixing and bubble 

fragmentation. Based on these dimensionless parameters, the conceptual mechanism of oxygen 

transfer enhancement in the nanobubble spray system can be interpreted as illustrated in Figure 6. 

These results indicate that the system operates under conditions where hydrodynamic effects 

play a dominant role in mass transfer enhancement. The turbulent jet generated by the system 

increases shear forces, leading to bubble breakup and improved dispersion. This process significantly 

increases interfacial area, which directly influences kLa. Therefore, oxygen transfer performance is 

primarily controlled by hydrodynamic conditions rather than intrinsic diffusion limitations. 

 

Figure 6. Hydrodynamic mechanism of oxygen transfer enhancement in the nanobubble fluid spray system. 

4.6. Comparative Interpretation 

The performance of the present system is benchmarked against reported aeration technologies 

in Table 2. The obtained kLa (≈1.44 h⁻¹) lies within the range of mechanical aerators (0.3–2.0 h⁻¹) and 

overlaps with fine-bubble and nanobubble systems (0.5–5.0 h⁻¹), indicating comparable 

hydrodynamic mixing performance [21,26,32]. In contrast, the SOTE (≈ 76.4 gO₂ kWh⁻¹) is 

significantly lower than industrial systems (500–1500 gO₂ kWh⁻¹), reflecting the low-power, non-

pressurized, and decentralized configuration of the system [26,27]. Unlike industrial aerators 
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designed for maximum efficiency, the present system prioritizes simplicity, low cost, and field 

applicability. 

The results suggest that the system is hydrodynamically effective but interfacially limited, where 

strong turbulent mixing enhances kLa, while limited gas–liquid interfacial area constrains 

SOTE.Despite this, the system achieves functional oxygenation (DO increase from 2.4 to 6.2 mg L⁻¹) 

and improved biological performance, demonstrating its suitability for small-scale aquaculture 

applications. Overall, the comparison indicates that performance in decentralized systems is 

governed more by hydrodynamic optimization than by energy input, highlighting interfacial 

enhancement as the primary pathway for further improvement. 

Table 2. Comparative benchmarking of oxygen transfer performance with literature data. 

System Type kLa (h⁻¹) 
SOTE 

(gO₂/kWh) 
Scale Reference 

Fine bubble diffuser 0.5 – 5.0 800 – 1500 Wastewater plant [27,36] 

Mechanical surface aerator 0.3 – 2.0 500 – 1200 Large pond [26] 

Coarse bubble aerator 0.2 – 1.5 400 – 900 Municipal WWTP [21] 

Venturi injector 0.1 – 0.8 200 – 600 Small systems [37] 

Industrial nanobubble system 0.5 – 3.0 600 – 1300 Treatment plant [32] 

Microbubble generator 0.4 – 2.5 500 – 1100 Lab-scale [38] 

Air pump 0.05 – 0.3 50 – 200 Small-scale air pump [39] 

Nanobubble spray system (this study) ≈ 1.44 ≈ 76.4 2.5 m³ pond Present study 

4.7. Engineering Interpretation and Uncertainty 

The uncertainty analysis was performed based on the measurement accuracy and resolution 

listed in Table 1. The DO uncertainty is based on instrument resolution, while power uncertainties 

are derived from manufacturer specifications and flow rate was obtained by volumetric measurement 

method. The reliability of the experimental results was assessed through uncertainty analysis using 

the Root Sum Square (RSS) method [33,34]. The calculated uncertainties were 4.78% for oxygen 

transfer and 10.19% for SOTE, which fall within acceptable ranges for field-scale experiments [33–35]. 

The dominant source of uncertainty originates from power measurement, while the contribution 

from DO measurement is relatively small due to the significant concentration difference observed in 

the system. This confirms that the experimental data are sufficiently reliable for engineering 

interpretation. From an engineering perspective, the results indicate that system performance is 

primarily limited by interfacial area rather than diffusion kinetics. This suggests that future 

optimization should focus on improving bubble generation and dispersion, for example through 

nozzle design or multi-jet configurations, rather than increasing energy input. 

Overall, the integration of hydrodynamic analysis, kinetic modeling, and biological validation 

demonstrates that efficient oxygen transfer can be achieved through system design optimization, 

providing a scalable and energy-efficient solution for aquaculture applications. Unlike industrial 

aerators designed for maximum efficiency, the present system prioritizes simplicity, low cost, and 

field applicability. The results suggest that the system is hydrodynamically effective but interfacially 

limited. Despite this, the system achieves functional oxygenation and improved biological 

performance. 

5. Conclusions 

This study demonstrates that a low-cost nanobubble fluid spray system can effectively enhance 

oxygen mass transfer in aquaculture ponds under low-power operating conditions. Operating at 125 

W and a flow rate of approximately 0.16 L s⁻¹, the system increased dissolved oxygen concentration 

from 2.4 mg L⁻¹ to 6.2 mg L⁻¹ within 3600 s, confirming its capability to improve oxygen availability 

under oxygen-depleted conditions. The estimated volumetric mass transfer coefficient (kLa ≈ 1.44 h⁻¹) 
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indicates that the system achieves moderate oxygen transfer performance comparable to small-scale 

aeration technologies. The observed enhancement is primarily attributed to increased gas–liquid 

interfacial area and improved bubble dispersion generated by shear-induced fragmentation in the 

spray jet. These results suggest that oxygen transfer performance in low-power systems is governed 

more by hydrodynamic mechanisms and interfacial engineering than by energy input alone. 

From an engineering perspective, the proposed system provides a practical and scalable solution 

for decentralized aquaculture applications, where energy efficiency and system simplicity are critical. 

Although the absolute oxygen transfer capacity remains lower than that of industrial aeration 

systems, the ability to sustain oxygen transfer under constrained power conditions highlights its 

potential for small-scale pond operations. Future work should focus on optimizing nozzle design, 

increasing bubble dispersion density, and conducting replicated field-scale validation to further 

improve system performance and reliability. 
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